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Commentary 

This habilitation thesis presents a compilation of selected scientific publications to which 

I contributed as a first, corresponding, or co-author. These works align with my long-term 

interest in pediatric cancer research with a major focus on the most aggressive solid 

tumors, including neuroblastoma and pediatric sarcomas.  

Cancer remains the leading cause of death from disease in children. Although solid 

tumors represent only one-third of childhood malignancies, they account for about two-

thirds of pediatric cancer deaths. This may be attributed to the limited insight into the 

complex nature and developmental origins of these relatively rare tumors, which hinders 

development of effective therapies. Therapy failure due to the multidrug resistant disease 

has generally been linked to the acquisition of a poorly differentiated, cancer stem cell 

(CSC) phenotype. This thesis summarizes the current understanding of CSC biology and 

the mechanisms driving therapy resistance in pediatric solid tumors, outlining recent 

advances in developing novel approaches for the treatment of aggressive tumors. 

The first part of the thesis focuses on molecular determinants of CSCs and discusses 

their role in therapy resistance in pediatric solid tumors. Particular attention is given to 

pediatric sarcomas. Our studies on these tumor types have provided important insights 

into the molecular regulators of sarcoma stemness and identified previously unrecognized 

subcellular localizations of stemness-associated molecules, with important implications 

for cell physiology and/or potential clinical utility. Importantly, the key original findings 

(i) reveal that the transcription factor SOX2 is a crucial functionally relevant marker of 

CSCs across pediatric sarcomas and (ii) provide the first evidence that mesenchymal 

tumors may fine-tune their CSC traits by attaining a highly plastic, hybrid epithelial-

mesenchymal phenotype, suggesting new targets for potential therapeutic interventions. 

 The second part of the thesis examines some of the current approaches for 

identifying novel strategies and therapeutic targets to overcome resistance in high-risk 

pediatric solid tumors. First, we showed in multiple pediatric tumor types that novel 
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iron-chelating agents exert context-dependent synergistic interactions with standard 

chemotherapy or molecularly targeted drugs, uncovering new mechanisms that provide 

an avenue for precision medicine-guided combination therapies. Second, we identified 

a novel mechanism of neuroblastoma multidrug resistance that is mediated by attenuated 

apoptotic signaling due to reduced connectivity between mitochondrial and endoplasmic 

reticulum membranes. Importantly, we demonstrated that this resistance is induced by 

both small molecule inhibitors and standard chemotherapy, but it is efficiently overcome 

by inhibiting mitochondrial translation with bacterial ribosome-targeting antibiotics. This 

study revealed mitochondrial ribosomes as a novel synthetic lethality target, potently 

downregulating MYC proteins and inducing cell death in MYC-driven neuroblastoma via 

mitochondrial stress-activated integrated stress response. Our findings pave the way for 

developing selective mitochondria-targeted therapies and highlight the potential of 

repurposing ribosomal antibiotics in the treatment of refractory MYCN/MYC-amplified 

neuroblastoma. Finally, we uncovered an antiproliferative role of serotonin signaling in 

aggressive neuroblastoma cells with stem-like traits, which aligned with its regulatory 

function in sympathoadrenal progenitors during adrenal gland development. By 

validating the biological relevance of a candidate protein inferred from developmental 

trajectories, this study serves as proof of concept for future single-cell transcriptomics-

guided discovery of novel therapeutic targets in neuroblastoma. 

 

Publications listed below represent selected peer-reviewed articles highlighting my 

contributions to the topic of this thesis.  They comprise 15 original research articles and 

three reviews. I served as the first and/or corresponding author on ten of these papers, 

with the majority (eight) published in Q1 journals. My contribution to each work is 

detailed in the tables below. Respective manuscripts are attached as correspondingly 

numbered Appendixes and are highlighted in green in the main text for clarity. 
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1 Introduction 

More than 300,000 children and young people aged 0-19 are diagnosed with cancer each 

year worldwide [1]. Although pediatric cancers constitute just 1% of all cancer cases [2], 

they represent a serious health burden. In high-income countries and a growing body of 

middle-income countries, cancer is now the leading cause of death from disease in 

children [1]. These statistics are particularly alarming when considered in the light of the 

substantial progress made in the field of pediatric oncology, which has improved survival 

for patients with pediatric cancer from 60% to 85% over the past four decades, with 

survival rates of many hematologic malignancies now reaching over 95% (Fig. 1A) [3].  

Despite advances in treatment, due to the complex etiology of pediatric cancers, 

their relative rarity, and their substantial biological differences from cancers that affect 

adults [4-6], pediatric cancer care has clearly lagged behind our capacity to manage 

infectious diseases in children [7]. This is reflected in the current prominence of cancer-

related deaths in children and further highlights the need to focus our attention to better 

understand the etiology and biology of the most aggressive pediatric cancers. 

 

Figure 1. Trends in pediatric cancer mortality over time. A) 5-year overall survival for pediatric 

cancer patients (<20 years of age) in the USA. B) Number of annual excess deaths among pediatric 

cancer patients according to years after diagnosis. Note the steady increase in excess deaths in the 

group of long-term survivors, ≥10 years from diagnosis. Adapted from Ehrhardt et al. [8], reproduced 

with permission from Springer Nature. 
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Pediatric solid tumors are a heterogeneous group of nonhematologic cancers that 

arise from various tissues during embryonic or fetal life (congenital tumors are detected 

already during pregnancy or within three months after birth [9]) or later during childhood 

and adolescence. While these rare tumors represent 30% of all pediatric cancers, they are 

often highly aggressive and remain a significant cause of cancer-related mortality in 

children and young adults. Indeed, despite multimodal therapies, the survival rates of 

several pediatric solid tumor entities, such as high-risk neuroblastoma [10], certain brain 

tumors [3], pediatric osteosarcoma, rhabdomyosarcoma, and Ewing’s sarcoma [3], have 

plateaued at only 60% to 70% over the last 20 years. 

One of the reasons underlying this dismal prognosis is the development of 

multidrug resistance (MDR) phenotype, which is often observed in these aggressive 

tumors. MDR is a major cause of treatment failure and occurs when tumor cells become 

resistant to multiple structurally and functionally unrelated chemotherapeutic agents. 

However, from a broader perspective, MDR can be also perceived as resistance to 

anticancer therapy in general, because several MDR mechanisms have been shown to 

overlap with those that confer resistance to radiation therapy [11-14] or that drive 

metastasis via epithelial-mesenchymal transition (EMT) [15]. 

Along with the growing understanding of the tumor cell heterogeneity, cell 

hierarchies and cellular plasticity, the presence of cancer stem cells (CSCs) has been 

identified as a recuring aspect associated with the MDR tumors [16-18]. Unlike other 

tumor cells (often referred to as tumor bulk or transient-amplifying cells), CSCs possess 

long-term self-renewal and differentiation properties and are thought to be responsible 

for tumor initiation, maintenance, and resistance to therapy [17]. In line with the notion 

that undifferentiated cells, i.e., progenitor and stem cells, are preferentially primed for 

transformation and can often serve as the cell-of-origin for cancers [18], most, if not all, 

pediatric tumors are though to arise from aberrant maturation and dysregulated 

differentiation of these progenitors [19].  
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In contrast with cancers in adults, where exposure to environmental factors is a 

well-documented contributor to the accumulation of mutations during multistep 

tumorigenesis [20], the origins of pediatric tumors are closely intertwined with 

development [19]. Indeed, spatiotemporal distribution of pediatric tumors often coincide 

with waves of normal development and growth of the affected tissues. For example, the 

peak age-specific incidence of pediatric osteosarcoma overlaps with growth spurts in 

puberty [21], whereas the ongoing proliferation and migration of glial progenitors during 

the first years of life [22] likely underlies the development of pediatric brain tumors 

prevalent in younger children [23]. Similarly, about 20% of neuroblastoma cases are 

diagnosed congenitally, defining a group of perinatal neuroblastoma [24].  

Thus, detailed understanding of developmental pathways and programs is 

pertinent for further progress in pediatric cancer research. Exploring these programs in 

the context of pediatric solid tumors might help us to identify therapeutic targets and 

approaches to either navigate the dysregulated tumor cells back toward differentiation or 

selectively eradicate them while sparing healthy progenitors. Such understanding, 

allowing us to clearly distinguish molecular actors and processes that differ between 

tumor cells and their normal tissue counterparts, is also vital for pinpointing selective 

vulnerabilities to overcome MDR. At the same time, decoding the cellular heterogeneity 

to establish molecular roadmaps of tumor cell fate regulators is key to identifying relevant 

markers that might be incorporated into better diagnostic and prognostic protocols. At 

this point, such resources are urgently needed to advance patient-tailored, precision 

medicine therapies [25,26], improve treatment outcomes, and reduce the late effects of 

cancer treatment and excess deaths among childhood cancer survivors (Fig. 1B). 

The following chapters briefly overview some of the current approaches to 

identifying clinically relevant targets to maximize treatment outcomes and overcome 

MDR in pediatric solid tumors, while discussing the author’s contributions to these efforts, 

particularly in pediatric sarcoma and neuroblastoma research. 
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2 Cancer stem cells in pediatric solid 

tumors 

The idea that tumor development, metastasis and regrowth after therapy might be 

driven by a specific subset of self-renewing tumor cells, sitting at the apex of tumor cell 

hierarchy and exhibiting properties related to stem cells, is very old [27]. However, it was 

the seminal discoveries of Dick and colleagues studying hematological malignancies 

[28,29]  that revived the CSC field. By introducing a gold-standard functional assay of the 

CSC phenotype, they demonstrated that only a small fraction of leukemia cells, isolated 

based on the expression of cluster of differentiation (CD) antigens, have the capacity to 

initiate tumors in immunocompromised mice [28]. Soon after, similar reports were made 

in breast [30] and brain cancer [31]. To isolate CSCs, the latter study used a newly 

discovered protein found to mark hematopoietic progenitors [31], prominin-1 (CD133) 

(reviewed in Appendix 1 [32]). Since then, CSCs have been described in a wide variety of 

cancers, including pediatric tumors [33-35]. Representing the pool of cells driving tumor 

progression and relapse, identification of CSCs via selective markers was considered an 

attractive approach towards development of CSC-targeted therapies. It is now well 

established that the CSC phenotypes are far more plastic and CSCs can arise by 

dedifferentiation and reprogramming of non-CSCs, e.g., in response to the tumor 

microenvironment (TME) [36] and therapy-induced stress [37-39]. However, the initial 

studies investigating various proteins in relation to their ability to discern CSCs in specific 

tumor types have provided important basis for our understanding of the molecular 

mechanisms that mediate CSC traits. Aside from pediatric brain tumors, including 

medulloblastomas and gliomas [31,40-42], and rather scarce reports in neuroblastoma 

(reviewed in Refs [43,44]), CSCs have been intensively studied in pediatric sarcomas [34].  

Sarcomas are a highly heterogeneous group of bone and soft tissue tumors 

originating from primitive mesenchymal cells [34,45,46]. Although they are rare in adults, 

sarcomas account for ~15% of all pediatric malignancies, making them the third most 

common childhood tumor [34]. The most prevalent pediatric sarcomas include 
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rhabdomyosarcoma, osteosarcoma, and Ewing’s sarcoma. These tumors are often highly 

aggressive, exhibiting enhanced therapy resistance and early metastasis. Despite intensive 

multimodal therapy, including surgery and systemic chemotherapy, about one-third of 

patients with localized disease eventually relapse. The prognosis of patients who present 

with advanced and metastatic tumors remains poor, with survival rates of only 20% 

[34,47]. As discussed in detail in the following chapter, several research groups, including 

our own, have demonstrated that these aggressive traits of pediatric sarcomas may be 

attributed to the presence of sarcoma CSCs. 

Neuroblastoma is the most common and highly lethal extracranial pediatric solid 

tumor, accounting for ~15% of cancer deaths in children [48,49]. 90% of neuroblastoma 

arise in children younger than 10 years, with a median age of 18–24 months at diagnosis. 

Neuroblastoma is characterized by extensive intratumor and interpatient heterogeneity 

that dictates its clinical manifestation and complicates its management [48,50,51]. Indeed, 

spontaneous tumor regression without the need for treatment is often observed in infants 

with favorable biology. However, about half of the children with neuroblastoma present 

with more advanced disease and early metastasis associated with very poor prognosis, 

except for young children with stage 4S disease [48,49]. Amplification of MYCN (encoding 

N-MYC) and overexpression of MYC (encoding c-MYC) from the MYC family of 

transcription factors (collectively termed MYC proteins hereafter) are well-established 

drivers of high-risk neuroblastoma [51,52]. Several other aberrations, including 1p and 11q 

loss, 17q gain, activating mutations in anaplastic lymphoma kinase (ALK) or inactivating 

mutations in paired-like homeobox 2b (PHOX2B), are associated with an inferior prognosis 

in neuroblastoma [51]. While the existence of neuroblastoma stem cells [48] remains 

elusive, neuroblastoma is closely linked to the dysregulation of developmental programs, 

with the most aggressive tumors exhibiting features of primitive multipotent 

sympathoadrenal progenitors [53-55]. 
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2.1 Characterizing cancer stem cells in pediatric solid tumors 

CD133 was the first protein reported to identify CSCs in pediatric sarcomas, i.e., 

osteosarcoma [56,57]. In line with results in established cell lines from Beat Schäfer’s group 

[58], we were the first to demonstrate that CD133 is also expressed in rhabdomyosarcoma 

tumor tissues and patient-derived cell lines (Appendix 18 [59]). Rhabdomyosarcoma cells 

from a CD133-expressing cell line were found clonogenic in vitro, and initiated tumors in 

nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice, thus 

demonstrating CSC properties.  

Interestingly, while CD133 is a pentaspan membrane glycoprotein found 

selectively associated with highly curved and prominent plasma membrane structures 

(reviewed in Appendix 1 [32]), immunohistochemistry (IHC) and immunofluorescence 

analyses revealed a significant pool of CD133 present in the cytoplasm of 

rhabdomyosarcoma cells (Appendix 18 [59]). Following this observation, we showed that 

intracellular localization of CD133 is a common feature found across a panel of cell lines 

derived from rhabdomyosarcoma (Appendix 17 [60]). Importantly, by utilizing confocal 

and transmission electron microscopy and subcellular fractionation, we demonstrated that 

CD133 is localized also within the nucleus of rhabdomyosarcoma cells [60], which opened 

new questions about alternative molecular roles of CD133 in different subcellular 

compartments (Fig. 2). 

The nuclear localization of CD133 was confirmed by several independent reports, 

including studies in normal mouse incisor tooth epithelia [61] and various cancer types, 

i.e., melanoma [62], breast carcinoma [63], non-small cell lung carcinoma [64], and 

colorectal carcinoma [65]. However, the impact of nuclear CD133 on cancer progression 

appears to be context dependent and there are contradictory reports regarding its 

prognostic significance in different cancers. While high nuclear CD133 expression 

associates with poor outcomes in non-small cell lung carcinoma [64], it has been found to 

predict a favorable prognosis in colorectal adenocarcinoma [65]. 
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Figure 2. Nuclear localization of CD133 identified in pediatric sarcomas. A) A clear nuclear signal 

of CD133 (green) analyzed by confocal microscopy in rhabdomyosarcoma cells (top), with the software 

cross-section (bottom) indicated by a yellow line. Scale bar, 5 µm. Adopted from Nunukova et al. [60]. 

B) Subcellular distribution and marked nuclear localization of CD133 (green) in Ewing’s sarcoma cells. 

Scale bar, 50 µm. Adapted from Skoda et al. [66], reproduced with permission from Springer Nature. C) 

IHC analysis of CD133 in rhabdomyosarcoma (left) and Ewing’s sarcoma (right) tissues. Note the cells 

with pronounced nuclear CD133 expression (arrows). Scale bars, 100 5 µm. D) Proximity ligation assay 

confirms colocalization of Prom1 and Glis2 (red) in the nuclei of stem cells and transit amplifying cells 

in the mouse incisor cervical loop epithelium. Note the increased signal in transit amplifying cells. 

Control, detection with ommision of the anti‐Glis2 antibody. Adapted from Singer et al. [61]. 

The molecular function of nuclear CD133 and its transport through the nuclear 

membrane are still poorly understood. However, a recent study by Singer at al. revealed 

that the translocation of CD133 into the nucleus might be involved in the regulation of 

stem cell maintenance and activation via Sonic Hedgehog (SHH) signaling [61]. CD133 

was shown to form a complex with the transcription factor Glis2 at the primary cilium of 

mouse incisor epithelial stem cells. This led to the translocation of CD133-Glis2 into the 
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nucleus and the subsequent upregulation of Stat3, a direct transcriptional target of Glis2 

[61]. Depletion of either CD133 or Glis2 inhibited Stat3 expression, highlighting the 

importance of CD133-Glis2 complex in Stat3 transcriptional regulation. Interestingly, the 

nuclear translocation of CD133-Glis2 was found to be associated with the transition of 

quiescent stem cells into proliferative transit amplifying cells (Fig. 2D) [61]. These findings 

suggest that differences in CD133 expression and subcellular distribution might reflect 

quiescent and active cycling states rather than cell stemness or differentiation status per 

se. Of note, CD133 protein has been detected in fully differentiated epithelial and non-

epithelial cells (reviewed in Appendix 1 [32]). 

These observations regarding the potential function of CD133 correspond with our 

findings in various tumor types. Along with the detected fluctuation of CD133 expression 

during cell culture [59], our results in rhabdomyosarcoma models suggested that CD133-

positive (CD133+) and -negative (CD133-) phenotypes, routinely sorted at that time using 

immunodetection of CD133 at the cell surface, might not be as hardwired. We found that 

rhabdomyosarcoma cells have a substantial pool of intracellular CD133 that might allow 

a phenotype switch [59,60]. Such bidirectional conversion between CD133- and CD133+ 

tumor cell phenotypes during xenograft assays was reported in several studies [67-69], 

questioning CD133 as a selective CSC marker and indicating its function goes beyond stem 

cell activities (see Appendix 1 [32]). Indeed, we later showed that significant intracellular 

pools of CD133 can be detected in various pediatric sarcomas (Appendix 14 [66], Appendix 

16 [70]) and other cancers (Appendix 15 [71]), pointing to the biological importance of 

intracellular CD133.  

CD133 has been shown to be involved in various prosurvival and developmental 

signaling pathways, including PI3K/AKT, Src-FAK, WNT/β-catenin, TGF-β/SMAD, and 

MAPK/ERK pathways, and at least part of these roles are controlled by it subcellular 

distribution (Appendix 1 [32]). Consistently, the biological role of intracellular CD133 may 

be further substantiated by its clinical relevance identified in pediatric sarcomas. IHC 

analysis of pediatric sarcoma tissues revealed that high cytoplasmic CD133 expression is 

significantly associated with shorter survival in rhabdomyosarcoma patients (Appendix 
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16 [70]). This study also established that neuronal stem cell-associated protein nestin [72], 

another putative CSC marker that was found co-expressed with CD133 in our initial 

rhabdomyosarcoma study [59],  indicates poor prognosis in Ewing’s sarcoma patients [70]. 

Collectively, our findings show that intracellular CD133 has a prognostic power in 

pediatric sarcomas.  

CSC phenotypes are routinely validated by functional assays which are designed 

to assess the various CSC traits [33]. Most importantly, these involve assays that test the 

capacity of long-term self-renewal, i.e., test the ability of individual cancer cells or their 

limiting numbers to re-initiate cancer growth [17,33]. Principally, in vitro CSC assays fit 

into two main categories: (i) colony formation assays (also termed clonogenic assays), 

testing the capacity of individual cells to produce colonies (defined by minimal cell 

numbers [73] or the area/diameter of the colony [74]) in adherent conditions, and (ii) 

sphere formation assays (also termed spheroid formation assays), which test the capacity 

of single cells to form a tumorsphere (a compact spheroid-like formation most often 

defined by the minimal diameter) [74-76].  

With the development of advanced imaging and automated image analysis 

methods, overcoming the demand for laborious manual readout, the colony formation and 

sphere formation assays have been also successfully adopted for high-throughput 

analyses [77,78]. This makes them particularly useful for time- and cost-efficient large-

scale screens for candidate CSC-targeting drugs, which cannot be paralleled by in vivo 

assays in animal models. Despite these advancements, the tumorigenicity assay in 

NOD/SCID gamma (NSG) mice remains the most comprehensive test and the 'gold 

standard' for identifying CSC phenotypes [79]. As multiple factors may affect xenografting 

efficiencies, including injection sites (ortothopic or heterotopic), tumor cell dissociation 

and sorting protocols, or the use of supporting matrices (e.g., Matrigel), it is important that 

studies carefully detail these parameters and that the CSC readouts of studies using 

different protocols are compared with caution [79]. Finally, although they provide 

important tools to study cancer stemness, current CSC assays may underestimate some 

CSC populations, as they test only for active (proliferative) CSC phenotypes, and thus 
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inherently overlook quiescent CSCs. However, it remains to be established whether the 

emerging biomarkers and tools for studying cell dormancy [80-83] can be adopted for the 

development of complex functional assays that will allow identification of both active and 

dormant CSC states. 

Testing the in vivo tumorigenic capacity across a panel of nine patient-derive 

pediatric sarcoma cell lines, including osteosarcoma, rhabdomyosarcoma and Ewing’s 

sarcoma models, we unequivocally demonstrated that CD133 is not sufficiently selective 

marker of pediatric sarcoma CSCs (Appendix 14 [66]). While the CD133 protein was highly 

expressed in all cell lines, with all of them showing at least 50% of CD133+ cells, only two 

of the cell lines were tumorigenic in NSG mice. These functional experiments provide 

valuable insights into the factors that determine stemness in pediatric sarcomas (Appendix 

14 [66]). Previous studies in Ewing’s sarcoma reported conflicting results, suggesting 

CD133+ sorted cells are either more tumorigenic [84] or less tumorigenic than unsorted 

(bulk) tumor cells [85]. Surprisingly, studies by other teams, reporting that CD133 

identifies CSCs in osteosarcoma [56] and rhabdomyosarcoma [58], did not conduct 

functional assays to validate the CSC phenotype in vivo. Contrary to these initial reports, 

our results demonstrate that CD133 is a poor marker of CSCs in pediatric sarcomas 

(Appendix 14 [66]). 

 Although cell surface-expressed CD133 appeared as a tempting target for 

immunotherapies and drug delivery approaches, the current understanding implies that 

CD133-based anti-CSC strategies are likely to fail to induce durable tumor remission, as 

they may miss significant CSC populations [32,34,66]. Notably, several other cell surface 

antigens have been attributed to CSC phenotypes in aggressive pediatric tumors, e.g., 

ATP-binding cassette (ABC) subfamily G member 2 (ABCG2), CD117, and C-X-C 

chemokine receptor type 4 (CXCR-4) in pediatric sarcomas [34], or CD114, CD24, and 

LGR5 in neuroblastoma [44]. However, similar to CD133, expression of these molecules 

on tumor cells fluctuates in response to microenvironmental cues, including interactions 

with other cell types within the TME, raising doubts about their utility for CSC-targeted 

therapies [34]. For example, in Ewing’s sarcoma cells, CXCR4 expression was found to be 
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highly plastic, being dynamically induced by stress caused by hypoxia or growth 

constraints, and reverting back to basal levels upon removal of these insults [86]. In 

addition, these putative CSC markers might have counterintuitive, context-dependent 

roles. For instance, while CD24 has been suggested to identify neuroblastoma cells with 

enhanced tumor-initiating properties, CD24-negative neuroblastoma cells also formed 

tumors in immunodeficient mice, albeit with greater latency [87]. A recent single-cell 

analysis of neuroblastoma tumors revealed that CD24 is exclusively expressed on tumor 

cells and it was proposed that this sialoglycoprotein might interact with sialic acid-binding 

Ig-like lectin 10 (SIGLEC10) on macrophages, preventing phagocytosis of neuroblastoma 

cells (Fig. 3A) [88]. Strikingly, high CD24 expression was found as a significant predictor 

of good prognosis in neuroblastoma patients [88], as also confirmed by our analysis in an 

independent dataset (Fig. 3B). While these results do not rule out the association of these 

cell surface molecules with more dedifferentiated, stem-like states, additional studies are 

needed to understand their biological roles in the context of the TME before they might be 

appropriately exploited to guide potential therapies. 

 

Figure 3. CD24-SIGLEC10 interactions in cancer and the prognosti power of CD24 expression in 
neuroblastoma. A) A schematic of the CD24-SIGLEC10 interaction between cancer cells and 

macrophages. CD24 expressed on the cancer cell surface acts as a “don’t eat me” signal, inhibiting 

phagocytic activity of tumor associated macrophages, which may be exploited for immunotherapy 

[89,90] B) Elevated expression of CD24 mRNA associates with better survival in neuroblastoma 

patients. Analysis of the Kocak transcriptomics dataset [91] via the R2: Genomics Analysis and 

Visualization Platform. 
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There is a substantial body of evidence that master transcription factors associated 

with the self-renewal of embryonic stem cells (ESCs), i.e., sex-determining region y-box 2 

(SOX2), octamer-binding transcription factor 4 (OCT4) and Nanog homeobox (NANOG), 

are also associated with cancer stemness [33,92]. These transcription factors are directly 

responsible for maintaining the expression profiles that preserve the stem cell phenotype 

and self-renewal capacity. Similarly to ESCs and induced pluripotent stem cells (iPSCs), 

these core stemness factors are found to be expressed in a wide range of tumors and are 

now generally accepted as essential for stemness [93-95]. Of these transcription factors, 

SOX2 appears to play a prominent role in the acquisition of stemness properties and 

plasticity in cancer [34,95-98]. 

Indeed, our work on pediatric sarcomas also demonstrates that SOX2, a canonical 

Yamanaka factor used for inducing the iPSC phenotype [99,100], is a crucial determinant 

of pediatric sarcoma stemness (Appendix 14 [66]). Among the examined marker proteins 

potentially associated with the CSCs phenotype (ABCG2, nestin, CD133, NANOG, OCT4, 

and SOX2), only the cell lines expressing SOX2 formed tumors in NSG mice. Our work in 

patient-derived cell lines confirmed previous observations in established osteosarcoma 

models [101] and was the first to show that SOX2 is a critical factor for the tumorigenic 

potential of other pediatric sarcoma subtypes, such as rhabdomyosarcoma and Ewing's 

sarcoma [66]. Several other studies have confirmed our findings and the significance of 

SOX2 expression as a specific marker of CSCs in pediatric sarcomas (reviewed in Ref [34]; 

see also Refs [102,103]).  

Expression of SOX2 is positively regulated by several signaling pathways related 

to embryonic development, including SHH, Hippo, WNT/β-Catenin, and TGF-β/SMAD 

pathways, as well by the canonical prosurvival PI3K/AKT signaling pathway [97,98]. 

Interestingly, as discussed above, CD133 has been shown to be involved in the regulation 

of most of these pathways (Appendix 1 [32]), which may explain its function as a rather 

context-dependent contributor to the CSC phenotype. Overall, SOX2 stands out as the key 

marker of sarcoma CSCs (Fig. 4) and targeting SOX2 is being explored as an attractive 

therapeutic approach in aggressive cancers [104]. However, the undruggable nature of this 
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transcription factor has so far hindered progress in the development of direct SOX2 

inhibitors [104].  

Recently, we have proposed an alternative approach to target SOX2 and sarcoma 

CSCs via restoring the activity of the p53 pathway (Appendix 5 [46]). Deficiency of the 

wild-type p53 activity has been found crucial for the successful transformation of 

mesenchymal stem cells (MSCs) into various sarcomas. Conversely, aberrations in the p53 

pathway due to TP53 loss or mutation, as well as the amplification of mouse double 

minute homologs MDM2 and MDM4, are common in sarcomas (reviewed in Appendix 5 

[46]). Since p53 has been shown to directly and indirectly repress the expression of core 

stemness factors, including SOX2, therapeutic approaches that restore wild-type p53 

activity could have potent anti-CSC effects and should be investigated in detail in future 

studies on pediatric sarcomas (Appendix 5 [46]). 

 

Figure 4. CSC markers in pediatric sarcomas. A) A Venn diagram showing the overlap of proteins 

reported to distinguish CSCs across sarcoma subtypes. Note the central position of the core ESC 

pluripotency factor, SOX2, which is shared among all major sarcoma subtypes. *Cell surface proteins; 

† Existing opposing evidence. Adapted from Skoda and Veselska [34] to incorporate data from Refs 

[74,105-107]. B) A representative IHC image of the Ewing’s sarcoma xenograft tissue that displays high 

expression of SOX2 as the major determinant of sarcoma stemness. Scale bar, 200 µm. 
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The fundamental ability of CSCs is to initiate tumor growth, which is closely related 

to metastasis [33]. A prerequisite for metastasis formation is the ability of cells to enter the 

bloodstream and exit it again, thereby entering distant tissues and organs. In carcinomas, 

tumors of epithelial origin, the ability of cells to undergo EMT is crucial [33,108]. Transition 

towards a mesenchymal phenotype is essential for tumor cells to detach from the original 

microenvironment and to pass through the vascular endothelium into the bloodstream. 

Contrary to initial assumptions, it has been shown that CSCs do not exhibit a highly 

mesenchymal phenotype, but rather display characteristics corresponding to both 

epithelial and mesenchymal phenotypes [108,109]. This phenomenon is termed hybrid 

epithelial-mesenchymal (E/M) phenotype and it seems to provide CSCs with the highest 

plasticity, allowing them to adapt to various changes in the surrounding 

microenvironment and drive collective metastatic invasion [109-111].  

However, sarcomas are tumors of mesenchymal origin, likely derived from MSCs 

and their progenitors (Appendix 5 [46]), which themselves exhibit a highly migratory 

phenotype. MSCs are known to exhibit a so-called homing capacity, where, in the case of 

injury, they migrate to the site of damaged tissue [112]. Repeated xenotransplantation is a 

method to unbiasedly select cells that exhibit a highly aggressive tumorigenic phenotype, 

representing the phenotype of active CSCs [33,113,114]. Using this approach to study 

rhabdomyosarcoma, we surprisingly demonstrated that the hybrid E/M phenotype also 

underlies the aggressiveness of sarcoma cells (Appendix 10 [74]). During repeated 

xenotransplantation, the rhabdomyosarcoma cells maintained their original phenotype in 

terms of SOX2 expression and other stemness-associated transcription factors; however, 

they gradually changed expression of many EMT-related genes. Interestingly, the 

distribution of differentially expressed mesenchymal and epithelial genes indicated a 

transition towards both epithelial and mesenchymal phenotypes. Notably, several 

epithelial genes, including KRT5, LAMA3, or ANK3, were significantly upregulated, while 

mesenchymal genes, such as CDH2 (N-cadherin) or SNAI1 (Snail), were downregulated 

after the third round of serial xenotransplantation. Consistent with findings in carcinomas, 

this is the first evidence that mesenchymal tumors, such as rhabdomyosarcoma, may fine-
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tune their stem-like traits via progressive acquisition of the hybrid E/M expression 

signature (Appendix 10 [74]).  

In case of rhabdomyosarcoma cells, this hybrid E/M signature was also linked with 

upregulation of transcription factors and markers that are associated with undifferentiated 

muscle precursors and proliferation of early muscle progenitors, such as PAX3, HEYL, 

HEY2, PITX2, CDH15 (M-cadherin), and MYOD1. Along with the observed 

downregulation of MSC senescence-associated genes, these findings suggest a potential 

role of mesenchymal-to-epithelial transition (MET) in rhabdomyosarcoma, where cells 

acquire a highly aggressive phenotype by shifting their expression profiles towards a 

signature characteristic of primitive, undifferentiated cells resembling non-senescent 

myogenic precursors/mesenchymal stem cells (Appendix 10 [74]). This interpretation 

aligns with the notion that MET is one of the key cellular mechanisms in the process of 

reprogramming mesenchymal somatic cells, fibroblasts, towards pluripotency induced by 

transcription factors, including SOX2 [115,116]. Overall, emerging evidence suggest that 

hybrid E/M cells are more tumorigenic as compared to epithelial or mesenchymal ones, 

indicating that the hybrid E/M phenotype can endow tumor cells with a fitness advantage 

to drive metastatic dissemination [109,117]. However, whether this provides therapeutic 

opportunities to target cancer stemness by pharmacologically suppressing E/M cell states 

remains a pertinent question to be explored by future studies.  

NANOG, a homeodomain transcription factor involved in ESC self-renewal and 

pluripotency, is often hijacked by aggressive cancers [118,119]. However, our studies 

provide strong evidence to reject NANOG as an important contributor to the CSC 

phenotype in pediatric sarcomas (Appendix 14 [66], Appendix 9 [120], Appendix 10 [74]). 

NANOGP8 is a functional paralog that differs from NANOG in only three amino acids 

and exhibits similar transcriptional activity [121]. Interestingly, contrary to their well-

established role as regulators of gene expression in the cell nucleus, we found a substantial 

pool of NANOG/NANOGP8 in the cytoplasm, where they localize at the centrosome 

(Appendix 9 [120]). The centrosome, as the primary microtubule-organizing center plays 

a critical role in cell division, vesicle transport, cell signaling and modulating cell polarity 
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and morphology [122]. Centrosome duplication occurs once per cycle, preserving the 

temporal and structural differences between mother and daughter centrosomes. Notably, 

the centrosome age correlates with the cell fate during asymmetric stem cell division 

[123,124]. Strikingly, we discovered that centrosomal NANOG/NANOGP8 colocalize with 

the distal region of the mother centriole in various tumor and non-tumor cell types, 

indicating an association with centriole maturation (Fig. 5) (Appendix 9 [120]). These 

results provide the first evidence suggesting a centrosome-specific role of NANOG, 

raising important questions about whether and how centrosomal NANOG impacts cell 

division modes. 

 

Figure 5. Spatiotemporal localization of NANOG/NANOGP8 at the centrosome during the cell 
cycle. NANOG colocalizes with mother centriole appendages (1) and its presence at the centrosome 

coincides with centriole maturation, leading to its appearance on the initially daughter centriole (orange) 

during the G2/mitosis transition. Centrosome duplication and cell division result in two daughter cells 

with centrosomes of different ages—mother and daughter centrosomes—both containing the older, 

mother centriole marked by NANOG protein (3). Adopted from Mikulenkova et al. (Appendix 9 [120]). 

In summary, the studies discussed in this chapter have significantly advanced our 

understanding of the key molecular determinants of cancer stemness in pediatric solid 

tumors, particularly sarcomas. Current knowledge suggests that SOX2-related gene 

regulatory networks might provide more reliable risk stratification and prognostic tools, 

as exemplified by recent studies in Ewing’s sarcoma [105] and other sarcomas [103]. 
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Importantly, these networks may infer novel therapeutic targets to combat therapy 

resistance in aggressive tumors with stem-like traits. 

2.2 The role of cancer stem cells in therapy resistance 

A key characteristic of CSCs, and a major challenge in cancer treatment, is their intrinsic 

capacity to escape therapies. Numerous mechanisms have been shown to contribute to the 

MDR associated with the CSC phenotype. These mechanisms may be broadly divided into 

four categories: (i) enhanced expression and activity of detoxifying enzymes, drug efflux 

pumps and DNA repair mechanisms [125]; (ii) ability to switch into transiently dormant 

(quiescent) states that mediate resistance to standard chemotherapy targeting rapidly 

proliferating tumor cells [125,126]; (iii) cellular plasticity that unlocks tumor 

heterogeneity, allowing the selection of the fittest clones and enabling CSCs to evade 

immunosurveillance [35,127,128]; and (iv) reduced sensitivity to apoptotic signals [129] 

(see also Appendix 12  [130]). In fact, these mechanisms encompass all the different aspects 

of tumor cell resistance to therapy, underscoring the role of CSCs in tumor relapse and 

metastasis.  

Conceptually, for a drug to be therapeutically effective, it must overcome all the 

abovementioned mechanisms of resistance. First, it must reach effective concentrations in 

the tumor cell (or within the tumor tissue for drugs targeting cell surface proteins). Second, 

it must efficiently bind to its cellular target(s), and this disturbance must be recognized by 

the cell to produce sufficient level of apoptotic stress signals. Third, the tumor cell must 

contain mitochondria responsive to these stress signals that principally converge on the 

mitochondria in the form proapoptotic B-cell lymphoma 2 (BCL-2) family proteins [131]. 

Only after overwhelming the capacity of antiapoptotic BCL-2 proteins, these drug-

induced insults can efficiently trigger oligomerization of BCL-2-associated X protein 

(BAX) and BCL-2 antagonist/killer (BAK), forming pores in the mitochondrial outer 

membrane (OMM) and leading to OMM permeabilization (MOMP), cytochrome c release, 

and apoptosis [131]. Therefore, the inherently nonselective resistance arising from the 
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attenuated mitochondrial responses can protect tumor cells from a wide range of 

treatments, including anticancer drugs that are otherwise pharmacologically active and 

engage their targets, thereby rendering these treatments ineffective. 

Although the ultimate decision for a cell to undergo apoptosis is a binary and 

switch-like process, its regulation by the BCL-2 family proteins is gradual and highly 

complex [131]. It has been demonstrated that the intrinsic potential of cells to undergo 

apoptosis (apoptotic threshold) upon chemotherapy treatment depends on their BCL-2 

protein interactome, reflecting the ratio between proapoptotic and prosurvival proteins 

from the BCL-2 family [132,133]. Mitochondria that are “primed for apoptosis” readily 

respond to apoptotic signals, and trigger apoptosis through MOMP and cytochrome c 

release. Conversely, CSCs appear less sensitive to apoptotic stimuli and exhibit an 

increased apoptotic threshold due to an impairment in both intrinsic (mitochondrial) and 

extrinsic (death receptor) apoptotic pathways [129]. 

Interestingly, many primary therapy-naïve (pre-therapy) tumors, including 

neuroblastoma, are generally highly primed for apoptosis [132,134,135]. A decrease in 

mitochondrial priming in these tumors predicts a worse clinical response to conventional 

therapy. Although this has been commonly attributed to a shift in the balance favoring 

antiapoptotic BCL-2 proteins at the mitochondria [131,136], studies led by Michael 

Hogarty showed that expression of these proteins does not differ between pre-therapy and 

relapsed MDR (post-therapy) neuroblastoma cells [134,135]. Using paired patient-

matched cell lines derived from tumors at diagnosis and at relapse after multimodal 

therapy, the authors demonstrated that the mechanism underlying the neuroblastoma 

MDR was not mediated by upregulation of BCL-2 homologues or loss of apoptotic 

priming, but by repressed BAK/BAX activation [135]. This has led to a recent discovery of 

a novel mechanism of mitochondria-mediated MDR in neuroblastoma (see Appendix 3 

[14]), discussed in detail in Chapter 3.2. 

Importantly, our work using the same patient-matched neuroblastoma models 

reveals that the MDR in post-therapy neuroblastoma cells associates with CSC traits 
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(Appendix 2 [137]). These cells showed markedly enhanced capacity to initiate tumors in 

NSG mice and to form neurospheres in vitro, while maintaining a similar growth rate 

compared with their pre-therapy counterparts. These results highlight the importance of 

cancer stemness and its relationship with therapy resistance in childhood tumors.  

Unfortunately, it is well established that the failure of the first-line therapy to 

induce substantial and lasting tumor response selects for tumor cells with MDR and CSC 

traits, driving progressive, refractory disease [36-38,138]. In case of pediatric solid tumors, 

there are several studies replicating this phenomenon in neuroblastoma in the laboratory 

settings. For example, selection for cisplatin resistance induced cross-resistance to multiple 

chemotherapeutics and was associated with changes in the EMT expression signature 

[139], suggesting a fine-tuning of the CSC-associated hybrid E/M phenotype discussed 

above. Moreover, inducing resistance to molecularly targeted agents, such as BCL-2 and 

ALK inhibitors, has been also shown to lead to the neuroblastoma MDR (Appendix 3 [14]). 

Recently, a study investigating the effects of rapid COJEC induction therapy (combination 

of cisplatin, carboplatin, cyclophosphamide, etoposide, and vincristine) revealed that 

acquired resistance to COJEC is linked with the acquisition of immature mesenchymal-

like phenotype, resembling that of multipotent progenitor cells in the adrenal medulla 

[53,54,140]. 

These findings highlight the need to improve current treatment regimens to 

account for the induction of a dedifferentiated CSC phenotype. For the reasons described 

above, single-agent therapies targeting fully prevalent stemness in heavily pretreated 

tumors have a very limited window for success. From the clinical perspective, combining 

novel anti-CSC approaches with the standard therapy appears as the most viable (and 

ethically sound) strategy to translate our findings from bench to bedside. Such strategies 

may involve enhancing the therapeutic index of standard chemotherapy with novel drugs, 

leveraging synthetic lethality arising from CSC maintenance, and preventing 

dedifferentiation by blocking pathways associated with CSC self-renewal. 
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3 Defining novel molecular targets and 

therapeutic approaches 

3.1 Combination therapies and precision medicine approaches 

Despite advances in available targeted therapies, conventional chemotherapeutics remain 

a standard component of the first-line therapy for high-risk pediatric tumors [141-143]. 

While intensified multiagent chemotherapy regimens initially improved survival for high-

risk patients, they are associated with significant challenges.  

First, in up to half of the high-risk patients, induction or neoadjuvant chemotherapy 

fails to elicit an adequate tumor response [141,144], leading to relapse and progression of 

resistant disease. In such case, the initial chemotherapy paradoxically selects for tumor 

cells with intrinsic or acquired resistance, an effect that can be modelled using patient-

derived xenograft (PDX) models [140]. Such relapsed tumor cells are commonly cross-

resistant to multiple classes of unrelated anticancer drugs as well as to radiation therapy, 

effectively limiting available options for successful treatment (Appendix 2 [137], 

Appendix 3 [14]).  

Second, chemotherapy intensification is also associated with significant 

cytotoxicity and adverse late effects. Some of these chronic toxicities have been well 

recognized, including various cardiovascular conditions from anthracyclines, 

neurocognitive late effects caused by platinating agents and vinca alkaloids, gonadal 

dysfunction due to alkylating agent exposures, or secondary malignancies from 

topoisomerase inhibitors and alkylating agents (reviewed in Refs [8,145]). In fact, more 

than one-half of pediatric cancer survivors experience serious cancer therapy-related late 

effects [146,147]. Thus, there is an increasing need in pediatric oncology to focus not only 

on finding therapeutic strategies for those patients with high-risk refractory tumors but 

also on attempts to evaluate innovative personalized and combination strategies to reduce 

short- and long-term adverse effects and improve the quality of survivorship (Fig. 1B). 
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There is a strong biological rationale and empirical evidence suggesting that 

combining multiple drugs is likely to be more effective than monotherapy for most 

pediatric cancers, as combination therapy may help overcome resistance mechanisms 

through the synergistic interactions of the drugs [148]. Importantly, the synergistic effects 

of combination therapy can reduce the required dose of each drug, thereby minimizing 

associated toxicities [149-151]. Metronomic therapy, involving frequent low-dose 

administration of chemotherapeutic drugs (below maximum tolerated doses) without 

extended drug-free intervals, has proven promising by allowing the combination of drugs 

into low-toxicity regimens effective in heavily pretreated children with relapsed solid 

tumors [152-155].  

The combined oral maintenance, biodifferentiating, antiangiogenic therapy 

(COMBAT) is a low-toxicity 4-drug treatment protocol designed for pediatric patients 

with relapsed or high-risk solid tumors [152,153]. This therapy combines low doses of an 

antiangiogenic drug (celecoxib) and cytotoxic agents (etoposide and temozolomide) with 

differentiation inducers (retinoids and calcitriol) [153]. Compared to maximum tolerated 

dose-based therapy, COMBAT significantly improved overall survival of pediatric 

patients with relapsed tumors [153]. The treatment is well tolerated with low acute 

toxicity, which makes it a viable option for maintenance and salvage therapy even in the 

modern era of emerging targeted therapies and immunotherapies [153,155]. However, the 

responses observed in patients treated with COMBAT were not durable, with the majority 

of patients (60-90%, depending on the diagnosis) eventually succumbing to the disease 

[153]. This is one of the examples illustrating the need to integrate novel therapeutics into 

the existing combined, metronomic chemotherapy framework to enhance its efficacy. 

Thiosemicarbazones of the di-2-pyridylketone (DpT) class are iron chelators that 

have shown selective antitumor activity, overcoming chemoresistance in vitro an in vivo in 

various adult cancer types [156,157]. Besides chelation of iron and copper ions, which are 

crucial for tumor cell proliferation [158,159], the DpT thiosemicarbazones induce 

expression of the metastasis suppressor N-MYC downstream regulated gene-1 (NDRG1) 

[160] and have been shown to suppress major oncogenic signaling pathways [161-166]. 
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Importantly, thiosemicarbazones have been also found to synergize with several standard 

chemotherapeutics [167], such as doxorubicin [168], gemcitabine or cisplatin [169], 

paclitaxel, 5-fluorouracil, methotrexate, and 4-hydroperoxycyclophosphamide [170].  

Considering these activities, we investigated the potential of two lead DpT 

thiosemicarbazones, di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT) 

and its analog di-2-pyridylketone-4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) 

(Fig. 6A), to potentiate the efficacy of the COMBAT protocol for therapy of pediatric solid 

tumors. In the COMBAT protocol, the cytotoxic agents are administered at different time 

periods, with etoposide followed by temozolomide, while the antiangiogenic agent, 

celecoxib, is given throughout the entire course of treatment [153]. Therefore, we focused 

on assessing the synergistic effects of DpT thiosemicarbazones with these drugs 

individually in three pediatric tumor cell-types, i.e., osteosarcoma, medulloblastoma, and 

neuroblastoma (Appendix 11 [171]). Combination index analysis revealed marked 

synergistic interactions of either DpC or Dp44mT with celecoxib across the examined 

pediatric tumor types. This synergism correlated with the upregulation of NDRG1, 

providing the first evidence that DpT thiosemicarbazones induce NDRG1 expression also 

in pediatric tumor cells (Fig. 6B).  

Mechanistically, the synergistic effects of DpT thiosemicarbazones with celecoxib 

were independent of the expression of its target, cyclooxygenase-2 (COX-2), found 

upregulated in some cases upon thiosemicarbazone treatment (Appendix 11 [171]). 

Although the mechanism of synergy needs to be fully addressed in future studies, NDRG1 

appears as the key candidate. In fact, several downstream molecular targets of celecoxib, 

including the PI3K/AKT pathway [172], overlap with those affected by the NDRG1-

mediated activity of the DpT thiosemicarbazones [173] (Appendix 11 [171]).  

In contrast, the interactions of either DpC or Dp44mT with cytotoxic agents, 

etoposide and temozolomide, showed more variable, likely context-dependent patterns 

among the pediatric tumor models (Appendix 11 [171]). This may be caused, at least in 

part, by the effects of the thiosemicarbazones on the molecular targets newly identified in 
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our study. We found that the two lead DpT thiosemicarbazone agents: (i) reduce levels of 

the DNA repair enzyme, O6-methylguanine DNA methyltransferase (MGMT), which is 

known to inhibit the anticancer activity of temozolomide [174], and (ii) downregulate 

mismatch repair (MMR) proteins, MSH2, MSH6 and MLH1, which have been also 

implicated in resistance to temozolomide [175-178]. Interestingly, thiosemicarbazones 

showed marked synergy in the cell line lacking MGMT protein expression, suggesting the 

thiosemicarbazones might provide synergistic effects in MGMT-deficient tumors by 

further promoting MMR machinery inhibition (Appendix 11 [171]). Indeed, inactivation 

of MMR genes has recently been shown to be associated with temozolomide-induced 

senescence [178] and increased sensitivity to immunotherapy [179-181], implicating that 

thiosemicarbazones may have potentially beneficial activity in this context. 

In line with the MMR inactivation, by assessing the phosphorylated histone H2AX 

(γ-H2AX), we demonstrated that nanomolar concentrations of either DpC or Dp44mT 

induce double strand breaks (DSBs) in DNA across neuroblastoma, medulloblastoma, 

osteosarcoma, and rhabdomyosarcoma models (Appendix 7 [182]). While these 

aberrations are known to trigger mitotic catastrophe, leading to cell death or cell 

senescence [183], further research is needed to determine whether the effects of 

thiosemicarbazones are durable. Emerging evidence from neuroblastoma [184] and 

several adult cancers [185] suggest that therapy-induced senescence may, in fact, result in 

a senescent-like state, where tumor cells acquire a quiescent CSC phenotype, allowing 

 

Figure 6. DpT thiosemicarbazones induce NDRG1 epression in various pediatric solid tumors. 
A) Chemical structures of Dp44mT and DpC chelators. B) Representative immonobloting analysis 

showing significant upregulation of NDRG1 upon treatment with 20µM DpC or Dp44mT in osteosarcoma 

(SAOS-2), medulloblastoma (Daoy), and neuroblastoma (SH-SY5Y) cells. 
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them to escape therapy and eventually re-enter the cell cycle leading to recurrence of the 

disease. Thus, senescence induction may act as a double-edge sword, highlighting the 

importance of further elucidating its complex roles in pediatric tumors. This 

understanding is key for identifying determinants and markers for tumors that may 

benefit from combination therapies with senolytics [186]. 

Etoposide, another cytotoxic agent in the COMBAT protocol, induces DNA DSBs 

by forming a complex with topoisomerase II (TOP2) and DNA, thereby inhibiting TOP2 

and exerting its anticancer effects [187]. Our work in neuroblastoma, osteosarcoma and 

medulloblastoma models demonstrated that DpC and Dp44mT downregulate the TOP2 

alpha (TOP2α) gene expression at both mRNA and protein levels in all three tumor types 

(Appendix 11 [171]). Importantly, in case of medulloblastoma cells expressing high levels 

of TOP2α, thiosemicarbazones showed synergism with etoposide treatment, which 

indicates that the converging activities of these pharmacologically different types of 

agents, inhibiting TOP2 by alternative mechanisms (i.e., expression and enzymatic 

activity), might be therapeutically effective in this setting. 

Anthracyclines, another class of potent cytotoxic chemotherapeutic agents widely 

used in pediatric cancer treatment, are well known for their dose-dependent cardiotoxic 

side effects, which can lead to heart failure even decades after exposure [188]. In addition 

to the cardiotoxicity, limiting the maximum cumulative dose, emergence of 

chemoresistance is a major reason for the failure of anthracycline therapy [189]. One of the 

main mechanisms is associated with the acquisition of MDR due to the overexpression of 

drug efflux pumps of the ABC family, such as the ABCB1 gene encoding P-glycoprotein 

(Pgp; a.k.a. multidrug resistance protein 1 (MDR1)) [189]. Besides active efflux of the drugs 

from tumor cells, ABC transporters also contribute to another mechanism underlying 

chemotherapy resistance, termed lysosomal sequestration. It is well known that 

hydrophobic weak-base drugs, such as anthracyclines, accumulate in the lysosomes, 

which impedes the sequestered drugs from acting against their intracellular targets 

[190,191]. One of the reasons why lysosomal sequestration is more pronounced in MDR 

cells may arise from the overexpression of the ABC transporters. It has been shown that 
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Pgp may become inverted during endocytosis, leading to the enhanced accumulation of 

Pgp substrates, like anthracyclines, within lysosomes, effectively trapping these drugs and 

preventing them from reaching their nuclear targets [192]. DpC and Dp44mT, also Pgp 

substrates, follow a similar trapping mechanism in the MDR cells. However, 

thiosemicarbazones can bind copper, leading to the generation of reactive oxygen species 

(ROS) that cause lysosomal membrane permeabilization [159]. This releases trapped 

anthracyclines and restores their cytotoxic effects [168]. It was suggested that combining 

anthracyclines with thiosemicarbazones could be particularly effective in MDR cells with 

high Pgp expression [168,193]. 

Exploring the potential of this strategy for overcoming MDR in pediatric tumors, 

we found that DpC and Dp44mT were synergistic with anthracyclines (doxorubicin, 

daunorubicin, and mitoxantrone) in osteosarcoma, neuroblastoma, and medulloblastoma 

models (Appendix 7 [182]). However, the mechanism of synergy was independent of Pgp 

expression. Fluorescence microscopy also did not reveal any significant accumulation of 

doxorubicin in the lysosomal compartment, as most of the doxorubicin autofluorescence 

signal localized in the cell nucleus. These findings rejected the inhibition of lysosomal 

sequestration as the mechanism of thiosemicarbazone-mediated synergistic effects in 

anthracycline-treated pediatric tumor cells. In contrast, we found that thiosemicarbazones 

downregulate expression of checkpoint kinase 1 and 2 (CHK1 and CHK2), revealing a 

previously unrecognized mode of synergistic interaction between anthracyclines and 

thiosemicarbazones (Appendix 7 [182]). DNA-damage induced cell death by mitotic 

catastrophe requires overriding the cell cycle checkpoints, which may be therapeutically 

exploited to sensitize tumor cells to DNA-targeted chemotherapeutics by pharmacological 

inhibition of the checkpoint regulators, including CHK1 and CHK2 [194-196]. We show 

that DpT thiosemicarbazones act as CHK1/CHK2 inhibitors, providing additional 

evidence for their newly recognized synergistic interaction with DNA-damaging agents 

by sensitizing tumor cells to mitotic catastrophe (Appendix 7 [182]). 

As suggested by its name, NDRG1 is suppressed at the transcriptional level by 

transcription factor N-MYC, a major driver of high-risk neuroblastoma. N-MYC binds to 
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the NDRG1 promoter in an MIZ-1-dependent manner and effectively downregulates 

NDRG1 expression [197,198]. Importantly, NDRG1 was found to be a positive prognostic 

factor in neuroblastoma, regardless of the MYCN amplification status [197]. In addition to 

its role as a marker of N-MYC dysregulation in neuroblastoma, this suggests a functional 

role of NDRG1 on its own [197].  

Given the capacity of thiosemicarbazones to induce NDRG1 expression in pediatric 

tumor cells, including neuroblastoma cells [171], we decided to investigate the molecular 

effects of the leading, clinically trialed DpC as single agent in neuroblastoma cells. Marked 

NDRG1 upregulation upon DpC treatment was consistently detected in four 

neuroblastoma cell lines, and it was associated with a significantly decreased expression 

of N-MYC in MYCN-amplified and c-MYC in MYCN-nonamplified models (Appendix 8 

[199]). These findings indicated that DpC-mediated inhibition of MYC proteins alleviates 

the suppression of NDRG1, further promoting NDRG1 upregulation and neuroblastoma 

cell death. This is in line with another study, showing that MYCN-amplified 

neuroblastoma cells rely on upregulated iron uptake and are highly sensitive to iron 

chelation by deferoxamine (DFO) [200]. N-MYC was found to bind to E-box sites in the 

promoter of TRFC gene, thus upregulating the encoded transferrin receptor-1 (TFR1) 

responsible for iron import [200,201]. Similar changes were observed following c-MYC 

overexpression, suggesting both MYC proteins generally promote iron accumulation by 

altering the expression of genes regulating iron uptake [200].  

While iron is a well-known contributor to increased cancer proliferation and 

survival, it is also a major source of ROS production through the Fenton reaction [202,203]. 

Iron accumulation, therefore, imposes increased demands on ROS detoxification systems 

to sustain cell survival. Indeed, several studies have demonstrated that MYC-driven 

neuroblastomas overexpress cystine/glutamate-exchange transporter Xc−, which imports 

cystine as a precursor for glutathione synthesis, and they heavily depend on glutathione 

peroxidase 4 (GPX4), a powerful cellular ROS scavenger that utilizes glutathione to 

directly prevent lipid peroxidation [200,201,204]. Inhibition of cystine uptake and/or GPX4 

in MYC-driven neuroblastoma cells results in ferroptosis [200,201,204], a new form of 
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regulated, iron-dependent cell death driven by lipid peroxidation and insufficient capacity 

to eliminate lipid peroxides [205]. Thus, the intricate link between the newly recognized 

addiction on iron and cysteine provides synthetic lethal targets in high-risk neuroblastoma 

overexpressing N-MYC or c-MYC proteins. Of note, our study showed that iron chelation 

by DpC leads to activation of oxidative stress response and accumulation of lipid droplets 

in neuroblastoma cells (Appendix 8 [199]). It is yet to be determined whether these effects 

are related to iron deficiency-induced mitochondrial stress [206], the ability of DpC to form 

copper complexes that potently generate ROS [168], or other unrecognized mechanism.  

Besides downregulating MYC proteins, DpC was found to inhibit oncogenic EGFR 

signaling across multiple neuroblastoma cell lines (Appendix 8 [199]). Mechanistically, 

these effects were mediated in a NDRG1-dependent manner, pointing to the potential of 

thiosemicarbazones to enhance the efficacy of tyrosine kinase inhibitors (TKIs) in pediatric 

cancers. Indeed, receptor tyrosine kinases (RTKs) have been demonstrated as druggable 

targets in relapsed or refractory childhood solid tumors [207] (Appendix 13 [208]).  

Recent studies evaluating precision-guided therapy in pediatric cancers most often 

rely on whole-genome and whole-transcriptome sequencing for target identification 

[25,26]. While mutant RTKs, serin/threonine kinases and other signaling molecules are 

among the most often identified druggable targets, the DNA/RNA-based approaches are 

agnostic to aberrations in cell signaling that are caused at the protein level, including 

protein translation, posttranslational modifications, and degradation. For that reason, we 

have established a phosphoproteomic-based approach. Using commercially available 

phosphoprotein arrays, this approach allows rapid analysis of phosphorylated RTKs and 

other signaling molecules in tumor tissues to identify potential therapeutic targets in 

individual patients (Appendix 13 [208]). This phosphoproteomic analysis has already 

proven to be informative for precision medicine by guiding treatment assignment in 

refractory pediatric tumors [207,209,210]. 

We have adopted the phosphoprotein arrays to assess the basal activity of 

prooncogenic RTKs in cell lines derived from various pediatric solid tumors, allowing us 
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to pinpoint major TKI targets (Appendix 6 [211]). To address the potential of combining 

thiosemicarbazones with TKIs, we further examined interactions of DpC and Dp44mT 

with sunitinib, gefitinib, and lapatinib. We found that the simultaneous treatment with 

thiosemicarbazones potentiates the anticancer activity of the selected TKIs across the 

examined tumor subtypes, comprising neuroblastoma, medulloblastoma, osteosarcoma, 

and rhabdomyosarcoma models. TKIs inhibited activation of their corresponding RTKs, 

while thiosemicarbazones further reduced the expression of several RTKs, including 

EGFR, PDGFRβ, and IGF-1R. This study also revealed upregulation of NDRG1 as a 

recuring response identified upon combined treatment (Appendix 6 [211]), suggesting 

NDRG1 as a candidate therapeutic target in pediatric solid tumors, although further 

investigation into its function is needed. 

Overall, our results provide a strong rationale for combining iron-chelating agents 

with targeted small molecule inhibitors or standard chemotherapeutics for enhancing 

treatment of pediatric solid tumors. However, it remains unclear whether the DpT 

thiosemicarbazones have favorable profiles for translating these strategies into clinical 

practice or if alternative clinically trialed or FDA-approved iron chelators will be more 

suitable [212]. Although DpC entered a Phase I clinical trial (NCT02688101), there has been 

no progression to further phases since its completion in 2017. 

3.2 Mitochondria-targeted therapeutic approaches 

Over the last more than 10 years, mitochondria have been reinstated as attractive targets 

for cancer therapy, as their role in regulating traits of MDR- and CSC-like cells has become 

apparent (Appendix 12 [130]). Indeed, mitochondria are now recognized as organelles 

integrating many vital cellular processes, ranging from metabolism, immune regulation, 

cell signaling, and cell death to regulation of stem cell identity in development and cancer 

[130,213,214]. Conversely, many of these mitochondrial functions have been identified as 

promising targets for enhancing anticancer therapy and eliminating CSCs (Fig. 7). 



29 
 

 

Figure 7. Illustration of therapeutic strategies targeting mitochondrial functions in CSCs. 
Potential therapeutic interventions (mitochondria-targeted drugs highlighted in bold red) against CSCs 

include: (A) modulating mitochondrial dynamics and morphology; (B) blocking mitochondrial autophagy 

(mitophagy) and biogenesis; (C) limiting metabolic plasticity and promoting oxidative stress (e.g., ROS 

generation); (D) inhibiting mitochondrial fatty acid oxidation; (E) suppressing de novo pyrimidine 

biosynthesis; (F) decreasing the mitochondrial apoptotic threshold to sensitize mitochondria to 

apoptosis; and (G) targeting mitochondrial ABC transporters and mitochondrial iron trafficking. For 

details, refer to Appendix 12 [130]. CPT1, carnitine palmitoyltransferase type 1; DHODH, dihydroorotate 

dehydrogenase; DRP1, dynamin-related protein 1; IMM, inner mitochondrial membrane; MFF, 

mitochondrial fission factor; MID49 and MID51, mitochondrial dynamics protein of 49- and 51-kDa; LC3, 

microtubule-associated protein 1 light chain 3; OMM, outer mitochondrial membrane. Adopted from 

Skoda et al. (Appendix 12 [130]). 
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Mitochondria are highly dynamic, continuously balancing between fragmented 

globular organelles and a fused tubular mitochondrial network. Mitochondrial dynamics, 

mitochondrial fission and fusion, is particularly critical for all mitochondrial functions and 

has been recently demonstrated as a major regulator of stem cell fate [213,215] (Appendix 

12 [130]). The fused mitochondrial network usually shows a uniform, high mitochondrial 

membrane potential [216]. In contrast, mitochondrial fission produces more variation in 

the fragmented mitochondria, allowing the clearance of dysfunctional or damaged 

mitochondria via mitophagy, a selective form of autophagy, and maintaining the pool of 

healthy mitochondria for distribution into daughter cells [216].  

Importantly, mitochondrial physiology is significantly affected by interactions of 

mitochondria with other organelles, namely with endoplasmic reticulum (ER). ER forms 

close physical contacts with mitochondria via mitochondria-associated ER membranes 

(MAMs; alternatively termed ER-mitochondria contacts, ERMCs) and plays a crucial role 

in mitochondrial fission, calcium (Ca2+) transfer, and lipid biosynthesis and trafficking 

(Fig. 8) [217,218]. ER tubules associate with mitochondria and help define the sites of 

fission. Actin polymerization driven by ER-bound inverted formin 2 (INF2) generates 

force via myosin, leading to the initial constriction of mitochondria, which further 

promotes dynamin-related protein 1 (DRP1) oligomerization and DRP1-dependent 

constriction (Fig. 8A) [217]. 

Ca2+ is crucial for communication between ER and mitochondria, and its transfer to 

mitochondria promotes ATP production by favoring the enzymatic activity of key rate 

limiting dehydrogenases of the tricarboxylic acid cycle and the electron transport chain 

[218]. However, excessive mitochondrial transport may result in mitochondrial Ca2+ 

overload, leading to opening of the mitochondrial permeability transition pore (mPTP), 

rupture of the OMM and apoptosis initiated by cytochrome c release [219]. Thus, 

maintenance of Ca2+ homeostasis mediated by MAMs is essential for cell survival. 

Conversely, this mechanism may be prone to hijacking to sustain tumorigenesis, as the 

rewiring of Ca2+ signaling has been associated with various cancers, likely contributing to 

their chemoresistance [219].  



31 
 

 

Figure 8. ER-mitochondria crosstalk. A) MAMs are enriched with mitochondria‐specific proteins such 

as mitofusin (MFN) 1/2 and other tethering proteins, including glucose‐regulated protein 75 (GRP75) 

and  FUN14 domain-containing protein 1 (FUNDC1), which stabilize the MAM structure. Two crucial 

roles of MAMs are schematically illustrated: (i) facilitating efficient Ca²⁺ homeostasis between the ER 

and mitochondria and (ii) regulating mitochondrial dynamics. Refer to the main text and Ref [217] for 

further details. FIS1, mitochondrial fission 1 protein; MFF, mitochondrial fission factor. Adopted from Ref 

[217], reproduced with permission from Springer Nature. B) A schematic illustration of MAM-mediated 

lipid trafficking between ER and mitochondria. Major lipid species are depicted according to Ref [220]. 

Refer to the main text for further information. 
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Ca2+ is released from the ER through the inositol 1,4,5-trisphosphate receptor 

(IP3R), and subsequently taken up by mitochondria via the mitochondrial calcium 

uniporter (MCU). In the reverse process, Ca2+ is released from mitochondria through the 

mPTP, and is then reabsorbed by the ER through the sarco/endoplasmic reticulum Ca2+-

ATPase (SERCA) (Fig. 8A). Interestingly, impaired transfer of ER-derived Ca2+ to 

mitochondria and increased levels of cytosolic Ca2+ can influence dynamin activity, 

stimulate DRP1 translocation to mitochondria, and promote mitochondrial fission [217]. 

MAMs are also crucial sites of lipid transfer, maintaining the OMM lipid 

composition (Fig. 8B). The ER serves as the main organelle for bulk lipid synthesis and 

distribution. Mitochondria rely on lipid transfer from MAMs, including sphingolipids, 

which cooperate with proapoptotic proteins BAK and BAX to promote MOMP and 

cytochrome c release [221,222]. Ceramides appear to be the most important sphingolipid 

species involved in the regulation of apoptosis [222]. Ceramide in the OMM facilitates the 

oligomerization of BAK and/or BAX [223] and its production by sphingomyelinase 

targeted to mitochondria, but not to other organelles, leads to cell death [224]. In fact, 

ceramides have been linked with several forms of programmed cell death in cancer, 

including apoptosis, ferroptosis, autophagy-regulated cell death and necroptosis (see Ref. 

[225]). Sphingomyelin hydrolysis is a rapid pathway for ceramide production. 

Sphingomyelinases are found present in various compartments, including MAMs, and are 

often downregulated in cancer [225,226].  A recent lipidomics study found that early 

apoptosis is marked by increased sphingomyelinase activity in MAMs, leading to higher 

ceramide levels at mitochondria and reduced sphingomyelin in MAMs [222]. These data 

suggest that MAMs are crucial regulators of appropriate sphingolipid transfer necessary 

for the executive phase of apoptosis. 

Following the finding that neuroblastoma MDR is mediated by repressed 

BAK/BAX activation unrelated to other significant changes in BCL-2 protein machinery 

[135], we focused on elucidating the underlying mechanism. To assay the apoptotic 
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sensitivity, we isolated heavy membrane fractions enriched with mitochondria and 

measured cytochrome c release upon incubation with BH3-only peptides that directly 

activate BAX and BAK, i.e., truncated BID (tBid) or the death-activating BH3 domain 

peptide of BIM (BimBH3) (Appendix 3 [14]). This assay efficiently bypasses the effects of 

drug transport, target engagement, metabolism and transcriptional response. 

By applying this approach in seven patient-matched neuroblastoma cell line pairs, 

we demonstrated that majority of post-therapy tumors (6/7) show attenuated apoptotic 

signaling at mitochondrial level (Appendix 3 [14]). This renders neuroblastoma cells 

resistant to various unrelated classes of drugs, including BH3 mimetics, which displace 

proapoptotic BH3-only proteins from being sequestered by antiapoptotic BCL-2 proteins. 

Importantly, the same mitochondria-mediated MDR can be induced in vitro by selecting 

for resistance to targeted drugs, as demonstrated with the ALK inhibitor crizotinib. As a 

result, attenuated mitochondrial signaling that arises in response to therapy in situ may 

confer cross-resistance to chemotherapy, radiotherapy, and molecularly targeted drugs, 

even without prior selective pressure (Appendix 3 [14]). 

Unexpectedly, by interrogating mitochondrial dynamics and physiology, our 

study revealed that attenuated apoptotic signaling correlates with decrease in the number 

of MAMs and their proximity to mitochondria, as detected by electron microscopy image 

analysis. Importantly, post-therapy neuroblastoma cells with depleted MAMs had 

significantly reduced ceramide levels. Depletion of mitofusin 2 (MFN2), a protein involved 

in the ER-mitochondria tethering, or inhibiting neutral sphingomyelinase in therapy-

sensitive models phenocopied MDR observed in matched post-therapy counterparts. 

Reduced Ca2+ transfer was observed in some but not all resistant cells. However, inhibiting 

Ca2+ transfer did not attenuate apoptotic signaling, pointing to the key role of ceramide in 

MOMP and apoptosis induction. Together, we identified MAMs as physiologic regulators 

of apoptosis via ceramide transfer and uncovered a previously unrecognized mechanism 

for cancer MDR (Appendix 3 [14]). This work provides a novel framework for testing 

interventions to prevent emergent resistance or restore mitochondrial competence by 

modulating sphingolipid, namely ceramide, transfer in resistant tumors. 
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A pertinent aspect of the MYC-driven transcription is that it directly promotes 

mitochondrial biogenesis and function [227-229], highlighting mitochondria as potentially 

vulnerable therapeutic targets in high-risk neuroblastoma. To explore mitochondria-

targeted approaches to overcome apoptotic insensitivity in MDR neuroblastoma, we used 

well-characterized matched (pre-therapy vs post-therapy) MYC-amplified cell line pair for 

screening drugs that inhibit various mitochondrial processes (Fig. 9) (Appendix 2 [137]). 

Despite their attenuated apoptotic signaling and the MDR phenotype, post-therapy 

neuroblastoma cells remained sensitive to mitochondria-targeted agents. Notably, one of 

the effective drugs was an FDA-aproved antibiotic, doxycycline, which is known to inhibit 

mitochondrial translation by binding to mitochondrial ribosomes (mitoribosomes) due to 

their structural similarity with bacterial ribsosomes [230]. At concentrations that show 

clinically safe profile even in young children [231,232], doxycycline elicited marked 

cytotoxic effects in neuroblastoma cells regardless of their MDR state (Appendix 2 [137]). 

This effect was further validated in a MYCN-amplified neuroblastoma pair, suggesting the 

mitoribosomal processivity as a shared vulnerability in high-risk neuroblastoma. 

 

Figure 9. MDR neuroblastoma cells retain sensitivity to mitochondria-targeted drugs. A) A 

schematic illustrating the mechanisms of action of selected mitochondrial inhibitors. B) Therapy-naïve 

CHLA-15 (black) and MDR post-therapy CHLA-20 (red) neuroblastoma cells showed similar sensitivity 

to mitochondrial drugs (calculated IC50 values are indicated). MTT assay data are presented as mean ± 

SD, biological n ≥ 3, technical n = 3. Adopted from Borankova et al. [137] 
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Out of ~1,500 human mitochondrial proteins, only 13 proteins–all crucial 

components of the reparatory chain complexes–are encoded in the mitochondrial DNA 

(mtDNA) and synthesized at mitoribosomes in the mitochondrial matrix [233]. The rest, 

including mitochondrial ribosome proteins and translation factors, is transcribed from 

nuclear DNA and imported to mitochondria after synthesis at cytosolic ribosomes. 

Imbalance between mtDNA- and nuclear DNA-encoded mitochondrial proteins leads to 

mitochondrial dysfunction [234]. However, mitochondria do not encode stress-response 

genes and mitochondrial response to stress heavily relies on modulation of expression of 

nuclear-encoded mitochondrial and mitochondria-associated proteins [234]. Hence, stress 

signals from perturbed mitochondria must be efficiently relayed to cytosol and nucleus to 

orchestrate mitochondrial, and thus cellular homeostasis. In mammalian cells, 

mitochondrial stress principally converges on the integrated stress response (ISR) [235-

238]. The ISR is an adaptive pathway mediated through the inhibiting phosphorylation of 

eukaryotic translation initiation factor 2 alpha (eIF2α). This attenuates global cap-

dependent protein synthesis in favor of mRNAs with upstream open reading frames, such 

as the key ISR effectors, transcription factors ATF4 and CHOP [239]. ATF4 and CHOP then 

induce expression of cytoprotective genes to restore cellular homeostasis [239] and/or 

mitochondrial function [240,241]. However, when the ISR capacity is overwhelmed, the 

very same pathway leads to cell death [239]. 

Recently, the inner mitochondrial membrane (IMM) metalloprotease OMA1 has 

been identified as the major upstream regulator of retrograde signaling cascade that relays 

mitochondrial stress to the ISR [235,236]. Our mechanistic studies revealed that 

doxycycline-mediated inhibition of mitoribosomes dramatically reduced levels of 

mtDNA-encoded proteins, causing a mitochondrial protein imbalance  and inducing 

mitochondrial stress, which was reflected in heavily fragmented/aberrant mitochondrial 

morphology and loss of mitochondrial membrane potential, priming mitochondria for 

apoptosis (Appendix 2 [137]). Importantly, this mitochondrial stress activated the ISR via 

OMA1-mediated pathway, leading to the phosphorylation of eIF2α, and synthesis of the 

ISR effectors ATF4 and CHOP. Interestingly, further analysis showed that these 
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mitochondrial ISR responses were consistent across neuroblastoma models, leading to 

downregulation of N-MYC/c-MYC proteins prior to neuroblastoma cell death. 

 Both N-MYC [242] and c-MYC [243] are known to have rapid turnover and are 

degraded through proteasome-dependent mechanisms with half-lives shorter than 1 hour. 

Our findings demonstrate that the activation of ISR upon mitochondrial stress favors rapid 

proteasomal degradation of MYC proteins, which is linked with neuroblastoma cell death. 

Restoring cap-dependent translation with the ISR inhibitor ISRIB rescued both the 

expression of MYC proteins and neuroblastoma cell viability. Using neuroblastoma 

models with tunable MYCN expression we demonstrated that overexpression of MYC 

proteins, found very common in high-risk tumors, is sensitizing neuroblastoma cells to 

cell death induced by mitoribosome inhibition. These results were also validated by a 

doxycycline-unrelated ribosome-targeting antibiotic, chloramphenicol. 

To conclude, we identified mitoribosomes as a novel synthetic lethality target in 

MYC-driven neuroblastoma (Fig. 10). These findings open new avenues for targeting 

high-risk MDR tumors and warrant further investigation in preclinical in vivo studies. Our 

data from various tumor and non-tumor cell types provide evidence supporting a 

potentially promising therapeutic window for these mitoribosome-targeted approaches, 

as they confirm the high selectivity of rapid mitoribosomal inhibition-induced cell death, 

which was limited to neuroblastoma cells with supraphysiological levels of MYC proteins. 

A recent report suggested that MYC-driven tumors rely on enhanced ISR activity to 

prevent MYC-induced cell death [244]. However, the dual role of ISR and the identified 

regulatory networks imply that MYC-driven tumors might be primed to treatments that 

further promote the ISR, shifting its activity towards apoptosis. Indeed, the ISR 

overstimulation by ATF4 agonists [245] or proteasome inhibitors [246] has been shown 

synthetically lethal in MYC-driven neuroblastoma. Taken together, our work expands on 

these findings, indicating that mitoribosomal inhibition can be an approach to leverage 

ISR-related vulnerability while overcoming multidrug resistance (MDR) resulting from 

reduced sensitivity to apoptotic signaling at the mitochondria. 
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Figure 10. A schematic illustration of the synthetic lethal effects induced by mitoribosome 
inhibition in MYC-driven neuroblastoma. Blocking mitochondrial ribosomes with doxycycline disrupts 

mitochondrial proteostasis (1), leading to mitochondrial stress that activates OMA1 (2), which results in 

a collapse of the mitochondrial network and triggers the ISR (3), downregulating key short-lived proteins 

and sensitizing MYC-driven neuroblastoma to cell death (4) [137]. Adapted from Borankova et al. [137]. 

3.3 Target discovery guided by single-cell reconstruction of developmental 

trajectories 

As described above, neuroblastoma is a pediatric malignancy characterized by an 

extremely heterogenous clinical manifestation. Accurate risk assessment is essential for 

selecting the optimal treatment strategy for each patient to maximize outcomes while 

minimizing toxicity and the long-term impact on quality of life [51]. While neuroblastoma 

risk classifiers have been evolving [10], biological understanding of some of the 

incorporated markers remains limited. For instance, exploring the impact of chromosome 

aberrations associated with poor neuroblastoma prognosis is an active area of research. 

Recently, gains of chromosomes 17q and 1q (found in up to 65% of neuroblastoma tumors 

[247]) have been shown to promote neuroblastoma initiation by potentiating immature 

neural crest progenitor phenotypes in a human neural crest model [248]. These early 

aneuploidization events likely lead to prolonged clonal evolution, underlying the 

development of highly aggressive neuroblastomas [247]. 
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Neuroblastoma arises anywhere along the sympathetic nervous system, forming 

tumors localized in the adrenal medulla (≥ 50% of cases) and sympathetic ganglia [48,51]. 

Given the early onset of the disease, neuroblastoma initiation is thought to result from 

impaired/aberrant differentiation of neural crest cells (NCCs) and their derivatives that 

are produced during sympathoadrenal development [48,51,249]. Due to the limited 

understanding of the sympathoadrenal differentiation, the identification of 

neuroblastoma cell-of-origin has long remained largely elusive. Major discoveries from 

Igor Adameyko’s group and recent single-cell RNA sequencing (scRNA-seq) studies shed 

new light on the NCC differentiation and provided state-of-the-art tools to study 

developmental processes at a single-cell level. In their seminal works [250-252], Adameyko 

and colleagues discovered that numerous neural crest-derived cell types, previously 

thought to originate directly from NCCs, are produced by NCC-derived multipotent 

progenitors, known as Schwann cell precursors (SCPs) (reviewed in Ref [253]).  

During embryonic development, SCPs settle on developing nerves that guide them 

to different distant regions where they were found to give rise to various cell types and 

tissues, including chromaffin cells of adrenal medulla [254] or a portion of sympathetic 

nervous system [253,255]. The differentiation plasticity of SCPs is striking and seems to be 

dependent on local stimuli in a particular region, providing developing tissues and organs 

with necessary cell types [253,256]. Importantly, it has been shown that formation of 

adrenal medulla, the most common site of neuroblastoma, requires recruitment of SCPs 

that transiently proliferate and differentiate into chromaffin cells through a specific cell 

population, termed bridge cells [254]. Recently, two independent scRNA-seq studies 

revealed that SCPs give rise not only to chromaffin cells but also to sympathoblasts, 

making SCPs universal precursors of adrenal medulla formation (Fig. 11) [53,54].  

By projecting individual cells of developing adrenal medulla according to their 

gene expression profiles, scRNA-seq data analysis allows reconstruction of differentiation 

trajectories that visualize distinct cell clusters, reflecting different cell types and potential 

transitions between them during adrenal gland development. These trajectories provide 

very useful resource to study neuroblastoma. As demonstrated by several recent studies, 
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expression profiles of neuroblastoma tumors relate to programs characteristic of various 

stages of normal sympathoadrenal development [53-55,257,258]. Interestingly, projecting 

high-risk/MYCN-amplified neuroblastoma tumors onto differentiation trajectories 

revealed their close similarity to the expression profiles of more primitive, 

undifferentiated progenitors – bridge/connecting progenitor cells [53] or multipotent SCPs 

[55]. While low-risk neuroblastomas comprise higher numbers of cells that 

transcriptionally match late neuroblasts, the proportion of undifferentiated tumor cells, 

resembling bridge cells, is elevated in high-risk tumors and advanced stage disease [53]. 

These findings demonstrate that developmental (cluster-specific) programs can infer 

neuroblastoma prognosis, suggesting their clinical importance and potential for 

unraveling neuroblastoma heterogeneity. 

 

Figure 11. Normal sympathoadrenal lineage development in humans. A schematic summarizing 

current understanding of the differentiation trajectories during healthy adrenal gland development 

identified by scRNA-seq [53,54,75]. Note that SCPs can differentiate into both chromaffin cells and 

sympathobasts via transient cell states. Cluster-specific genes are indicated. 

In the pioneering study, the serotonin receptor Htr3a was identified as a selective 

marker of bridge cells [254], indicating its important role in adrenal gland development. 

Indeed, Kameneva and colleagues recently demonstrated that serotonin signaling acts as 

a negative regulatory feedback loop controlling cell dynamics in the developing adrenal 
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medulla in mice (Appendix 4 [75]). Chromaffin cells, which arise directly from Htr3a-

positive bridge cells, produce and secrete serotonin. It has been demonstrated that 

increased serotonin levels, in turn, activate Htr3a at bridge cells, leading to prolongation 

of the cell cycle and reduced proliferation. This implies that serotonin signaling functions 

as a feedback mechanism that prevents excessive proliferation of bridge cells, and thus 

chromaffin tissue overgrowth (Appendix 4 [75]). 

Expanding on these findings, we interrogated the role of (human) HTR3A in 

neuroblastoma. Our results revealed that aggressive neuroblastoma cells overexpress 

HTR3A at both mRNA and protein levels. HTR3Ahigh neuroblastoma cell lines showed a 

significantly enhanced tumor-initiating capacity compared with their HTR3Alow 

counterparts, indicating that HTR3A expression is associated with stem cell-like traits 

resembling those of more undifferentiated progenitors. Consistent with the effects 

observed in normal bridge cells, we demonstrated that HTR3Ahigh neuroblastoma cells are 

highly responsive to HTR3A agonists, which effectively block their proliferation 

(Appendix 4 [75]), suggesting potential implications for novel combination therapies in 

neuroblastoma. 

Collectively, recent scRNA-seq studies offer crucial insights into the functional 

parallels between adrenal gland development and neuroblastoma. Importantly, our study 

on HTR3A was the first to investigate candidate targets, inferred from scRNA-seq-based 

developmental trajectories, at the protein level to explore their biological relevance for 

neuroblastoma (Appendix 4 [75]). This work provides proof-of-concept evidence for 

utilizing recently generated scRNA-seq datasets for data-driven discovery of novel 

therapeutic targets. Finally, our recent results (unpublished) suggest that these may also 

be useful for identification of novel risk stratification markers that could be assessed by 

IHC and potentially integrated into improved protocols for neuroblastoma management. 
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4 Future directions 

Most cancer deaths are caused by progression of therapy-resistant disease. Although MDR 

may arise through various mechanisms, largely overlapping with mechanisms driving 

cancer stemness, our research has highlighted the role of mitochondria as key downstream 

regulators of the cell response to therapy. 

Identification of the novel mitochondria-mediated mechanism of MDR raises 

important questions about the future directions of pediatric oncology research. A key 

consideration from these findings is that drugs developed to target molecules, structures, 

and pathways upstream of mitochondria may not always be effective, particularly in 

heavily pretreated tumors. Reduced sensitivity to apoptotic signals, regardless of the 

underlying mechanisms, may mask the pharmacological effects of newly developed drugs 

and compromise the results of Phase II/III clinical trials. From this perspective, 

combination therapies with standard treatment regimens present an ethically sound 

strategy of trialing novel molecularly targeted drugs in pediatric cancer patients. This is 

in line with the recently established international consensus [148]. Exploring agents that 

would block processes related to therapy-induced dedifferentiation could be particularly 

valuable in this setting for targeting emergent CSC phenotypes that drive tumor relapse. 

Targeting mitochondria has emerged as a promising approach to overcoming 

therapy resistance in cancer, as exemplified by the identified mitoribosomal synthetic 

lethality in MDR neuroblastoma. Our results establish a foundation for testing novel 

selective anticancer drugs, as well as for the potential repurposing of many FDA-approved 

antibiotics and other drugs that perturb mitochondria. Additionally, attention should be 

directed towards better understanding of lipidomics in the context of MAMs and drug 

resistance. Investigating regulators of lipid trafficking, particularly ceramide transport, 

could reveal potential strategies to prevent MDR or resensitize refractory tumors. 

 



42 
 

Furthermore, expanding the understanding of developmental programs and 

regulatory networks is key for identifying effective targets for anti-CSC therapy. It is 

important to clearly distinguish functional regulators of stemness from mere bystanders, 

ensuring that anti-CSC strategies truly leverage vulnerabilities associated with molecular 

drivers of cancer stemness. An important challenge for future CSC research will be to 

incorporate in vivo models that more faithfully recapitulate immune interactome within 

the TME. Humanized NSG and other advanced humanized mouse models [259] are 

already available and may serve as effective tools for studying CSC-immune cell 

interactions and devising CSC-targeted immunotherapies. 

 Finally, employing rapidly evolving single-cell and spatial omics technologies to 

compare healthy development with neoplastic growth can open new avenues for targeting 

pediatric solid tumors. Currently, reducing the complexity of scRNA-seq data represents 

an exciting research opportunity for advancing clinical management of neuroblastoma. 

After all, while it is the big data that shapes our understanding of pediatric tumors, it is 

the key experimentally validated markers and targets that will guide the assignment of 

patient-tailored therapies. 
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Abstract 

Prominin-1 (CD133) is a cholesterol-binding membrane glycoprotein selectively associ-

ated with highly curved and prominent membrane structures. It is widely recognized 

as an antigenic marker of stem cells and cancer stem cells and is frequently used 

to isolate them from biological and clinical samples. Recent progress in understanding 

various aspects of CD133 biology in different cell types has revealed the involvement 

of CD133 in the architecture and dynamics of plasma membrane protrusions, such 

as microvilli and cilia, including the release of extracellular vesicles, as well as in various 

signaling pathways, which may be regulated in part by posttranslational modifica-

tions of CD133 and its interactions with a variety of proteins and lipids. Hence, CD133 

appears to be a master regulator of cell signaling as its engagement in PI3K/Akt, Src-

FAK, Wnt/β-catenin, TGF-β/Smad and MAPK/ERK pathways may explain its broad action 

in many cellular processes, including cell proliferation, differentiation, and migration 

or intercellular communication. Here, we summarize early studies on CD133, as they 

are essential to grasp its novel features, and describe recent evidence demonstrating 

that this unique molecule is involved in membrane dynamics and molecular signaling 

that affects various facets of tissue homeostasis and cancer development. We hope this 

review will provide an informative resource for future efforts to elucidate the details 

of CD133’s molecular function in health and disease.

Keywords: Cancer, Cancer stem cell, Cell signaling, CD133, Cilium, Exosome, Lipid raft, 

Microvillus, Prominin-1, Stem cell

Introduction
Prominin-1 (Prom1, a.k.a. cluster of differentiation (CD)133; hereafter, CD133 refers 

to the mammalian molecule) has attracted global interest in the fields of regenerative 

medicine and oncology, as its expression on the cell surface allows the identification and 

isolation of stem cells and cancer stem cells (CSCs). In 1997, the discovery of CD133 

was reported by two independent research teams studying the cell biology of murine 

neuroepithelial progenitor cells [1] and the surface markers of human hematopoietic 
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stem and progenitor cells (HSPCs) [2, 3]. Soon after, CD133 protein was detected in fully 

differentiated cells and cancer cells in both rodents and humans, demonstrating that its 

expression is not restricted to stem and progenitor cell populations [1, 4–10].

Murine CD133 was originally cloned using a cDNA library prepared from adult kidney 

[1], while the human ortholog was obtained from retinoblastoma cell lines [3]. Indeed, 

CD133 is highly expressed in the proximal tubules of the kidney and other epithelial 

cells in embryonic and adult tissues, where it is expressed solely on the apical domain of 

polarized cells [1, 7, 11, 12]. CD133 expression has also been identified in the epithelial 

cells of the epididymal tract, where sperm maturation occurs [10, 13, 14], and in various 

glands [15–17], such as mammary glands [11, 17, 18], liver [17, 19, 20], pancreas [17, 

21] and salivary glands [22–24]. Of note, differentiated nonepithelial cells, particularly 

photoreceptor cells [8, 23, 25] and glial cells [26], also express CD133, indicating that 

CD133 plays a general role that is not necessarily linked to a particular condition (e.g., 

cell stemness or differentiation status) or specific cellular type (epithelial versus nonepi-

thelial) [27].

General interest in CD133 grew exponentially after 2003 when Dirks and colleagues, 

and others, reported its expression in tumor brain tissues and its use as a marker to iso-

late human CSCs [28–30]. These reports aroused enormous enthusiasm not only in the 

field of oncology, where the CD133 expression has been correlated with cancer progres-

sion, metastasis, recurrence and poor survival [31, 32] (reviewed in Ref. [33]), but also 

in that of stem cells. Since then, CD133 has been regularly used as a molecular marker/

target to isolate cells with stem cell properties in a wide range of human and murine 

tissues and tumors (reviewed in Refs [27, 34]). In addition to their detection in neu-

ral and hematopoietic systems [1, 35–37],  CD133+ cells with stem cell properties have 

been found in healthy and cancerous prostate [38–42], kidney [43–46], liver [47–49], 

pancreas [50, 51], intestine, colon [52–55], lung [56], and other organ tissues [57, 58]. 

CD133 was also associated with leukemic cells [3, 5, 59–62]. Importantly, in the context 

of cancer and regenerative medicine, CD133 is a marker of endothelial progenitor cells 

that could contribute to tumor vasculature in cancer and tissue regeneration upon injury 

[63–69]. It cannot be excluded that CD133 plays a role in facultative stem cells, i.e., fully 

differentiated cells that exhibit stem and progenitor activities through their ability to re-

enter the cell cycle in particular tissues and/or under specific conditions [70–72]. In fact, 

certain differentiated  CD133+ cells (e.g., in kidney and liver) may have such ability upon 

injury or in disease states [70] (reviewed in Ref. [73]). Regardless of the mechanism of 

regeneration, CD133 can mark cells with stem cell properties and thus has clinical value.

The utility of CD133 as an organ-specific stem cell marker in humans and its impor-

tance for determining cancer prognosis and progression have been nonetheless called 

into question [74]. This controversy stemmed in part from the apparent contradiction 

between the limited expression of CD133 protein in human adult tissues, based on 

immunodetection using an antibody named AC133 directed against a specific epitope 

of CD133 (CD133/1) [3], and the wide expression of its transcript as detected via North-

ern blot and polymerase chain reaction analyses [2, 3, 7, 11, 17, 21, 75]. However, the 

murine CD133 (both protein and transcript) has been known to be widely expressed 

well beyond stem cells [1], particularly in epithelial cells (see above) and photoreceptors 

[8]. The mapping of CD133 to differentiated epithelial cells using LacZ reporter-based 
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mice further contributed to the debate [76]. The use of alternative antibodies against 

human CD133 has confirmed its wide protein expression [11, 17, 21, 24], similar to that 

of its ortholog in rodents [9, 10, 22]. Therefore, it is important to note that the AC133 

immunoreactivity is not necessarily equivalent to the human CD133 protein, and a link 

between CD133/1 detection and cellular status (i.e., stem cell versus differentiation) 

has been proposed [11, 77]. The use of the AC133 antibody and the accessibility of the 

CD133/1 epitope have been extensively discussed in the literature, and we invite readers 

to consult the relevant publications [11, 15–17, 78–83].

It should be noted that stem cells are functional without CD133, as illustrated by the 

various Prominin-1 (Prom1)-knockdown mouse models (reviewed in Ref. [84]) in which 

no major defects are detected, except for retinal degeneration [23]; this retinal pheno-

type is consistent with the expression of CD133 in photoreceptor cells [8] (see below). 

Likewise, no major phenotype, other than blindness, has been detected in patients car-

rying dominant or recessive mutations in the PROM1 gene [85], suggesting that CD133 

is dispensable for general stem cell properties under physiological conditions [8, 86–88]. 

For example, total loss of CD133 did not affect the regenerative capacity of mammary 

epithelium in Prom-1–/– mice, although it did impact ductal branching and increased 

the ratio of luminal to basal cells [18]. This study is in agreement with the earlier report 

that transplantation of CD133-enriched murine cells from the mammary luminal cell 

population demonstrated a low regenerative capacity compared with CD133-negative 

fraction or basal cells, suggesting that in normal mammary tissue, CD133 is not a stem 

cell marker and that its function goes beyond stem cell activity [89]. Similar conclusions 

were drawn for mouse oviduct epithelial progenitors [90]. Finally, CD133 is not essen-

tial for normal hematopoiesis, as observed in Prom-1–/– mice, but nonetheless it modi-

fies the frequencies of growth-factor responsive hematopoietic progenitor cells during 

steady state and under myelotoxic stress conditions in vivo [91]. These findings suggest 

that CD133 plays a redundant role in the differentiation of the mature myeloid cell pop-

ulation during hematopoiesis, yet CD133 is important for the recovery of red blood cells 

after hematopoietic stress [91]. It cannot be ruled out that, in these models, a compen-

satory mechanism involving the CD133 paralog prominin-2 occurs in CD133-depleted 

cells in tissues that typically express both proteins [92], which is not the case of retina 

[93].

Clearly, it is time to re-examine the function of CD133, including its role in can-

cers, and translate this knowledge into new and biologically relevant CD133-based 

approaches for tissue engineering, regenerative medicine and cancer therapy. Here, 

we summarize the current knowledge of the molecular and cellular biology of CD133, 

including its preferential association with highly curved membrane protrusions such 

as microvilli and cilia as well as tunneling nanotubes (TNTs) that mediate exchange of 

CD133 between interconnected stem or cancer cells. We will also discuss the role of 

 CD133+ extracellular membrane vesicles (EVs), which have received considerable atten-

tion in recent years, and the lessons learned from studies using CD133-deficient ani-

mals and CD133-silenced human  CD34+ HSPCs as well as studies focused on cancers in 

which CD133 is upregulated. Particular attention will be given to the impact of CD133 

on various cell signaling pathways and its potential involvement in cell proliferation, 

differentiation, autophagy and migration. We hope that this review will promote the 
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development of future functional studies on CD133 as a molecule essential for multiple 

cellular processes.

Molecular biology of CD133
Structure and splice variants

CD133 is a membrane glycoprotein with an apparent molecular mass of ≈ 120 kDa, of 

which N-glycans represent ≈ 20 kDa, consistent with its predicted molecular weight of 

97,202 Da (referring here to the human splice variant s2, see below) [1, 3, 11]. It contains 

five transmembrane segments; delimiting an extracellular N-terminal domain (referred 

to as EC1), two large extracellular loops (EC2 and EC3) alternating with two small intra-

cellular loops (IC1 and IC2) and an intracytoplasmic C-terminal domain (IC3). The 

approximate size of each structural domain is indicated (Fig. 1a, see the corresponding 

legend for more details) [22]. Eight asparagine residues in consensus N-glycosylation 

sites (Asn-X-Ser/Thr-X sequons, where X is any amino acid except proline) are found in 

human and murine CD133 and distributed between EC2 and EC3 [1, 3]. An additional 

site,  Asn206-Glu-Thr-Pro, was shown to be glycosylated in human CD133 [94].

CD133 belongs to the prominin family of pentaspan membrane proteins [93]. Two dis-

tinct mammalian Prominin genes have been described [93, 95], while three prominin 

molecules have been identified in nonmammalian species [25, 96, 97]. Two Prominin-

related genes, prominin and prominin-like, were identified in Drosophila melanogaster 

[93, 98–100] and other holometabolous insects [101]. However, in contrast to prominin-

like, fly prominin has a predicted sixth transmembrane domain [101, 102]. Interestingly, 

the Prom1 gene is duplicated in zebrafish, and the two gene products are referred to 

as prominin-1a and -1b [25, 103]. Structurally related prominin-like proteins have been 

identified in an amoeba, i.e., Naegleria gruberi (GenBank accession numbers JN679227.1 

and JN679228.1), suggesting the expression of prominin in unicellular organisms. Inter-

estingly, amino acid sequences are poorly conserved between paralogs as well as within 

one orthologous group, notably CD133/prominin-1. For example, only 60% identity 

has been observed between primates and rodents, while their sequence identities with 

other species (fish, amphibians, birds) are below 50%; and less than 25% with inverte-

brates (flies, worms) [25, 93, 96]. Yet, the analysis of the primary sequence of all prom-

inin molecules, regardless of the species, revealed no potential enzymatic/catalytic motif 

or domain that could explain their molecular function [95].

PROM1/Prom1 genes are located on chromosome 4 and 5 in humans and mice, 

respectively (see also Online Mendelian Inheritance in Man (OMIM) entry number 

604365). The organization of these genes and of the PROM2 genes (OMIN 617150) is 

highly conserved in terms of exon–intron boundaries, across most of species (Fig. 1b) 

[25, 93, 104, 105]. At least six alternative promoters (named P1-P6; discussed in detail 

below) have been identified in the human PROM1 gene. The primary transcripts may 

undergo extensive alternative splicing [8, 10, 106]. Considering mammalian and non-

mammalian vertebrates, more than 20 splice variants from at least 28 exons affecting the 

open reading frame (ORF) have been described [10, 25, 105]. In rodents and primates, 

the resulting proteins would be from 804 to 865 amino acids in length [95]. A nomen-

clature of CD133 splice variants proposing to add a suffix “s” and number the variants 

according to the chronology of publication regardless of species was presented [10, 25, 
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Fig. 1 Structural features of CD133. a Membrane topology. The human CD133 protein comprises three 

extracellular domains (EC1–3), an N-terminal domain (EC1) and two larger loops (EC2 and EC3) bearing nine 

glycosylation sites. N-glycan structures vary with the subcellular localization of CD133 and the state of cell 

differentiation, which may influence its interaction with protein partners. The intracellular domains (IC1–3) 

consist of two small cytoplasmic loops (IC1–2) and the C-terminal domain (IC3). ECs and ICs are separated by 

five transmembrane domains (1–5, pink cylinders). CD133 carries a cluster of cysteine residues located at the 

boundary of the first transmembrane segment and the IC1 domain (dotted green line). These residues may 

be subject to palmitoylation. Two potential ganglioside-binding sites are located in the EC1 and EC2 domains 

(orange and yellow cylinders). Two major tyrosine (Y) residues, 828 and 852, in IC3 can be phosphorylated 

and regulate the activity of several signaling pathways. Lysine (K) 138 interacts with HDAC6 and Arl13b. The 

outer and inner leaflets of the plasma membrane are shown with membrane cholesterol (red), highlighting 

the association of CD133 with cholesterol-dependent membrane microdomains. Amino acid numbering 

is based on the human splice variant CD133.s2; the approximate number of amino acid residues in a 

given domain, which may vary from one splice variant to another, is indicated in parentheses. b Genomic 

organization of mammalian CD133. Vertical lines indicate exon boundaries, the dashed line the presence of 

an alternative splice acceptor site, while transmembrane domains are highlighted in pink. Major facultative 

exons within ORF are indicated in brackets. The exons are numbered as the initial start codon is located 

in exon 2. c PROM1 promoters. Six distinct promoters were identified (blue boxes) in human PROM1 gene 

with various facultative exons (A-E5, black boxes) that are part of exon 1. The P1-P3 promoters show high 

proportion of CpG islands. The major transcription factors impacting positively or negatively on PROM1 gene 

expression are indicated in green and red, respectively. Figures are not to scale. Illustration in a is adapted 

from Ref [3] and incorporates data from Refs [94, 161, 209, 219], while those in panels b and c are adapted 

from Refs [95] and [111], respectively
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77, 104]. The majority of these splice variants differ in the N- and C-terminal domain 

sequences. Splice variants s1 and s2 differ from each other by the inclusion or exclu-

sion of a small exon [numbered 4 as we refer to exon 2 as carrying the initial codon] in 

EC1, respectively, while IC3 shows a greater propensity for alternative splicing of small 

exons (exons 26–29), suggesting interactions with distinct extracellular and cytoplasmic 

partners (Fig. 1b, see legend for more details) [10, 104]. At least 10 distinct cytoplasmic 

C-termini were described [25] (reviewed in Ref. [95]). The final four C-terminal amino 

acid residues in some variants exhibit the characteristics of PSD-95/Dig-1/ZO-1 (PDZ)-

binding domains (classes I-III), which is consistent with the ability of the CD133 variants 

to bind various proteins [104].

The expression of CD133 splice variants is often cell- and tissue-type dependent and 

may reflect its particular role in the given organ [10, 26, 34, 107]. For example, CD133.

s1 is predominantly expressed in the brain tissue of mouse embryos, and its expression 

decreases during brain development to barely detectable levels in the brains of adult 

mice [26]. An opposite trend was observed for CD133.s3 expression in the early postna-

tal period, which correlated with the onset of neuronal myelination. This splice variant 

is a component of the myelin sheath [22, 26], and hypomyelination has been observed in 

Prom1-null mice [108]. Exons splicing in the EC2 appears to impact cell surface expres-

sion and overall folding of the protein, as evidenced by the absence of the 25 residues 

encoded by murine exon 10 leading to the CD133 degradation in the endoplasmic 

reticulum (ER) (Fig. 1b) [10]. A 16-kDa truncated variant of the CD133 protein has also 

been reported in glioblastoma cell lines [109]. Yet, the precise nature of this potential 

short form would require further investigation. Importantly, the coexpression of distinct 

CD133 splice variants has been reported [10], confirming the need to include system-

atic analyses of CD133 variants in future studies to unravel their potentially complex 

involvement in various cellular processes.

Regulation of PROM1 gene expression

In relation to its multiple roles and differential expression in normal tissues, stem cells 

and cancer cells, the transcriptional regulation of CD133 expression is complex with 

human PROM1 gene being driven by six promoters [106, 110–112]. Consequently, at 

least 14 distinct transcripts are generated depending on the tissue with different or 

optional exons 1 (namely 1A-E) constituting the 5’ untranslated region (UTR) (Fig. 1c) 

[106, 111, 113]. The P1, P2 and P3 promoters of PROM1 gene show high proportion 

of CpG islands and are differentially methylated in normal and cancer tissues such 

as glioma or colon cancer [110, 114–117]. These promoters may also be polycomb-

repressed in acute leukemia [118] and divers cell lines [111]. The proximal P6 promoter 

identified in melanoma cells was found to be enriched in binding sites for high mobility 

group (HMG) proteins—nonhistone chromatin-associated proteins that are aberrantly 

expressed in a variety of cancers (Fig. 1c) [111].

PROM1 gene expression may also be regulated through histone modification, which 

may depend on DNA hypermethylation [114, 117]. Histone H3 lysine-79 (H3K79) meth-

ylation was first identified to be a regulator of PROM1 gene expression in an investi-

gation aimed at identifying targets of mixed lineage leukemia (MLL) fusion proteins 

responsible for aberrant gene expression in patients with leukemia [119]. PROM1 gene 
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was found to be a target of the MLL fusion-associated gene AF4 (MLL-AF4) in human 

colon cancer Caco-2 cells [120] and in some MLL cells [118], where its transcription is 

upregulated through H3K79 methylation and the presence of an intragenic H3K79me2/3 

enhancer element. Notably, polycomb-repression inactivates such enhancer. Transform-

ing growth factor (TGF)-β1 has been shown to induce the demethylation of PROM1 

promoter P1 by inhibiting the expression of DNA methyltransferase-1 and 3β (DNMT1 

and DNMT3ß) in hepatoma cells, leading to a significant upregulation of CD133 

[121]. Collectively, TGF-β signaling in different solid malignancies leads to the induc-

tion of stem-like characteristics [122], the epithelial-mesenchymal transition (EMT), or 

increased tumorigenicity [123] and initiates the expression of CD133. The mechanisms 

that regulate the interplay between TGF-β1 and CD133, thereby contributing to the 

stem cell phenotype among various normal and cancer cell types, remains to be explored 

in greater detail.

Interestingly, a thorough analysis of the relationship between promoter hypomethyla-

tion and increased CD133 expression in glioma revealed novel transcriptional coregu-

lators of CD133 expression, specificity protein 1 and c-MYC, which can bind only to 

a hypomethylated PROM1 promoter [110]. However, although such epigenetic regula-

tion has been shown to exist in prostate cell lines, this is not the case in primary pros-

tate epithelial cultures, suggesting evidence for dysregulated CD133 expression during 

long-term culture in vitro [124]. In basal-like breast carcinoma cells with p53 deficiency, 

which leads to an autocrine interleukin (IL)-6 loop driving cell reprogramming, IL-6 was 

found to regulate PROM1 expression by inducing PROM1 P1 promoter demethylation 

that resulted in enhanced transcription and, in parallel, an increased methylation of the 

PROM1 P2 promoter that carries putative repressor sites [125].

Cells exposed to stresses, such as DNA damage, hypoxia, oncogene activation, or ribo-

somal stress, react by stabilizing p53, which in turn orchestrates the transcription of 

genes involved in major stress response processes, i.e., cell cycle arrest, DNA repair, and 

cell death [126]. The expression pattern of CD133 was reported to be inversely related 

to the expression of p53 in different cancer cell lines and tumor tissue samples [127]. 

Noncanonical p53 binding sites were identified in the P1 promoter enabling p53 interac-

tion (Fig. 1c), which led to the recruitment of histone deacetylase (HDAC) 1 and thus 

inhibition of CD133 expression due to reduced histone H3 acetylation. Interestingly, the 

downregulation of CD133 was also accompanied by suppression of stemness-associated 

transcription factors, such as NANOG, octamer-binding transcription factor 4 (OCT4, 

also called POU5F1), sex-determining region Y-box 2 (SOX2), and c-MYC, and reduced 

cell growth and tumor formation capacity [127].

Hypoxia is a key factor in the tumor microenvironment and was shown to increase the 

 CD133+ population in medulloblastoma and glioma cells [128, 129]. Prolonged hypoxia 

exposure (i.e., 1%  O2 for a period of 72 h) stimulated glioblastoma cells to express CD133 

and the stemness markers Kruppel-like factor 4 (KLF4) and SOX2 via a hypoxia induc-

ible factor (HIF)-1α-dependent mechanism (Fig. 2a) [130]. Interestingly, these stemness 

traits as well as the significantly higher clonogenicity and capacity to form spheres dur-

ing serial passaging were maintained after normoxic conditions were restored [130]. A 

similar hypoxia-induced coexpression of CD133 and HIF-1α in glioma cells has been 

reported by other groups [131, 132], and it was shown to be associated with enhanced 
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chemoresistance, invasiveness, and EMT, which is in line with results obtained with cell 

lines derived from pancreatic [133] and ovarian cancer samples [134]. HIF-1 is a heter-

odimeric protein that regulates tissue responses to changes in the oxygen level [135]. It 

is composed of two subunits, α and β. Although HIF-1β subunit expression is consti-

tutive, HIF-1α subunit expression is regulated by the partial pressure of oxygen level. 

Under normoxic conditions, the levels of HIF-1α are reduced because of proteasomal 

degradation. Hypoxia induces the dimerization of HIF-1α and HIF-1β, which form a 

transcription complex that recognizes E-box-like hypoxia response elements and initi-

ates the transcription of genes involved not only in cellular oxygen homeostasis but also 

in pathways that coordinate cell proliferation, metabolism reprogramming, apoptosis, or 

resistance to tumor therapy [135].

Elevated levels of HIF-1α and HIF-2α were shown to simulated the transcription of the 

PROM1 gene at the P5 promoter in colon cancer cells; specifically, it was initiated by the 

binding of the HIF-1-Elk1 complex to the E-twenty-six (ETS)-binding motif present in 

P5 [113, 136]. In contrast, in lung cancer cell lines, hypoxia-induced CD133 transcrip-

tion was mainly initiated via HIF inducible-OCT4 and SOX2 binding at the P1 promoter 

that is devoid of HIF-binding site [137]. Interestingly, in hepatocellular carcinoma, a 

functional cooperation between IL-6/signal transducer and activator of transcription 

3 (STAT3) signaling and nuclear factor kappa-light-chain-enhancer of activated B cells 

and HIF-1α was reported to upregulate CD133 expression that was associated with poor 

prognosis [138].

However, in addition to the positive regulation of CD133 under hypoxic conditions, 

contradictory results have also been reported for different tumor types. Induction of 

Fig. 2 Cell type-dependent impact of hypoxic conditions on CD133 expression. a Under hypoxic conditions 

and in certain types of cancer as indicated, HIF-1α and HIF-1β are translocated into the nucleus, where they 

form a heterodimeric transcription factor that binds to hypoxia-responsive elements (HRE), resulting in 

increased expression of CD133 and other stemness markers (e.g., KLF4 and SOX2). Thus, hypoxia can promote 

chemoresistance, invasiveness and EMT. b In gastrointestinal carcinoma cells, the induction of hypoxia either 

by lowering the partial pressure of oxygen or by applying hypoxia-mimicking agents such as DFO and  CoCl2 

downregulates CD133 expression (black dashed arrow). Reciprocally, rapamycin-mediated inhibition of 

mammalian TOR (red dashed arrow), an upstream regulator of HIF-1α signaling, results in the downregulation 

of HIF-1α and elevated levels of CD133 (red arrow). Illustrations in panels a and b are based on data presented 

in Refs [130] and [139], respectively, among others
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hypoxia, either by lowering the partial pressure of oxygen or by applying hypoxia-mim-

icking agents [e.g., desferrioxamine (DFO) and cobalt chloride  (CoCl2)] in three gastro-

intestinal carcinoma cell lines, suppressed the expression of CD133 (Fig.  2b) [139]. In 

line with these findings, rapamycin-mediated inhibition of mammalian target of rapa-

mycin (TOR), an upstream positive regulator of HIF-1α signaling, resulted in down-

regulation of HIF-1α and upregulation of CD133 transcription [139]. This negative 

correlation between CD133 and HIF-1α expression may be tissue specific. A focus on 

potential interaction partners of the HIF transcription complex in future studies may 

help to decipher the mechanisms responsible for the different impacts of hypoxia on 

CD133 expression.

Notch1 has also been shown to control the proportion of  CD133+ cells in lung adeno-

carcinoma [140] and to regulate CD133 expression in glioblastoma [141]. Konishi and 

colleagues reported that in diffuse gastric cancer, CD133 expression was induced by 

Notch1 through the binding of the activated Notch1 intracellular domain to a recombi-

nation signal binding protein for immunoglobulin kappa J region (RBP-Jκ)-binding motif 

identified in the PROM1 gene promoter (Fig. 1c) [142]. In melanoma cell lines from both 

mice and humans, Notch1 also induced CD133 expression by the binding of activated 

Notch1 to the Prom1/PROM1 promoter [143].

The PROM1 gene promoter sequence carries a putative tandem β-catenin-T-cell fac-

tor (TCF)/lymphoid enhancer factor (LEF) complex binding sites within intron 2 that 

are conserved among mammalian PROM1 genes [144]. Moreover, specific inhibition of 

CREB-binding protein (CBP), a coactivator of β-catenin/TCF-mediated transcription 

[145], also suppressed CD133 expression at both the mRNA and protein levels in hepa-

tocellular carcinoma cells, reducing the anchorage-independent growth and colony for-

mation capacity of these cells [146]. These observations suggest that PROM1 is a Wnt 

target gene, which may allow a feedback loop between CD133 and β-catenin-Wnt sign-

aling, as is discussed below.

Posttranscriptional regulation of CD133 expression by microRNAs (miRNAs) has 

also been documented, and these findings are in line with CD133 expression in CSCs, as 

these short noncoding RNAs play important roles in cancer initiation and progression 

and in the control of signaling pathways activity [147, 148]. For instance, miR-29b down-

regulated CD133 mRNA by targeting its 3’-UTR in transfected human hepatocellular 

carcinoma cells [149]. Similar observations were made in esophageal cancer cells, where 

miR-377 expression was inversely correlated with CD133 expression [150]. High levels 

of miR-181a inhibited CD133 in glioblastoma cells; however, whether the miRNA acted 

directly or indirectly remains to be determined [151].

Interestingly, the 3’-UTR of human CD133 transcripts bears a noncanonical iron-

responsive element that may mediate their stabilization after the binding of cytosolic 

iron-regulatory protein 1, a key controller of iron metabolism that posttranscription-

ally regulates the expression of iron metabolism genes. This possibility is in line with the 

reduced CD133 protein levels observed in Caco-2 cells after treatment with iron che-

lators or iron supplementation [152]. This regulatory mechanism appears to be related 

to the cholesterol-dependent negative impact of CD133 on transferrin uptake through 

endocytosis observed in undifferentiated Caco-2 cells. As transferrin plays the major 

role in the delivery of iron to cells via endocytosis, it may interfere with hypoxia-induced 
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regulation of CD133 expression. These data justify interest in further studying the 

CD133/transferrin-iron network and its potential role in endocytosis [152].

Overall, it appears that, in relation with the implication of CD133 in different biologi-

cal and pathological processes, such as cancer and degenerative diseases, numerous gene 

expression regulatory mechanisms confer the diverse expression patterns of CD133.

Posttranslational modifications of CD133

In addition to alternative splicing, CD133 undergoes various posttranslational modifica-

tions that regulate its intracellular trafficking, stability and interactions with cytoplasmic 

enzymes and/or other classes of proteins. One of these CD133 modifications is N-glyco-

sylation, in which differential processing of the glycan moiety can lead to distinct glyco-

sylation profiles between tissues and organs [10]. Different glycoforms may coexist in a 

given tissue, but little is known about these complex structures. The terminal N-glycans 

of human CD133 contain sialyl residues, which seem to regulate CD133 stability in neu-

ral stem cells and glioma-initiating cells [153]. In the mouse embryonic brain, N-glycans 

of CD133 bind to Phaseolus vulgaris erythroagglutinating lectin, which allows cells with 

stem cell properties to be isolated [154]. Notably, the CD133 glycosylation is altered dur-

ing early pregnancy in uterine epithelial cells under the influence of maternal ovarian 

hormones [155].

Similarly, hypoxic conditions can influence the glycosylation status of CD133, as 

demonstrated with pediatric glioblastoma cell lines [156]. Interestingly, the glycosyl-

transferase 8 domain containing 1 (GLT8D1) was recently shown to contribute to the 

stabilization of CD133 by interacting with it and influencing its glycosylation in glioma 

cells [157]. Similarly, the interaction of the high-mannose N-glycan form of CD133 with 

cytoplasmic DNA methyltransferase 1 (DNMT1) maintains the slow-cycling state of 

glioma stem cells, and favors chemotherapy resistance and tumorigenesis [158]. These 

observations are in line with the differential glycosylation status of CD133 in relation to 

cell differentiation [7, 11]. Although DNMT1 interaction is mediated by CD133 cytoplas-

mic C-terminal domain, the mechanism underlying the contribution of high-mannose 

N-glycans of CD133 remains unclear. The mutation of individual N-linked glycosylation 

sites in CD133 had no effect on its stability [159], although the loss of N-linked glyco-

sylation at Ans548 decreased the ability of CD133 to associate with β-catenin and acti-

vate the β-catenin signaling pathway, and thus reduced CD133-driven cell proliferation 

[94].

Similar to differential splicing, alternative glycosylation patterns should be considered 

when selecting specific antibodies against CD133, especially those used for its immuno-

detection in a tissue of interest. For example, N-glycosylation of human CD133 seems to 

contribute to the recognition of the CD133/1 epitope on the cell surface by the AC133 

antibody [159] (see above). Therefore, the use of two distinct antibodies to analyze 

CD133 expression in a given tissue and/or under specific physiological and pathological 

conditions is recommended [11, 17, 21–24, 83, 160].

Importantly, CD133 is also subject to other posttranslational modifications, such as 

phosphorylation, ubiquitination, and acetylation [24, 161, 162]. Phosphorylation, as one 

of the reversible posttranslational modifications, is essential for the regulation of protein 

functions in cell signaling. Human CD133 can be phosphorylated at two distinct tyrosine 
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residues (namely, Y828 and Y852 in the human CD133.s2 sequence) in its cytoplasmic 

C-terminus (Fig. 1a) [161]. The phosphorylation of these residues is mediated by the Src 

and Fyn tyrosine kinases, members of the Src nonreceptor tyrosine kinase family [161]. 

The amino acid sequence flanking Y828 is highly conserved in vertebrates and conforms 

to the tyrosine kinase phosphorylation motif [R/K]xxx[D/E]xxY. Y828 is found in the 

YDDV Src SH2-binding motif, and its phosphorylation may regulate the CD133 inter-

action with SH2 domain-containing proteins involved in intracellular signaling events 

[161]. A highly significant activity mediated by Y828 phosphorylation of CD133 is its 

interaction with the p85 regulatory subunit of phosphoinositide 3-kinase (PI3K), which 

thereby regulates PI3K activity at plasma membrane [163]. After overexpression, both 

Src and Fyn enzymes induced tyrosine phosphorylation of the complex N-glycosylated 

form of CD133 associated with the plasma membrane, but only Src modified the high-

mannose N-glycan form associated with the ER [161]. The significance of this selectivity 

as well as whether Src-dependent phosphorylation of the high-mannose form of CD133 

contributes to its interaction with DNMT1 (see above) remains to be determined.

Y852 is encoded by a facultative exon, the sequence of which is relatively less con-

served and does not conform to the phosphorylation motif or the SH2-binding domain. 

It is present in some mammals, including rats, mice, chimpanzees, and humans [9, 104], 

but not in others, such as dogs [105]. Nevertheless, the phosphorylation of Y852 has 

been shown to play a critical role in the activation of Src-focal adhesion kinase (FAK) 

signaling [164].

Ubiquitination is another posttranslational modification of CD133 [24] that might 

regulate its internalization from the cell surface and sorting into small intralumenal vesi-

cles within late endosome/multivesicular bodies (LE/MVB) en route to exosomes [165]. 

Lysine 848 (K848) is one of the sites of CD133 ubiquitination. Ubiquitinated CD133 

interacts with the tumor susceptibility gene 101 (TSG101) protein [165], a component of 

the endosomal sorting complex required for transport (ESCRT) machinery involved in 

LE/MVB formation [166], and possibly with syntenin-1 [24], a PDZ domain-containing 

scaffold protein that regulates the biogenesis of exosomes in conjunction with ALIX and 

syndecan (see below) [167]. Together, these findings suggest a role for ubiquitination in 

the intracellular trafficking of CD133 and its release in association with exosomes into 

physiological bodily fluids (see below). CD133 is also subjected to acetylation by acetyl-

transferase 1 and 2, two acetyl-CoA:lysine acetyltransferases associated with the ER/ER–

Golgi intermediate compartment. Three lysine residues (K216, K248 and K255) in the 

EC2 are acetylated during the anterograde transport of CD133 to the plasma membrane, 

and perturbation of this posttranslational modification affects the stability of CD133 and 

impedes its appearance at the cell membrane [162, 168].

Cellular biology of CD133
CD133: an organizer of plasma membrane protrusions

Prominin-1 owes its name to its specific subcellular distribution on prominent cellular 

protrusions [1]. It localizes to highly curved membrane subdomains, such as micro-

villi, cilia, filopodia, and other membrane structures that protrude from flat regions of 

the plasma membrane regardless of cell type, i.e., stem cells versus differentiated cells, 

or epithelial versus nonepithelial cells, as described in a review article published two 
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decades ago [22]. Its expression in the flagellum of immature spermatozoa present in 

murine testis and in the myelin sheath produced by oligodendrocytes and Schwann cells 

is consistent with its specific localization to membrane protrusions [10, 26].

The importance of this subcellular localization was initially demonstrated in photo-

receptor cells in which CD133 is enriched at the base of the outer segment of rod cells 

[8]; more specifically, in precursor membranes of photoreceptor disks emerging from 

the connecting cilium (reviewed in Refs [169, 170]). The outer segment is a specialized 

ciliary organelle that allows sensory neurons to detect light and convert it into cellular 

signals relayed to downstream neurons [171]. The interaction of CD133 with the mem-

brane protein protocadherin 21 regulates the proper biogenesis and maintenance of 

these large nascent membrane evaginations [87]. CD133 knockdown in murine models 

impaired these processes, leading to the disorganization of the photoreceptor outer seg-

ment and progressive degeneration of the photoreceptor [23]. Variations in the genetic 

background could influence the progression of photoreceptor cell degeneration [172]. 

Han and colleagues demonstrated that frog prominin-1 localized to highly curved open 

rims of outer segment lamellae in the rod and cone cells of Xenopus laevis retinas [173]. 

Retinal phenotypes were observed in frogs and zebrafish when prominin-1 or prom-

inin-1b paralog was silenced, respectively [174, 175]. Although zebrafish prominin-1a is 

also highly expressed in photoreceptors, its role has not been established [25, 175, 176]. 

As observed in frog eyes, CD133 was expressed throughout all the disk membranes of 

human cone cells [170], and clinically, all patients with recessive or dominant PROM1 

mutations show cone–rod dystrophy. Interestingly, although the recessive diseases 

were associated with early-onset severe panretinal degeneration with early central loss 

of vision, the dominant diseases were linked with late-onset dystrophy predominantly 

involving the macula [85].

The structural impact of CD133 expression on membrane protrusions concerns more 

than disk morphogenesis in photoreceptor cells, as recently demonstrated in one of 

our laboratories. For example, overexpression of human CD133 in polarized Madin-

Darby canine kidney (MDCK) cells resulted in an increase in the number of microvilli, 

branched microvilli and microvilli clusters within the apical surface (Fig. 3a), whereas 

its silencing in human  CD34+ HSPCs abolished uropod-associated microvilli-like struc-

tures at the rear pole [177]. Similarly, CD133 overexpression impacted the structure 

of filopodia in fibroblasts or other membrane extensions in retinal pigmented epithe-

lium cells [177, 178] (see below). The interaction of CD133 with the actin-related pro-

tein 2/3 (Arp2/3) complex, which mediates the branching of actin networks, may favor 

such microvilli-related and filopodial alterations in epithelial and nonepithelial cells, 

respectively (Fig. 3a, see below) [177]. The latter case might explain, at least partially, the 

involvement of CD133 in cancer metastasis, as both CD133 and actin filament branch-

ing are found at the leading edge of motile cell lamellipodia, which are the driving force 

of cell migration [1, 179]. The interaction between CD133 and the Arp2/3 complex is 

mediated by the phosphorylation of CD133 Y828, and the mutation of this tyrosine 

(Tyr → Phe, Y828F) resulted in short microvilli (Fig. 3a) [177]. The CD133-Arp2/3 com-

plex interaction is also of interest in the context of photoreceptor biogenesis since it 

could stimulate the growth of membrane evaginations from the connecting cilium at the 

base of the outer segment to generate a new photoreceptor disk [180].
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The implication of CD133 in ciliary structures has been reported in different cell 

types. The spatiotemporal activation of stem cells is based on coordinated cell signal-

ing. The primary cilium, acting as a sensory organelle, participates in the transmission of 

extracellular signals into a cell, triggering downstream cascades responsible for the cell 

renewal and differentiation [181]. The proper function of the primary cilium depends 

on the balanced assembly and disassembly of the microtubular apparatus through the 

cell cycle. Accumulating evidence shows that CD133 plays a critical role in controlling 

Fig. 3 CD133 impacts the architecture of actin-based microvilli and microtubule-based primary cilia. a, b 

CD133 is involved in the architecture of microvilli (a) and primary cilia (b), two distinct types of membrane 

protrusions based on actin filaments and microtubules, respectively. In microvilli, mutation (2 M) in the 

 GM1-binding domain of CD133 creates branched microvilli and/or microvilli with a knob-like structure, while 

the mutation of tyrosine 828 by phenylalanine (2 M Y828F or Y828F mutants; numbered according to CD133.

s2) abolishes these phenotypes and creates short microvilli (a, left panel). Branching of the microvilli results 

from the interaction of phosphorylated CD133 with the Arp2/3 complex, whereas the interaction with PI3K, 

which stimulates the conversion of  PIP2 to  PIP3 in the inner leaflet of the plasma membrane, uncouples 

the plasma membrane and the underlying cytoskeleton, resulting in irregularly shaped microvilli (a, right 

panel). Both subunits (p85 and p110) of PI3K and all seven subunits of the Arp2/3 complex are represented. 

In primary cilium, overexpression of CD133 increased cilium length, while K138Q mutation led to the 

formation of short cilia and the appearance of EVs derived therefrom (b, left panel). The dual interaction of 

CD133, mediated by K138, with Arl13b and HDAC6 regulate the assembly and disassembly, respectively, of 

the ciliary structure. Arl13b binding to CD133 also depends on tyrosine 828 phosphorylation (b, right panel). 

Ac, acetylated tubulin. c CD133 plays an essential role in the recruitment of molecular regulators (Arl13b 

and HDAC6) controlling the dynamics of the ciliary compartment during the activation of quiescent stem 

cells into transit amplifying cells, as demonstrated in incisor tooth epithelial cells—a process impaired in 

CD133-null mice. Illustrations in a–c are based on data presented in Refs [177, 182, 183]
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the length of the primary cilium in both mammalian and nonmammalian vertebrates 

[182, 183], via either its interaction with regulators of ciliary morphology or  CD133+ EV 

budding from the ciliary membrane (Fig. 3b). The distribution of CD133 within the cili-

ary compartment is complex and often asymmetrical along the axoneme [182, 184, 185]. 

CD133 is found either at the base or the tip of a cilium or within the ciliary shaft [182, 

183]. A good example of the physiological involvement of CD133 in ciliogenesis was 

demonstrated by Singer and colleagues using dental epithelium stem cells as a model, 

showing that CD133 controls the stem cell–transit amplifying cell axis by orchestrating 

ciliary dynamics, which was disrupted in Prom-1–/– mice (Fig. 3c) [182]. The mechanism 

by which CD133 regulates primary cilium length has been further dissected using kidney 

MDCK cells [182, 183]. Two regulators of ciliary morphology have been shown to inter-

act with CD133 [182]: ADP-ribosylation factor-like GTPase 13B (Arl13b) and HDAC6. 

Both of these CD133-interacting proteins compete for cytoplasmic K138 (numbered as 

in splice variant s2) in the CD133 IC1 [182]. Arl13b is a member of the Ras superfam-

ily of small GTPases that regulates ciliary length [186, 187], while HDAC6 catalyzes the 

deacetylation of alpha-tubulin and is involved in the disassembly of the primary cilium, 

a process required for cell cycle progression (Fig.  3b) [188, 189]. The dual interaction 

of CD133 with Arl13b and HDAC6 may orchestrate cilium functionality and ciliary 

length dynamics in a positive and negative manner, respectively, and consequently regu-

late the activation of dental stem cells (Fig. 3c). Of note, the phosphorylation of Y828 

has also been implicated in the CD133-Arl13b interaction, and its mutation resulted 

in a reduction in ciliary length and the number of cells with a primary cilium [183]. In 

such context, it remains to be determined whether CD133 phosphorylation impacts its 

interaction with HDCA6, as suggested in the process of autophagy [190] (see below), 

or whether other posttranslational modifications that would promote or hinder CD133-

Arl13b/HDAC6 interactions control the ciliary architecture, and functionally influence 

cellular proliferation versus differentiation.

Beyond dental stem cells, ciliary CD133 may have an impact on the activity of other 

cells with stem cell properties, including those associated with the nervous system [191–

196] (reviewed in Ref [197]). In addition to primary cilia, CD133 affects motile cilia, 

such as those found in ependymal cells or multiciliated cells of the airway epithelium, as 

the absence of CD133 impaired ciliary beating [198, 199]. CD133 is also associated with 

multiciliated cells found in oviduct epithelium [90]. In zebrafish, prominin-3 silencing 

alters the number and length of monocilia in Kupffer’s vesicles, resulting in molecular 

and anatomical defects in left–right asymmetry [183]. Thus, the involvement of CD133 

(or its paralogs) in ciliogenesis and/or ciliary functions may have consequences in many 

ciliopathies [200].

The association of CD133 with cellular protrusions and its involvement in their proper 

organization is not unique to vertebrate cells, as Drosophila melanogaster Prominin has 

been found in the microvilli-based rhabdomere of the photoceptor cells. Therein, Prom-

inin concentrated at the apical tips of microvilli, and by interacting with the secreted 

protein Eyes Shut/Spacemaker, it prevented unwarranted contacts between adjacent 

membrane protrusions and conferred structural integrity onto rhabdomeres [98]. The 

knockdown of fly Prominin led to the altered arrangement of the photoreceptor com-

partment. Yet, this phenotype was rescued by the expression of mammalian CD133, 
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indicating the cross-species conservation of CD133 activity in invertebrate and ver-

tebrate photoreceptor cells [100]. Similarly, Drosophila melanogaster Prominin-like 

showed a preferential affinity for apical protrusions of wing imaginal disc cells [99].

Altogether, CD133 shows a profound preference for plasma membrane protrusions, 

the morphology and organization of which are regulated through multiple interactions 

of CD133 with various protein and lipid interactors (see below) and/or its posttransla-

tional modification. Of note, almost all CD133-knockout mouse models described so 

far are viable and fertile [23, 54, 84, 90, 91, 177, 201–204] even though CD133 is nor-

mally expressed in the male reproductive tract and spermatozoa and may play a role in 

sperm maturation [10, 13, 202, 205–207]. This indicates potential functional redundancy 

of CD133 in specific tissues [84, 92], despite a recent study reporting male infertility 

after deletion of the Prom1 gene in a particular mouse background [208]. Compromised 

spermatogenesis has also been reported for some individuals of Prom-1-deficient males 

showing no interference with development or fertility in general [203]. It remains to be 

determined whether the genetic background and/or other factors, e.g., expression lev-

els of CD133 interactors, can influence the impact of CD133 on the biogenesis and/or 

maintenance of functional membrane protrusions.

Thus, advancing our basic knowledge of CD133 may help in understanding not only 

its impact on protruding membrane structures, but also its involvement in various cell 

signaling pathways and processes, including proliferation/differentiation, autophagy and 

cell migration.

CD133 and lipid rafts

The subcellular localization of CD133 in plasma membrane protrusions (e.g., microvilli) 

relies, at least in part, on its association with a specific membrane microdomain [209, 

210]. These submembrane domains, called “lipid rafts”, are rich in specific membrane 

lipids such as cholesterol and sphingolipids [211]. The integrity of these lipid rafts par-

ticularly depends on membrane cholesterol. Lipid rafts play an essential role in cellular 

processes, including membrane trafficking, epithelial polarity, membrane budding and 

fission, and signal transduction [212–214]. The implication of lipid rafts in CSC self-

renewal, quiescence and EMT, which are mediated by various signaling pathways, has 

made them putative targets for cancer eradication (reviewed in Ref [215]).

The classical biochemical method used to determine the association of a given protein 

with lipid rafts is based on protein resistance to extraction with certain nonionic deter-

gents under cold conditions; Triton X-100 is the most commonly used detergent for 

these assays [216, 217]. Although CD133 was completely soluble after incubation with 

Triton X-100, cholesterol-dependent detergent resistance of CD133 was observed with 

other detergents, such as Lubrol WX, Triton X-102, or Brij 58, making these CD133-

containing lipid rafts different from others [209, 210]. These biochemical observations 

were corroborated by morphological data where the specific retention of CD133 in 

microvillar structures was disrupted after the depletion of membrane cholesterol [209] 

(reviewed in Ref [218]). A relationship between CD133 and lipid rafts is supported by its 

direct interaction with membrane cholesterol, as demonstrated using a photoactivatable 

cholesterol analog [209].
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Other lipid species may also interact with CD133, including gangliosides such mon-

osialoganglioside 1  (GM1) and disialoganglioside 3  (GD3). Taïeb and colleagues have 

proposed two ganglioside-binding motifs in the EC1 and EC2 of CD133 [219], corrobo-

rating the colocalization of CD133 with  GM1 at the membrane protrusions of epithe-

lial and nonepithelial cells [185, 220, 221]. The importance of the  GM1-binding motif 

in CD133 was further dissected by creating point mutations, as one CD133 mutant 

(named 2 M) produced microvilli or filopodia with altered morphology in MDCK cells 

and fibroblasts, respectively [177]. Notably, branched microvilli and/or with a "pearl-

ing" state were observed (Fig. 3a, see legend). These effects were related to an increased 

phospho-Y828-dependent interaction of CD133 with either Arp2/3 complex (see above) 

or PI3K leading to their activation [177]. How does the extracellular domain of CD133 

influence the activity of cytosolic proteins, and subsequently the organization of mem-

brane protrusions? The interaction of CD133 with gangliosides in the plasma membrane 

outer leaflet may determine the phospholipid composition of the inner leaflet (e.g., the 

phosphatidylinositol 4,5-bisphosphate  (PIP2)/phosphatidylinositol (3,4,5)-trisphosphate 

 (PIP3) ratio), by regulating CD133-driven PI3K activation, which may be responsible for 

the uncoupling of the microvillar membrane from the underlying cytoskeleton, resulting 

in irregularly shaped microvilli [177]. Linker proteins that interact with actin filaments, 

such as myosin and ezrin, are involved in the membrane binding which is regulated by 

clusters of  PIP2 [222, 223]. An increase in the  PIP3 level might also induce the activa-

tion of the Arp2/3 complex [224, 225]. By promoting membrane lipid clustering, CD133 

may thus mediate direct crosstalk between lipid bilayer leaflets (Fig. 3a). Together with 

its lipid interactors, CD133 might control the shape and organization of highly curved 

membranes, such as those found in microvilli, cilia, filopodia and TNTs (see below) 

[213, 226–228] (reviewed in Ref [218]).

Importantly, cholesterol and gangliosides are not merely structural components of the 

membrane microdomains affecting membrane structure but, either alone or as a part 

of lipid rafts, can also modulate signal transduction [214, 229, 230]. Thus, in addition to 

acting as structural units involved in the architecture of membrane protrusions, CD133 

and associated lipid rafts can constitute membrane signaling platforms. The involvement 

of CD133 as a signaling transduction component in different aspects of cell physiology 

and tissue regeneration is discussed in subsequent sections.

CD133: intra- and extra-cellular trafficking

As an organizer of the plasma membrane, especially protrusions, CD133 may be 

involved in membrane turnover and/or recycling [177]. The proper composition of 

biological membranes is essential for their physical properties and functionality, as in 

the case of the plasma membrane, which mediates the activation of signaling pathways 

[231]. The dynamic movement of CD133 from the plasma membrane to intracellular 

compartments via endocytosis and/or its release into the extracellular medium in asso-

ciation with membrane particles (see next section) may affect the homeostasis of fully 

differentiated cells and perhaps the proliferation of cells with stem cell properties. The 

expression of a ganglioside-binding mutant of CD133, stimulating its ubiquitination and 

interaction with syntenin-1, coincided with an increase in intracellular multivesicular 

structures, which highlights the importance of proper interaction between CD133 and 
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certain plasma membrane lipids [177]. CD133 internalization may also indirectly impact 

various signaling pathways associated with the cell surface, such as those linked to ciliary 

structures and/or those in other subcellular compartments.

The presence of CD133 in the cytoplasmic compartment, probably in association 

with the endosomal system, was found to be a high-risk factor for cancer patients sur-

vival [232–235]. In blood-derived stem and progenitor cells [81], the intracellular pool 

of CD133 may contribute to the vasculogenic potential of the cell [68]. The underly-

ing mechanism remains to be established, but the interaction of CD133 with vascular 

endothelial growth factor, which potentiates its action on angiogenesis, could be part of 

the answer [236].

Several reports have suggested a positive role for cytoplasmic CD133 in autophagy, 

which regulates the survival of cancer cells and normal retinal epithelial cells under 

stress signals, such as those from a nutrient-deprived environment [237–239]. 

Autophagy is a conserved multistep intracellular process involving autophagosome ini-

tiation, elongation and maturation and subsequent fusion with a lysosome, which acts 

as an indispensable mechanism for removing damaged, denatured, or senescent aggre-

gated proteins and/or organelles. CD133 might participate in autophagosome matura-

tion through its interaction with the autophagy receptor p62/sequestosome 1 (SQSTM1) 

and HDAC6 [239]. p62/SQSTM1 acts as an adapter molecule that links autophagic car-

goes to autophagosomes [240]. These observations may show clinical promise, as tar-

geting CD133-related signaling and autophagy may enhance cancer therapy. Recently, 

Izumi and colleagues reported an intriguing mechanism affecting the subcellular locali-

zation of CD133 and regulating autophagy in colorectal carcinoma and neuroblastoma 

cell lines [190]. The authors proposed that after endocytosis under severe growth con-

ditions, recycling endosome-associated CD133 is redistributed towards the pericentro-

somal region via its interaction with HDAC6 and dynein motor-dependent trafficking 

along microtubules. Therein, binding of CD133 to the γ-aminobutyric type A receptor-

associated protein (GABARAP) prevented autophagy by impeding the interaction of 

GABARAP with Unc-51-like autophagy activating kinase 1 (ULK1), which contributes 

to the initiation of the autophagy process (Fig. 4a) [241, 242]. Of note, a microtubule-

associated protein 1 light chain 3 (LC3)-interacting region (LIR) [243] spanning posi-

tions 828–831 in CD133 might mediate the interaction of CD133 with GABARAP [190]. 

However, this interaction remains to be formally demonstrated. Importantly, the afore-

mentioned process specifically involved unphosphorylated CD133, as the phosphoryl-

ated form did not interact with HDAC6 and remained at the plasma membrane [190]. 

By inhibiting autophagy, pericentrosomal CD133 suppresses cell differentiation and pri-

mary cilium formation and allows maintenance of the undifferentiated state [190]. How 

phosphorylation impedes HDAC6 binding still needs to be elucidated.

The internalization of CD133 and its transport to intralumenal vesicles (precursors of 

exosomes) found in the MVBs of  CD34+ HSPCs might determine the fate of these cells, 

as the partial or complete loss of CD133, either by degradation in the lysosomal sys-

tem and/or discharge in association with exosomes, is somehow linked to cell differen-

tiation [81] (see below). Remarkably, in the endosomal compartment of  CD34+ HSPCs, 

CD133 has been shown to be distributed symmetrically or asymmetrically during 

cytokinesis, which may support proliferation or differentiation, respectively [27, 244]. 
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Similar features have been observed in cancer cells [245, 246]. As demonstrated in neu-

roblastoma cells, the asymmetric distribution of pericentrosomal CD133 and nuclear 

β-catenin cooperatively suppressed autophagic activity in a nascent daughter cell during 

cytokinesis by inhibiting p62/SQSTM1 expression (Fig. 4b) [247]. Further investigation 

is needed to decipher the positive or negative implication of CD133 in the autophagy 

processes, which might depend on the basal autophagic activity of the cell of interest 

and/or external cues [247].

In glioblastoma stem cells, the asymmetric redistribution of the CD133 pool and 

perhaps of the associated lipid rafts during cell division could produce a progeny with 

coenriched growth factor receptors, which may contribute to the generation of a more 

drug-resistant CSC population [248]. In neuroepithelial progenitor cells, the asymmetric 

Fig. 4 The impact of CD133 on autophagy relies on its phosphorylation status. a Under severe growth 

conditions, the absence of Src-dependent phosphorylation of CD133 Y828 favors its internalization into 

recycling endosomes. Through its interaction with HDAC6, CD133 is redistributed via motor protein dynein 

and microtubules to the pericentrosomal region, where its binding to GABARAP prevents autophagy by 

hindering the GABARAP interaction with ULK1. Suppression of perinuclear CD133-mediated autophagy 

in cells with stem cell properties favors the maintenance of an undifferentiated state. b The asymmetric 

distribution of CD133 in dividing neuroblastoma cells impacts autophagic activity in nascent cells. During 

cytokinesis, the presence of CD133 together with GABARAP and HDAC6 in recycling endosomes located 

asymmetrically in the pericentrosomal region and the nuclear translocation of β-catenin cooperatively 

suppress the autophagic activity in a nascent daughter cell by inhibiting GABARAP-mediated initiation of 

autophagy and repressing the expression of SQSTM1, which may also protect CD133 from degradation. 

Such interplay may promote the maintenance of stem characteristics via a reduction in autophagy, while the 

absence of CD133 and increased autophagy may favor cell differentiation. Illustrations in panels a and b are 

adapted from Refs [190] and [247], respectively
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inheritance of CD133 that occurs during neurogenic cell division relies on the api-

cal localization of CD133 [249]. Together with other constituents in the apical domain, 

including those associated with membrane protrusions such as microvilli and the pri-

mary cilium, CD133 may contribute to the cell fate determination [249]. The spatiotem-

poral relationship between CD133 and the autophagy machinery in neural progenitors 

remains to be further studied. Nevertheless, as autophagy has been implicated in dif-

ferentiation and primary ciliogenesis [250–254], it is tempting to speculate that CD133 

mediates the crosstalk between these processes in a phosphorylation-dependent man-

ner. These cellular processes could be involved in fate decision that upon dysregulation 

could lead to cancer [247].

Surprisingly, CD133 has also been reported to localize to the nucleus of tumor cells 

derived from rhabdomyosarcoma [255] and other childhood sarcoma subtypes, such as 

osteosarcoma and Ewing’s sarcoma [256]. Several independent studies confirmed that 

CD133 may localize to the nucleus of various normal and cancer cell types, including 

mouse incisor tooth epithelia [182], breast carcinoma [257], non-small cell lung carci-

noma [258], melanoma [259] and colorectal carcinoma [260]. Contradictory results have 

been reported regarding its prognostic significance when it is located in the nuclear 

compartment of different cancers. Although high nuclear CD133 expression has been 

correlated with poor outcome in non-small cell lung carcinoma [258], it has been associ-

ated with a favorable prognosis in patients with colorectal adenocarcinoma [260]. The 

role of nuclear CD133 and its transport through the nuclear membrane are still poorly 

understood, but the aforementioned study by Singer and colleagues provided the first 

insights into potential mechanisms. In mouse incisor epithelial stem cells, CD133 was 

found to orchestrate the transition of stem cells towards more differentiated cells via a 

primary cilia-dependent process in which it associates with Glis2 [182], a transcription 

factor involved in Sonic Hedgehog signaling, one of the major regulators of stem cell dif-

ferentiation [261]. The CD133-Glis2 complex is translocated from the primary cilium to 

the nucleus via an importin β1-mediated cytoplasmic-nuclear transport to induce the 

expression of Glis2 downstream targets, such as STAT3, a transcription factor impli-

cated in stem cell maintenance and activation [262]. Knockdown of CD133 in mice low-

ered the expression of Glis2 and vice versa, implying their functional relationship, and 

moreover, knockdown of either gene resulted in the suppression of STAT3 expression 

[182]. Of note, molecular crosstalk between CD133 and STAT3 signaling reportedly 

controlled autophagy [263], further linking ciliogenesis and autophagy, which in turn 

may regulate stem cell proliferation and differentiation.

Here again, the various subcellular localization and the intracellular transport dynam-

ics of CD133 are not unique to mammals, as they have been observed in fruit flies [102, 

264, 265]. For instance, in addition to membrane protrusions, Prominin-like has been 

shown to be located in mitochondria, where it directly interacts with ND20, a com-

plex I subunit in the respiratory chain [102]. The inhibition of Prominin-like expression 

increased the levels of reactive oxygen species, reduced cytoplasmic and mitochondrial 

ATP, and led to total mitochondrial dysfunction. Similarly, Prominin-like has been pro-

posed to be involved in the control of body size in adult flies, as a mutant lacking this 

protein was larger with excess weight accompanied by higher fat deposits [264]. The 

accumulation of lipid droplets in fat body cells and decreased mitochondrial β-oxidation 
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rates in whole flies were observed. The impact of CD133 on energy-consuming meta-

bolic processes has been linked to the Drosophila homolog of the TOR and insulin-like 

peptide 6 signaling pathways. A link between CD133 and mTOR signaling has also been 

reported in mammals, where cytoplasm-located CD133 influenced autophagosome mat-

uration and trafficking (see above) [239]. Another loss-of-function study demonstrated 

that a Prominin-like mutant exhibited an extended life span and metabolic defects such 

as an increase in circulating carbohydrate levels, lipid storage, and starvation resistance 

[265]. These phenotypes were related to glucose metabolism by the control of insulin 

signaling. In agreement with this physiological impact, Prominin-like expression has 

been mapped in the adult brain to the pars intercerebralis region containing insulin-

producing cells [265]. Prominin-like protein was found to affect the morphological fea-

tures of primary neural cells [266]. The observations regarding Drosophila Prominin-like 

protein are in agreement with earlier studies proposing a link between CD133 and glu-

cose metabolism in myotubes, as elevated glucose levels increased CD133 expression, 

while CD133 overexpression promoted glucose uptake [267]. Similarly, CD133 has been 

shown to be involved in hepatoma cell survival through its regulation of autophagy and 

glucose uptake [237]. A relationship between CD133 expression and bioenergetic stress 

affecting mitochondrial functions has also been proposed in the context of glioma [268] 

(reviewed in Ref [269]).

Altogether, the dynamics of the subcellular localization of CD133 and its relatives, 

which influence various cellular processes and metabolism, must be considered when 

studying its function under particular conditions. From a technical point of view, the 

presence of intracellular (cytoplasmic and/or nuclear) pools of CD133 must be taken 

into account when analyzing its expression by immunocytochemistry and flow cytom-

etry, particularly in the absence of cell permeabilization, or when CD133 is chosen as a 

prognostic biomarker or as the cell surface target of a therapeutic strategy [68, 81].

CD133 and extracellular vesicles

Besides its association with various types of plasma membrane protrusions or specific 

organelles, CD133 is released into the extracellular milieu, including various bodily flu-

ids, in association with EVs [81, 191]. Although the initially proposed function of EVs 

was to remove “cell dust” from cells and thus maintain their homeostasis, EVs are now 

recognized as mediators of intercellular communication in a variety of biological pro-

cesses, including embryogenesis and immune responses, as well as in cancer progression 

and metastasis [270–272]. EVs carry specific sets of biological materials (e.g., proteins, 

lipids and nucleic acids) that often reflect the physiological state of the cells from which 

they originate [273]. Once released, EVs interact with and/or are potentially internalized 

by recipient cells, whose characteristics may thus be altered. The release of specific cel-

lular components through EVs may also alter the fate of donor cells.

These nanosized particles are classified into two main categories based on their bio-

genesis: exosomes (typically approximately 40–100  nm in diameter) and ectosomes/

microvesicles (hereafter MVs; 50–1000 nm in diameter) [271]. Exosomes are of endoso-

mal origin, as they are formed by the inward budding of endosome-limiting membranes, 

leading to the formation of MVBs that subsequently fuse with the plasma membrane 

and discharge their small intralumenal vesicles into the extracellular medium [271, 274]. 



Page 21 of 47Pleskač et al. Cellular & Molecular Biology Letters           (2024) 29:41  

In contrast, MVs are derived directly from the plasma membrane as they often bud or 

shed from protruding membranes (reviewed in Refs [275–277]). Depending on the cell 

type, CD133 has been associated with exosomes or MVs [81, 191]. However, CD133 may 

be associated with both entities in a given biological fluid, reflecting the different cellular 

sources in contact with these fluids and/or the release by both mechanisms from a par-

ticular cell under specific conditions or in diseases such as cancer.

In 2005, Marzesco and colleagues were the first to report the release of CD133 into 

the external environment; they described its release both in physiological fluids, nota-

bly cerebrospinal fluid and urine, and in conditioned medium of a cancer cell line in 

culture [191]. They showed that  CD133+ MVs were released from neuroepithelial 

progenitor cells and that their appearance in the extracellular milieu coincided with a 

reduction in  CD133+ microvilli, which were most likely the origins of the MVs (Fig. 5a). 

Consistent with this hypothesis, the  CD133+ MVs did not contain the bona fide exo-

some marker CD63 [191]. The budding of  CD133+ MVs from microvillar structures 

depends on specific cholesterol-rich lipid rafts, suggesting that the interaction of CD133 

with membrane cholesterol is the main driver of MV release [278, 279]. Indeed, a 

reduction in membrane cholesterol increases the release of  CD133+ MVs from micro-

villi [278], while mutations in the  GM1-binding domain of CD133 reduce their release 

[177]. The  GM1-binding-dependent interaction of CD133 with the Arp2/3 complex may 

Fig. 5 Release of CD133 into the extracellular environment in association with microvesicles and/or 

exosomes. a CD133 is extracellularly released in association with MVs after budding from microvilli or the 

primary cilium. The association of CD133 with cholesterol-rich lipid rafts and/or its interaction with Arp2/3 

complexes, among other interactors, might favor the formation and budding of MVs. b CD133 is released 

in association with exosomes after the fusion of the late endosome/multivesicular body (LE/MVB) with the 

plasma membrane. Alternatively, LE/MVB can fuse with lysosomes, resulting in the CD133 degradation. 

CD133 endocytosis and sorting into intralumenal vesicles within the LE/MVB may be promoted via its 

ubiquitination at lysine (K) 848 and its interactions with TSG101 and/or syntenin-1 that are involved with Alix, 

syndecan, and the ESCRT machinery in the exosome biogenesis. Illustrations in panels a and b are based on 

data presented in Refs [177, 182, 278] and [24, 81, 165], respectively
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also be relevant, as the Arp2/3 complex has recently been shown to be involved in MV 

release [280, 281]. The primary cilium and midbody, i.e., a transient structure that con-

nects two nascent daughter cells at the end of cytokinesis, are other sources of  CD133+ 

MVs (Fig. 5a) [192]. The midbody itself can be released and thus constitutes a large and 

particular  CD133+ EV [191, 192, 282]. Overall, the interest in CD133 as a microvillar 

lipid-binding membrane protein, in parallel with research on cytoskeletal regulators 

[283, 284], has led to more studies into MV shedding from plasma membrane protru-

sions [276]. For example, it has recently been shown that the fruit fly Prominin-like is 

important for both the integrity of microvilli and the release of MVs, contributing to 

the proper morphogenesis of wing imaginal discs through long-distance signaling of the 

Hedgehog morphogen [285].

In addition to MVs, as mentioned above, CD133 is associated with exosomes, as dem-

onstrated in primary human  CD34+ HSPCs (Fig. 5b) [81]. CD133 sorting into exosomes 

may be related to its ubiquitination and interactions with TSG101 and/or syntenin-1 

(see above). Whether lipid rafts and/or certain gangliosides are involved in these pro-

cesses remains to be determined. It is noteworthy that in addition to  GM1, CD133 bears 

a potential  GD3-binding site in the EC2 domain near its second transmembrane domain 

[219], possibly contributing to its incorporation into intralumenal vesicles of MVBs, as 

the  GD3 ganglioside has been reported in exosomes [286].

Although the function(s) of  CD133+ EVs is poorly documented, a correlation between 

their release, irrespective of the mechanism, and the onset of the cell differentiation 

have been reported in three distinct cellular systems: murine neural progenitors, human 

Caco-2 cells and primary human  CD34+ HSPCs [81, 191]. For example, the release of 

 CD133+ MVs from neuroepithelial progenitors occurs at the very beginning and early 

phase of neurogenesis, resulting in apical membrane remodeling with loss of microvilli, 

promoting cell differentiation [191] (reviewed in Refs [218, 287]). In epithelial Caco-2 

cells, which in confluent culture show spontaneous differentiation leading to mature 

colonic epithelial cells, the release of  CD133+ MVs coincides perfectly with the differen-

tiation process [191]. Similarly, the differentiation of  CD34+ HSPCs in culture has also 

been associated with the release of  CD133+CD34– exosomes, a phenomenon that can 

be stimulated by phorbol esters such as phorbol 12-myristate 13-acetate, further linking 

HSPC differentiation and CD133 release [81].

Interestingly,  CD133+ EVs contain all the characteristics of lipid rafts (reviewed in 

Ref. [279]), including the binding of CD133 to membrane cholesterol [81, 278, 288, 289]. 

As initially proposed by Marzesco and colleagues, these nano(micro)membrane enti-

ties may contain the determinants and/or some components of certain signaling path-

ways necessary for the maintenance of stem (cancer stem) cell properties [191]. The 

loss of lipid rafts via the release of  CD133+ EVs may promote cell differentiation. This 

concept of “stem cell-specific lipid rafts” is attractive in the context of stem cell-based 

tissue regeneration and CSCs. Interfering with  CD133+ EV release that promotes dif-

ferentiation may thus favor cell proliferation [191] (reviewed in Ref [27]). In support 

of this hypothesis, blocking MVB maturation with ammonium chloride impeded both 

sodium butyrate-induced differentiation and CD133 depletion in two colon cancer cell 

lines, suggesting that the release of  CD133+ EVs is essential for cell differentiation [290]. 

With the asymmetric distribution of CD133 during cell division (see above), the release 
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of  CD133+ EVs may act as a complementary process for the expulsion of CD133-related 

signaling components and/or its associated lipid rafts [191].

The release of  CD133+ EVs may not only constitute a clearance process that leads to 

cell differentiation but may also produce the vehicles necessary for intercellular commu-

nication, delivering information and signaling factors to surrounding tissues (reviewed 

in Ref [275]). The uptake of  CD133+ EVs by stem cells or cancer cells has been dem-

onstrated in several studies [81, 288, 290]. For instance, metastatic melanoma FEMX-I 

cells released  CD133+ EVs carrying proteins and microRNAs, which promoted tumori-

genic/prometastatic activity in recipient cells. Thus, the transfer of  CD133+ EVs to bone 

marrow-derived mesenchymal stem cells significantly increased their invasive capacity 

in vitro [288, 289]. Similarly,  CD133+ EVs released by HT29 colon cancer cells increased 

the proliferation and motility of both colorectal cancer cells and normal fibroblasts 

[290]. These effects were coupled with an increase in phosphorylation of Src proteins 

and extracellular signal-regulated kinases as well as in the expression of genes associated 

with EMT.  CD133+ EVs, such as those released from Kirsten rat sarcoma virus oncogene 

homolog (KRAS) mutant colon cancer cells, can also be involved in oncoprotein traffick-

ing [291]. The small GTPase KRAS is a well-characterized oncoprotein that increases 

the malignancy and metastatic potential of cancer cells by acting as an epidermal growth 

factor receptor (EGFR) signaling transducer [292, 293]. Specifically, Kang and colleagues 

reported that the transfer of KRAS mutants via  CD133+ EVs (in this case, MVs) to sur-

rounding nontumorigenic cells activated downstream KRAS signaling, leading to an 

increased cell motility, proliferation and resistance to anti-EGFR drugs [291]. Interest-

ingly, the amount and sizes of budding MVs depended on the level of CD133 expres-

sion, which stimulated and inhibited the activities of the small GTPases RhoA and Rac1, 

respectively [291].

CD133+ EVs in various bodily fluids, notably cerebrospinal fluid, urine and seminal 

fluid, may have, in addition to their biological and physiological impact, clinical value 

as noninvasive biological tools to monitor disease progression or tissue regeneration 

after organ transplantation [191]. For example, Huttner and colleagues demonstrated 

in a series of publications that  CD133+ EVs associated with cerebrospinal fluid can be 

used as a biomarker to monitor neural diseases such as cancer or brain injury [294–297]. 

The expression of CD133 in various renal cell types (e.g., cells in proximal tubules and 

parietal layer of Bowman’s capsule of juxtamedullary nephrons) [1, 11, 12, 43, 45] and 

derived urinary EVs that mirror in some way the tissue expression profile may also be 

useful for monitoring kidney disease and tissue recovery after kidney transplantation 

[298–300] (reviewed in Ref [301]). In all cases, the potential use of  CD133+ EVs as bodily 

fluid-associated biomarkers requires further assessment, particularly with a large cohort 

of patients.

CD133 and tunneling nanotubes

In the context of intercellular communication and signaling, the exchange of CD133 

between cells can be mediated via TNTs, which connect adjacent cells over a short or 

long distance. Discovered by Gerdes and colleagues, TNTs are thin, straight and long 

protruding membrane structures that are not in direct contact with the extracellular 

matrix, in contrast to other protruding structures such as filopodia [302]. Most TNTs 
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are composed of microfilaments (F-actin), although tubulin has been detected in some 

TNTs [302–304]. They are categorized based on the junctional connections between 

cells as closed-ended or open-ended, with the latter type of TNTs leading to cytoplas-

mic continuity between interconnected cells [305]. Open-ended TNTs have been impli-

cated in the transport of diverse cellular components, including cytoplasmic molecules 

and organelles (e.g., mitochondria), whereas closed-ended TNTs have been reported to 

mediate the transport of electrical impulses between cells [303, 306, 307].

One of our laboratories reported that closed-ended TNTs were involved in the selec-

tive intercellular transport of certain membrane proteins, such as CD133, between 

primary human  CD34+ HSPCs and KG1a hematopoietic leukemia cells [308]. The asso-

ciation of CD133 with lipid rafts may explain its selective and directional transport along 

the surface of TNTs in small clusters, similar to cytoplasmic phospho-myosin light chain 

2, suggesting that this actin motor protein might be implicated in CD133 transport along 

TNTs (Fig. 6, see the corresponding legend for the potential mechanism of CD133 trans-

fer) [308]. Accumulation of CD133 occurs at the junctional complex before its transfer 

Fig. 6 Tunneling nanotubes mediate the transfer of CD133 between hematopoietic stem and progenitor 

cells. CD133 is exchanged between  CD133+CD34+HSPCs (or KG1a hematopoietic leukemic cells) via TNTs. 

In various cellular systems, these transient narrow actin-based tubular connections have been reported to 

mediate the transfer of organelles, soluble and membrane proteins and nucleic acids or to contribute to 

calcium signaling, thereby promoting intercellular communication between adjacent or distant cells. In cells 

of hematopoietic origin, TNT biogenesis depends on cell polarization and occurs during cell migration (solid 

arrow) with one of two cells in direct contact forming membrane extensions from the uropod membrane at 

its rear pole, where CD133 is concentrated. Mechanistically, the biological properties of CD133, including its 

direct interaction with membrane cholesterol (red lipid) and its incorporation into cholesterol-rich membrane 

microdomains, may modulate the lipid composition and the local organization of the plasma membrane 

in TNTs. The CD133 interaction with PI3K may lead to the conversion of the docking  PIP2 into  PIP3 at the 

inner leaflet of CD133-containing membrane microdomains, thereby regulating their interaction with the 

underlying actin cytoskeleton. The binding of the actin motor protein myosin to  PIP3 clusters may promote 

the selective movement of such CD133-containing membrane microdomains along the actin filament and 

mediate their transfer between TNT-connected cells (dashed arrow). Illustration is adapted from Ref [308]
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from donor to acceptor cells, but the mechanism underlying this transfer of membrane 

remains to be determined [308]. Interestingly,  CD34+CD133+ HSPCs were more likely 

to generate TNTs than their  CD34+CD133– counterparts, suggesting that more primi-

tive stem cells deploy this means of communication to exchange or share materials 

among themselves [308]. Differentiation may be triggered in donor HSPCs by the reduc-

tion in CD133 level and/or that of its associated lipid rafts, while their increase in recipi-

ent cells may promote proliferation, thus contributing to the replenishment of the bone 

marrow stem cell niche and the formation of new mature blood cells [308]. Nonetheless, 

the impact of CD133 transfer on recipient cells, the composition of the associated lipid 

rafts that may harbor specific components of signaling pathways and whether CD133 

directly contributes to TNT formation still need to be answered by further studies.

Collectively, these molecular and cell biological findings underscore the importance 

for future studies of examining the subcellular localization of CD133 (or its orthologs 

across species) and the posttranslational modifications that may influence it. Elucidation 

of the regulatory factors may be essential to determine the function and/or involvement 

of CD133 in membrane organization and dynamics, which, in addition to its structural 

and physical properties, may impact various signaling networks.

CD133 and signaling pathways
In recent years, the involvement of CD133 in various signaling pathways has been postu-

lated. As no study has reported any soluble ligand that could demonstrates a functional 

role for CD133 as a membrane receptor, it is important to determine its interactors, 

especially those directly involved in signaling pathways [33, 309, 310]. In this section, we 

highlight the pathways in which CD133 has been shown to play a role or exert an influ-

ence, particularly in cancer cells.

CD133 and RhoA/ROCK signaling influence cell morphology

Rho GTPases orchestrate various biological processes including cell cycle progression, 

vesicular transport pathways, cell migration and cytoskeleton dynamics [311]. Among 

them, RhoA and its main downstream effectors, Rho-associated coiled-coil-contain-

ing protein kinase (ROCK) 1 and 2, are key players in the regulation of cytoskeletal 

remodeling and cell polarity, acting on actin, intermediate filaments and microtubules 

[312–314].

In addition to the link between RhoA and CD133 in the formation of MVs men-

tioned above, it has been reported that overexpression of CD133 in retinal pigmented 

epithelium cells or mouse embryonic fibroblasts leads to the formation of multiple 

RhoA-dependent long membrane extensions (named fibres by the authors) oriented in 

an opposite direction to that of cell movement [178]. These fibres, although somewhat 

similar to the retraction fibers left behind by migrating cells, were surprisingly formed 

independently of F-actin or α-tubulin polymerization and, consistent with the lipid-

binding properties of CD133, were highly enriched in membrane cholesterol. Interest-

ingly, five critical residues (KLAKY818) mapped to the end of the last transmembrane 

domain (TM5) of CD133 were found to be essential for the formation of these fibres 

[178]. In contrast, the phosphorylation of the tyrosine at site 818 (or 828 in the case 

of CD133.s2) was not required [178], suggesting that these membrane structures are 
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generated independently of the PI3K activity, making them different from the other pro-

truding structures involving PI3K and the Arp2/3 complex, described in the previous 

section [177]. Of note, KLAKY818 residues in CD133 are in a motif similar to the linear 

Cholesterol Recognition/interaction Amino acid Consensus sequence (CRAC) domain 

(L/V-X1-5-Y-X1-5-K/R) [315, 316]. However, whether they act as cholesterol-binding sites 

on the cytoplasmic leaflet of the plasma membrane is unknown, and further analysis is 

required. Interestingly, CD133 appeared to colocalize with active RhoA at sites of fibre 

formation initialization, and silencing of ROCK1/2 disrupted CD133-induced fibre for-

mation, suggesting that the RhoA/ROCK pathway mediated the biogenesis of these cel-

lular extensions [178]. It remains to be determined how CD133 and Rho activation act 

synergistically, what the target of ROCK1/2 is in the biogenesis of these CD133-depend-

ent membrane extensions and whether these fibres contain other types of cytoskeletal 

elements, such as intermediate filaments [178]. Despite the questions, these observa-

tions are consistent with the impact of CD133 on the architecture of membrane pro-

trusions and cell migration and are in line with the previous findings that in migrating 

 CD34+ HSPCs, CD133 was selectively concentrated in the uropod at the posterior pole, 

the latter structure being regulated by the RhoA/ROCK1 signaling pathway [317, 318].

The same study by Hori and colleagues demonstrated that fibre formation is induced 

by the overexpression of Tweety homolog (TTYH) 1/2 proteins, similar to CD133, sug-

gesting that both types of molecules may show functional similarity [178]. TTYH1/2 

were reported to act as anion channels that were activated either by calcium ions or cell 

swelling [319]. Recent structural studies on TTYH based on cryo-electron microscopy 

combined with functional data refuted their potential functions as the pore-forming 

subunits of ion channels, although they may act as accessory molecules to these chan-

nels [320, 321]. Instead, the hypothesis that these proteins might play a role in the 

dynamics of membrane lipids was proposed [320]. More interestingly, TTYH1/2 pro-

teins are structurally similar to CD133, including their membrane topology and dimer/

tetramer formation [210, 322], suggesting that they may all regulate membrane organi-

zation leading to fibre formation. Whether this process is directly related to the chloride 

efflux activity mediated by TTYH1/2 (or CD133) or to their interaction with other mol-

ecules remains to be demonstrated [178].

Signaling via phosphorylated CD133

The regulation of protein phosphorylation involves specific protein tyrosine phos-

phatases. Two studies indicated that protein tyrosine phosphatase κ (PTPRκ) was 

involved in the dephosphorylation of CD133 IC3 [323, 324]. PTPRκ is a member of the 

group of transmembrane receptors in the classical tyrosine phosphatases family [325]. 

Its two catalytic intracellular domains dephosphorylate target proteins, and thus regulate 

intercellular adhesion and cell proliferation [325, 326]. Both catalytic domains of PTPRκ 

interact with the CD133 C-terminal domain, independently of the phosphorylation sta-

tus, resulting in the dephosphorylation of residues Y828 and Y852, thereby inhibiting the 

ability of CD133 to activate two major signaling pathways, namely, the PI3K-Rac-alpha 

serine/threonine-protein kinase (Akt) and Src-FAK pathways [323, 324]. The importance 

of the phosphorylation of CD133 in the regulation of cell signaling was strengthened by 

the discovery of a novel small compound (LDN193189, a derivative of Dorsomorphin) 
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that binds to the IC3 and prevents its phosphorylation [327]. As a result, the interaction 

of CD133 with PI3K was effectively abolished, leading to the inhibition of Akt signaling 

and decreased self-renewal and tumorigenicity in liver tumor-initiating cells [327].

Tyrosine 828 phosphorylation of CD133 regulates PI3K-Akt signaling

Increasing evidence suggests a role for CD133 as an upstream activator of the PI3K/

Akt pathway [163, 328]. PI3K, a heterodimeric protein composed of a catalytic (p110) 

and a regulatory (p85) subunit (reviewed in Ref [329]), affects several cellular processes, 

including cell proliferation, apoptosis, and growth and cytoskeleton remodeling [330, 

331]. The main downstream molecule of the PI3K pathway is the serine/threonine kinase 

Akt (also known as protein kinase B), which stimulates the proliferation and survival 

of stem cells and CSCs [332, 333]. Indeed, upregulated PI3K-Akt signaling is common 

in a wide spectrum of tumors [334–339], and it is indispensable for the increased self-

renewal and tumorigenicity of  CD133+ cancer cells [163].

Mechanistically, as demonstrated in glioma cells, Src-dependent phosphorylation of 

CD133 at cytoplasmic residue Y828 promotes its interaction with the PI3K p85 subu-

nit, leading to the translocation of PI3K to the plasma membrane and the initiation of 

Akt signaling (Fig. 7a), which may promote self-renewal, cell survival and tumorigenic-

ity [163]. Manoranjan and colleagues reported an association between overexpressed 

Fig. 7 Phosphorylated CD133 regulates the PI3K-Akt and Src-FAK signaling pathways. a The Src-dependent 

phosphorylated tyrosine 828 in the CD133 IC3 binds to the PI3K regulatory subunit p85 via the SH2 

domain in the latter, resulting in the translocation of the kinase to the plasma membrane and the 

phosphorylation of  PIP2 to yield  PIP3. Accumulation of the  PIP3 enables Akt to interact via its pleckstrin 

homology (PH) domain with the plasma membrane (PM), resulting in a conformational change in the Akt 

kinase domain, which allows the phosphorylation of a critical residue required for Akt kinase activity by 

the 3-phosphoinositide-dependent protein kinase 1 (PDK1). The mammalian TOR complex 2 (mTORC2) 

also phosphorylates Akt, promoting its kinase activity. It should be noted that PDK1 binding to  PIP3 is not 

essential for its activity, in contrast to the dependence of Akt on  PIP3. Then, the resulting activation of the 

PI3K/Akt pathway promotes self-renewal, cell survival and tumor formation. b The phosphorylated tyrosine 

852 residue of CD133 directly interacts with Src and mediates its activation. The phosphorylated (p)-Src 

protein phosphorylates, and then forms a complex with, the FAK protein, triggering EMT-related events and 

cytoskeletal reorganization. This leads to increased cell motility and invasiveness, among other processes. 

Inhibition of Src activity by PP2, a known Src activity inhibitor, blocks the activation of FAK phosphorylation 

and cell migration induced by CD133 (not shown). Illustration in panel a is adapted from Ref [163], while in 

panel b is based on data from Ref [352]
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CD133 and elevated levels of phosphorylated Akt and Wnt in glioblastoma cell lines 

[340]. Phosphorylated Akt, which inhibits glycogen synthase kinase-3 activity through 

its phosphorylation at serine 9 [341], may lead to stabilization of β-catenin and thus 

mediate CD133-Akt-Wnt signaling axis activity, resulting in increased proliferation 

and self-renewal potential of  CD133+ cells [340]. Thus, as a putative cell surface recep-

tor, CD133 may mediate Akt-dependent activation of Wnt signaling, which may drive 

glioblastoma tumor-initiating cells in the brain [340]. The CD133-dependent interplay 

between pathways might explain the correlation of CD133 with progression and recur-

rence of brain cancer and poor survival for patients [31, 309, 342].

In thyroid cancer, the activation of Src kinase is facilitated by the close proximity of 

 CD133+ cancer cells to acetylcholine-secreting neurons [343]. The released acetylcho-

line binds to the M3R acetylcholine receptor of thyroid cancer cells, which induces the 

activation of Src through the phosphorylation at Y416. The latter promotes Y828 phos-

phorylation of CD133 and activation of the PI3K/Akt pathway, leading to increased 

resistance of thyroid cancer cells to cytotoxic  CD8+ T cells [343]. In melanoma, the same 

phosphorylation of CD133 conferred chemoresistance to an alkylating agent, namely, 

fotemustine, via the activation of both the PI3K/Akt/mitogen-activated protein kinase-1 

and PI3K/mouse double minute 2 pathways [344].

Tyrosine 852 phosphorylation of CD133 activates Src-FAK signaling

EMT is a reversible shift in the epithelial phenotype of a cell toward the mesenchymal 

phenotype, allowing migration of originally adherent cells [345]. Phosphorylated Src 

kinase (p-Src) controls the onset of EMT in many tumors [346, 347]. Active Src signal-

ing leads to the disintegration of cell‒cell adhesion; promotes cell invasiveness, motility, 

and proliferation; induces the reorganization of the cytoskeleton; and affects the tumor 

microenvironment [348].

A link between Src signaling and CD133 has been suggested in the head and neck 

squamous cell carcinoma (HNSCC).  CD133+ HNSCC cells exhibited higher levels of 

p-Src and concurrently displayed properties of mesenchymal cells, such as lower expres-

sion of E-cadherin and higher expression of vimentin, fibronectin, and transcription 

factors OCT4 and NANOG [164]. Moreover, the suppression of PROM1 transcription 

downregulated p-Src and favored the acquisition the epithelial phenotype associated 

with E-cadherin re-expression and OCT4 and NANOG depletion in HNSCC cells [164]. 

Yet, this phenotype switching did not seem to involve the Src SH2-binding motif, as the 

expression of the CD133 Y828F mutant did not impair Src activation. The authors there-

fore proposed that other tyrosine residues in CD133, including Y852, may be the main 

sites of regulation of Src activity.

One of the p-Src downstream molecules is FAK, a cytoplasmic tyrosine kinase 

involved in integrin signaling [349, 350]. Once activated, FAK and Src form a Src-FAK 

complex, which facilitates actin remodeling and cell motility and hence promotes the 

invasiveness of cancer cells [346, 348, 351]. In this context,  CD133+ cells of the SW620 

colorectal carcinoma cell line exhibited high levels of phosphorylated FAK and Src that 

were decreased after the knockdown of CD133 expression [352]. This relationship was 

further supported by the demonstration that CD133 phosphorylated on tyrosine Y852 

interacted with Src, leading to Src activation and subsequent formation of a Src-FAK 
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complex which stimulates the invasive behavior of these cancer cells (Fig.  7b) [352]. 

Altogether, the presence of several tyrosine residues in the IC3 of CD133, with two of 

them being encoded by a facultative exon, suggest that signaling cascades could be dif-

ferentially mediated depending on the cellular context.

CD133, HDAC6, and Wnt/β-catenin signaling

Wnt proteins (the name of which was derived from Drosophila Wingless and mouse Int 

proteins [353]) are signaling molecules that orchestrate tissue development [354, 355] by 

regulating the expression of target genes as well as by modifying the cytoskeleton or the 

mitotic spindle [356, 357]. Activation of the Wnt pathway stabilizes β-catenin, a canoni-

cal Wnt downstream molecule, which is then translocated from the cytoplasm to the 

nucleus, where it forms a complex with members of the TCF family of transcription fac-

tors and initiates the transcription of β-catenin-TCF-dependent genes [355].

Wnt signaling has been implicated in the early phase of human hair follicle mor-

phogenesis [358]. During this phase, CD133 expression in a subset of invaginating 

placode cells was associated with Wnt activation [359]. In early placodes, CD133 was 

detected in adherens junctions rich in E-cadherin and β-catenin, while in later phases, 

its expression was spatially and mechanistically correlated with a reduction in mem-

brane β-catenin and E-cadherin levels, a crucial process for proper adherens junction 

disassembly, suggesting a functional role for CD133 in placode remodeling [359]. The 

link between CD133 and E-cadherin was supported by Brossa and colleagues, who pro-

vided evidence showing that CD133 directly bound E-cadherin and β-catenin to form a 

complex restraining the β-catenin degradation [360]. Stabilized β-catenin in turn acti-

vated a regeneration program by initiating the transcription of Wnt pathway-responsive 

genes in cisplatin-damaged kidney tubular cells [360]. In the same line, a Glis3/CD133/

Wnt signaling axis implicated in the maintenance of the self-renewing capacity of these 

cells, was uncovered in mouse pancreatic colony-forming units [361]. In general, CD133 

seems to be an important upstream regulator of the Wnt signaling pathway in various 

normal tissues, which in turn may promote CD133 expression via β-catenin-TCF/LEF 

complex-binding sites present in the PROM1 gene.

Indeed, the activity of the Wnt pathway is most likely also modulated by CD133 in 

tumor cells [33, 309, 310]. While the silencing of CD133 expression leads to a suppres-

sion of the Wnt pathway, inhibition of Wnt signaling results in the downregulation of 

CD133 expression [289, 362]. In a metastatic melanoma cell line, the downregulation 

of CD133 expression mediated by short hairpin RNA was associated with an upregula-

tion of Wnt pathway inhibitors (e.g., Dickkopf-related protein 1 and Dishevelled binding 

antagonist of β-catenin 1) [363]. Similarly, CD133-depleted metastatic melanoma and 

ovarian carcinoma cell lines displayed low basal Wnt signaling and a very limited nuclear 

localization of β-catenin, which was restored after supplementation with the exogenous 

ligand Wnt3a [289, 362].

As mentioned above, CD133 interacts with another modulator of Wnt signaling, 

HDAC6 [190, 359, 362], a cytoplasmic histone deacetylase involved in the regulation 

of β-catenin stability and microtubular remodeling [364, 365]. Besides its interactions 

with acetylated microtubules, polyubiquitinated misfolded proteins and dynein motors 

[364, 366, 367], HDAC6 binds via its second catalytic domain to the CD133 IC1, and 
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thus stabilizes CD133 and prevents its degradation in the endosomal-lysosomal path-

way [190, 362]. Indeed, CD133 creates a ternary complex with HDAC6 and β-catenin 

at the plasma membrane that protects the HDAC6 activity, thereby reducing β-catenin 

acetylation and degradation [362]. This action favors the translocation of β-catenin to 

the nuclear compartment, and subsequently influence the gene regulation (Fig. 8a) [362]. 

This process depends on HDAC6 deacetylase activity, as treatment with tubacin, a spe-

cific inhibitor of HDAC6 deacetylase activity [368], led to the degradation of acetylated 

β-catenin (Fig. 8b). Mechanistically, given that the phosphorylation of HDAC6 has been 

associated with a decrease of its deacetylase activity [369] and that phospho-mimicking 

mutants of HDAC6 failed to interact with CD133, it has been suggested that the interac-

tion of HDAC6 with CD133 prevents the loss of HDAC6 activity by impeding HDAC6 

phosphorylation, thereby increasing its β-catenin-stabilizing and nuclear transfer effects, 

essential steps to induce the expression of Wnt/β-catenin target genes [362].

CD133 and TGF-β/Smad2 signaling

The TGF-β family of cytokines comprises more than thirty secreted proteins that are 

highly conserved among a broad group of organisms [370]. By binding to specific receptors 

Fig. 8 CD133 regulates β-catenin signaling via its interaction with HDAC6. a CD133 regulates the formation 

of a tripartite complex involving HDAC6 and β-catenin, leading to the stabilization of the latter, which 

may then translocate to the nuclear compartment, where it activates the expression of genes, notably 

those associated with the Wnt/β-catenin pathway via its interaction with the TCF/LEF transcription factor. 

The interaction between CD133 and HDAC6 is mediated by IC1 and potentially lysine (K) 138 (numbered 

according to the splice variant s2). b Treatment of cells with tubacin, a specific inhibitor of HDAC6 deacetylase 

activity, leads to the degradation of acetylated β-catenin (Ac) and thus the impairment of transcriptional 

activity, while CD133 is endocytosed and degraded upon its transport to the endolysosomal compartment. 

Therefore, CD133/HDAC6/β-catenin interactions will have an impact on cancer cell proliferation and 

differentiation. Illustrations in panels a and b are adapted from Ref [362]
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on the cell membrane, TGF-β cytokines regulate diverse cellular processes from prolifera-

tion, adhesion, differentiation, and metabolism to cell death. TGF-β receptors act as heter-

odimeric serine/threonine protein kinases, which phosphorylate the C-terminal domain of 

Smad proteins. Once phosphorylated, Smad proteins form a heterocomplex that is trans-

located to the nucleus and activates the transcription of target genes [370]. Aside from 

the implication of TGF-β in the regulation of CD133 expression in cancer (see above), an 

intriguing relationship between CD133 and TGF-β/Smad signaling has been observed 

in a study focused on peripheral axon regeneration after crush injury [371]. CD133 is 

expressed on dorsal root ganglia neurons and is developmentally downregulated. After 

injury, neuronal intrinsic signals trigger a regenerative program for axonal regrowth and 

CD133 was found to regulate this regenerative potential. Indeed, CD133 interacted with 

activin-like kinase (ALK) 4, a type I TGF-β receptor, to synergistically induce phospho-

rylation of Smad2, which regulates the expression of genes involved in lipid metabolic 

pathways. Notably, among a set of differentially expressed genes in response to neuronal 

injury, the downregulation of those associated with cholesterol biosynthesis was specifi-

cally observed after CD133 overexpression (Fig.  9) [371]. Thus, this CD133-dependent 

regulation of cholesterol metabolism associated with TGF-β/Smad signaling may explain 

the involvement of CD133 as a neuronal intrinsic factor responsible for the regulation of 

axonal regenerative potential. This exciting example of CD133-related regenerative pro-

cesses highlights the fact that this lipid raft-associated protein not only directly organizes 

membrane topology by interacting with membrane cholesterol and gangliosides, but also 

regulates, in association with certain signaling pathways, sterol and lipid metabolisms.

Fig. 9 CD133 regulates cholesterol metabolism and peripheral axon regeneration through TGF-β/Smad2 

signaling. Mouse dorsal root ganglion crush injury induces the formation of functional ALK4, a TGF-β type I 

receptor that binds to its ligand activin, a TGF-β superfamily member and a determinant of axon regenerative 

capacity. At the plasma membrane, the interaction of ALK4 with CD133 stimulates the phosphorylation of 

Smad2, which inhibits, after translocation into the nuclear compartment, the expression of genes involved 

in cholesterol metabolism, thereby promoting a positive effect on axon regeneration. Illustration is based on 

data presented in Ref [371]
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In a murine model of liver fibrosis, Lee and colleagues reported that CD133 was 

upregulated in the plasma membrane of fibrotic liver hepatocytes and could interact 

via its IC1 domain with the N-terminal domain of Smad7 [372], a feedback inhibitor 

of TGF-β signaling that prevents the TGF-β-induced phosphorylation of Smad2/3 [373, 

374]. This CD133–Smad7 interaction inhibited the SMURF2-induced ubiquitination of 

Smad7 and increased its half-life, resulting in a reduction in the TGF-β-induced liver 

fibrosis and apoptosis rates of hepatocytes [372]. It is of note that an opposite role for 

CD133 in fibrogenesis has been proposed on the basis of another murine model of liver 

injury, where the profibrogenic activity of TGF-β depended on the presence of CD133 

[375]. Differences in the identification of CD133-expressing cells, i.e., whether CD133 

expression was restricted to progenitor cells or extended to hepatocytes, may account 

for this discrepancy [372, 375].

During liver regeneration after injury, cytokine IL-6 secreted upon inflammation acti-

vation binds to the IL-6 receptor complexed with the signal transducer glycoprotein 

130 (gp130) on hepatocytes and triggers various downstream signaling pathways [376]. 

Recent evidence suggests that CD133 in hepatocytes positively regulates IL-6 signaling 

by interacting via its EC1 with gp130. This interaction recruits gp130 to lipid rafts, con-

sequently promoting IL-6-induced STAT3 phosphorylation, and thus cell proliferation 

and liver regeneration [377].

CD133–radixin signaling regulates cAMP-mediated PKA activation

Spatiotemporal organization of signaling pathway components is a complex process 

involving intermolecular interactions. Scaffolding proteins play indispensable roles in 

maintaining the organization of all molecular components. Radixin, a member of the 

A kinase-anchored protein family, is a scaffolding protein that binds to cyclic adenosine 

monophosphate (cAMP)-dependent protein kinase A (PKA) to enable phosphoryla-

tion of downstream targets [378]. In the mouse liver, radixin mediated the interaction 

between PKA and proteins involved in glucagon-initiated gluconeogenesis [20, 379]. 

Interestingly, mouse CD133 directly interacted with radixin through its C-terminal 

domain and recruited the radixin-PKA complex to the proximity of the glucagon G pro-

tein-coupled receptor and adenylyl cyclase at the plasma membrane [20]. This resulted 

in the activation of adenylyl cyclase and production of cAMP that promoted the separa-

tion of the PKA regulatory subunit from the catalytic subunit, which in turn phospho-

rylated key initiators of gluconeogenesis [20].

CD133–MAPK/ERK signaling

The crucial role of mitogen-activated protein kinase/extracellular signal-regulated kinase 

(MAPK/ERK) signaling in cell proliferation, growth, and differentiation is well docu-

mented [380]. In a pancreatic carcinoma cell line, CD133 interacts with the ERK1/2/

Src complex to enable signal transduction mediated through endothelial growth factor-

stimulated ERK1/2 to downstream mediators, including slug (also known as snail fam-

ily transcriptional repressor 2) [381]. Activation of Slug leads to subsequent N-cadherin 

expression, which is accompanied by the acquisition of an invasive and pro-metastatic 

phenotype. Moreover, both ERK1/2 and Src are able to positively regulate the expres-

sion of CD133 and thus further promote the CD133-dependent activation of EMT 
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[381, 382]. A similar feedback loop between the MAPK pathway and CD133 expression, 

which directly affects self-renewal and tumorigenesis, has been described in hepatocel-

lular carcinoma cell lines treated with C-X-C motif chemokine ligand (CXCL)3 [383]. 

CXCL3 promoted ERK1/2 phosphorylation and the subsequent phosphorylation of the 

transcription factor ETS proto-oncogene 1, leading to CD133 upregulation. Upregulated 

CD133 then acted as an upstream activator of CXCL3 and stimulated the growth of 

hepatocellular carcinoma cells [383].

The importance of CD133-MAPK/ERK signaling in EMT has also been confirmed 

in  vivo. When compared with  CD133− counterparts, mouse  CD133+ melanoma cells 

were observed to preferentially interact with tumor endothelial cells and establish meta-

static foci [143]. The positive regulation of CD133 expression by Notch1 was shown to 

lead, via CD133-dependent MAPK activation, to the upregulation of activator protein 1 

transcription factor, which in turn initiated the expression of matrix metalloproteinases 

2 and 9 as well as vascular endothelial growth factor, promoting metastatic potential and 

tumorigenesis in mouse models [143].

Conclusion and perspectives
Since its discovery in 1997, the study of CD133 has been an active field covering a wide 

range of biological topics. In particular, this molecule has been studied in relation to 

stem cells and CSCs, as well as photoreceptors biogenesis. CD133 has rapidly garnered 

considerable interest as a prognostic marker and potential target in cancer therapy 

despite little information about its molecular function in physiological and pathological 

conditions. Naturally, some conflicting data have been reported as a matter of course. 

Although there is still no agreement regarding the function of this cholesterol-binding 

membrane protein, CD133 appears to be involved in a wide array of cellular processes 

that may be hijacked by cancer cells. These diverse areas nonetheless converge to suggest 

a fundamental role for CD133 in the dynamics of the cell membrane, including the activ-

ity of membrane protrusions, notably the primary cilium, and the release of EVs.

Emerging findings related to various subcellular locations of CD133 (i.e., in membrane 

protrusions, including microvilli, primary cilium and midbody, or in pericentrosomal 

and perinuclear regions as well as its inclusion in the nucleus) call for further study of 

its role(s) in these diverse compartments, and of the mechanisms regulating its intra-

cellular trafficking. As the activation of molecular pathways orchestrating cancer cell 

self-renewal and metastasis, such as the PI3K-Akt and Src-FAK pathways, depends on 

the tyrosine phosphorylation status of CD133, particular attention to this specific post-

translational modification may be worthwhile. Although the kinases and tyrosine phos-

phatases involved have been characterized, the conditions under which these processes 

are triggered are not fully understood. To fill this gap, we face the challenge of study-

ing the spatiotemporal characteristics of CD133 phosphorylation and associated signal 

transduction, which may provide important insights into the role of CD133 in different 

cellular compartments.

CD133+ EVs, derived from both normal and cancer cells, have garnered considerable 

attention in recent years, with ongoing research into the clinical potential of these par-

ticles for the diagnosis and monitoring of pathological conditions such as neurodegen-

eration and other neurological disorders. As reviewed herein, by the means of  CD133+ 
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EVs delivering various pro-tumorigenic cargoes, cancer cells may communicate to the 

healthy cells in their vicinity, or at distant sites, the instruction for malignant transfor-

mation. From a therapeutic perspective, selective targeting of CD133 with inhibitory 

anti-CD133 antibodies or small-molecule drugs may, not only eliminate cancer cells 

[384], but also prevent the release, spreading or uptake of  CD133+ EVs and thus disrupt 

tumor tissue growth, and possibly the process of metastasis [272]. A better understand-

ing of the contribution of CD133 to the biogenesis of  CD133+ EVs is crucial for develop-

ing these therapeutic approaches.

As we learned in the past two decades, the mechanisms by which CD133 affects 

various signaling pathways and cellular processes are diverse and largely relate to the 

inherent involvement of CD133 at cell membranes as well as to its posttranslational 

modifications. Therefore, it is important that in future, researchers pay close attention 

to the subcellular localization of CD133 and its phosphorylation status when report-

ing correlational or even mechanistic findings describing the role of CD133. Only this 

detailed information may prevent the misuse of CD133 as a universal marker of cells 

with stem cell properties, as currently seen in many cancer and stem cell studies. Finally, 

this knowledge should accelerate ongoing efforts to exploit CD133 in cancer treatment 

and regenerative medicine.
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Mitochondria are central for cancer responses to therapy-induced stress signals. Refractory tumors often show attenuated
sensitivity to apoptotic signaling, yet clinically relevant molecular actors to target mitochondria-mediated resistance remain elusive.
Here, we show that MYC-driven neuroblastoma cells rely on intact mitochondrial ribosome (mitoribosome) processivity and
undergo cell death following pharmacological inhibition of mitochondrial translation, regardless of their multidrug/mitochondrial
resistance and stem-like phenotypes. Mechanistically, inhibiting mitoribosomes induced the mitochondrial stress-activated
integrated stress response (ISR), leading to downregulation of c-MYC/N-MYC proteins prior to neuroblastoma cell death, which
could be both rescued by the ISR inhibitor ISRIB. The ISR blocks global protein synthesis and shifted the c-MYC/N-MYC turnover
toward proteasomal degradation. Comparing models of various neuroectodermal tumors and normal fibroblasts revealed
overexpression of MYC proteins phosphorylated at the degradation-promoting site T58 as a factor that predetermines vulnerability
of MYC-driven neuroblastoma to mitoribosome inhibition. Reducing N-MYC levels in a neuroblastoma model with tunable MYCN
expression mitigated cell death induction upon inhibition of mitochondrial translation and functionally validated the propensity of
neuroblastoma cells for MYC-dependent cell death in response to the mitochondrial ISR. Notably, neuroblastoma cells failed to
develop significant resistance to the mitoribosomal inhibitor doxycycline over a long-term repeated (pulsed) selection. Collectively,
we identify mitochondrial translation machinery as a novel synthetic lethality target for multidrug-resistant MYC-driven tumors.

Cell Death and Disease (2023)14:747 ; https://doi.org/10.1038/s41419-023-06278-x

INTRODUCTION
Acquisition of aggressive dedifferentiated phenotype and
therapy-induced multidrug resistance is the major cause of
cancer therapy failure. Despite efforts, therapies that would
overcome resistance mechanisms to kill all cancer cells including
tumor-repopulating cancer stem-like cells remain elusive. Mito-
chondria have recently emerged as therapeutic targets in
refractory cancers [1]. Besides serving as metabolic hubs,
mitochondria integrate crucial roles in stemness maintenance
[1], drug resistance [2], and cell death regulation [3]. Inhibiting
mitochondrial processes has shown promising results in the most
common tumor types, sensitizing resistant cancer cells to
conventional chemotherapeutics [1]. However, our understanding
of mitochondrial vulnerabilities in pediatric malignancies is
limited.
Neuroblastoma is the most common extracranial childhood

tumor. High-risk neuroblastomas are frequently driven by either
N-MYC or c-MYC upregulation and have an extremely poor
prognosis with 5-year overall survival of ~50% [4, 5]. Among other
functions, MYC oncogenic transcription factors induce expression

of genes involved in mitochondrial biogenesis [6–9] and
mitochondria-dependent metabolism [10–12]. Importantly, we
have recently demonstrated that mitochondria from therapy-
resistant tumor cells often show attenuated apoptotic signaling,
which largely contributes to neuroblastoma multidrug resistance
[13]. Here, we therefore investigated potential mitochondrial
dependencies, testing mitochondria as direct targets to overcome
multidrug resistance in neuroblastoma. For this purpose, we took
advantage of diverse mitochondrial inhibitors repurposed to
target drug-resistant and/or stem-like cells in other cancers
[14–18].
While mitochondria carry their own genome (mtDNA) and

distinct transcription and translation machinery, their function
heavily relies on nuclear-encoded mitochondrial proteins. Hence,
mitochondrial perturbations must be efficiently relayed to cytosol
and nucleus to orchestrate mitochondrial homeostasis, including
proper stoichiometry of mitochondrial proteins [19]. Mitochon-
drial components of this retrograde signaling were only recently
discovered, with inner mitochondrial membrane metalloprotease
OMA1 identified as the major upstream regulator [20, 21]. We
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now provide insights into how this conserved mitochondrial
stress-induced signaling might be exploited in neuroblastoma
treatment. We demonstrate that disruption of mitochondrial
proteostasis by mitoribosome inhibitors activates integrated
stress response (ISR), in part via OMA1, which leads to c-MYC/N-
MYC downregulation and cell death preferentially in neuroblas-
toma cells that rely on elevated MYC proteins. Our results reveal a
novel mechanism of synthetic lethality that offers a promising
therapeutic strategy to treat otherwise refractory MYC-driven
tumors.

RESULTS
Mitochondria-targeting inhibitors overcome emergent
multidrug resistance in post-therapy neuroblastoma cells
To establish a suitable model for our study, we first characterized a
pair of MYC-amplified therapy-naive CHLA-15 and drug-resistant
CHLA-20 neuroblastoma cell lines derived from tumors of the same
patient at diagnosis and at relapse after multimodal therapy,
respectively [22]. Functionally, these cell lines differed in their stem
cell-like characteristics, with CHLA-20 cells showing a markedly
enhanced capacity to initiate tumors in NSG mice (Fig. 1a) and form

Fig. 1 Therapy-naive CHLA-15 and post-therapy CHLA-20 near-isogenic cell lines provide a useful model of therapy-induced drug
resistance and cancer stemness in neuroblastoma. a Mean volume of tumors per mice (left panel) and individual xenograft tumors (right
panel) formed by CHLA-15 and CHLA-20 cells respectively after 29 days of injection in NSG mice. Right panel, numbers indicate the volume
(cm3) of individual tumors. Also note the difference in the absolute tumor-forming efficiency (CHLA-15, 2/3 mice vs. CHLA-20, 3/3 mice). Left
panel, data are presented as mean ± SD, biological n = 3 mice per group. b CHLA-20 are endowed with increased neurosphere formation
capacity compared with CHLA-15, biological n = 4, technical n = 3. c MTT cell viability assay analysis showed no significant difference in
growth rate (left panel; data are mean ± SD) or calculated doubling times (right panel) of the cell line pair, biological n = 8, technical n ≥ 4.
d Western blot analysis of stemness transcription factors and CSC-related markers. Blots are representative of at least three experiments.
Densitometric analysis is provided in Fig. S1. e Sensitivity to diverse chemotherapeutics tested by MTT assay after 72 h of treatment (calculated
IC50 values are indicated). Data are presented as mean ± SD, biological n = 4, technical n = 3. f In vitro viability curves after 72 h exposure to
drugs alone or with 0.5 μM of P-gp inhibitor valspodar (VAL). MTT data presented as mean ± SD, biological n= 3, technical n= 3. Statistical
significance was determined by unpaired two-tailed Student’s t-test (a–c), *p < 0.05, ns not significant.
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neurospheres in vitro (Fig. 1b) while maintaining a similar growth rate
(Fig. 1c). Pointing to a complex fine-tuning of stem-like traits [23, 24],
both cell lines expressed similar levels of the c-MYC oncoprotein and
other common stemness-associated markers, except for the upregu-
lation of HIF-1α and OCT4 in CHLA-20 (Figs. 1d, S1a).

Previously, CHLA-20 cells were reported more resistant to diverse
chemotherapeutics than CHLA-15 [13, 22]. Validating this phenotype
in our experimental settings, CHLA-20 cells exhibited broad resistance
(1.6-fold to 44.5-fold difference vs. CHLA-15) to both DNA and non-
DNA targeting drugs. The latter even included modern targeted
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agents never used to treat the donor patient’s tumor, i.e., crizotinib
and lorlatinib, inhibiting ALK kinase (both CHLA-15 and CHLA-20
harbor the same ALKR1275Q activating mutation), or the MEK
inhibitor trametinib (Fig. 1e). Of the common multidrug efflux pumps
examined, only P-glycoprotein (P-gp) was upregulated in CHLA-20
compared with the therapy-naive CHLA-15 (Figs. 1d, S1b). However,
P-gp upregulation was unlikely the mechanism underlying the broad
resistance of CHLA-20 cells. First, it cannot explain resistance to
cisplatin that is not a P-gp substrate. Second, when we inhibited P-gp
by valspodar, CHLA-20 still retained enhanced resistance to drugs that
are known P-gp substrates, such as crizotinib [25] (Fig. 1f). This is in
line with our previous findings demonstrating that CHLA-20 has
diminished sensitivity to apoptosis induction directly at the level of
isolated mitochondria [13]. Together, the CHLA-15/CHLA-20 pair
represents a useful model of emergent therapy resistance and cancer
stemness in neuroblastoma.
To investigate potential mitochondrial vulnerabilities in this

model, we treated both cell lines with several mitochondria-
targeting drugs (Fig. 2a, b). Mitochondrial ATP production
inhibitors, phenformin (inhibits complex I in the electron transport
chain [1, 15]) and etomoxir (inhibits carnitine-palmitoyl transfer-
ase-1 [1, 14]), showed inefficient and reduced cell viability only at
concentrations multiple times exceeding their selective or
clinically tolerable profiles [26–29], with CHLA-20 still retaining a
slightly increased resistance to these drugs (1.4-fold to 1.7-fold vs.
CHLA-15; Fig. 2b). In contrast, inhibition of dynamin-related
protein 1 (DRP1) by mdivi-1 and blocking mitochondrial protein
synthesis by doxycycline (DOXY) substantially suppressed cell
growth and induced apoptosis with a similar efficiency in both cell
lines (Fig. 2b–d, Supplementary Videos 1, 2). Importantly, the
effective DOXY concentrations (IC50 ~20 μM for 72 h) were within
the range that shows a great clinical safety profile even during
prolonged treatment [30, 31] and in young children [32, 33].
Both mitochondrial translation and DRP1-mediated mitochon-

drial fission are crucial for mitochondrial renewal [34], suggesting
that survival of neuroblastoma cells was dependent on efficient
mitochondrial quality control irrespective of their drug-resistant
state. We decided to explore this dependency by focusing on
mitochondrial translation inhibition, using DOXY as one of the
FDA-approved ribosome-targeting antibiotics that might be read-
ily repurposed for potential anticancer therapies. Flow cytometric
analysis confirmed the dose-dependent effects of DOXY leading to
the induction of cell death in the CHLA-15/CHLA-20 pair (Fig. 2e, f).
Viable DOXY-pretreated cells also formed significantly fewer
spheres (Fig. 2g) which is a proxy for the capacity of DOXY to
eliminate stem-like tumor-initiating neuroblastoma cells. We next
validated the therapeutic potential of mitochondrial translation
inhibition in another model pair of MYCN-amplified therapy-naive
SK-N-BE(1) and drug-resistant SK-N-BE(2)C neuroblastoma cells,

the latter being even more sensitive to DOXY (Figs. 2h, S2).
Collectively, these results revealed that targeting mitochondrial
translation is efficient against bulk as well as drug-resistant/stem-
like neuroblastoma cells.

Inhibiting mitochondrial translation downregulates major
oncoproteins and reveals a vulnerability shared across
multiple neuroblastoma cell lines
Given the significant anticancer effects of DOXY, we further
examined mechanisms underlying its activity. In line with previous
studies [35–37], DOXY treatment induced an imbalance of mtDNA-
encoded and nuclear-encoded mitochondrial proteins. While
mtDNA-encoded cytochrome c oxidase I (MT-CO1) was down-
regulated in DOXY-treated cells, the levels of nuclear-encoded ATP
synthase alpha-subunit 1 (ATP5A1) or mitochondrial import receptor
subunit TOM20 homolog (TOMM20) were unaffected (Fig. 3a, b).
Validating the general significance of our observations, we also
detected similar growth inhibitory effects using other antibiotics that
target bacterial, and thus mitochondrial ribosomes. Both tigecycline,
a DOXY-related tetracycline derivate, and DOXY-unrelated antibio-
tics, linezolid and chloramphenicol, reduced cell viability in a dose-
dependent manner (Fig. 3c). In contrast, ampicillin, a bacterial cell
wall synthesis inhibitor not interfering with ribosome activity, did
not affect the neuroblastoma cell growth (Fig. 3d). These results
confirmed that the anti-neuroblastoma effects of DOXY were
mediated by its specific binding to mitoribosomes leading to
suppression of mitochondrial protein synthesis.
We next utilized a panel of twelve neuroblastoma cell lines,

including MYC- or MYCN-amplified and non-amplified clones, to
test whether mitochondrial translation might be a common
vulnerability in high-risk neuroblastoma. Using two different
viability assays, we found all examined cell lines highly sensitive
to DOXY (Fig. 3e, f). On the contrary, when tested in nonmalignant
neonatal dermal fibroblasts NDF-2 and NDF-3, DOXY limited
proliferation only at much higher concentrations and did not
deteriorate cell viability (Figs. 3g, S3, Supplementary Video 2),
which suggests a potentially favorable therapeutic window of
mitochondrial translation-targeted therapies in neuroblastoma.
Independent of genomic amplification, overexpression of N-MYC

or c-MYC associates with the worst outcomes in neuroblastoma [38].
Yet, strategies targeting the MYC proteins for neuroblastoma
treatment remain limited to preclinical studies [39]. Together with
HIF-1α, another transcription factor associated with poor neuroblas-
toma prognosis, MYC proteins are known to affect mitochondrial
biogenesis and metabolism [6–12]. Strikingly, DOXY-mediated
inhibition of mitochondrial translation led to a dose-dependent
downregulation of these transcription factors (Figs. 3h, i, S4),
pointing to a novel therapeutically promising approach for inhibiting
MYC proteins in multidrug-resistant high-risk neuroblastoma.

Fig. 2 Therapy-naive and drug-resistant neuroblastoma cells retain sensitivity to inhibitors of mitochondrial quality control. a An
overview of utilized mitochondrial inhibitors with indicated mechanism of action. b MTT cell viability assay analysis after 72-h treatment
showed no significant difference in sensitivity to mitochondrial inhibitors between therapy-naive CHLA-15 and post-therapy CHLA-20 cell
lines (calculated IC50 values are indicated). Data are presented as mean ± SD, biological n ≥ 3, technical n= 3. c Live-cell imaging growth rate
analysis of CHLA-15 and CHLA-20 treated with indicated concentrations of mdivi-1 and DOXY. Data are presented as mean ± SD, biological
n ≥ 3, technical n= 3. Supporting Supplementary Videos 1, 2 are provided. d Western blotting of the cleaved caspase-3 showed that DOXY
and mdivi-1 treatment for 24 h induced apoptosis in both CHLA-15 and CHLA-20. Blots are representative of three experiments. e, f Flow
cytometry analysis of cell viability after DOXY treatment for 24 h. Representative histograms including percentages of SYTOX Red-positive
dead cells as mean ± SD, biological n ≥ 7 (e) and the difference in percentages of SYTOX Red-positive dead cells after indicated treatment vs.
untreated controls (f). g Pretreating neuroblastoma cells with 50 μM DOXY for 24 h reduced their neurosphere formation capacity. Notably, the
inhibition of sphere-formation capacity was more pronounced in CHLA-20 cells which exhibit enhanced stem-like traits (3-fold reduction
relative to untreated control) compared with CHLA-15 (1.6-fold reduction); biological n= 3, technical n= 3. h CellTiter-Glo cell viability assay
analysis of therapy-naive SK-N-BE(1) and post-therapy SK-N-BE(2)C after 72-h treatment (calculated IC50 are indicated) showed their similar
sensitivity to DOXY whereas post-therapy SK-N-BE(2)C were found resistant to conventional chemotherapy drugs (see also Fig. S2) or a BH3
mimetic, ABT-737, inhibiting multiple anti-apoptotic BCL-2 proteins. Data are presented as mean ± SD, biological n= 3, technical n= 3.
Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparisons test (f) and by unpaired two-tailed
Student’s t-test (g), *p < 0.05, **p < 0.01, #p < 0.0001.
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DOXY disrupts mitochondrial morphology, suppresses
mitochondrial fission machinery and primes mitochondria for
apoptosis
Microscopically, most DOXY-treated neuroblastoma cells showed
substantially impaired mitochondrial morphology and disrupted

mitochondrial network (Fig. 4a, b). However, cleaved caspase-3
was detected only in a fraction of these cells, which suggests that
the collapse of mitochondrial network was an early event after
DOXY-induced inhibition of mitochondrial translation, priming
mitochondria to apoptosis (Fig. 4a). As demonstrated by JC-1
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probe, DOXY treatment disrupted mitochondrial membrane
potential in a dose-dependent manner (Fig. 4c), which corre-
sponded with the cleaved caspase-3 levels detected in cells
treated with increasing concentrations of DOXY (Fig. 2d).
The inhibition of mitochondrial translation did not affect the

master regulator of mitochondrial biogenesis PGC1α (Fig. 4d, e).
However, mitochondrial fission machinery, essential for the
maintenance of mitochondrial health [40] and adjustment of
mitochondrial functions [41], was suppressed after DOXY treat-
ment. We found significant downregulation of fission-active DRP1
phosphorylated at Ser616, p-DRP1(S616), whereas its inactive form
phosphorylated at Ser637, p-DRP1(S637), remained unaffected.
Mitochondrial fission factor (MFF), a DRP1 adaptor protein, was
also decreased upon DOXY treatment (Fig. 4d, e). At the level of
anti-apoptotic BCL-2 family proteins, we identified a marked ~4-
fold decrease of MCL-1 together with a ~2-fold BCL-2 upregulation
(Fig. 4d, e). As CHLA-15 and CHLA-20 are both BCL-2-dependent
[42, 43], these changes unlikely contributed to the DOXY-induced
apoptosis.

Mitochondrial stress-activated ISR is an early event during
DOXY-mediated inhibition of mitochondrial translation
The identified mitochondrial protein imbalance, disrupted mor-
phology and dynamics, and the loss of membrane potential
collectively underpin a severe mitochondrial stress induced in
DOXY-treated neuroblastoma cells. Recent studies showed that
mitochondrial stress activates the OMA1-DELE1-HRI cascade,
inducing the ISR by phosphorylation of its core mediator eIF2α
[20, 21]. Due to the lack of reliable DELE1- or activated HRI kinase-
specific antibodies, we assessed the activity of the key upstream
and downstream regulators of this pathway. This analysis revealed
consistent effects across a panel of neuroblastoma cells. DOXY-
mediated inhibition of mitochondrial translation activated mito-
chondrial stress sensor OMA1, marked by its autocatalytic
depletion and cleavage of its substrate optic atrophy-1 (OPA1)
[44], and led to the induction of ISR, marked by upregulation of
phosphorylated eIF2α, p-eIF2α(S51), and the key ISR effector,
CHOP [45] (Figs. 5a, b, S5).
Long, intact L-OPA1 isoforms are crucial for the inner

mitochondrial membrane fusion and their specific cleavage into
short, fusion-inactive S-OPA1 forms by OMA1 induces the collapse
of the mitochondrial network and promotes apoptosis [46, 47].
Consistently, the apparent degradation of L-OPA1 (Fig. 5a–d) likely
explains the mitochondrial fragmentation observed in DOXY-
treated cells, which counterintuitively showed impaired mitochon-
drial fission machinery (Fig. 4). Importantly, OMA1 activation
(assessed by L-OPA1 processing) and increased levels of p-
eIF2α(S51) and ATF4, a transcription factor promoting CHOP
expression, were detected already after 2-h DOXY treatment
(Fig. 5c, d), indicating the importance of mitochondrial ISR during
the initial phase of mitochondrial translation inhibition by DOXY.

PERK is a canonical kinase that phosphorylates eIF2α in
response to endoplasmic reticulum (ER) stress from unfolded
proteins. To evaluate whether ER stress was involved in the DOXY-
induced ISR, we treated cells with ER stressor thapsigargin.
However, PERK activation was detected only in thapsigargin-
treated cells and, conversely, reciprocal degradation of mitochon-
drial stress-activated proteases OMA1 and YME1L1 and cleavage
of L-OPA1 [44, 48] was found only in DOXY-treated samples
(Figs. 5c, d, S5, S6a, b). These results demonstrate that DOXY-
mediated inhibition of mitochondrial translation leads to mito-
chondrial stress that directly activates ISR independently of PERK
and ER stress signaling.
Prolonged mitochondrial dysfunction is associated with ATP

depletion, known to induce AMPK activity [49], and with
overproduction of reactive oxygen species (ROS), activating
redox-sensitive signaling cascades including p38 MAPK [50].
Indeed, we detected activation of these pathways, marked by
increased levels of p-AMPKα(T172/T173) and p-p38 MAPK(T180/
Y182), at later time points and DOXY concentrations that resulted
in almost fully processed OPA1 and markedly degraded OMA1
(Figs. 5a–d, S5, S6c). Thus, the induction of AMPK and p38 MAPK
signaling is a subsequent event following the mitochondrial
stress-activated ISR in an OMA1-dependent fashion. However, we
demonstrated that these late effects of DOXY-mediated inhibition
of mitochondrial translation further contribute to neuroblastoma
apoptosis, as inhibiting p38 MAPK by its specific inhibitor
SB203580 partially prevented DOXY-induced activation of
caspase-3 (Fig. S6d).

Mitochondrial ISR links inhibited mitochondrial translation
with degradation of short-lived oncoproteins and induction of
cell death
Phosphorylation of eIF2α attenuates cap-dependent translation in
favor of ISR-specific mRNAs, allowing for efficient degradation of
accumulated proteins and restoration of proteostasis [51]. We
hypothesized that the ISR-mediated blockage of global protein
synthesis might concurrently downregulate proteins with rapid
turnover, as these are more readily targeted for degradation.
Notably, c-MYC [52], N-MYC [53], HIF-1α [54], and MCL-1 [55], all
significantly downregulated by DOXY treatment (Fig. 3h, i), are
known to undergo rapid proteasome-dependent degradation
with half-lives of <1 h. Indeed, the early mitochondrial stress-
activated ISR was accompanied by the c-MYC, HIF-1α, and MCL-1
downregulation that was detectable already upon 2-h treatment
and progressed with time (Figs. 6a, b, S6c). In contrast, levels of
BCL-2 that has a substantially longer half-life of ~20 h [56] were
not significantly affected even after 16 h of DOXY treatment.
Preferential downregulation of short-lived proteins upon the
DOXY-induced ISR was further substantiated by the constant
levels of the protein loading control GAPDH, which is a substrate
for proteasome-independent chaperone-mediated autophagy

Fig. 3 DOXY-mediated inhibition of mitochondrial protein synthesis impairs cell viability and reduces oncogenic transcription factors
across a panel of neuroblastoma cells. a, b Expression of mitochondrial proteins, mitochondrial-encoded MT-CO1 and nuclear-encoded
proteins ATP5A1 and TOMM20, after 24-h DOXY treatment analyzed by western blotting (a) and subsequent densitometry (b). Normalized
protein levels are plotted relative to untreated controls, mean ± SD. c, d MTT cell viability assay analysis of 6-day treatment with DOXY and
other FDA-approved antibiotics targeting procaryotic ribosomes, tigecycline, chloramphenicol, and linezolid (c), and targeting bacterial cell
wall synthesis, ampicillin (d). Calculated IC50 are indicated. Data presented as mean ± SD, biological n= 4, technical n= 3. e MTT and
f CellTiter-Glo cell viability assay analysis after 72-h treatment revealed all neuroblastoma cell lines to be highly sensitive to DOXY. Respective
IC50 values are indicated in brackets. Data points are mean ± SD, biological n ≥ 3, technical n= 3. g Cell death rate of neuroblastoma cells
(CHLA-15 and CHLA-20) and neonatal dermal fibroblasts (NDF-2 and NDF-3) was analyzed after 72 h of DOXY treatment by flow cytometry
using SYTOX Red staining. Data are presented as the difference in percentages of SYTOX Red-positive dead cells after indicated treatment vs.
respective untreated controls, biological n= 3. h, i Densitometric analysis (h) of western blotting detection (i) revealed downregulation of c-
MYC, N-MYC, and HIF-1α across a panel of neuroblastoma cell lines treated with indicated concentrations of DOXY for 24 h. Normalized
protein levels are plotted relative to untreated controls, mean ± SD. Densitometric analysis of HIF-1α is provided in Fig. S4. Statistical
significance was determined by one-way ANOVA followed by Tukey’s multiple comparisons test (b, g, h), *p < 0.05, **p < 0.01, ***p < 0.001,
#p < 0.0001.
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with a half-life of ~40 h [57] (Fig. 6a, b). In line with this reasoning,
activation of the ISR by thapsigargin was also sufficient to
downregulate c-MYC, HIF-1α, and MCL-1 in neuroblastoma cells
already within 1 h of treatment, whereas BCL-2 levels remained
unchanged (Fig. S6a).
We next confirmed that DOXY treatment did not affect

expression of c-MYC, HIF-1α, and MCL-1 at transcriptional levels
(Fig. 6c). In contrast, proteasome inhibition by MG-132 almost

completely reverted the DOXY-induced downregulation of c-MYC
(Fig. 6d, e), including its phosphorylated form p-c-MYC(T58) (Fig.
S7) prone to proteasomal degradation [58], and significantly
rescued expression of HIF-1α and MCL-1 (Fig. 6d, e). Importantly,
pretreating cells with the ISR inhibitor ISRIB, which reverses the
effects of phosphorylated eIF2α and restores cap-dependent
translation [59] (Fig. 6f), partially rescued the N-MYC down-
regulation in DOXY-treated cells (Fig. 6g). Thus, the attenuated
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cap-dependent protein synthesis and enhanced proteasomal
degradation upon mitochondrial stress-activated ISR are the major
mechanisms causing the downregulation of short-lived oncopro-
teins, including MYC proteins in neuroblastoma cells.
Following this finding, we asked whether inhibiting the DOXY-

induced mitochondrial ISR also rescues the viability of neuro-
blastoma cells. Indeed, combining DOXY treatment with ISRIB
suppressed expression of the ISR effectors ATF4 and CHOP
(Fig. 6h), and reduced the cell death induction (Fig. 6i) and cell
growth inhibition (Fig. 6j) when compared with cells treated with
DOXY alone. Together, these results demonstrate mitochondrial
ISR as the key pathway responsible for both downregulation of
MYC proteins and induction of neuroblastoma cell death upon the
mitoribosome inhibition.

Rapid turnover of MYC proteins associates with sensitivity of
MYC-driven neuroblastoma to DOXY-induced cell death
To explore if the effects of DOXY-mediated mitochondrial
translation inhibition are neuroblastoma specific, we introduced
seven cell lines derived from different nervous system tumors.
Consistent with our results in neuroblastoma, inhibiting mito-
chondrial translation by DOXY limited cell proliferation across the
tested cell lines, except for NSTS-5 schwannoma cells (Fig. 7a).
Similarly, induction of mitochondrial stress, activation of ISR and
decrease of HIF-1α were detected in DOXY-responsive glioblas-
toma, astrocytoma, and medulloblastoma cells (Figs. 7b–d, S8).
Intriguingly, markers of mitochondrial stress and ISR activation
were also found in neonatal dermal fibroblasts (Fig. S9) that
partially reduced proliferation but retained their viability in
response to DOXY treatment (Figs. 3g, S3). This may suggest that
the ISR is a conserved retrograde pathway that relays DOXY-
induced imbalance in mitochondrial proteins but leads to cell
type-dependent outcomes.
In contrast to neuroblastoma, we did not observe consistent

downregulation of c-MYC in cell lines derived from other nervous
system tumors (Figs. 7b–d, S8) or neonatal dermal fibroblasts
(Fig. S9). Compared with other tumor types, MYC-amplified CHLA-
20 neuroblastoma cells express markedly higher levels of c-MYC
together with its phosphorylated forms, p-c-MYC(T58) and p-c-
MYC(S62) (Fig. 7e). Phosphorylation at threonine 58 (T58),
subsequent to serine 62 (S62) phosphorylation, is known to
promote proteasomal degradation and rapid turnover of both
c-MYC [58] and N-MYC [60].
Strikingly, we found cell types with relatively low levels of

c-MYC and its phosphorylated forms to be substantially resistant
to DOXY-induced cell death, as demonstrated in Daoy (Fig. S10),
NSTS-5 (Fig. 7a) and NDF-3 cells (Figs. 3g, S3). Immunoblots using
the antibody recognizing both p-c-MYC(T58) and p-N-MYC(T58)
showed that these phosphorylated forms are markedly upregu-
lated in MYC-driven neuroblastoma and their levels correlated
with sensitivity to DOXY-induced cell death in a panel of
neuroblastoma and medulloblastoma models (Figs. 7f, g, S11a, c,
d). To functionally validate this MYC-dependent sensitivity, we

utilized Tet21N neuroblastoma cells [61] with tunable N-MYC
expression (for details refer to Methods section). Tet21N cells that
expressed high levels of N-MYC and its T58-phosphorylated form
(Tet21N MYCN-on) were significantly more sensitive to DOXY-
induced cell death compared to their counterparts (Tet21N MYCN-
off) where N-MYC expression was switched off (Figs. 7h, S12a). Of
note, both MYCN-on and MYCN-off untreated cells showed very
similar growth rates (Fig. S12b), which supports the conclusion
that the outcomes of mitoribosome inhibition are MYC-
dependent. Our data indicate that the high c-MYC/N-MYC levels
and extensive T58 phosphorylation, priming MYC proteins for
rapid degradation upon the mitochondrial ISR (Fig. S7), determine
the propensity of MYC-driven neuroblastoma cells to cell death in
response to inhibition of mitochondrial translation. Conversely,
cell types lacking aberrantly upregulated expression and phos-
phorylation of MYC proteins, such as normal fibroblasts
(Figs. 3g, 7e), did not undergo cell death after mitochondrial ISR
activation, which suggests a promising opportunity for developing
mitoribosome targeting therapies that would be efficient against
MYC-driven neuroblastomas while sparing healthy tissues.

Long-term repeated inhibition of mitochondrial translation
does not induce highly resistant neuroblastoma phenotype
Target-specific resistance often develops between chemotherapy
cycles. We therefore repeatedly exposed CHLA-15/CHLA-20 cells
to DOXY to mimic multiple rounds of therapy and gradually select
for the DOXY-resistant phenotype (DOXY-sel; Fig. 8a). However,
even after 11 months and 30 cycles of selection, the cells
remained highly sensitive to 2-fold of the initial IC50 of DOXY and
the finally established DOXY-sel cell lines showed only ~1.5-fold
resistance compared with parental cells (Fig. 8b). Both DOXY-sel
cell lines exhibited downregulation of several proteins associated
with poor neuroblastoma prognosis, including HIF-1α [62], P-gp, or
MCL-1 (Fig. S13a, b). Given the marked P-gp downregulation in
DOXY-sel cells, we next asked whether P-gp modulates sensitivity
to DOXY. However, pharmacological inhibition of P-gp did not
change the viability of parental cells treated with DOXY (Fig. S13c).
Additional cell line-specific changes involved proteins targeted by
DOXY treatment, including MT-CO1, eIF2α, or OMA1 (Fig. S13a, b).
How these potentially compensatory events affect mitochondrial
functions and the overall phenotype of DOXY-sel neuroblastoma
cells will require further investigation.
Collectively, our data establish that perturbing mitochondrial

function by DOXY-mediated targeting of mitochondrial protein
synthesis triggers the mitochondrial ISR which in the context of
MYC-driven neuroblastoma efficiently overcomes existing multi-
drug resistance mechanisms and eradicates aggressive tumor cells
without inducing clinically relevant resistance (Fig. 8c). To confirm
this concept of mitoribosomal synthetic lethality, we also
replicated the key experiments with a tetracycline-unrelated
mitoribosome inhibitor, chloramphenicol. This antibiotic was
selected as it is known to bind to the large ribosomal subunit
(DOXY binds to the small subunit of the mitoribosome), and as it

Fig. 4 DOXY-mediated inhibition of mitochondrial translation disrupts mitochondrial morphology and fission machinery and primes
mitochondria for apoptosis. a Mitochondrial morphology–visualized by immunofluorescence staining of TOMM20 (cyan)–revealed signs of
fragmentation and swelling in most cells after 24-h treatment with 50 μM DOXY. At this timepoint, apoptosis marked by cleaved caspase-3
(yellow) and fragmented nuclei (TO-PRO-3; magenta) was detected only in a subset of cells. Maximum intensity projections of confocal
microscopy Z-stacks are shown. b Image analysis by ImageJ plug-in tool MiNA - Mitochondrial Network Analysis confirmed disrupted
mitochondrial morphology in cells treated with 50 μM DOXY for 24 h. Data are presented as parameters determined for individual field of
vision images, mean ± SD. c Flow cytometry using JC-1 probe after 24-h DOXY treatment revealed dose-dependent loss of mitochondrial
potential. Upper panel, representative contour plots; percentages of cells with depolarized mitochondria are presented as mean ± SD,
biological n = 3. Bottom panel, the differences in percentages of cells with depolarized mitochondria after indicated treatment vs. untreated
cells. d, eWestern blotting detection (d) and densitometric analysis (e) of proteins related to mitochondrial dynamics and BCL-2 anti-apoptotic
proteins after 24-h DOXY treatment in indicated concentrations. Normalized protein levels are plotted relative to untreated controls, mean ±
SD. Statistical significance was determined by unpaired two-tailed Student’s t-test (b) and by one-way ANOVA followed by Tukey’s multiple
comparisons test (e), *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001.
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Fig. 5 Inhibition of mitochondrial protein synthesis leads to early activation of OMA1-mediated ISR. a–d Western blotting detection and
densitometric analysis of markers of mitochondrial stress, ISR and stress signaling kinases in a panel of neuroblastoma cells after DOXY
treatment for 24 h (a, b) and over a 16-h time course (c, d). Normalized protein levels are plotted relative to untreated controls, mean ± SD.
Treatment with 0.1 μM thapsigargin for 1 h served as a positive control of PERK phosphorylation, assessed by a reduced electrophoretic
mobility in 6% polyacrylamide gel. Western blotting and densitometric analysis of YME1L1 after 24-h DOXY treatment and densitometric
analysis of p-p38 MAPK (T180/Y182)/p38 MAPK during 16-h DOXY treatment are provided in Fig. S6b, c, respectively. Statistical significance
was determined by one-way ANOVA followed by Tukey’s multiple comparisons test (b, d), *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001.
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was already found efficient against therapy-naive and drug-
resistant neuroblastoma cells in this study (Fig. 3c). In line with the
effects observed after DOXY treatment, chloramphenicol selec-
tively inhibited mitochondrial translation (Fig. S14a) and induced
mitochondrial ISR leading to the downregulation of c-MYC in
neuroblastoma cells (Fig. S14b, c). Consistently, sensitivity of
Tet21N cells to chloramphenicol-mediated inhibition of prolifera-
tion was also diminished by N-MYC downregulation (Fig. S14d). In

contrast to DOXY, chloramphenicol did not induce OMA1 activity
but degradation of other mitochondrial stress-activated protease
YME1L1 was detected (Fig. S14b, c). This suggests that an
alternative pathway distinct from the OMA1-DELE1-HRI cascade
might relay the mitochondrial stress signals to eIF2α upon
blocking the large mitoribosomal subunit. Nevertheless, the key
effects observed after chloramphenicol treatment, i.e., the
mitochondrial ISR activation leading to impaired neuroblastoma
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cell viability in a MYC-dependent manner, provide further
evidence for the newly identified mitoribosomal synthetic
lethality, highlighting the potential of repurposing ribosome-
targeting antibiotics in neuroblastoma therapy.

DISCUSSION
Targeting mitochondria is an emerging strategy to overcome
cancer drug resistance. Yet, molecular determinants that would
guide efficient mitochondrial therapies are poorly understood,
particularly in pediatric tumors. Here, we identified mitochondrial
translation as a promising MYC-dependent target in multidrug-
resistant neuroblastoma. Our results also implicate that mitochon-
drial quality control mechanisms, including mitochondrial
dynamics and translation control, are essential for neuroblastoma
cell survival irrespective of the drug resistance status, as
demonstrated by inhibition of mitochondrial fission by mdivi-1
and disruption of mitoribosome processivity by DOXY (Fig. 2c–h,
Supplementary Videos 1, 2).
Mechanistically, time course experiments showed that inhibi-

tion of mitoribosomes by DOXY induces the activity of mitochon-
drial metalloprotease OMA1 and initiates mitochondrial
retrograde signaling via the central ISR mediator eIF2α. Short-
running ISR normally orchestrates gene expression and protein
translation to restore cellular homeostasis and maintain cell
survival, in line with its reported pro-tumorigenic effects [63].
However, excessive or prolonged ISR is known to induce cell death
in various cell types [51]. Interestingly, the ISR effector ATF4 was
already shown to mediate cell death upon glutamine deprivation
in MYCN-amplified neuroblastoma [64]. Consistently, we provide
evidence that MYC-driven neuroblastoma cells are particularly
vulnerable to the ISR-mediated cell death, while p38 MAPK
appears to further favor apoptosis induced by the mitochondrial
ISR. p38 MAPK is known to promote apoptosis [65–67] and likely
synergizes with the ISR by directly phosphorylating CHOP [68],
enhancing its pro-apoptotic activity [69].
Previously, DOXY-mediated inhibition of mitochondrial transla-

tion was shown to enhance ER-mitochondria connectivity [70] and
was suggested to activate ISR via inducing ER stress in carcinomas
[70, 71] and melanoma [18, 72]. On the contrary, we demonstrate
that ER stress is not involved in DOXY-induced ISR in neuro-
blastoma, as eIF2α phosphorylation was not mediated by its
upstream ER stress-activated kinase PERK. Our data are consistent
with recent studies demonstrating mitochondrial stress sensor
OMA1 as the major inducer of ISR via the OMA1-DELE1-HRI

pathway [20, 21]. Similarly, we demonstrate that DOXY-induced
mitochondrial protein imbalance disrupts mitochondrial morphol-
ogy and membrane potential, inducing the ISR along the OMA1
activity detected already in early phases of the treatment. These
results indicate that targeting the small mitoribosomal subunit by
DOXY induces ISR via OMA1 signaling.
However, our data also revealed a potentially alternative,

OMA1-independent mechanism of mitochondrial ISR upon block-
ing mitoribosomes, as targeting the large mitoribosomal subunit
by chloramphenicol induced ISR without apparent OMA1 activa-
tion (Fig. S14). Of note, additional cell context-dependent
signaling pathways cannot be excluded. Previously, knocking
down components of the OMA1-DELE1-HRI pathway showed
insufficient to completely block the DOXY-mediated ISR in
embryonal kidney HEK293T cells [20]. However, in contrast to
our models (Figs. 5, 7d, S5a, b), DOXY-treated HEK293T cells did
not show any signs of L-OPA1 cleavage [20], suggesting cell type-
dependent activation of OMA1 in response to the DOXY-mediated
inhibition of mitochondrial translation. Similarly, DOXY structural
analog tigecycline was recently shown to induce ISR via
GCN2 signaling in colorectal adenocarcinoma and chronic
myelogenous leukemia cells [73]. Together, these findings suggest
that mitoribosomal inhibitors induce ISR via multiple signaling
pathways and further investigation is needed to explore the
context dependency.
A chronic ISR has been recently suggested to predict the

sensitivity of melanoma cells to tigecycline-mediated inhibition of
mitoribosomes [18]. In contrast, we did not observe any
association between DOXY-induced cell death and the extent of
ISR activation prior or after treatment. In fact, we found p-
eIF2α(S51) and one of the major ISR effectors, CHOP, to be
consistently upregulated by DOXY in nearly all tested cell lines
(neuroblastoma: 11/11; other nerve tissue tumors: 6/7; normal
fibroblasts: 1/1) regardless their vulnerability to DOXY-induced cell
death. High c-MYC levels have been associated with the
susceptibility of hematological malignancies to inhibition of
mitochondrial protein synthesis [37, 74]. In this study, we found
that the mitoribosome inhibition-induced ISR leads to degradation
of short-lived MYC proteins and that the upregulation of their T58-
phosphorylated forms, tagging MYC proteins for rapid protea-
some degradation [58, 60, 75, 76], sensitizes MYC-driven
neuroblastoma to inhibition of mitoribosomes.
Based on these findings, we propose mitochondrial translation

as a novel synthetic lethal target that might be exploited to
overcome multidrug resistance in MYC-driven neuroblastoma

Fig. 6 DOXY-induced ISR activation corresponds with early downregulation of short-lived oncoproteins and contributes to
neuroblastoma growth inhibition and cell death. a, b Western blotting detection (a) of c-MYC, HIF-1α, and anti-apoptotic BCL-2 family
proteins in CHLA-15 and CHLA-20 treated with 50 μM DOXY for 2–16 h followed by densitometric analysis (b) of c-MYC and MCL-1.
Normalized protein levels are plotted relative to untreated controls, mean ± SD. Densitometric analysis of HIF-1α and BCL-2 is provided in Fig.
S6c. c No change in the transcription of MYC, HIF1A, and MCL1 was detected by RT-qPCR upon 24-h DOXY treatment. Normalized mRNA levels
plotted relative to untreated controls, mean ± SD. d, e Western blotting detection (d) and densitometric analysis (e) of c-MYC, HIF-1α, and
MCL-1 after DOXY treatment of neuroblastoma cells with inhibited proteasome. To block proteasome activity, CHLA-15 and CHLA-20 were
pretreated with MG-132 (1 μM for MCL-1 analysis, 5 μM for c-MYC and HIF-1α) and after 1 h, 50 μM DOXY was added for additional 15 h. Upper
panel, normalized protein levels are plotted relative to fully untreated controls (dashed line). Lower panel, ratios of normalized protein levels
in DOXY-treated cells (w/o or with MG-132) and respective controls (w/o or with MG-132), mean ± SD. f ISRIB reverts p-eIF2α(S51)-mediated
attenuation of cap-dependent translation [59], thus restores global protein synthesis while suppressing translation of mRNAs encoding ISR
effectors such as ATF4 and CHOP. gWestern blotting detection and densitometric analysis of N-MYC, ATF4, and CHOP in MYCN-amplified SK-N-
BE(2) treated for 24 h with 50 μM DOXY in the presence or absence of 1 μM ISRIB. To efficiently block the induction of ISR, cells were pretreated
with ISRIB for 4 h prior to addition of DOXY. Right panel, normalized protein levels plotted relative to the average of all samples, mean ± SD.
Lower panel, ratios of normalized protein levels in DOXY-treated cells and their respective controls (w/o or with ISRIB), mean ± SD. h Western
blotting detection and densitometric analysis of ATF4 and CHOP in CHLA-15 treated for 72 h with different concentrations of DOXY w/o or
with 1 μM ISRIB. Normalized protein levels are plotted relative to the average of all samples, mean ± SD. i Cell death rate of CHLA-15 analyzed
by flow cytometry using SYTOX Red staining after 72-h treatment with 18.75–50 μM DOXY in the presence or absence of 1μM ISRIB. Data
shown as percentages of SYTOX Red-positive dead cells after the indicated treatments, biological n= 3. j Live-cell imaging growth rate
analysis of CHLA-15 concomitantly treated with DOXY and ISRIB in indicated concentrations for 72 h. Data are normalized to 0 h and
presented as mean ± SD, biological n ≥ 4, technical n= 3. Statistical significance was determined by one-way ANOVA followed by Tukey’s
multiple comparisons test (b, c, g–j) and unpaired two-tailed Student’s t-test (e, g), *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001.
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(Fig. 8c). We anticipate that further dissection of mitochondrial
stress signaling pathways might enable identification of additional
clinically relevant targets for the treatment of MYC-addicted
tumors.

METHODS
Cell culture and treatment
The following cell lines were used in the study: (i) neuroblastoma cell lines
CHLA-15, CHLA-20, CHLA-122, CHLA-136, CHLA-145, SK-N-BE(1), SK-N-BE(2)

C (obtained from the COG/ALSF Childhood Cancer Repository;
www.cccells.org), GIMEN, LAN-1, LAN-5 (a kind gift of Prof. Lumír Krejčí),
SH-SY5Y, SK-N-BE(2) (purchased from ECACC), and Tet21N (kindly provided
by Dr. Frank Westermann); (ii) glioblastoma cell lines U-87 MG, M059K,
U-251 MG, A-172 and astrocytoma cell line CCF-STTG1 (all purchased from
ATCC); (iii) medulloblastoma cell line Daoy (purchased from ECACC); (iv)
schwannoma cell line NSTS-5 (in-house derived from tumor tissue with
written informed consent under IGA MZCR NR/9125-4 project approved by
the Research Ethics Committee of the School of Medicine, Masaryk
University, Brno, Czech Republic – approval no. 23/2005); (v) human
neonatal dermal fibroblast cell lines NDF-2 and NDF-3 (#CC-2509; Lonza
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Bioscience, Durham, NC, USA; a kind gift of Dr. Tomáš Bárta). In addition,
human pluripotent embryonal carcinoma cell line NTERA-2 (clone D1)
purchased from ECACC (#01071221) served as a positive control shown in
Fig. 1d. All cell lines were authenticated by STR profiling (Generi Biotech,
Hradec Králové, Czech Republic; Westmead Institute of Medical Research,
Westmead, NSW, Australia; Promega Geneprint 10, Madison, Wisconsin,
USA) and routinely tested for mycoplasma by PCR [77].
Cell lines were cultured in a humidified atmosphere of 5% CO2 at 37 °C

in media with supplements as detailed in Supplementary Tables 1, 2. Drug
treatments were always performed the day after cell seeding. A detailed
overview of the drugs used is provided in Supplementary Table 3. Tet21N
cells express N-MYC from a MYCN Tet-off construct [61]. To induce MYCN-
off state, Tet21N cells (MYCN-on) were pretreated with a non-cytotoxic and
non-cytostatic dose of DOXY (2.25 μM) for 72 h, blocking MYCN expression
under the control of Tet-off promoter. If not treated with 50 μM of DOXY,
Tet21N MYCN-off cells were always maintained in media supplemented
with 2.25 μM DOXY during subsequent experiments.

Cell viability assays
For 24–72-h and 6-day experiments, cells were seeded into 96-well plates
in a density of 5000 and 2500 cells/well, respectively, except for neonatal
dermal fibroblast NDF-2 and NDF-3 (2000 cells/well for 72-h experiments)
and Tet21N cells (700 cells/well for 6-day experiments). After the
incubation time, cell viability was measured. Performing MTT assay,
thiazolyl blue tetrazolium bromide (#M2128, Sigma-Aldrich, St. Louis, MO,
USA) was added to each well to reach the final concentration of 0.455 mg/
ml. After 3-h incubation under standard conditions, the medium was
replaced with 200 μL of DMSO to solubilize the formazan crystals. The
absorbance of each well was determined by Sunrise Absorbance Reader
(Tecan, Männedorf, Switzerland). For CellTiter-Glo® assay (#G7571,
Promega, Madison, WI, USA), cells were seeded in Corning® 96-well Flat
Clear Bottom White Polystyrene TC-treated luminescent microplates
(#3610, Corning, Corning, NY, USA) and manufacturer instructions were
followed. Luminescence was measured by Synergy™ 2 microplate reader
(BioTek Instruments, Winooski, VT, USA).
Absolute half maximal inhibitory concentration (IC50) of drugs and

inhibitors was determined from non-linear regression of datasets of MTT
assay and CellTiter-Glo® assay with individual tested concentrations
normalized to untreated control cells. Non-linear regression with variable
slope was calculated using GraphPad Prism 8.0.2. software (GraphPad
Software, San Diego, CA, US). Determined parameters were then used to
calculate absolute IC50 values according to the following formula: relative
IC50*(((50-top)/(bottom-50))^(−1/hill slope)).

Growth analysis
Cells were seeded into 96-well plates (CHLA-15, CHLA-20: 5000 cells/well;
NDF-3: 2000 cells/well) and treated the day after seeding with respective
drugs. To validate that 2.25 μM DOXY shows no cytotoxic and cytostatic
activity in Tet21N cells during the 6-day treatment, Tet21N cells were
seeded at low density in 6-well plates and replenished with fresh media w/
o DOXY (MYCN-on) or with 2.25 μM DOXY (MYCN-off) the day after seeding.

Subsequently, cell confluency was determined every 4 h using live cell
imaging system Incucyte® SX1 (Sartorius, Göttingen, Germany) and plotted
relative to initial values. Cell line doubling times were calculated by
GraphPad Prism 8.0.2. software using non-linear regression – exponential
(Malthusian) growth model.

Sphere formation assay
Cells were harvested and dissociated into single-cell suspension using
Accutase (#LM-T1735, Biosera) and seeded into ultra-low attachment
6-well plates (#CLS3471-24EA, Corning) at a density of 1000 cells/well in a
defined serum-free medium: DMEM/F12 based (as detailed in Supplemen-
tary Table 1) w/o fetal bovine serum, supplemented with 1× B27 w/o
vitamin A (#12587, Gibco), 10 ng/ml EGF (#E9644, Sigma-Aldrich), and 20
ng/ml FGF2 (#SRP4037, Sigma-Aldrich). Cells were replenished with 200 μl
of the freshly prepared medium three times a week. The number of
spheres (diameter ≥ 50 μm) was manually counted after 21 days of
incubation using PROView software analysis of images taken under IM-3
light microscope equipped with C-B5 digital camera (all Optika,
Ponteranica, Italy).

Tumorigenicity assay in vivo
Cells were harvested, enzymatically dissociated and a single cell
suspension of 1 × 106 cells in 100 μl of pure DMEM/F/12 medium (#LM-
D-1224, Biosera) was injected subcutaneously into the right flank of 9-
week-old female NSG (NOD/ShiLtSz-scid/Il2rγnull) mice. All animal experi-
ments were conducted in accordance with a study (MSMT-4408/2016-6)
approved by the Institutional Animal Care and Use Committee of Masaryk
University and registered by the Ministry of Education, Youth and Sports of
the Czech Republic as required by national legislation. After 29 days, the
mice were sacrificed and surgically examined. The xenograft tumors were
excised and photographed, and the final tumor volume was determined
using the following formula: tumor volume (mm3)= length (mm) × width
(mm) × width (mm) × 1/2. The adequate sample size (n = 3 animals/
experimental arm) was chosen based on our previous studies [24, 78] in
accordance with the reduction principle. Animal exclusion criteria,
randomization, and blinding were not applied in this study.

Western blotting
Whole-cell extracts were collected using RIPA lysis buffer (2 mM EDTA, 1%
IGEPAL® CA-630, 0.1% SDS, 8.7 mg/ml sodium chloride, 5 mg/ml sodium
deoxycholate, 50 mM Tris-HCl) supplemented with cOmplete™ Mini
Protease Inhibitor Cocktail (#11836170001, Roche, Basel, Switzerland) and
PhosSTOP (#4906837001, Roche). 20 μg of total proteins were resolved on
10% polyacrylamide gels (except for 6% gels used for PERK detection) and
blotted onto PVDF membranes (#1620177, Bio-Rad Laboratories, Hercules,
CA, USA). The membranes were blocked with 5% not-fat dry milk or bovine
serum albumin (#A7906, Sigma-Aldrich) in Tris-buffered saline with 0.05%
Tween-20 (#93773, Sigma-Aldrich) for at least 1 h and incubated with
primary antibodies overnight on rocking platform at 4 °C. The incubation
with secondary HRP-linked antibody was conducted at RT for at least 1 h.

Fig. 7 Overexpression and phosphorylation of MYC proteins correlate with sensitivity to cell death via mitochondrial ISR, conserved
across various models of nervous system tumors. a MTT cell viability assay analysis was used to determine sensitivity of cell lines derived
from various nervous system tumors to DOXY. Respective IC50 values for 72-h treatment are indicated in brackets. Data presented as mean ±
SD, biological n ≥ 3, technical n= 3. b–d Densitometric analysis (b) of immunoblots (c, d) from lysates after 24-h DOXY treatment showed
dose-dependent induction of mitochondrial stress and ISR in a panel of cell lines derived from different nervous system tumors. Contrary to
neuroblastoma, this did not lead to consistent downregulation of c-MYC, although HIF-1α was significantly downregulated in nervous system
tumors. Normalized protein levels are plotted relative to untreated controls, mean ± SD; N.D. – not detectable. Complete densitometric
analysis is provided in Fig. S8. e Western blotting detection and densitometric analysis of c-MYC, p-c-MYC(T58), and p-c-MYC(S62) revealed
that CHLA-20 neuroblastoma cells have significantly higher c-MYC level and extensively enhanced phosphorylation of c-MYC compared with
Daoy, NSTS-5 and NDF-3 cells that were less sensitive to DOXY. Normalized protein levels are plotted relative to untreated control, mean ± SD.
f Western blotting detection of c-MYC, p-CMYC/N-MYC(T58) and p-c-MYC(S62) in a panel of nervous system tumors. g A significant positive
correlation between the percentage of dead cells after 72-h treatment with 25 μM DOXY and the basal levels of p-CMYC/N-MYC(T58) in
untreated neuroblastoma models and Daoy medulloblastoma cells, r = Pearson correlation coefficient; ǂ, MYCN-amplified. Related flow
cytometry and protein densitometry data are provided in Fig. S10. h Western blotting detection of N-MYC and p-c-MYC/N-MYC(T58) (upper
panel; densitometric analysis is provided in Fig. S12a) and cell death rate flow cytometric analysis (lower panel) revealed that Tet21N MYCN-off
cells with extensively downregulated N-MYC and p-c-MYC/N-MYC(T58) levels are significantly less sensitive to DOXY-induced cell death
compared with N-MYC overexpressing Tet21N MYCN-on cells. Cell death rate was analyzed using SYTOX Red staining after 24-h treatment with
50 μM DOXY. Data are presented as percentages of SYTOX Red-positive dead cells after indicated treatment, biological n = 5. Statistical
significance was determined by one-way ANOVA followed by Tukey’s multiple comparisons test (b, e, h) and by Pearson correlation (g),
*p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001.
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The list of antibodies used, including dilutions and respective blocking
agents, is provided in Supplementary Table 4. Chemiluminescent detection
was performed following a 5-min incubation with ECL™ Prime Western
Blotting Detection Reagent (#RPN2236, Cytiva, Marlborough, MA, USA)
using either Azure C600 imaging system (Azure Biosystems, Dublin, CA,
USA) or light sensitive films (#CP-BU NEW 100 NIF, Agfa, Mortsel, Belgium).
Densitometric analysis of western blotting images was done using gel

analysis tool in ImageJ (Fiji) software (NIH, Bethesda, MD, USA), version
2.1.0/1.53c. The signal of a protein of interest was normalized to that of a
loading control, α-tubulin, β-actin, or GAPDH, detected on the same gel.
For all relevant figures, original uncropped blots including all replicates are
provided as supplementary Original Data file.

Immunostaining
Cells were seeded on coverslips coated with Matrigel (#734-1440, Corning).
After the incubation period, the coverslips were rinsed by PBS and cells
were fixed by 3% paraformaldehyde (#158127, Sigma-Aldrich). The cells
were then permeabilized using 0.2% Triton X-100 (#04807423, MP
Biomedicals, Irvine, CA, USA) for 1 min and blocking was performed by
3% bovine serum albumin (#A7906, Sigma-Aldrich) for 10 min at RT. The

primary and secondary antibodies (Supplementary Table 4) were diluted in
blocking solution. The incubation with antibodies lasted for at least 60 min.
Nuclei were stained by TO-PRO3 (#T3605, Invitrogen, Carlsbad, CA, USA).
The cells were mounted by ProLong™ Diamond Antifade (#P36961,
Invitrogen) and imaged using Leica SP8 confocal microscope (Leica,
Wetzlar, Germany). Z-stacked images were captured and processed as
maximum intensity projections using software LAS X (Leica, 3.4.218368).

Mitochondrial morphology analysis
Mitochondrial morphology was determined from maximum intensity
projection of z-stack confocal images of TOMM20 fluorescence channel
using ImageJ (Fiji) plug-in tool MiNA (Mitochondrial Network Analysis) [79].
The pre-processing parameters were applied as follows: 3rd-order median
filter with radius 1; 1st-order unsharp mask with radius 2 and mask weight
0.9; contrast enhancement using 2nd-order CLAHE with block size 127
pixels, histogram bins 256 and maximum slope 3.

Flow cytometry
For all experiments, cells were harvested using Accutase (#LM-T1735,
Biosera) and diluted in PBS with 3% fetal bovine serum (#FB-1101, Biosera)

Fig. 8 Inhibiting mitochondrial translation does not induce clinically relevant resistance and offers a promising therapeutic strategy for
MYC-driven neuroblastoma. a A schematic overview of the pulsed-selection strategy mimicking the chemotherapy cycles in the clinic.
Parental cells CHLA-15 and CHLA-20 were repeatedly exposed to gradually increasing concentrations of DOXY, starting from IC50 (determined
for each cell line by MTT assay upon 72-h treatment) as follows: 3 cycles of IC50, followed by 3 cycles of 1.5-fold IC50 and finally 2-fold IC50 that
remained highly efficient for additional 24 cycles. In each cycle, cells were treated for 72 h and let to regrow to approx. 90% confluency in
fresh drug-free culture media before another round of DOXY treatment. b The sensitivity of parental cells and established DOXY-selected cells
(CHLA-15/DOXY-sel and CHLA-20/DOXY-sel) to DOXY was compared by MTT cell viability assay after 72 h of treatment. Data are presented as
mean ± SD, biological n= 3, technical n= 3. c A model summarizing synthetic lethal effects induced by inhibition of mitochondrial translation
in MYC-driven neuroblastoma. Blocking mitochondrial ribosomes by DOXY disrupts mitochondrial proteostasis (1) which impairs
mitochondrial function and leads to the mitochondrial stress-induced activation of OMA1 (2). Activated OMA1 mediates OPA1 cleavage,
eventually resulting in collapsed mitochondrial network, and relays mitochondrial stress directly via the mitochondrial ISR without involving
ER stress signaling (3). Besides preferential translation of ISR-specific mRNAs, attenuated cap-dependent translation leads to downregulation
of short-lived proteins primed for rapid degradation, including p-c-MYC(T58) and p-N-MYC(T58), which sensitizes MYC-driven neuroblastoma
to cell death induced by the inhibition of mitochondrial translation (4).
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and 2mM EDTA (#ED2SS, Sigma-Aldrich) and immediately processed for
measurements using CytoFLEX S flow cytometer (Beckman Coulter, Brea,
CA, USA). Cell viability was measured following 15-min incubation with 5
nM SYTOX™ Red Dead Cell Stain (#S34859, Invitrogen) on ice as per
manufacturer’s instructions.
Mitochondrial membrane potential was assessed by 10 μg/ml JC-1

Probe (#65-0851-38, Invitrogen) after 10-min incubation at 37 °C.
Fluorescence of JC-1 monomers and aggregates was excited by 488 nm
laser and detected using FITC (525/40) and ECD (610/20) channels,
respectively. To eliminate the spillover signal of JC-1 monomers marking
depolarized mitochondria into ECD channel, fluorescence compensation
was performed as previously described [80].
To analyze DOXY absorption by neonatal dermal fibroblasts, NDF-3 cells

were treated with different concentrations of DOXY for 72 h. DOXY
fluorescence was excited by 405 nm laser and detected using the KO525
(550/40) channel [81].

RT-qPCR
RNA isolation, reverse transcription, and qPCR were performed as
previously described [78]. The list of primer sequences used is provided
in Supplementary Table 5. The qPCR reactions were performed in technical
triplicates.

Statistical analysis
All experiments were replicated at least three times, as detailed in the
figure legends. For violin plots and bar graphs, individual data points show
independent biological replicates. For all violin plots, median and quartiles
are shown. Bar graphs and line graphs are presented as mean ± standard
deviation (SD). Statistical analysis was performed using GraphPad Prism
8.0.2. software. Unpaired two-tailed Student’s t-test was applied when
comparing 2 groups, otherwise one-way ANOVA followed by Tukey’s
multiple comparison test was used, assuming normal data distribution and
similar variance between the compared groups. Linear correlation between
2 datasets was tested by Pearson correlation coefficient (r). p values < 0.05
were considered statistically significant; *p < 0.05, **p < 0.01, ***p < 0.001,
#p < 0.0001.

DATA AVAILABILITY
The data analyzed during this study are included in this published article and the
supplemental data files. Additional supporting data are available from the
corresponding author upon reasonable request.
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Reduced ER–mitochondria connectivity promotes
neuroblastoma multidrug resistance
Jorida Çoku1, David M Booth2, Jan Skoda3,4 , Madison C Pedrotty5,†, Jennifer Vogel6,‡, Kangning Liu5,
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, Taekyung D Yun8, Eiko Nakamaru-Ogiso9,10, Estela Area-Gomez8 , Yimei Li11, Kelly C Goldsmith12,

C Patrick Reynolds13, Gyorgy Hajnoczky2 & Michael D Hogarty5,10,*

Abstract

Most cancer deaths result from progression of therapy resistant
disease, yet our understanding of this phenotype is limited. Cancer
therapies generate stress signals that act upon mitochondria to
initiate apoptosis. Mitochondria isolated from neuroblastoma cells
were exposed to tBid or Bim, death effectors activated by thera-
peutic stress. Multidrug-resistant tumor cells obtained from chil-
dren at relapse had markedly attenuated Bak and Bax
oligomerization and cytochrome c release (surrogates for apopto-
tic commitment) in comparison with patient-matched tumor cells
obtained at diagnosis. Electron microscopy identified reduced ER–
mitochondria-associated membranes (MAMs; ER–mitochondria
contacts, ERMCs) in therapy-resistant cells, and genetically or bio-
chemically reducing MAMs in therapy-sensitive tumors
phenocopied resistance. MAMs serve as platforms to transfer Ca2+

and bioactive lipids to mitochondria. Reduced Ca2+ transfer was
found in some but not all resistant cells, and inhibiting transfer
did not attenuate apoptotic signaling. In contrast, reduced cer-
amide synthesis and transfer was common to resistant cells and
its inhibition induced stress resistance. We identify ER–
mitochondria-associated membranes as physiologic regulators of
apoptosis via ceramide transfer and uncover a previously unrecog-
nized mechanism for cancer multidrug resistance.

Keywords ceramides; inter-organelle contacts; mitochondria-associated

membranes; multidrug resistance; sphingolipids
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Introduction

Over 600,000 people die of cancer each year in the USA, most with

progression of disease that is resistant to available treatments. Our

understanding of the mechanisms underlying broad resistance to

diverse drug classes and therapeutic modalities includes altered drug

transport into or out of the cancer cell, such as from increased activ-

ity of ATP-binding cassette transporters (Holohan et al, 2013), and

mutations in genotoxic response genes like TP53 (Olivier et al,

2010). The former have not been shown to contribute to resistance in

vivo (Cripe et al, 2010) and does not explain resistance to drugs that

are not substrates for such transporters, and the latter does not

explain therapy resistance in tumors with retained p53 activity. More

recently, the focus has shifted to studying resistance to inhibitors of

oncogenic kinases, with secondary mutations in the drug target, acti-

vation of bypass signals, and cellular plasticity identified as causal,

yet even here a large proportion of acquired resistance remains
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unexplained (Katayama et al, 2012; Chong & Janne, 2013; Lito et al,

2013; Lord & Ashworth, 2013; Hugo et al, 2015; Wilson et al, 2015).

Our incomplete understanding of the contributors to therapy resis-

tance remains a principal barrier to improving cancer outcomes.

We used the highly lethal childhood tumor, neuroblastoma, as a

model system to investigate therapy resistance. Children with high-

risk neuroblastoma are treated with intensive chemoradiotherapy,

stem cell rescue, surgery, and immunotherapy (Pinto et al, 2015).

Many patients have metastatic disease at diagnosis, yet the tumors

are chemosensitive and respond to treatment, including complete

responses. Still, half of all patients subsequently relapse with lethal

therapy-resistant disease (Keshelava et al, 1997, 1998; Matthay et al,

2009). To study emergent therapy resistance, we established tumor

cell lines from the same patients at diagnosis prior to treatment, and

again at the time of relapse during or after treatment, providing

near-isogenic tumor models in which post-relapse tumors demon-

strate therapy resistance acquired in situ in response to multimodal

therapy (Keshelava et al, 1998). Since mitochondria serve as plat-

forms for integrating cellular stress and survival signals in real time,

largely governed by Bcl2 family interactions, we hypothesized they

harbor information related to therapeutic stress sensitivity. We used

an unbiased assay in which cancer mitochondria are exposed to tBid

protein or BimBH3 peptides, death effectors activated downstream

of most therapeutic stress (Tan et al, 2005; Kim et al, 2006; Ren et

al, 2010; Sarosiek et al, 2013a), to define their sensitivity for activat-

ing mitochondrial outer membrane permeabilization (MOMP) as a

surrogate for apoptotic commitment. We discovered that mitochon-

dria from therapy-resistant tumors have markedly attenuated

MOMP responses in comparison with patient-matched therapy-

sensitive tumors, demonstrating that mitochondrial apoptotic signal-

ing dysfunction arises during the course of clinical therapy and con-

tributes to emergent multidrug resistance.

Many mitochondrial functions, including sensitivity to apoptosis,

are regulated by signals derived from endoplasmic reticulum (ER) at

contact sites with mitochondria [reviewed in (Rowland & Voeltz,

2012; Csordas et al, 2018)]. ER–mitochondria contact sites (ERMCs)

consist of a multitude of ER–mitochondria protein bridges that

tether the organelles and facilitate inter-organelle communication.

Cell fractionation can isolate these specialized ER domains as

mitochondria-associated ER membranes (MAMs). For simplicity, we

use MAM to refer to both ERMCs and MAMs herein. How cells regu-

late these contacts is incompletely understood, however, the impor-

tance of MAMs in tuning the cross-talk between these dynamic

organelle networks is proposed to contribute to many pathophysio-

logic states, such as diabetes, neurodegeneration, and cancer (Area-

Gomez et al, 2012; Cali et al, 2013; Hedskog et al, 2013; Arruda et

al, 2014). Here, we show that post-relapse tumor cell mitochondria

have reduced MAMs (altered numbers, lengths, and gap distances)

that directly contribute to their stress resistance, and lead to the

multidrug resistance phenotype seen clinically. Depleted MAMs con-

tribute to resistance to chemotherapy, radiotherapy, and molecu-

larly targeted drugs. It acts at a terminal signaling node to imbue

cancer cells with resistance to diverse therapy-induced stressors yet

is not exclusive to other resistance mechanisms operative upstream.

Ca2+ transfer that occurs at MAMs is reduced in a subset of

multidrug-resistant neuroblastomas but not all, and genetically or

biochemically inhibiting this does not attenuate apoptotic signaling.

However, synthesis and transfer of the bioactive sphingolipid,

ceramide that is enriched at MAMs, is reduced in all multidrug-

resistant neuroblastomas studied and chemical inhibition of this

transfer leads to attenuated MOMP. This new framework for under-

standing therapy resistance may provide opportunities to enhance

cancer care, including the measurement of relative resistance by

characterizing MAM abundance and proximity, and enabling inter-

ventions to restore ER–mitochondrial communication or sphingo-

lipid homeostasis in resistant cancers.

Results

Mitochondria from drug-resistant tumor cells have attenuated
apoptotic signal transduction

Optimizing approaches developed by Letai (Deng et al, 2007), we

isolated mitochondria from paired neuroblastoma cell lines derived

from the same patients at diagnosis (DX) before therapy, and at

relapse (REL) during or after completion of therapy (Fig 1A).

Mitochondria-enriched heavy-membrane fractions from tumor cells

were incubated with recombinant truncated Bid or the death-

activating BH3 domain peptide of Bim (tBid and BimBH3, respec-

tively) across a range of concentrations. Bid and Bim proteins are

direct activators of intrinsic apoptosis liberated by diverse cell

stressors to either engage Bak or Bax to induce MOMP and cell

death, or be sequestered and neutralized by pro-survival Bcl2 family

proteins (Gavathiotis et al, 2008; Sarosiek et al, 2013a). The sensi-

tivity for release of cytochrome c in response to tBid or BimBH3

reflects a cell’s proximity to its apoptotic threshold (Tan et al, 2005;

Goldsmith et al, 2012). By delivering terminal death effectors

directly to mitochondria, the assay bypasses the contributions of

drug transport, metabolism, target engagement, and transcriptional

response. Instead, mitochondrial responses reflect the state of the

Bcl2 family and related apoptosis-regulating processes present in the

tumor cell at the time of testing [reviewed in (Sarosiek et al,

2013b)]. A Bid BH3 domain with substitution of two highly con-

served residues served as a negative control and induced release of

< 10% of available cytochrome c in all experiments.

Seven DX/REL matched cell line pairs were studied, each pair

tested concurrently under identical culture conditions. Six of seven

pairs showed attenuated cytochrome c release from tumor cells

derived at relapse (Figs 1B and C, and EV1A). For five of the seven

pairs, REL mitochondria had reduced cytochrome c release in

response to both tBid and BimBH3 in every biological replicate, with

both reduced sensitivity for release and reduced maximal release.

One pair demonstrated reduced cytochrome c release in response to

BimBH3 peptide but not tBid; and one pair showed similar release

(CHLA122/CHLA136; maximal release differed < 10% in all but one

replicate). Overall, in 41 of 44 (93%) assays with tBid or BimBH3,

the mitochondria from post-relapse tumor cells released less cyto-

chrome c than their patient-matched counterparts from the time of

diagnosis. Recombinant tBid was more potent at inducing cyto-

chrome c release than BimBH3 peptide (all experiments), and maxi-

mal tBid-induced release exceeded that of BimBH3 in 39 of 42

(93%) experiments, despite BimBH3 peptide being used to > 1 log

higher concentrations.

Relative cytochrome c release from tumor cell mitochondria was

reproducible (Figs 1C and EV1). Mitochondria from CHLA15 (DX)

2 of 20 The EMBO Journal 41: e108272 | 2022 ª 2022 The Authors

The EMBO Journal Jorida Çoku et al
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and CHLA20 (REL) were profiled in 9 biological replicates with both

tBid and BimBH3, and maximal cytochrome c release for CHLA15

was greater than CHLA20 in all 18 experiments. The SKNBE1 (DX)/

SKNBE2 (REL) and COGN144 (DX)/COGN145 (REL) pairs were pro-

filed in 4 biological replicates each, and DX tumor mitochondria

released more cytochrome c to both tBid and BimBH3 in all 16

A

B

D

C

Figure 1. Mitochondria from REL neuroblastomas have attenuated apoptotic responses.

A Tumor models were derived at DX and REL following treatment. Mitochondria-rich fractions were exposed to tBid or BimBH3 peptide and cytochrome c release
measured as a surrogate for apoptotic commitment.

B Maximal cytochrome c release in response to tBid or BimBH3 peptide for each replicate of a DX/REL tumor pair (1–9 biological replicates per DX/REL pair; n = 44
total).

C Maximal cytochrome c release for all DX/REL pairs with ≥ 3 biological replicates; box-whisker plots summarize data (box 25–75%; belt = median; dot = mean; and
whiskers = minimum and maximum values).

D Bak oligomerization in response to escalating tBid concentration for DX/REL pairs. Relative mitochondrial protein loading per lane is assessed by densitometry,
showing ration of loading control in REL lane with patient-matched DX lane at same tBid exposure (no REL lane is underloaded compared to DX lane).

Data information: Statistical analyses in C were performed using an unpaired two-sided Student’s t-test, with significance P < 0.05 (trend P < 0.10). Cyto c, cytochrome
c; mito, mitochondria.
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experiments. In contrast, CHLA122 (DX) and CHLA136 (REL)

showed nearly equivalent cytochrome c release in four of five exper-

iments (in one, DX cells released > 10% more cytochrome c than

REL cells in response to BimBH3). In all, maximal cytochrome c

release in response to tBid or BimBH3 peptide was significantly

higher for DX tumor cells compared with patient-matched REL

tumor cells for the CHLA15/CHLA20, SKNBE1/SKNBE2C, and

COGN144/COGN145 pairs, consistent with apoptosis resistance at

relapse (Table 1). Overall, DX neuroblastomas released > 50% of

available cytochrome c in 38 of 43 of experiments (88%) using

either tBid or BimBH3 as a stimulus, whereas REL neuroblastomas

released > 50% in just 19 of 44 of experiments (43%), further

reflecting their attenuated response to stress (P < 0.01). Only the

CHLA122/CHLA136 pair demonstrated no difference in cytochrome

c release in response to tBid or BimBH3.

To confirm that MOMP was being induced by Bak and/or Bax

oligomerization in our cytochrome c release assays, we compared

their sensitivity to form homo-oligomers in response to increasing

concentrations of tBid. Bak sensitivity to tBid, its preferential target

(Sarosiek et al, 2013a), was reduced in CHLA20 and BE2C mito-

chondria compared with matched DX cells. Bax oligomerization was

also reduced in CHLA20, while CHLA136 did not have differential

oligomerization of Bak or Bax in response to tBid (Figs 1D and

EV2A).

Cytochrome c release from isolated mitochondria correlates with
tumor cell sensitivity to diverse therapeutic stressors

Attenuated mitochondrial responses to tBid and Bim, the stress sen-

tinels activated by chemotherapy (Tan et al, 2005; Kim et al, 2006;

Ren et al, 2010; Sarosiek et al, 2013a), predicts for reduced cytotox-

icity in response to such drugs. We compared sensitivity to chemo-

therapeutics of different drug classes used to treat neuroblastoma,

including cisplatin, mafosfamide, etoposide, and doxorubicin.

Etoposide and doxorubicin are substrates for the multidrug resis-

tance protein, P-glycoprotein-1, whereas cisplatin and mafosfamide

are not. Both the CHLA15/CHLA20 and SKNBE1/SKNBE2C pairs

that had attenuated release of cytochrome c from REL mitochondria,

showed relative chemoresistance in REL tumor cells to both P-

glycoprotein-1 substrates and non-substrates (Fig 2A; Appendix Fig

S1A; Table 1). In contrast, the CHLA122/CHLA136 pair without

attenuated mitochondrial release of cytochrome c did not show dif-

ferential chemosensitivity. Comparing IC50 values for DX/REL pairs

showed 1.6-fold to 33-fold resistance for CHLA15/CHLA20 (three of

four drugs with > 3-fold difference); 4.2-fold to 122-fold for

SKNBE1/SKNBE2C (all four drugs with > 3-fold difference); and

1.2-fold to 2.6-fold for CHLA122/CHLA136 (no drugs with > 3-fold

difference). We next assessed sensitivity to ionizing radiation as a

treatment modality to which there is less cross-resistance than che-

motherapy. Radiation bypasses drug transport and metabolism con-

tributions to deliver genotoxic stress that can be quantified as γ-
H2AX foci. SKNBE2C (REL) cells had a larger induction of γ-H2AX
foci post-radiation (~10-fold compared with ~5-fold for SKNBE1;

P = 0.04), yet they were 2-fold more radiation resistant (Fig EV3).

However, SKNBE2C cells harbor an acquired TP53 mutation

(C135F) contributing to their resistance, and fail to induce p53, p21,

or noxa. CHLA20 (REL) cells, however, are TP53 wild type and were

also > 2-fold radiation resistant in comparison with CHLA15 (DX)

cells despite both inducing p53 response genes and deriving equiva-

lent DNA damage, confirming attenuated apoptotic signaling down-

stream of radiation-induced genotoxic damage (Fig 2B and C).

To determine whether attenuated mitochondrial responses also

contribute to resistance to molecularly targeted drugs, we tested

Bcl2 inhibitors since their mechanism of activity is localized at

mitochondria. We previously showed that CHLA15 (DX) cells are

sensitive to Bcl2 inhibitors as they use Bcl2 to sequester Bim and

prevent its activation of Bak or Bax (Goldsmith et al, 2012). Both

CHLA15 (DX) and CHLA20 (REL) cells have Bim sequestered by

Bcl2 and the Bcl2/Bclx inhibitor ABT-737 displaces Bim with equal

potency, yet CHLA20 cells are > 40-fold more resistant despite the

patient the cell line derived from never having been treated with a

Bcl2 inhibitor (IC50: CHLA15 = 260 nM, CHLA20 = 11.4 μM; Fig 2

D). In contrast, the CHLA122/CHLA136 pair also have Bim seques-

tered by Bcl2, but these cells have similar cytochrome c release

and Bcl2 inhibitor responses (~1.8-fold IC50 difference). We did

not test SKNBE1/SKNBE2C cells with ABT-737 as they use Mcl1,

rather than Bcl2, to neutralize Bim (Goldsmith et al, 2012). We

next studied anaplastic lymphoma kinase (Alk) inhibitors since

mutations in the ALK gene are found in 10–14% of neuroblasto-

mas, and Alk inhibition has anti-tumor activity (Bresler et al,

2014). Both CHLA15 (DX) and CHLA20 (REL) cells harbor an ALK

R1275Q mutation (variant allele frequency of 0.46 and 0.49,

respectively). The patient this tumor pair was obtained from had

not been treated with an Alk inhibitor, yet REL cells were > 3-fold

more resistant to the Alk inhibitors crizotinib, ceritinib, and lorla-

tinib, without having a secondary resistance-encoding ALK muta-

tion (e.g., crizotinib IC50: CHLA15 = 96 nM and

CHLA20 = 349 nM; Fig 2E). SKNBE1/SKNBE2C and CHLA122/

CHLA136 have wild-type ALK and are resistant to Alk inhibitors

(Appendix Fig S1B). Therefore, attenuated mitochondrial signaling

that arises in response to multimodal therapy in situ confers resis-

tance to chemotherapy, radiotherapy, and molecularly targeted

drugs (the latter in the absence of prior selective pressure). We

next assessed the reverse: whether selection for resistance to a

molecularly targeted agent can induce this mitochondrial pheno-

type. We exposed SH-SY5Y (ALK F1174L) and NB1643 (ALK

R1275Q) cells to escalating concentrations of crizotinib to generate

crizotinib-resistant clones, and both demonstrated attenuated

MOMP responses to tBid and BimBH3 in the absence of secondary

ALK mutations, phenocopying REL cells (Fig 2F). In addition, such

Alk inhibitor-resistant cells were more resistant to chemotherapy

drugs such as etoposide (> 20-fold) and molecularly targeted drugs

like Bcl2 inhibitors (> 40-fold; Fig 2G).

Attenuated mitochondrial apoptotic responses are accompanied
by reductions in MAMs

We confirmed that loss of Bak or Bax, or upregulation of pro-

survival Bcl2-family proteins, were not drivers of attenuated MOMP

[Fig EV2B and C and (Goldsmith et al, 2012)]. We next compared

mitochondrial mass, size, shape, and mitochondrial DNA (mtDNA)

from DX and REL pairs, as these have been correlated with apopto-

tic signaling in other systems. Mitochondrial mass assessed by cit-

rate synthase activity was unchanged in CHLA15 and CHLA20, and

reduced in SKNBE2C (relative to SKNBE1) and CHLA136 (relative to

CHLA122; Fig EV4A). Mitochondrial DNA content was measured
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Table 1. Summary of paired diagnostic (DX) and relapse (REL) neuroblastoma models.

CHLA15 CHLA20 SKNBE1 SKNBE2C CHLA122 CHLA136

Mitochondrial response

Max % cyto c release, tBid
(mean � SD)

78 � 8 53 � 19 P < 0.01 85 � 7 59 � 11 P < 0.02 77 � 5 78 � 1 P = ns

Max % cyto c release, BimBH3
(mean � SD)

63 � 13 31 � 12 P < 0.01 68 � 14 40 � 7 P < 0.02 66 � 6 62 � 4 P = ns

Tumor cell response (fold-resistance, IC50)

Mafosfamide 3.9 12.9 1.2

Doxorubicin 33.0 28.6 1.7

Cisplatin 1.6 4.2 2.6

Etoposide 3.5 122.0 2.1

Ionizing Radiation 2.1 2.0 n.d.

Crizotinib 5.0 n.d. n.d.

ABT737 44.0 n.d. 1.8

Mitochondria

Number analyzed 196 241 137 160 206 143

Perimeter, mean (nm) 2,207 1,725 P < 0.01 1,653 1,810 P = 0.06 1,626 1,454 P = ns

Perimeter, median (nm) 2,055 1,675 1,503 1,725 1,404 1,330

Circularity, median 0.902 0.920 P < 0.01 0.910 0.898 P = ns 0.913 0.905 P = ns

Roundness, median 0.996 0.745 P = ns 0.714 0.692 P = ns 0.676 0.655 P = ns

% with 0 MAMs 18% 32% P < 0.01 18% 40% P < 0.01 17% 8% P < 0.01
(REL fewer)

% with 1 MAMs 39% 39% 37% 35% 33% 34%

% with 2–3 MAMs 41% 25% P < 0.01 38% 22% P < 0.01 42% 43% P = ns

% with ≥ 4 MAMs 3% 3% 6% 4% 7% 15%

%OMM with MAM gap width
≤ 10 nm

0.7% 0.4% (↓43%) 2.3% 1.1% (↓52%) 2.1% 2.7% (↑29%)

%OMM with MAM gap width
≤ 25 nm

2.5% 2.1% (↓16%) 6.0% 3.5% (↓42%) 6.1% 6.8% (↑11%)

%OMM with MAM gap width
≤ 50 nm

6.8% 6.3% (↓7%) 12.4% 7.6% (↓39%) 12.8% 14.2% (↑13%)

%OMM with MAM gap width
≤ 100 nm

16.9% 15.5% (↓8%) 24.4% 15.2% (↓38%) 24.0% 25.5% (↑6%)

MAM

Number analyzed 267 266 203 154 334 386

MAMs per mitochondria 1.36 1.10 P < 0.01 1.48 0.96 P < 0.01 1.62 2.00 P = 0.01
(REL more)

MAM frequency (per nm
perimeter)

1,651 1,556 1,116 1,880 710 1,134

%MAM with gap width
≤ 10 nm

18% 12% P = 0.05 30% 21% P < 0.01 36% 39% P = ns

%MAM with gap width
≤ 25 nm

40% 36% P = ns 57% 46% P < 0.01 65% 69% P = ns

%MAM with gap width
≤ 50 nm

70% 63% 80% 73% 86% 93%

%MAM with gap width
≤ 100 nm

100% 100% 100% 100% 100% 100%
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using quantitative PCR for two mitochondrial genes (MT-CO1 and

MT-ATP6), each normalized to two nuclear genes (CFAP410 and

MTTP) that are disomic in > 85% of neuroblastomas. TP53 mutant

SKNBE2C cells had markedly reduced mtDNA content compared

with TP53 wild-type SKNBE1 cells, consistent with p53 mutation

effects on mtDNA content (Park et al, 2016). CHLA15/CHLA20 and

CHLA122/CHLA136 had less divergent mtDNA quantity with

modest reductions in REL cells at a subset of loci (Fig EV4B). We

next used transmission electron micrographs of each cell line to

assess mitochondrial size (circumference) and shape (roundness

and circularity; Fig 3A–C). These did not differ for the SKNBE1/

SKNBE2C and CHLA122/CHLA136 pairs, although there was a trend

toward larger mitochondria in SKNBE2C (P = 0.06). The CHLA15

(DX) and CHLA20 (REL) pair did differ, with REL cells having

A B

F G

C

D E

Figure 2. REL neuroblastomas are resistant to multimodal cancer therapeutics.

A In vitro viability curves after 72 h exposure to mafosfamide or doxorubicin. Results are shown for three DX/REL neuroblastoma cell line pairs, two with attenuated
cytochrome c release (CHLA15/CHLA20 and SKNBE1/SKNBE2C), and one without (CHLA122/CHLA136).

B DNA damage induced by 2 Gy ionizing radiation as measured by γ-H2AX foci at 1 h (n = 53–77 cell nuclei/condition scored; mean shown); statistical analyses
performed using two-tailed Mann–Whitney U test.

C–E In vitro viability for CHLA15 (DX) and CHLA20 (REL) following ionizing radiation at 7 days, 48 h exposure to the Bcl2/Bclx inhibitor, ABT-737, or 120 h exposure to
the Alk inhibitor, crizotinib.

F Cytochrome c release from mitochondria after exposure to tBid or BimBH3 peptide for parental NB1643 and SY5Y cells, in comparison to cells cultured in escalating
concentrations of crizotinib until resistant (NB1643-ALKR and SY5Y-ALKR).

G In vitro viability of NB1643 and NB1643-ALKR cells following 72 h exposure to ABT-737.

Data information: For A, C–E, and G, data points are mean and SD from triplicate wells, experiments are representative of at least three biological replicates, dotted line
represents 50% viability. For F, data points are mean of duplicate wells (SD < 0.05 at all points) in a representative experiment from at least two biological replicates.
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smaller more circular mitochondria (P < 0.01). No feature corre-

lated with mitochondrial cytochrome c release sensitivity across all

pairs.

We applied electron microscopy to visualize the mitochondria-

enriched heavy-membrane fractions tested in our mitochondrial pro-

filing assays. Non-mitochondria organellar membranes were abun-

dant yet there was an increase in the proportion of mitochondria in

fractions from REL cells, despite their reduced cytochrome c release

when stimulated (Fig EV4C and D). ER, including MAM, is a major

contributor to heavy-membrane fractions. We postulated that fewer

ER–mitochondria contacts cause reduced MAM content to be pulled

down in heavy-membrane fractions. We further fractionated these

to resolve purified mitochondria from MAMs (Annunziata et al,

2013). With equal cellular input, more MAMs were present from DX

cells than REL cells for the CHLA15/CHLA20 and SKNBE1/

SKNBE2C pairs, while the CHLA122/CHLA136 pair that lacks atten-

uated mitochondrial signaling had slightly more MAM from REL

cells (Fig EV4E). We also assessed ER-specific proteins in heavy-

membrane fractions from DX and REL cells but were unable to

detect differential expression (Fig EV4F).

We directly visualized MAM interfaces using transmission elec-

tron micrographs of DX and REL tumor cells (all MAM interface data

can be found in Dataset EV1). We defined MAMs as regions of ER

within 100 nm of the outer mitochondrial membrane (OMM), and

characterized their number, length, and gap width from the OMM,

binned as ≤10 nm, >10–25 nm, >25–50 nm, and >50–100 nm

(Fig 3D). CHLA20 (REL) cells had reduced MAM content compared

with CHLA15 (DX) cells (Table 1). The number of MAMs per mito-

chondria was reduced (P < 0.01), the frequency of mitochondria

with ≥ 2 MAMs was reduced while those with absent MAMs were

increased (both P < 0.01). Because CHLA20 mitochondrial had a

mean circumference 22% smaller (P < 0.01), MAMs occurred at

equal frequency in DX/REL cells: every 1,651 nm in CHLA15 and

every 1,556 nm in CHLA20. However, there was a marked reduction

in closely apposed MAMs and MAM lengths in REL cells. The pro-

portion of MAM that came within 10 nm of the OMM was reduced

A B C

D E F

Figure 3. REL neuroblastomas have reduced mitochondria-associated membranes compared with patient-matched tumors from DX.

A–C Transmission electron microscopy image analysis was used to quantify mitochondrial size, circularity, and roundness in DX/REL neuroblastoma pairs (mean � SD
shown).

D Electron micrograph illustrating organelle masking of MAM interfaces; scale bar = 500 nm.
E Proportion of mitochondria with 0–6 or more MAMs are shown for each cell line, as DX/REL pairs.
F Percentage of mitochondria perimeter with an apposed ER within defined gap widths for DX/REL neuroblastoma cell line pairs; dotted lines denote +10% and

−10% change.

Data information: For A–C and E, F, n = 137–241 mitochondria per cell line; er, endoplasmic reticulum; m, mitochondria. For A-C, statistical analyses were performed
using a two-tailed Mann–Whitney U test, with significance P < 0.05 (trend P < 0.10).
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(P = 0.05), as was the proportion of the OMM perimeter in contact

with a MAM at < 10 nm. In contrast, the proportion approximated

by a MAM at larger gap distances was less reduced (Fig 3E and F).

Similarly, SKNBE2C (REL) cells were reduced in the number of

MAMs per mitochondria compared to SKNBE1 (DX) cells

(P < 0.01), and the frequency of mitochondria with ≥ 2 MAMs was

reduced, while those absent MAMs were increased > 2-fold (both

P < 0.01). MAMs occurred on average every 1,116 nm along the

OMM of SKNBE1 but only every 1,880 nm in SKNBE2C. In addition

to reduced frequency, the total length and proximity of MAMs were

reduced in SKNBE2C cells, adjacent to 24% of the mitochondrial

perimeter in SKNBE1 but only 15% in SKNBE2C cells, and MAMs

were markedly reduced across all gap widths (Fig 3E and F).

In contrast, CHLA136 (REL) cells do not have attenuated mito-

chondrial responses, multidrug resistance, reduced MAM content by

fractionation, nor reduced MAM interfaces in comparison with

CHLA122 (DX) cells. In fact, CHLA136 (REL) cells had a trend

toward more mitochondria with ≥ 2 MAMs (P = 0.10) and fewer

orphan mitochondria (P < 0.01), more MAMs per mitochondria

overall (P = 0.01), and a slightly higher proportion of MAMs along

the OMM across all gap widths. The characteristics of individual

MAMs by their length and relative proximity to the mitochondrial

outer membrane were otherwise similar (Fig 3E and F; Table 1). In

all, reduced ER–mitochondria connectivity (in particular, a reduc-

tion in the proportion of MAMs in close proximity to the OMM) was

recurrently present in tumor cells with multidrug resistance and

attenuated mitochondrial responses to death stimuli, nominating

this feature as a contributor to therapy resistance.

The role of MAMs in mitochondrial apoptotic signaling can be
functionally demonstrated

Murine liver and HeLa cell mitochondria separated from MAMs

using limiting proteolysis have reduced cytochrome c release in

response to Bid and BimBH3 domains (Chipuk et al, 2012). We

tested limited proteolysis and immunomagnetic bead separation to

mechanically isolate mitochondria from ER in DX neuroblastoma

cells. Both induced non-specific cytochrome c release, dampening

the dynamic range of the assay. Neither process reduced the integ-

rity or abundance of Bak (the preferential target of tBid), although

the latter led to reduced MAM markers such as Facl4 protein (Fig

EV2D and E). Immunomagnetic bead separation induced less mem-

brane disruption, and MOMP sensitivity in response to BimBH3 was

greater for CHLA15 heavy-membrane fractions (intact MAMs) com-

pared with purified mitochondria (reduced MAMs; Fig 4A; SKNBE1

could not be reliably assessed due to high non-specific release with

both methods).

We next knocked-down expression of phosphofurin acid cluster

sorting protein-2 (PACS2) and mitofusin-2 (MFN2) as these have

been shown to reduce MAMs (Simmen et al, 2005; de Brito & Scor-

rano, 2008; Moulis et al, 2019). Mitochondria in CHLA15-shPACS2

cells with Pacs2 expression reduced > 50% were larger than

CHLA15-shCtrl cells but similar in roundness and circularity

(Fig 4B–E). There was a trend toward reduced MAM per mitochon-

dria, although the distribution of MAMs to mitochondria was pre-

served (Fig 4F; Table 2). MAM length and proximity were reduced,

with Pacs2 knockdown cells having a reduced MAM per mitochon-

drial perimeter across all gap widths (Fig 4F and G; Table 2). The

proportion of MAM that came within 10 or 25 nm of the OMM was

reduced (P = 0.02 and P < 0.05, respectively), as was the propor-

tion of the OMM perimeter in contact with a MAM at all gap widths

(Fig 4G). By comparison, mitochondria in CHLA15-shMFN2 cells

with Mfn2 reduced ~60% had reduced circularity and roundness

(P = 0.03 and P < 0.01, respectively) but size was maintained

(Fig 4B–E). There were fewer MAMs per mitochondria (P < 0.01),

and the frequency of mitochondria with ≥ 2 MAMs was reduced

while those absent MAMs were increased (both P < 0.01; Fig 4F).

Moreover, MAM lengths were reduced across all gap widths (Fig 4

G). We tested the sensitivity of these cells to the Bcl2/Bclx-inhibitor,

ABT-737, a pharmacological enhancer of MOMP in CHLA15 cells,

and knockdown of Mfn2 or Pacs2 phenocopied the ABT-737 resis-

tance seen in CHLA20 cells, shifting the IC50 > 18-fold and 8-fold,

respectively (Fig 4H). In addition, CHLA15-shMFN2 cells, which

had more substantial MAM alterations than did CHLA15-shPACS2

cells, showed a resistance to tBid and BimBH3 in mitochondrial pro-

files that phenocopied multidrug-resistant neuroblastomas (Fig 4I).

Reduced transfer of Ca2+ from MAMs to mitochondria is not
required for attenuated apoptotic signaling

Mitochondria-associated ER membranes support mitochondria as

platforms to integrate stress signals. ER provides the major intracel-

lular reservoir for Ca2+, and MAMs are enriched with Ca2+ release

constituents to create localized microdomains that enable calcium

transfer into mitochondria through the low-affinity mitochondrial

calcium uniporter [mtCU; (Rizzuto & Pozzan, 2006)], which has

been linked to Bcl2 family function and apoptotic sensitivity

(Hajnoczky et al, 2000; Rizzuto & Pozzan, 2006). Indeed, syntheti-

cally decreasing ER–mitochondria tethering in rat liver cells and

basophils reduces Ca2+ transfer and apoptotic sensitivity, while

augmenting tethering increases both (Csordas et al, 2006).

We posited that the reduction in MAMs in REL tumors reduces

ER-to-mitochondria Ca2+ transfer to attenuate apoptotic signaling.

We measured Ca2+ transfer in two DX/REL pairs with differential

MAM content. Mitochondrial calcium concentration ([Ca2+]m) was

detected with a fluorescent protein-based Ca2+ sensor targeted to

the mitochondrial matrix, GCamp6f. Cytoplasmic calcium concen-

tration ([Ca2+]c) was monitored with fura2 loaded to the cells as

fura2AM. Calcium responses evoked by the IP3R-linked stimulus,

carbachol, were recorded and the time courses for the corre-

sponding fluorescence signals calculated. CHLA20 (REL) cells have

attenuated MOMP responses, multidrug-resistant phenotype, and

reduced MAM content in comparison with CHLA15 cells (DX), yet

both have similar [Ca2+]c and [Ca2+]m signals and coupling time

(< 2 s), the time difference between [Ca2+]c and [Ca2+]m achieving

50% of maximum (Fig 5A; Appendix Fig S2E). Like CHLA20,

SKNBE2C (REL) cells also have attenuated MOMP responses,

multidrug-resistant phenotype, and reduced MAM content in com-

parison with SNKBE1 (DX) cells. However, unlike CHLA20,

SKNBE2C cells have markedly reduced Ca2+ transfer compared

with SKNBE1 (DX) cells, with a > 3-fold increase in coupling time

(P < 0.01; Fig 5B). We genetically augmented MAMs in SKNBE2C

cells using a monomeric linker composed of a fluorescent protein

extended with ER and OMM membrane anchor domains (Csordas

et al, 2006). Linker-induced augmentation of MAMs normalized

the Ca2+ transfer coupling time to ~1.5 s, compared with a control
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OMM-only linker, confirming the reduction was a consequence of

reduced MAMs (Fig 5C). In both the CHLA15/CHLA20 and

SKNBE1/SKNBE2C pairs, the REL cells showed similar

proportional reductions in MAM coverage at ≤10 nm ER–mito-

chondrial gap width (Table 1). However, CHLA20 cells had pre-

served MAM coverage at larger gap widths capable of

A

E F

H I

G

B C D

Figure 4. Chemically or genetically reducing MAMs leads to MOMP resistance.

A Heavy-membrane (HM) fractions of CHLA15 were rendered MAM depleted by immunomagnetic separation to derive purified mitochondria (pMito), and
cytochrome c release measured in response to BimBH3 peptide.

B–D TEM analyses were used to quantify mitochondrial size, circularity, and roundness in CHLA15 cells transfected with a sh-control (Ctrl), shMFN2 or shPACS2
constructs (mean � SD shown).

E Immunoblot assessment of Mfn2 and Pacs2 protein knockdown.
F Proportion of mitochondria with 0–5 MAMs are shown for each.
G Percentage of mitochondria perimeter with an apposed ER within defined gap widths; dotted lines denote +10% and −10% change.
H In vitro viability of CHLA15-ctrl, CHLA15-shMFN2, CHLA15-shPACS2, and CHLA20 cells following 72 h exposure to ABT-737; dotted line represents 50% viability.
I Mitochondrial cytochrome c release in response to tBid and BimBH3 peptide in CHLA15-Ctrl, CHLA15-shMFN2, and CHLA15-shPACS2 cells.

Data information: For B–D and F, G, n = 214–246 mitochondria per cell line. For A and I, data points are mean of duplicate wells (SD < 0.05 at all points) in a
representative experiment from at least two biological replicates; for H, data points are mean and SD from triplicate wells, experiments, are representative of at least
two biological replicates. For B–D, statistical analyses were performed using a two-tailed Mann–Whitney U test, with significance P < 0.05.
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accommodating the Ca2+ transfer machinery, while SKNBE2C cells

were reduced at all gap widths, limiting Ca2+ transfer.

We used biochemical and genetic approaches to further evaluate

Ca2+ transfer and stress sensitivity. We treated CHLA15 heavy-

membrane fractions with Ru360 that inhibits the mtCU, before mea-

suring cytochrome c release in response to tBid or BimBH3. No

reduction in release was seen (Fig 5D). Similarly, CHLA20 (REL)

cells did not have further attenuated cytochrome c release following

exposure to Ru360. We next used siRNA to reduce expression of

MCU, the pore-forming component of the mtCU (Baughman et al,

2011; De Stefani et al, 2011). MCU was not differentially expressed

in DX/REL pairs (Appendix Fig S2A). MCU knockdown of ~45%
and 60% was achieved in two CHLA15 subclones and MOMP sensi-

tivity was only modestly reduced (Fig 5E and F). We also tested

MCU knockdown and Ru360 exposure in SKNBE1 cells and obtained

similar results (Appendix Fig S2B–D). Collectively, these data sup-

port that reduced Ca2+ transfer from ER to mitochondria is not

required for the attenuated MOMP phenotype.

MAM-reduced tumor cells have diminished ceramide pools, and
repressing ceramide generation at MAMs induces relative MOMP
resistance

Mitochondria are dependent on the transfer of lipids from MAMs to

maintain their OMM composition, including sphingolipids that are

implicated in regulating Bak and Bax sensitivity to stress signals

(Chipuk et al, 2012). ER is the primary organelle for bulk lipid syn-

thesis and distribution, and regulatory enzymes are highly compart-

mentalized within ER subdomains, including MAMs. Neutral

sphingomyelinases are enriched at MAMs where they hydrolyze

sphingomyelin to ceramide and facilitate its transfer to the OMM

through incompletely understood mechanisms (Morad & Cabot,

2013). Ceramide in the OMM facilitates the oligomerization of Bak

and/or Bax (Ganesan et al, 2010).

We quantified bioactive sphingolipids in DX and REL cell pairs

with altered MAM content, focusing on ceramide (Cer) and sphingo-

myelin (SM) species. SKNBE2C cells demonstrated the most altered

sphingolipid profile in comparison with matched DX SKNBE1 cells,

consistent with their markedly disrupted MAM content. This

included reductions in multiple bioactive Cer species (chain length

C32-C36) and total Cers, elevation in SMs, and an elevated SM:Cer

ratio. CHLA20 cells also had reductions in bioactive Cers, although

no alterations in SMs or SM:Cer ratio. Finally, CHLA136 cells did

not have alterations in Cers, SMs, or their ratio, consistent with their

intact MAM content at DX and REL (Fig 6A–F and Fig EV5). To

determine whether reduced MAM-synthesized ceramides specifi-

cally were relevant in regulating MOMP in our models, we inhibited

neutral sphingomyelinase in isolated mitochondria by pre-

incubating them with the inhibitor, GW4869. Prolonged incubation

of isolated mitochondria with GW4869 led to mitochondrial dys-

function and failure to elicit specific cytochrome c release, but drug

incubation for 30 min was tolerated, albeit with a reduced dynamic

Table 2. Summary of CHLA15-Ctrl (DX) and CHLA15-shMFN2 and -shPACS2 models.

CHLA15-ctrl CHLA15-shMFN2 CHLA15-shPACS2

Mitochondria

Number analyzed 214 234 246

Perimeter, mean (nm) 1,416 1,468 P = ns 1,530 P < 0.01

Perimeter, median (nm) 1,319 1,381 1,453

Circularity, median 0.918 0.892 P = 0.03 0.914 P = ns

Roundness, median 0.715 0.655 P < 0.01 0.686 P = ns

% with 0 MAMs 19% 33% P < 0.01 24% P = ns

% with 1 MAMs 37% 39% 39%

% with 2–3 MAMs 37% 26% P < 0.01 22% P = ns

% with ≥ 4 MAMs 6% 1% 5%

%OMM with MAM gap width ≤ 10 nm 1.7% 0.9% (↓47%) 1.0% (↓41%)

%OMM with MAM gap width ≤ 25 nm 5.9% 3.0% (↓49%) 3.5% (↓41%)

%OMM with MAM gap width ≤ 50 nm 12.6% 7.8% (↓38%) 9.3% (↓26%)

%OMM with MAM gap width ≤ 10 nm 27.4% 17.8% (↓35%) 21.2% (↓23%)

MAM

Number analyzed 330 241 331

MAMs per mitochondria 1.54 1.03 P < 0.01 1.35 P = 0.07

MAM frequency (per nm perimeter) 918 1,425 1,137

%MAM with gap width ≤ 10 nm 22% 17% P = 0.09 15% P = 0.02

%MAM with gap width ≤ 25 nm 47% 43% P = ns 40% P < 0.05

%MAM with gap width ≤ 50 nm 68% 73% P = ns 71% P = ns

%MAM with gap width ≤ 100 nm 100% 100% 100%
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A B C

D E F

Figure 5. Reduced Ca2+ transfer at MAMs is not required for attenuated mitochondrial responses to stress.

A, B Cytosolic (black tracing) and mitochondrial (colored tracing) Ca2+ concentration measured using fluorescent reporters in the CHLA15 (n = 29 cells)/CHLA20 (n = 65
cells) and SKNBE1 (n = 37 cells)/SKNBE2C (n = 52 cells) pairs. ER Ca2+ release was induced by 100 μM carbachol, an IP3R-agonist; time added indicated by arrow;
tracings are mean � SD error bars. Coupling time (time between achieving 50% of maximal cytosolic and mitochondrial concentrations) is an index of ER–
mitochondrial proximity and transfer efficiency; plotted below.

C MAM proximity was enforced in SKNBE2C cells using an ER-OMM linker construct, with Ca2+ transfer coupling time (n = 57 cells) compared with cells expressing
an OMM-only control linker (n = 70 cells); tracings are mean � SEM error bars.

D Mitochondrial cytochrome c release for CHLA15 and CHLA20 cells following exposure to tBid or BimBH3 peptide, with or without Ru360 treatment.
E Silencing of the mitochondrial calcium uniporter (MCU) was achieved in two CHLA15-shMCU clones.
F Cytochrome c release in response to tBid and BimBH3 assessed.

Data information: For A–C, data are derived from at least three separate cell transfections (biological replicates). For D and F, data points are mean of duplicate wells
(SD < 0.05 at all points) in a representative experiment from at least two biological replicates. For A–C, statistical analyses were performed using an unpaired two-sided
Student’s t-test, with significance P < 0.05.
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range. Thirty minutes of sphingomyelinase inhibition reduced tBid-

induced cytochrome c release in DX therapy-sensitive CHLA15

(median 35% inhibition; P = 0.09) and SKNBE1 (median 34%;

P < 0.01; Fig 6G and H). CHLA15 cells were most inhibited at lower

tBid concentrations and Bax oligomerization was also inhibited at

these concentrations (Fig EV2F). To exclude direct effects of

GW4869 on cytochrome c release, as opposed to lipid-mediated

mechanisms, we pre-incubated mitochondria without the inhibitor,

and added it at the time of tBid, and no inhibition of cytochrome c

release was observed (Fig 6G).

Discussion

Most cancer deaths result from progression of disease that is resis-

tant to available therapies, yet its principal contributors remain

incompletely understood. The diversity of targets and stress signals

engaged by cancer treatments, and the myriad adaptations cancer

cells use to subvert them, pose fundamental challenges. Cancer ther-

apies activate stress signals that converge on mitochondria (Danial

& Korsmeyer, 2004; Deng et al, 2007; Ni Chonghaile et al, 2011; Vo

et al, 2012; Sarosiek et al, 2013b; Montero et al, 2015), whose ability

to undergo MOMP is regulated by MAMs, essential contacts for the

transfer of metabolites. Here, we identify reduced MAMs as a novel

convergence-based mechanism of resistance arising from attenua-

tion of stress-induced MOMP. Since mitochondria act at a terminal

node integrating stress signals, this attenuated responsiveness con-

tributes to multidrug resistance. Importantly, this mechanism is not

exclusive to other mechanisms of resistance operative upstream of

mitochondria.

We identified the MOMP-attenuated phenotype measuring mito-

chondrial responses to the Bak and Bax activators, tBid and Bim.

Mitochondrial profiling was developed by Letai (Deng et al, 2007)

and used to define Bcl2 family dependencies and predict responses

to chemotherapy (Ni Chonghaile et al, 2011; Vo et al, 2012; Montero

et al, 2015) and molecularly targeted drugs (Hata et al, 2015; Mon-

tero et al, 2015). We studied neuroblastoma, a tumor that often

responds to chemoradiotherapy with tumor regression (Uccini et al,

2006) followed by lethal relapse (Matthay et al, 2009). Limited clini-

cal samples had constrained such investigations, so we derived

patient-matched tumor models at diagnosis and relapse, the latter

frequently manifesting multidrug resistance (Keshelava et al, 1998).

We show that in six of seven pairs, mitochondria from relapsed neu-

roblastomas have reduced MOMP responses to tBid and Bim com-

pared with their at-diagnosis counterparts, providing evidence that

attenuated mitochondrial signaling arises during multimodal ther-

apy. Attenuated MOMP was identified in response to either death

activator, although tBid was more potent. Indeed, BimBH3 is an

intrinsically unstructured peptide (Hinds et al, 2007) that engages

Bak or Bax at micromolar exposures, while recombinant tBid binds

lipid membranes to activate Bak or Bax at nanomolar exposures,

highlighting the importance of lipid membranes in facilitating

MOMP (Walensky et al, 2006; Sarosiek et al, 2013a). Quantitative

variability among biological replicates reflects myriad events

impinging on Bak/Bax-mediated pore formation, including tempera-

ture, pH, detergents, and metabolites (Kale et al, 2018), but working

with patient-matched pairs in parallel enabled reproducible qualita-

tive differences to be identified. A mitochondrial basis has been

proposed for the selective killing of tumor cells by chemotherapy

(Vo et al, 2012; Sarosiek et al, 2013b), and here we expand this

notion to demonstrate a mitochondrial basis for multidrug resis-

tance in response to therapeutic pressure during multimodal

therapy.

Neuroblastoma cell lines represent oligoclonal outgrowths from

tumors. If MOMP sensitivity were highly heterogeneous within a

tumor, we predict some diagnosis–relapse pairs to have attenuated

mitochondrial responses present at diagnosis from chance alone.

Instead, our data support that contributions from intra-tumoral het-

erogeneity are minor compared with the effect of therapeutic selec-

tive pressure. We confirmed that attenuated mitochondrial

responses correlated with resistance to chemotherapy and ionizing

radiation. For the latter, differential cell death follows equivalent

genotoxic stress, emphasizing this as a post-target resistance mecha-

nism. Resistance is also conferred to molecularly targeted drugs

such as Bcl2 and Alk inhibitors in the absence of prior exposure,

since these operate upstream of mitochondria. More surprising is

evidence that selecting for resistance to targeted agents in vitro can

induce the attenuated MOMP phenotype and multidrug resistance.

This provides a potential mechanism for the significant proportion

of patients with emergent resistance to therapeutic kinase inhibitors

that have no on-pathway mechanism identified (Katayama et al,

2012; Chong & Janne, 2013; Lito et al, 2013; Hugo et al, 2015;

Wilson et al, 2015).

We identified reductions in MAM content from tumors with atten-

uated MOMP when visualized by fractionation or quantified by EM

morphometry. ER–mitochondria contacts at MAMs regulate fission/

fusion dynamics to optimize mitochondrial shape (Hoppins &

Nunnari, 2012), which impacts Bax-induced MOMP in murine hepa-

tocytes and embryonic fibroblasts (MEFs) by altering cooperation

among Bcl2 family members. Smaller mitochondria with increased

membrane curvature are more resistant to stress-induced MOMP,

possibly contributing to chemoresistance (Renault et al, 2015). Con-

sistent with this, the CHLA15/CHLA20 pair had smaller more circular

mitochondria in the post-relapse MOMP-resistant tumor cells, how-

ever, the reverse was true for the SKNBE1/SKNBE2C pair. While

mitochondrial size, shape, mass, and mtDNA content differed, only

the reduction in MAMs was present across all models with attenuated

MOMP, while absent in the single pair without this feature.

Our image analyses were done in 2D, so to ensure representative

findings we analyzed > 2,400 MAMs from > 1,700 mitochondria

across nine tumor models. In both the CHLA15/CHLA20 and

SKNBE1/SKNBE2C pairs, MAMs were markedly reduced in the

therapy-resistant post-relapse model, as was the proportion of mito-

chondrial surface with an apposed MAM. In contrast, the only

tumor pair without attenuated MOMP responses or chemoresis-

tance, CHLA122/CHLA136, did not have such alterations. That

MAMs are reduced in cancer cells was originally posited by

Howatson and Ham from EM studies of mouse liver tumors

(Howatson & Ham, 1955). A role in mediating apoptotic sensitivity

was demonstrated using MEF heavy-membrane fractions, as MOMP

sensitivity to Bid was reduced when mitochondria were purified

away from their associated MAMs (Chipuk et al, 2012). Similarly,

we could phenocopy attenuated MOMP responses in DX tumors by

reducing MAMs from mitochondria with chemical proteolysis or

genetic perturbation. In the latter, we used EM morphometry to con-

firm the MAM-reduced phenotype.
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Figure 6. Reduced ceramides are present in REL cells with depleted MAMs.

A–C Concentration of ceramide species as measured by LC/MS from DX and REL pair whole-cell pellets.
D, E Cumulative ceramides and sphingomyelins (of C32–C36 chain length) for DX/REL pairs.
F Ratio of total C32-C36 sphingomyelins:ceramides for DX/REL pairs.
G Cytochrome c release for CHLA15 and SKNBE1 mitochondria following exposure to tBid, pre-incubated for 30 min with or without GW4869, and CHLA20 and

SKNBE2C pre-incubated without GW4869 (left panel); same experiment but with GW4869 added with tBid, after the 30 min pre-incubation (right panel).
H Summary data for CHLA15/CHLA20 and SKNBE1/SKNBE2C showing relative cytochrome c release when pre-incubated with GW4869 to inhibit ceramide generation,

compared with untreated cells.

Data information: A–F show mean of three to four biological replicates plotted; three technical replicates each; D–F error bars are � SD. For G, data points are mean of
duplicate wells (SD < 0.05 at all points) in a representative experiment from at least two biological replicates. All data points from two (CHLA15) or three (SKNBE1)
biological replicates are depicted in H. Statistical analyses were performed using an unpaired two-sided Student’s t-test, with significance P < 0.05 (trend, P < 0.10).
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These data support that an essential factor for mitochondrial sen-

sitization to MOMP is provided by MAMs. Korsmeyer’s group

showed that many intrinsic cell death signals require both func-

tional Bak or Bax and ER-released Ca2+ (Scorrano et al, 2003), and

deficiencies in MAM-derived Ca2+ transfer can confer apoptosis

resistance in mesothelioma cells (Patergnani et al, 2015). We found

a > 3-fold increase in Ca2+ transfer coupling time (reflecting reduced

transfer) in therapy-resistant SKNBE2C cells compared with DX

cells, which was normalized using a linker that tightens MAM con-

tacts. However, we found no change in coupling time for the

CHLA15/CHLA20 pair. CHLA20 have reduced MAMs with tight gap

widths with relative preservation at larger gap widths that enable

Ca2+ transfer (Csordas et al, 2006, 2010). While altered Ca2+ transfer

may contribute to MOMP regulation, it is not indispensable for ther-

apy resistance in neuroblastoma and disrupted Ca2+ transfer did not

phenocopy MOMP attenuation. It is postulated that Ca2+ transfer at

MAMs regulates the mitochondrial permeability transition pore and

sphingolipid transfer regulates MOMP (Lemasters et al, 2009; Bauer

& Murphy, 2020).

Narrow gap width MAMs are unable to accommodate the Ca2+

transfer machinery but are critical for lipid transport, and tight con-

tacts (< 10 nm) have been referred to as lipid-ERMCs or lipid-

MAMs (Schauder et al, 2014; Martino Adami et al, 2019). We show

that resistant neuroblastoma cells have reduced ceramide levels

reflecting reduced MAM activities and inhibiting the hydrolysis of

sphingomyelin that occurs at MAMs for only 30 min partially

phenocopies the attenuated MOMP phenotype. Ceramides are syn-

thesized by neutral sphingomyelinases enriched at MAMs, and

transferred to the OMM where they synergize with Bak and Bax to

induce pore formation (Ganesan et al, 2010). Multiple ceramide reg-

ulators (including sphingomyelinase) were identified as determi-

nants of multidrug resistance in an siRNA screen across diverse

carcinoma cell lines. That work was agnostic to consideration of

MAM content yet knockdown of six of six ceramide-metabolizing

enzymes led to drug sensitivity changes (increased or decreased)

predicted by a ceramide–OMM–MOMP model (Swanton et al, 2007).

Chipuk and Green demonstrated that the reduced MOMP sensitivity

of mitochondria purified away from MAMs results from loss of neu-

tral sphingomyelinase activity. Sensitivity was restored by the addi-

tion of microsomes containing MAM domains, active

sphingomyelinase and sphingomyelin, or ceramide and/or

ceramide-derived lipids (Chipuk et al, 2012). Walensky’s group

identified a covalent lipid-binding site on Bax regulating its oligo-

merization potential (Cohen et al, 2020), and crystal structures have

revealed Bak sites preferentially bound by lipids and necessary to

support its oligomerization (Cowan et al, 2020). Targeting neutral

sphingomyelinases to various organelles demonstrated that cera-

mide’s effect on apoptosis induction requires its presence at mito-

chondria (Birbes et al, 2001) where it creates ceramide-rich

macrodomains that enhance Bak or Bax oligomerization (Lee et al,

Figure 7. MAM-mediated mitochondrial resistance model.

DX neuroblastoma cells have MAM-replete mitochondria that are MOMP competent and sensitive to therapeutic stress. REL tumor cells have reduced MAMs (by number
and/or proximity) and are relatively multidrug resistant due to attenuated MOMP (red box). Rare tumors at relapse retain MOMP competence and relative therapy
sensitivity (green box). Ca2+ transfer may be reduced but is not essential for the multidrug-resistant phenotype. Reduced transfer of sphingolipids such as ceramides
(Cer) at MAMs is common in REL cells and contributes to attenuated MOMP via altered Bak/Bax oligomerization in response to stress.
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2011). Finally, mistargeting of the ceramide transporter, CERT, to

mitochondria enhances Bax-dependent MOMP and this requires its

ceramide transfer domain (Jain et al, 2017). Here, we propose that

MAMs serve this “targeting” role to facilitate ceramide transfer to

the OMM, and this is frequently disrupted in REL tumor cells.

Since MAMs serve as physiological regulators of apoptosis by

maintaining an OMM lipid milieu that supports Bak and/or Bax olig-

omerization (Renault & Chipuk, 2014), MAM reductions may com-

prise an adaptive response providing a novel multidrug resistance

mechanism (Fig 7). Additional work defining the lipid requirements

downstream of ceramide that support MOMP, and how they are

disrupted in cancer, is warranted. Alterations in MAMs have

increasingly been linked to diverse pathological states, including

cardiomyocyte recovery after reperfusion injury (Paillard et al,

2013), neurodegeneration (Zampese et al, 2011; Area-Gomez et al,

2012; Cali et al, 2013; Hedskog et al, 2013; Ottolini et al, 2013),

obesity-related diabetes (Rieusset, 2011; Arruda et al, 2014), and

systemic lipid homeostasis (Anastasia et al, 2021). Importantly, our

attenuated MOMP model proposes that multidrug resistance does

not reflect an absence of death signals but their insufficiency to trig-

ger MOMP. Investigational cancer drugs are often tested in patients

with multidrug resistance. For drugs that do not induce a tumor

response, we cannot differentiate those that engaged their target to

liberate death-activating signals that remain subthreshold for MOMP

versus those that did not. This may lead to drugs that might have

clinical efficacy in other settings being abandoned. Finally, recogni-

tion of this phenotype can facilitate the development of tools to

measure ER–mitochondria interactions for clinical use in predicting

therapy resistance and provide a novel framework for testing inter-

ventions to prevent emergent resistance or restore mitochondrial

competence to resistant cancers.

Materials and Methods

Cell lines

Cell lines were obtained from the COG/ALSF Childhood Cancer

Repository (www.CCcells.org) and grown in IMDM Media 12440

(Life Technologies, Gaithersburg, MD) supplemented with 10% fetal

bovine serum, 2 mM L-glutamine, 1% ITS, 100 U/ml of penicillin,

and 100 μg/ml gentamycin. Those obtained at diagnosis (DX) were

kept physically separate from those at relapse (REL) to avoid cross-

contamination. All were subjected to STR identity and pathogen

testing every 4–6 months. Culture conditions were 37°C in a humid-

ified atmosphere of 5% CO2. Cell lines were interrogated for cancer

gene mutations using the FoundationOne CDx assay (Foundation

Medicine) to confirm TP53, ALK, and additional cancer gene muta-

tion status, including variant allele frequencies.

Isolation of heavy-membrane, purified mitochondria, and MAM
fractions

Heavy-membrane fractions were obtained by rupturing cells in iso-

lation buffer A (250 mM Sucrose, 20 mM HEPES, 1 mM DTT,

10 mM KCl, 1 mM EDTA, 1 mM EGTA, and 1.5 mM MgCl2) with

protease inhibitor cocktail by 20 strokes in a 2-ml glass Dounce

homogenizer, followed by removal of debris and nuclei by

centrifugation at 800 g for 10 min and then 1,050 g for 10 min at

4°C. Mitochondria-enriched fractions were collected by centrifuging

the supernatant of the second spin at 12,000 g for 10 min at 4°C.
To visualize MAM content, heavy-membrane fractions were resus-

pended in 2 ml Isolation Medium (250 mM Mannitol, 5 mM

HEPES pH 7.4, 0.5 mM EGTA, and 0.1% BSA) with freshly added

protease inhibitors and slowly layered onto 8 ml of 30% Percoll

gradient prepared with Gradient Buffer (225 mM Mannitol, 25 mM

HEPES pH 7.5, 1 mM EGTA, and 0.1% BSA) in an Ultra-Clear

Beckman Centrifuge Tube, and spun at 95,000 g for 60 min to

resolve MAM from more pure mitochondria, as described (Annun-

ziata et al, 2013).

To prepare purified mitochondria, we used Magnetic Activated

Cell Sorting (MACS) according to the MidiMACS™ Starting Kit

(LS) protocol (130-042-301, Mitenyi Biotec, Germany). Cells were

collected in cold PBS and resuspended in cold Buffer A with pro-

tease inhibitor at 10 million cells/ml. After 20–25 strokes of

homogenization using a 7 ml Dounce homogenizer, 1 ml of cell

lysate was mixed with 9 ml of ice-cold 1× Separation Buffer (130-

091-221, Mitenyi Biotec) and incubated with 50 μl anti-TOM22

microbeads at 4°C on a shaker for 1 h. The mixture was passed

stepwise through an LS column (130-042-401, Mitenyi Biotec),

pre-rinsed with 3 ml of 1× Separation Buffer, and installed in the

magnetic field of the MidiMACS Separator (130-042-302, Mitenyi

Biotec). After washing three times with 3 ml of 1× Separation

Buffer, the column was removed and magnetically labeled mito-

chondria were flushed into a collection tube using 1.5 ml of 1×
Separation Buffer. Purified mitochondria were used immediately

for analysis or centrifuged at 13,000 g for 2 min at 4°C and stored

in 100 μl storage buffer on ice.

Mitochondrial profiling

Heavy-membrane or purified mitochondria fractions were resus-

pended in buffer C [10 mM Tris-MOPS (pH 7.4), 1 mM KH2PO4,

10 mcM Tris-EGTA, 5 mM glutamate, 2 mM malate, and 125 mM

KCl]. Mitochondria (50 μl of 1 μg/μl protein) were treated with

caspase-8-cleaved tBid from 5 to 500 nM (882-B8-050, R&D Sys-

tems, Minneapolis, MN), Bim-BH3 from 10 to 10,000 nM (Ac-

DMRPEIWIAQELRRIGDEFNAYYARR-amide; New England Peptide,

Gardner, MA), or 300 μM BidAltBH3 (Ac-EDIIRNIARHAA

QVGASMDR-amide; New England Peptide, Inc.). Reactions were

incubated at 37°C for 30 mins and spun at 12,000 g for 10 min at

4°C: 10 μl of the supernatant (SN) and the 10 μl pellet (mitochon-

dria; MITO) fractions were resuspended in 50 μl of 0.1% Triton X

in PBS in duplicate in Quantikine, Human Cyto C Immunoassay

96-well plates followed by ELISA detection (R&D Systems, Minne-

apolis, MN). The fractional release of mitochondrial cytochrome c

was calculated for each condition as [mean intensitySN/(mean

intensityMITO + mean intensitySN)]. We report percent cytochrome

c release normalized to the non-specific release induced by DMSO

as [(fractional releaseRX - fractional releaseDMSO)/(1-fractional

releaseDMSO)]*100. To test GW4869 (D1692, Sigma Aldrich),

the drug (0–250 nM) was pre-incubated with mitochondria for

30 min at 30°C prior to tBid (pre-incubation), or added with tBid

after 30 min pre-incubation (control). Experiments with < 30%

cytochrome c release to DMSO and BidAltBH3 peptide were

analyzed.
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Bak and Bax oligomerization

Mitochondria (1 μg/μl) suspended in buffer A/C were treated with

tBid (0–250 nM) or DMSO for 30 min at 37°C followed by a 30 min

incubation with 0.9 mM of 1,6-bismaleimidohexane (Pierce,

#22330) at RT to crosslink oligomers, and centrifuged at 12,000 g

(4°C) to pellet mitochondria. Supernatant was removed and the pel-

let dissolved in NuPage loading buffer (Invitrogen) and immuno-

blotted for Bak and Bax.

Cytotoxicity

Cells were seeded into Corning® 96-well Flat Clear Bottom White

Polystyrene TC-treated luminescent microplates (3610, Corning,

Corning, NY) in triplicate at a density of 10,000 cells/well and

allowed a 24-h recovery period, then treated with 100 μl of control
Gibco™ IMDM full culture media (12440-053, Gibco by Life Technol-

ogies, Carlsbad, CA). ABT-737 was tested from 1 nM to 200 μM,

added to IMDM culture media for 48 h. Chemotherapy exposure

was 72 h, concentrations tested were as follows: etoposide (341205-

25MG, EMD Millipore, Billerica, MA) 10 nM to 10 μM, cisplatin

(63323-103-51, Fresenius Kabi, Lake Zurich, IL) 0.5 nM to 75 μM,

carboplatin (216100-25MG, EMD Millipore) 6 nM to 10 μM, doxoru-

bicin (5927S, Cell Signaling Technology, Danvers, MA) 0.5 nM to

10 μM, and mafosfamide (M110300 Toronto Research Chemicals,

Inc., Toronto, Canada) 2 nM to 75 μM. ALK inhibitors [crizotinib

(C-7900, LC Laboratories, Woburn, MA), ceritinib (C-2086, LC Labo-

ratories), and lorlatinib (5640, Tocris Bioscience, Minneapolis,

MN)] were tested from 0.01 nM to 10 μM and assessed after 5 days.

Cells were irradiated on a Cs-137 Gammacell 40 irradiator S/N 186

(Nordion Ltd, Kanata, Ontario, Canada) at a dose rate of 1.3 cGy/s

from 0.5 to 5 Gy and assessed after 7 days. Viability was assessed

using CellTiter-Glo® Assay according to the manufacturer’s instruc-

tions (Promega, Madison, WI; #G7571). A Synergy™ 2 microplate

reader with Gen5™ software (BioTek Instruments, Winooski, VT)

was used to measure luminescence. For each plate, mean relative

luminescence was calculated from at least three technical replicates,

normalized to control samples. Non-linear regression algorithms in

Prism software (GraphPad8) were used to calculate IC50 values.

Real-time qPCR detection of mtDNA

mtDNA content was quantified by qPCR to define the mtDNA/

nucDNA ratio using each of the two mitochondrial genome (MT-

C01 and MT-ATPase6) and two nuclear genome (CFAP410 and

MTTP) genes. Assays were run in triplicate using Taqman Gene

Expression Mastermix (4369016, Applied Biosystems) and the fol-

lowing primer/probes from Invitrogen: MT-CO1 (Hs02596864_g1),

MT-ATPase6 (Hs02596862_g1), CFAP410 (Hs00223770_cn), and

MTTP (HS0405900_cn). mtDNA/nucDNA ratio was determined as

the mean and SD of all biological replicates.

Citrate synthase measurements

Mitochondrial mass was assessed by measuring citrate synthase

activity from 4 million whole cells normalized to protein input (U/

mg) in triplicate from three biological replicates using the Citrate

Synthase Assay kit (CS0720, Sigma-Aldrich, St, Louis, MO).

Electron microscopy

Intact cells for 2D electron microscopic morphometry were fixed

with 2% glutaraldehyde with 1% tannic acid in 0.1 M sodium caco-

dylate buffer, pH 7.4, overnight at 4°C. After buffer washes, the

samples were post-fixed in 2.0% osmium tetroxide with 1.5% K3Fe

(CN)6 for 1 h at room temperature, and rinsed in ddH2O prior to en

bloc staining with 2% uranyl acetate. After dehydration through a

graded ethanol series, the tissue was infiltrated and embedded in

EMbed-812 (Electron Microscopy Sciences, Fort Washington, PA).

Thin 70 nm sections were stained with uranyl acetate and SATO

lead and examined with a JEOL 1010 electron microscope (JEOL,

Peabody, MA) at 70 kV fitted with a Hamamatsu digital camera and

AMT Advantage NanoSprint500 software. MAM and mitochondria

characteristics were obtained from TEM images at 50,000× magnifi-

cation analyzed blinded in Image J after hand masking the mito-

chondria perimeter and ER interface. Analysis of the ER–
mitochondria interfaces were extracted with a custom macro

(Bartok et al, 2019) available at: http://sites.imagej.net/MitoCare/

that quantifies ER interface metrics binned within a 10, 25, 50, or

100 nm gap distance from the mitochondria (Csordas et al, 2006).

Calcium transfer

Mitochondria-targeted calcium reporter 4mtGCamp6f was electropo-

rated into cells with Amaxa Nucleofactor (Lonza, Basel, Switzer-

land). Cells recovered in full IMDM media for 24 h and were plated

on poly-D lysine covered slides, washed three times with Ca2+-free

HBSS medium (Life Technologies Inc., Grand Island, NY), and

loaded with 1 μM Fura 2-AM (Life Technologies Inc., Eugene, OR)

cytoplasmic calcium indicator in the presence of 0.03% Pluronic

F127 and 100 μM sulfinpyrazone at 35°C for 30 min. Fura-2AM-

loaded cells were washed with Ca2+-free HBSS medium and

mounted into microscope loading chambers on a thermostat-

controlled (37°C) stage of Olympus IX70 inverted microscope with

LambdaDG4 wavelength-switch xenon light source (Sutter, Novato,

CA) optimized by custom Spectralyzer software. Fura2 fluorescence

was recorded with 340/11 nm and 380/11 nm excitation while 485/

15 nm excitation was used for the mitochondrial matrix-targeted

GCaMP6f using dual-band dichroic and emission filters (Chroma,

customized set 59022). Images were collected on a high quantum

efficiency cooled CCD camera every 0.25 s. [Ca2+]c measurements

with fura2 were calibrated in vitro by adding 1 mM CaCl2, followed

by 10 mM EGTA/Tris, pH 8.5. Basal fluorescent levels were mea-

sured for 120 s, after which calcium release was evoked by addition

of 100 μM carbachol. To determine [Ca2+], the following formula

was used:

Ca2þ
� � ¼ Kd � Sf2=Sb2ð Þ � R� Rminð Þ= Rmax � Rð Þ;

where Kd is the Ca2+ dissociation constant (0.224 μM), R is the

ratio of the fluorescence intensities at 340/380 nm excitation, Rmin

and Rmax are the fluorescence ratios in Ca2+-free and Ca2+-

saturated conditions, respectively, and Sf2/Sb2 is the ratio of fluo-

rescence intensities measured at 380 nm excitation in Ca2+-free (f)/

Ca2+-saturated (Ca2+ bound, b) conditions (Csordas & Hajnoczky,

2001). [Ca2+] is measured over regions of interest (cells) and cells

with cytosolic distributed GCaMP6f were excluded from analyses.
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To determine coupling time, the delay between ½ max [Ca2+]c and

½ max [Ca2+]m was calculated for each cell.

Lipidomics

Modified Bligh and Dyer lipid extraction was used. Cell pellets were

added to 900 μl ice-chilled chloroform/methanol (1:2; v/v) and

vortexed 15 s, then incubated in 4°C on a mixer (300 rpm) for 1 h.

After agitation, 300 μl of ice-chilled chloroform and 250 μl of ice-

chilled MQ water were added sequentially, followed by vortex for

15 s and centrifugation at 9,000 rpm for 2 min to separate the phase.

Bottom organic phases were collected, and the aqueous phases were

re-extracted with 500 μl of chilled chloroform. Collected organic

phases were dried in a vacuum concentrator and stored lyophilized at

−80°C. Samples were solubilized in 100 μl chloroform/methanol (1:1;

v/v) and analyzed using a Waters Acquity UPLC I class coupled with

a Waters Synapt G2-Si (Waters Corp, Milford, MA). Lipids were sepa-

rated in reverse phase using an Acquity UPLC HSS T3 1.8 μm column

with the following conditions: mobile phase A (water:acetronitrile,

40:60, with 10 μM ammonium acetate and 0.1% acetic acid), B

(water:acetonitrile:isopropanol:acetic acid, 5:10:85:0.1, with 10 μM
ammonium acetate and 0.1% acetic acid); flow rate of 300 μl/min;

injection volume of 5 μl; column temperature at 55°C; 20% B for

1.5 min; linear change to 100% B over next 16.5min; and maintained

at 100% B for 3 min. Then, the gradient was reverted back to initial

state 20% B for 1 min then held for next 1 min at 20% B. QC samples

were injected prior to, and after every 5 samples, to monitor the sta-

bility of the instrument. Samples were run under untargeted positive

and negative electrospray ionization (ESI) modes in a data-

independent manner (MSE mode). The following ESI conditions were

used: for positive, capillary at 2 kV, sampling cone at 35 V, source

temperature at 100°C, desolvation gas at 500 l/h, and nebulizer at

6.5 bar; and for negative, capillary at 2.2 kV, sampling cone at 40 V,

source temperature at 80°C, desolvation gas at 500 l/h, and nebulizer

at 6.5 bar. For lock mass correction, leucine enkephain was used at

1 ng/ml in acetonitrile/water (1:1, v/v) with 0.1% formic acid and at

a flow rate of 10 μl/min. The low collision energy was set to 4 eV and

high collision energy was set between 25 and 40 eV for both positive

and negative modes. Raw data were converted into ABF format using

Reifycs Analysis Base File Converter, then used in MS-Dial (ver. 4.60)

for peak picking and retention time alignment using default settings.

Lipid species were manually verified and named using Lipid Maps

abbreviations. The intensities were normalized with total ionic cur-

rent. These species were exported into R (ver. 4.0.3) to calculate the

concentration using the known concentration of spiked internal

standards.

Plasmids, retroviral constructs, and reagents

A synthetic mitochondria–ER linker was used to recouple ER and

mitochondria, as described (Csordas et al, 2006). Lentiviral shRNAs

to MFN2 (RHS5086-EG9927-GIPZ MFN2), PACS2 (RHS5086-

EG23241-GIPZ PACS2) and GIPZ non-silencing lentiviral shRNA

control were purchased from GE Health Dharmacon, Inc., Lafayette,

CO. 4mtGCamp6f was provided by Dr. Diego De Stefani. Primary

antibodies were as follows: Bak (3814, Cell Signaling Technologies,

Danvers, MA), Bax (2774, Cell Signaling), Bap31 (ab109304, Abcam

Inc., Cambridge, MA), β-tubulin (T8328, Sigma-Aldrich, St. Louis,

MO), calnexin (C7617, Sigma-Aldrich), FACL4 (22401-1-AP, Protein-

tech, Rosemond, IL), Gapdh (2118, Cell Signaling), γ-H2AX (NB100-

384, Novus, Littleton, CO), Mfn2 (ab56889, Abcam Inc.), Mcu

(HPA016480, Sigma-Aldrich), noxa (OP180, Calbiochem/EMD

Chemicals, San Diego, CA), PACS2 (ab129402, Abcam Inc.), p53

(sc-126, Santa Cruz Biotechnology, Dallas, TX), p21 (sc-6246, Santa

Cruz Biotechnology), Tmx1 (256-270, SAB1105403, Sigma-Aldrich),

Tomm40 (18409-1-AP, Proteintech), and Vdac1 (D73D12, Cell Sig-

naling). To quantify protein abundance, densitometry was

performed using Image J. The intensity of each band was normal-

ized to its respective loading control for comparison.

DNA damage detection

A total of 10,000 cells were plated onto poly-L lysine-coated micro-

scope slides, allowed to adhere 24 h, and irradiated at 2 Gy for 1 h

on a Cs-137 Gammacell 40 irradiator S/N 186 (Nordion Ltd, Kanata,

Ontario, Canada) at a dose rate of 1.3 cGy/s. Cells were washed

once with warm PBS and fixed with pre-warmed paraformaldehyde

for 10 min, permeabilized with 2% Triton-PBS for 5 min at 4°C,
washed twice with PBS-5% triton, and blocked for 10 min in

Duolink blocking solution. Cells were then incubated for 1 h at 37°C
with γ-H2AX primary antibody (NB100-384, Novus Biologicals, Cen-

tennial, CO) at 1:1,000 dilution, washed twice with PBS-T, and incu-

bated at 37°C with AlexaFluor goat anti-rabbit 488 (ab150077;

Abcam Inc., Cambridge, MA) at 1:500 dilution for 45 min. After

washing four times with PBS-T, they were stained with VectaShield

DAPI staining, covered with a microscope coverslip, and analyzed

using a Leica DMR fluorescent microscope at 40× magnification,

and the number of γ-H2AX foci/cell quantified.

Statistical analyses

Statistical comparisons for mitochondrial size, roundness, circular-

ity, MAM content per mitochondria, and γ-H2AX foci were

performed with the Mann–Whitney U test, two tailed; comparisons

for cytochrome c release, Ca2+ transfer coupling time, lipid content,

mtDNA content, and mass were performed with the Student’s t-test,

independent values, two tailed; and comparisons for the proportion

of mitochondria with diverse tether numbers were performed using

the Chi-Square test. For all, significance was defined as P < 0.05,

trend P < 0.10, and non-significant as P ≥ 0.10.

Data availability

This study includes lipidomics data that are available for public

access at the NIH Common Fund’s National Metabolomics Data

Repository (NMDR) website, the Metabolomics Workbench

(https://www.metabolomicsworkbench.org), where it has been

assigned Study ID ST002054 (Sur et al, 2016).

Expanded View for this article is available online.
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Serotonin limits generation of chromaffin cells
during adrenal organ development
Polina Kameneva1,2,19, Victoria I. Melnikova 3,19, Maria Eleni Kastriti 1,2, Anastasia Kurtova 3,

Emil Kryukov 1,2, Aliia Murtazina2, Louis Faure 1, Irina Poverennaya1, Artem V. Artemov1,4,

Tatiana S. Kalinina5, Nikita V. Kudryashov 5,6, Michael Bader7,8,9,10, Jan Skoda 11,12, Petr Chlapek11,12,

Lucie Curylova 11,12, Lukas Sourada 11,12, Jakub Neradil 11,12, Marketa Tesarova 13,

Massimo Pasqualetti 14,15, Patricia Gaspar 16, Vasily D. Yakushov17, Boris I. Sheftel17, Tomas Zikmund 13,

Jozef Kaiser 13, Kaj Fried18, Natalia Alenina7,8, Elena E. Voronezhskaya3✉ & Igor Adameyko 1,2✉

Adrenal glands are the major organs releasing catecholamines and regulating our stress

response. The mechanisms balancing generation of adrenergic chromaffin cells and pro-

tecting against neuroblastoma tumors are still enigmatic. Here we revealed that serotonin

(5HT) controls the numbers of chromaffin cells by acting upon their immediate progenitor

“bridge” cells via 5-hydroxytryptamine receptor 3A (HTR3A), and the aggressive HTR3Ahigh

human neuroblastoma cell lines reduce proliferation in response to HTR3A-specific agonists.

In embryos (in vivo), the physiological increase of 5HT caused a prolongation of the cell cycle

in “bridge” progenitors leading to a smaller chromaffin population and changing the balance

of hormones and behavioral patterns in adulthood. These behavioral effects and smaller

adrenals were mirrored in the progeny of pregnant female mice subjected to experimental

stress, suggesting a maternal-fetal link that controls developmental adaptations. Finally, these

results corresponded to a size-distribution of adrenals found in wild rodents with different

coping strategies.
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Adrenal glands are key hormonal regulators in our body, as
they control major physiological processes of our daily
life, and homeostasis cannot be maintained without their

normal function. The structure of adrenal glands includes the
cortical matter, consisting of cells that produce steroid hormones,
and the centrally positioned medulla (adrenal medulla—AM),
which orchestrates the response of our body to stress by releasing
catecholamines (adrenaline and noradrenaline). Quite remark-
ably, there is another similar catecholamine-producing organ
transiently present in our body, namely the Organ of Zuckerkandl
(ZO)1. The ZO eventually disappears during the first years of
human life. Chromaffin cells represent the major catecholamine-
producing cell type in the AM and in ZO (together called chro-
maffin organs).

Despite the importance for our physiology, the key details of
adrenal gland development remain unclear. These details are
important not only for the adrenal gland engineering attempts or
for understanding associated congenital abnormalities, but also
for coping with tumors arising from sympathoadrenal lineage,
namely neuroblastoma, pheochromocytoma, and paraganglioma.
According to a recent paradigm, tumor cells exploit and re-play
developmental programs to elicit intra-tumoral plasticity and
resist treatment2. In addition, the good knowledge of develop-
mental steps and molecular profiles assists better classification of
tumors and helps to pinpoint the tumor-initiating cell types using
transcriptional similarity of malignant cells to particular devel-
opmental cell states3–5.

In line with this reasoning, recent studies showed that the
initial stages of chromaffin cell development depend on the
recruitment of local nerve-associated Schwann cell precursors
(SCPs), which turn into a short-living transient population of
“bridge” cells that rapidly transitions towards mature chromaffin
cells in mouse and human embryos6–9. This finding complicated
the old picture of adrenal development (where migratory neural
crest cells immediately generate chromaffin tissues), and raised a
series of questions regarding the control of the number of chro-
maffin progenitors operating during the differentiation steps.
These “bridge” cells are characterized by the expression of
Htr3a6,8—a gene encoding for a subunit of HTR3 receptor to
serotonin (5-hydroxytryptamine, 5HT). Based on that, 5HT was
recently hinted to be a part of the mechanism related to the
development of adrenal medulla6.

More generally, 5HT is crucial for the embryonic
development10 and for postnatal growth in the animal
kingdom11–13, including the formation of the nervous
system14–16. Moreover, 5HT is one of the main players shaping
mood, fight-or-flight stress response, and aggressive behavior in
mammals17. One of the key connection between embryonic
development, chromaffin organs and 5HT comes from studies of
animal domestication. Domesticated animals have higher levels of
5HT and less catecholamine-triggered aggressive behaviors18.
Genetic differences between wild and tame animals of the same
species include genes encoding for the enzymes of 5HT synthesis
and degradation19. Moreover, the adrenal glands of domesticated
animals are smaller than their wild relatives20,21. Therefore,
behavioral differences can be attributed to variations in 5HT and
catecholamine systems and to the size of the respective endocrine
organs, particularly the adrenal glands, which are shaped during
embryonic development.

In this study, by analysing cellular composition and cell
dynamics in the developing adrenal medulla and ZO, we show a
5HT-mediated regulatory negative feedback loop between chro-
maffin cells and their immediate precursor “bridge” cells. In line
with this, we demonstrate that neuroblastoma cell lines with high
expression of HTR3A are more tumorigenic and respond to
HTR3A agonists with reduced proliferation rate. Finally, we

discover that high levels of mother-derived 5HT affect the
development of embryonic adrenal medulla in a systemic way,
being possibly involved in transmission of environmental signals
and stress-related states from pregnant mother to her progeny.
Indeed, we find that maternal mild stress induces smaller adrenal
medullae in the progeny of stressed animals. Furthermore, the
wild rodent population demonstrate a natural distribution of
adrenal medulla sizes correlated with their preferred individual
lifestyles. Taken together, these results support a major ecological
and evolutionary role of the mechanisms controlling the devel-
opment of adrenal glands and, in particular, chromaffin cells via a
5HT pathway.

Results
5HT-secreting and 5HT-sensitive cells in chromaffin organs.
To address the role of 5HT signaling in adrenal gland develop-
ment, we re-analyzed the expression of related enzymes and
receptors using previously published single-cell transcriptomics
dataset of chromaffin and sympathetic development at E12.5 and
E13.5 stages6 (Supplementary Fig. 1). As shown earlier by Furlan
et al., chromaffin cells originate from SCPs and the differentiation
progresses through the transitory “bridge” population. Thus
“bridge” cells are immediate progenitors of chromaffin cells
(Supplementary Fig. 1a). According to our analysis at E12.5,
Htr3a/3b (encoding 5HT-receptor 3A/3B) are strongly expressed
in the population of “bridge” cells and are only sporadically
expressed in cells from other clusters. At E13.5, Htr3a/3b speci-
fically marks the “bridge” cell population and also appears to be
present in a minor portion of sympathoblasts (Supplementary
Fig. 1b). To check if HTR3A is expressed in human adrenal
medulla during development, we isolated adrenal glands at weeks
5-to-7 and subjected them to single-cell transcriptomics analysis
with Chromium 10X approach. The results showed the sparse
expression of HTR3A in “bridge” cells and rather consistent
expression in sympathoblasts (Supplementary Fig. 2a, b).
Although we detected only 6 HTR3A+ cells in a “bridge” popu-
lation, the statistical test supports the significance of this find
(Supplementary Fig. 2c). At the same time, this suggests low
expression level of HTR3A, which we experimentally validated
with RNAscope in situ hybridisation on slices of week 6 and week
8 human adrenal tissue (Supplementary Fig. 2d). Indeed, if the
expression of HTR3A is truly present, it is weak and at the border
of detection, which leaves the question about the role of HTR3A
in human “bridge” cells open. Consistently, the data from other
groups show almost absent expression of HTR3A from SCPs and
“bridge” cells in developing human adrenal medulla despite its
clear presence in sympathoblasts22. Again, a question of whether
HTR3A is sufficiently present in “bridge” cells of human adrenal
glands requires further investigation with more sensitive
methods.

5HT, the ligand activating the ion channel receptor formed by
HTR3A/3B proteins, can be supplied through the embryonic
bloodstream, although it might be also produced locally by other
cells of the developing adrenal medulla (AM). Thus, we explored
different cell types in AM for the presence of enzymatic cascades
necessary to produce local 5HT. It turned out that nearly all cells
in AM express Ddc gene encoding the enzyme responsible for
decarboxylating 5HTP (5-hydroxytryptophan) into 5HT, and
Maoa gene encoding the enzyme responsible for monoamine
degradation. At the same time, the synthesis of 5HT from
tryptophan does not take place in AM cells, as most cells do not
express the Tph1 and Tph2 genes at E12.5 and E13.5
(Supplementary Fig. 1c). Thus, the majority of immature and
mature chromaffin cells, and a subset of SCPs and “bridge” cells
are capable of producing 5HT from the chemical precursor
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5HTP, but not from tryptophan. In addition to this, at E12.5,
chromaffin cells are positive for Slc29a4, which encodes Plasma
Membrane Monoamine Transporter (PMAT)—a non-selective
transporter responsible for pumping 5HT inside the cells
(Supplementary Fig. 1d). Therefore, embryonic chromaffin cells
are capable of taking 5HT from the bloodstream, especially given
that the adrenal glands are heavily vascularized. Moreover,
chromaffin cells and sympathoblasts express Slc18a1 and Slc18a2,
which encode for VMAT1 and VMAT2, non-selective vesicular
monoamine transporters responsible for the storage of mono-
amines in intracellular secretory vesicles. Therefore, chromaffin
cells possess the necessary molecular machinery to uptake,
synthesize, and secrete 5HT, and they originate from the 5HT-
sensitive HTR3A+ “bridge” cells.

To characterize the local cell type composition and to assess the
physical contacts between different cell types in AM and ZO, we
took advantage of a standard combination of immunohistochem-
ical markers (SOX10 for SCPs, tyrosine hydroxylase (TH) for
chromaffin cells, and 5HT) together with genetically modified
Htr3aEGFP mice in order to visualize “bridge” cells and their
newly-differentiated progeny23. Because EGFP can be retained in
cells up to 48 h after the cease of active expression24, we
additionally visualized “bridge” cells by Htr3a mRNA in situ
hybridization, which revealed a proportion of Htr3aEGFP+ cells
actively expressing Htr3a mRNA in developing AM at the time of
the observations (Supplementary Fig. 3a). This result shows that
Htr3aEGFP+ cells negative for Htr3a mRNA (post-bridge cells)
rapidly differentiate into TH+ chromaffin cells. No chromaffin
cells were found positive for Htr3a mRNA (Supplementary
Fig. 3b). Therefore, the Htr3aEGFP mouse strain can be used
to trace the transition from the intermediate “bridge” cell
population to the chromaffin cells by assessing the proportions
of TH−/Htr3aEGFP+ “bridge” cells, TH+/Htr3aEGFP+ early
chromaffin cells and TH+/Htr3aEGFP− mature chromaffin cells.

AM and ZO are dynamically developing organs, and, therefore,
the proportion of cells building AM and ZO changes between
E12.5 and E14.5 towards more mature cell types (Fig. 1). Indeed,
TH−/Htr3aEGFP+ “bridge” cells compose most of the AM and
ZO at E12.5 (Fig. 1a–d, Supplementary Fig. 4a–d), and they
rapidly differentiate into TH+/Htr3aEGFP+ early chromaffin cells
and TH+/Htr3aEGFP− mature chromaffin cells, composing most
of the AM and ZO at E13.5 and E14.5 (Fig. 1f–o, Supplementary
Fig. 4f–o). We validated the active transition from SCPs to
“bridge” cells by visualizing the presence of SOX10+/Htr3aEGFP+

cells at E12.5 and E13.5 (Fig. 1b, g insets, Supplementary Fig. 4),
as well as by assessing Htr3a mRNA expression at E13.5
(Supplementary Fig. 3a).

Next, our analysis revealed that already at E12.5, nearly 32% of
early and mature chromaffin cells are 5HT+ in the AM (Fig. 1e).
Soon after, around 58% and 77.8% of chromaffin cells became
5HT+ in the AM at E13.5 and E14.5 correspondingly (Fig. 1f–o).
At the same time, SCPs did not show 5HT immunoreactivity
(Supplementary Fig. 5a), and only 1.7–5.1% of all Htr3aEGFP+

cells were Htr3aEGFP+/TH−/5HT+ (5HT-positive “bridge” cells)
at E12.5–E14.5 (Fig. 1e, j, o). In ZO the proportion of 5HT+ cells
among TH+ and Htr3aEGFP+ cells followed a similar pattern
(Supplementary Fig. 4). Therefore, chromaffin cells contribute
most of the local 5HT to the surrounding and neighboring cell
types in the adrenal gland. In line with these observations, at
E12.5–E13.5, Htr3aEGFP+/TH− “bridge” cells (sensitive to 5HT)
are intermingled with chromaffin cells in the primordium of AM
and ZO (Fig. 1a, e, Supplementary Fig. 4a–h), and are susceptible
to 5HT generated by neighboring chromaffin cells. Based on this,
we propose a mechanism of a paracrine control, where
chromaffin cells release 5HT acting on neighboring “bridge”
cells, with some contribution of the autocrine regulation, where

few 5HT+ “bridge” cells act on themselves and other HTR3A+

“bridge” cells in their vicinity. As the SCPs and few chromaffin
cells express other receptors to 5HT, additional modes of local
autocrine and paracrine control might be also present (Fig. 1p).

When the differentiation of chromaffin cells slows down
around E14.5 (E13.5 in ZO)6,8, the proportion of SOX10+/
Htr3aEGFP+ cells decreases gradually (from 6.3% at E13.5 to 4.7%
at E14.5), as the SOX10+ SCPs engage into the “bridge” fate at a
decreasing rate (Fig. 1k–o, Supplementary Fig. 4f–o). Consis-
tently, after E14.5, the majority of SOX10+ cells of AM and ZO
are supporting glial cells and immature Schwann cells, as reported
in the literature25.

Thus, the observed transitions between SCPs, “bridge” and
chromaffin cells suggest that the key 5HT-mediated regulatory
phase occurs predominantly in a limited time window during
chromaffin organ development (E11.5–E14.5). This is substan-
tiated by the fact that Htr3aEGFP+/TH+/5HT+ early chromaffin
cells (reflecting the transition from Htr3aEGFP+ cells to
chromaffin cells) are observed already at E12.5 within the AM
(Fig. 1a, f insets), whereas at E14.5 the proportion of these cells
drops two-fold in comparison with E13.5 (Fig. 1j, o). Moreover, at
E14.5, a subset of TH+ chromaffin cells in AM undergoes further
functional specialization as shown by the onset of expression of
Pnmt gene encoding phenylethanolamine N-methyltransferase
(PNMT) (Supplementary Fig. 5b), the enzyme responsible for
converting noradrenaline to adrenaline. Even though the
contribution of SCPs to “bridge” cells and their differentiation
towards early chromaffin cells peaks at E13.5 and is reduced
significantly after E15.5 in AM, in E14.5 ZO 90% of cells are
represented by newly-generated Htr3aEGFP+/TH+/5HT+ early
chromaffin cells (Supplementary Fig. 4o). Importantly, during
this time window and up to postnatal day 14 (P14) (the latest
stage we checked), chromaffin cells in AM and ZO maintain
5HT-immunoreactivity (Supplementary Fig. 5c). Thus, chromaf-
fin cells in mice are capable of releasing both 5HT and
catecholamines during embryonic development and later during
postnatal life26–30 being involved into a system of cell number
control, which we specify below.

High 5HT causes developmental reduction of chromaffin
organs. To reveal the effects of 5HT on the developing AM, we
performed a gain-of-function experiment by administering its
biochemical precursor, 5HTP, to pregnant rats (Fig. 2a). The
administration of 5HTP enables to increase the physiological
concentrations of 5HT in embryos without disruption of preg-
nancy caused by direct 5HT administration31. Moreover, 5HTP is
converted to 5HT by the placenta14. As expected, administration
of 5HTP to pregnant females led to a significant increase of 5HT
concentration in the placenta and trunks of E14.5 embryos
(Fig. 2b), and enhanced the release of 5HT by the fetal adrenal
glands (Fig. 2c), as measured by HPLC-ED. Thus, the adminis-
tration of 5HTP to pregnant rodent females causes a stable and
physiological increase of 5HT concentration in embryos, as pre-
viously shown for other tissues including the uterus32,33.

Pregnant Wistar rats received 5HTP during
E11.5–E15.5 stages, and the adrenal glands of E15.5 embryos
were investigated in 3D by micro computerized tomography
(microCT) (Fig. 2d). We observed a 37.2% reduction of the mean
volume of adrenal glands in embryos upon 5HTP treatment
(Fig. 2e, f). Immunohistochemical analysis of adrenal glands of
littermates revealed a significant reduction of the AM, whereas
the area of the adrenal cortex was similar in control and
experimental offspring (Fig. 2g). The volume of kidneys in treated
embryos did not change, confirming the lack of general
developmental delay.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30438-w ARTICLE

NATURE COMMUNICATIONS | (2022)13:2901 | https://doi.org/10.1038/s41467-022-30438-w |www.nature.com/naturecommunications 3



To make sure that the effect of 5HT on the AM size is
consistent in a different rodent model, we analyzed the adrenal
glands of mice and obtained consistent results (Fig. 2h). 5HTP
treatment of pregnant rats and mice during the active
differentiation of “bridge” cells into chromaffin cells resulted in
a long-lasting reduction of AM size in embryonic and postnatal
life in both species. Administration of 5HTP outside this critical

time window led to a less pronounced effect (Fig. 2h). Thus, we
were able to influence the size of the adrenal glands in rodent
offspring through the elevation of 5HT levels in pregnant animals
during a limited developmental time window corresponding to
the peak of chromaffin cell generation.

To pinpoint the specific medullary population affected by the
increased levels of 5HT in developing AM and ZO, we repeated
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the 5HTP treatment in the transgenic Htr3aEGFP mice. In order
to target the same consistent stages across species, 5HTP was
administered to pregnant mice at E11.5–E12.5, corresponding to
E13.0–E15.0 in rats34 (Fig. 3a). As a result, at E13.5, the numbers
of early chromaffin cells (TH+/Htr3aEGFP+) and mature
chromaffin cells (TH+/Htr3aEGFP−) were reduced by 39.1%
and 38.8%, respectively (difference between mean values of
control and 5HTP groups), in AM of the embryos from the
treated mice (Fig. 3c). We did not detect a significant change in
“bridge” cells number at E13.5. In the ZO, the number of “bridge”
cells (Htr3aEGFP+/TH−) was twice higher, and the number of
mature chromaffin cells (TH+/Htr3aEGFP−) was reduced (Fig. 3c).
Schwann cell precursors (SOX10+) cell numbers were unaffected
in both chromaffin organs (Fig. 3c).

To control for the systemic effect, we checked the cells in the
sympathetic chain ganglia (SCG), which are directly derived from
the migratory neural crest cells and do not transition through a
“bridge” stage6,35. Thus, SCG served as an internal control for the
changes in size of chromaffin organs. 5HTP administration did
not influence the size or cellular composition of SCG (Supple-
mentary Fig. 6). Therefore, the reduction of chromaffin organs is
specific and occurs at the expense of chromaffin cells.

To confirm that the observed phenotype emerged due to the
activation of HTR3A, we used SR57227 hydrochloride, a potent and
selective HTR3A agonist. Administration of SR57227 to pregnant
mice at E11.5 and E12.5 caused a 30.6% reduction (difference
between mean values of DMSO control and SR57227 groups) of
early and mature TH+ chromaffin cells in AM at E13.5 (Fig. 3d).
This is similar to the effect caused by 5HTP administration to
pregnant mice during the same developmental time. To rescue the
phenotype caused by the elevated 5HT level, we co-administered
granisetron, a HTR3A antagonist, in combination with 5HTP. In
this condition, the number of TH+ cells in AM turned out to be
similar (Fig. 3d), whereas the administration of 5HTP alone caused a
34.5% reduction (difference between mean values of DMSO control
and 5HTP groups) of the chromaffin cells in AM. The SCG
(representing a control tissue with different genesis) showed the
same numbers of TH+ sympathoblasts in all groups (Fig. 3d).
Therefore, the HTR3A activation mediated 5HT-dependent signal-
ing in the development of the chromaffin cell lineage and caused the
decrease of chromaffin cells in AM and ZO upon 5HTP treatment.

To further investigate the reasons for the observed reduction in
chromaffin cell numbers, we checked the dynamics of cell cycle in
various populations of cells in the chromaffin lineage. For this
purpose, we administered consecutively 5-ethynyl-2′-deoxyuri-
dine (EdU) and 5-chloro-2′-deoxyuridine (CldU) thymidine

analogues at E12.5 with 4-h intervals to Htr3aEGFP mice treated
with 5HTP (Fig. 4a). At the time of CldU injection, EdU is not
available for cells due to its rapid pharmacokinetics36. This
approach allowed calculating the proliferation rate as well as the
proportion of Edu+Cldu−, Edu−Cldu+, and Edu+Cldu+ cells.

Despite the overall numbers of proliferating (incorporating one
or both thymidine analogues) cells among SCPs, “bridge” cells,
early chromaffin cells or mature chromaffin cells did not show a
significant change in comparison with control (Fig. 4b), the
length of a cell cycle in “bridge” cells appeared significantly
increased in the 5HTP-treated group (Fig. 4c, d, Supplementary
Fig. 7a). Delayed cell cycle progression resulted in the reduced
number of “bridge” cells observed at this stage, soon after the
injection (Fig. 4b). Such reduction of “bridge” cells was not
observed at E13.5, due to a fast turnover of “bridge” cells and
subsequent recruitment of new “bridge” cells from SCPs.
Moreover, 5HTP and 5HT are rapidly depleted after the
injection-dependent concentration peak due to pharmacokinetics.
At the same time, the dynamics of cell cycle progression in SCPs
and early chromaffin cells in AM did not change in control vs
treatment group (Fig. 4c). The majority of mature chromaffin
cells were negative for EdU or CldU, as they temporarily exit cell
cycle in agreement with previous studies37. Due to fast
differentiation of chromaffin cells from progenitors in 14 h7,
reduction of the progenitor pool has a major effect of chromaffin
cell population. A majority of chromaffin cells do not proliferate
at E12.5–E13.5 and are unable to compensate for the loss.

Contrary to the AM, in the E12.5 ZO, we observed a lower
proportion and reduced absolute numbers of SOX10+ SCPs
incorporating EdU only in the 5HTP-treated group (Supplemen-
tary Fig. 7), which suggests another mechanism of cell number
control or delayed dynamics of 5HT’s effects in the ZO.

As we did not observe cleaved caspase-3 immunopositive
(CASP3+) cells in any cell population in the AM and ZO
(excluding exceptionally rare cases), the reduction of chromaffin
cells in 5HTP-treated group cannot be mediated via increased
apoptosis (Fig. 4e). Thus, the increase of 5HT causes a
prolongation of the cell cycle of “bridge” progenitors leading to
a decrease in their number, which results in a reduction of
derived chromaffin cells (Fig. 4f).

Next, to dissect the potential changes of gene expression upon
5HTP administration, we performed single-cell RNA sequencing
of the AM and ZO at E13.5 from 5HTP-treated and untreated
embryos (Fig. 5a). We sequenced 1528 cells (both conditions
combined) using Smart-seq2 technology, which allows an
extraordinary deep sequencing of individual cells (7000/8000

Fig. 1 5HT-sensitive “bridge” cells and 5HT-producing chromaffin cells are present together in developing adrenal glands. a, b Transversal section of
adrenal gland of Htr3aEGFP+/− embryos immunostained for TH (marker chromaffin cells and sympathoblasts), EGFP (indicating expression of Htr3a), and 5HT
(5-hydroxytryptamine, serotonin) (a), and for SOX10 (marker of SCPs) (b) at E12.5. White arrows point at TH+/Htr3aEGFP+/5HT+ (a) and SOX10+/Htr3aEGFP
+/TH− (b) cells, indicating formation of “bridge” cells and their differentiation into 5HT+ early chromaffin cells. c Cell numbers at E12.5. d Venn diagrams of
Htr3aEGFP+, TH+, SOX10+ (left), and 5HT+ (right) cells at E12.5. e Proportions of TH+ cells also positive for Htr3aEGFP and 5HT (left), and proportions of
Htr3aEGFP+ cells with TH and 5HT signal (right). f, g Immunohistochemistry on the transversal section of adrenal glands of Htr3aEGFP+/− embryos stained for
TH, EGFP, 5HT (f) and for SOX10 (g) at E13.5. White arrows point at TH+/Htr3aEGFP+/5HT+ cells in (f) and SOX10+/Htr3aEGFP+/TH− cells in (g) at E13.5.
h Cell numbers at E13.5. i Venn diagrams of Htr3aEGFP+, TH+, SOX10+ (left), and 5HT+ (right) cells at E13.5. j Proportions of TH+ cells positive for Htr3aEGFP,
5HT (left) and proportions of Htr3aEGFP+ cells positive for TH, 5HT (right). k, l Transversal sections of adrenal glands from Htr3aEGFP+/− embryos stained for
TH, EGFP, and 5HT in (k), and for SOX10 in (l) at E14.5. Yellow arrows point at TH−/Htr3aEGFP+/5HT− cells (k) and SOX10+/Htr3aEGFP−/TH− cells (l)
indicating the end of “bridge” differentiation, SOX10+ represent supporting glial cells. m Cell numbers at E14.5. n Venn diagrams of Htr3aEGFP+, TH+, SOX10+

(left), and 5HT+ cells (right) at E14.5. o Proportions of TH+ cells positive for Htr3aEGFP, 5HT (left), and proportions of Htr3aEGFP+ cells positive for TH
and 5HT (rigth). p Schematic representation of the proposed paracrine/autocrine regulation: chromaffin cells release 5HT activating HTR3A receptors on
the surface of “bridge” cells (solid lines). Note that few “bridge” cells produce 5HT and can stimulate “bridge” population in an autocrine mode as well
as some chromaffin cells can sense 5HT with other 5HT receptors (dashed lines). Scale bars for the insets are 10 μm. Quantification is presented as
mean ± SD, biological n= 3. Adrenal medulla (AM) is outlined by the dashed line in all sections. SRG: suprarenal ganglion, SCG: sympathetic chain
ganglion.
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genes per cell on average). The general composition, cell type
proportions, and the developmental sequence of cell types (SCPs,
“bridge” cells, chromaffin cells, and sympathoblasts) (Fig. 5b, c)
remained the same upon 5HTP treatment. At the same time, we
detected a reliable change in expression of a gene responsible for

the regulation of splicing (Cwc22)38,39 (Fig. 5d, e). In line with
this, we detected changes in differential splicing of several long
non-coding RNAs (Uph, Uph.AS2, Uph.AS3, Uph.AS4) (Fig. 5e)
controlling the expression of Hand240, a transcription factor
essential for the transition to the catecholaminergic program in
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chromaffin cells and sympathoblasts41. The other differentially
spliced genes, Apobec3 and long non-coding RNA Cenpa.AS242,
might be involved in the control of a cell cycle length in “bridge”
cells, where they are enriched.

The deficit of 5HT has no effect on chromaffin cells. As the
elevated levels of 5HT lead to a decreased chromaffin cell num-
bers in vivo by delaying the cell cycle of precursor “bridge” cells,
we expected to see the opposite effect in the case of reduced levels
of 5HT. However, the previously reported genetic loss-of-
function of the HTR3A receptor failed to show any abnormal
phenotype in adrenal glands43. A potential explanation for these
observations is that 5HT affects cell cycle progression in HTR3A+

“bridge” cells only when 5HT levels reach a certain threshold.
Furthermore, HTR3A-dependent paracrine regulation may not be
critical for the development of the adrenal gland, but is an
important controller of excessive chromaffin tissue growth and
pre-malignant states.

To explore how the deficit of 5HT affects chromaffin
development, we analyzed several mouse models with a reduction
of embryonic and maternal 5HT. Pet1−/− embryos collected from
Pet1+/− females, as well as Tph2−/− embryos collected from
Tph2+/− females, lack 5HT derived from the central nervous
system of the mutant embryos, although maternal 5HT remains
unchanged. The numbers of TH+ chromaffin cells did not differ
in E15.5 Pet1−/− and Tph2−/− embryos in comparison with their
Pet1+/− and Tph2+/− littermates serving as controls (Supple-
mentary Fig. 8a, b). One of the major peripheral sources of 5HT
in the embryo is represented by the enterochromaffin cells, which
start to secrete 5HT at E15.510 and therefore cannot contribute to
the developing adrenal glands at E12.5–E13.5. Thus, the
reduction of embryonic sources of 5HT is not critical for the
development of chromaffin cells, while the extraembryonic 5HT
might be important.

To address how a complete removal of 5HT from both maternal
and embryonic sources affects the development of chromaffin
cells in an embryo, we took advantage of the Tph1−/−;Tph2−/−,
Tph1−/−;Scl6a4−/−, and Tph1−/−;Tph2−/−;Scl6a4−/− mouse mod-
els, which lack the ability to produce central and peripheral 5HT and
to selectively transport it into cells in both mothers and progeny. We
analyzed E13.5 embryos from these mouse models for the number of
chromaffin cells and 5HT+ cells in adrenal glands. At E13.5, the
number of 5HT+ cells demonstrated 80% to 95% reduction in all
knockout (KO) animals when compared with C57BL/6 controls
(Supplementary Fig. 8c, d). The average number of TH+ chromaffin
cells also appeared reduced in KOs (in Tph1−/−;Tph2−/− for 11.4%,

in Tph1−/−;Scl6a4−/− for 27.1%, in Tph1−/−;Tph2−/−;Scl6a4−/− for
31.2%, based on the difference between mean values) (Supplemen-
tary Fig. 8d). To check whether the reduction of chromaffin cells was
specific, we measured the number of cells in SCG. The number of
TH+ sympathoblasts in SCG was significantly lower in KO embryos
in comparison with wild type embryos (in Tph1−/−;Tph2−/−

for 17.8%, in Tph1−/−;Scl6a4−/− for 30.2%, in Tph1−/−;
Tph2−/−;Scl6a4−/− for 48.6%, based on the difference between
mean values) (Supplementary Fig. 8e), which indicated a general
developmental delay and reduction of the embryonic growth,
independently of cell origin and due to the lack of maternal 5HT.
Therefore, the reduction of chromaffin cells in 5HT deficient models
is not specific to the adrenal medulla. Of note, the numbers of SCPs,
were not changed in AM and SCG in control and KO embryos
(Supplemetary Fig. 8f), because SCPs depend on the local
innervation coming from elsewhere. The expression of Htr3a
mRNA was evident in Tph1−/−;Tph2−/−;Scl6a4−/− E13.5 adrenal
glands, which indicated that “bridge” cells are still present in the
KOs (Supplementary Fig. 8g). Overall, these experiments demon-
strated that the reduction of maternal and embryonic 5HT has no
specific effect on the number of chromaffin cells, contrary to the
excess of 5HT during a critical developmental time window.

High expression of HTR3A in tumorigenic neuroblastoma
cells. To investigate the possible action of 5HT on HTR3A in the
progression of tumors originating from sympathoadrenal cells, we
analyzed several clones of human-derived neuroblastoma for
HTR3A expression and tumorigenicity using an immunodeficient
mouse model. Based on mRNA (Fig. 6a) and protein expression
levels (Fig. 6b, c), the examined neuroblastoma cell lines could be
characterized as either HTR3Ahigh (SH-SY5Y, CHLA-15, and
CHLA-20), expressing markedly high levels of HTR3A, or
HTR3Alow (NBL-28, NBL-38, and NBL-40), with only weak
HTR3A expression. While all cell lines were negative for MYCN
amplification (two copies of gene in the genome), HTR3A protein
expression was associated with expression of major drivers of
aggressive neuroblastomas, N-MYC and c-MYC44,45, or one of the
core stemness factors SOX2 (Fig. 6b). Intriguingly, the same
association was observed in NTERA-2 embryonal pluripotent
carcinoma cells, which served as a positive control for HTR3A
expression, and which are known to express high levels of N-MYC
and share characteristics with early neural progenitors. To inves-
tigate the possible role of HTR3A receptor in regulation of pro-
liferation in tumor cells, we treated the cells with the HTR3A
agonists, N-methylquipazine dimaleate (NMQ) and SR57277, as
well as antagonists, VUF10166 and granisetron HCl, in the

Fig. 2 Administration of 5HTP, the immediate precursor of 5HT, to pregnant rodents reduces adrenal medulla in the progeny. a 5HTP was
administered to pregnant BalbC mice at E10.5–E13.5. The embryos are collected at E14.5 for the HPLC-based analysis of 5HT. b Concentration of 5HT in the
adrenal glands and surrounding tissues (left) and placentas (right) at E14.5 after 5HTP administration at E10.5–E13.5 stage. Unpaired double-sided t-test p-
value ** < 0.001, biological n= 9. c Adrenal glands from E14.5 embryos release 5HT into the surrounding medium measured by HPLC-ED. Note: kidneys,
used as a control tissue, do not release 5HT. Unpaired double-sided t-test p-value * < 0.05, **= 0.005, biological n= 6. d 5HTP was administered to
pregnant Wistar rats at E11.5–E15.5 followed by embryo collection at E15.5 and analysis by X-ray computed microtomography (microCT). e microCT X-ray
reconstruction of adrenal glands and kidney volume from E15.5 rat embryos obtained from females in control and 5HTP-treated groups. Volumes of the
organs in μm3 (×105). f Adrenal gland volume normalized to the volume of adjacent kidneys. Biological n= 4. Unpaired double-sided t-test p-value ** <
0.005. g Section areas of adrenal gland, adrenal medulla and adrenal cortex based on immunohistochemistry analysis with anti-TH immunostaining.
Unpaired double-sided t-test p-value ns > 0.05, * < 0.05, biological n= 4 (control), 5 (5HTP). h Prenatal 5HTP exposure at the time of “bridge” cell
differentiation (E11.5–E15.5 in rats and E10.5–E14.5 in mice) causes the decrease of postnatal adrenal medulla size in P30 animals, which was greater than
decreased induced by 5HTP exposure after the time of “bridge” cell differentiation (E15.5–E18.5 in rats and E14.5–E15.5 in mice). Green line in all violin
plots—the median, red lines—quartiles. One-way ANOVA test with Dunnett’s multiple comparison test **p= 0.0017, ***p= 0.0002, ****p < 0.0001,
biological n (adrenal gland) = 24 (control male rat), 19 (E11.5–E15.5 male rat), 20 (E15.5–E18.5 male rat), 35 (control female mice), 16 (E11.5–E15.5 female
rat), 20 (E15.5–E18.5 female rat), 40 (control male mice), 24 (E10.5–E14.5 male mice), 27 (E14.5–E15.5 male mice), 35 (control female mice), 18
(E10.5–E14.5 and E14.5–E15.5 female mice). For all experiments normality is checked with Shapiro–Wilk test. AG: adrenal gland, Kid: kidney, PG and ZO:
paraganglia and organ of Zuckerkandl, DA: dorsal aorta.
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presence of 5HT. HTR3A agonists dramatically limited pro-
liferation of HTR3Ahigh cell lines, whereas they did not affect
HTR3Alow cell lines, or the effects were seen only at much higher
doses (Fig. 6d, e). No cleaved caspase-3 was detected after the
treatment with NMQ, indicating that such treatment does not
induce apoptosis (Supplementary Fig. 9). In contrast, there was no
significant effect of HTR3A antagonists on cell growth of both
HTR3Ahigh SH-SY5Y and HTR3Alow NBL-28 cell lines (Fig. 6f, g).

We also tested the ability of cells to form spheres to check their
stem cell-like properties (Fig. 6h). HTR3Ahigh cells formed spheres
more frequently in comparison with HTR3Alow cell lines.
Importantly, pre-treatment with 75 μM NMQ for 5 days did not
reduce sphere-forming capacity of both HTR3Ahigh and HTR3Alow

cell lines. Therefore, the activation of HTR3A receptor does not
compromise the stem-like state of neuroblastoma HTR3Ahigh cells,
but only reduces their proliferation. When NMQ is removed the
cells form spheres with the same or even increased efficiency (in
case of NBL-38), as compared to vehicle-pretreated controls
(Fig. 6i).

SH-SY5Y and CHLA-20 HTR3Ahigh cell lines formed large
tumors in NOD/SCID gamma (NSG) mice, whereas HTR3Alow

cells did not form xenograft tumors even in 4 months after
injection (Fig. 6j, k). The tumor volume increase of the xenografts
during the experiment (Fig. 6l) further demonstrated the
association of HTR3A expression with the aggressive phenotype
of neuroblastoma cells.
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High 5HT alters catecholamine-mediated behavior in progeny.
To evaluate the long-term effect of elevated levels of 5HT during
prenatal development in rodents, pregnant Wistar rats were
administered 5HTP per os during E11.5–E15.5, a stage critical for
the transition of “bridge” cells to chromaffin cells. The offspring
of treated mothers was maintained until postnatal day 75 (P75),
when the behavioral tests and measurements of respective cate-
cholamine levels in blood and adrenal glands were performed
(Fig. 7a).

The total body weight of P75 animals was similar in treated
and control groups (Supplementary Fig. 10a, b), whereas the
weight of adrenal glands was significantly reduced in males and
females from the 5HTP-treated group (Fig. 7b). In embryonically-
treated adult females, this reduction of adrenals correlated with
significantly lower amounts of adrenaline, noradrenaline, and
dopamine in the adrenal glands, and lower adrenaline in blood
plasma (Fig. 7c). In males from the 5HTP-treated group, smaller
adrenal glands contained respectively less adrenaline, but the
levels of noradrenaline and dopamine did not show any
significant difference (Fig. 7c). To ensure that the observed
reduction of adrenaline in males and the reduction of adrenaline,
noradrenaline, and dopamine in females were not associated with
accelerated catabolism by catechol-O-methyltransferase in blood,
we measured catecholamine metabolites: metanephrine and
normetanephrine (Supplementary Fig. 10c). These measurements
confirmed that the decrease in adrenaline supply from the adrenal
glands in the 5HTP-treated group was not due to the acceleration
of adrenaline catabolism (Supplementary Fig. 10c). On the other
hand, the concentration of normetanephrine was significantly
higher in 5HTP-treated males, suggesting an enhanced catabo-
lism of noradrenaline that is typically observed in major
pheochromocytoma subtypes in human46,47. The elevation of
normetanephrine is not observed in females. Of note, high
metanephrine levels might not always reflect high catecholamine
synthesis and following catabolism, as inhibition of monoamine
oxidase may also lead to elevated levels of catecholamines/
metanephrines, which we cannot rule out even though we
consider this scenario unlikely based on the previous
literature48–51. The system of catecholamines and their metabo-
lism is complex and stretches beyond the production of
adrenaline and noradrenaline in chromaffin organs. Therefore,
the observed differences in males and females, as well as the only
partial correlations with behavioral data might be due to other
systemic regulatory mechanisms, which are not covered by
this study.

In the next line of behavioral experiments, we assessed how the
prenatal exposure to enhanced 5HT during the critical time

window of chromaffin cell generation shaped the adaptive
capacity of the offspring. According to the resident-intruder test
and foot shock-induced aggression test, the males from 5HTP-
treated mothers were less aggressive and did not defend their
territory, compared with control males (Fig. 7d). Moreover, the
experimental animals were more adaptive and flexible, demon-
strating less anxiety and reduced stress-induced behavior
(Supplementary Fig. 10d). These results are in line with in vivo
measurements of catecholamines in adult mice revealing lower
levels of adrenaline supplied by smaller adrenal glands (evident
when measured as ng/organ, Fig. 7c) in animals prenatally
exposed to elevated 5HT levels.

Stress affects fetal 5HT, medulla size, and progeny behavior.
The connection between embryonic 5HT levels and subsequent
animal behavior allowed us to hypothesize a connection between
the stress of a pregnant female, 5HT and the development of
adrenals in progeny.

The following line of experiments based on the published
method52 revealed that mild stress induced by 1-h-restrain of
pregnant mice (E10.5–E14.5) significantly enhanced 5HT level in
both placenta and fetuses (Fig. 7e, f), causing decreased medulla size
in a progeny (Fig. 7e, f), similarly to 5HTP exposure (Fig. 2b, h). The
resulting experimental progeny demonstrated less aggressive
behavior according to the standard resident-intruder test: they
showed cooperative behavior and reduced number of attacks on the
intruder (Fig. 7f). Overall, the prenatally 5HTP-treated animals and
the progenies from stress-induced mothers showed consistency in
adrenal medulla reduction and behavioral changes. Although our
data from mice and rats appear to be consistent, we do not claim
that the effects of maternal stress on postnatal behavior are only
rooted in decreased adrenals and embryonic influence from the
mother. However, mild stress and 5HTP treatment during the same
embryonic period result in similar behavioral outcomes in postnatal
progeny, and are associated with a decreased AM size. Overall, the
prenatal effects and postnatal effect are likely connected and
correlate via the reduced number of chromaffin cells in
adrenal glands.

The ratio of medulla to cortex changes in migrating voles. As
the experimentation on laboratory animals might not fully reflect
the ecological and evolutionary situation, we committed to per-
form the analysis of adrenals in wild rodents with different well-
documented intra-species modes of behavior. For this, we set out
for an expedition to Yenisey Ecological Station “Mirnoe” (62.2 N;
89.0W) in Siberia, to study the wild population of red-backed

Fig. 3 Administration of 5HTP to pregnant females influences chromaffin and “bridge” cells in embryonic chromaffin organs. a 5HTP was administered
to pregnant Htr3aEGFP+/− females, which was followed by the analysis of embryonic adrenals at E13.5 by immunohistochemistry. b Transversal section
through the adrenal glands (left) and Organ of Zuckerkandl (right) immunostained for TH, EGFP (indicating expression of Htr3a), and SOX10. The sections
were obtained from E13.5 embryos collected from Htr3aEGFP+/− females from control and 5HTP-treated groups. c Cell numbers in adrenal medulla (left)
and Organ of Zuckerkandl (right) at E13.5 in control and treated groups. Note that early chromaffin cells (HTR3AEGFP+/TH+) and mature chromaffin cells
(HTR3AEGFP−/TH+) decrease, whereas SCPs (SOX10+) and “bridge” cells (HTR3AEGFP+/TH−) do not change in the treated group vs control in the adrenal
medulla. At the same time, “bridge” cells (HTR3AEGFP+/TH−) accumulate and mature chromaffin cells (HTR3AEGFP−/TH+) decrease in the Organ of
Zuckerkandl in the treated group. Cell number are presented as violin plots, where the green line indicates median, biological n= 3, Shapiro–Wilk test for
normality and unpaired double-sided t-test p-value ns > 0.05, * < 0.05, ** < 0.002. d Cell number in adrenal medulla and sympathetic chain ganglia across
four groups of E13.5 embryos treated during E11.5–E12.5 with: DMSO (control), 5HTP, 5HTP and Granisetron (HTR3A antagonist), SR57227 (HTR3A
agonist). Note that cell numbers change in the adrenal medulla, but not in the sympathetic chain ganglion. Biological n= 6 (DMSO, 5HTP, SR57227), 5
(5HTP+Granisetron), one-way ANOVA AM p-value *0.0135, followed by Tukey multiple comparison test DMSO vs 5HTP p-value *0.0189, DMSO vs
SR57227 p-value *0.0406; ANOVA SCG p-value ns 0.6265. e Changes in size and cellular composition in E13.5 adrenal medulla and Organ of Zuckerkandl
in mice under the influence of increased 5HT (E11.5–E12.5). Cell numbers are presented as violin plots, the green line—median and the red lines—quartiles.
Adrenal medulla (AM) and Organ of Zuckerkandl (ZO) are outlined by the dashed line in sections. SRG: suprarenal ganglion, SCG: sympathetic chain
ganglion, MG: mesenteric ganglion.
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voles (Clethrionomys rutilus). C. rutilus represent a “cycling”
population with periods of expansion and migration, with well-
defined residents and migrants triggered by the spiking increase
of density53–55. To check if there is a correlation between the size
of adrenal medulla and resident vs migrant profile in wild C.
rutilus, we measured the medulla size in representatives of resi-
dents and migrants in the year of a peak population density
accompanied by enhanced migration activity (2020). The results
showed that the migrant animals of both sexes are characterized
by reduced medulla size as compared to residents (Fig. 7g), which
might be connected to the fact that the increase in population
density is associated with increased chronic stress56. According to
our experiments with laboratory animals and previously pub-
lished results52, increased level of stress in pregnant mothers
elevates 5HT in the placenta and embryo. This, in turn, results in

reduced chromaffin organs in the offspring, altered hormonal
profiles and more cooperative and flexible catecholamine-
controlled behavior.

Discussion
Recent findings6,8 have challenged the older paradigm about the
immediate origin of chromaffin cells from ventrally migrating
neural crest cells57, and raised questions about how the numbers
of chromaffin cells are established and controlled during
embryonic and postnatal life. These findings introduced inter-
mediate cell states intercalating into the trajectory from the neural
crest to chromaffin cells. One state is represented by nerve-
associated Schwann cell precursors6,58 giving rise to “bridge”
cells, which in turn transit into chromaffin cells6.

Fig. 4 Prenatal 5HT influences cell cycle length of the “bridge” progenitors in embryonic adrenal glands. a Pregnant Htr3aEGFP+/− females were
administered 5HTP at E11.5; at E12.5, females received 5HTP together with 5-Ethynyl-2′-deoxyuridine (EdU); in 4 h females received 5-Chloro-2′-
deoxyuridine (CldU); embryos were harvested in 4 h after CldU injection at E12.5. This allows identifying the proportions of cells, which incorporated EdU+

only, CldU+ only, or both thymidine analogues (EdU+CldU+). b Numbers of all cells (left) and numbers of proliferated cells (right) in populations of SCPs,
“bridge” cells, early chromaffin cells, and mature chromaffin cells at E12.5 under the influence of 5HTP in adrenal medulla. Shapiro–Wilk test for normality
and unpaired double-sided t-test p-value ns > 0.05, ** < 0.002, biological n= 3 (control SCPs), 4 (control other cell types), 4 (5HTP SCPs), 5 (5HTP other
cell types). c Proportions of EdU+ only, CldU+ only, and EdU+CldU+ cells in populations of SCPs, “bridge” cells, and early chromaffin cells at E12.5 under
the influence of 5HT in adrenal medulla. Note that the cell cycle lengthened in “bridge” cells in the treated condition, as there are more EdU+CldU+

“bridge” cells. Shapiro–Wilk test for normality and unpaired double-sided t-test p-value ns > 0.05, * < 0.05, biological n= 3 (control SCPs), 4 (control other
cell types), 4 (5HTP SCPs), 5 (5HTP other cell types). d Transversal sections of adrenal glands from Htr3aEGFP+/− embryos immunostained for TH, EGFP
(indicating the expression of Htr3a), EdU, and CldU. Arrowheads point at EdU+ only, CldU+ only, and EdU+CldU+ cells. e Numbers of cleaved CASP3+

cells in adrenal medulla and Organ of Zuckerkandl. Note that the number of cleaved CASP3+ cells is exceptionally low. Cell numbers are presented in violin
plots, the green line indicates median and the red lines are quartiles. Shapiro–Wilk test for normality and unpaired double-sided t-test (AM) and
Mann–Whitney test (ZO), p-value ns > 0.05, biological n= 5. f Proposed mechanism of the paracrine/autocrine regulation of a cell cycle length in HTR3A+

“bridge” precursors by 5HT-releasing chromaffin cells in the developing adrenal medulla.
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Here we investigated how these intermediate cell types regulate
their numbers and define the future size of the chromaffin
population. We found that 32% of the chromaffin cells are 5HT
positive as soon as they emerge at E12.5 in mouse and this
number goes up to 77.8% at E14.5. The 5HT, which is derived
from chromaffin cells and a small population of “bridge” cells,
signals to neighboring HTR3A+ “bridge” cells, lengthening their

cell cycle. This causes a reduction of adrenal medulla because less
“bridge” cells become available for differentiation into non-
dividing chromaffin cells. Being 5HT-sensitive, “bridge” cells are
a part of a negative feedback loop controlling the size of the 5HT-
releasing chromaffin population. Similar modes of paracrine
feedback loops were shown for retinoic acid signaling59 or
angiogenic growth factors60 which are known to control

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30438-w ARTICLE

NATURE COMMUNICATIONS | (2022)13:2901 | https://doi.org/10.1038/s41467-022-30438-w |www.nature.com/naturecommunications 11



organogenesis. Overall, the paracrine and autocrine role of 5HT
in developing chromaffin organs results in two important aspects
related to health and survival: protection from chromaffin tissue
overgrowth or neoplasia, and prevention of excessive catechola-
mines and catecholamine-controlled behavior. In humans, the
sparse expression of HTR3A appeared in “bridge” population at
weeks 5-to-7 according to RNAseq and at weeks 6 and 8
according to experimental validations with RNAscope. Despite
the expression was detected in principle, it appeared low and at
the border of detection, leaving a question about the role of
HTR3A in human “bridge” cells open. Contrary to this, the
expression of HTR3A in sympathoblasts showed a strong and
consistent pattern, also in agreement with other studies22.
Therefore, the human-specific role of the described paracrine
regulation via 5HT and chromaffin progenitor-specific HTR3A is
probable, although it requires further experimentation to be
validated. Of note, avian chromaffin cells29 and the cells of the
oxygen sensory organ (carotid body) are 5HT-positive as well61,
and may employ the 5HT-dependent mechanism to control their
numbers.

The single-cell transcriptomics analysis showed that elevated
embryonic 5HT influences the expression of Cwc22—a key gene
controlling splicing38,39, and also changes the levels of differen-
tially spliced proliferation—and differentiation-related genes
expressed by a “bridge” population (Apobec3, long non-coding
RNAs controlling Hand2 and potentially Cenpa).

The proposed mechanism of chromaffin cell number control
via 5HT-HTR3A-dependent paracrine regulation is unidirec-
tional, as the complete elimination of 5HT and pharmacological
blockage of HTR3A receptor do not result in overgrowth of
chromaffin cell organs. This goes in line with previous reports
showing that the excess of 5HT has stronger effects on brain
development as compared to the lack of 5HT62,63. For example,
Sert−/− mice demonstrate elevated levels of extracellular 5HT in
the brain, which causes a number of structural abnormalities
related to the role of 5HT during brain development together
with depressive- and anxiety-like behavior64, with no changes in
adrenal gland morphology and catecholamine release65. Con-
ceptually similar results were obtained via inhibition of SERT
with selective 5HT reuptake inhibitors at E8–E18 of mouse
development62,66. On the other hand, Pet1 KO and Tph2 KO
mice lack 5HT, but have structurally normal brains (although
Pet1 KO mice lack serotonergic neurons) with altered anxiety-
related behavior67,68. These results are in line with our loss-of-
function experiments, where the drastic decrease of embryonic
and maternal 5HT did not yield any alteration of size of chro-
maffin organs, apart from the general reduction of an embryo size
reported previously11,12. Thus, the 5HT-dependent control of
chromaffin cell numbers protects only against the excessive
growth and, potentially, tumor-permissive situations.

Consistent with this reasoning, chromaffin organs within the
sympathoadrenal complex represent the sites of childhood tumor
neuroblastoma, as well as pheochromocytoma and para-
ganglioma. The comparison of human HTR3Ahigh and HTR3Alow

neuroblastoma cell lines revealed that cell lines with HTR3Ahigh

expression level have higher tumor-initiating potential. Those cell
lines had key characteristics of cancer stem cells and appeared
tumorigenic in a mouse xenograft model system as well as formed
significantly more spheres in vitro. In line with the in vivo cell
cycle progression experiments, we managed to inhibit the pro-
liferation rate of HTR3Ahigh neuroblastoma cells with a specific
HTR3A agonist, which might be developed into a potential
therapeutic strategy, especially in a combination with
differentiation-inducing drugs69–71. Still, it might be wise to keep
in mind the potential difference between tumor and healthy
HTR3A+ cells, as the tumor cells might have additional, unpre-
dictable effects following from HTR3A activation, and the rele-
vance of 5HT paracrine regulation within tumors remains to be
elucidated. Moreover, the origin of neuroblastoma is highly
debatable9,22,72–75, and our results regarding the feedback loop
mechanism involving 5HT and HTR3A in “bridge” cells in vivo
and in cancer cell lines should be interpreted with great care.

Hypothetically, beyond the anticancer-related roles, the 5HT-
dependent chromaffin tissue control might have important
behavioral, ecological and evolutionary dimensions. Indeed, in
addition to local chromaffin cells synthesizing 5HT from 5HTP
directly within chromaffin organs, the other major source of
embryonic 5HT are represented by the maternal blood76 and
placenta14,77. The biosynthetic enzymes TPH1 and DDC are
produced in the syncytiotrophoblastic cell layer of the murine
placenta, which is in line with previous observations of in vitro
placental 5HT neo-synthesis at E10.5–E18.5 in mice. In line with
this observation, human placental fetal villi demonstrated a
similar biosynthetic capacity during early gestation77. The com-
bination of different 5HT sources and the switch from systemic
(extraembryonic) to the local source of 5HT were previously
noticed during embryonic brain development in mice14. Similar
to brain development, the presence of extraembryonic-derived
5HT in the embryonic circulation adds another variable to the
equation of chromaffin cell number control. In fact, not only local
paracrine/autocrine regulation might take place in developing
chromaffin organs, but also systemic extraembryonic 5HT might
influence the future size of the adrenal medulla. In turn, the
intensity of 5HT synthesis in placenta depends on the availability
of mother-derived biochemical precursor 5HTP and tryptophan.
This opens a potential for a non-genetic control of adrenergic
organ development in a progeny of mothers capable of tuning the
levels of tryptophan and 5HTP. This tuning might depend on
stress factors or health conditions52,78,79. Interestingly, chronic
mild stress, excessive maternal inflammation, and hypoxia lead to
the increased 5HT synthesis in the fetal placenta with increased
output to the fetus, as was previously shown for rodents and
humans80. In our experiments, prenatal mild stress in pregnant
females resulted in elevated levels of 5HT in progeny, which
reduced adrenal medulla and changed the offspring behavior
similarly to the experiment with chemically (5HTP)-treated
mothers. In this “chemical” in vivo experiment, we mimicked the
maternal-dependent elevation of 5HT by introducing higher
levels of 5HTP into pregnant females. As a result, we detected a
reduced number of chromaffin cells, smaller adrenal medulla and

Fig. 5 Single-cell transcriptomics reveal differential changes in genes related to RNA splicing and cell cycle upon 5HTP treatment. a Adrenal glands
(AG) and Organ of Zuckerkandl (ZO) were dissected from E13.5 Wnt1-Cre+/−;R26RTomato+/wt embryos; the tissue was dissociated, and Wnt1Tomato+ cells
were sorted into 384-well plates for Smart-seq2 sequencing. Note the absence of statistically-tested compositional effects (see the “Methods” section)
between 5HTP-treated and control conditions, shown as UMAPs (bottom panels). b Joint UMAP embedding of cells from AG and ZO from both treated
and control groups. c Main marker genes defining each cluster. d Differential gene expression per cluster in 5HTP-treated vs control groups. e Statistically
significant differential spliced genes in 5HTP-treated vs control groups. Note that at least four long non-coding RNAs responsible for regulation of Hand2
activity appeared differentially spliced (Uph, Uph.AS2, Uph.AS3, Uph.AS4) and well as Cenpa-related long non-coding RNA. The bottom: UMAP plots
showing meaningful differentially spliced and differentially expressed genes.
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decreased levels of catecholamines associated with changes in the
behavior of the adult offspring.

One can admit that the molecular mechanisms controlling the
size of chromaffin tissues are important for natural and artificial
selection. Although we do not provide direct data supporting this
idea, the low aggressiveness, changes in 5HT synthesis and
degradation, and reduction of chromaffin organs were previously

reported as a part of the so-called “domestication syndrome”,
observed in a number of domesticated species20,21. In line with
these domestication-associated behavioral patterns, our experi-
mental rodents subjected to 5HT-driven reduction of adrenals
showed less aggressive responses and altered levels of catechola-
mines. The individual levels of aggressive behavior are indeed
related to how the animals react to a wide variety of
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environmental challenges including two major coping strategies
—proactive and reactive81. Aggressive males typically express a
more proactive type of behavioral response demonstrating rigid,
cue-independent, and impulsive reactions and a tendency to
defend their home territory. At the same time, non-aggressive
reactive males are rather flexible, cautious, and open to the
external cues, which can assist in variable or unpredictable
environments, such as during migration81,82. Our results
demonstrated that prenatal exposure to enhanced 5HT during the
critical time window (resulting from maternal mild stress or
availability of 5HTP) leads to the birth of progeny with a pre-
ferentially reactive type of a coping strategy. This suggests a
possible non-genetic information transmission from mother to
progeny via the 5HT-dependent developmental control of chro-
maffin organ size. Conceptually, a similar 5HT-based mother-to-
progeny information transmission was identified in
invertebrates13,83,84 and, given our results, might be a more
general strategy in nature85.

Furthermore, the mechanism of 5HT-based mother-to-
progeny information transmission might be more evident in a
wild population under critical environmental stress. The oscil-
lating population density in red-backed voles (C. rutilus) peri-
odically reaches exceptional values and causes unprecedented
social stress to individual animals56. This, along with other fac-
tors, forces the voles to segregate into residents and migrants,
shaping the population cycles86. The difference between the
animals forced to migrate and those who stay might involve a
behavioral control of aggression, which is affected by the different
size of chromaffin organs. We tested this hypothesis and found an
association of the adrenal medulla size with the type of the coping
strategy (resident—proactive and migrants—reactive) in wild
rodents. This association supports the connection between stress
in pregnant mothers, 5HT concentrations and the resulting size
of chromaffin organs in progeny. Overall, the described
mechanism of chromaffin cell number control via 5HT-sensitive
precursor cells may provide a regulatory 5HT-mediated pathway
of prenatal programming for long-lasting changes in progeny
underlying the behavior of domesticated species as well as wild
animals with active and reactive types of coping strategy. Future
research should establish the role of genetic factors responsible
for the variation of the chromaffin organs in wild animals as
compared to the power of the 5HT-based mother-to-progeny
information transfer mechanisms.

Methods
Animals and corresponding ethics. All experiments involving laboratory animals
were done in accordance with European Convention on the Protection of

Vertebrate Animals Used for Experimental and Other Scientific Purposes (Stras-
burg, 1986) and approved by the Ethics Committee for Animal Research of the
Koltsov Institute of Developmental Biology (Russian Academy of Sciences,
approval code: 22, approved on 15 March 2018) as well as in accordance with The
Swedish Animal Agency’s Provisions and Guidelines for Animal Experimentation
recommendations and approved by Ethical Committee on Animal Experiments
(Norra Djurförsöksetiska Nämd, ethical permit N226/15).

Laboratory animals were kept in standardized conditions (24 ˚C, 12:12 h
light–dark cycle, 40–60% humidity, food, and water ad libitum).

Htr3aEGFP transgenic animals are Tg(Htr3a-EGFP)DH30Gsat/Mmnc) were
received from MMRRC and provided by the J. Hjerling-Leffler laboratory
(Karolinska Institutet, Stockholm, Sweden) (https://www.mmrrc.org/catalog/sds.
php?mmrrc_id=273). Animals were kept as heterozygotes for the EGFP transgene.
Wnt1-Cre (The Jackson Laboratory, stock number 009107), full strain name B6.Cg-
Tg(Wnt1-cre)11Rth Tg(Wnt1-GAL4)11Rth/J) and reporter mice line R26RTomato

(The Jackson Laboratory stock number 007914) were used for the study. As wild
type animals Wistar Rat, BalbC, and C57Bl6 mice were used.

For all experiments, a single embryo was considered as a biological n, and the
embryos from 1 to 2 litters were used in experiment to comply with the 3R policy
about the usage of animals in research. Furthermore, the exact timing of the
embryonic development varies depending on the time of conception and embryo
implantation, which can be up to 12 h apart. The developmental difference within
this time-window can affect the results and introduce the unwanted noise into the
assessment of developing organs at E8–E14.5 stages. Based on our previous
experience with such variation, pulling several litters into one comparison can
result in much greater variability within the overall group, which can hide the true
differences. Selecting and aligning the perfectly comparable litters requires the
unnecessary sacrifice of higher numbers of without much of necessity. With this in
mind, and with the goal to minimize the number of animals used, we focused on
the analysis of adequate numbers of individual embryos (3–6) serving as biological
replicates for our studies. For the majority of the experiments, we utilized 1–2
litters per experimental condition.

NOD/ShiLtSz-scid/Il2rγnull mice were used as a NSG model. All NSG mouse
experiments were conducted in accordance with a study (21379/2011-30) approved
by the Institutional Animal Care and Use Committee of Masaryk University and
registered by the Ministry of Agriculture of the Czech Republic as required by
national legislation.

E15.5 embryos (gender was not identified) from Pet1−/− knockout mice were
received from Patricia Gaspar (INSERM: Paris, France). E15.5 embryos (gender
was not identified) from Tph2 knockout mice were received from Massimo
Pasqualetti from (Dept of Biology, University of Pisa, Italy). E13.5 embryos (gender
was not identified) from Tph1;Tph2, Tph1;Scl6a4, and Tph1;Tph2;Scl6a4 knockout
mice together with E13.5 embryos (gender was not identified) of C57BL/6 mice
bred in the same facility were received from Natalia Alenina and Michael Bader
(Max-Delbruck Center for Molecular Medicine (MDC), Berlin, Deutschland).
Before shipment embryos were fixed in 4% paraformaldehyde in PBS (pH 7.4) at
4 °C 4–6 h depending on the embryonic stage. Samples were rinsed in PBS and
placed in 30% sucrose in PBS for cryoprotection. Samples were sent in 30% sucrose
in PBS solution incubated on ice and processed for immunohistochemical analysis
after receipt.

All experiments involving wild animals red-backed voles Clethrionomys rutilus
were approved by the Biomedical Ethics Commission of FSBI “Zakusov Institute of
Pharmacology” (Russian Academy of Sciences, approval code: 01, dated 20 January
2017). Red-backed voles C. rutilus (Pallas, 1779) is not an endangered species. The
wild representatives of red-backed voles C. rutilus were collected during August-
September 2020 in the Yenisey ecological station “Mirnoe” (62.2 N; 89.0W),
Turukhansky region of Krasnoyarsk territory, within the Central Siberia Biosphere
Reserve. The long-term population-ecological investigations demonstrated a 4-year

Fig. 6 HTR3Ahigh neuroblastoma cells are highly tumorigenic and reduce their proliferation under excessive HTR3A stimulation. a Gene expression
analysis by qRT-PCR revealed marked differences in relative expression of HTR3A among individual human neuroblastoma cell lines. NTERA-2 pluripotent
embryonal carcinoma cells served as a positive expression control (Ctrl). Data presented as mean ± SD, biological n= 3, technical n= 3; *p < 0.05,
**p < 0.01 using one-way ANOVA followed by Tukey’s post hoc test. b Western blotting showed differences in HTR3A protein levels, which also
corresponded to the differences in expression of N-MYC, c-MYC, and SOX2 proteins between HTR3Ahigh and HTR3Alow groups. Blots are representative
of three experiments. c Densitometric quantitation of the HTR3A protein expression confirms the defined HTR3Ahigh and HTR3Alow groups. Data
presented as mean ± SD, biological n= 3; ***p < 0.01 using one-way ANOVA followed by Tukey’s post hoc test. d–g MTT assay on cells treated with
agonists of HTR3A receptor (d, e) revealed significant dose-response decrease in proliferation of HTR3Ahigh neuroblastoma cells after 5 days of treatment
with either N-methylquipazine dimaleate (NMQ, d) or SR57227 (e); treatments with HTR3A antagonists (f, g) did not exert a significant effect on cell
proliferation. Data presented as mean ± SD, biological n= 3–5, technical n= 5. h Schematic depiction of limiting dilution sphere formation assay:
neuroblastoma cells were pretreated with 75 μM NMQ or vehicle (DMSO) for 5 days and serially diluted in fresh serum-free media w/o the drugs at
indicated numbers per well. i The frequencies of sphere-forming cells significantly differed between HTR3Ahigh and HTR3Alow cell lines, while NMQ
pretreatment did not reduced sphere formation capacity of the tested cells. Data are shown as mean ± 95% confidence interval, frequencies, and
probability were computed using ELDA software79. ***p < 0.01, χ2 pairwise test. j–l Only HTR3Ahigh neuroblastoma cell lines formed xenograft tumors in
NOD/SCID gamma (NSG) mice (k). The higher levels of HTR3A expression in SH-SY5Y cells corresponded to the earlier onset of tumor formation (j) and
increased tumor growth (l) when compared with CHLA-20 cells; ***p < 0.01 using one-way ANOVA followed by Tukey’s post hoc test.
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cycle of population dynamics of Micromammalia which is stable in the conditions
of Yenisey Central Siberia. C.rutilus population dynamic peak occurred in Central
Siberia in 2020 (mean 29,1 animals per 100 traps per day in 2020, compared to
mean 13,8 animals per 100 traps per day in 2018. Year monitoring of ecological
station “Mirnoe”), and the collection period at the late summer\autumn considered
the most relevant to estimate the wave dynamics in cycling population55.
Representatives of C. rutilus collected in Sherman traps (live traps) in taiga (dark
coniferous forest consisting of Siberian cedar, fir, pine, and larch) were considered
as settled individuals or residents. Representatives collected in pitfall traps in
Yenisey River valley (meadows without tree communities) were considered as
migrants. Trapped species were settled individually in plastic boxes for 2 h. The
animals were weighed and adrenals were dissected under inhalant isoflurane
anesthesia (SomnoSiute system, Kent Scientific, USA). The gender, pregnancy and

fertility status, approximate ages were determined visually after dissection.
Altogether 24 females and 31 males of ~1 year old were used for the study.

5HTP administration to pregnant females and embryo collection. Three- to
four-month-old females of Wistar rats, BalbC mice, and 2–4-month-old Htr3aEGFP

mice were placed in time-controlled mating and the day of plug was considered as
embryonic day (E) 0.5 for mice, day of conception was considered as embryonic
day (E) 0.5 for rats. 5-hydroxy-L-tryptophan (Sigma-Aldrich H9772) was dissolved
in saline and fed (1 mg/kg BW, once a day) to pregnant rats through gavage or
intraperitoneally injected (40 mg/kg BW, once a day) to pregnant mice females. At
the stage of embryo harvest, the females were sacrificed by cervical dislocation after

Fig. 7 Embryo-to-adult effects of prenatal 5HT on adult behavior and adrenals are similar to the effect of stress induced in pregnant mothers.
a Pregnant Wistar rats were administered 5HTP during E11.5–E15.5, and their offspring (P)75 was analyzed with the behavioral tests and catecholamine
measurements. b The size of adrenal glands in animals from the 5HTP-treated females was significantly smaller then from control group. Mann–Whitney
test, p-value * < 0.05, biological n=male: 11 (control), 8 (5HTP); female: 12 (control), 10 (5HTP). c Major catecholamines measured in ng/mg of tissue,
ng/organ and ng/mL of plasma by HPLC-MS. Note: ng/mg of tissue reflects normal function of chromaffin cells, and does not change; ng/organ decreases
in 5HTP-treated group. Mann–Whitney test, p-value ns > 0.05, * < 0.05, biological n=male: 11 (control), 8 (5HTP); female 12 (control), 10 (5HTP), for
plasma n=male: 10 (control), 7 (5HTP); female 10 (female), 8 (female). d Aggression-assessing behavioral tests: “resident-intruder test” (top) and “foot
shock-induced aggression test” (bottom) indicate the reduced aggression in the 5HTP-treated group. Mann–Whitney test, p-value ns > 0.05, biological
n= 14 and 15 (control), 15 (5HTP group). e Pregnant BalbC mice were exposed to a mild stress (1 h restrain) at E10.5–E14.5, followed by 5HT
measurements in the embryo trunks and placentas. Note: the 5HT levels were increased similarly to experiment with 5HTP-treatment (refer to Fig. 2a, b).
Mann–Whitney test, p-value * <0.05, ** < 0.002, biological n= 9. f Pregnant BalbC mice were exposed to a mild stress (1 h restrain) at E10.5–E14.5, and
their P30 offspring was tested for the size of adrenal medulla and aggression. Note: the proportion of adrenal medulla was significantly lower in the stress-
induced group similarly to the 5HTP-treated group (refer to Fig. 2h). Shapiro–Wilk test for normality, unpaired double-sided t-test p-value, **** < 0.0001, n
(adrenal gland)=40 (control male), 24 (1 h restrain male), 35 (control female), 32 (1 h restrain female). g The ratio of adrenal medulla of the adrenal gland
in C. rutilus. Mann–Whitney test, p-value * < 0.05, *** < 0.001, biological n (adrenal gland)=male: 31 (resident), 29 (migrant); female: 25 (resident), 21
(migrant). In all violon plots the green line—median, the red lines—quartiles.
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anesthesia with 2–3% isoflurane, embryos were eviscerated and placed in ice-cold
PBS. The gender of embryos was not identified.

HTR3A agonist and antagonist treatment. Three- to four-month-old pregnant
BalbC females received intraperitoneal (i.p.) injections of the selective agonist of
the HTR3A receptor, SR57227 hydrochloride (2 mg/kg BW, once a day) at E11.5
and E12.5 stages. Another group of animals was i.p. administered with the HTR3A
antagonist, granisetron hydrochloride (2 mg/kg BW, once a day) in combination
with 5HTP (40 mg/kg BW, once a day) at E11.5 and E12.5 stages. Drugs were
purchased from Tocris (UK), dissolved in DMSO, and then diluted in sterile
physiological saline. In the control group, mice received identical volumes of iso-
tonic saline with DMSO (DMSO control). E13.5 embryos were fixed in 4% par-
aformaldehyde and processed for immunohistochemistry. The gender of embryos
was not identified.

MicroCT tissue preparation and analysis. E15.5 rat embryos (gender was not
identified) were fixed in 4% paraformaldehyde in PBS (pH 7.4) at 4 °C for 6 h.
Samples were dehydrated by incubation in the ethanol gradient solutions in PBS
(30%, 50%, 70%); incubation was done at 4 °C with agitation for 24 h in each
concentration. For contrasting the samples were transferred to 1.0% PTA (Phos-
photungstic acid, Sigma-Aldrich, P4006) in 90% methanol and incubated with
rotation at 4 ˚C with agitation for 3 weeks; the PTA solution was changed weekly.
After contrasting, the samples were rehydrated through a methanol gradient (90%,
75%, 50% and 30%). After that, rehydrated embryos were shipped on ice to Brno
University of Technology, Czech Republic for microCT scanning.

Samples were placed in polypropylene tubes and embedded in 1% agarose gel to
minimize movement during microCT measurement. MicroCT scanning was
performed using system GE phoenix v|tome|x L 240, equipped with a 180 kV/15W
maximum power nanofocus X-ray tube and high flat panel dynamic 41|100 with
4000 × 4000 pixels and a pixel size of 100 × 100 μm. The exposure time was 900 ms
in 2000 positions over 360°. The microCT scan was carried out at 60 kV
acceleration voltage and with 200 μA X-ray tube current. The beam was filtered by
a 0.2 mm-thick aluminum filter. The voxel size of obtained volumes was 2.2 μm for
all samples. The tomographic reconstructions were performed using GE phoenix
datos|x 2.0 3D computed tomography software. Segmentation of structures was
performed manually by a combination of software Avizo (Thermo Fisher Scientific,
USA) and VG Studio MAX 3.2 (Volume Graphics GmbH, Germany).

Thymidine analogues labeling during S-phase combined with 5HTP treat-
ment. Double thymidine analogues labeling of cells in S-phase was based on the
methods described previously87. 5-ethynyl-2′-deoxyuridine (EdU, Life Technolo-
gies, E10415) and 5-Chloro-2′-deoxyuridine (CldU, Sigma-Aldrich, C6891) were
dissolved in PBS at stock concentrations 5 mg/ml and 5.2 mg/mL and, respectively,
intraperitoneally injected to 2–4-month-old Htr3aEGFP mice pregnant females in
equimolar concentrations to 50 mg/kg body weight of EdU with 4-h interval.
Females also received 2 injections of 5HTP 40 mg/kg or vehicle control at E11.5
and at E12.5. To minimize the number of 5HTP injections, at E12.5 and the EdU
dose were combined in one injection solution. Embryos were harvested 4 h after
CldU injection E12.5, gender of the embryos cannot be identified.

Tissue preparation for immunohistochemistry. Whole embryos, dissected
sympathoadrenal complexes were fixed in 4% paraformaldehyde in PBS at 4 ˚C
with agitation for 2–6 h followed by rinse in PBS. After fixation samples were
cryoprotected in 30% sucrose in PBS at +4 °C with agitation for 24 h. Samples were
embedded in OCT and frozen at −20 °C. 14 μm serial sections were produced from
each sample, collected on SuperFrost microscopy slides (Thermo Scientific) and
kept at −20 °C before staining.

Immunohistochemistry. Cryosections were brought to room temperature and
dried for at least 2 h before antigen retrieval. Antigen retrieval was done by sub-
merging the slides in 1× Target Retrieval Solution (Dako, S1699) in water, bringing
the solution to boiling and letting it cool down for 40–60 min. Sections were
washed three times for 10 min in PBS containing 0.1% Tween‐20 (PBST), encircled
by Super PAP Pen (Invitrogen, 008899), and incubated at room temperature
overnight with primary antibodies diluted in PBST in a humidified chamber. Then,
sections were washed in PBST three times for 10 min and incubated with secondary
antibodies and DAPI (5 μg/mL) diluted in PBST at RT for 90 min, washed again
three times in PBST and mounted using Mowiol (Merck, 81381) mounting med-
ium, prepared according to manufacturer’s instructions.

Detection of thymidine analogues in combinations with IHC. Antigen retrieval
was done by submerging the slides in 1× Target Retrieval Solution (Dako, S1699) in
water, bringing the solution to boiling point, and cooling it down for 40–60 min.
Sections were washed three times for 10 min in PBS. Sections were further per-
meabilized with 4% triton X-100 solution for 1 h followed by 3 washes 10 min
in PBS.

EdU visualization was performed by click reactions. Sections were incubated in
Click Buffer 1 (0.1 M Tris pH 7.5, 20 μL CuSO4 100 mM, 5 μM Alexa Fluor 647

azide (ThermoFisher, A10277) (stock 10 mM in DMSO), 100 mM ascorbic acid)
for 15 min with gentle rocking. Washed three times for 5 min in PBS and incubated
with Click Buffer 2 (20 μL CuSO4 100 mM, 40 mM ascorbic acid and 2 mM
azidomethyl phenyl sulfide (Sigma-Aldrich) in PBS) for blocking of non-specific
reactions of anti-BrdU (clone BU1/75) antibody with EdU68. The sections were
incubated for 15 min with gentle rocking followed by 3 washes for 5 min in PBS.
For CldU visualization with antibodies, a DNA denaturing step by 2N
Hydrochloric acid (incubation at 37 °C for 40 min) is critical to allow the antibody
to bind to DNA. The sections were neutralized by washing in 0.1 M borate buffer
(pH 8.0) two times for 10 min followed by three washes in PBS for 5 min. Then
sections were blocked in 5% normal donkey serum (Sigma-Aldrich), 0.1% Triton
X-100 in PBS for 1 h. Primary antibodies were dissolved in 5% normal donkey
serum (Sigma-Aldrich), 0.1% Triton X-100 in PBS and incubated with sections
overnight at RT with gentle rocking. A combination of anti-BrdU (recognizes
CldU) antibody and cell type-specific antibodies was applied. Next day, the sections
were washed in PBS three times for 5 min and incubated with the solution of
secondary antibodies and DAPI in PBS for 90 min at RT. After incubation, the
samples were washed in PBS three times for 10 min at room temperature and
mounted using Mowiol mounting medium, prepared according to manufacturer’s
instructions.

Primary and secondary antibodies. The following primary antibodies were used:
rabbit anti-TH (1:1000, Pel-Freez Biologicals, #P40101-150), sheep anti-TH
(1:2000, Novus Biologicals, #NB300-110), rabbit anti-serotonin (1:2000, Immu-
noStar, #20080), chicken anti-GFP (1:600, Aves Labs Inc., #GFP-1020), goat anti-
human SOX10 (1:800, R&D Systems, #AF2864), rabbit anti-KI67 (1:500, Thermo
Scientific, #RM-9106), rabbit anti-Cleaved Caspase-3 (1:500, Cell signaling,
Asp175), rat anti-BrdU (1:300, Abcam, BU1/75, also recognizes CldU).

For detection of the primary antibodies, secondary antibodies raised in donkey
and conjugated with Alexa-405, -488, -555, and -647 fluorophores were used
(1:1000, Molecular Probes, ThermoFisher Scientific). Goat anti-chicken conjugated
to Alexa fluor-488 (1:600, Jackson ImmunoResearch, 703-545-155).

RNA scope® in situ hybridization. Fluorescent in situ hybridization manual assay
against Pnmt (probe 426421-C3) and Htr3a (probe 411141-C3) was performed
using the RNAscope Fluorescent® Multiplex Assay kit according to manufacturer’s
instructions (Advanced Cell Diagnostics). Immunostaining following the hybridi-
zation was performed as described above except for the antigen retrieval step.

Microscopy. Images were acquired using LSM700, LSM 710, and LSM 880 con-
focal microscopes (Carl Zeiss, Germany) equipped with ×10, ×20, and ×40
objectives. Images were acquired in the .lsm format.

Cell counts and area measurements. Cell counts and area measurements were
done manually using the Cell counter plugin and measurement functions of ImageJ
(2.1.0/1.53c) software. The area of adrenal gland section was calculated by sur-
rounding the area based on DAPI signal. The area of medulla was calculated based
on TH+ signal within adrenal gland. The area of cortex was calculated by sub-
traction of adrenal medulla area from the area of the whole gland per individual
section. Three section per gland and 2 glands per embryo were evaluated.

Venn diagrams were built with https://www.meta-chart.com/venn#/your-charts
free on-line platform and redrawn in Adobe Illustrator 25.2.1. The percentage of
Sox10+Htr3aEGFP+ cells was calculated as a fraction of Sox10+Htr3aEGFP+ cells
from the sum of all Sox10+ and all Htr3aEGFP+ at E13.5 and E14.5 in adrenal
medulla.

Measurements of relative medulla size in postnatal animals. The dissected
adrenals of P30 BalbC mice and collected red-backed voles Clethrionomys rutilus
were processed for whole-mount Benzyl alcohol/Benzyl benzoate tissue optical
clearing method. The preparations were scanned using LSM 880 confocal micro-
scope (Carl Zeiss, Germany) with a green channel determining the tissue auto-
fluorescence. The optical section with maximal external volume was selected for
relative medulla size analysis. The area of central medulla and the whole adrenal
were measured using ImageJ software. Relative medulla size represented by the
ratio: (medulla area/total area) × 100%.

Re-analysis of single-cell transcriptomic data published by Furlan et al., 2017.
We re-analyzed single-cell RNA-seq data of mouse adrenal gland from Furlan
et al.6. Gene counts were obtained from GEO database (GSE99933). Gene count
matrix was analyzed with a standard Seurat (version 3.0.2) workflow88. We used
the original embeddings and clustering from ref. 6 (Figs. 5B and 5G), downloaded
from the published pagoda apps: http://pklab.med.harvard.edu/cgi-bin/R/rook/nc.
SS2_16_249-2/pathcl.json and http://pklab.med.harvard.edu/cgi-bin/R/rook/nc.
SS2_16_250-2/pathcl.json (json slots embedding/data for the embedding and col-
cols/clusters/data for the cluster labels).

Seurat function FeaturePlot and DotPlot were used to plot gene expression in
individual cells on the embedding and average gene expression in the clusters as
dot plots, respectively.
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Single-cell RNA sequencing of mouse tissue by SmartSeq2. Wnt1-Cre+/−;
R26RTomato+/wt E13.5 embryos prenatally treated with 5HTP or vehicle for control at
E11.5 and E12.5 were harvested in ice-cold PBS. Adrenal glands and Organ of
Zuckerkandl were dissected under the stereoscope equipped with a fluorescent light
source. Tissue was added to 500 μL of 0.05% Trypsin/0.02% EDTA (Sigma, 59417-C)
and incubated at 37 °C for 10min. The tissue was triturated slowly with a P-200 pipette
until complete dissociation. Trypsin was deactivated by adding 500 μL of PBS con-
taining 10% FBS. The cells were centrifuged at 500 × g at 4 °C for 5min. The cells were
washed two times with PBS+ 10% FBS followed by centrifugation. The non-single cell
clusters of cells were removed by filtering through 40 μm-pore size cell strainers.
Fluorescent cells were sorted in single cells mode into 384-well plates prefilled with
lysis buffer according to a previously published protocol using a BD FACS Aria III Cell
Sorter. One full 384-well plate was sorted and sequenced per organ and per treatment.
Single-cell library preparation was done following Smartseq2 protocol89.

Single-cell transcriptomics data analysis of SmartSeq2. First, generation of
count matrices, QC and filtering was performed. The single-cell transcriptome data
were generated at the Eukaryotic Single-cell Genomics facility at Science for Life
Laboratory in Stockholm, Sweden. The samples were analyzed by first demulti-
plexing the .fastq files using deindexer (https://github.com/ws6/deindexer) using
the NextEra index adapters and the 384-well plate layout. Individual .fastq files
were then mapped to mm10_ERCC genome (https://www.ncbi.nlm.nih.gov/
assembly/GCF_000001635.20/) using the STAR aligner version 2.7.5c using 2-pass
alignment. Reads were filtered for only uniquely mapped and were saved in BAM
file format; count matrices were subsequently produced. Estimated count matrices
were gathered and converted to an anndata object. Cells with the following
quantities were kept as high quality: having more than 105 and less than 5 × 105

transcripts, containing more than 4000 and less than 8000 detected genes and or
less than 15% of ERCC reads. Cells with low number of reads, potential doublets,
cells with high fraction of ribosomal and mitochondrial genes were removed from
the analysis. The resulting filtered count matrix contained 1361 high-quality cells
(out of 1528 total cells sequenced).

The preprocessing and initial analysis of the count matrix was performed
without any batch correction, using scanpy python package v1.7.2, scFates python
package v0.2.4, and scvelo python package v0.2.3. Highly variable genes were
detected using pagoda2 approach (scFates.pp.find_overdispersed, default
parameters). Cell cycle genes were removed from the list of high variable genes to
remove their effect. PCA was performed on the scaled count matrix using the high
variable genes (scanpy.pp.pca, default parameters). kNN graph
(scanpy.pp.neighbors, n_neighbors = 30, n_pcs = 30, metric = “cosine”) was
generated from PCA space, followed by UMAP embedding generation
(scanpy.tl.umap, default parameters) and leiden clustering (scanpy.tl.leiden,
Resolution = 0.3)90. Differential gene expression analysis was performed per
cluster between treated cells and control, using Wilcoxon rank-sum test.

To detect possible differentially spliced genes between the two conditions,
BRIE2 algorithm was employed91,92. Counting of the isoform-specific reads in each
splicing event was performed for BAM files of the QC filtered cells, using filtered
mouse annotation provided by the package maintainers. The annotation has the
following characteristics: from GENCODE mouse vM17, exon skipping events
located on autosome and chrX, not overlapped by any other AS-exon, surrounding
introns are no shorter than a fixed length 100 bp. Length of alternative exon
regions, between 50 and 450 bp. With a minimum distance, 500 bp, from TSS or
TTS. Specific splice sites: surrounded by AG-GT, i.e., AG-AS.exon-GT. Splicing
isoform proportion and variable splicing detection was performed in mode 3, by
including a design matrix containing the both treatment and location as columns,
location effect was removed as potential cofounder.

Ethical aspects of procedures involving human tissue. Human pre-natal tissue
was obtained from clinical routine abortions with oral and written consent from
the patient. Swedish Ethical Research Authority and the National Board of Health
and Welfare has approved the acquisition of human pre-natal tissue for research
purposes (ethical reference is 2018/769-31 with the addendum EPN2019-04595).
The material was donated for a general research purpose especially with the focus
on neuronal and nervous system-related cell types. Measurement of crown-rump-
length (CRL) and anatomical landmarks were used to determine the post-
conception age.

Human fetal cell isolation, storage in methanol, and rehydration. The tissue
was received in ice-cold PBS and enzymatically digested to obtain the single-cell
suspension. For this, tissue cut into smaller pieces was incubated with 500 μl 0.05%
Trypsin/0.02% EDTA (Sigma, 59417-C) for 15 min at 37 °C with gentle swirling
every 5 min. Gentle pipetting up and down was used to mechanically dissociate
bigger pieces if any. 500 μl 10% FBS in PBS was added to cell suspension and the
cells were pelleted at 500 × g for 5 min at 4 °C. Cells were washed two times with
1000 μL PBS, passed though the 35 μm cell strainer (Falcon, 352235), pelleted at
500 × g for 5 min at 4 °C and re-suspended in 100 μl 0.04% BSA in PBS. Ice-cold
methanol (400 μL was added for fixation of the cells and the cells were stored at
−80 °C. For the preparation of the library the cells were brought to +4 °C and
pelleted at 1000 × g for 10 min at 4 °C. Cell pellet was re-suspended in 500 μL of

rehydration buffer (1X DPBS (Gibco 14190144) containing 1.0% BSA (Sigma,
B4287) and 0.5 U/μl RNAse Out (ThermoFisher Scientific, 10777019) followed by
two washes with 500 μL of rehydration buffer. The rehydrated cell suspension was
sorted to remove debris with BD FACS Aria Fusion instrument (BD Biosciences,
San Jose, CA) equipped with 100 μm nozzle. After FACS cells were pelleted to
obtain concentrated cell suspension with 700–1200 cells/μL.

10x Genomics RNAseq library preparation and sequencing of human cells. 10x
Genomics Chromium Single Cell 3ʹ protocol for Reagent Kits v3 was used for
library preparation aiming to recover 5000–8000 cells. Sequencing was done on
Illumina NovaSeq 6000 Sequencing System (NovaSeq 6000 S1 Reagent Kit or
NovaSeq 6000 S2 Reagent Kit were used) with the standard recommended read set
up for 10X Genomics libraries: Read 1: 28 cycles (Cell barcode and UMI), i7 index:
8 cycles (Sample index), Read 2: 91 cycles. The 10X single-cell transcriptome data
were generated at the Eukaryotic Single-cell Genomics facility at Science for Life
Laboratory in Stockholm, Sweden.

Human single-cell transcriptomics data analysis with 10x Genomics. The
count matrix for each sample was produced by Cell Ranger version 3.1.0 that
processed, mapped, and counted raw sequencing data to the Cell Ranger GRCh38-
3.0.0 genome and its corresponding annotation. Seurat package pipeline (v.4.0.2)93

was used for the downstream analysis. Genes expressed in fewer than ten cells in
each dataset were removed from further analysis. To keep only high-quality cells,
the cells with less than 2000 or more than 25,000 transcripts and the cells with less
than 1500 detected genes per cell were omitted. The cells with high mitochondrial
content (more than 10%) were also excluded from the analysis. The putative
doublets were predicted by Scrublet94. The filtered datasets first were analyzed
separately to extract the cells belonging to the neural crest-derived sympathoa-
drenal lineage and then integrated with Seurat function IntegrateData (2000
integration anchor features, 20 dims). The resulting integrated filtered dataset
consisted of 3503 high-quality cells. The effects of cell cycle heterogeneity in gene
expression were mitigated by regressing out the difference between G2M and S
phase signatures by Seurat functions CellCycleScoring and ScaleData (vars.to.re-
gress = “CC.Difference”). Then to perform a graph-based clustering and visuali-
zation by UMAP, the first 30 principal components and 30 nearest neighbors were
used. Louvain clustering algorithm with resolution equal to 0.2 resulted into
finding 13 clusters, two of them were removed due to containing the high doublet
scores. The remaining clusters were re-analyzed using the same parameters except
the resolution (30 PCs, 30 kNN, resolution= 0.1) and the resulting seven clusters
were merged based on the expression of classical cell type-specific markers into
four biologically meaningful clusters. To check whether the expression of HTR3A
gene in the “bridge” cells is not noise-derived, the exact Fisher test was applied after
removal of the sympathoblast clusters from the dataset.

Behavioral studies. The tests were performed on 21 male and 25 females P75
Wistar rats, weighing 180–200 g. Animals were acclimatized 15 min a day for
5 days before the tests95.

Resident-intruder test was performed on rat and mice81. For the test on Wistar
rats, each resident male was housed with the companion female in the resident cage
(floor space of about half a square meter) for 1 week prior to testing. The
companion females were sterilized 3 weeks before the test. The cages were not
cleaned until the end of the experiment. Testing was performed once a day at
8:00 p.m. The companion female was removed from the cage and an unfamiliar
male was introduced in the residential cage, followed by recording the behavior of
the resident for 15 min. The time between the introductions of the intruder and the
first clinch attack was considered as attack latency.

For the test on BalbC mice, male mice were singly housed for 1 week prior to
testing. The cages were not cleaned until the end of the experiment. The male
intruders were group-housed (five per cage) and matched with resident mice for
approximate age and body weight. The unfamiliar male was introduced in the
residential cage and behavior of resident mice was monitored during 5-min after
exposure to male intruder. One trial per day was conducted at 8:00 p.m. The time
between the introductions of the intruder and the first biting attack was considered
as attack latency.

Foot-shock induced aggression test96 was performed on rats. Two male rats
were placed on the electrode floor of the test chamber for both, pain sensitivity and
aggression, and then the current was gradually increased at a rate of 0.1 mA/s. The
threshold of pain sensitivity was determined by the minimum current at which the
animals made the first squealing. The minimum value of the current that causes the
typical upright defensive postures (threat posture) in a rat was considered as the
threshold of aggressiveness. The test was stopped at 1.8–1.9 mA/s.

Elevated Plus-maze (EPM) test was performed on rats. The apparatus for EPM
test was constructed from 2 horizontal arms 50 cm long and 10 cm wide crossing
each other in the middle at 90° angle. Two opposing parts of the maze have 40 cm
high walls “closed arms”. The maze was elevated 40 cm from the floor. The rat was
placed in the middle of the apparatus facing one of the closed arms. The time the
rat spent on the central part of the maze, in open and closed arms, and the number
of entries to open and closed arms were recorded. The total time of one animal
observation was 5 min97.
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Novelty-induced hypophagia test was performed on rats. The apparatus for
Novelty-induced hypophagia test is a cylindrical platform 97 cm in diameter, with a
42 cm high wall made from white plastic. The floor of the platform has the marks
of the central circle, 23 cm in diameter and the middle part, 18.5 cm wide, divided
into 6 equal size sectors and the peripheral part 18.5 cm wide, divided into 12 equal
size sectors. The source of light was 100W lamp 1m above the floor of the
platform. In the center of the platform, the food was placed. During 10 min of the
test the duration of food take latency was measured.

Extrapolation Escape Task was performed on rats. In this task animals need to
find an escape solution from an acute stress situation. The apparatus consists of a
basket with an internal cylinder 25 cm high and 10 cm in diameter. The basket is
filled with 21–23 °C water up to 2 cm from the bottom of the internal cylinder. Rats
were placed in the internal cylinder and their behavior was observed during 2 min.
The dive latency and time to find the escape ladder was registered.

Catecholamine analysis. The catecholamine standards (norepinephrine (NE),
epinephrine (E), and dopamine (DA)) and catecholamine metabolites (normeta-
nephrine (NM), metanephrine (M)) were obtained from Sigma-Aldrich (USA).
The catecholamine and catecholamine metabolites labeled internal standards
(norepinephrine-d6, epinephrine-d3 and dopamine-d4, normetanephrine-d3,
metanephrine-d3) were obtained from TRC (Canada). All reagents were of ana-
lytical grade. Methanol was obtained from Thermo Fisher Scientific (Fisher Sci-
entific UK Ltd.). Ethyl ester was obtained from Panreac (Germany). 2-Aminoethyl
diphenylborinate, Formic acid, Hydrochloric acid, Sodium hydroxide, Ammonium
chloride were obtained from Sigma-Aldrich (USA). Water used in the entire
analysis was prepared using Milli-Q water purification system from
Millipore (UK).

A Shimadzu HPLC system (Japan) was used for chromatographic separation of
analytes on an Eclipse XDB-C18 (150 mm, 4.6 mm, 5 mm) analytical column,
maintained at 40 °C in a column oven. Gradient elution was used for the
chromatographic separation of analytes. The mobile phase A: 0.1% formic acid in
water, the mobile phase B: 0.1% formic acid in methanol.

A triple quadrupole mass spectrometer Shimadzu 8060 (Japan), equipped with
electrospray ionization and operating in positive ionization mode was used for
detection of analytes and ISs. For quantitation, multiple reaction monitoring
(MRM) was used to monitor precursor-product ion transitions m/z 151.90→ 77.10
(norepinephrine), m/z 158.90→ 111.00 (norepinephrine-d6), m/z 183.90→ 107.00
(epinephrine), m/z 187.00→ 107.00 (epinephrine-d3), m/z 165.90→ 121.15
(normetanephrine), m/z 169.00→ 137.00 (normetanephrine-d3), m/z
153.90→ 91.10 (dopamine), m/z 157.00→ 94.00 (dopamine-d4), m/z
179.90→ 165.15 (metanephrine), m/z 183.00→ 168.00 (metanephrine-d3).

Calibration standards and quality control samples. Stock solutions of analytes
(1 mg/mL) were prepared by dissolving accurately weighed reference standards in
0.1% HCl in water. Stock solutions of ISs (1 mg/mL) were prepared by dissolving
accurately weighed reference standards in 0.1% formic acid in water. Calibration
standards (CSs) and quality control (QC) samples were prepared by spiking blank
sample (water) (10% of total volume of blank sample) with mixed stock solutions.
CSs were made at concentration levels (Table 1).

QC samples were prepared at two concentration levels (Table 2).
All the solutions (standard stock, CSs and QC samples) were stored at −20°C

until use.
To extract catecholamines, adrenal glands were weighed, homogenized in 0.9%

NaCl, and frozen in liquid nitrogen. Heparinized blood samples were collected
from the heart and centrifuged. Samples were kept at −80 °C until the mass
spectrometric analysis of catecholamines and their metabolites.

Prior to analysis, all frozen samples, CSs and QC samples were thawed in RT.
To each glass tube (16 × 100mm) 0.5 ml CSs, QC or sample; 20 μL of the internal
standards mix and 0.8 mL of buffer containing a complexing agent (0.2% DPBA-
ethanolamine ester and 5 g/L EDTA in 2 mol/L NH4 Cl–NH4 OH buffer, pH 8.5)
was added. After mixing, the pH of the complexed sample preparation was checked
with a pH probe or narrow range pH paper. If the pH was <7.5, it was adjusted
with concentrated ammonia to be between 7.5 and 9.5. Ethyl Ester (1500 μL) was
added to extract the analytes and vortex-mixed (10 min), and the sample was then
centrifuged for 10 min at 3000 × g. The Ethyl Ester layer was removed (800 μL) and
placed into a recovery vial (Waters Corp., Elstree, UK). The vial solution was then
evaporated to dryness using a centrifugal vacuum evaporator (Eppendorf, USA).

The samples were reconstituted in 200 μL (0.1% formic acid in water), and 2 μL was
injected onto the column.

Quantification was performed using Shimadzu LabSolution software, version
5.3 (Japan) using the integration peak area ratio of analyte and labeled IS.

5HT measurement by high-performance liquid chromatography with elec-
trochemical detection (HPLC-ED). 5HT concentration was determined after the
following experiments: (1) Pregnant BalbC mice were subjected to mild stress
based on a published method52 for 1 h daily from E10.5 to E13.5. 5HT was
measured at E14.5 in placenta and fetal tissues; (2) Pregnant BalbC mice received
5HTP from E10.5 to E13.5. 5HT was measured at E14.5 in placenta and fetal
tissues; (3) Pregnant BalbC mice received 5HTP from E10.5 to E13.5. At E 14.5
fetal adrenals and kidneys were dissected and incubated for 1 h in DMEM medium
at 37 °C in a humidified 5% CO2/95% air atmosphere. About 16–20 adrenals and
10–12 kidneys were pooled per sample. After the incubation 5HT was measured in
culture medium and fetal tissues.

A Shimadzu HPLC-ED LC-20ADsp (Japan) was used for chromatographic
separation of analytes on a reversed-phase ReproSil-Pur column, ODS-3,
4 × 100 mm with pore diameter of 3 μm (Dr. Majsch GMBH, Germany) at a
temperature of 30 °C and a flow rate of 1.0 mL/min. The mobile phase consisted of
0.1 M citrate–phosphate buffer containing 0.3 mM sodium octanesulfonate,
0.1 mM EDTA and 7% acetonitrile (all reagents purchased from Sigma) (pH 2.56).
Decade II electrochemical detector (Antec Leyden, Netherlands) was equipped with
a glassy carbon working electrode (+0.85 V) and an Ag/AgCl reference electrode.
Collected tissues were homogenized in 10 volumes of 0.1 N HClO4 containing 3,4-
dihydroxybenzylamine hydrobromide (internal standard, Sigma, St. Louis, USA)
(25–250 pmol/mL) by an ultrasonic homogenizer (Sonopuls HD 2000.2, Bandelin,
Berlin, Germany), centrifuged at 16,500 × g for 20 min, and 5HT in the supernatant
were measured. Peaks corresponding to 5HT were identified according to elution
time of the standard solution, and the contents of substances were estimated as a
ratio of the peak area of the internal standard solution to that of the specimen using
software LabSolutions (Shimadzu, Japan).

Cell cultures. Patient-derived neuroblastoma cell lines NBL-28, NBL-38, and NBL-
40 were established from tumor tissue samples98,99, with written informed consent
obtained for our previous research project (IGA MZCR NR/9125-4), approved by
the Research Ethics Committee of the School of Medicine, Masaryk University,
Brno, Czech Republic (Approval No. 23/2005). According to Czech legal and
ethical regulations governing the use of human biological material for research
purposes, a new ethical assessment of this study is not necessary. In brief, the
tumor biopsy was disinfected, cut into ~2 mm pieces, and placed into T25 flask
with 1 mL of complete medium based on DMEM (PAA Laboratories, Linz, Aus-
tria) supplemented with 20% fetal calf serum (PAA), 2 mM glutamine and 1×
penicillin/streptomycin (BioWhittaker, Inc., Walkersville, MD, USA) under 37 °C
and 5% CO2. After specimen attachment, the volume of the medium was slowly
brought up to 5 ml during 48 h. Once outgrowing cells reached 60% confluency,
they were passaged and maintained. The SH-SY5Y neuroblastoma cell line was
purchased from ECACC cat. # 94030304). CHLA-15 and CHLA-20 neuroblastoma
cell lines were obtained from Alex’s Lemonade Stand Foundation Childhood
Cancer Repository (cccells.org) and kindly provided by Dr. Michael D. Hogarty
(Children’s Hospital of Philadelphia, PA, USA). Pluripotent embryonal carcinoma
cell line NTERA-2 (clone D1) was purchased from ECACC (cat. # 01071221) and
served as a control of HTR3A expression. Cells were cultured in DMEM/Ham’s
F-12 medium mixture (1:1; all neuroblastoma cells) or DMEM (NTERA-2) sup-
plemented with 10% (CHLA-15, CHLA-20, and NTERA-2) or 20% fetal calf serum
(FCS), 2 mM l-glutamine, 100 IU/mL penicillin, and 100 μg/mL streptomycin (all
from Biosera, Nuaillé, France), at 37 °C with 5% CO2. For all neuroblastoma cell
lines, media were further supplemented with 1% of nonessential amino acids
(Biosera) and in case of CHLA-15 and CHLA-20 also with 1× ITS-X (Gibco). All
cell lines were routinely authenticated by STR profiling.

qRT-PCR. Total RNA was extracted with the GenElute™ Mammalian Total RNA
Miniprep kit including genomic DNA elimination step using the On-Column
DNase I Digestion Set (both Sigma-Aldrich, St. Louis, MO, USA). For all samples,
equal amounts of RNA (25 ng of RNA/1 μL of total reaction content) were reverse
transcribed into cDNA using M-MLV (Top-Bio, Prague, Czech Republic) and
oligo-dT (Qiagen Inc., Valencia, CA, USA) priming. Quantitative PCR was per-
formed in 10 μL reaction volumes using the KAPA SYBR® FAST qPCR Kit (Kapa
Biosystems, Wilmington, MA, USA) and 7500 Fast Real-Time PCR System and
7500 Software v.2.0.6 (both Life Technologies, Carlsbad, CA, USA). The expression
of individual genes was assessed using at least three technical replicates from three

Table 1 Composition of calibration standards.

№ Name NM/D/E/M/NE concentration, ng/ml

1 Cal 1 1/50/5/1/5
2 Cal 2 10/100/25/10/25
3 Cal 3 50/250/50/50/50
4 Cal 4 100/500/100/100/100
5 Cal 5 500/750/250/500/250
6 Cal 6 1000/1000/500/1000/500

Table 2 Composition of quality control samples.

№ Name NM/D/E/M/NE concentration, ng/ml

1 QСL 3/75/15/3/15
2 QСH 800/800/400/800/400
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biological replicates of each cell line. The heat shock protein gene HSP90AB1 was
used as the endogenous reference control. Following primers (5′→3′) were used for
this study: HTR3A (5-hydroxytryptamine receptor 3A) forward—AGGAAGCCA
ACCACCGTATC; HTR3A reverse—GTCCGTGGGGATGGACAACT; HSP90AB1
(Heat shock protein 90 alpha family class B member 1) forward—CGCATGA
AGGAGACACAGAA; HSP90AB1 reverse—TCCCATCAAATTCCTTGAGC.

Western blotting. Whole-cell extracts were collected using RIPA buffer and 30 μg of
total proteins were resolved on 10% polyacrylamide gels and blotted onto PVDF
membranes (Bio-Rad Laboratories, Munich, Germany). The membranes were blocked
with 5% non-fat dry milk in Tris-buffered saline with 0.05% Tween-20 (Sigma) and
incubated overnight with primary antibodies. The following antibodies were used: rabbit
anti-HTR3A (1:5000, Abcam, #ab13897), rabbit anti-c-MYC (1:1000, Cell Signaling
Technology, CST, #5605), rabbit anti-N-MYC (1:1000, CST, #84406), rabbit anti-SOX2
(1:1000, CST, #3579), rabbit anti-cleaved caspase-3 (1:1000; CST, #9664), rabbit anti-
GADPH (1:10,000, CST, #2118), andmouse anti-α-tubulin (1:10,000, Abcam, #ab7291).
The next day, the membranes were incubated for 1 h with HRP-linked secondary
antibodies: goat anti-rabbit IgG (1:5000, CST, #7074) or horse anti-mouse IgG (1:5000,
CST, #7076). Chemiluminescent detection was performed using Amersham ECL Prime
(Cytiva, Marlborough, MA, USA) and either Azure 600 imaging system (Azure Bio-
systems, Dublin, CA, USA) or photosensitive film. GAPDH or α-tubulin served as
loading controls. Protein band densities were quantified using ImageJ (Fiji) software
(NIH, Bethesda, MD, USA), version 2.1.0/1.53c.

Neuroblastoma xenografts in NSG mice. Eight-week-old female NSG (NOD/
ShiLtSz-scid/Il2rγnull) mice were injected subcutaneously into the right flank with a
suspension of 1 × 106 enzymatically dissociated cells in 100 μL of serum-free DMEM.
The mice were examined every three days over the period of 4 months for the presence
of subcutaneous tumors. After the development of a tumor or after 4 months, the mice
were sacrificed and surgically examined. The xenograft tumors were excised and pho-
tographed, and the final tumor volume was measured using the following formula:
tumor volume (mm3)= length (mm) ×width (mm) ×width (mm) × 1/2.

MTT cell proliferation assay. Neuroblastoma cells were seeded in 96-well plates at
a density of 103 cells/well in a defined serum-free medium: DMEM/F12 based
medium (as detailed in Cell lines) w/o FCS, supplemented with 10 ng/mL EGF
(Sigma-Aldrich), 20 ng/mL FGF2 (Sigma-Aldrich), and 1× B-27 supplement w/o
vitamin A (Gibco). After 24 h, cells were treated by the addition of fresh mediumwith
the selective HTR3A receptor agonists, N-methylquipazine dimaleate (NMQ; Tocris,
cat. #0566) or SR57227 (Tocris, cat. #1205), or the HTR3A receptor antagonists,
granisetron hydrochloride (Tocris, cat. #2903) and VUF 10166 (Tocris, cat. #10166).
In case of HTR3A receptor antagonists, mediumwas further supplemented with 5HT
(Merck, cat. #14927) to the final concentration of 1 μM to evaluate the effect of
HTR3A receptor inhibition. The proliferation activity was analyzed after additional
5 days using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
(Sigma) at a final concentration of 455 μg/ml100. The medium with MTT was
replaced by 200 μL of DMSO per well after a 3 h incubation under standard condi-
tions in order to solubilize the MTT product. The absorbance was measured at
570 nm with a reference absorbance at 620 nm wavelength using a Sunrise Absor-
bance Reader (Tecan).

Limiting dilution sphere formation assay. Prior to sphere formation assay, cells
were treated for 5 days with 75 μM NMQ or an equivalent concentration of vehicle
(DMSO). Cells were then harvested and dissociated into single-cell suspension by
Accutase (Biosera), re-suspended in a defined serum-free medium (detailed above)
and serially diluted into ultra-low attachment 96-well plates (Corning, cat. #3474) to
reach final cell densities of 200, 100, 50, 25, 5, and 1 per well. At least four technical
replicates of each cell density were included per cell line and treatment group. Every
three days, growth factors were replenished by addition of fresh defined medium.
After a week, for each cell density, the fraction of wells containing neurospheres
≥50 μm in diameter was determined using an Olympus CKX41 light microscope with
Lumenera Infinity 2 CCD camera and QuickPhoto Camera 2.3 system (PROMICRA,
Prague, Czech Republic). Frequencies of sphere-forming cells among experimental
groups were calculated and compared using ELDA software101.

Statistical analysis. Statistical analysis was done using GraphPad Prism
8.1.1 software. All datasets were checked for normality with Shapiro–Wilk test, as
this test reliably works for small datasets. For datasets with normal distribution
double-sided unpaired t-test was applied. For datasets which failed a test for
normal distribution, Mann–Whitney test was applied. For comparisons between
multiple groups for one variable the one-way ANOVA test was applied (Fig. 3d,
Fig. 6a, c, l, Supplementary Fig. 7d, e, f). In case one-way ANOVA test was showing
significant differences, Tukey’s multiple comparison test was used for a robust
pairwise comparison of groups with unequal size (every mean to every other mean)
or Dunnet’s multiple comparison test for a pairwise comparison of groups to a
control group.

In the analyses of statistical significance in catecholamine measurement as well
as in behavioral tests (Fig. 7, Supplementary Fig.8) we have chosen the pairwise
comparison within genders. The reason for it is that the treatment with 5HTP or

1-h restrain was applied at the stage, when the sexual dimorphism is not
established in the forming adrenal glands and, consequently, the treatment equally
affects males and females. However, adrenal glands have sexual dimorphism at
postnatal stages and therefore must be analyzed separately, since the combined
analysis of these groups can mask the effects of our prenatal treatment. We do not
report a quantitative difference in catecholamines and catecholamine metabolites
concentration. We have calculated statistical significance with Mann–Whitney test
within genders between treated and control animals as this test is applicable to
small samples and can evaluate statistical significance regardless of the normality of
data distribution and homoscedasticity of the data. For these experiments the
analysis was performed in SigmaPlot 12.1.

One of the values of catecholamine content in plasma in female 5HTP-treated
group was removed based on the τ-criterion (blunder detection techniques). The
outlier value from one animal may be caused by an error when taking a blood
sample. Indeed, catecholamine release from adrenals is known to be very sensitive
to various factors (in particular, stressful ones, at the time of sampling).

For all violin plots, median and quartiles are shown as those values work equally
good for normally and not normally distributed data points.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The raw and processed data of single-cell transcriptomic experiments generated in this
study have been deposited in the GEO database under accession codes: GSE180861
(mouse), GSE195929 (human). The single-cell RNA-seq data of mouse adrenal gland
from Furlan et al. (2017) used in this study are available in the GEO database under
accession code GSE99933, mm10_ERCC genome used in this study is available in the
RefSeq database under accession code GCF_000001635.20. The data other than RNA-seq
data generated in this study are provided in the Source data file.

Code availability
The code for reproducing the bioinformatic analysis can be found on the following
GitHub repository: [https://github.com/LouisFaure/Adrenal5HTP_paper] (https://doi.
org/10.5281/zenodo.6247197).
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Thiosemicarbazones and
selected tyrosine kinase
inhibitors synergize in pediatric
solid tumors:
NDRG1 upregulation and
impaired prosurvival signaling in
neuroblastoma cells
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Tyrosine kinase inhibitors (TKIs) are frequently used in combined therapy to

enhance treatment efficacy and overcome drug resistance. The present study

analyzed the effects of three inhibitors, sunitinib, gefitinib, and lapatinib,

combined with iron-chelating agents, di-2-pyridylketone-4,4-dimethyl-3-

thiosemicarbazone (Dp44mT) or di-2-pyridylketone-4-cyclohexyl-4-methyl-

3-thiosemicarbazone (DpC). Simultaneous administration of the drugs

consistently resulted in synergistic and/or additive activities against the cell

lines derived from the most frequent types of pediatric solid tumors. The results

of a detailed analysis of cell signaling in the neuroblastoma cell lines revealed

that TKIs inhibited the phosphorylation of the corresponding receptor tyrosine

kinases, and thiosemicarbazones downregulated the expression of epidermal

growth factor receptor, platelet-derived growth factor receptor, and insulin-

like growth factor-1 receptor, leading to a strong induction of apoptosis.

Marked upregulation of the metastasis suppressor N-myc downstream

regulated gene-1 (NDRG1), which is known to be activated and upregulated

by thiosemicarbazones in adult cancers, was also detected in
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thiosemicarbazone-treated neuroblastoma cells. Importantly, these effects

were more pronounced in the cells treated with drug combinations,

especially with the combinations of lapatinib with thiosemicarbazones.

Therefore, these results provide a rationale for novel strategies combining

iron-chelating agents with TKIs in therapy of pediatric solid tumors.

KEYWORDS

pediatric solid tumors, neuroblastoma, tyrosine kinase inhibitors, thiosemicarbazones,
receptor tyrosine kinases, NDRG1

1 Introduction

The overall 5-year survival rate of childhood cancer

patients has considerably increased over the past decades,

reaching approximately 85% (Miller et al., 2019). Despite

improved outcomes, the development of therapy resistance

remains a major obstacle for a wide variety of pediatric solid

tumors, including neuroblastoma (Alisi et al., 2013),

medulloblastoma (Othman et al., 2014), osteosarcoma

(Brambilla et al., 2012), and rhabdomyosarcoma (Gallego

et al., 2004). The management of pediatric cancers is aimed

at eradicating the tumor and must also carefully consider

organ toxicity and the development of chronic health

conditions in young individuals (Oeffinger et al., 2007;

Miller et al., 2019). Therefore, personalized medicine and

drug combination strategies are being investigated to

improve the efficacy of therapy while reducing short- and/

or long-term adverse effects in patients.

Tyrosine kinase inhibitors (TKIs) are a group of targeted

therapeutics that attenuate the aberrant activity of tyrosine

kinases in cancer; thus, TKIs are a promising approach in

pediatric oncology (Yamaoka et al., 2018). We have previously

identified receptor tyrosine kinases (RTKs) as druggable

targets in relapsed or refractory childhood solid tumors

(Mudry et al., 2017; Neradil et al., 2019). However, the use

of TKIs as monotherapy is notoriously associated with the

development of multidrug resistance (MDR) in patients (Jiao

et al., 2018). Various mechanisms underlie MDR, including

enhanced drug elimination by upregulated ABC transporters,

which efflux the drugs out of the cells (Wu et al., 2011), or by

lysosomal sequestration (Zhitomirsky and Assaraf, 2016).

Particular physico-chemical properties of some drugs may

be responsible for sequestration into the lysosomes where the

drugs become charged and thus trapped, preventing the drugs

from reaching their targets (Zhitomirsky and Assaraf, 2016).

On the other hand, a combination of TKIs with standard

chemotherapeutics has been shown to improve the clinical

response, resulting in more efficient treatment of the tumors

prevalent in adults (Krchniakova et al., 2020). Furthermore,

new compounds with proven anticancer effects are emerging

as the candidates to be tested in these combination therapies

(Tong et al., 2017), and these new compounds include

thiosemicarbazones (Paukovcekova et al., 2020).

Thiosemicarbazone iron chelators of the DpT class, including

di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT)

and its analog di-2-pyridylketone-4-cyclohexyl-4-methyl-3-

thiosemicarbazone (DpC), have been shown to be effective and

selective against a wide variety of tumors both in vitro and in vivo

(Yu et al., 2009; Liu et al., 2012; Dixon et al., 2013; Potuckova et al.,

2014; Jansson et al., 2015; Guo et al., 2016; Xu et al., 2018;

Paukovcekova et al., 2020). In addition to chelation of iron and

copper, which are critical for tumor cell proliferation (Lovejoy

et al., 2011; Lane et al., 2015), these agents have been shown to

potently induce the expression of the metastasis suppressor N-myc

downstream regulated gene-1 (NDRG1) (Bae et al., 2013; Park

et al., 2018) and to suppress the key oncogenic signaling pathways

(Chen et al., 2012; Dixon et al., 2013; Liu et al., 2015; Kovacevic

et al., 2016; Menezes et al., 2017, 2019b; Chekmarev et al., 2021;

Geleta et al., 2021). Multiple reports have demonstrated that

Dp44mT and DpC potentiate the effects of anticancer drugs

both in vitro and in vivo (Lovejoy et al., 2012; Potuckova et al.,

2014; Seebacher N. A. et al., 2016; Maqbool et al., 2020;

Paukovcekova et al., 2020), and our previous study showed a

promising synergy between thiosemicarbazones and celecoxib in

pediatric cancer cells (Paukovcekova et al., 2020).

Both Dp44mT and DpC were suggested to accumulate in the

lysosomes, where they form redox-active complexes with copper,

which lead to the generation of reactive oxygen species (ROS)

that permeabilize the lysosomal membrane and subsequently

induce apoptosis (Yamagishi et al., 2013; Jansson et al., 2015).

Hence, Dp44mT was shown to restore the sensitivity of

carcinoma cells to doxorubicin that is otherwise trapped in

the lysosomes (Jansson et al., 2015; Seebacher N. A. et al.,

2016). Interestingly, lysosomal trapping was also shown to

mediate resistance to several TKIs, including sunitinib (SUN),

gefitinib (GEF), and lapatinib (LAP) (Gotink et al., 2011; Kazmi

et al., 2013).

Based on these published findings, we decided to examine the

potential anticancer interactions of Dp44mT and DpC with the

three TKIs already in use in pediatric oncology: 1) GEF targeting

epidermal growth factor receptor (EGFR) (Pollack et al., 2010), 2)

LAP that targets EGFR and ErbB2 (Fouladi et al., 2013), and 3) a

multikinase inhibitor SUN that primarily inhibits platelet-

derived growth factor receptors (PDGFRs), vascular

endothelial growth factor receptors (VEGFRs), c-Kit, or FLT3

(Mudry et al., 2017; Verschuur et al., 2019). The results of the
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tests of multiple combination strategies in the cell lines derived

from pediatric solid tumors performed in the present study

demonstrated that Dp44mT and DpC significantly potentiated

the activity of selected TKIs. The results of the present study also

identified several targets that are synergistically affected by these

drugs. These findings provide promising evidence for novel

treatment strategies that combine TKIs with iron-chelating

agents, such as Dp44mT or DpC, to treat pediatric solid tumors.

2 Materials and methods

2.1 Cell lines and cell culture

Five cancer cell lines derived from pediatric solid tumors

were used in the present study. The neuroblastoma SH-SY5Y

(ECACC 94030304), SK-N-BE(2) (ECACC 95011815), and

rhabdomyosarcoma RD (ECACC 85111502) cell lines were

purchased from the European Collection of Authenticated

Cell Cultures (ECACC, Salisbury, United Kingdom). The

medulloblastoma DAOY (ATCC HTB-186™) and

osteosarcoma Saos-2 (ATCC HTB-85™) cell lines were

obtained from the American Type Culture Collection (ATCC,

Manassas, VA, United States). All cell lines were authenticated by

STR profiling and routinely tested negative for mycoplasma

contamination by PCR.

All reagents for cell culture were purchased from Biosera

(Nuaille, France). DAOY and Saos-2 cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM; low glucose,

cat. no. LM-D1100) supplemented with 10% fetal calf serum

(FCS; cat. no. FB-1101); RD cells were maintained in DMEM

(high glucose, cat. no. LM-D1112) with 10% FCS, and SH-SY5Y

and SK-N-BE(2) cells were cultured in a mixture of DMEM/F12

(1:1, cat no. LM-D1224) supplemented with 20% FCS. All media

were further supplemented with 2 mM glutamine (cat. no. XC-

T1715), penicillin (100 IU/ml), and streptomycin (100 μg/ml; cat.

no. XC-A4122). The media used for DAOY, RD, SH-SY5Y, and

SK-N-BE(2) cells also contained 1% nonessential amino acids

(cat. no. XC-E1154). The cells were maintained under standard

cell culture conditions at 37°C in a humidified atmosphere

containing 5% CO2 and were subcultured 1–2 times weekly.

2.2 Chemicals

The tyrosine kinase inhibitors SUN (cat. no. 12328), GEF

(cat. no. 4765), and LAP (cat. no. 12121) were purchased from

Cell Signaling Technology (Danvers, MA, United States).

Thiosemicarbazones Dp44mT (cat. no. SML0186) and DpC

(cat. no. SML0483) and Valspodar (VAL; cat. no. SML0572)

were purchased from Sigma–Aldrich (St. Louis, MO,

United States). All reagents were prepared as stock solutions

in dimethyl sulfoxide (DMSO; purchased from Sigma–Aldrich)

at the concentrations of 10 mM (LAP), 75 mM (SUN) or

100 mM (GEF, Dp44mT, DpC, and VAL).

2.3 Cell proliferation assays

Cell proliferation was evaluated after drug treatment using

the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium

bromide (MTT) assays. The cells were seeded at variable

densities to ensure that they remained in the log growth

phase during the drug treatments. For 24-hour treatment,

the cells were seeded in 96-well plates at a density of 2×104

cells/well (SH-SY5Y, SK-N-BE(2), Saos-2, and RD cells) or

5×103 cells/well (DAOY cells). For 72-hour treatment, the

cells were seeded at a density of 5×103 cells/well (SH-SY5Y,

SK-N-BE(2), Saos-2, and RD cells) or 8×102 cells/well (DAOY

cells). After incubation with the drugs, the cells were

incubated with MTT (0.5 mg/ml; cat. no. M2128, purchased

from Sigma–Aldrich) for 3 h under standard cell culture

conditions. Subsequently, the medium was removed, and

formazan crystals were dissolved in 200 µl of DMSO. The

absorbance was measured at 570 nm, and the reference

absorbance was measured at 620 nm using a Sunrise

absorbance reader (Tecan, Männedorf, Switzerland).

2.4 IC50 determination

The MTT assay was used to determine the IC50 values

(concentration at which the cellular population was reduced

by 50%) for each drug (SUN, GEF, LAP, Dp44mT, or DpC).

24 h after seeding, the medium was replaced with 200 µl of the

fresh medium containing appropriate concentrations of the

drugs alone. After incubation for 72 and/or 24 h under

standard cell culture conditions, the cells were incubated with

MTT and analyzed as described above. The IC50 value was

assessed using CalcuSyn software (version 2.0, Biosoft,

Cambridge, United Kingdom).

2.5 Combined treatment protocols

The MTT assay was used to quantify the synergy between

thiosemicarbazones and TKIs. Based on the initially

calculated IC50 values of each drug, the drug

concentrations used in the combined treatment

experiments corresponded to 1/8-, ¼-, ½-, 1-, 2-, 4-, and 8-

fold of the IC50 using methodology as reported previously

(Paukovcekova et al., 2020). The cells were seeded as described

above. After 24 h, the medium was replaced, and the cells were

incubated with the drugs alone or in combination under

standard cell culture conditions. Different experimental

designs were utilized to assess the effects of the
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combinations of thiosemicarbazones Dp44mT and DpC with

TKIs SUN, GEF, and LAP (Figure 1).

In the experiments with sequential administration of the

drugs (Figure 1, Pretreatment designs), the cells were initially

treated with an appropriate concentration of SUN, GEF, or LAP

(Pretreatment I), SUN, GEF, or LAP with 0.2 µM VAL

(Pretreatment I + VAL), or Dp44mT or DpC (Pretreatment

II). After 48 h, 100 µl of the fresh medium was added, and the

medium contained an appropriate concentration of Dp44mT or

DpC (Pretreatment I), Dp44mT or DpC with 0.2 µM VAL

(Pretreatment I + VAL), or SUN, GEF, or LAP (Pretreatment

II). In the simultaneous treatment experiments (Figure 1,

Simultaneous treatment), the cells were treated with an

appropriate concentration of individual drugs or their

combinations and incubated for another 72 h. After the drugs

were incubated according to the corresponding experimental

design, cell proliferation was analyzed by the MTT assays as

described above.

To investigate the molecular effects of TKIs in combination

with thiosemicarbazones, the cells were seeded in Petri dishes

(90 mm in diameter) and allowed to adhere overnight. To

reproduce the simultaneous treatment design (Figure 1),

thiosemicarbazones and TKIs alone or in combination were

added at the corresponding IC50 concentrations. The cells

were incubated under standard cell culture conditions in the

presence or in the absence (control) of the indicated drugs for

72 h before being processed for immunoblotting.

2.6 Calculation of combination index

CalcuSyn software (version 2.0, Biosoft, Cambridge,

United Kingdom) and the Chou Talalay method were used to

calculate the combination index (CI) values as described

previously (Paukovcekova et al., 2020). A 1:1 ratio of the

drugs was used for combination treatments, and the CI values

were calculated based on the growth inhibition curves. The dose-

effect relationship for each drug alone was compared to the

corresponding combination to identify the synergistic (CI < 0.9),

additive (CI: 0.9–1.1), or antagonistic (CI > 1.1) interactions

between thiosemicarbazones and TKIs (Chou, 2006).

2.7 Phospho-RTK arrays

The relative levels of phosphorylation of 49 RTKs

(Supplementary Figure S1) were assayed using a Proteome

Profiler™ human phospho-RTK array kit (cat. no. ARY001B)

purchased from R&D Systems (Minneapolis, MN,

United States). Treated and/or untreated control cells were

lysed using lysis buffer 17 and processed according to the

manufacturer’s instructions. Each array was incubated with

300 µg of the whole-cell lysate. The relative levels of RTK

phosphorylation were quantified using Fiji software

(Schindelin et al., 2012), and analysis was performed as

described previously (Neradil et al., 2019).

FIGURE 1
Experimental designs and timeline of combined treatments used to evaluate the interactions between thiosemicarbazones (Dp44mT and DpC)
and TKIs (SUN, GEF, and LAP). According to sequential treatment designs with various pretreatments, the cells were seeded, and the following
compounds were added: a TKI (Pretreatment I), a TKI with 0.2 Valspodar (VAL; Pretreatment I + VAL), or a thiosemicarbazone (Pretreatment II). 48 h
later, another drug was added to the assay: a thiosemicarbazone (Pretreatment I), a thiosemicarbazone with 0.2 VAL (Pretreatment I + VAL), or a
TKI (Pretreatment II). In the case of Simultaneous treatment, both a thiosemicarbazone and a TKI were added together. At the end of the tests, the
drug interactions were assessed as a combination index (CI). Drug concentrations used to determine CIs in the individual treatment designs were
derived from the respective IC50 values listed in Table 2 (for detailed methodology, see Materials and Methods Section 2.5 and Section 2.6).
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2.8 Western blotting and
immunodetection

Whole-cell lysates of treated and untreated control cells

were loaded on 10% polyacrylamide gels (10–20 µg/well),

electrophoresed, and blotted on the polyvinylidene

difluoride membranes (purchased from Bio–Rad

Laboratories, Munich, Germany). Depending on the

primary antibody, the membranes were blocked either with

5% nonfat dry milk or with bovine serum albumin (BSA;

Sigma–Aldrich) in phosphate-buffered saline (PBS)

containing 0.1% Tween-20 (Sigma–Aldrich) for 1 h at room

temperature and then incubated at 4°C overnight with the

corresponding primary antibodies listed in Table 1. Then, the

membranes were incubated with the corresponding secondary

antibodies (Table 1) for 1 h at room temperature.

Chemiluminescence detection was performed using

Amersham™ ECL™ Prime Western blotting detection

reagent (purchased from GE Healthcare, Little Chalfont,

United Kingdom) according to the manufacturer’s

instructions. Densitometry analyses were performed using

Fiji software (Schindelin et al., 2012), and the densities of

protein bands of interest were normalized to that of the

loading control. Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) and alpha tubulin were used as

the loading controls. Biological replicates were normalized

using the sum of all data points in a replicate as described by

Degasperi et al. (2014).

2.9 Statistical analysis

Quantitative data are shown as the mean ± standard

deviation (SD) of three independent experiments. The data of

the MTT assays of the combination treatments and the results of

densitometry were analyzed using one-way ANOVA followed by

Dunnett’s post-hoc test. All statistical analyses were performed

using GraphPad Prism 8.0.2 software (GraphPad Software Inc.,

San Diego, CA, United States), and p < 0.05 was considered

statistically significant.

TABLE 1 Primary and secondary antibodies used in the experiments. All antibodies, except an anti-alpha tubulin antibody (Abcam, Cambridge, MA,
United States), were purchased from Cell Signaling Technologies (Danvers, MA, United States). BSA, bovine serum albumin; HRP, horseradish
peroxidase; Mo, mouse; Mono, monoclonal; NFDM, nonfat dry milk; Poly, polyclonal; Rb, rabbit.

Primary antibodies

Antigen Type/Host Clone Cat. No. Dilution Blocking

AKT (pan) Mono/Rb C67E7 4691 1:1000 NFDM

Phospho-AKT (Ser473) Mono/Rb D9E 4060 1:1000 BSA

Alpha tubulin Mono/Mo DM1A ab7291 1:10,000 NFDM

Cleaved Caspase 3 (Asp175) Mono/Rb 5A1E 9664 1:1000 NFDM

EGFR Mono/Rb C74B9 2646 1:1000 NFDM

Phospho-EGFR (Tyr1068) Mono/Mo 1H12 2236 1:1000 BSA

Phospho-EGFR (Tyr1148) Poly/Rb — 4404 1:1000 BSA

ERK1/2 Mono/Rb 137F5 4695 1:1000 NFDM

Phospho-ERK1/2 (Thr202/204) Mono/Rb D13.14.4E 4370 1:1000 BSA

GAPDH Mono/Rb 14C10 2118 1:5000 NFDM

IGF-1Rβ Mono/Rb D23H3 9750 1:1000 NFDM

MEK1/2 Poly/Rb — 9122 1:1000 NFDM

Phospho-MEK1/2 (Ser217/221) Poly/Rb — 9121 1:1000 BSA

NDRG1 Mono/Rb D8G9 9485 1:1000 NFDM

Phospho-NDRG1 (Thr346) Mono/Rb D98G11 5482 1:1000 BSA

PDGFRβ Mono/Rb 28E1 3168 1:1000 NFDM

Phospho-PDGFRβ (Tyr751) Mono/Rb C63G6 4549 1:1000 NFDM

Secondary Antibodies

Specificity Host Conjugate Cat. No. Dilution Blocking

Anti-Mo IgG Horse HRP 7076 1:5000 NFDM

Anti-Rb IgG Goat HRP 7074 1:5000 NFDM

Frontiers in Pharmacology frontiersin.org05

Krchniakova et al. 10.3389/fphar.2022.976955

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.976955


FIGURE 2
Screening of the levels of the RTK phosphorylation in untreated cell lines. The relative phosphorylation levels of 49 RTKs were assayed in the cell
lines: (A) SH-SY5Y and (B) SK-N-BE (2) cells derived from neuroblastoma, (C) DAOY cells derived from medulloblastoma, (D) Saos-2 cells derived
fromosteosarcoma, and (E) RD cells derived from rhabdomyosarcoma. Columns represent the levels of relative phosphorylation of RTKs assessed as
described in Materials and Methods. The corresponding array images are shown in Supplementary Figure S2.
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3 Results

3.1 Active prosurvival RTK signaling and
sensitivity to both thiosemicarbazones
and TKIs is detected in pediatric solid
tumor cells

The drugs investigated in the present study, including the TKIs

SUN, GEF, and LAP and thiosemicarbazones Dp44mT and DpC,

have been demonstrated to affect the critical oncogenic signaling

pathways (Pollack et al., 2010; Chen et al., 2012; Dixon et al., 2013;

Fouladi et al., 2013; Lui et al., 2015b; Kovacevic et al., 2016; Menezes

et al., 2017; Mudry et al., 2017; Menezes et al., 2019a; Verschuur et al.,

2019; Geleta et al., 2021). Therefore, we initially assayed the basal

activity of 49 key RTKs in untreated cell lines derived from pediatric

solid tumors, including the SH-SY5Y and SK-N-BE(2) neuroblastoma,

Saos-2 osteosarcoma, RD rhabdomyosarcoma, and DAOY

medulloblastoma cell lines (Figure 2; Supplementary Figure S2).

Overall, the results of screening using the human

phosphoprotein arrays revealed high phosphorylation of

multiple pro-oncogenic RTKs, several of which are known

to be attenuated by the drugs used in the present study. The

ErbB family of RTKs are known to be targeted by GEF, LAP,

and both thiosemicarbazones (Pollack et al., 2010; Fouladi

et al., 2013; Kovacevic et al., 2016; Menezes et al., 2017), and

EGFR was consistently identified as one of the five most

phosphorylated RTKs in all tested cell lines (Figure 2). In

contrast, the activation of other ErbB family members was

substantially lower (Figure 2). Regarding the targets of SUN

(Mudry et al., 2017; Verschuur et al., 2019), we detected

relatively active PDGFRα in Saos-2 cells (Figure 2D) and

PDGFRβ in both SH-SY5Y and SK-N-BE(2) neuroblastoma

cells (Figures 2A,B); however, the phosphorylation of other

RTKs targeted by SUN, e.g., VEGFRs or FLT3, was minimal

(Figure 2). Notably, IGF-1R signaling is modulated by

thiosemicarbazones (Geleta et al., 2021). The levels of

TABLE 2 The IC50 values. The concentrations of the drugs corresponding to a reduction in cell proliferation by 50%. The IC50 values were determined
for each cell line after incubation with TKIs (SUN, GEF, and LAP) and thiosemicarbazones (Dp44mT and DpC) alone for 72 and/or 24 h at 37°C.
Bullets indicate drug concentrations used in different combined treatment designs in accordance with Figure 1 (black: Pretreatment I; dark grey:
Pretreatment + Valspodar; light grey: Pretreatment II; white: Simultaneous treatment).

Drugs Time (h) IC50

SH-SY5Y SK-N-BE(2) Daoy Saos-2 RD

SUN 24 h 8.1 µM
C

9.8 µM
C

— — —

72 h 4.5 µM
C C ○

5.6 µM
C C ○

3.7 µM
C C ○

2.0 µM
C C ○

2.4 µM
C C ○

GEF 24 h 41.7 µM
C

86.7 µM
C

— — —

72 h 15.8 µM
C C ○

20.0 µM
C C ○

14.0 µM
C C ○

15.2 µM
C C ○

15.5 µM
C C ○

LAP 24 h 36.9 µM
C

27.2 µM
C

— — —

72 h 9.7 µM
C C ○

8.3 µM
C C ○

10.0 µM
C C ○

11.9 µM
C C ○

8.7 µM
C C ○

Dp44mT 24 h 28.6 µM
C C

47.6 µM
C C

0.6 µM
C C

101.8 µM
C C

105.7 µM
C C

72 h 1.1 nM
C ○

2.3 nM
C ○

11.1 nM
○

15.3 nM
○

7.2 nM
○

DpC 24 h 10.7 µM
C C

31.0 µM
C C

1.6 µM
C C

30.8 µM
C C

24.9 µM
C C

72 h 8.6 nM
C ○

6.3 nM
C ○

14.6 nM
○

21.5 nM
○

13.1 nM
○

Treatment designs in which the respective concentrations were used:

C Pretreatment I C Pretreatment II

C Pretreatment I + Valspodar ○ Simultaneous treatment
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phosphorylation of IGF-1R, and insulin receptor (InsR) were

very high in all cell types (Figure 2). These results indicated

that the activation of prosurvival RTK signaling was shared

among all pediatric tumor cell lines, further supporting the

rationale for the investigation of the interactions of selected

RTK-targeting drugs in the present study.

Then, we determined the antiproliferative effect of

thiosemicarbazones and selected TKIs used as single

FIGURE 3
Combined treatments using thiosemicarbazones (Dp44mT and DpC) and TKIs (SUN, GEF, and LAP) of the cells derived from pediatric solid
tumors. Combined treatments were evaluated in following cell lines (A) SH-SY5Y, (B) SK-N-BE(2), (C) Saos-2, (D) RD, and (E) DAOY. The drug
combinations were applied using (i) sequential (Pretreatment I, Pretreatment I + Valspodar (VAL), or Pretreatment II) or (ii) simultaneous experimental
designs (see Materials and Methods). IC50 values that served to determine drug concentrations used in the respective combined treatment
designs are listed in Table 2. The interactions between the corresponding drugs were evaluated as a combination index (CI) and were calculated
based on the growth inhibition curves. A 1:1 ratio of the drugs and the Chou-Talalay method were used to identify the synergistic (green), nearly
additive (yellow), or antagonistic activity (orange) using CalcuSyn Software. Columns represent the CI values ±SD (n = 3). The data were analyzed
using one-way ANOVA followed by Dunnett’s post-hoc test. *p < 0.05, **p < 0.01 and ***p < 0.0001 indicate significant differences compared to the
results obtained according to the Pretreatment I experimental design.
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treatment agents and calculated the concentrations of the

drugs at which cell proliferation was reduced by 50% (IC50).

To determine the IC50 values needed for the subsequent

combined treatment experiments, cell proliferation was

evaluated after 24- and/or 72-hour incubation with

individual drugs. In the case of TKI treatment, all tested

cells were most sensitive to SUN and least sensitive to GEF

after incubation for both 24 and 72 h (Table 2). Dp44mT and

DpC administered for 24 h were most effective in DAOY

medulloblastoma cells, whereas other cell lines showed ~6- to

170-fold lower sensitivity (Table 2). After 72 h of incubation,

SH-SY5Y and SK-N-BE(2) neuroblastoma cells showed

higher sensitivity to thiosemicarbazones than other cell

types (Table 2). As expected, all examined drugs

demonstrated higher efficacy (corresponding to lower IC50

values) after prolonged incubation. This phenomenon was

particularly evident in the case of thiosemicarbazones; the

corresponding IC50 values for these compounds shifted from a

micromolar range after 24-hour treatments to a nanomolar range

after 72-hour treatments (Table 2). Furthermore, after incubation

for 72 h, both Dp44mT and DpC were significantly more effective

than SUN, GEF, or LAP in all cell lines (Table 2).

Based on these data, we comprehensively evaluated the

interactions between thiosemicarbazones and TKIs using

several combined treatment designs (Figure 1): 1) sequential

treatment protocols (Pretreatment I, Pretreatment I + VAL, and

Pretreatment II) and 2) a simultaneous treatment protocol

(Simultaneous treatment). The results of these experiments

were recalculated as the CIs under various settings to assess

the effects of the combinations of Dp44mT or DpC

thiosemicarbazones with selected TKIs (Figure 3;

Supplementary Table S1).

3.2 Variable effects of sequential
treatments with thiosemicarbazones and
TKIs on pediatric solid tumor cells

Based on the studies that have demonstrated that drug

resistance to TKIs is mediated by lysosomal sequestration

(Krchniakova et al., 2020) and on the ability of

thiosemicarbazones to release the drugs, such as doxorubicin,

sequestered into lysosomes (Jansson et al., 2015; Seebacher N.

et al., 2016, Seebacher et al., 2016 N. A.), we hypothesized that the

Pretreatment I strategy (Figure 1, Supplementary Table S1) may

be a potent approach to enhance the anticancer effects of TKIs.

To test this hypothesis, the cells were initially treated with

individual TKIs for 48 h and subsequently treated with

Dp44mT or DpC for the next 24 h (Figure 1). However, the

results of CI analyses revealed that this sequential treatment

induced predominantly antagonistic drug interactions in all

tested cell lines with the exception of DAOY medulloblastoma

cells (Figure 3). These results contradicted our initial

hypothesis.

SH-SY5Y cells express P-glycoprotein (Pgp) (Dalzell et al.,

2015), which is an extensively studied ABC transporter involved

in drug resistance (Wu et al., 2011). In addition to the drug efflux

activity of Pgp at the plasma membrane, Pgp at the lysosomal

membranes has been implicated in trapping of TKIs

(Krchniakova et al., 2020) and inducing the accumulation of

thiosemicarbazones in the lysosomes (Jansson et al., 2015;

Seebacher N. A. et al., 2016, Seebacher et al., 2016 N.). To

determine whether Pgp activity plays a role in the effects of

the tested drugs, the selective Pgp inhibitor VAL at a

concentration of 0.2 µM (Jansson et al., 2015) was added to

the assay (Pretreatment I + VAL design; Figure 1). The most

pronounced differences between the VAL(−) and VAL(+)

conditions were detected in case of LAP + Dp44mT or DpC

combinations in Pgp-expressing SH-SY5Y cells, where moderate

antagonistic interactions changed to synergy (Figure 3A). In

other cell lines, no consistent trends in the changes in the CI

values were detected in case of the VAL(−) and VAL(+)

treatment strategies (Figure 3).

To further elaborate on these results, we compared effective

concentrations of the tested drugs under VAL(−) and VAL(+)

conditions in Pgp-expressing SH-SY5Y cells. Unlike SUN and

GEF, which are able to inhibit Pgp (Kitazaki et al., 2005; Shukla

et al., 2009), thiosemicarbazones are transported by Pgp (Jansson

et al., 2015; Seebacher N. A. et al., 2016), and LAP has been

described as both Pgp substrate and inhibitor (Dai et al., 2008;

Radic-Sarikas et al., 2017). Despite reported differences in the

interactions of these drugs with Pgp, no significant changes in the

efficacy of the drugs were detected by comparison of VAL-treated

and control SH-SY5Y cells (Supplementary Figure S3). However,

Pgp is known to export a wide variety of xenobiotics, metabolites,

and toxins (Aller et al., 2009), and blockade of these functions by

VAL could have explained enhanced cytotoxic effects of

combined treatments in SH-SY5Y cells with inhibited Pgp

(Pretreatment I + VAL design; Figure 3A). The inhibition of

Pgp has been shown to prevent the accumulation of Dp44mT or

DpC in the lysosomes, leading to a significant reduction in the

cytotoxicity of these drugs in carcinoma cells (Jansson et al.,

2015); however, the results of the present study suggested that

this Pgp-dependent mechanism of action was not present in

pediatric tumor cells. The inhibition of Pgp did not reduce the

sensitivity of the tested cells to combined treatments with

thiosemicarbazones. In the case of Pgp-overexpressing SH-

SY5Y cells, the blockade of the Pgp activity even potentiated

the effects of the drug combinations (Figure 3). These findings in

combination with the failure of thiosemicarbazones to improve

the efficacy of TKIs in TKI-pretreated cells indicated that the

anticancer activity of thiosemicarbazones in pediatric solid

tumor cells is most likely not facilitated through a lysosomal

burst.
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FIGURE 4
Western blotting of cleaved caspase-3, a marker of apoptosis, in SH-SY5Y and SK-N-BE(2) neuroblastoma cells. The changes in caspase-3
cleavage were detected after 72-hour incubation with either a control medium or a medium containing the drugs, including TKIs (SUN, GEF, or LAP)
and thiosemicarbazones (Dp44mT or DpC) alone or in combination. The drugs were used at concentrations of IC50 for 72 h as listed in Table 2.
Representative blots (left) and their densitometric quantification (right) of three independent experiments are shown. The data are presented as
mean ± SD (n = 3) normalized to GAPDH that was used as the protein-loading control. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the untreated
control samples; the p valueswere evaluated usingWelch’s ANOVA followed byDunnett’s T3multiple comparisons test. The dotted horizontal line in
the graph represents the control levels of cleaved caspase-3.
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Since the treatments with thiosemicarbazones following the

TKI pretreatment (Pretreatment I design) did not result in

synergistic interactions in most cell lines, we explored another

sequential design, Pretreatment II (Figure 1; Supplementary

Table S1). According to this strategy, the drugs were

administrated sequentially in reverse order: the treatment with

Dp44mT or DpC for 48 h was followed by the addition of a TKI

for the next 24 h (Figure 1). Considering that the drugs used in

the present study interact with Pgp (Seebacher N. A. et al., 2016;

Krchniakova et al., 2020), the neuroblastoma cell lines with

different levels of Pgp expression, including SH-SY5Y (high

Pgp expression) and SK-N-BE(2) cells (low Pgp expression)

(Bates et al., 1989; Dalzell et al., 2015), were selected for these

analyses.

Interestingly, in SK-N-BE(2) cells, the treatment according to

the Pretreatment II design induced a significant decrease in the

CI values compared to Pretreatment I, resulting in the uniform

synergistic interactions between the tested drug combinations

(Figure 3B). Additive/synergistic effects were also observed in

SH-SY5Y cells when SUN or GEF was combined with Dp44mT

or DpC (Figure 3A). These results suggested that

thiosemicarbazones apparently sensitized pediatric solid tumor

cells to TKIs. However, the combinations of LAP and

thiosemicarbazones remained antagonistic in SH-SY5Y cells

(Figure 3A), further emphasizing the role of Pgp in drug

resistance.

Overall, sequential treatment protocols induced variable and

generally unsatisfactory interactions between thiosemicarbazones

and TKIs across the pediatric cancer cell lines, thus excluding the

therapeutic potential of this approach.

3.3 Simultaneous administration of
thiosemicarbazones and TKIs induces
evident synergistic effects in pediatric
solid tumor cells and apoptosis in
neuroblastoma cells

Our previous report demonstrated that Dp44mT and DpC

added simultaneously with celecoxib produce synergistic effects

on pediatric cancer cells (Paukovcekova et al., 2020). Therefore,

we implemented a similar strategy to examine the interactions

between thiosemicarbazones and TKIs in all tested cell lines.

According to this Simultaneous treatment design, the drugs were

added to the assay at the same time, and the cells were incubated for

72 h (Figure 1, Supplementary Table S1).

imultaneous treatment was the most effective combination

strategy in all cell lines tested in the present study. The effects of

thiosemicarbazones and TKIs on DAOY cells were uniformly

synergistic, with minimal differences versus the effects observed in

the experiments performed according to the Pretreatment I design

protocol (Figure 3E). Importantly, a significant difference between the

two strategies was observed in SH-SY5Y (Figure 3A), SK-N-BE(2)

(Figure 3B), and Saos-2 cells (Figure 3C), resulting in the uniformly

synergistic and/or additive interactions in these cells in the

experiments performed according to the Simultaneous treatment

protocol. Furthermore, the synergy was achieved even after

combining Dp44mT or DpC with LAP in SH-SY5Y cells; this

drug combination produced antagonistic effects in the experiments

performed according to the sequential treatment protocols

(Figure 3A). The effects on RD cells were not as uniform as the

effects on other cell lines; however, this Simultaneous approach

produced a decrease in the CI values in most combinations

(Figure 3D).

Since this treatment design was proven to represent the most

effective approach, we further analyzed whether the synergistic

interactions of the drugs are reflected by an increase in the

induction of apoptosis. Due to higher sensitivity to the drugs and

a substantial response to combined treatments, SH-SY5Y and SK-N-

BE(2) neuroblastoma cells were selected as a model and were treated

with thiosemicarbazones and TKIs alone or in combination using the

concentrations corresponding to the IC50 values. We detected a

prominent increase in caspase-3 cleavage in the cells treated with

Dp44mT and DpC alone and in combination with TKIs, notably

SUN or GEF (Figure 4).

Overall, the results of the experiments performed according

to the Simultaneous combined treatment protocol indicated

synergistic inhibition of the proliferation of pediatric cancer

cells (Figure 3), and induction of apoptosis in tested

neuroblastoma cells (Figure 4). Therefore, this treatment

design and SH-SY5Y and SK-N-BE(2) neuroblastoma cell

lines were selected to further examine the molecular

mechanisms of the interactions between thiosemicarbazones

and selected TKIs.

3.4 DpC downregulates the
phosphorylation of the key RTKs in
SK-N-BE(2) cells

Since thiosemicarbazones have been shown to affect

various RTKs and the downstream signaling pathways in

the cells derived from carcinomas (Dixon et al., 2013;

Kovacevic et al., 2013; Lui et al., 2015a; Liu et al., 2015;

Kovacevic et al., 2016; Park et al., 2020a; Lim et al., 2020), and

in neuroblastoma cells (Guo et al., 2016; Paukovcekova et al.,

2020; Macsek et al., 2022), we treated SK-N-BE(2) cells with

DpC to identify the potential RTK targets. Human phosphoprotein

arrays were used to determine the changes in the phosphorylation

of RTKs in SK-N-BE(2) cells after 24-, 48-, and 72-hour incubation

with DpC (Figure 5; Supplementary Figure S4).

Thiosemicarbazones have been reported to downregulate

EGFR expression and phosphorylation in pancreatic and

colon cancer cells (Kovacevic et al., 2016); however, we did

not detect any alterations in EGFR activity after treatment

with DpC. In contrast, the phosphorylation of IGF-1R and
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PDGFRβ, which were activated in untreated cells, was

markedly decreased during the treatment, and was almost

completely abrogated after 72-hour incubation with DpC

(Figure 5). The relative phosphorylation levels of other

tested RTKs of the panel are shown in Supplementary

Figure S4.

Considering the data of the phosphoprotein array

screening and previous studies, which have described

the modulation of cell signaling by thiosemicarbazones

(Dixon et al., 2013; Kovacevic et al., 2016; Paukovcekova

et al., 2020; Geleta et al., 2021; Macsek et al., 2022), we

further focused on the signaling pathways that could have been

affected by both thiosemicarbazones and TKIs selected for the

present study.

3.5 Combinations of thiosemicarbazones
with TKIs reduce phosphorylation and
downregulate the key RTKs in
neuroblastoma cells

The next part of the present study examined the combined

effects of thiosemicarbazones and TKIs on selected RTKs that

were shown to be activated in both SH-SY5Y and SK-N-BE(2)

cells. These effects included EGFR expression, major sites of

EGFR phosphorylation (Tyr1068 and Tyr1148) relevant to EGFR

activation, expression of PDGFRβ, Tyr751 phosphorylation of

PDGFRβ needed for PI3K activation, and IGF-1R expression.

As expected, TKIs inhibited the phosphorylation of the

corresponding RTKs in both neuroblastoma cell lines;

FIGURE 5
Phospho-RTK array screening in the SK-N-BE(2) neuroblastoma cell line after treatment with DpC. The cells were incubated with a control
medium or amedium containing 6.3 nMDpC (the IC50 value obtained after 72 h) for 24, 48, and 72 h. (A) Evaluation of the relative phosphorylation of
selected RTKs (EGFR, PDGFRβ, and IGF-1R). Columns represent the relative phosphorylation of RTKs assessed as described inMaterials andMethods.
(B) The images of the corresponding phospho-RTK arrays of untreated and treated cells were captured on an X-ray film at a constant exposure.
Selected RTKs are marked by black rectangles. EGFR, epidermal growth factor receptor; IGF-1R, insulin-like growth factor-1 receptor; PDGFRβ,
platelet-derived growth factor receptor β.
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FIGURE 6
Western blotting of the levels of total and phosphorylated selected RTK proteins, including epidermal growth factor receptor (EGFR), platelet-
derived growth factor receptor-β (PDGFRβ), and insulin-like growth factor receptor (IGF-1R). The changes in the levels of phosphorylated EGFR
(Tyr1068 and Tyr1148) and PDGFRβ (Tyr751) and of total EGFR, PDGFRβ, and IGF-1R proteins were detected in SH-SY5Y (A) and SK-N-BE(2) (B) cells
after a 72-hour incubation with either a control medium or a medium containing the drugs, including TKIs (SUN, GEF, or LAP) and
thiosemicarbazones (Dp44mT or DpC) alone or in combination. The drugs were used at concentrations of IC50 for 72 h as listed in Table 2.

(Continued )
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however, we also detected significant off-target inhibitory activity

in the case of other tested RTKs (Figure 6). In SH-SY5Y cells,

SUN reduced EGFR activation at Tyr1148, and GEF and LAP

alone targeted pPDGFRβ (Figure 6A). In SK-N-BE(2) cells, these

effects were observed only after LAP treatment (Figure 6B). TKIs

did not significantly alter the total EGFR or PDGFRβ levels;

however, LAP and especially GEF downregulated IGF-1R in both

cell lines (Figure 6).

In agreement with the data of phosphoprotein array analysis,

EGFR phosphorylation was not significantly affected in DpC-

treated SK-N-BE(2) cells (Figure 6B). The studies of other

authors shown EGFR inhibition and/or downregulation by

thiosemicarbazones (Liu et al., 2015; Kovacevic et al., 2016;

Menezes et al., 2017; Macsek et al., 2022); however, the results

of the present study demonstrated a Dp44mT- and DpC-induced

decrease in total EGFR only in SH-SY5Y cells (Figure 6A). In

contrast, Dp44mT and DpC consistently downregulated

PDGFRβ and IGF-1R in both neuroblastoma cell lines (Figure 6).

In cells treated with the drug combinations, pEGFR

(Tyr1068 and Tyr1148) was uniformly decreased in both cell

lines, and this decrease was detected even in cells treated with the

SUN + Dp44mT/DpC combinations (Figure 6). The

combination of thiosemicarbazones and TKIs significantly

downregulated EGFR expression in SH-SY5Y cells

(Figure 6A); however, only a partial EGFR reduction was

detected in LAP + Dp44mT/DpC-treated SK-N-BE(2) cells

(Figure 6B).

Similarly, inhibition of pPDGFRβ (Tyr751) was detected

across all drug combinations in both neuroblastoma cell lines

(Figure 6) but was not detected in SK-N-BE(2) cells treated with

GEF and thiosemicarbazones (Figure 6B). The levels of the

PDGFRβ protein in the cells incubated with the combinations

containing SUN remained comparable to the levels in the control

cells, whereas the combination of GEF or LAP with

thiosemicarbazones resulted in PDGFRβ downregulation in

both cell lines (Figure 6). Furthermore, IGF-1R expression

was significantly decreased in the cells treated with the latter

combinations (Figure 6).

These data showed that the phosphorylation and/or

expression of the key pro-oncogenic RTKs was activated in

SH-SY5Y and SK-N-BE(2) neuroblastoma cells; specifically

EGFR, PDGFRβ, and IGF-1R were inhibited by both

thiosemicarbazones and TKIs. Importantly, these effects were

more pronounced in the cells treated with the drug

combinations, especially after simultaneous incubation with

LAP and Dp44mT/DpC, suggesting that the observed

synergistic effects were at least to some extent mediated by

the blockade of the activity of these crucial RTKs.

3.6 Thiosemicarbazones combined with
TKIs modulate the signaling of the
downstream kinases in neuroblastoma
cells

Therefore, in the next step, we aimed to determine

whether these changes impair the downstream signaling

pathways. Since thiosemicarbazones alone have been

shown to target PI3K/AKT and MAPK signaling in

carcinoma cells (Dixon et al., 2013; Kovacevic et al., 2013,

2016; Lui et al., 2015a; Menezes et al., 2017; Macsek et al.,

2022), we assessed the expression and phosphorylation of

AKT (Ser473), ERK1/2 (Thr202/204), and MEK1/2 (Ser201/

221) after combined treatments of neuroblastoma cells

(Figure 7).

Unexpected activation of these downstream kinases was

detected after the treatment of SH-SY5Y cells with

thiosemicarbazones (Figure 7A). Similar activation of pAKT

and pERK1/2 was observed in these cells after treatment with

the combinations of thiosemicarbazones with GEF or LAP

(Figure 7A). Thiosemicarbazones alone did not influence AKT

activation in SK-N-BE(2) cells; however, an increase in pAKT

was detected when thiosemicarbazones were combined with GEF

or LAP (Figure 7B). Although activation of these kinases was

unexpected, other authors have shown similar effects of Dp44mT

in prostate cancer cells (Dixon et al., 2013), and we have

previously demonstrated the activation of AKT and induction

of a stress response in DpC-treated SH-SY5Y cells (Macsek et al.,

2022).

In contrast, thiosemicarbazones alone inhibited pERK1/

2 and pMEK1/2 in SK-N-BE(2) cells (Figure 7B).

Furthermore, a decrease in pMEK1/2 was prominent after

treatment of SK-N-BE(2) cells with all drug combinations

(Figure 7B). In SH-SY5Y cells, this decrease was detected only

after treatment with a combination of LAP and Dp44mT or DpC

(Figure 7A).

In summary, combined treatments did not uniformly impair

the kinases downstream of analyzed RTKs in the tested

neuroblastoma cell lines. In fact, the activation of these

kinases may be attributed to other upstream receptors, which

FIGURE 6
Representative blots (left) and their densitometric quantification (right) of three independent experiments are shown. The data are presented as
mean ± SD (n = 3) normalized to GAPDH that was used as the protein-loading control. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the untreated
control samples; the p valueswere evaluated usingWelch’s ANOVA followed byDunnett’s T3multiple comparisons test. The dotted horizontal line in
the graph represents the corresponding protein levels detected in the control cells.
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FIGURE 7
Westernblottingof AKT, ERK1/2, andMEK1/2protein kinases. Thechanges in the total protein levels andphosphorylationofAKT (Ser473), ERK1/2 (Thr202/
204), and MEK1/2 (Ser 217/221) were detected in SH-SY5Y (A) and SK-N-BE(2) (B) cells after a 72-hour incubation with either a control medium or a medium
containing the drugs, including TKIs (SUN, GEF, or LAP) and thiosemicarbazones (Dp44mT or DpC) alone or in combination. The drugs were used at
concentrations of IC50 for 72 h as listed in Table 2. Representative blots (left) and their densitometric quantification (right) of three independent
experiments are shown. The data are presented asmean± SD (n=3) normalized toGAPDH thatwas used as the protein-loading control. *p<0.05, **p<0.01,
***p < 0.001 relative to the untreated control samples; the p valueswere evaluated usingWelch’s ANOVA followed byDunnett’s T3multiple comparisons test.
The dotted horizontal line in the graph represents the corresponding protein levels detected in the control cells.

Frontiers in Pharmacology frontiersin.org15

Krchniakova et al. 10.3389/fphar.2022.976955

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.976955


were unaffected by the treatments and/or were triggered by a

stress response of the cells.

3.7 NDRG1 is prominently activated and
upregulated after treatment with the
combinations of thiosemicarbazones with
GEF and LAP in neuroblastoma cells

NDRG1 has been described as a potent metastasis suppressor

in a number of tumors, e.g., colon, prostate, and breast cancers

(Bae et al., 2013; Park et al., 2020b). NDRG1 is often upregulated

after stress-inducing stimuli (Bae et al., 2013), including cellular

iron depletion (Chen et al., 2012; Lane et al., 2013; Lui et al.,

2015a; Kovacevic et al., 2016). In fact, NDRG1 has been identified

as a target of both Dp44mT and DpC in adult and pediatric

tumors (Kovacevic et al., 2016; Menezes et al., 2017;

Paukovcekova et al., 2020; Macsek et al., 2022) and implicated

in the downregulation of the molecules involved in signal

transduction, such as the ErbB family of RTKs and several

downstream kinases (Liu et al., 2012; Dixon et al., 2013;

Kovacevic et al., 2016; Menezes et al., 2017; Macsek et al.,

2022). Our previous studies have shown a prominent

upregulation of NDRG1 in the Dp44mT- and DpC-treated

FIGURE 8
Western blotting of NDRG1. The changes in the levels of phosphorylated NDRG1 (Thr346) and total NDRG1 protein were detected in SH-SY5Y
(A) and SK-N-BE(2) (B) cells after a 72-hour incubation with either a control medium or a medium containing the drugs, including TKIs (SUN, GEF, or
LAP) and thiosemicarbazones (Dp44mT or DpC) alone or in combination. The drugs were used at concentrations of IC50 for 72 h as listed in Table 2.
Representative blots (left) and their densitometric quantification (right) of three independent experiments are shown. The data are presented as
mean ± SD (n = 3) normalized to GAPDH that was used as the protein-loading control. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the untreated
control samples; the p valueswere evaluated usingWelch’s ANOVA followed byDunnett’s T3multiple comparisons test. The dotted horizontal line in
the graph represents the corresponding protein levels detected in the control cells.
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cancer cell lines derived from pediatric solid tumors, including

neuroblastomas (Paukovcekova et al., 2020; Macsek et al., 2022);

thus, we evaluated the NDRG1 levels after combined treatments

of SH-SY5Y and SK-N-BE(2) cells (Figure 8). NDRG1 was

detected as two closely migrating bands at 41 and 46 kDa, as

reported previously (Park et al., 2018, 2020b; Paukovcekova et al.,

2020; Macsek et al., 2022).

Similar to other cell lines, Dp44mT and DpC markedly

elevated NDRG1 phosphorylation and expression in both SH-

SY5Y and SK-N-BE(2) neuroblastoma cells (Figure 8). SUN

treatment induced pNDRG1 inhibition in SH-SY5Y cells

(Figure 8A); however, it considerably increased total

NDRG1 expression in SK-N-BE(2) cells. Moreover, only the

lower band at 41 kDa was preferentially upregulated

(Figure 8B). In contrast, LAP treatment tended to increase

pNDRG1 (Figure 8), although this change was significant only

in SK-N-BE(2) cells (Figure 8B).

In both cell lines, the combinations of thiosemicarbazones

with SUN reduced NDRG1 phosphorylation compared with

Dp44mT- and DpC-treated controls (Figure 8). However,

these combined treatments induced the upregulation of total

NDRG1 in SK-N-BE(2) cells, and the effect was specifically

directed at the 41 kDa band (Figure 8B). In contrast, the

combinations of thiosemicarbazones with LAP or GEF

markedly elevated pNDRG1 in both cell lines or in SK-N-

BE(2) cells, respectively (Figure 8). In SK-N-BE(2) cells, the

synergy between thiosemicarbazones and both LAP and GEF

was manifested as an apparent upregulation of total

NDRG1 expression compared with the effects of these agents

alone (Figure 8B).

These data demonstrated that the combinations of

thiosemicarbazones, particularly with GEF or LAP, enhanced

the efficacy of these agents in upregulating and activating the

metastasis suppressor NDRG1 in neuroblastoma cells. These

data were in agreement with our initial assessment that

revealed strong synergistic interactions of these drugs not only

in both neuroblastoma cell lines but also in the tested pediatric

solid tumor cell lines in general (Figure 3).

4 Discussion

Approximately 30% of RTKs are mutated or overexpressed in

malignant diseases, which makes RTKs the key regulators of

malignancy in multiple tumor types, including tumors affecting

children (Du and Lovly, 2018). The results of our initial screening

showed the activation of the key RTKs in the cell lines derived

from various pediatric solid tumors, including neuroblastoma,

medulloblastoma, osteosarcoma, and rhabdomyosarcoma. Many

of these RTKs are known oncoproteins that promote

tumorigenesis and tumor progression, making them suitable

targets for anticancer therapy (Crose and Linardic, 2010;

Yamaoka et al., 2018). Thus, we selected TKIs used in

pediatric oncology, specifically SUN, GEF, and LAP, for the

present study (Crose and Linardic, 2010; Pollack et al., 2010;

Fouladi et al., 2013; Ségaliny et al., 2015).

These TKIs exhibit antiproliferative effects in cancer cells,

and these observations were supported by the results of the

present study; however, application of these TKIs as

monotherapy for anticancer treatment often leads to the

development of resistance (Jiao et al., 2018; Krchniakova

et al., 2020). Thus, sequential or simultaneous applications of

TKIs with other chemotherapeutics have been suggested as a

promising approach to establish more effective therapies to

overcome drug resistance (Krchniakova et al., 2020). An

increase in antitumor efficacy and patient survival has been

observed in multiple clinical trials, e.g., using a combination

of GEF with carboplatin and pemetrexed in patients with non-

small-cell lung carcinoma (Hosomi et al., 2020), of LAP with

capecitabine (Cetin et al., 2014) or paclitaxel to treat breast

carcinoma (Di Leo et al., 2008), or of SUN with docetaxel in

breast carcinoma (Bergh et al., 2012) or gastric carcinoma

patients (Yi et al., 2012).

Previous studies have shown that the thiosemicarbazone iron

chelators Dp44mT and DpC are potent and selective against

multiple adult cancer cell types (Liu et al., 2012; Lovejoy et al.,

2012; Dixon et al., 2013; Jansson et al., 2015; Kovacevic et al.,

2016; Xu et al., 2018) and cancer cell lines derived from pediatric

solid tumors (Guo et al., 2016; Li et al., 2016; Paukovcekova et al.,

2020; Macsek et al., 2022). Furthermore, Dp44mT and/or DpC

enhance the effect of standard chemotherapeutics, e.g.,

doxorubicin in various carcinoma cells (Potuckova et al.,

2014; Seebacher N. A. et al., 2016), tamoxifen, paclitaxel and

5-fluorouracil in breast carcinoma cells (Potuckova et al., 2014;

Maqbool et al., 2020), gemcitabine and cisplatin in lung

carcinoma cells (Lovejoy et al., 2012), or celecoxib in pediatric

solid tumor cells in vitro (Paukovcekova et al., 2020). The present

study expanded these findings by analyzing the interactions of

Dp44mT and DpC with targeted therapeutics, i.e., TKIs SUN,

GEF, and LAP, in the cell lines derived from the most frequent

solid tumors in children.

The main goals of the combinational strategies are to achieve

a higher efficacy of anticancer therapy while avoiding and/or

overcoming drug resistance. The data of the present study

suggested that sequential combination treatment designs failed

to improve the effects of selected thiosemicarbazones and TKIs;

however, simultaneous applications of these drugs resulted in

consistent synergy and/or additivity independent of the cancer

cell type. Furthermore, this design enabled the use of lower

concentrations of these antiproliferative agents, notably

Dp44mT and DpC. These results are particularly important

because lowering the required drug doses while retaining

anticancer efficacy is one of the major aims of combinational

therapies (Mokhtari et al., 2017). Furthermore, this approach

enables to reduce associated toxicity, which is a crucial aspect of

the treatment of the pediatric population (Oeffinger et al., 2007).
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TKIs have been developed to attenuate specific RTKs that are

frequently dysregulated in cancer cells (Kannaiyan and

Mahadevan, 2018). In addition to the inhibition of the

corresponding targets, we also identified interesting off-target

effects of GEF and LAP on PDGFRβ activation and the effect of

SUN on EGFR phosphorylation (at the Tyr1148 residue) in both

SH-SY5Y and SK-N-BE(2) neuroblastoma cell lines, which

served as the models for detailed analyses of the molecular

effects of combined treatments. There are no studies that have

focused on this type of activity of GEF or LAP; however, the

multikinase inhibitor SUN has been previously shown to target a

number of unconventional RTKs, including EGFR, FGFR, TrkA,

and TrkB, in neuroblastoma cells (Calero et al., 2014).

In contrast, thiosemicarbazones used in the present study

target cancer cells via multiple mechanisms (Lui et al., 2015a).

The antiproliferative activity of these derivates is attributed to

iron depletion, which subsequently modulates the regulation of

cell cycle (Dixon et al., 2013; Lui et al., 2015b), key signaling

pathways (Dixon et al., 2013; Kovacevic et al., 2013, 2016;

Menezes et al., 2017; Park et al., 2020a; Macsek et al., 2022),

apoptosis (Zhou et al., 2020), and autophagy (Gutierrez et al.,

2014). The results of the present study indicated that a

combination of thiosemicarbazones with TKIs affected critical

oncogenic RTKs and/or downstream targets, leading to the

synergistic/additive interactions observed in the tested cell types.

Thiosemicarbazones have been demonstrated to inhibit

the expression and activation of the ErbB family of receptors

in response to EGF in pancreatic carcinoma cells in vitro and

in vivo (Kovacevic et al., 2016; Menezes et al., 2017). A potent

metastasis suppressor, NDRG1, has been proposed as the key

regulator of these effects (Kovacevic et al., 2016; Menezes

et al., 2017). Phosphorylation of NDRG1 is crucial for a

number of physiological events, e.g., T-cell clonal anergy or

cell division (Park et al., 2020b), and the anticancer effects of

NDRG1 have been implicated in multiple cancers (Bae et al.,

2013; Park et al., 2018, 2020b; Paukovcekova et al., 2020;

Macsek et al., 2022). Furthermore, NDRG1 is modulated via

cellular iron levels (Lui et al., 2015a) and is thus upregulated

by the chelators, such as Dp44mT and DpC (Chen et al., 2012;

Lane et al., 2013; Lui et al., 2015a; Kovacevic et al., 2016;

Menezes et al., 2017). We have previously demonstrated the

upregulation of NDRG1 by thiosemicarbazones and the

anticancer effects of NDRG1 in cancer cells derived from

pediatric solid tumors, including neuroblastomas

(Paukovcekova et al., 2020; Macsek et al., 2022). As

suggested for other cancer types (Kovacevic et al., 2016;

Menezes et al., 2017; Macsek et al., 2022), a

thiosemicarbazone-mediated decrease in EGFR observed in

SH-SY5Y cells in the present study may be attributed to

NDRG1 upregulation.

In addition to marked NDRG1 activation in the cells treated

with thiosemicarbazones alone, these effects were also detected

when thiosemicarbazones were combined with GEF or LAP in

both neuroblastoma cell lines. Interestingly, a similar effect was

not detected in SUN-treated cells (Figure 8), which may be due to

the multikinase inhibitory activity of SUN (Calero et al., 2014).

Of note, SUN has been shown to target AKT (Calero et al., 2014),

which is one of the activators of NDRG1 (Park et al., 2020b).

In addition to EGFR downregulation, we observed intriguing

effects of both Dp44mT and DpC on other tested RTKs,

including PDGFRβ and IGF-1R (Figure 6). Although RTKs

are presumed to form dimers with the partners of the same

RTK family, the formation of the cross-family dimers has also

been reported, especially in the case of EGFR (Kennedy et al.,

2016). These dimers include EGFR-IGF-1R (Ahmad et al., 2004)

or EGFR-PDGFRβ heterodimers (Saito et al., 2001), and their

formation may lead to the concomitant degradation of both

dimer components, potentially contributing to a decrease in these

RTKs after thiosemicarbazone treatment demonstrated in the

present study. Moreover, NDRG1 has been implicated in RTK

degradation (Kovacevic et al., 2016; Menezes et al., 2019b; Park

et al., 2020a). The activity and signaling of multiple growth factor

receptors, including EGFR, PDGFRβ, and IGF-1R, is modulated

via c-Src (Bromann et al., 2004; Amanchy et al., 2009; Liu et al.,

2015), which is one of multiple NDRG1 targets (Liu et al., 2015).

Similarly, NDRG1 has been recently shown to induce the

expression of proteins involved in the degradation of IGF-1R.

Multiubiquitination and subsequent degradation of IGF-1R

upon ligand binding is mediated by E3 ubiquitin ligase

NEDD4 in complex with the Grb10 adaptor protein, which

acts as a bridge between NEDD4 and IGF-1R (Vecchione

et al., 2003; Monami et al., 2008). Interestingly, NEDD4-like

E3 ubiquitin ligase (NEDD4L) and Grb10 have been identified as

the molecular targets of NDRG1 (Zhao et al., 2011; Kovacevic

et al., 2013).

NDRG1 overexpression has also been shown to inhibit the

downstream targets of EGFR signaling, e.g., MEK1/2 or ERK1/2, in

pancreatic and prostate carcinoma cells (Dixon et al., 2013;

Kovacevic et al., 2013, 2016). However, the data of the present

study indicated that the treatment with thiosemicarbazones

resulted in significantly upregulated phosphorylation of AKT,

ERK1/2, and MEK1/2 kinases in SH-SY5Y cells. Enhanced

kinase activation in the cells incubated with Dp44mT or DpC

has been detected previously (Dixon et al., 2013; Macsek et al.,

2022) and may be a result of a pro-survival response of the cells to

stress stimuli induced by drug treatment (Dixon et al., 2013;

Macsek et al., 2022). However, a different response of kinase

signaling was detected in SK-N-BE(2) cells. Although both cell

lines included in the present study are derived from

neuroblastomas, each of these cell lines represent different

neuroblastoma cell phenotypes (Ross et al., 2003). The

heterogeneity of the cell populations is a distinctive feature of

neuroblastomas, and this heterogeneity may be responsible for the

discrepancies between the neuroblastoma cell lines detected in the

present study. SH-SY5Y cells manifest the characteristics of N-type

(neuroblastic/neuroendocrine precursors) neuroblastoma cells,
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and SK-N-BE(2) cells manifest a stem cell phenotype of I-type cells

(Ross et al., 2003). Furthermore, the amplification of MYCN,

which is a major prognostic marker for neuroblastoma, was

detected only in SK-N-BE(2) cells, and the N-myc protein is

known to repress NDRG1 (Li and Kretzner, 2003). Despite

these differences, a combination of thiosemicarbazones with

TKIs induced uniformly synergistic and/or additive interactions

in both neuroblastoma cell lines and increased apoptosis, especially

after the combined treatments.

In conclusion, the combined treatments with

thiosemicarbazones and TKIs have substantial synergistic

potential for anticancer therapies of pediatric solid tumors.

Simultaneous administration of the drugs was identified as the

most potent approach for application of the combinations of

thiosemicarbazones Dp44mT and DpC with TKIs SUN, GEF,

and LAP in all tested cell lines. TKIs inhibited the activation of

the corresponding RTKs; however, both thiosemicarbazones

decreased the expression of RTKs, including EGFR and novel

targets PDGFRβ and IGF-1R identified in the present study. The

downregulation of NDRG1mRNA expression has been shown to

be associated with poor prognosis of neuroblastoma patients

(Matsushita et al., 2013). Considering this finding and the data

obtained in the present and previous studies (Paukovcekova

et al., 2020; Macsek et al., 2022), we suggest that the

upregulation of NDRG1, which is detected after combined

treatment with thiosemicarbazones and GEF or LAP, presents

a promising strategy for neuroblastoma treatment. The exact

molecular functions of NDRG1 in the cells after combined

treatment require further investigation; however, the present

study provided a valid rationale for combined therapy of

pediatric solid tumors using iron-chelating agents together

with TKIs, especially with GEF or LAP.
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Abstract: Anticancer therapy by anthracyclines often leads to the development of multidrug resis-
tance (MDR), with subsequent treatment failure. Thiosemicarbazones have been previously suggested
as suitable anthracycline partners due to their ability to overcome drug resistance through dual Pgp-
dependent cytotoxicity-inducing effects. Here, we focused on combining anthracyclines (doxorubicin,
daunorubicin, and mitoxantrone) and two thiosemicarbazones (DpC and Dp44mT) for treating
cell types derived from the most frequent pediatric solid tumors. Our results showed synergistic
effects for all combinations of treatments in all tested cell types. Nevertheless, further experiments
revealed that this synergism was independent of Pgp expression but rather resulted from impaired
DNA repair control leading to cell death via mitotic catastrophe. The downregulation of checkpoint
kinase 1 (CHEK1) expression by thiosemicarbazones and the ability of both types of agents to induce
double-strand breaks in DNA may explain the Pgp-independent synergism between anthracyclines
and thiosemicarbazones. Moreover, the concomitant application of these agents was found to be
the most efficient approach, achieving the strongest synergistic effect with lower concentrations of
these drugs. Overall, our study identified a new mechanism that offers an avenue for combining
thiosemicarbazones with anthracyclines to treat tumors regardless the Pgp status.

Keywords: thiosemicarbazones; anthracyclines; anthracenedione; pediatric solid tumors; combined
anticancer treatment; checkpoint kinase 1; double strand breaks in DNA

1. Introduction

Anthracyclines belong to a class of natural cytotoxic antibiotics and represent highly
potent antineoplastic agents widely used to treat a variety of tumor types [1]. Since
the early 1970s, when the first compounds from the anthracycline class—doxorubicin
(DOX) and daunorubicin (DAU)—were approved for clinical use, anthracyclines have been
therapeutically used as potent anticancer drugs [1–3]. Their cytotoxic and cytostatic effects
result from the combination of different mechanisms, i.e., intercalation into DNA, induction
of oxidative stress, and poisoning of the topoisomerase II enzyme (TOP2) [4,5]. In general,
DOX is usually indicated for treating lymphomas, sarcomas, and other solid tumors (bone
tumors, lung carcinoma, bladder carcinoma, breast carcinoma, and cervical carcinoma),
whereas DAU is more active on lymphoblastic and acute myeloblastic leukemia [1].

Despite its efficacy, anthracycline therapy is associated with cumulative dose-dependent
cardiotoxic side effects, such as ventricular contractility and cardiomyopathy, leading to
heart failure [6]. The other common side effects include acute nausea and vomiting,
stomatitis, gastrointestinal disturbances, baldness, alopecia, neurologic disturbances (dizzi-
ness, hallucinations, and vertigo), and bone marrow aplasia [7]. Because of this toxicity,

Int. J. Mol. Sci. 2022, 23, 8549. https://doi.org/10.3390/ijms23158549 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23158549
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-1143-9241
https://orcid.org/0000-0002-7274-897X
https://orcid.org/0000-0001-6781-7099
https://orcid.org/0000-0002-9292-8177
https://orcid.org/0000-0002-0048-9913
https://doi.org/10.3390/ijms23158549
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23158549?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 8549 2 of 19

anthracyclines are often used in lower concentrations as a component in combination thera-
pies [3]. To improve the therapeutic profile of anthracyclines, a synthetic anthracenedione—
mitoxantrone (MIT)—was developed. This drug is routinely used in the treatment of
lymphomas, leukemias, breast carcinoma, and prostate carcinoma [8].

In addition to the cardiotoxicity of anthracyclines, chemoresistance is a major reason
for the failure of anthracycline therapy [9]. In general, the emergence of resistance to an-
thracyclines in malignant cells is a multifactorial process [9]. One of the main mechanisms
is often associated with the acquisition of multidrug resistance (MDR) conferred by overex-
pression of permeability glycoprotein-1 (Pgp) [10–12]. Pgp is an efflux pump induced by
drugs, heat shock, some natural products, environmental stress, and other nonspecific stress
factors [9]. To date, several approaches have been explored to overcome MDR induced
by Pgp [9], e.g., formulation of nanodelivery systems for anthracyclines [13–15], anthracy-
cline derivatives with improved properties [16–21], and gene-targeted downregulation or
pharmacological inhibition of Pgp [22–26].

Another promising strategy for overcoming Pgp-mediated drug resistance is based
on combining DOX with thiosemicarbazones—di-2-pyridylketone 4-cyclohexyl-4-methyl-
3-thiosemicarbazone (DpC) and di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone
(Dp44mT)—to directly leverage lysosomal Pgp transport activity [27,28]. Previously, Pgp
was shown to be topologically inverted during the endocytic process, thus facing into
lysosomes, leading to lysosomal loading of Pgp substrates [29–31]. Therefore, in cells with
high Pgp expression, Pgp mediates not only drug efflux through the plasma membrane [32],
but also increased drug trapping within lysosomes, creating drug “safe houses”, which
can be observed [29]. DOX, DAU, and MIT were defined as lysosomotropic drugs on the
basis of their pKa values, i.e., at acidic pH, these compounds are protonated and trapped
in lysosomes, preventing their distribution to major targets in the nucleus [29]. DpC and
Dp44mT are also Pgp substrates, and, in cells with MDR, they are transported via Pgp into
lysosomes, where they are trapped due to protonation in a manner identical to anthracy-
cline trapping [30,33–35]. However, positively charged thiosemicarbazones can bind copper
and enter redox cycles to generate reactive oxygen species (ROS) that induce lysosomal
membrane permeabilization (LMP) and subsequent proapoptotic signaling [27,30,33–35].
Moreover, LMP enables the release of stored anthracyclines from lysosomes, leading to
restoration of their cytotoxic activity [27]. According to this mechanism, synergistic in-
teractions between anthracyclines and thiosemicarbazones are expected to be beneficial
predominantly in MDR malignant cells with typically high Pgp expression.

In this study, we focused for the first time on the combination of anthracyclines with
thiosemicarbazones in pediatric solid tumors. Due to the improvement of therapeutic
strategies, from aggressive surgical approaches to multimodal approaches with neoad-
juvant chemotherapeutic treatments, almost 83% of children with a diagnosis of cancer
become long-term survivors [36,37]. However, the use of new drugs has led to malignant
acquisition of MDR, which is currently the leading cause of treatment failure in pediatric
oncology [37]. Here, we aimed to address this problem and we present results that revealed
a previously unrecognized mode of synergistic interaction between anthracyclines and
thiosemicarbazones in model cell lines derived from pediatric solid tumors.

2. Results
2.1. SH-SY5Y Cells: The Only Tested Cell Line with High Pgp Expression

The first step in our study was to determine Pgp expression in untreated cell lines.
For correct evaluation, two cervical carcinoma cell lines were used: KB-V1 cells with typ-
ical high Pgp expression were used as positive controls and KB-3-1 cells with minimal
Pgp expression were used as negative controls. Analysis by qPCR revealed high ABCB1
(the gene encoding Pgp) expression only in the SH-SY5Y neuroblastoma cells (Figure 1A).
ABCB1 mRNA level in the SK-N-BE(2) neuroblastoma, Saos-2 osteosarcoma, and Daoy
medulloblastoma cells was lower than it was in the SH-SY5Y cells, whereas ABCB1 ex-
pression in the RD rhabdomyosarcoma cell line was comparable with that in the negative
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control cells (Figure 1A). The results obtained using immunoblotting proved that the Pgp
level was high only in the SH-SY5Y cells (Figure 1B, Supplementary Figure S1). Moreover,
to verify the obtained results, Pgp immunofluorescence staining was performed, and the
results confirmed that Pgp signals were high only in the positive control and SH-SY5Y cells
(Figure 2).

Figure 1. Measuring Pgp in the selected cell lines. KB-V1 cells were used as positive controls for
ABCB1 (gene encoding Pgp) expression, whereas KB-3-1 cells were used as negative controls. All
experiments were performed in biological triplicates. (A) The graph shows the mRNA expression
of ABCB1 (the gene encoding Pgp) in untreated cell lines. The data were obtained using RT-qPCR.
The levels of ABCB1 expression are presented as a log2-fold change based on mRNA expression
relative to that of the negative control (y = 0). GAPDH served as the reference control. The data were
analyzed by one sample t-test: * p < 0.05 indicates significant differences compared to the respective
control group. (B) Immunoblot analysis of the endogenous Pgp level in untreated cell lines. GAPDH
served as the loading control. The data are presented as the means ± SD and they were analyzed by
unpaired t-test with Welch’s correction: * p < 0.05 indicates significant differences compared to the
respective control group.

2.2. Thiosemicarbazones Acted Mainly Synergistically with Anthracyclines

The investigation continued with the quantification of the synergy between the
thiosemicarbazones (DpC and Dp44mT) and anthracyclines (DOX, DAU, and MIT) using
MTT assays with a subsequent analysis performed using Calcusyn software (Figure 3).
The hypothesis on the synergy between these compounds was based on previously pub-
lished findings [27,28] that described the synergistic effect of thiosemicarbazones and
anthracyclines in overcoming Pgp-mediated multidrug resistance.
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Figure 2. Pgp expression in the untreated cell lines. The expression of Pgp analyzed in the untreated
cell lines was visualized by indirect immunofluorescence using an anti-Pgp primary antibody and an
Alexa-488-conjugated secondary antibody (green signal). Nuclei were labeled by DAPI (blue signal).
KB-V1 cells served as positive controls for Pgp expression, whereas KB-3-1 cells served as negative
controls. The scale bars represent 50 µm.

First, the treatment was applied in the consecutive design treatment (Figure 3A).
IC50 dose of DpC and Dp44mT (for 24 h) was determined according to the micromolar
concentration (Table 1), whereas the IC50 dose of all the anthracyclines (used for 72 h)
varied according to the nanomolar concentrations (Table 1).

Table 1. IC50 values used for subsequent experiments.

Cell Line DOX [nM]
3D

DAU [nM]
3D

MIT [nM]
3D

DpC [nM]
3D

Dp44m [nM]
3D DpC [µM] 1D Dp44mT [µM] 1D

SH-SY5Y 29.7 ± 4.9 40.2 ± 13.9 20.1 ± 3.6 3.8 ± 0.3 1.9 ± 0.8 11.1 ± 2.2 30.1 ± 1.5

SK-N-BE(2) 40.8 ± 8.1 31.9 ± 8.7 27.0 ± 1.7 7.2 ± 1.2 4.2 ± 1.1 14.8 ± 2.3 31.1 ± 5.2

Saos-2 23.9 ± 2.8 20.8 ± 0.9 6.1 ± 0.6 4.4 ± 0.9 6.6 ± 0.9 20.0 ± 4.2 61.6 ± 14.9

Daoy 9.8 ± 2.0 17.6 ± 3.3 7.5 ± 0.2 17.0 ± 3.4 7.9 ± 1.9 3.9 ± 0.6 0.9 ± 0.1

RD 18.2 ± 3.8 15.7 ± 1.0 26.3 ± 4.4 13.8 ± 2.4 9.4 ± 0.8 11.5 ± 1.5 55.8 ± 7.7

3D indicates cultivation with the respective compound for 3 days (72 h), 1D indicates cultivation for 1 day (24 h).
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Figure 3. The three different combination treatment designs used in this study. (A) The de-
sign of consecutive treatment included the pretreatment of cells for 48 h with an anthracy-
cline/anthracenedione (either DOX, DAU, or MIT), and then either DpC or Dp44mT was added to
the cells undergoing anthracycline/anthracenedione treatment for a period of 24 h. (B) To examine
whether the mechanism of synergy was based on Pgp transport activity, Valspodar, a selective in-
hibitor of Pgp, was added to the design of consecutive treatment. (C) In the design of concomitant
treatment, both anthracycline/anthracenedione (either DOX, DAU, or MIT) and thiosemicarbazones
(either DpC or Dp44mT) were added in combination to the cells and proliferation was evaluated
after 72 h. (D) Structure of di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) and
di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT).

The computational analyses of synergy showed that the combination of a thiosemi-
carbazone and anthracycline acted synergistically in four cell lines: SH-SY5Y, SK-N-BE(2),
Daoy, and RD cells (Table 2). In the Saos-2 cell line, the analysis revealed moderate antago-
nism for each compound combination (Table 2).
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Table 2. Quantitative assessment of the interactions between drugs.

Cell Line Drug Combination

Treatment Design

Consecutive Consecutive +
Valspodar Concomitant

CI SD CI SD CI SD

SH-SY5Y

DOX
Dp44mT 0.739 0.064 0.795 0.062 0.779 0.079
DpC 0.793 0.127 0.492 0.068 0.684 0.062

DAU
Dp44mT 0.655 0.174 0.828 0.066 0.842 0.124
DpC 0.599 0.077 0.588 0.051 0.647 0.161

MIT
Dp44mT 0.507 0.099 0.758 0.121 0.921 0.091
DpC 0.527 0.081 0.898 0.054 0.620 0.222

SK-N-BE(2)

DOX
Dp44mT 0.722 0.053 0.567 0.117 0.712 0175
DpC 0.974 0.050 0.635 0.062 0.795 0,161

DAU
Dp44mT 0.562 0.118 0.534 0.117 0.732 0.202
DpC 0.640 0.140 0.409 0.074 0.638 0.154

MIT
Dp44mT 0.304 0.107 0.524 0.049 0.458 0.157
DpC 0.590 0.137 0.531 0.133 0.569 0.177

Saos-2

DOX
Dp44mT 1.105 0.102 0.710 0.125 0.657 0.051
DpC 1.205 0.066 0.596 0.057 0.831 0.101

DAU
Dp44mT 1.244 0.289 0.712 0.149 0.813 0.135
DpC 1.422 0.085 0.611 0.172 0.672 0.177

MIT
Dp44mT 1.108 0.182 0.610 0.056 0.828 0.112
DpC 1.439 0.255 0.723 0.160 0.527 0.108

Daoy

DOX
Dp44mT 0.720 0.210 0.591 0.078 1.055 0.081
DpC 0.578 0.138 0.611 0.015 0.637 0.113

DAU
Dp44mT 0.474 0.033 0.602 0.118 1.275 0.280
DpC 0.789 0.167 0.788 0.157 0.854 0.103

MIT
Dp44mT 0.663 0.277 0.564 0.137 0.501 0.238
DpC 0.439 0.029 0.746 0.035 0.700 0.175

RD

DOX
Dp44mT 0.807 0.126 0.472 0.108 0.648 0.043
DpC 0.770 0.008 0.830 0.057 0.712 0.312

DAU
Dp44mT 0.458 0.143 0.383 0.059 0.773 0.211
DpC 0.609 0.097 0.671 0.173 0.764 0.118

MIT
Dp44mT 0.501 0.099 0.366 0.031 0.493 0.108
DpC 0.641 0.081 0.541 0.134 0.638 0.127

Categories of Interactions
0.31–0.70 synergism 0.91–1.10 nearly additive
0.71–0.85 moderate synergism 1.11–1.20 slight antagonism
0.86–0.90 slight synergism 1.21–1.45 moderate

antagonism
Computational analysis of the interaction of doxorubicin (DOX), daunorubicin (DAU), or mitoxantrone (MIT)
with thiosemicarbazones (DpC or Dp44mT) was performed using Calcusyn software. The combination index (CI)
was calculated from the growth inhibition curves of the compounds alone or their combinations. A ratio of 1:1
was maintained between the drugs added in combination. The method of Chou and Talalay was employed to
define synergism, additive effects, or antagonism. The experiments were performed in biological triplicates.

In the next step, 200 nM Valspodar (VAL), a selective inhibitor of Pgp, was added to
the consecutive design treatment to verify whether the mechanism of synergy was based
on lysosomal sequestration of the compounds via Pgp (Figure 3B). We expected to observe
a change in the compound interactions because of a synergistic, an additive, or even an
antagonistic effect. The results did not confirm this expectation—synergistic effects were
observed even after Pgp inhibition (Table 2). Moreover, treatment with VAL changed the
moderate antagonistic effect of all compound groups in Saos-2 cells to a synergistic effect
(Table 2).

As an additional analysis of anthracycline sequestration into lysosomes, fluorescence
microscopy was performed. DOX is an autofluorescent compound, which allowed us to
observe its effect on cells 2 h after its addition to the culture medium. For this purpose, the
DOX concentration was increased to 10 µM. The lysosomes were visualized by indirect



Int. J. Mol. Sci. 2022, 23, 8549 7 of 19

staining using an anti-LAMP-2 antibody. KB-V1 cells served as positive controls for the
expected lysosomal sequestration of DOX (Figure 4A, Supplementary Figure S2A), whereas
KB-3-1 cells served as negative controls (Figure 4B, Supplementary Figure S2B).

Figure 4. DOX localization in cells. All cell lines were treated with 10 µM doxorubicin (DOX).
The localization of DOX (red fluorescence) within cells after 2 h of treatment was observed using
fluorescence microscopy. Additionally, the target organelles, lysosomes, and nuclei were stained.
The lysosomes were visualized by indirect immunofluorescence using an anti-LAMP-2 primary
antibody and an Alexa-488-conjugated secondary antibody (green fluorescence). The nuclei were
labeled with DAPI (blue fluorescence). The KB-V1 cell line (A) served as a positive control for the
lysosomal sequestration of DOX (indicated by arrows: yellow fluorescence—overlap of green and red
fluorescence emissions). In contrast, the KB-3-1 cells served as a negative control (B). The analyses
were performed with all five selected cell lines: SH-SY5Y (C), SK-N-BE(2) (D), Saos-2 (E), Daoy (F),
and RD (G) cells. The scale bars represent 50 µm.
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In general, this analysis showed that DOX did not colocalize with LAMP-2 but was
primarily localized to the nucleus in all five tested cell types (Figure 4C–G, Supplementary
Figure S2C–G). Therefore, we rejected the hypothesis that lysosomal sequestration of
anthracyclines via Pgp played a major role in the synergistic effect of thiosemicarbazones
and anthracyclines in the tested cell types derived from pediatric solid tumors.

Because the initial hypothesis explaining the mechanism of synergy was rejected, we
changed the design to the concomitant treatment (Figure 3C), which allowed us to use
markedly lower concentrations of thiosemicarbazones necessary to achieve the same effects
as those achieved with micromolar concentrations in the consecutive design. The IC50 dose
(for 72 h) for both DpC and Dp44mT varied in the nanomolar range (Table 1). Moreover,
synergistic interactions between thiosemicarbazones and anthracyclines after concomitant
treatment were observed in all five tested cell types (Table 2). Overall, the obtained data
suggested that the concomitant design of treatment was more effective, enabling usage of
lower drug doses than the consecutive design of treatment. Given the serious side effects
associated with anthracycline therapy, approaches that would minimize concentrations of
anthracyclines while maintaining their anticancer activity are needed. Therefore, in the
subsequent analyses, we focused solely on the effects of the concomitant drug application
given its apparent potential to reduce nonselective toxicity of the drugs.

2.3. Thiosemicarbazones Downregulated CHEK1 Expression, Leading to Mitotic Catastrophe after
These Drugs Were Combined with Anthracyclines

As synergy between both thiosemicarbazones (DpC and Dp44mT) and all three an-
thracyclines (DOX, DAU, and MIT) was observed in all evaluated cell lines (SH-SY5Y,
SK-N-BE(2), Saos-2, Daoy, and RD cells) after both combined treatments (consecutive and
concomitant designs), the possible mechanism of synergistic interaction between these
compounds seemed to be universal. Therefore, we predominantly focused on the common
mechanisms of action of both types of compounds used.

The first of the main effects of anthracyclines is the production of double-strand breaks
(DSBs) in DNA molecules, which are associated with cell cycle arrest in the G2/M phase. To
confirm this effect in our tested cell lines, propidium iodide staining with subsequent flow
cytometry analysis was performed to identify the changes in the cell cycle after 3 days of
treatment with IC50 doses of DOX, DAU, and MIT. Cell cycle arrest in the G2/M phase was
detected in four of the tested cell lines: SK-N-BE(2), Saos-2, Daoy, and RD cells (Figure 5,
Supplementary Table S1). For the SH-SY5Y cells, only an increased proportion of cells in
the sub-G1 phase, which is associated with formation of apoptotic bodies, was detected
(Figure 5, Supplementary Table S1). Arrest in the G2/M phase would likely have been
observed in an earlier phase of treatment, i.e., after 24 or 48 h.

For apoptosis induction based on the production of DSBs in DNA, it is essential to
force cells with damaged DNA to bypass cell cycle arrest in the S/G2 phase and enter
mitosis, which can lead to mitotic catastrophe [38,39]. Therefore, we investigated the ability
of thiosemicarbazones, DOX, or their combinations to downregulate the expression of
checkpoint kinase 1 and 2 (CHEK1 and CHEK2) at IC50 doses after 3 days. Immunoblotting
revealed that both thiosemicarbazones effectively decreased CHEK1 levels in the SH-SY5Y,
Saos-2, and Daoy cell lines, and a slight decrease in CHEK1 levels was also observed in the
SK-N-BE(2) and RD cells (Figure 6A–E, Supplementary Figure S3A–E). DOX reduced the
levels of CHEK1 less effectively than the thiosemicarbazones in all of the tested cell lines,
and combined treatment caused a greater decrease in CHEK1 levels compared with single-
compound treatments only in the SH-SY5Y cells (Figure 6A, Supplementary Figure S3A).
In contrast, CHEK2 levels were almost completely abrogated in all the tested cell lines
after treatment with DOX (Figure 6A–E, Supplementary Figure S3A–E). DpC and Dp44mT
also decreased the CHEK2 levels in SH-SY5Y, SK-N-BE(2), Saos-2, and Daoy cells but
less effectively than DOX (Figure 6A–D, Supplementary Figure S3A–D). The combined
treatment did not achieve any enhanced effects considering the very strong inhibitory effect
of DOX (Figure 6A–E, Supplementary Figure S3A–E). Regarding the obtained results, we
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can assume that downregulation of both checkpoint kinases by combined treatment with
thiosemicarbazones and DOX can lead to the effective abrogation of the cell cycle checkpoint
and the subsequent induction of mitotic catastrophe in cancer cells with damaged DNA.

Figure 5. Analysis of the cell cycle using propidium iodide staining. Cell cycle analysis of selected
cell lines (SH-SY5Y, SK-N-BE(2), Saos-2, Daoy, and RD cells) was performed by quantification
of the DNA content with propidium iodide staining and subsequent flow cytometry detection.
Changes in the cell cycle were obtained after 72 h of treatment with IC50 doses of doxorubicin (DOX),
daunorubicin (DAU), or mitoxantrone (MIT). The graphs show the mean proportion of cells (%) in
the cell cycle phases: sub G1, G0/G1, S, and G2/M. The detailed table showing the means ± SD is
provided in Supplementary Table S1. All experiments were performed in biological triplicates.

2.4. Thiosemicarbazones Can Induce DSBs in DNA

In addition, the ability of thiosemicarbazones to produce DSBs in DNA (similar to
anthracyclines) was investigated as a possible mechanism contributing to combination treat-
ment synergy. The generation of DSBs after the selected treatment was verified by indirect
immunofluorescence staining of the phosphorylated γ-H2AX protein, which is considered
a biomarker of DSBs [40]. Staining was performed after 2 days of treatment with DpC,
Dp44mT, or DOX alone and with their combinations (DpC + DOX or Dp44mT + DOX).
The results obtained after 2 days showed that the IC50 doses of thiosemicarbazones caused
γ-H2AX activation in all tested cell lines (Figure 7A–E, Supplementary Figure S4A–E). In
general, the rate of DNA damage was apparently more intense after DOX treatment than
after thiosemicarbazone treatment (Figure 7A–E, Supplementary Figure S4A–E). Enhanced
DNA damage after administration of the DpC + DOX and Dp44mT + DOX combinations,
compared to that after each compound was administered alone, was observed only in the
Saos-2 cells (Figure 7C, Supplementary Figure S4C). Nevertheless, this method demon-
strated that even nanomolar concentrations of DpC and Dp44mT induce DSBs in DNA.
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Figure 6. Immunoblotting to determine CHEK1 and CHEK2 levels in selected cell lines. CHEK1
and CHEK2 expression was evaluated in the SH-SY5Y (A), SK-N-BE(2) (B), Saos-2 (C), Daoy (D),
and RD (E) cell lines after 3 days of incubation with IC50 doses of DOX, DpC, Dp44mT, or their
combinations. GAPDH served as the loading control. The experiments were performed in biological
triplicates. The obtained data were analyzed by unpaired Welch’s t-test followed by Games–Howell
post hoc test. * p < 0.05 indicates significant differences compared to the respective control group.
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Figure 7. Detection of double-strand breaks (DSBs) in DNA using immunofluorescence staining of
phosphorylated γ-H2AX protein. Detection of DSBs in SH-SY5Y (A), SK-N-BE(2) (B), Saos-2 (C),
Daoy (D), and RD (E) cells after 48 h of treatment with IC50 doses of DpC, Dp44mT, DOX, or their
combination was performed by fluorescence microscopy. Phosphorylated γ-H2AX protein (a DSB
marker) was visualized by indirect immunofluorescence using an anti-γ-H2AX primary antibody
and Alexa-488-conjugated secondary antibody (green fluorescence). The nuclei were labeled by DAPI
(blue fluorescence). The scale bars represent 50 µm.
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3. Discussion

The obtained results proved the synergism of the combined thiosemicarbazone and
anthracycline treatments in all chosen cell lines derived from pediatric solid tumors but
also demonstrated that overcoming drug resistance mediated by Pgp is not the main
mechanism of the observed synergism, as initially hypothesized. Accordingly, another
synergistic mechanism based on enhanced DNA damage and the inhibition of checkpoint
kinases was suggested.

Considering previous studies that demonstrated a positive correlation between Pgp expres-
sion and the synergistic action of thiosemicarbazones in combination with DOX [27,30,33,41],
we started the investigation with Pgp screening in the chosen cell lines derived from child-
hood tumors. High Pgp expression at the mRNA and protein levels was found only in the
SH-SY5Y cells. In the other cell lines, Pgp expression was very similar to that in the negative
control cells. Therefore, the synergy of anthracycline and thiosemicarbazone treatments
was expected only in SH-SY5Y cells.

To evaluate interactions between compound combinations, we first used a consecutive
design of treatment, which was reported as effective in the literature [27]. Contrary to the
predictions, synergistic action of thiosemicarbazones and anthracyclines in combination
was found for four of the five cell lines. Therefore, to verify the main role of Pgp in the
synergistic mechanism, VAL, a selective inhibitor of Pgp, was added to the consecutive
design of treatment. In this regimen for compound application, we expected to see a
change from synergistic action to an additive effect or even antagonism. Interestingly, the
synergy between the thiosemicarbazones and anthracyclines was found in all five cell lines.
Moreover, the analysis using fluorescence microscopy demonstrating primary localization
of DOX to the nucleus in all cell lines contributed to the definitive rejection of the initial
hypothesis stating that the main synergistic mechanism in chosen cell lines is based on
lysosomal sequestration of Pgp.

To explore the least toxic regimen of treatment, we decided to change the combined
treatment design from a consecutive to concomitant application of the drugs. With this
change, we were not only able to reduce the thiosemicarbazone IC50 doses from the
micromolar to nanomolar level, but were also able to observe synergistic action of the
compound treatments in all five cell lines. Therefore, it can be concluded that concomitant
application is the most convenient administration regimen for the combined treatment of
anthracyclines and thiosemicarbazones in the tested cell lines.

Since the suitable application of the selected compounds was determined, the next
objective was to describe the possible mechanism of the observed synergy. The mechanism
seemed to be universal because all the combinations of DpC or Dp44mT with DOX, DAU,
or MIT acted synergistically in four different cell types (neuroblastoma, medulloblastoma,
osteosarcoma, and rhabdomyosarcoma cells). Therefore, we focused on the common
features of thiosemicarbazone and anthracycline mechanisms of action.

The cytotoxic activity of anthracyclines is exerted through several mechanisms. In ad-
dition to their ability to intercalate between base pairs of DNA and induce ROS generation,
anthracyclines can inhibit TOP2 activity by covalently binding to the DNA–TOP2 com-
plex [5]. The potential lethality of stabilized DNA–TOP2 complexes is markedly increased
during DNA replication, when the replication fork attempts to traverse this structure
and convert transient single- or double-strand breaks into permanent double-stranded
fractures [42]. Stalled DNA replication activates ataxia telangiectasia, Rad3-related (ATR)
kinase, and, subsequently, CHEK1, which leads to cell cycle arrest mediated by cyclin
A-Cdk2 inhibition [43,44].

In addition, ROS generated by anthracyclines cause DSBs in DNA and activate ATM-
dependent pathways [45]. ATM kinase phosphorylates CHEK2, resulting in the inhibition
of cyclin E-Cdk2 complexes and subsequent cell cycle arrest [46].

There is evidence of cross-talk and functional redundancy between ATR-CHEK1 and
ATM-CHEK2 after anthracycline treatment. It was proven that DNA damage caused by
DOX elicits both check kinase pathways [47].
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The stabilization of the DNA–TOP2 complex, manifesting as DNA breaks, was ob-
served after treatment with Dp44mT in a breast cancer cell type [48]. According to the
observed expression of γH2A.X—a specific reporter of DSBs [49–51], our results indicate
that both DpC and Dp44mT caused DNA damage in the neuroblastoma, medulloblas-
toma, osteosarcoma, and rhabdomyosarcoma cell types. This analysis revealed that both
thiosemicarbazones can induce DSBs but with much less efficiency than DOX.

One promising strategy for enhancing the effect of anthracyclines is based on their
combined application with drugs targeting cell cycle checkpoints (CHEK1 and CHEK2).
In general, cell cycle arrest is a major mechanism of cellular resistance to drugs that cause
DNA damage [52,53]. Therefore, TOP2 inhibitors can be combined with drugs inhibiting
the checkpoint kinase pathways and administered to force cancer cells to bypass cell cycle
arrest and enter mitosis with DNA damage, which leads to mitotic catastrophe [38,39]. For
drug combinations with DOX, it was previously demonstrated that the double inhibition of
CHEK1 and CHEK2 did not achieve better efficacy than inhibition of CHEK1 alone. Thus,
only inhibition of CHEK1 abolishes DOX-induced cell cycle arrest followed by mitotic
catastrophe [54]. Our investigations proved that both DpC and Dp44mT can downregulate
CHEK1 in all tested cell lines derived from the most frequent pediatric solid tumors.

Regarding the obtained results, we can assume that the observed synergy between
the selected thiosemicarbazones and anthracyclines is based on the following mechanism.
Both types of compounds, thiosemicarbazones and anthracyclines, cause DNA damage
by inducing replication fork stalling and ROS production. Therefore, their combined
treatment leads to an increase in DSB induction. Moreover, thiosemicarbazones decrease
CHEK1 expression and, thus, help cells with damaged bypass arrest, increasing the rate of
cells undergoing mitotic catastrophe. Together, our results suggest a new mechanism of
synergism between thiosemicarbazones and anthracyclines that is effective in tumor cells
regardless of the Pgp expression.

4. Materials and Methods
4.1. Chemicals

The selected thiosemicarbazones Dp44mT (Cat. No. SML0186) and DpC (Cat. No.
SML0483), the DOX (Cat. No. D2975000), DAU (Cat. No. D0125000), and MIT (Cat. No.
M2305000), and Pgp inhibitor VAL (Cat. No. SML0572) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). All chemicals were prepared as stock solutions in DMSO (Cat.
No. D8418, Sigma-Aldrich) and then diluted in cell culture medium to achieve a DMSO
concentration < 0.5% (v/v), which has been shown to have no effect on cell proliferation
relative to the control medium [55]. To prepare the stock solution, DpC, Dp44mT, MIT,
and VAL were dissolved to reach a concentration of 100 mM; similarly, the DOX and DAU
concentrations were each 10 mM.

4.2. Cell Culture

RD rhabdomyosarcoma cell line (Cat. No. 85111502), SH-SY5Y (Cat. No. 94030304),
and the SK-N-BE(2) (Cat. No. 95011815) neuroblastoma cell lines were purchased from the
European Collection of Authenticated Cell Cultures (Salisbury, UK). The Daoy medulloblas-
toma cell line (Cat. No. HTB-186) and Saos-2 osteosarcoma cell line (Cat. No. HTB-85)
were purchased from the American Type Culture Collection (Manassas, VA, USA). The
KB-3-1 and KB-V1 cervical carcinoma cell lines were gifts from Prof. Nóra Kucsma (Szakács
Gergely’s Laboratory, Budapest, Hungary). The selected cell lines were cultured in various
culture media, as shown in Table 3, and maintained under standard cell culture conditions:
37 ◦C in an atmosphere of 95% air and 5% CO2. All reagents for cell culture were purchased
from Biosera (Nuaille, France).
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Table 3. Composition of culture media used for culturing the selected cell lines.

Cell Line Type of Medium Glucose FCS Atb Glu NEAA

Daoy DMEM Low 10% + + +

KB-3-1 DMEM High 10% + + -

KB-V1 DMEM + VBL High 10% + + +

RD DMEM High 10% + + +

Saos-2 DMEM Low 10% + + -

SH-SY5Y DMEM:F12 (1:1) High 20% + + +

SK-N-BE(2) DMEM:F12 (1:1) High 20% + + +
DMEM—Dulbecco’s modified Eagle’s medium; low glucose—1000 mg/L; high glucose—4500 mg/L; HVBL—
vinblastine 1 µg/mL; FCS—fetal calf serum; Atb—streptomycin (100 µg/mL) and penicillin (100 IU/mL); Glu—
2 mM L-glutamine; NEAA—1% nonessential amino acids.

4.3. Treatment Protocol

MTT proliferation assays were used to determine the IC50 values for the anthracyclines
and thiosemicarbazones in the SH-SY5Y, SK-N-BE(2), Saos-2, Daoy, and RD cell lines. The
cells were seeded in 96-well plates at a density of 5 × 103 cells/well (SH-SY5Y, SK-N-BE(2),
Saos-2, and RD cells) or 2 × 103 cells/well (Daoy cells) in 100 µL of complete DMEM, and
then allowed to adhere overnight. Different seeding densities for the cell lines were chosen
to ensure that the cells remained in the log phase of growth during all 3 days of treatment.
The IC50 values for the individual compounds were calculated from the growth inhibition
curves obtained after treatment with increasing compound concentrations based on the
initial estimated IC50 values (1/8 -, 1/4 -, 1/2 -, 1-, 2-, 4-, and 8-fold of the estimated initial
IC50). The IC50 values for both anthracyclines and thiosemicarbazones were obtained after
3 days of treatment. For thiosemicarbazones only, the IC50 values were also obtained after
1 day of treatment.

To determine the combination index (CI) value, three different experimental designs
of compound application were chosen (Figure 3). The “consecutive design” (Figure 3A) in-
cluded the pretreatment of cells with an anthracycline (DOX, DAU, or MIT) only. After 48 h,
DpC or Dp44mT was added to the cells undergoing anthracycline treatment. Proliferation
was evaluated after 24 h using MTT assay. The second experimental design, labeled “+ Val-
spodar” (Figure 3B), was the same as the “consecutive design” with the addition of 200 nM
VAL along with the anthracycline in the first treatment step. In the “concomitant design”
(Figure 3C), both anthracyclines and thiosemicarbazones were added in combination to the
cells. Proliferation was evaluated using MTT assay after 72 h of culture. Growth inhibition
curves for compound combinations were constructed for increasing drug concentrations
based on previously determined IC50 values (1/8-, 1/4-, 1/2-, 1-, 2-, 4-, and 8-fold of the
previously determined IC50).

For direct observation of DOX administration in cells, the cells were seeded onto
coverslips in Petri dishes (35 mm in diameter) and allowed to grow to 80% confluence
at 37 ◦C. All the cell lines were then treated with 10 µM DOX and observed after 2 h of
incubation at 37 ◦C.

An indirect immunofluorescence assay was employed to reveal DSBs in DNA by
staining for phosphorylated histone γH2AX. The cells were seeded onto coverslips and
allowed to grow to 80% confluence as described above. The cell lines were then treated with
the respective IC50 doses of DOX, DpC, Dp44mT, or with their combinations (DOX + DpC
or DOX + Dp44mT) and incubated at 37 ◦C for 2 days.

To analyze the cell cycle using propidium iodide staining, all the tested cell lines were
seeded in Petri dishes (90 mm in diameter) at a density of 1 × 105/dish. The cells were
then treated with the respective IC50 doses of DOX, DAU, and MIT and incubated at 37 ◦C
for 3 days.
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Immunoblotting was performed to determine the levels of CHEK1 and CHEK2. The
cells were seeded in the same manner as in the cell cycle analysis described above. The
cells were then treated with the respective IC50 doses of DOX, DpC, Dp44mT, or with their
combinations DOX + DpC or DOX + Dp44mT and incubated at 37 ◦C for 3 days.

4.4. Cell Proliferation

A colorimetric MTT assay was performed to evaluate the cell proliferation rate as
previously described [56]. Briefly, the treated cells were incubated with MTT (0.5 mg/mL;
Sigma-Aldrich) at 37 ◦C for 3 h. The formed formazan crystals were dissolved in 200 µL of
DMSO. The absorbance was read at 570 nm with a reference absorbance of 620 nm using a
Sunrise Absorbance Reader (Tecan, Männedorf, Switzerland).

4.5. Calculation of the CI

The CI values for the compound combinations were calculated to quantitatively
compare the dose–effect relationship of each compound individually and in combination
to determine whether a selected combination acts synergistically. CI values were obtained
from growth inhibition curves using the constant ratio of the compounds in combination
(1:1) as previously described [57]. The CI values were calculated using CalcuSyn software
(version 2.0, Biosoft, Cambridge, UK). The Chou Talalay method was adopted to identify
antagonism (CI > 1.1), additive effects (CI = 0.9–1.1), or synergism (CI < 0.9) [58].

4.6. RT-qPCR

The relative expression of selected genes was determined using RT-qPCR. Total RNA
was isolated using a GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) and
reverse transcribed into cDNA as described previously [56]. qPCR was performed in a
10-µL volume using a Kapa Biosystems Quantitative Real-Time PCR kit (Kapa Biosystems,
Wilmington, MA, USA) and analyzed using a 7500 Fast Real-Time PCR System and 7500
Software v. 2.0.6 (both obtained from Life Technologies, Carlsbad, CA, USA). To detect
differences in the transcript levels among the cell types or after the treatment, Cq values
normalized to the endogenous reference control (the GAPDH gene) were compared. The
primer sequences used for the ABCB1 and GAPDH genes are provided in Table 4.

Table 4. Sequences of the primers used for RT-qPCR.

Gene Primer Sequence Product Length (bp)

ABCB1 F: 5′-CTTTAGTGGAAAGACCACAGATGA-3′

R: 5′-CTTTAGTGGAAAGACCACAGATGA-3′ 228

GAPDH F: 5′-AGC CAC ATC GCT CAG ACA CC-3′

R: 5′-GTA CTC AGC GCC AGC ATC G-3′ 302

F—forward; R—reverse.

4.7. Immunoblotting

Protein extracts were obtained using LB1 lysis buffer (50 mM HEPES-KOH, pH 7.5;
140 mM NaCl; 1 mM EDTA; 10% glycerol; 0.5% NP-40; and 0.25% Triton X-100). Total
proteins (25 µg/well) were loaded onto 8% (for Pgp analysis) or 10% (for CHEK1 and
CHEK2 analysis) polyacrylamide gels and electrophoresed. The separated proteins were
then blotted onto PVDF membranes (Bio-Rad Laboratories, Munich, Germany). The
membranes were blocked with 5% nonfat dry milk in PBS with 0.1% Tween-20 at RT for 1 h.
Subsequently, the blocked membranes were incubated overnight with primary monoclonal
antibodies. The following day, the membranes were washed in TBS-Tween and incubated
with secondary antibodies at RT for 1 h. The primary and secondary antibodies are listed
in Table 5. ECL-Plus detection was performed according to the manufacturer’s instructions
(GE Healthcare, Little Chalfont, UK). The obtained protein bands were analyzed using
ImageJ software (NIH, MD, USA).
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Table 5. Primary and secondary antibodies used for immunoblotting.

Primary antibodies

Antigen Type/Host Clone Catalog No. Manufacturer Dilution

GAPDH Mono/Rb 14C10 2118S CST 1:10,000
CHEK1 Mono/Mo 2G1D5 2360S CST 1:1000
CHEK2 Mono/Rb D9C6 6334S CST 1:1000

Pgp Mono/Mo F4 P7965 Sigma-Aldrich 1:5000

Secondary antibodies

Host Specificity Conjugate Catalog No. Manufacturer Dilution

Goat Anti-Rb IgG HRP 7074 CST 1:5000
Horse Anti-Mo IgG HRP 7076 CST 1:5000

Mono—monoclonal; Rb—rabbit; Mo—mouse; CST—Cell Signaling Technology Inc.; Bioss—Bioss Antibodies, Inc.

4.8. Indirect Immunofluorescence

Indirect fluorescence analysis was performed as described previously [59]. The cells
on coverslips were fixed with 3% paraformaldehyde (Sigma-Aldrich) at RT for 20 min.
The samples were then permeabilized with 0.2% Triton X-100 (Sigma-Aldrich) in PBS
at RT for 1 min. For the DOX and LAMP-2 colocalization analysis, 0.2% Triton was
replaced with 100 µM digitonin (Sigma-Aldrich), and the cells were permeabilized at RT
for 10 min. The primary and secondary antibodies used for indirect fluorescence staining
are listed in Table 6. Coverslips used as negative controls were prepared by omitting the
primary antibody. The cell nuclei were counterstained with 0.05% Hoechst 33342 (Life
Technologies, Carlsbad, CA, USA). The coverslips with stained cells were mounted using
ProLong Diamond Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA).
For fluorescence evaluation, an Olympus BX-51 microscope was used; the micrographs
were captured using an Olympus DP72 CCD camera and analyzed using a CellˆP imaging
system (Olympus, Tokyo, Japan).

Table 6. Primary and secondary antibodies used for indirect immunofluorescence staining.

Primary antibodies

Antigen Type/Host Clone Catalog No. Manufacturer Dilution

Pgp Mono/Mo F4 P7965 Sigma-Aldrich 1:100
LAMP-2 Mono/Mo H4B4 ab25631 Abcam 1:100

Phospho-γH2A.X Mono/Mo 3F2 MA1-2022 Invitrogen 1:100

Secondary antibodies

Host Specificity Conjugate Catalog No. Manufacturer Dilution

Donkey Anti-Mo IgG AF-488 A21202 Invitrogen 1:200

Mono—monoclonal; Mo—mouse.

4.9. Cell Cycle Analysis Using Propidium Iodide Staining

The treated cells were harvested from Petri dishes using Accutase (Biosera, Nuaille,
France) and fixed in cold 70% ethanol (Sigma-Aldrich) at 4 ◦C for 30 min. The fixed
cells were washed with PBS, and the pellets were carefully resuspended in 100 µL of
Vindelov’s staining solution (1 M Tris pH 8 (Sigma-Aldrich); 10 mM NaCl (Sigma-Aldrich);
5 µM ribonuclease A (Sigma-Aldrich); and 75 µM PI) [60]. After 30 min of incubation in
Vindelov’s solution at 37 ◦C, the stained cells were analyzed in a FACSCanto TMII flow
cytometer using BD FACS DIVA Software (Beckton Dickinson, CA, USA). The fluorescence
of 10,000 cells in each sample was evaluated.
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4.10. Statistical Analyses

All experiments were performed in biological triplicates (unless otherwise specified).
Numerical data are presented as the means ± standard deviation (SD). The data obtained
by qPCR or immunoblotting were analyzed using SPSS Statistics software (version 25.0,
IBM, New York, NY, USA) by unpaired Welch’s t-test followed by the Games–Howell
post hoc test. * p < 0.05 indicates significant differences compared with the respective
control group.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms23158549/s1.
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Abstract: Despite constant advances in the field of pediatric oncology, the survival rate of high-
risk neuroblastoma patients remains poor. The molecular and genetic features of neuroblastoma,
such as MYCN amplification and stemness status, have established themselves not only as potent
prognostic and predictive factors but also as intriguing targets for personalized therapy. Novel
thiosemicarbazones target both total level and activity of a number of proteins involved in some of the
most important signaling pathways in neuroblastoma. In this study, we found that di-2-pyridylketone
4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) potently decreases N-MYC in MYCN-amplified
and c-MYC in MYCN-nonamplified neuroblastoma cell lines. Furthermore, DpC succeeded in
downregulating total EGFR and phosphorylation of its most prominent tyrosine residues through
the involvement of NDRG1, a positive prognostic marker in neuroblastoma, which was markedly
upregulated after thiosemicarbazone treatment. These findings could provide useful knowledge for
the treatment of MYC-driven neuroblastomas that are unresponsive to conventional therapies.

Keywords: thiosemicarbazone; DpC; neuroblastoma; MYC; EGFR; NDRG1; lipid droplet

1. Introduction

Neuroblastoma is a rare solid neuroendocrine tumor arising from neural crest derivates
in the developing sympathetic nervous system. Subsequently, the adrenal medulla and
sympathetic ganglia are the most common sites of the primary disease. Generally af-
fecting infants aged 18 months or younger, neuroblastoma is traditionally categorized
into three risk groups [1]. Low-risk neuroblastomas (50% of cases) often undergo sponta-
neous regression without the need for surgical intervention [2]. Intermediate-risk group
patients, while likely to undergo surgical and chemotherapeutic intervention (usually
containing carboplatin, cyclophosphamide, doxorubicin, and etoposide), still have a high
5-year overall survival (OS) rate of ~90% [1,3,4]. Treatment of high-risk patients usually in-
volves surgical resection, chemo- and radiotherapy, differentiation therapy by isotretinoin,
myeloablative therapy followed by stem cell transplantation, or additional procedures,
such as immunotherapy [5]. However, the survival rate of high-risk neuroblastoma patients
remains low and the 5-year OS rate has plateaued at only 50% [4].

Along with age at diagnosis, histology status, and chromosomal aberrations (1p
and/or 11q deletion), MYCN amplification ranks as one of the most important prognostic
factors in neuroblastoma [6–8]. Along with its structural homologs c-MYC and L-MYC,
N-MYC represents one of the most potent master regulators of cell fate, proliferation, and
metabolism, affecting the expression of more than 15% of all human genes [9]. Being
established as one of the most prominent stem cell factors, elevated expression of MYC was
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linked not only to sustaining but also to inducing undifferentiated phenotype in various
cell types [10]. Indeed, their reprogramming potential further signifies the oncogenic role
of MYC genes, explaining their dysregulation in up to 70% of human cancers [11]. MYCN
amplification is of particular interest as it accounts for approximately 20% of neuroblastoma
cases and is strongly associated with a malignant course of disease and poor survival, even
in localized disease. This makes N-MYC an intriguing molecular target for the treatment of
MYCN-amplified neuroblastomas. In MYCN-nonamplified neuroblastomas, high c-MYC
levels indicate an identical clinical outcome to that of MYCN-amplified, further proving
their functional overlap [12] and establishing c-MYC as a hallmark of an unfavorable course
of this cancer type [13]. The importance of MYC oncoproteins in cancer pathogenesis cannot
be overstated as dysregulation of these transcription factors alone is sufficient to promote
genome instability and initiate malignant transformation [14]. Conversely, downregulation
of MYC oncoproteins leads to the induction of transient [15] or even sustained [16] loss
of the neoplastic phenotype. However, given the largely “undruggable” properties of
MYC, clinically applicable MYC-directed therapies remain elusive and the focus has shifted
to targeting proteins regulating the stability of MYC oncoproteins, disrupting protein–
protein interactions with MYC cofactors or exploiting dependencies of MYC-addicted
tumor cells [17].

Thiosemicarbazone-based chelators have been the subject of study for over 15 years.
These low-molecular-weight, metal-binding compounds have been shown to have promis-
ing pharmacological effects on cancer cells through a variety of mechanisms [18]. By gener-
ating oxidative stress inside lysosomes, to which they are sequestered by P-glycoprotein,
novel thiosemicarbazones were reported to contribute to overcoming multidrug resistance.
This is caused by the formation of redox-active complexes, which results in the induction
of lysosomal membrane permeabilization [19]. On a physiological level, thiosemicar-
bazones were found to regulate various cancer hallmarks, such as proliferation, epithelial–
mesenchymal transition, and migration, many of which are credited to thiosemicarbazones’
ability to induce N-myc downstream regulated gene 1 (NDRG1) expression [20–22]. NDRG1-
mediated effects are particularly intriguing, since NDRG1 has proved to be a promising
positive prognostic factor in neuroblastoma [23].

NDRG1 is a structural gene encoding the regulatory protein NDRG1, which belongs to
the four-member NDRG family of the alpha/beta hydrolase superfamily. NDRG1, however,
does not elicit hydrolytic function, and its exact mechanism of action remains largely
elusive. As its name suggests, NDRG1 is suppressed by N-MYC at the transcriptional level.
N-MYC binds to the NDRG1 promoter in an MIZ-1-dependent manner and effectively
downregulates the expression of NDRG1 [24,25]. Importantly, NDRG1 was found to
be a positive prognostic factor in neuroblastoma, regardless of the MYCN amplification
status, which suggests a functional role of NDRG1 on its own in addition to its role as
a marker of N-MYC dysregulation in neuroblastoma [23]. NDRG1 has been reported to
exert both oncogenic and tumor-suppressive properties in different tumor types. NDRG1
inhibited cell proliferation and migration in endometrial carcinoma [26]; sensitized cells
to TRAIL-mediated apoptosis in colorectal carcinoma [27]; and reduced EGFR and HER2
levels, dimer formation, and subsequent signalization in ovarian carcinoma [28]. In contrast,
NDRG1 was linked with poor differentiation and prognosis in hepatocellular carcinoma [29]
and mediated chemoresistance to alkylating agents in glioblastoma [30]. However, its
correlation with better prognoses and overall patient survival in neuroblastoma makes
NDRG1 a target worth investigating in this pediatric malignancy.

NDRG1 has been reported to exert broad antitumor activity by downregulating various
proto-oncogenic signaling molecules, notably RAS, ERK, PI3K, AKT, and SRC [31–33]. Such
a broad effect indicates that NDRG1 is a master regulator of a more upstream signaling
protein. Consequently, the role of NDRG1 in receptor tyrosine kinase (RTK) regulation
was investigated. NDRG1 was found to regulate several members of the ERBB receptor
tyrosine kinase family, namely EGFR. In human pancreatic (PANC-1) and colorectal (HT-29)
adenocarcinoma cell lines, NDRG1 markedly reduced total EGFR levels, inhibited EGFR
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dimerization and activation, and lowered EGFR phosphorylation even in the presence of
EGF [34]. The tumor-suppressive functions of NDRG1 were further elucidated in pancreatic
carcinoma. In the PANC-1 cell line, NDRG1 promoted EGFR downregulation by facilitating
its lysosomal/endosomal degradation. This interaction was mediated by a negative EGFR
regulator, MIG-6, which was in turn upregulated by increased NDRG1 levels [35].

Thiosemicarbazones have been already proved efficient against neuroblastoma cells
by our group and others [22,36], which makes neuroblastoma an intriguing target for
the study of the molecular effects of novel thiosemicarbazones. Our initial results in a
single neuroblastoma cell line also suggest that di-2-pyridylketone 4-cyclohexyl-4-methyl-
3-thiosemicarbazone (DpC) can potently induce NDRG1 expression in these cells. Here, we
therefore aimed to investigate the molecular effects of DpC on a panel of neuroblastoma cell
lines to evaluate its impact on some of the most prominent molecules (MYC oncoproteins,
NDRG1, and EGFR) in neuroblastoma.

2. Results
2.1. DpC Inhibits EGFR and Its Phosphorylated Forms through NDRG1

Initially, we evaluated the dose-dependent potency of DpC to induce cell death in
various neuroblastoma cell lines and found that 20 µM DpC induces a similar response
in both the MYCN-nonamplified cell line SH-SY5Y and the MYCN-amplified cell line SK-
N-BE(2), killing half of the cells within 24 h (Figures S1 and S2). However, CHLA-15 and
CHLA-20 were treated with only 2 µM DpC, as the former concentration killed nearly all
the cells by the end of the first day of treatment. The 2 µM concentration was chosen as it
succeeded in inducing a comparable effect on proliferation in these cell lines (Figure S2).

After establishing the potency of DpC in inducing cell death, we focused on investi-
gating its potency in upregulating NDRG1, a positive prognostic factor in neuroblastoma.
Cells were exposed to DpC in the medium for 24 and 48 h, and the changes in NDRG1
protein levels were analyzed by Western blotting. DpC efficiently induced marked NDRG1
expression across all tested cell lines (Figure 1A), as well as phosphorylated NDRG1, whose
increase mimicked that of NDRG1 (Figures S3 and S4).
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Figure 1. NDRG1 is upregulated in neuroblastoma cells in response to iron-chelation therapy
by DpC. (A) Immunoblotting of NDRG1 protein levels in neuroblastoma cell lines treated with
20 µM (SH-SY5Y, SK-N-BE(2)) or 2 µM (CHLA-15, CHLA-20) DpC. Representative images of three
independent experiments. Source data are provided in Figure S1. (B) Massive increase of NDRG1
(green) expression in DpC-treated cells in comparison to control. Immunofluorescence micrographs
of SH-SY5Y cells treated with 20 µM DpC for 48 h. Nuclei counterstained with Hoechst 33342 (blue).
Scale bar: 20 µm.
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To determine NDRG1′s subcellular localization and validate the change in its ex-
pression in response to DpC treatment, immunofluorescence analysis was performed in
SH-SY5Y neuroblastoma cells. The results were in accordance with the Western blot analy-
sis, and highly upregulated expression of NDRG1 was observed in DpC-treated SH-SY5Y
cells that exhibited both cytoplasmic and nuclear patterns of NDRG1 signal (Figure 1B).

Having confirmed the potency of DpC in inducing NDRG1, we tested its effect on
EGFR signaling, as was previously reported in carcinoma models [34]. Indeed, DpC
succeeded in moderately decreasing the levels of total EGFR over the course of 2 days in all
tested neuroblastoma cell lines (Figure 2 and Figure S3).
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Figure 2. EGFR is downregulated in response to iron-chelation therapy by DpC. Immunoblotting of
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as the mean ± SD normalized to 0 h values. * p < 0.05; ** p < 0.01, two-tailed unpaired t-test.

Following this finding, it was crucial to determine whether the decrease in EGFR levels
was mediated by NDRG1 induced after treatment with DpC. To study the role of NDRG1
in EGFR inhibition, siRNA-mediated silencing of NDRG1 expression was performed.
Transfection with NDRG1-targeted siRNAs potently decreased NDRG1 protein levels in
SH-SY5Y cells (Figure 3A), whereas only a moderate decrease was observed in SK-N-BE(2)
cells (Figure 3B). In accordance with these observations, silencing NDRG1 in SH-SY5Y cells
rescued the EGFR downregulation induced by DpC, thus confirming the role of NDRG1
in the regulation of EGFR expression (Figure 3A). However, this effect was not observed
in SK-N-BE(2) cells, which showed only moderate NDRG1 silencing (Figure 3B), which
suggests that the decrease in NDRG1 levels might have been insufficient to rescue EGFR
expression. Alternatively, DpC could regulate EGFR through a different mechanism in
this cell line. One such possibility was explored by Hossain et al. [37], elucidating mutual
regulation between EGFR and N-MYC in MYCN-amplified neuroblastoma cell lines such
as SK-N-BE(2).

Aside from the inhibitory effect of DpC on total EGFR protein levels, phosphorylated
forms of the receptor were also of interest, as they confer the transduction of signals
downstream of their molecular targets. Five phosphorylation sites at EGFR were selected,
and the levels of their phosphorylation were determined in regard to DpC treatment in the
SH-SY5Y cell line. Selected phosphotyrosine residues facilitate the transduction of signals
toward some of the most prominent signaling pathways regulated by EGFR activation
(Y845: SRC–FAK axis, Y992: PLC-γ–PKC axis, Y1045: c-CBL, Y1068 and Y1148: AKT-bound
and RAS-bound signaling pathways) [38]. Similar to the total EGFR protein level, all
examined phosphotyrosine forms were also downregulated by DpC treatment (Figure 4A).
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EGFR phosphorylated at residues Y845 (pY845-EGFR) and Y1148 (pY1148-EGFR) was
decreased most significantly (p < 0.01), while the downregulation at Y1045 (pY1045-EGFR,
responsible for the negative feedback loop pathway of EGFR via c-CBL) was the least
prominent, albeit still significant (p < 0.05) (Figure 4A). Importantly, EGFR phosphorylated
at Y1068 (one of the most significant phosphotyrosine residues playing a pivotal role in
EGFR-mediated activation of RAS) was downregulated even when stimulated by EGF
(40 ng/mL; 15 min; 37 ◦C). Immunofluorescence analysis showed the expected receptor
internalization after its stimulation with EGF and confirmed the inhibitory effect of DpC
on pY1068-EGFR in cells both unstimulated and stimulated by EGF ligand; a marked
decrease in the pEGFR signal was detected, and its localization shifted from predominantly
membranous to the form of a single perinuclear cluster, presumably a stress granule
(Figure 4B). To quantify the effect of DpC on pEGFR (Y1068), flow cytometry analysis was
performed, which confirmed a significant decrease in Y1068 phosphorylation (p < 0.05)
(Figure 4C).
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Figure 3. Silencing of NDRG1 rescues the effect of DpC on total levels of EGFR in the SH-SY5Y cell
line but not in SK-N-BE(2). (A) Immunoblotting of NDRG1 and EGFR protein levels in SH-SY5Y
cells treated with 20 µM DpC for 48 h and specific siRNAs for NDRG1 (siNDRG1#1 and siNDRG1#2)
or negative silencer control (siN.C.). (B) Immunoblotting of NDRG1 and EGFR protein levels in
SK-N-BE(2) cells treated with 20 µM DpC for 48 h and specific siRNAs for NDRG1 (siNDRG1#1
and siNDRG1#2) or negative silencer control (siN.C.). Representative images (left) and relative
optical density values (right) of three independent experiments. Densitometry data are shown as the
mean ± SD normalized to siN.C. values. * p < 0.05; ** p < 0.01; two-tailed unpaired t-test.
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rylated forms of EGFR in the SH-SY5Y neuroblastoma cell line treated with 20 µM DpC. Representa-
tive images (left) and relative optical density values (right) of three independent experiments. Source
data are provided in Figure S1. Densitometry data are shown as the mean ± SD normalized to 0 h
values. * p < 0.05; ** p < 0.01; two-tailed unpaired t-test. (B) Immunofluorescence micrographs of
EGFR (green) in SH-SY5Y cells treated with 20 µM DpC and EGF (40 ng/mL; 10 min; 37 ◦C). Nuclei
counterstained with Hoechst 33342 (blue). Scale bar: 20 µm. (C,D) Quantification of pY1068-EGFR
protein levels in response to DpC treatment (20 µM; 48 h) in SH-SY5Y cells. Median fluorescence
intensity (MFI) ± SD comprised of three independent experiments. * p < 0.05; ** p < 0.01; two-tailed
unpaired t-test.

2.2. DpC Induces a Stress Response and the Activation of AKT Effectors

Having established the effects of DpC treatment on EGFR, a molecular target known
for its broad range of effectors, proteome profiler arrays were used to identify downstream
targets most affected by DpC treatment.

First, to evaluate the nature of the stress response elicited on 24 and 48 h of treatment
with 20 µM DpC in the SH-SY5Y reference cell line, the Proteome Profiler Human Cell
Stress Kit was used (Figure 5A). As expected, a sharp increase in HIF1A was detected
due to DpC’s iron-chelation activity, reaffirming its role in NDRG1 activation, as well
as the activation of other hypoxia-regulated proteins, such as carbonic anhydrase. This
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was further confirmed by immunofluorescence assay, reporting a sharp increase in HIF1A
nuclear localization (Figure S5), supporting the previous studies reporting that HIF1 drives
the expression of NDRG1 [39,40]. Furthermore, the response exhibited a distinct temporal
variation (Figure 5B): increases in p27, SOD2, NFκB, and SIRT2 were characteristic of the
early phases of the cell stress response (Figure 5A, 24 h), the latter three being particularly
attributed to the oxidative stress response [41,42]. Gradual upregulation of HSP60, HIF2A,
and Cited-2 as well as phosphorylated HSP27 (S78/S82), p38 (T180/Y182), and p53 (S46)
defined the later stages of the stress response to 48 h DpC treatment (Figure 5A, 48 h).
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Figure 5. Array profiling of stress response proteins and kinase phosphorylation in response to DpC
in the SH-SY5Y cell line. (A) Stress response protein profile of cells treated with 20 µM DpC for 24
and 48 h. (B) Hierarchical clustering of relative stress protein expression. (C) Phospho-kinase protein
profile of cells treated with 20 µM DpC for 24 and 48 h.
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Second, to examine the differential phosphorylation rate of proteins that might be reg-
ulated downstream of RTKs (including EGFR) in response to DpC treatment, the Proteome
Profiler Human Phospho-Kinase Array Kit was used (Figure 5C). Interestingly, the results
indicated an upregulated mode of the AKT signaling pathway. DpC treatment led to an
increase in activating phosphorylation of AKT 1/2/3 (S473) together with phosphorylation
of its downstream effectors and an increase in AKT-mediated activating phosphorylation of
PRAS40 (T246), inhibitory phosphorylation of GSK3α/β (S21/S9), and activating phospho-
rylation of WNK1 (T60). WNK1 activation is of particular interest as it is reported to play a
role in oxidative stress response [43]. Similarly, upregulation of c-JUN phosphorylation has
been noted as a response to ROS-generating, iron-chelation treatment [44], which suggests
that different iron chelators indeed elicit a similar stress response.

In contrast to what was expected after observing EGFR downregulation, the activation
of the AKT pathway in general led us to further investigate the manner of AKT activity in
response to DpC treatment. Interestingly, a consistent pattern of regulation was detected
across all neuroblastoma cell lines, with little variation among them. While the total AKT
levels decreased by approximately 25% in response to DpC treatment (Figure 6A), the
levels of phosphorylated AKT (S473) showed a marked increase (Figure 6B), consistent
with the previous results from phospho-kinase array analysis. While the increase in AKT
phosphorylation was significant only after the first 24 h of DpC application, the levels of
pAKT remained elevated throughout the 48 h treatment in all studied cell lines, with the
exception of the CHLA-15 cell line.
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cidated, it appears that this is not the only mode of NDRG1 activation [45]. We report that 
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Figure 6. DpC regulates total and phosphorylated AKT protein levels in neuroblastoma cell lines.
(A) Immunoblotting of AKT and (B) immunoblotting of pAKT (S473) protein levels in neuroblastoma
cells treated with 20 µM (SH-SY5Y, SK-N-BE(2)) or 2 µM (CHLA-15, CHLA-20) DpC. Representative
images (up) and relative optical density values (down) of three independent experiments. Source
data are provided in Figure S1. Densitometry data are shown as the mean ± SD normalized to 0 h
values. * p < 0.05; ** p < 0.01; two-tailed unpaired t-test.
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2.3. DpC Inhibits MYC Proteins Regardless of the MYCN Amplification Status

Although DpC-induced, HIF1-mediated expression of NDRG1 has already been eluci-
dated, it appears that this is not the only mode of NDRG1 activation [45]. We report that
DpC markedly decreases the levels of the well-established NDRG1 suppressor N-MYC [46]
and its structural and functional homolog c-MYC [47,48]. Inhibition of N-MYC/c-MYC alle-
viated the suppression of the NDRG1 promoter and further enhanced the HIF1-mediated ex-
pression of NDRG1. Indeed, DpC treatment dramatically reduced the N-MYC oncoprotein
MYCN-amplified SK-N-BE(2) cell line, as well as c-MYC in all other MYCN-nonamplified
cell lines, SH-SY5Y, CHLA-15, and CHLA-20 (Figure 7A; Figure S3). In the SH-SY5Y
cell line, the nuclear localization of c-MYC was markedly decreased after treatment, thus
validating the results obtained from immunoblotting analysis (Figure 7B).
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Figure 7. DpC downregulates MYC proteins in neuroblastoma cell lines. (A) Immunoblotting of
c-MYC (SH-SY5Y, CHLA-15, CHLA-20) and N-MYC (SK-N-BE(2)) protein levels in neuroblastoma
cells treated with 20 µM (SH-SY5Y) or 2 µM (CHLA-15, CHLA-20) DpC. Representative images (left)
and relative optical density values (right) of three independent experiments. Source data are provided
in Figure S1. Densitometry data are shown as the mean ± SD normalized to 0 h values. * p < 0.05;
** p < 0.01; two-tailed unpaired t-test. (B) Immunofluorescence micrographs of c-MYC (green) in
SH-SY5Y cells treated with 20 µM DpC and EGF (40 ng/mL; 10 min; 37 ◦C). Nuclei counterstained
with Hoechst 33342 (blue). Scale bar = 20 µm. (C) qRT–PCR analysis of the effect of 20 µM DpC on the
expression of MYCN in the SK-N-BE(2) cell line. Fold change ± SD comprised of three independent
experiments. * p < 0.05; ** p < 0.01; two-tailed unpaired t-test.
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To elucidate whether DpC downregulates N-MYC at the transcriptional level, qRT–
PCR was performed. Significant downregulation of MYCN transcripts (p < 0.05) was
detected in DpC-treated SK-N-BE(2) cells (Figure 7C), which suggests that DpC might exert
its activity against neuroblastoma cells via transcriptional inhibition of MYC oncoproteins,
which are major drivers of aggressive neuroblastoma.

2.4. DpC Induces Morphological Changes and Lipid Accumulation in Neuroblastoma Cells

An intriguing morphological change was detected during routine microscopic analysis
of DpC-treated neuroblastoma cells. The cytoplasm of these cells contained large spherical
bodies (Figure 8A), which were identified as neutral lipid droplets and confirmed by bright-
field imaging after staining with lipophilic Oil Red O and through fluorescence imaging
after staining with LipidTOX™ Green (Figure 8B). Interestingly, the accumulation of neutral
lipid droplets has already been reported by Zirath et al. [49] in SK-N-BE(2) neuroblastoma
cells treated with N-MYC inhibitors. Here, we observed an identical phenotype in yet
another neuroblastoma cell line: MYCN-nonamplified SH-SY5Y (Figure 8A). When quanti-
fied by flow cytometry after neutral lipid staining by LipidTOX™ Green, DpC treatment
resulted in a significant (approximately 6-fold) increase in lipid accumulation (Figure 8C).
This shows that various modes of MYC protein inhibition result in identical phenotypes
and suggests a common role of MYC proteins in lipid metabolism/trafficking.
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Figure 8. Lipid accumulation in SH-SY5Y neuroblastoma cells in response to DpC treatment.
(A) Light-microscopy micrograms revealing spherical bodies in the cytoplasm of SH-SY5Y cells.
(B) Neutral lipid staining of DpC-treated cells by Oil Red O (red, left) and LipidTOX™ Green
(green, right). Nuclei counterstained with Hoechst 33342 (blue). Scale bar: 20 µm. (C,D) Increase
in the median fluorescence intensity (MFI) of LipidTOX™ Green emission after DpC treatment.
MFI ± SD comprised of three independent experiments. ** p < 0.01.

3. Discussion

Elucidating the role of thiosemicarbazone treatment in neuroblastoma cell lines at
the molecular level proved to be a natural continuation of several previous observations:
DpC succeeded in inhibiting growth as well as inducing cell death in neuroblastoma
cells and increasing the levels of caspase 3 and 9 as well as phosphorylated JNK [22].
Moreover, thiosemicarbazone treatment greatly increases NDRG1 levels [50], a positive
prognostic factor in neuroblastoma [23]. DpC sequesters cellular iron, which drives cells
into a hypoxia-like state, and subsequently activates HIF1, as previously described [40],
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which was in concordance with our observation in the SH-SY5Y cell line (Figure S2).
However, HIF1-mediated induction of NDRG1 expression (i.e., HIF1 binding to the HIF1-
responsive element of the NDRG1 promoter) does not seem to be the only mode of NDRG1
upregulation by thiosemicarbazone treatment [45]. Iron-chelation treatment by DFO was
reported to inhibit the expression of a well-known NDRG1 suppressor, N-MYC [51].

For the first time, we hereby report that DpC also markedly decreases the levels
of N-MYC, as well as its structural and functional homolog c-MYC, both of which are
known to bind to the core promoter of NDRG1 in an MIZ-1-dependent manner [25]. Our
results indicate that DpC-mediated inhibition of MYC proteins alleviated the suppression
of NDRG1 expression and further enhanced the expression of NDRG1. In the MYCN-
amplified SK-N-BE(2) cell line, the level of the N-MYC oncoprotein decreased greatly, as
did c-MYC in all other MYCN-nonamplified cell lines (SH-SY5Y, CHLA-15, CHLA-20). On
a subcellular level, nuclear c-MYC localization decreased greatly, which further confirms
the effect of DpC on this transcription factor. Generally, iron chelators are known for their
ability to induce cell arrest and inhibit the function of iron-dependent enzymes, such as
ribonucleotide reductase and DNA polymerase α [52,53]. However, the inhibition of these
enzymes was reportedly not responsible for the decrease in N-MYC levels in response
to iron-chelation treatment [51]. The decrease in MYC proteins by DpC thus seems to be
facilitated through a different mechanism.

Downregulation of MYC proteins bears significance beyond facilitating the liberation
of NDRG1 expression. Deregulated in over half of all human cancers [54] and established
as one of the prominent cancer stem cell markers in neuroblastoma [55], MYC oncoproteins
represent an intriguing target for cancer therapy. DpC treatment significantly decreased
MYC protein levels across all neuroblastoma cell lines, which suggests promising new
therapy strategies, especially in MYCN-amplified neuroblastomas, which account for
approximately 20% of cases and rank among those with the most difficult course of the
disease [1]. DpC suppressed MYCN expression and total protein levels, which proves its
multimodal effect on one of the most prominent prognostic factors in neuroblastoma.

DpC succeeded in downregulating the levels of EGFR in all four studied neuroblas-
toma cell lines; thus we identified another shared effect of thiosemicarbazone treatment in
this type of cancer. Moreover, in the SH-SY5Y neuroblastoma cell line, DpC was found to
inhibit EGFR through NDRG1 in accordance with Menezes et al. [35], who partially eluci-
dated the role of NDRG1 in EGFR regulation in pancreatic carcinoma cell lines. A decrease
in the phosphorylated forms of EGFR (pY845, pY992, pY1045, pY1068, and pY1148) sug-
gests inhibition of downstream signal transduction at multiple levels. However, we were
unable to detect MIG-6, which has been reported to be responsible for NDRG1-mediated
EGFR downregulation in pancreatic carcinoma cell lines (data not shown), which illustrates
the need for further study of the means of action. Additionally, in the SK-N-BE(2) neurob-
lastoma cell line, silencing NDRG1 did not rescue EGFR downregulation, thus suggesting
a different mechanism than via NDRG1.

Following downstream of EGFR, we explored two of the most important EGFR-
mediated signaling pathways: the PI3K–AKT and the RAF–MEK–ERK axes. While the
overall decrease in total AKT protein levels across all studied cell lines would suggest the
downregulation of this pathway, the levels of its phosphorylated/active form increased
in all reference cell lines. The upregulation of the pro-survival AKT pathway is indeed in
stark contrast to what would be expected, considering the cytotoxic effect that the DpC
treatment exerted on neuroblastoma cells. Two possible explanations emerge to clarify such
observation: (1) the cytotoxic effects of DpC could be responsible for cell death in spite of the
up-regulated pro-survival AKT pathway. In this scenario, pAKT upregulation would work
against the intended effect of DpC and thus elevated pAKT signaling would actually confer
resistance to the genotoxic treatment [56]. However, a study by Lui et al. [57] elucidated that
while there was an increase in pAKT following thiosemicarbazone treatment, the activation
of its downstream effectors (mTOR, Cyclin D) expression was not observed. (2) Overly up-
regulated AKT signaling could induce cell death by sensitizing neuroblastoma cells to ROS,
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which are generated in the process of DpC treatment. While some reports can be found
to support this claim [58,59], the elucidation of AKT dynamic in response to treatment
by thiosemicarbazones in neuroblastoma requires further research. As for ERK-bound
signalization, the unhindered levels of total and phosphorylated ERK (Figure S1) strongly
suggest its lateral activation, which compensates for the loss of EGFR signaling [60].

The induction of lipid accumulation in response to chelation therapy proved to be an
unexpected discovery that warrants further research for multiple reasons.

First, it coincides with the identical phenotype that was observed by Zirath et al. [49],
who used a specific N-MYC inhibitor in the SK-N-BE(2) neuroblastoma cell line. We
expanded this by observing lipid accumulation in yet another neuroblastoma cell line,
SH-SY5Y. Even though this cell line is MYCN-nonamplified, its structural and functional
homolog, c-MYC, is downregulated in response to DpC treatment. Therefore, direct
inhibition of c-MYC in SH-SY5Y cells would not only further confirm the functional overlap
in MYC proteins but also further establish their role in lipid accumulation in neuroblastoma.

Second, since MYC proteins are direct transcriptional inhibitors of NDRG1, any inhi-
bition of MYC protein expression (whether through DpC application, knockout, or direct
small-molecule inhibitors) likely results in NDRG1 expression liberation and upregulation.
Stacking evidence across cell/tissue types indicates that NDRG1 could play a major role
in facilitating lipid accumulation in the following ways. (i) In oligodendrocytes, NDRG1
confers LDL uptake by regulating endosomal trafficking of LDL-R. Silencing NDRG1 in-
deed resulted in a reduction in lipid uptake by cells [61]. (ii) In Schwann cells, NDRG1
mutation manifests as a rare demyelinating neuropathy (Charcot–Marie–Tooth disease
type 4D) characteristic of progressive hypomyelination and axonal loss [62]. Schwann cells
share a neural crest origin with neuroblastoma cells, thus indicating that NDRG1 could
play a similar role in lipid metabolism in these cell types. (iii) In adipocytes, silencing
NDRG1 results in decreased lipidogenesis in differentiated cells [63]. While these findings
indicate that NDRG1 plays a pivotal role in cellular lipid uptake in neuroblastoma, further
investigation is needed to fully explain the exact mechanism of NDRG1 action.

Overall, iron chelators treatment by the novel thiosemicarbazone DpC induces potent
cell death of neuroblastoma cells, while targeting some of the major drivers of aggressive
neuroblastomas, regardless of their MYCN status (Figure ??). DpC could thus be a useful
addition in the treatment of MYC-driven neuroblastomas.
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references), providing a mechanistic insight into the effects of thiosemicarbazones in the context
of neuroblastoma cells. DpC suppressed the expression of EGFR and MYC proteins in all studied
neuroblastoma cell lines. Additionally, the treatment induced a massive increase in NDRG1 levels, as
well as lipid droplet accumulation. Although the involvement of NDRG1 in lipid accumulation has
been suggested in neuroblastoma [61] and other cell types [62,63], the underlying mechanism is still
unclear (dashed line).

4. Materials and Methods
4.1. Cell Culture

Four neuroblastoma cell lines used in this study were selected based on their genetic
background or treatment status to better cover the heterogeneity observed among neu-
roblastomas. The MYCN-nonamplified SH-SY5Y (No. 94030304) and MYCN-amplified
SK-N-BE(2) (No. 95011815) cell lines were obtained from ECACC (Salisbury, UK). To
analyze postrelapse changes in neuroblastoma pathophysiology, the CHLA-15 cell line
was derived from initial surgical biopsy and the CHLA-20 cell line was derived from the
posttreatment relapse resection of neuroblastoma in the same patient. Both of these cell
lines were obtained from Alex’s Lemonade Stand Foundation Childhood Cancer Reposi-
tory (cccells.org) and kindly provided by Dr. Michael D. Hogarty (Children’s Hospital of
Philadelphia, Philadelphia, PA, USA).

Cells were grown in Dulbecco’s modified Eagle’s medium-F12 medium mixture
(DMEM-F12, GE Healthcare, Chicago, IL, USA) supplemented with 10% (CHLA 15,
CHLA 20) or 20% (SH-SY5Y, SK-N-BE(2)) fetal bovine serum (FBS), 100 IU/mL peni-
cillin, 100 IU/mL streptomycin, 2 mM glutamine, and 1% MEM amino acid solution (all
from Biosera, Nuaillé, France). The medium for the CHLA-15 and CHLA-20 cell lines was
further supplemented with 1× ITSX (insulin–transferrin–selenium) solution (Thermo Fisher
Scientific, Waltham, MA, USA). Cell culture was performed under standard conditions at
37 ◦C and 95% humidity in 5% CO2.

4.2. DpC Treatment

Di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) was obtained
from Sigma–Aldrich (St. Louis, MO, USA, Cat. No. SML0483), diluted with DMSO (Sigma–
Aldrich) to a 100 mM stock solution, aliquoted, and stored at 20 ◦C. For all experiments,
cells were treated with DpC 24 h after being seeded onto Petri dishes so that the confluence
reached 70%. Diluting DpC from the 100 mM stock solution resulted in a final DpC
concentration of 20 µM (SH-SY5Y, SK-N-BE(2)) or 2 µM (CHLA 15, CHLA 20), while the
concentration of DMSO did not exceed 0.02% or 0.002%, respectively.

4.3. Western Blot Analysis

Protein extracts were isolated from cell lysates and stored at −80 ◦C. Prior to loading,
the protein concentration was determined using the DC™ Protein Assay Kit (Bio–Rad
Laboratories, Hercules, CA, USA) as per the manufacturer’s protocol. Protein samples were
loaded into 10% polyacrylamide gels, electrophoresed, and blotted onto PVDF membranes.
Following membrane blocking (with either 5% bovine serum albumin or 5% nonfat dry milk
solution in a TBS–Tween buffer), the membranes were incubated with primary antibodies
overnight at 4 ◦C (Table S1). Mouse or rabbit IgG horseradish peroxidase-conjugated anti-
bodies served as secondary antibodies (Table S1). Chemiluminescence was induced by an
ECL-Plus detection kit (GE Healthcare), detected by an Azure c600 imaging system (Azure
Biosystems, Dublin, CA, USA) or AGFA CP-BU X-ray films (AGFA, Mortsel, Belgium) and
quantified using ImageJ software v1.52a (U. S. National Institutes of Health, Bethesda, MD,
USA) [64]. All experiments were performed in biological triplicate.

4.4. siRNA Silencing Assay

Cells were cultivated in 60 mm Petri dishes in a complete DMEM-F12 medium and
transfected using a Lipofectamine® RNAiMAX and Silencer™ Pre-Designed siRNA mixture
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in Gibco™ Opti-MEM™ Medium (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Two distinct siRNAs (Thermo Fisher Scientific; siRNA1 ID: 135611;
siRNA2 ID: 135612) and one scramble negative control siRNA (Thermo Fisher Scientific;
ID: 4390843) were used in the assay. Cells were harvested 72 h after transfection, followed
by lysate preparation and protein extraction.

4.5. Immunofluorescence Staining

To perform the immunofluorescence assay, cells were seeded onto coverslips in 35 mm
Petri dishes and cultured for 24 h so that the confluence reached 70%. At this confluence,
treatment was added to the medium for 48 h. The cells were then washed with PBS,
fixed with 3% paraformaldehyde (Sigma–Aldrich), and permeabilized with 0.2% Triton
X-100 (Sigma–Aldrich). Afterward, the cells were rinsed with PBS and blocked with 3%
bovine serum albumin solution in PBS. The cells were incubated with either primary or
fluorophore-conjugated antibodies in a humidified chamber for 60 min at 37 ◦C (Table S1).
After the cells were thoroughly rinsed with PBS, secondary antibodies were added to the
corresponding primary antibody for another 45 min at 37 ◦C in a humidified chamber
(Table S1). Cell nuclei were counterstained with 0.05% Hoechst 33342 (Life Technologies,
Carlsbad, CA, USA). The coverslips were mounted onto microscope slides with ProLong™
Diamond Antifade Mountant (Thermo Fisher Scientific). Negative controls were prepared
by either using a fluorophore-conjugated isotype control antibody or omitting the primary
antibodies. An Olympus BX-51 microscope with an Olympus DP72 CCD camera was
used to capture micrographs, which were then analyzed by CellˆP v2.3 imaging software
(Olympus, Tokyo, Japan). Additionally, confocal microscopy was employed to acquire
high-resolution micrographs using a Leica SP8 confocal microscope (Leica Microsystems,
Wetzlar, Germany). LAS X v5.0.3 imaging software (Leica Microsystems) was used for the
subsequent graphic analysis of micrographs.

4.6. qRT–PCR

Total RNA was extracted and transcribed into cDNA as described by Skoda et al. [65].
The expression of MYCN (F: 5′-AGAGGACACCCTGAGCGATT-3′; R: 5′-GGTGAATGTGGT
GACAGCCT-3′) in response to DpC treatment was performed in technical and biological
triplicates (i.e., different cell passages in vitro). The heat shock protein gene HSP90AB1 (F:
5′-CGCATGAAGGAGACACAGAA-3′; R: 5′-TCCCATCAAATTCCTTGAGC-3′) was used
as the endogenous reference control.

4.7. Neutral Lipid Staining

For bright-field microscopy analysis, cells were fixed with 3% paraformaldehyde, rinsed
with PBS, stained with lipophilic Oil Red O for 20 min, washed with PBS, and mounted
onto slides. For immunofluorescence analysis, cells were fixed with 3% paraformaldehyde,
rinsed with PBS, and treated with a 1:500 solution of LipidTOX™ Green for 30 min at room
temperature, followed by another wash with PBS. For flow cytometry analysis, the cell
suspension was fixed with 3% paraformaldehyde, washed with PBS, and treated with a
1:1000 solution of LipidTOX™ Green for 30 min, followed by another wash with PBS.

4.8. Immunostaining for Flow Cytometry

Cell suspensions were fixed with 3% paraformaldehyde for 20 min, permeabilized
with 0.1% Triton X-100 (Sigma–Aldrich) for 1 min, blocked with 3% bovine serum albumin,
and incubated with fluorophore-conjugated antibodies or their respective isotype control
for 1 h at 37 ◦C (Table S1). The cell suspension was rinsed with PBS between each step.
Cytometric analysis was performed using CytoFLEX S (Beckmann Coulter, Brea, CA, USA),
and 1 × 104 valid events were evaluated by CytExpert v2.4 software (Beckmann Coulter).
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4.9. Phospho-Protein and Cell Stress Protein Array Analysis

Relative total and/or phosphorylation levels of selected target proteins involved in
signal transduction and the cell stress response were analyzed using the following protein
array kits: Proteome Profiler™ Human Cell Stress Array Kit (Table S2) and Proteome
Profiler™ Human Phospho-Kinase Array Kit (Table S3) (both R&D Systems, Minneapolis,
MN, USA). The samples were processed according to the manufacturer’s protocol, and the
chemiluminescence signal was quantified using ImageJ software v1.52a (U. S. National
Institutes of Health) [64] and analyzed in concordance with our previous study [66].

4.10. Statistical Analysis

Relative density analyses of immunoblotting were normalized with regard to their
respective GAPDH loading control. Relative pixel density (Western blot), fold change
(qRT-PCR), as well as median fluorescence intensity (flow cytometry) were evaluated using
two-tailed unpaired t-test: * p < 0.05 and ** p < 0.01 were considered statistically significant.

5. Conclusions

This study built upon the previous findings of thiosemicarbazone treatment in neu-
roblastoma and elucidated its effect on some of the important signaling molecules in this
cancer type, namely MYC proteins, EGFR and its downstream targets, or NDRG1, whose
exact mechanism of action remains largely elusive. As it entered Phase I clinical trials,
DpC held promise to become a new addition to certain oncotherapy protocols. Despite
DpC exhibiting superior pharmacokinetic properties (e.g., increased half-life and resistance
against inactivation by N-demethylation) over its predecessor Dp44mT [67], clinical trials
have reported myalgia in patients treated with DpC [68]. Nevertheless, iron chelators still
show promising results in potentially treating certain types of neuroblastoma, particularly
those with upregulated expression of N-MYC.

Specifically, treatment with DpC proved to target some of the major molecular targets
in neuroblastoma, namely the MYC proteins and both total and phosphorylated levels of
EGFR. Regulation of EGFR is at least partially mediated by NDRG1, which is in accordance
with the results observed in pancreatic carcinoma. Furthermore, the formation of lipid
droplets after DpC treatment (and subsequent MYC downregulation) in the SH-SY5Y cell
line expanded upon the induction of an identical phenotype in the SK-N-BE(2) cell line in
response to N-MYC inhibition.
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Abstract: NANOG is a transcription factor involved in the regulation of pluripotency and stemness.
The functional paralog of NANOG, NANOGP8, differs from NANOG in only three amino acids and
exhibits similar reprogramming activity. Given the transcriptional regulatory role played by NANOG,
the nuclear localization of NANOG/NANOGP8 has primarily been considered to date. In this
study, we investigated the intriguing extranuclear localization of NANOG and demonstrated
that a substantial pool of NANOG/NANOGP8 is localized at the centrosome. Using double
immunofluorescence, the colocalization of NANOG protein with pericentrin was identified by two
independent anti-NANOG antibodies among 11 tumor and non-tumor cell lines. The validity of these
observations was confirmed by transient expression of GFP-tagged NANOG, which also colocalized
with pericentrin. Mass spectrometry of the anti-NANOG immunoprecipitated samples verified the
antibody specificity and revealed the expression of both NANOG and NANOGP8, which was further
confirmed by real-time PCR. Using cell fractionation, we show that a considerable amount of NANOG
protein is present in the cytoplasm of RD and NTERA-2 cells. Importantly, cytoplasmic NANOG
was unevenly distributed at the centrosome pair during the cell cycle and colocalized with the distal
region of the mother centriole, and its presence was markedly associated with centriole maturation.
Along with the finding that the centrosomal localization of NANOG/NANOGP8 was detected in
various tumor and non-tumor cell types, these results provide the first evidence suggesting a common
centrosome-specific role of NANOG.

Keywords: NANOG; NANOGP8; human; localization; centrosome; mother centriole

1. Introduction

NANOG is a homeodomain transcription factor involved in embryonic stem cell (ESC) self-renewal
and pluripotency [1–3]. NANOG has been identified as a common stem cell marker and is crucial for
the regulation of the cancer stem cell phenotype in several types of solid tumors [4–10]. Together with
SOX2 and OCT4, NANOG plays a key role in maintaining the features of ESCs [11–13]. NANOG is
highly expressed in pluripotent cells, such as ESCs and embryonal carcinoma cells, and its expression
is downregulated upon differentiation [1,14].
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Human NANOG is encoded by the NANOG gene, which is located in chromosomal region
12p13.31 [15]. Two NANOG isoforms, NANOG and NANOG-delta 48, resulting from alternative
splicing [15], and 11 pseudogenes, NANOGP1 to NANOGP11, have been described in humans [16].
Based on the NCBI protein database, while the human NANOG protein (NP_079141.2) consists
of 305 amino acids, the NANOG-delta 48 isoform (NP_001284627.1) lacks amino acids 167–182.
The NANOGP8 pseudogene represents a transcribed retrogene that has 99% homology with NANOG.
Thus, NANOGP8 can potentially code for a 305 amino acid protein (NP_001342210.1) that differs from
NANOG by only three amino acids. A study focused on the expression of NANOG paralogs found
that human ESCs express large amounts of NANOG [17]. In contrast, most human cancer cells express
NANOGP8 [18], although its expression is not restricted solely to transformed cells [17–19].

NANOG is a homeobox-containing protein that is typically localized in the cell nucleus [20,21].
However, the cytoplasmic localization of this protein has also been described [22,23], even though
the role of cytoplasmic NANOG has not been fully elucidated. During our ongoing study on
rhabdomyosarcoma, we unexpectedly noticed an atypical cytoplasmic localization of NANOG,
which resembled the perinuclear localization of centrosomes. Given these surprising results, we
sought to examine NANOG protein localization across a panel of various tumor and non-tumor cell
types. In this report, we present our comprehensive analysis of this phenomenon and provide the first
evidence for an intriguing centrosomal localization of NANOG/NANOGP8, which was detected as
common among several cell types.

2. Materials and Methods

2.1. Cell Lines and Cell Culture

Nine tumor cell lines of different origins and two non-tumor cell lines were used in this study;
a brief description of these cell lines is provided in Table 1. NSTS-34 and NSTS-35 tumor samples
were obtained from patients undergoing rhabdomyosarcoma resection surgery. Written informed
consent was obtained from each patient or patient’s legal guardian prior to participation in this study.
The study was conducted in compliance with the Declaration of Helsinki, and the study protocol
(#12/Si/2011) was approved by the Research Ethics Committee of the School of Science (Masaryk
University). The paraformaldehyde-fixed CCTL14 human embryonal stem cells were a gift from
Dr. Hampl [24]. RD and NTERA-2 cells were cultured in high glucose DMEM supplemented with 10%
fetal calf serum (FCS), NSTS-11, NSTS-34, NSTS-35, GM7, HGG-02, and KF1 cells were maintained
in DMEM with 20% FCS, Daoy cells in DMEM with 10% FCS, and SH-SY5Y cells were cultured in
DMEM/Ham’s F12 medium supplemented with 20% FCS. All media were supplemented with 2 mM
glutamine, 100 IU/mL penicillin, and 100 µg/mL streptomycin; the addition of 1% non-essential amino
acids (all from Biosera, Nuaillé, France) was used for RD, SH-SY5Y, and Daoy culture media. Cells were
maintained at 37 ◦C in a humidified atmosphere containing 5% CO2.

Table 1. Description of cell lines.

Cell Line Tissue Type Source

Tumor Cell Lines

RD Embryonal rhabdomyosarcoma ECACC, Cat. No. 85111502
NSTS-11 Rhabdomyosarcoma [25]
NSTS-34 Rhabdomyosarcoma Established in the laboratory
NSTS-35 Rhabdomyosarcoma Established in the laboratory

GM7 Glioblastoma multiforme [26]
HGG-02 Glioblastoma multiforme [27]

Daoy Medulloblastoma ATCC, HTB-186TM

SH-SY5Y Neuroblastoma ECACC, Cat. No. 94030304
NTERA-2 Embryonal carcinoma ECACC, Cat. No. 01071221

Non-Tumor Cell Lines

CCTL14 Human embryonal stem cells [24]
KF1 Normal fibroblasts [28]



Cells 2020, 9, 692 3 of 18

2.2. Immunofluorescence

For indirect immunofluorescence (IF), cells were cultivated on coverslips in Petri dishes for
1–2 days (grown to 80–90% confluence), depending on the cell proliferation rate. IF was performed as
previously described [29]. The primary and secondary antibodies used in these experiments are listed
in Table 2. Anti-CP110 antibody was a gift from Dr. Cajanek [30]. Negative controls were prepared
by omitting the primary antibody. After a final wash with PBS, the coverslips were mounted using
ProLongTM Diamond Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA). An Olympus
BX-51 microscope was used for sample evaluation; micrographs were captured using an Olympus
DP72 CCD camera and analyzed using the CellˆP imaging system (Olympus, Tokyo, Japan).

Table 2. Antibodies used in the study.

Primary Antibodies

Antigen Isotype Clone (Cat. No.) Manufacturer Dilution

IF WB

Nanog Rb IgG D73G4 (4903) CST 1:200 1:2000
Nanog Rb IgG EPR2027(2) (ab109250) Abcam 1:200 1:2000

Pericentrin Rb IgG - (ab4448) Abcam 1:400 -
CP110 Mo - - 1:5 -
Ninein Mo IgG2a 79.160-7 (41-3400) Thermo Fisher 1:800 -
α-Tubulin Mo IgG1 DM1A (ab7291) Abcam - 1:10,000
Lamin B2 Rb IgG D8P3U (12255) CST - 1:400

Secondary Antibodies

Host Specificity Conjugate Manufacturer Dilution

IF WB

Donkey anti-Mo IgG Alexa Fluor 488 Life Technologies 1:200 -
Donkey anti-Rb IgG Alexa Fluor 488 Life Technologies 1:200 -
Donkey anti-Mo IgG Alexa Fluor 568 Life Technologies 1:200 -
Donkey anti-Rb IgG Alexa Fluor 568 Life Technologies 1:200 -
Horse anti-Mo IgG HRP CST - 1:5000
Goat anti-Rb IgG HRP CST - 1:5000

Mo mouse, Rb rabbit, HRP horseradish peroxidase, IF immunofluorescence, WB Western blotting, CST Cell
Signaling Technology.

2.3. Western Blotting

Fifty micrograms of whole-cell extracts were loaded onto 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gels, electrophoresed, and blotted onto polyvinylidene difluoride membranes
(Bio-Rad Laboratories GmbH, Feldkirchen, Germany). The membranes were blocked with 5% nonfat
milk in PBS with 0.05% Tween 20 (PBS-Tween) and then incubated with primary antibody diluted in
blocking solution at 4 ◦C overnight. After rinsing with PBS-Tween, the membranes were incubated with
the corresponding secondary antibody at room temperature for 60 min. After rinsing with PBS-Tween,
chemiluminescent detection using AmershamTM ECLTM Prime Western Blotting Detection Reagent
(GE Healthcare, Little Chalfont, UK) was performed according to the manufacturer’s instructions.
To analyze the nuclear and cytoplasmic fractions separately, a Nuclear Protein Extraction kit (Thermo
Fisher Scientific) was used according to the manufacturer’s instructions. Forty-five microliters of
protein extract was loaded onto 10% (SDS)-polyacrylamide gels. The primary and secondary antibodies
used in the experiments are listed in Table 2. Anti-Lamin B2 and anti-α-tubulin antibodies served as
the controls for the purity of the nuclear and cytoplasmic cell fractions, respectively. Three biological
replicates were analyzed for each sample.
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2.4. Transient Transfection

RD and NTERA-2 cells were transiently transfected with 2 µg of pCMV6-AC-GFP vector encoding
NANOG (OriGene, Rockville, MD, USA). The cells were cultured on coverslips in Petri dishes with
complete growth medium overnight and then transfected using TurboFectinTM 8.0 (OriGene) according
to the manufacturer’s protocol. The transient transfection experiments were repeated twice.

2.5. Immunoprecipitation and Protein Digestion

Cells were overlaid with lysis buffer (10 mM Tris-HCl pH 7.9, 420 mM NaCl, 0.1% NP-40) with the
addition of a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Cell lysates were frozen
and thawed three times and then sonicated 12 times (1 s on/2 s off) with 50% amplitude. Lysates were
centrifuged, and supernatants were incubated with Ab precoated DynabeadsTM protein G beads
(Thermo Fisher Scientific) prepared according to the manufacturer’s protocol at room temperature
for 60 min. Beads were washed with washing buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl) and
transferred into clean tubes. Bound protein elution was performed by adding 100 µl of 8 M urea
followed by 15 min incubation. Elution was repeated two times, and yields were combined.

Urea-eluted samples were loaded on a 10 kDa Amicon® MWCO filter and processed by the FASP
method [31]. Briefly, proteins were washed with 8 M urea followed by centrifugation. The reduction
of the disulfide bonds was performed with 10 mM dithiothreitol at room temperature for 15 min.
Acetylation was performed with 50 mM iodoacetamide at room temperature for 15 min. After washing
with 25 mM triethylammonium bicarbonate, PierceTM Trypsin Protease (Thermo Fisher Scientific) was
added at a 1:50 ratio, and the digestion proceeded overnight at 37 ◦C.

2.6. Mass Spectrometry and Data Processing

LC-MS/MS analysis of tryptic peptides was performed using a Dionex UltiMate 3000 RSLCnano
liquid chromatograph connected to a micrOTOF-Q II mass spectrometer (Bruker, Billerica, MA, USA).
Samples were separated on a C18 Acclaim PepmapRSLC separation column (25 cm, I.D. 75 µm, particles
2 µm) using a flow rate of 300 nl/min of solvent A (0.1% formic acid) and solvent B (0.1% formic acid
in 20/80 H2O/ACN (vol/vol)) mixed in a 90 min-long linear gradient from 4% to 55% of solvent B.
The mass spectrometer was operated at a scanning frequency of 4 Hz and in a data-dependent mode.
The five most intensive precursor ions were fragmented using CID fragmentation using an isolation
width of 1.2 Th. The collision energy was adjusted between 27 and 48 eV as a function of the m/z value.
Dynamic exclusion of the fragmented precursor was enabled for 30 s.

Raw LC-MS/MS data were converted into mzML format using ProteoWizard [32] and further
processed by the Crux pipeline [33]. MS/MS spectra identification was performed by the Tide search
engine using the Homo sapiens protein fasta file as a database (SwissProt sequences obtained from UniProt
protein database), 40 ppm and 0.05 Da as parent and fragment tolerances (respectively) and oxidation
and carbamidomethylation as potential and fixed modifications (respectively). Percolator [34] was then
employed to validate spectral matches, perform protein inference, and calculate false discovery rates
(FDR). Only those proteins passing 5% FDR were retained. FlashLFQ [35] was used for chromatographic
peak area estimation using 10 ppm precursor tolerance and list of identified peptide features as input.
For each protein, its peptide areas were combined into single values by averaging the areas of the three
most intensive peptides (TOP3 approach) [36].

2.7. RT-qPCR

Total RNA was extracted using the GenEluteTM Mammalian Total RNA Miniprep kit
(Sigma-Aldrich), and RNA concentration and purity were determined spectrophotometrically. For all
samples, equal amounts of RNA were reverse transcribed into cDNA using M-MLV reverse transcriptase
(Top-Bio, Prague, Czech Republic) and oligo-dT priming (Qiagen Inc., Valencia, CA, USA). Quantitative
PCR was performed in 10 µL reaction volumes using the KAPA SYBR® FAST qPCR Kit (Kapa
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Biosystems, Wilmington, MA, USA) and analyzed using the 7500 Fast Real-Time PCR System and 7500
Software v. 2.0.6 (both Life Technologies, Carlsbad, CA, USA). Technical triplicates were analyzed for
each of the three biological replicates and relative gene expression levels were determined using the
2−∆∆CT method [37]. The housekeeping gene HSP90AB1 was used as an endogenous reference control.
The primer sequences used in this study are summarized in Table 3. NANOG primers were designed
as previously published [38].

Table 3. Primers used in the study.

Gene Gene Symbol Primer Sequence

Nanog homeobox NANOG
F: 5′-TTCATTATAAATCTAGAGACTCCAGGA-3′

R: 5′-CTTTGGGACTGGTGGAAGAATC-3′

Nanog homeobox/Nanog
homeobox retrogene P8 * NANOG/P8 F: 5′-GCAGAGAAGAGTGTCG-3′

R: 5′-AGCTGGGTGGAAGAGAACACAG-3′

Heat shock protein 90 alpha family
class B member 1

HSP90AB1
F: 5′-CGCATGAAGGAGACACAGAA-3′

R: 5′-TCCCATCAAATTCCTTGAGC-3′

F forward primer, R reverse primer; * Indicates that this set of primers matches to both NANOG and
NANOGP8 sequences.

3. Results

3.1. Centrosomal Localization of the NANOG Protein

During our ongoing study aimed at the analysis of established and patient-derived
rhabdomyosarcoma cell lines, we revealed an intriguing extranuclear localization of NANOG protein.
Using anti-NANOG commercial antibody (#4903, Cell Signaling Technology (CST)) (Figure 1a),
the NANOG signal was detected in the form of one or two punctae located in the cytoplasm near the
cell nucleus (Figure 1b and Figure S1). The apparent perinuclear NANOG localization was confirmed
using another anti-NANOG commercial antibody (#ab109250, Abcam) (Figure 1a,b and Figure S1).

Surprisingly, the NANOG cytoplasmic signal resembled centrosomes in their localization and
quantity. To investigate whether extranuclear NANOG colocalizes with centrosomes, we performed
double indirect immunofluorescence using an anti-pericentrin antibody specific for the detection
of centrosomes (Figure 2) combined with each of the two independent anti-NANOG commercial
antibodies (Figure 3a–c). In addition to rhabdomyosarcoma cell lines, we also examined established
and patient-derived tumor cell lines of neurogenic origin, as well as the NTERA-2 human pluripotent
embryonal carcinoma cell line, which served as a positive control of nuclear NANOG expression [39].
Indeed, the localization of the fluorescence signal for NANOG colocalized with centrosomes in each
of the nine examined tumor cell lines (Figure 3a–c). While rhabdomyosarcoma cell lines (Figure 3a
and Figure S2) and tumor cell lines of neurogenic origin (Figure 3b and Figure S3) showed primarily
centrosomal and rarely weak nuclear (indicated by asterisks) localization of NANOG, strong NANOG
expression was observed both in the cell nucleus (indicated by asterisks) and at the centrosomes of the
control NTERA-2 cell line (Figure 3c and Figure S4).

Validation of the results achieved through indirect immunofluorescence was carried out by
immunoblot analysis of the nuclear and cytoplasmic fractions of RD and NTERA-2 cells that differed
in the nuclear expression of NANOG (Figure 3d). In agreement with the indirect immunofluorescence
results, the presence of NANOG-specific bands was detected not only in the whole-cell lysate and the
nuclear fraction but also in the cytoplasmic fraction of both RD and NTERA-2 cell lines. The weaker
intensity of the NANOG-specific band detected in the nuclear fraction of RD cells compared with
that of NTERA-2 cells is also completely in accordance with our findings obtained by indirect
immunofluorescence, as reported above.
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Figure 1. Overview of epitopes of the anti-NANOG antibodies used in this study and their detection 
of the perinuclear localization of NANOG in rhabdomyosarcoma cell lines. (a) Schematic illustration 
of NANOG isoforms and the NANOGP8 paralog and overview of epitopes of the anti-NANOG 
antibodies used in the study: (1) #4903, Cell Signaling Technology (CST) and (2) #ab109250, Abcam. 
Note the marked homology of the NANOG and NANOGP8 protein sequences in the protein region, 
which served as the immunogen for producing the anti-NANOG antibodies. (b) NANOG protein 
(green) was detected in the cytoplasm near the cell nucleus in the form of one or two punctae using 
two anti-NANOG commercial antibodies (#4903, Cell Signaling Technology (CST) and #ab109250, 
Abcam). The nuclei were counterstained with Hoechst 33342 (blue). For each image, regions of 
interest and the respective close-ups are indicated by the dashed and solid boxes. Scale bars, 10 μm. 

  

Figure 1. Overview of epitopes of the anti-NANOG antibodies used in this study and their detection
of the perinuclear localization of NANOG in rhabdomyosarcoma cell lines. (a) Schematic illustration
of NANOG isoforms and the NANOGP8 paralog and overview of epitopes of the anti-NANOG
antibodies used in the study: (1) #4903, Cell Signaling Technology (CST) and (2) #ab109250, Abcam.
Note the marked homology of the NANOG and NANOGP8 protein sequences in the protein region,
which served as the immunogen for producing the anti-NANOG antibodies. (b) NANOG protein
(green) was detected in the cytoplasm near the cell nucleus in the form of one or two punctae using two
anti-NANOG commercial antibodies (#4903, Cell Signaling Technology (CST) and #ab109250, Abcam).
The nuclei were counterstained with Hoechst 33342 (blue). For each image, regions of interest and the
respective close-ups are indicated by the dashed and solid boxes. Scale bars, 10 µm.
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used in this study. The centrosome is a microtubule organizing center (MTOC) composed of two 
centrioles—older mother centriole (red) and younger daughter centriole (orange). These two 
centrioles differ structurally [40–42]. The mother centriole has distal and subdistal appendages (blue) 
[43], which promote membrane docking during cilia initiation [44] and microtubule anchoring [45,46], 
respectively. Both centrioles are surrounded by pericentriolar material (yellow). Binding of the 
antibodies used in the study to distinguish specific centrosomal parts is depicted: (1) anti-pericentrin 
antibody is suitable to detect the whole centrosome, (2) anti-CP110 antibody recognizes distal ends of 
individual centrioles, and (3) anti-ninein is specific for subdistal appendages of the mother centriole. 

Figure 2. Schematic overview of the different centriolar structures and centrosome-specific antibodies
used in this study. The centrosome is a microtubule organizing center (MTOC) composed of two
centrioles—older mother centriole (red) and younger daughter centriole (orange). These two centrioles
differ structurally [40–42]. The mother centriole has distal and subdistal appendages (blue) [43],
which promote membrane docking during cilia initiation [44] and microtubule anchoring [45,46],
respectively. Both centrioles are surrounded by pericentriolar material (yellow). Binding of the
antibodies used in the study to distinguish specific centrosomal parts is depicted: (1) anti-pericentrin
antibody is suitable to detect the whole centrosome, (2) anti-CP110 antibody recognizes distal ends of
individual centrioles, and (3) anti-ninein is specific for subdistal appendages of the mother centriole.
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rhabdomyosarcoma cell lines, (b) cell lines of neurogenic origin, and (c) NTERA-2 pluripotent 
embryonal carcinoma cell line using two anti-NANOG antibodies (#4903, Cell Signaling Technology 
(CST) and #ab109250, Abcam) and anti-pericentrin antibody (PCNT; red). NANOG was also detected 
in the cell nucleus in the NTERA-2 cell line and some other tumor cell lines (indicated by asterisks). 
The nuclei were counterstained with Hoechst 33342 (blue). For each image, a region of interest is 
indicated by the dashed box, and the respective close-ups are provided on the right. Scale bars, 5 μm. 
(d) Western blot analysis revealed the presence of a substantial pool of cytoplasmic NANOG in both 
RD and NTERA-2 cell lines. Nuclear/cytoplasmic fractionation followed by immunoblotting was 
performed using two independent anti-NANOG commercial antibodies (#4903, Cell Signaling 

Figure 3. Centrosomal localization of NANOG in tumor cell lines and Western blotting of the
nuclear and cytoplasmic fractions. The centrosomal localization of NANOG (green) was detected
in (a) rhabdomyosarcoma cell lines, (b) cell lines of neurogenic origin, and (c) NTERA-2 pluripotent
embryonal carcinoma cell line using two anti-NANOG antibodies (#4903, Cell Signaling Technology
(CST) and #ab109250, Abcam) and anti-pericentrin antibody (PCNT; red). NANOG was also detected
in the cell nucleus in the NTERA-2 cell line and some other tumor cell lines (indicated by asterisks).
The nuclei were counterstained with Hoechst 33342 (blue). For each image, a region of interest is
indicated by the dashed box, and the respective close-ups are provided on the right. Scale bars,
5 µm. (d) Western blot analysis revealed the presence of a substantial pool of cytoplasmic NANOG
in both RD and NTERA-2 cell lines. Nuclear/cytoplasmic fractionation followed by immunoblotting
was performed using two independent anti-NANOG commercial antibodies (#4903, Cell Signaling
Technology (CST) and #ab109250, Abcam). Lamin B2 and α-tubulin served as controls of the nuclear
fraction and cytoplasmic fraction purity, respectively. Western blots of biological replicates are provided
in Figure S5.



Cells 2020, 9, 692 8 of 18

Our results in nine tumor cell lines indicated that the centrosomal localization of NANOG might
be common among tumor cells of various origins. To further investigate whether NANOG may also be
present in centrosomes of non-cancerous cell types, we employed double indirect immunofluorescence
of pluripotent CCTL14 hESCs and the KF1 normal skin fibroblast cell line using both anti-NANOG
commercial antibodies and anti-pericentrin antibody (Figure 4 and Figure S4). Again, the colocalization
of NANOG and pericentrin was observed in both cell lines. As expected, NANOG was also detected
in the nucleus (indicated by asterisks) in CCTL14 hESCs but rarely in KF1 fibroblasts.
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Figure 4. Centrosomal localization of NANOG in hESCs and normal fibroblast cells. The centrosomal
localization of NANOG (green) was detected in CCTL14 hESCs and KF1 normal fibroblast cells using
two anti-NANOG commercial antibodies (#4903, Cell Signaling Technology (CST) and #ab109250,
Abcam) and anti-pericentrin antibody (PCNT; red). NANOG was also detected in the cell nucleus in the
CCTL14 cell line and rarely in the KF1 cell line (indicated by asterisks). The nuclei were counterstained
with Hoechst 33342 (blue). For each image, a region of interest is indicated by the dashed box, and the
respective close-ups are provided on the right. Scale bars, 5 µm.

3.2. Validation of NANOG Centrosomal Signal Specificity and Anti-NANOG Antibodies

Given the intriguing centrosomal localization of NANOG protein detected among various cell
types, we wanted to rule out the possibility that our observations were caused by a nonspecific binding
of both independent anti-NANOG antibodies used for this study. To avoid the need for antibodies for
NANOG protein visualization, RD and NTERA-2 cells were transiently transfected with a GFP-tagged
NANOG (NANOG-GFP) expression vector. Subsequently, the detection of NANOG-GFP protein
fluorescence was used to evaluate the colocalization of NANOG with centrosomes immunostained
using anti-pericentrin antibody. As apparent from the immunofluorescence images, the NANOG-GFP
signal was undoubtedly localized within the centrosome (Figure 5), which strongly supports the results
obtained using anti-NANOG antibodies. However, in cases where two centrosomes were detected due
to centrosome duplication, the NANOG-GFP signal was only present at one of the centrosomes in
the cell.

In addition, the specificity of the anti-NANOG antibodies was further examined by two
complementary approaches. First, the immunogen sequence of the #ab109250 antibody was compared
with the sequences of centrosomal proteins using the Blast® (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
and UniProt (https://www.UniProt.org/align/) protein databases. Although the immunogen sequence
of both antibodies is proprietary, we received information about the #ab109250 antibody on request
from the Abcam manufacturer. Nevertheless, no identity with centrosomal proteins sequences was
found. To validate the binding specificity of the anti-NANOG antibody, NTERA-2 cell lysate was
immunoprecipitated using #ab109250 antibody, and the bound proteins were analyzed by mass
spectrometry. The NANOGP8 (Q6NSW7) peptide was identified as the most prominent, although a

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.UniProt.org/align/
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sequence identical for all NANOGP8, NANOG (Q9H9S0), and NANOGP1 (Q8N7R0) was also found
(Table S1). These results confirmed the binding specificity of the anti-NANOG #ab109250 antibody and
pointed to the expression of NANOGP8 protein along with NANOG and/or NANOGP1 in NTERA-2
cells. Notably, #4903 antibody is not suitable for immunoprecipitation; therefore, this antibody was not
tested by mass spectrometry.
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Figure 5. NANOG-GFP colocalization with centrosomes. NANOG-GFP (green) was detected in
colocalization with the centrosomes stained by anti-pericentrin antibody (PCNT; red). The nuclei were
counterstained with Hoechst 33342 (blue). For each image, a region of interest is indicated by the
dashed box, and the respective close-ups are provided on the right. Scale bars, 5 µm.

3.3. Analysis of NANOG and NANOGP8 Gene Expression

Based on the mass spectrometry results, we next investigated the relative expression levels of
NANOG and NANOGP8 genes using RT-qPCR. While NANOG-specific primers revealed NANOG gene
expression only in the NTERA-2 cell line, data obtained using NANOGP8 primers, which may also
amplify NANOG gene transcripts, indicated that NANOGP8 is expressed in both NTERA-2 and RD
cell lines (Figure 6). The results further showed that NANOGP8 is abundantly expressed in RD cells.
Together with mass spectrometry, these data suggest that the protein might in fact be the NANOGP8
protein, which is localized at the centrosomes.
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Figure 6. Expression levels of NANOG and NANOGP8 in RD and NTERA-2 cell lines. The relative
expression was analyzed by RT-qPCR using NANOG-specific primers (NANOG) and primers,
which detect both NANOGP8 and NANOG transcripts (NANOG/P8). Expression was normalized to the
endogenous control, HSP90AB1, and the fold-change expression values are presented as the mean ± SD
from three biological replicates.

3.4. NANOG Colocalizes with the Mother Centriole

As briefly noted above (Figure 5), during the immunofluorescence analysis, we noted an apparent
association of the NANOG signal with only one centrosome from the centrosome pair present in
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interphase cells (Figure 7a). These results led us to perform a detailed analysis of the interaction of
NANOG with centrosomal components. First, we employed double indirect immunofluorescence of
anti-CP110 specific for the detection of distal end of the centriole (Figure 2) together with each of the
anti-NANOG antibodies used in this study (Figure 7b). Regardless of the anti-NANOG antibody used,
in both examined RD and NTERA-2 cell lines, the extranuclear signal of NANOG was localized to only
one of the centrioles within individual interphase cells. Therefore, the next step of this study was to
determine which centriole the NANOG protein associates with.
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Figure 7. Interaction of NANOG with only one centriole within a cell. NANOG (green; #4903,
Cell Signaling Technology (CST) and #ab109250, Abcam) was detected in only (a) one centrosome
(pericentrin, PCNT; red) and (b) one centriole (CP110; red) during the interphase of RD and NTERA-2
cells. The nuclei were counterstained with Hoechst 33342 (blue). For each image, a region of interest is
indicated by the dashed box, and the respective close-ups are provided on the right. Scale bars, 5 µm.

Centrosome duplication is coordinated with cell cycle progression [47–50] and results in two
daughter cells: one with the mother centrosome and one with the daughter centrosome (Figure 8b) [51].
Thus, we focused on the presence or absence of the NANOG signal during the cell cycle (Figure 8a,c)
to determine whether the centrosomal localization of NANOG is also coordinated with cell cycle
progression. In interphase cells, NANOG was detected in only one centrosome (Figure 8a). However,
the fluorescence signal of NANOG on the second centrosome was established in mitosis (Figure 8c
and Figure S6). Considering the centrosome duplication cycle (Figure 8b) and the differences in the
structure of mother and daughter centrioles (Figure 2), these results suggested that appearance of
NANOG labelling at the second mitotic spindle pole correlated with centrosome maturation. This led
us to conclusion that during interphase, NANOG localized in the centrosome which contains the
mother centriole.
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Figure 8. NANOG localization during the cell cycle. (a,c) Analysis of NANOG during the cell
cycle by double indirect immunofluorescence. NANOG (green; #4903, Cell Signaling Technology
(CST)) colocalized with one centrosome (pericentrin, PCNT; red) only during interphase (a) but with
both centrosomes (pericentrin, PCNT; red) during mitosis (c). The nuclei were counterstained with
Hoechst 33342 (blue). For each image, regions of interest are indicated by the dashed and solid boxes,
and the close-ups are provided on the right and below, respectively. Scale bars, 5 µm. (b) Schematic
visualization of the centrosome duplication cycle: The centrosome is copied only once per cell cycle
following cytokinesis. The centrosome duplication cycle results in two daughter cells with different
ages of centrosomes: one that keeps the mother centrosome with the old mother centriole and the
other cell that inherits the daughter centrosome, which comprises the young mother centriole [51,52].
Distal appendages (light blue) remain on the mother centriole during the whole cell cycle and appear
during mitosis or shortly after mitosis on the older centriole of the daughter centrosome [43,53].
After mitosis, the newly formed mother centriole assembles subdistal appendages (blue) [43,53].

To examine whether NANOG interacts with the mother centriole, we performed double indirect
immunofluorescence of both anti-NANOG commercial antibodies together with the detection of ninein
(Figure 9), which is a mother centriole–specific protein predominantly localized at subdistal appendages
of the mother centriole (Figure 2) [54–57]. These experiments revealed a close spatial proximity of
fluorescence signals for NANOG and ninein (Figure 9), which clearly confirms the interaction of
NANOG with the mother centriole. Several studies have shown that when a centrosome is imaged
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from the side view, the immunofluorescence signals of ninein at the mother centriole mostly appear
as three foci: an individual spot, which marks the proximal part of the mother centriole, and two
closer spots (sometimes merged in a larger signal), which are located at the subdistal appendages of
the mother centriole [58–60]. Given the observed spatial distribution of NANOG relative to signals of
ninein (Figure 9b) and CP110 (Figure 7b), which caps the distal ends of centrioles [30,61], we conclude
that NANOG localizes at the distal region of the mother centriole.
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Figure 9. NANOG colocalization with the mother centriole. (a) A colocalization of NANOG (green;
#4903, Cell Signaling Technology (CST) and #ab109250, Abcam) with the mother centriole was detected
using anti-ninein antibody (red), recognizing a protein of the mother centriole subdistal appendages.
The nuclei were counterstained with Hoechst 33342 (blue). For each image, regions of interest and the
respective close-ups are indicated by the dashed boxes. (b) NANOG signal (green; #4903, Cell Signaling
Technology) partially colocalized with the “double-spot” signal of ninein (red). The nuclei were
counterstained with Hoechst 33342 (blue). Respective close-ups of NANOG and ninein colocalization
are indicated by numbers. Scale bars, 5 µm.

4. Discussion

Taken together, our results clearly demonstrate the presence of NANOG protein at the centrosomes
and indicate that its spatiotemporal localization associates with the mother centriole. This interesting
phenomenon was proven in tumor cell lines, as well as non-cancerous hESCs and normal fibroblast
cells. Considering the mass spectrometry and RT-qPCR results, this protein was most likely the
NANOG paralog NANOGP8, which was localized in centrosomes and might be the cause of the
NANOG signal detected within these organelles. Whether this phenomenon is common remains
speculative, and further investigation will be needed to distinguish the subcellular localization of
NANOG and NANOGP8 proteins, which have nearly 100% homology and have been demonstrated to
possess similar reprogramming activity [17].

To date, the atypical centrosomal localization of NANOG was only briefly noted in a study focused
on induced pluripotent stem cells [62]. By using the same #4903 Cell Signaling Technology anti-NANOG
antibody, the authors observed a perinuclear signal of NANOG in HEK293 cells and amniotic
cell-derived iPSCs. However, the study lacks validation of the suggested centrosomal localization
of NANOG by any centrosome-specific antibody, and the anti-NANOG antibody specificity has not
been examined by proper controls and additional experiments [62]. In this report, we present the first
systematic analysis of NANOG colocalization with centrosomes using two independent anti-NANOG
commercial antibodies together with antibodies recognizing different centrosomal proteins.

Indeed, our immunofluorescence results undeniably demonstrate the colocalization of NANOG
with centrosomes, as visualized by anti-pericentrin, anti-CP110, and anti-ninein antibodies. Importantly,
the authenticity of the NANOG signal in centrosomes was independently proven by NANOG-GFP



Cells 2020, 9, 692 13 of 18

transfection experiments. Surprisingly, cell fractionation further revealed that RD cells, which exhibit
only weak nuclear staining of NANOG compared with NTERA-2 cells, contained a substantial amount
of NANOG protein present in the cytoplasmic fraction. Given the specific cytoplasmic distribution of
NANOG in RD cells, the amount of protein detected in the cytoplasmic fraction generally reflected
the centrosome-localized pool of NANOG. Along with the finding that the centrosomal localization
of NANOG was observed among various tumor and non-tumor cell types, these results provide the
first evidence suggesting a common centrosome-specific role of NANOG. We hypothesize that this
function might be maintained even in cells with low/basal levels of NANOG protein.

Several transcription factors have been previously described to be present at the centrosome [63,64],
including recently reported ATF5 [64]. Independent of its role as a transcription factor, ATF5 was
demonstrated to be indispensable for proper centrosome assembly and maintenance [64]. To exert its
function in the process of pericentriolar material accumulation, ATF5 localizes at the mother centriole in
a cell cycle- and centriole age-dependent manner [64]. Interestingly, the reported spatial and temporal
profile of ATF5 [64] is in keeping with our observations with NANOG.

In our study, NANOG was identified at only one centrosome in interphase cells, even after
centrosome separation before mitosis. In contrast, the fluorescence signal of NANOG was also detected
at the other centrosome of the centrosome pair during mitosis. The presence/absence of NANOG
signal at the centrosome during the cell cycle corresponded with the centriole maturation, which is
accompanied by the formation of centriole appendages. The association of NANOG protein with the
mother centriole was experimentally confirmed by immunofluorescence staining using anti-ninein
antibody, which is specific for the mother centriole subdistal appendages. Taken together, these results
suggest an intricate centriole maturation-dependent interaction of NANOG with the mother centriole.
The main observations of our study regarding NANOG occurrence at the centrosome during the cell
cycle are schematically summarized in Figure 10.
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Figure 10. Schematic summarizing the observed spatiotemporal localization of NANOG/NANOGP8
at centrosome during the cell cycle. NANOG (green) is present at the same time as mother centriole
appendages: (1) During interphase, NANOG protein colocalizes with the distal region of the mother
centriole (red), which carries distal and subdistal appendages (blue). (2) NANOG signal as well as the
distal appendages also later appear on the initially daughter centriole (orange) during the G2/mitosis
transition. (3) The centrosome duplication cycle results in two daughter cells with different ages of
centrosomes, mother and daughter centrosomes, both having the older, mother centriole marked with
NANOG protein.

A question remains regarding the exact role of NANOG and/or NANOGP8 in centrosomes and
why its presence appears to be dependent on the age of centrosomes. Centrosome duplication is an
elaborate process in which many proteins are involved [48–50]. Duplication of centrosomes begins
by separation of mother and daughter centrioles and formation of a procentriole adjacent to both
centrioles during the G1 phase [65,66]. Procentrioles elongate through S and G2 phases followed by
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maturation of centrioles. The final step of centriole maturation is the building of distal and subdistal
appendages on their distal ends. The presence of distal appendages depends on ODF1 [50,67] and
C2cd3 [68] followed by Cep83, which then recruits other proteins, including Cep89, SCLT1, FBF1,
and Cep164 [44,50]. The formation of subdistal appendages is initiated by two groups of proteins.
The first group is led by ODF2 [50,58,69,70] followed by the recruitment of various proteins, including
CCDC120, CCDC68, trichoplein [50,59], CEP128, and centriolin [69]. The second group is led by ninein,
followed by Kif2a, p150Glued and CEP170 [59,69,70], centriolin, and ε-tubulin [71].

The formation of distal and subdistal appendages is a highly complicated and still poorly
understood process. Nevertheless, the newly formed mother centriole lacks distal and subdistal
appendages until the G2/M phase transition and G1 phase of the next cell cycle, respectively [43,53].
Corroborating the functional differences between the mother and daughter centrosomes, a strong
correlation between centrosome age and cell fate has been demonstrated during the cell division of
stem cells [72,73]. In addition, proper orientation of centrosomes and thus mitotic spindle orientation
also appear to be strictly orchestrated for the maintenance of stemness [72,74]. Our results describing
the presence/absence of the NANOG signal during the cell cycle (Figure 8a,c) correspond with the
occurrence of centriole appendages. Therefore, all these results indicate the association of NANOG
protein or its NANOGP8 paralog with the process of centriole maturation. Such connections have
never been described or functionally explored. The hypothesis that NANOG, a protein crucially
involved in the regulation of pluripotency and stemness, might be directly involved in the regulation
of centrosome and/or mitotic spindle assembly provokes many scientific questions that should be
pursued in future studies. For this reason, our further research will investigate the possible function of
NANOG/NANOGP8 associated with centrosomes.
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Abstract: Serial xenotransplantation of sorted cancer cells in immunodeficient mice remains the
most complex test of cancer stem cell (CSC) phenotype. However, we have demonstrated in
various sarcomas that putative CSC surface markers fail to identify CSCs, thereby impeding the
isolation of CSCs for subsequent analyses. Here, we utilized serial xenotransplantation of unsorted
rhabdomyosarcoma cells in NOD/SCID gamma (NSG) mice as a proof-of-principle platform to
investigate the molecular signature of CSCs. Indeed, serial xenotransplantation steadily enriched
for rhabdomyosarcoma stem-like cells characterized by enhanced aldehyde dehydrogenase activity
and increased colony and sphere formation capacity in vitro. Although the expression of core
pluripotency factors (SOX2, OCT4, NANOG) and common CSC markers (CD133, ABCG2, nestin) was
maintained over the passages in mice, gene expression profiling revealed gradual changes in several
stemness regulators and genes linked with undifferentiated myogenic precursors, e.g., SOX4, PAX3,
MIR145, and CDH15. Moreover, we identified the induction of a hybrid epithelial/mesenchymal gene
expression signature that was associated with the increase in CSC number. In total, 60 genes related to
epithelial or mesenchymal traits were significantly altered upon serial xenotransplantation. In silico
survival analysis based on the identified potential stemness-associated genes demonstrated that serial
xenotransplantation of unsorted rhabdomyosarcoma cells in NSG mice might be a useful tool for the
unbiased enrichment of CSCs and the identification of novel CSC-specific targets. Using this approach,
we provide evidence for a recently proposed link between the hybrid epithelial/mesenchymal
phenotype and cancer stemness.

Keywords: rhabdomyosarcoma; cancer stem cells; stemness; stem-like state; serial xenotransplantation;
in vivo tumorigenicity assay; epithelial/mesenchymal phenotype
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1. Introduction

Rhabdomyosarcoma is the most common malignant mesenchymal tumor in children, with a
peak incidence in patients younger than 5 years old [1]. The embryonal subtype represents ~70% of
all rhabdomyosarcoma cases and is associated with a good prognosis. Yet approximately one-third
of embryonal rhabdomyosarcoma patients die, mostly from metastatic disease [1,2]. Despite the
significant improvement in the survival of rhabdomyosarcoma patients, the prognosis of children with
relapsed or metastatic disease has not changed over the last 30 years [2].

As in other cancers, cancer stem cells (CSCs) have been implicated in the recurrence and progression
of rhabdomyosarcoma. Although the first studies suggested prominin-1 (CD133) [3,4] or nestin [3]
as rhabdomyosarcoma CSC markers, our recent study showed that, regardless of these proteins,
only sarcoma cell lines that express high levels of the transcription factor SOX2 form tumors in
immunodeficient NOD/SCID gamma (NSG) mice [5]. An in vivo tumorigenicity assay remains a
gold-standard functional assay of the CSC phenotype because it enables us to test (directly in an animal
model) the ability of cancer cells to self-renew and form a tumor that exhibits the cellular heterogeneity
of the primary tumor [6]. Commonly, this assay has been used to determine the tumorigenicity of
different cell populations sorted based on prospective CSC surface markers (e.g., CD133, ABCG2,
CD24, CD44 [7,8]). Ideally, when a xenograft tumor forms, cells are sorted again and transplanted into
secondary recipient mice. This serial xenotransplantation should validate the specificity of a studied
marker and verify that the sorted population of cells retains its CSC characteristics [6]. Although it may
provide some important evidence, such an approach is to a large extent limited because it assumes
sustained levels of marker proteins on the cell surface of CSCs. However, it is becoming evident
that the subcellular localization of these putative CSC markers, e.g., CD133 [5,9,10] or CD24 [10,11],
is dictated by a complex dynamic process, which presumably reflects cellular needs under different
conditions and impairs the use of such proteins as surface markers to distinguish between CSC and
non-CSC states [8].

A growing body of evidence shows that enhanced cell plasticity, one of the intrinsic characteristics
of CSCs, may provide another explanation for the contradictory results reported regarding the validity
of CSC surface markers [7,8,12]. Many of the previously suggested markers have been recently
demonstrated as being non-specific, either because both marker-positive and marker-negative cell
populations exhibited the same tumorigenic capacities or because marker-positive cells did not form
tumors in mice [8]. Thus, recent CSC studies have focused on proteins that are functionally involved
in the regulation of stemness and cellular plasticity, such as SOX2, OCT4, or NANOG [8,13]. Indeed,
many studies clearly demonstrated a crucial role for these stemness regulators in the induction and
maintenance of CSCs in various cancers [8,13,14]. However, because most of these proteins are
intracellular, cells must be genetically manipulated to enable their sorting and enrichment according to
these markers [13].

Here, we present another approach to study CSCs utilizing an in vivo tumorigenicity assay. It has
been previously reported that serial xenotransplantation of cancer cells in immunodeficient mice
(passaging in vivo) selects highly tumorigenic cells that generate more aggressive tumors [15–17].
Similarly, the acquisition of stemness has been linked with cancer progression and more advanced
disease [15]. Thus, we employed serial xenotransplantation of unsorted rhabdomyosarcoma cells
as a platform for an unbiased screening of molecular targets that are relevant for the acquisition
and maintenance of a CSC phenotype. Our results demonstrate that serial xenotransplantation in
NSG mice might be a useful tool for CSC enrichment, allowing subsequent analyses to identify
prospective CSC markers and potential therapeutic targets. Using serial xenotransplantation of
embryonal rhabdomyosarcoma cells, we revealed an upregulation of several genes associated with
stemness and early myogenic precursors. More importantly, this approach allowed us to unveil
complex molecular changes that may underlie the induction of stemness in rhabdomyosarcoma, such
as a hybrid epithelial/mesenchymal signature, which was recently linked with CSCs in other cancers.
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2. Results

2.1. Tumorigenicity of NSTS-11 Rhabdomyosarcoma Cells Is Maintained during Serial Xenotransplantation in
NSG Mice

The long-term capacity of NSTS-11 cells to form tumors in NSG mice was tested by three
subsequent xenotransplantations (passages in vivo; for the experimental design, see Figure 1a). In each
passage in vivo, NSTS-11 cells and xenograft tumor-derived cells formed tumors with high efficiency
(Table 1). These results confirmed the presence of rhabdomyosarcoma CSCs in the NSTS-11 cell line
and demonstrated that these CSCs are maintained during long-term passaging, which included both
xenotransplantation in NSG mice and in vitro culture (refer to the experimental design in Figure 1a).
The tumorigenicity of 9 cell lines derived from the secondary xenograft tumors was 100%, as revealed
in the third, and last, passage in vivo (27 of 27 mice had tumors; Table 1). More importantly, the later
in vivo passages resulted in markedly aggressive growth and larger xenografts, as evident from the
statistically significant 1.95-fold higher daily increase of the tumor volume in the third passage in vivo
compared with the first passage in vivo (2.89 ± 0.74 versus 5.66 ± 0.72 mm3/day; Table 1). Hence,
tumor growth parameters and tumorigenic efficiency in the third passage in vivo suggested a selection
of aggressive tumorigenic cells, i.e., CSCs, during serial xenotransplantation.
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passage). After the appearance of a tumor, the mouse was sacrificed, and the xenograft tumor was
excised and divided into equal parts. One part of the xenograft tumor was used to prepare formalin-fixed
paraffin-embedded (FFPE) tissue sections. The second part was processed for primary culture, and
the derived cell line was used in a subsequent passage in vivo. This procedure was repeated twice to
achieve three in vivo passages. Methods used to analyze tumor tissues or cell lines are indicated. IF,
immunofluorescence; qRT-PCR/RT-PCR, real-time/reverse transcription polymerase chain reaction; WB,
Western blotting; IHC, immunohistochemistry. (b) Representative hematoxylin-eosin images of the
tumor tissues (upper panel) and phase contrast microscopy images of the parental NSTS-11 cells and
the cells derived from the primary (LTB1), secondary (LTB5), and tertiary (LTB24) xenograft tumors
(lower panel). Scale bars, 50 µm (upper panel), 100 µm (lower panel).

Table 1. Serial xenotransplantation of NSTS-11 cells in NSG mice. A total of 3 × 105 parental NSTS-11
cells or cultured cells derived from the xenograft tumors obtained in a previous in vivo passage were
subcutaneously injected into the mice.

In Vivo Passage
Number

Tumorigenic Efficiency Mean Tumor Volume
Increase (mm3/Day ± SEM)Mice with Tumors/Mice Injected Tumors Formed in Total 1

First 3 of 3 (100%) 3 2.89 ± 0.74 (n = 3)
Second 6 of 9 (67%) 9 4.37 ± 1.83 (n = 9)
Third 27 of 27 (100%) 33 5.66 ± 0.72 (n = 27) *

1 In several mice, subcutaneously injected cells formed two spatially separated tumors within the site of injection
and these tumors were handled separately in subsequent experiments. SEM, standard error of the mean; n, number
of mice evaluated. * Statistically significant compared with the first in vivo passage (p < 0.05; Welch’s t-test).

To investigate the differences at the cellular and molecular levels that might reflect the selection of
CSCs, we decided to analyze three xenograft-derived cell lines and respective tumors that represent
one arm of subsequent passages in vivo (Figure 1b). LTB1 (first passage in vivo), LTB5 (second passage
in vivo), and LTB24 (third passage in vivo) cell lines and respective tumors were included for further
analyses; NSTS-11 cells and the primary tumor served as a parental control.

2.2. The Colony Formation and Sphere Formation Capacity of NSTS-11 Cells Is Enhanced after
In Vivo Passages

To evaluate how the serial xenotransplantation of NSTS-11 cells affects their CSC characteristics
in vitro, we first assayed the capacity of LTB1, LTB5, and LTB24 cells to form colonies and spheres
compared with that of parental NSTS-11 cells (Figure 2). The results of these in vitro functional assays
of CSCs revealed an increase in both colony and sphere formation capacity over in vivo passages, which
indicates an enrichment of CSCs. Tertiary xenograft tumor-derived LTB24 cells formed significantly
more colonies (Figure 2a,b) and rhabdospheres (Figure 2c,d) in vitro than parental NSTS-11 cells.
The upward trend in the number of colonies and increased sphere formation capacity supported our
in vivo observations and implied that CSCs are enriched during serial xenotransplantation. Importantly,
together with the in vivo tumorigenicity assay, the colony formation assay and sphere formation assay
confirmed that CSCs are maintained in low passages of xenograft-derived cell lines cultured in vitro.
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Figure 2. In vitro functional assays revealed an enrichment of cancer stem cells (CSCs) over in vivo
passages. (a) Representative images of the colony formation assay. A total of 1000 cells were plated per
culture dish and cultured for 8 days. (b) Quantification of the colonies (>50 cells per colony) formed by
the parental NSTS-11 cells and the cells derived from the primary (LTB1), secondary (LTB5), and tertiary
(LTB24) xenograft tumors. Data are presented as the mean ± SD of three independent experiments.
(c) Representative images of rhabdospheres formed by the respective cell lines. Scale bars, 25 µm.
(d) More than a two-fold increase in sphere formation capacity over in vivo passages. The number
of spheres is presented as the mean ± SD of three independent experiments. * Significantly higher
compared with the parental NSTS-11 cells (p < 0.05).

2.3. Serial Xenotransplantation in NSG Mice Increases Aldehyde Dehydrogenase Activity In Vitro

High aldehyde dehydrogenase (ALDH) activity has been attributed to CSCs in many cancers,
including rhabdomyosarcoma [18]. Therefore, we employed an Aldefluor™ assay to functionally
characterize changes in ALDHs during in vivo passaging. In agreement with the previous in vitro assays
of CSCs, the Aldefluor™ assay demonstrated a significant increase in ALDH activity in LTB24 cells and
revealed a trend of gradually increasing ALDH activity over in vivo passages (Figure 3a). Surprisingly,
analysis of the ALDH1 enzyme showed its downregulated expression in later xenograft-derived cell
lines (Figure 3b and Figure S1). Similarly, RT-PCR demonstrated downregulated expression of the
ALDH1A1 gene (Figure 3c), which encodes one of the prominent ALDH1 isoforms commonly associated
with CSCs [19]. We therefore analyzed expression profiling data and compared the expression levels of
each of the 19 ALDH gene variants (Figure 3d). Expression profiling confirmed the downregulation
of several members of the ALDH1 family, mainly ALDH1A1 and ALDH1A3. However, the analysis
revealed upregulated expression of some ALDH gene variants, especially ALDH6A1, which may
account for the Aldefluor™ assay results, as discussed later. The significant upregulation of ALDH6A1
variant was further confirmed also at protein levels (Figure 3e and Figure S2).
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and mean relative optical density values ± SD (right) of three independent experiments. ** p < 0.01, *** 
p < 0.001 (c) Expression of the ALDH1A1 gene as detected by RT-PCR. HSP90AB1 served as a control. 
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Our previous study showed the key role of the pluripotency factor SOX2 in sarcoma 
tumorigenesis [5]; thus, we aimed to investigate whether the enrichment of CSCs during serial 
xenotransplantation was accompanied by changes in expression of the core pluripotency factors 
(SOX2, OCT4, and NANOG) or commonly used CSC markers (nestin, CD133, and ABCG2). 
Immunohistochemistry (IHC) of tumor tissues did not show any evidence of gradual selection for 
any of the evaluated proteins (Table 2, Figures S3 and S4). The expression levels of these proteins 
were maintained in the tumor tissues over the passages in vivo, except for minor changes in SOX2 
and CD133 expression. 

Figure 3. Aldehyde dehydrogenase activity and expression analysis. (a) Aldefluor™ assay showed an
increase in aldehyde dehydrogenase (ALDH) activity over in vivo passages. Representative dot plots
are shown. The percentage of ALDH-positive cells is presented as the mean ± SD of three independent
experiments. * Statistically significant difference from parental NSTS-11 cells (p < 0.05). (b) Western
blot analysis of ALDH1 expression. β-actin served as a loading control. Representative image (left)
and mean relative optical density values ± SD (right) of three independent experiments. ** p < 0.01,
*** p < 0.001. (c) Expression of the ALDH1A1 gene as detected by RT-PCR. HSP90AB1 served as a
control. (d) Microarray gene expression analysis of ALDH gene variants. (e) Western blot analysis
confirmed upregulation of ALDH6A1 protein over in vivo passages. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) served as a loading control. Representative image (left) and mean relative
optical density values ± SD (right) of three independent experiments. * p < 0.05.

2.4. Expression Levels of Core Pluripotency Factors and Common CSC Markers Are Preserved Over the
Passages In Vivo

Our previous study showed the key role of the pluripotency factor SOX2 in sarcoma
tumorigenesis [5]; thus, we aimed to investigate whether the enrichment of CSCs during serial
xenotransplantation was accompanied by changes in expression of the core pluripotency factors
(SOX2, OCT4, and NANOG) or commonly used CSC markers (nestin, CD133, and ABCG2).
Immunohistochemistry (IHC) of tumor tissues did not show any evidence of gradual selection
for any of the evaluated proteins (Table 2, Figures S3 and S4). The expression levels of these proteins
were maintained in the tumor tissues over the passages in vivo, except for minor changes in SOX2 and
CD133 expression.
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In agreement with the IHC results, immunofluorescence analysis did not show any significant
difference in expression of SOX2, OCT4, NANOG, nestin, CD133, or ABCG2 among the derived cell
lines (Figure 4a, Figures S5 and S6). In addition, no clear trend in the expression of these proteins
at the mRNA level was identified using gene expression profiling (Figure 4b) and further validated
using RT-PCR (Figure S7). Together, these results suggested that the expression of the six investigated
proteins did not account for the enhanced stemness observed during serial xenotransplantation in
NSG mice and that other genes or mechanisms were involved. However, a sustained expression of
most of these proteins confirms their important roles in rhabdomyosarcoma tumorigenesis.
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Figure 4. (a) Immunofluorescence analysis of core pluripotency factors (upper panel) and commonly
used CSC markers (lower panel). Immunoscores were determined by multiplying the percentage of
positive cells by the respective immunoreactivity. Data are presented as the mean ± SD of at least three
independent experiments. (b) Expression profiling data of genes encoding the investigated proteins.
Where necessary, the protein name is noted under the official gene symbol.

Table 2. Immunohistochemical analysis of primary tumor tissue and xenograft tumor tissues.

Antigen Primary Tumor Primary Xenografts 1 Secondary Xenografts 1 Tertiary Xenografts 1

%TC IR %TC IR %TC IR %TC IR

SOX2 2 +++ 3 +++ 3 ++ 3 ++
OCT4 1 + 1 + 1 + 1 +

NANOG 0 - 0 - 0 - 0 -
Nestin 4 +++ 4 +++ 4 +++ 4 +++
CD133 3 + 1 + 1 + 1 +
ABCG2 1 ++ 1 ++ 1 + 1 +

The percentage of positive tumor cells (%TC) was categorized into five levels: 0 (0%), 1 (1–5%), 2 (6–20%), 3 (21–50%),
and 4 (51–100%). The immunoreactivity of tumor cells (IR) was graded as - (none), + (weak), ++ (medium), and
+++ (strong). 1 Data are presented as the mean of three independent xenograft tumor tissues representing the three
arms of the serial xenotransplantation of NSTS-11 cells derived from the primary tumor.
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2.5. Serial Xenotransplantation of Rhabdomyosarcoma Cells Promotes an Expression Profile Associated with
Muscle Progenitor Cells and a Hybrid Epithelial/Mesenchymal Phenotype

To identify genes that may account for the observed enrichment of cells with CSC characteristics
during serial passaging in vivo, we performed gene expression profiling of NSTS-11, LTB1, LTB5, and
LTB24 cell lines. First, we defined two groups of differentially expressed genes (refer to Section 4 for
the detailed procedure; Table S1). The group of upregulated genes (n = 544) included only genes
that were significantly upregulated after the third in vivo passage and exhibited an upward trend in
expression during serial xenotransplantation (Figure 5a). Conversely, the group of downregulated
genes (n = 696) comprised only significantly downregulated genes that followed a downward trend of
expression (Figure 5a). Analysis of these two groups of genes allowed us to determine the expression
profile that was gradually selected over the passages in vivo and might be associated with CSCs in
embryonal rhabdomyosarcoma.
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Figure 5. Analysis of the differentially expressed genes. (a) Expression levels of differentially expressed
genes identified by their upward (upregulated genes; left plot) or downward (downregulated genes;
right plot) trend of expression over passages in vivo; (b) Gene ontology (GO) analysis of biological
processes. The DAVID annotation tool with the GOTERM_BP_DIRECT database was used. Modified
Fisher’s exact test, * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Gene Ontology term enrichment analysis (Table S1) showed that upregulated genes were involved
in biological processes comprising signal transduction, cell adhesion, and migration, positive regulation
of transcription and cell proliferation, and several developmental processes (Figure 5b). Downregulated
genes were enriched in processes such as cell cycle and DNA repair regulation, cell adhesion and
migration, and epidermis development (Figure 5b). Many of the downregulated genes, which were
included in the epidermis development term, encoded keratins (Table S1), therefore we hypothesized
that serial xenotransplantation induced epithelial-mesenchymal transition (EMT) program in NSTS-11
cells. A significant enrichment of “cell migration” and “cell adhesion” ontology terms among both
downregulated and upregulated genes (Figure 5b) further encouraged our hypothesis.

To test this hypothesis, we created a list of EMT-related genes by combining two published
gene sets that were identified based on a review of the literature [20] and a meta-analysis of gene
expression studies [21] (Table S1). The list contains a set of genes associated with mesenchymal traits
(mesenchymal genes) and a set of genes commonly associated with epithelial traits (epithelial genes).
This list allowed us to categorize the differentially expressed genes accordingly (Figure 6a). Of the
mesenchymal genes (n = 126), 15 genes, including ZEB1, MME, LAMC2, or COL3A1, were found to be
upregulated, whereas 19 genes, including CDH2 (N-cadherin), SNAI1, FGF2, AOX1, or ANKRD1, were
downregulated (Figure 6a). Of the epithelial genes (n = 137), 16 genes, including CDH1 (E-cadherin),
CDH3 (P-cadherin), KRT14, KRT17, or KRT18, were downregulated over the passages in vivo, whereas
10 genes, such as KRT5, LAMA3, or ANK3, were upregulated (Figure 6a). In total, the expression
of 60 genes (22.8%) out of 263 EMT-related genes was significantly and gradually shifted during
serial xenotransplantation. However, the functional distribution of these genes equally indicated a
transition to both mesenchymal (31 genes) and epithelial (29 genes) phenotypes (Figure 6a). These
results suggest that the acquisition of aggressive stem-like traits was associated with the selection of
cells that exhibit a hybrid epithelial/mesenchymal phenotype (mixed epithelial and mesenchymal gene
expression signature).

According to the gene ontology analysis, several developmental processes were enriched for
upregulated genes that encode transcription factors, such as SOX4, HEYL, HEY2, or PITX2, and
genes involved in TGFβ and BMP signaling, i.e., TGFBR3 and NOG (Table S1). Based on a review of
the literature, we focused on genes related to stemness and muscle progenitor cells (satellite cells).
Indeed, we identified several upregulated myogenic transcription factors that are associated with
quiescent/undifferentiated muscle precursors (Figure 6b). PAX3 [22], HEYL, HEY2, and PITX2 [23]
were identified among the most prominent differentially expressed genes. Furthermore, markers of
satellite cells, CDH15 (M-cadherin), and of the myogenic cell lineage, MYOD1, were also upregulated.
Importantly, the expression pattern of several stemness regulators provided further evidence for
the progressive dedifferentiation and/or enhanced stemness of NSTS-11 cells over the passages
in vivo. In addition to the upregulation of SOX4 and EYA1, we identified the downregulation of
two microRNA genes, MIR29A and a well-known stemness inhibitor MIR145 [8,24] (Figure 6b).
Further analysis of 18 genes that correlate with mesenchymal stem cell senescence [25] revealed a
remarkably significant downregulation of 10 genes (ANKRD1, KRT34, KRT19, SERPINB2, KRTAP1-5,
LOC730755, PLCB4, THBS1, OXTR, MRVI1), while none of the analyzed genes was significantly
upregulated during serial xenotransplantation (Figure 6c). Overall, these results clearly suggest that
serial xenotransplantation in NSG mice selected for rhabdomyosarcoma cells (presumably CSCs),
which acquire an expression signature of primitive undifferentiated cells that resemble non-senescent
myogenic precursors/mesenchymal stem cells.

To validate the gene expression profiling results, we performed qRT-PCR of 11 genes associated
with EMT, stemness, or muscle progenitor cells, as described above (Figure 6d). Indeed, qRT-PCR
using three biological replicates (different cell passages in vitro) confirmed the trends in expression of
all the examined genes previously identified by gene expression profiling. This result demonstrates
the validity of the gene expression profiling data in our study and underpins the stability of gene
expression signatures during in vitro culture.
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Figure 6. (a) Expression levels of differentially expressed genes categorized based on their association
with a mesenchymal or an epithelial phenotype. (b) Expression profile signature suggesting enhanced
stemness and impaired myogenic differentiation. (c) Expression profile of the genes that are associated
with senescence of mesenchymal stem cells [25]. (d) qRT-PCR validation of the gene expression profiling
data. The expression of all 11 genes tightly reflected the expression profile detected by microarray
analysis (see a,b). Data are presented as the mean ± SD of three biological replicates. * p < 0.05,
** p < 0.01, and *** p < 0.001 relative to parental NSTS-11 cells.

2.6. Serial Passaging In Vivo Enhanced the Phosphorylation of the Wnt Coreceptor RYK

As gene expression profiling revealed a gradual upregulation of several genes involved in
cell signaling and signal transduction (e.g., PDGFRB, ROR2, or FGF18; Figure 5b and Table S1),
we next investigated whether this led to the activation of receptor tyrosine kinases (RTKs) and
their downstream signaling pathways. To assess the levels of phosphorylation of various RTKs,
we performed a phospho-RTK antibody array using cells cultured for 24 h in either serum-free or
complete media. Unexpectedly, regardless of the culture conditions, the phosphorylation of most of
the RTKs did not differ among NSTS-11 and xenograft tumor-derived cell lines (Figure S8). However,
one of the most abundantly phosphorylated RTKs in our study, receptor like tyrosine kinase (RYK),
showed a gradual increase (>2.5-fold) in phosphorylation during serial xenotransplantation of NSTS-11
cells in NSG mice (Figure S8). This increase in the level of phosphorylated RYK was not caused by
upregulated gene expression, as RYK mRNA levels remained unchanged (Table S1).

RYK is an atypical RTK with impaired kinase activity [26,27] but functions as a coreceptor in
Wnt signaling, which is implicated in self-renewal and stemness [28]. Notably, RYK has also been
demonstrated to activate mitogen-activated protein kinases (MAPKs), i.e., ERK1/2 [26]. In line with
these findings, we detected an apparent upregulation of phosphorylated ERK1 using phospho-MAPK
antibody arrays (Figure S9). Compared with parental NSTS-11 cells in both serum- and serum-free
conditions, the levels of phosphorylated ERK1 were upregulated in LTB5 and LTB24 cells derived from
secondary and tertiary xenografts, respectively (Figure S9). These results suggest positive regulation
of the MAPK/ERK1 cascade via enhanced Wnt/RYK signaling. Gene expression profiling of the
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xenograft-derived cell lines further revealed upregulated mRNA levels of several Wnt receptors and
coreceptors, including FZD3, FZD4, FZD8, and ROR2, and identified a significant increase in the
expression of the Wnt downstream target gene WISP2/CCN5 (Table S1). High expression levels of
WISP2 were reported in undifferentiated mesenchymal stem cells, and Wisp2 was shown to increase
mesenchymal precursor cell proliferation in vitro [29,30]. Wisp2 also induces a dedifferentiated state
in adipose cells favoring the myofibroblast phenotype [30]. Together, the antibody arrays and gene
expression profiling identified a marked modulation of Wnt signaling during serial xenotransplantation
and suggested RYK as a prospective target in rhabdomyosarcoma CSCs.

2.7. Expression of Several Identified Prospective CSC-Specific Target Genes Predicts Survival in
Soft-Tissue Sarcomas

Using serial xenotransplantation in conjunction with gene expression profiling and antibody
arrays, we identified several prospective targets that might be associated with the progression of
rhabdomyosarcoma and the acquisition of a CSC phenotype. Hence, we applied in silico analysis of
publicly available gene expression data to test the relevance of our model.

First, we performed an analysis of Gene Expression Omnibus GSE51130 dataset, which comprises
expression profiles of primary rhabdomyosarcoma and xenograft tumors obtained during serial
propagation of patient-derived xenograft (PDX) in mice treated with standard chemotherapy (Figure 7).
Supporting our model, gene expression profiles of the refractory chemoresistant rhabdomyosarcoma
PDXs strikingly corresponds with the stemness-associated gene expression signature identified in our
study, including significant upregulation of ALDH6A1, SOX4, CDH15, and MYOD1 expression as well
as downregulation of ALDH1A1 and ALDH1A3 (Figure 7).
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Figure 7. Gene expression profiles of aggressive chemotherapy-resistant rhabdomyosarcoma
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stemness-associated gene expression signature identified using our approach. Note the marked
downregulation of ALDH1A1 and upregulation of ALDH6A1 in refractory chemoresistant xenografts
(red bars; expression for individual biological replicates) compared with the original patient tumor.
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To the best of our knowledge, no rhabdomyosarcoma-specific gene expression dataset paired with
clinical follow-up data was available at the time of the analysis. Thus, we utilized The Cancer Genome
Atlas Sarcoma (TCGA-SARC) dataset, which includes various soft-tissue sarcomas, to evaluate the
clinical relevance and prognostic significance of the prospective rhabdomyosarcoma CSC-associated
genes identified in our model.

In line with our previous results [5], survival analysis revealed that among SOX2, POU5F1
(encoding OCT4), NANOG, PROM1 (encoding CD133), NES (encoding nestin), and ABCG2 genes, only
SOX2 expression was significantly (p < 0.05) associated with the survival of sarcoma patients and
predicted poor prognosis (Figure S10). In the present study, we also observed a slight increase in the
number of SOX2-positive cells in the xenograft tissues (Table 2; Figure S3), which further supports that
SOX2 plays a major role in sarcoma tumorigenesis and the maintenance of CSCs [8].

More importantly, TCGA-SARC analysis revealed a marked prognostic potential of several
identified target genes, which were gradually modulated during serial xenotransplantation and
associated with the increased stemness of rhabdomyosarcoma cells. In agreement with the
downregulation of ALDH1A1 detected in the xenograft-derived cell lines (Figure 3c,d), low levels of
ALDH1A1 expression are strongly correlated (p < 0.0001) with short overall survival among patients
with soft-tissue sarcomas (Figure 8a). These striking results suggest that ALDH1A1 may play different
roles in the tumorigenesis and stemness of sarcomas than were commonly reported in carcinomas [19].
In contrast, the expression of ALDH1A3 (Figure 8b) or ALDH6A1 (Figure 8c) alone cannot predict
survival in soft-tissue sarcoma patients, but the differential expression of these genes might be specific
for rhabdomyosarcoma as indicated by PDX expression profiling data (Figure 7) and by a previous
study that reported ALDH6A1 to be associated with worse survival in rhabdomyosarcoma patients [31].

Of the highly expressed myogenic precursor and stemness-related genes, CDH15 (Figure 8d) was
identified as a significant (p < 0.05) predictor of poor prognosis in soft-tissue sarcomas along with
MYOD1 (Figure 8e) and SOX4 (Figure 8f), which, however, did not reach the level of statistical
significance (p = 0.053 and p = 0.054, respectively). Among the identified genes linked with
mesenchymal traits, expression of the ARMCX1 gene, which encodes mitochondria-localized armadillo
repeat-containing X-linked protein 1, was revealed as a very strong predictor of poor outcome in
soft-tissue sarcomas (Figure 8g). Conversely, the expression of another mesenchymal gene, AOX1,
which was downregulated during serial xenotransplantation (see Figure 6a), significantly correlates
with a better prognosis in sarcoma patients (Figure 8h). These results provide exemplary evidence that
sarcoma progression may not be driven by an enhanced mesenchymal gene expression but rather by a
hybrid epithelial/mesenchymal expression signature that reflects the activation of both epithelial and
mesenchymal programs.

In agreement with the results of phospho-RTK arrays, the upregulated expression of RYK tends to
correspond with worse prognosis (Figure 8i). However, the prognostic power of RYK expression is fully
pronounced when analyzed in combination with the expression of other prospective CSC-related genes
that nearly reached statistical significance in the survival analysis. In fact, the expression signature
of six genes, including CDH15, MYOD1, SOX4, ARMCX1, RYK, and ALDH6A1, was identified as a
strong predictor of poor survival (p < 0.001) that markedly overcomes statistical significance of the
individual genes (Figure 8j). On the contrary, gene signatures comprising ALDH1A1 or ALDH1A3
instead of ALDH6A1 failed to predict survival (Figure 8j). These results suggest that it is the ALDH6A1
gene (not ALDH1A1 or ALDH1A3) that is more likely upregulated together with CDH15, MYOD1,
SOX4, ARMCX1, and RYK in aggressive soft-tissue sarcomas.

It is important to note, that TCGA-SARC soft-tissue sarcoma dataset does not contain
rhabdomyosarcoma samples, which poses some limitations for the interpretation of the survival data in
regard to this tumor type. However, the marked level of agreement between our experimental results
and the survival data of various soft-tissue sarcomas suggests that our approach for CSC enrichment
could be a useful tool for the unbiased identification of molecular targets that might be associated with
enhanced stemness and poor prognosis in rare cancers, such as embryonal rhabdomyosarcoma.
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3. Discussion

Bottom-up approaches that would enrich for CSCs based on their functional characteristics and
might allow the objective screening of CSC-specific markers and therapeutic targets are currently of
broad interest to many cancer researchers. Here, we report a proof-of-principle platform to study
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rhabdomyosarcoma CSCs that successfully combines serial xenotransplantation in vivo with short-term
culture of xenograft-derived cells in vitro.

A fundamental observation made while testing our approach is that rhabdomyosarcoma CSCs
are maintained during short-term in vitro culture of xenograft-derived cell lines, which was confirmed
by the high tumorigenicity of primary and secondary xenograft-derived cells. In fact, as serial
xenotransplantation selected for CSCs, their numbers in xenograft-derived cell lines increased, which
resulted in a statistically significant difference between the parental cell line NSTS-11 and the tertiary
xenograft-derived cell line LTB24. This increase in CSC number was documented by the enhanced
ALDH activity as well as high colony and sphere formation capacity of LTB24 cells. As these functional
assays for CSC phenotype were performed using biological replicates from different passages in vitro,
the obtained data also underpinned the stability of CSC numbers during short-term in vitro culture.
Such stability was further demonstrated by similar expression patterns detected by immunofluorescence
and qRT-PCR among different in vitro passages of each of the examined cell lines. Thus, the major
advantage of our approach resides in the continuous supply of xenograft-derived cell lines that (i) may
serve as a cost-effective model for the selection of CSCs for comparative studies, (ii) may be stored for
future studies, and (iii) provide enough material for subsequent analyses and assays.

One of the intriguing changes detected in our model was the increase in ALDH activity despite
the decrease in ALDH1 level detected over the passages in vivo. It has only recently come to light
that ALDH activity but not necessarily ALDH1 expression marks CSCs [33]. Indeed, it has been
demonstrated in hematopoietic cells that ALDH1A1 deficiency does not affect Aldefluor staining [34].
Similarly, although Aldefluor positivity was associated with breast CSCs, ALDH1A1 did not correlate
with Aldefluor positivity and performed poorly as a predictor of breast carcinoma progression [35].
In agreement with our results, the latter study showed that increased expression of other ALDH
isoforms, e.g., ALDH6A1, correlated with high ALDH activity and was associated with metastatic
disease in breast carcinoma [35]. Recently, proteomic analysis of primary and metastatic prostate cancer
has also demonstrated that ALDH6A1 is highly specific to progressive metastatic disease [36]. Using
our model of gradual selection of rhabdomyosarcoma CSCs, we revealed an apparent upregulation of
ALDH6A1 at mRNA and protein level, which was associated with Aldefluor positivity and increased
stemness, while ALDH1A1 gene expression was markedly downregulated. Importantly, the survival
analysis performed using TCGA-SARC database supported the observed decrease in ALDH1A1
expression. We show here that it is in fact the downregulation (not upregulation) of ALDH1A1 gene
expression that is associated with aggressive tumors and strongly predicts (p < 0.0001) poor prognosis
among various sarcomas. Notably, these results contradict the previous report by Martinez-Cruzado
et al., whom used artificially transformed mesenchymal stem cells as an experimental model of
sarcomagenesis and proposed that ALDH1 expression is enhanced in xenograft-derived cells and
associates with sarcoma CSCs [37]. In contrast, our model utilizing primary tumor-derived cells
suggests ALDH6A1 as a candidate molecule that plays a role in rhabdomyosarcoma CSCs. Indeed,
the expression of ALDH6A1 has already been identified among the genes that correlate with poor
outcome in rhabdomyosarcoma patients [31]. This is in agreement with our survival analysis on
soft-tissue sarcomas demonstrating that upregulated expression of ALDH6A1 but not ALDH1A1 or
ALDH3A1 significantly correlates with poor survival when combined with other genes identified in
our model, i.e., CDH15, MYOD1, SOX4, ARMCX1, and RYK.

Comparing the gene expression profiles of parental NSTS-11 cells and three subsequent
xenograft-derived cell lines, we were able to identify gradual changes in the expression of several
genes that confer stemness and/or are linked with undifferentiated myogenic precursors. For instance,
our data showed an apparent increase in the expression of the CDH15 gene, which encodes M-cadherin.
In a model of RAS-driven rhabdomyosarcoma tumorigenesis, expression of KRAS under the CDH15
promoter resulted in less differentiated and more aggressive tumors [38]. Cells isolated from such
rhabdomyosarcoma tumor were enriched for tumor-initiating activity and expressed markers of early
myoblasts and adult muscle stem cells, i.e., satellite cells [38]. Indeed, M-cadherin expression has been
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clearly demonstrated to be a marker of satellite cells [39], which share many similarities with the gene
expression signature of embryonal rhabdomyosarcoma [40].

Although embryonal rhabdomyosarcoma most likely arises from myoblasts, both markers of
quiescent satellite cells [39,41], e.g., PAX3, PAX7, or HEYL, and markers of activated satellite cells,
including MYOD1 [40], are frequently expressed. Notably, MYOD1 was one of the most upregulated
genes (>8-fold in tertiary xenograft-derived LTB24 cells) in our study. MYOD1 is a transcriptional
activator expressed in early muscle progenitors and is required for and regulates muscle progenitor
specification [38]. In rhabdomyosarcoma, MYOD1 is expressed in small, primitive tumor cells, whereas
cells that exhibit morphological evidence of skeletal muscle differentiation generally lack MYOD1
expression [42]. Recently, it has been suggested that MYOD1 regulates common gene programs that
lock cells in an arrested myogenic fate and is required for the self-renewal of rhabdomyosarcoma cells
and sustained tumor growth [43]. Corroborating the increase in the expression of CDH15 along with
MYOD1 in our model of rhabdomyosarcoma CSCs, MYOD1 knockdown has been demonstrated to
significantly downregulate CDH15 expression [43].

MYOD1 may also maintain pre-myogenic mesoderm expression by upregulating PAX3, PAX7, and
EYA2 [44]. PAX3 has been shown to prevent the differentiation of myoblasts and satellite cells [22]. PAX3
also acts as an upstream regulator maintaining stemness in neural crest cells [22], which suggests its
general impact on cell fate. Thus, upregulated expression of PAX3 might explain the increased stemness
of LTB24 rhabdomyosarcoma cells in our study. The gradual increase in rhabdomyosarcoma stemness
could be further substantiated by the detected downregulation of 10 out of 18 genes that are associated
with mesenchymal stem cell senescence [25] and by the upregulation of genes involved in early
mesenchymal development and maintenance of myogenic precursors, i.e., SOX4 [45,46] and PITX2 [23].
SOX4 has been previously demonstrated to contribute to tumor progression by promoting cancer
stemness [46]. Importantly, SOX4 is highly expressed in embryonal rhabdomyosarcoma compared with
normal muscle and knockdown of SOX4 leads to a significant decrease in MYOD1 levels and impaired
rhabdomyosarcoma cell survival [47]. Conversely, we have identified downregulation of MIR29A and
MIR145 genes encoding microRNAs that are crucial for induction of myogenic differentiation [48] and
repression of pluripotency [8,25], respectively. Although downregulation of microRNA 145 (miR-145)
has been suggested in tumorigenesis of Ewing’s sarcoma [8,49], our study provides the first evidence
that miR-145 might be involved in regulation of CSC phenotype in rhabdomyosarcoma. Together,
the gene expression profiling data indicate that serial xenotransplantation in NSG mice resulted in the
progressive dedifferentiation of NSTS-11 rhabdomyosarcoma cells and their reprogramming towards
the expression signature of non-senescent myogenic precursors, which was associated with enhanced
rhabdomyosarcoma stemness both in vivo and in vitro.

Finally, the induction of stemness through serial xenotransplantation in NSG mice was also
associated with the modulated expression of many genes involved in the EMT program. Intriguingly,
functional analysis of these genes suggested an acquisition of an equilibrium between EMT and its
reverse process, mesenchymal-epithelial transition (MET). Moreover, some of the typical markers of
an epithelial phenotype (CDH1) or a mesenchymal phenotype (CDH2) were downregulated, which
suggests a loss of differentiation and a shift towards an undifferentiated metastable phenotype that
combines partial mesenchymal and epithelial traits. In carcinomas, recent accumulating evidence has
shaped a widely accepted view that EMT generates CSCs, which appear to reside at an intermediate
state along the epithelial-mesenchymal spectrum of phenotypes [49,50]. Carcinoma CSCs thus most
likely undergo EMT only partially, attaining a hybrid epithelial/mesenchymal phenotype, which confers
plasticity, invasiveness and tumor-initiating capacity [49,50]. In fact, hybrid epithelial/mesenchymal
cells can integrate various epithelial and mesenchymal traits that facilitate collective cell migration and
promote metastasis [51]. Corroborating these observations, excessive activation of the EMT program
leading to a highly mesenchymal phenotype has been shown to be detrimental to the tumorigenic
activity of CSCs [52,53]. In parallel to the results obtained in carcinomas, partial MET has been discussed
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as a process contributing to the metastasis and stemness of sarcomas, although this mechanism remains
elusive [54–56].

Here, we report novel evidence for the prospective role of MET in tumors of mesenchymal
origin. Notably, some of the identified rhabdomyosarcoma CSC-specific targets have already been
linked with MET. For instance, it has been demonstrated that overexpression of PAX3 induces MET in
mesenchymal cells [57]. Importantly, MET has also been established as a key cellular mechanism in the
process of reprogramming mesenchymal somatic cells, fibroblasts, towards pluripotency induced by
transcription factors, including SOX2 [58,59]. These results suggest that enhanced expression of these
stemness-related factors may, in the context of embryonal rhabdomyosarcoma, result in a partial loss
of mesenchymal phenotype, as indicated here by the progressive downregulation of a prominent EMT
inducer, SNAI1, and CDH2, which encodes N-cadherin.

Among sarcomas, osteosarcoma tumor tissues have been shown to exhibit extremely low
expression levels of N-cadherin [60]. Furthermore, several cadherins, including P-cadherin, E-cadherin,
and N-cadherin, are markedly downregulated in osteosarcoma cell lines in vitro [61], which is in
line with the gene expression signature associated with the enhanced rhabdomyosarcoma stemness
in our study. Mechanistically, N-cadherin overexpression has been demonstrated to significantly
impair osteosarcoma migration in vitro and metastasis in vivo [61]. Experimental re-expression
of N-cadherin also restores cell-cell contacts and inhibits cell migration in glioma, another highly
aggressive non-epithelial tumor, which is frequently characterized by low levels of N-cadherin [62].
Similarly, metastatic dissemination of neuroblastoma is strongly correlated with low N-cadherin
expression [63]. Notably, N-cadherin downregulation is crucial for the migration of neural crest
cells [64] and smooth muscle cells [65], which offers an explanation for how partial MET, i.e., a loss of
the typical mesenchymal marker, N-cadherin, may promote the progression of sarcomas towards a
more aggressive phenotype.

Although epithelial differentiation has been reported in various sarcomas, it has never been
associated with a full transition of sarcoma cells to the epithelial state and rather presents a hallmark
of phenotypic plasticity resulting from the active MET program [54]. In fact, the combined presence
of epithelial and mesenchymal features has been proposed to contribute to aggressive sarcomas [55].
From this perspective, EMT-related signaling that would counteract complete MET is crucial for
the maintenance of mesenchymal traits. Indeed, such activation of the EMT program has been
identified in the present study. In addition to the MET-related gene expression signature, the increase
in rhabdomyosarcoma CSC number during serial xenotransplantation correlated with the upregulation
of a typical EMT-inducing gene, ZEB1, and a stemness-associated gene, SOX4, which has recently
been identified as a master inducer of EMT, controlling several EMT-relevant genes [46,66]. Based
on the results reported here, we hypothesize that it is the activation of both MET and EMT signaling
that sets the rhabdomyosarcoma cells in a “ready-to-act” stem-like state in which they can easily
exploit various microenvironmental cues to promote their survival, proliferation, and/or migration.
Remarkably, another evidence supporting this hypothesis has been recently reported in a mouse model
demonstrating that rhabdomyosarcoma CSCs arise from genomically instable satellite cells, which
undergo MET-like process [67]. Further mechanistic studies to examine the prospective link between
the hybrid epithelial/mesenchymal phenotype and rhabdomyosarcoma progression are therefore
needed to advance our understanding of this rare but aggressive disease.

4. Materials and Methods

4.1. Cell Lines and Tumor Samples

The NSTS-11 cell line derived from a primary embryonal rhabdomyosarcoma was originally
described in our previous studies [3,5]. Written informed consent was obtained from the patient or
patient’s parents, and the primary tumor tissue was collected in accordance with the study protocol
(#12/Si/2011) approved by The Research Ethics Committee of the School of Science (Masaryk University).
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During the serial xenotransplantation of NSTS-11 cells in vivo, 45 xenograft tumors were collected,
and 45 cell lines were successfully established from these xenografts (one cell line from each xenograft
tumor). Three cell lines, LTB1, LTB5, and LTB24, derived from respective xenograft tumors after each
of the three subsequent passages in vivo were included for detailed in vitro analyses. All cell lines
were maintained in DMEM supplemented with 20% fetal calf serum under standard conditions as
described previously [3]. For the in vivo tumorigenicity assay, cell passage numbers 8–12 were used
according to the growth characteristics of the respective cell line. Cell passage numbers 10–15 were
used in other experiments; NSTS-11 cells were used up to passage 20 for some biological replicates.

4.2. In Vivo Tumorigenicity Assay

For each cell line, three 8-week-old female NSG (NOD/ShiLtSz-scid/Il2rγnull) mice were injected
subcutaneously in the neck region with a suspension of 3 × 105 enzymatically dissociated cells in 100 µL
of serum-free DMEM. The mice were examined every three days for the presence of subcutaneous
tumors. After the appearance of a tumor, the mice were sacrificed, and the tumors were excised.
All animal experiments were conducted in accordance with a study (21379/2011-30) approved by the
Institutional Animal Care and Use Committee of Masaryk University and registered by the Ministry of
Agriculture of the Czech Republic as required by national legislation. The tumors were photographed,
and the final tumor volume was measured using the following formula:

tumor volume (mm3) = length (mm) ×width (mm) ×width (mm) × 1/2

Each tumor was divided into two equal portions: one portion was processed for primary culture [3],
and the second portion was fixed in 10% buffered formalin for 24 h, routinely processed for histological
examination and embedded in paraffin. FFPE samples were stained with hematoxylin-eosin and
examined using an Olympus BX51 microscope. IHC was performed as described below.

4.3. Colony Formation Assay

Cells cultured in vitro were harvested, enzymatically dissociated with Accutase® (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) to obtain single-cell suspension, and seeded at a density of
1000 cells per 10-cm culture dish (Sarstedt AG &Co, Numbrecht, Germany). Colonies were monitored
to ensure they were derived from single cells. After 8 days of culture under standard conditions
(see Section 4.1), cells were fixed with methanol and stained using Coomassie Brilliant Blue R-250
(Sigma-Aldrich, St. Louis, MO, USA) [68]. The whole culture dish was examined under a phase
contrast Olympus CKX41 light microscope and the number of cells within individual colonies was
determined by manual counting the nuclei of Coomassie-stained cells under a 20× objective. Only
colonies that contained a minimum of 50 cells were considered for further analysis.

4.4. Sphere Formation Assay

For the sphere formation assay, cells were harvested and enzymatically dissociated with Accutase®

(Gibco) to obtain a single-cell suspension. Cells were resuspended in a defined serum-free medium
(DMEM/F12 (GE Healthcare Europe GmbH, Freiburg, Germany) supplemented with 10 ng/mL EGF
(Sigma-Aldrich), 20 ng/mL FGF2 (Sigma-Aldrich), and B-27 supplement w/o vitamin A (Gibco)) and
plated in triplicates into ultra-low attachment 6-well plates (Corning, Corning, NY, USA) at a density
of 2000 cells/well. Every three days, growth factors were replenished with fresh culture medium.
After two weeks, rhabdospheres were counted under an Olympus CKX41 light microscope.

4.5. Aldefluor Assay

The Aldefluor™ assay was performed according to the kit manufacturer’s instructions (Stem
Cell Technologies, Grenoble, France). Briefly, cells were suspended in Aldefluor™ assay buffer
(1 × 104 cells/mL) containing ALDH substrate (BODIPY-aminoacetaldehyde) and incubated at 37 ◦C
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for 45 min. Control samples were incubated in a buffer containing a specific ALDH inhibitor,
diethylaminobenzaldehyde (DEAB). The fluorescence signal was measured using a BD FACS Verse
flow cytometer, and ALDH activity was analyzed with BD FACSuite software (both BD Biosciences,
San Diego, CA, USA).

4.6. Immunohistochemistry

For immunohistochemical analysis, primary tumor tissue and three sets of xenograft tumor
tissues collected during subsequent xenotransplantations in NSG mice were used. Four-micron-thick
tissue sections were first deparaffinized with xylene and rehydrated through a graded alcohol series.
Endogenous peroxidase activity was quenched with 3% hydrogen peroxide for 10 min. For the
detection of OCT4, CD133, SOX2, nestin, and NANOG, heat-induced epitope retrieval was performed
in a Decloaking Chamber NxGen (Biocare Medical, Pacheco, CA, USA) at 95 ◦C for 40 min using citrate
(pH 6.0) or Tris/EDTA (pH 9.0) buffer (Dako, Glostrup, Denmark) (Table S2). For ABCG2 staining,
the sections were not pretreated. Next, the slides were incubated with the indicated primary antibody
at room temperature for 60 min. Subsequently, a streptavidin-biotin horseradish peroxidase complex
(Vectastain Elite ABC Kit; Vector Laboratories, Burlingame, CA, USA) or a two-step detection system
without avidin and biotin (EnVision+ Dual Link system-HRP; Dako) was applied. All slides were
immersed in 3,3′-diaminobenzidine (DAB; Dako) and counterstained with Gill’s hematoxylin. Negative
controls were prepared by incubating samples without primary antibody. Antibody specifications,
dilutions, pretreatments, detection systems and positive controls are listed in Table S2.

All immunostained slides were evaluated using a compact research microscope (Nikon ECLIPSE
Ci-E). At least five discrete foci of neoplastic infiltration were selected, and the proportion of positive
tumor cells was scored as follows: 0 (0%), 1 (1–5%), 2 (6–20%), 3 (21–50%), and 4 (51–100%).
The immunoreactivity of tumor cells was graded as - (none), + (weak), ++ (medium), and +++ (strong).

4.7. Immunofluorescence

Indirect immunofluorescence (IF) was performed as previously described [3]. The primary and
secondary antibodies that were used in these experiments are listed in Table S3; mouse monoclonal
anti-α-tubulin served as the positive control. An Olympus BX-51 microscope was used for sample
evaluation; images were captured using an Olympus DP72 CCD camera and were analyzed using
the CellˆP imaging system (Olympus, Tokyo, Japan). The samples were prepared from at least three
independent passages of all examined cell lines, and at least 200 cells were evaluated in each sample.
The immunoreactivity and the percentage of cells showing positivity for the examined antigen were
determined. Finally, for each cell line, the total immunoscores were calculated for individual antigens
by multiplying the percentage of positive cells by the respective immunoreactivity as described
previously [69].

4.8. Western Blotting

ALDH1 and ALDH6A1 protein expression was analyzed per our standard procedure [3].
The primary and secondary antibodies used are listed in Table S3; mouse monoclonal anti-β-actin
and rabbit monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as loading
controls. Densitometry was performed using Fiji software [70]. Band densities for protein of interest
were normalized to that of the band for β-actin or GAPDH in the same sample.

4.9. RT-PCR and qRT-PCR

For both RT-PCR and qRT-PCR, total RNA was extracted and reverse transcribed as previously
described [71]. For end point PCR, the reaction mixture (25 µL) contained 100 µM of deoxynucleoside
triphosphate (dNTP) mixture, 1 U of Taq polymerase (Top-Bio, Vestec, Czech Republic), 0.25 µM of
each primer and 10 µL of cDNA. The amplification was performed for 35 cycles of 94 ◦C for 30 s, 60 ◦C
for 30 s, and 72 ◦C for 45 s.
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For microarray validation experiments, qPCR was performed using the KAPA SYBR® FAST
qPCR Kit (Kapa Biosystems, Wilmington, MA, USA) and 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) as previously described [10]. The expression of individual genes
was assessed using at least three technical replicates from three biological replicates (different cell
passages in vitro) of each cell line. The heat shock protein gene HSP90AB1 was used as the endogenous
reference control, and the level of gene expression was normalized to that in parental NSTS-11 cells.
The primer sequences used are listed in Table S4.

4.10. Expression Profiling

Total RNA was extracted and processed through an Affymetrix workflow as previously
described [10]. Raw microarray data are available in the ArrayExpress database (www.ebi.ac.uk/

arrayexpress) under accession number E-MTAB-7664. Affymetrix power tools were used to normalize
raw CEL files at the gene level. Robust multiarray averaging (RMA) normalization and complete
annotation files were selected.

Gene expression fold changes (FCs) were calculated for each xenograft-derived cell line using
the parental NSTS-11 cell line as a reference control. Thus, gene expression FCs represent the
differences in gene expression after each passage in vivo: first passage (LTB1/NSTS-11), second passage
(LTB5/NSTS-11), and third passage (LTB24/NSTS-11).

To identify genes that exhibited a downward or an upward trend of expression during serial
xenotransplantation, the following approach was used. First, reference fold-change values, which
reflected a mean decrease or increase in gene expression after each passage in vivo, were calculated
based on a set of significantly downregulated genes (n = 55) or a set of significantly upregulated genes
(n = 55), respectively (Table S1). The set of significantly downregulated genes was identified using the
following parameters: FC ≤ 0.25 after the third passage in vivo and FC ≤ 1.5 after any passage in vivo.
Conversely, significantly upregulated genes were defined as follows: FC ≥ 4 after the third passage
in vivo and FC ≥ 0.66 after any passage in vivo.

The calculated reference fold-change values were then used to determine the Pearson’s correlation
coefficient of each gene. Only differentially expressed genes (≥1.5-fold after the third passage in vivo)
with a strong correlation coefficient (>0.8) were included in further analyses (Table S1). Genes with FC
>1.5 or FC <0.66 after the first passage in vivo were excluded from the group of downregulated or
upregulated genes, respectively. The DAVID annotation tool [72] was used for gene ontology analysis,
and expression heat maps were prepared using the visualization and analysis software Morpheus
(https://software.broadinstitute.org/morpheus).

4.11. Phospho-Protein Arrays

The relative phosphorylation levels of 49 RTKs and 26 downstream kinases, including 9 MAPKs,
were analyzed using the Human Phospho-RTK Array kit and the Human Phospho-MAPK Array kit
(both R&D Systems, Minneapolis, MN, USA), respectively, according to the manufacturer’s protocol.
Each array was incubated with 250 µg of protein lysate. The levels of phosphorylation were quantified
using Fiji software [70]. Pixel densities of duplicated spots were averaged, and the value of background
was subtracted. The analysis was performed as previously described [71].

4.12. Statistical Analysis

The colony formation assay and sphere assay were analyzed using Mann-Whitney test (one-tailed),
mean tumor volume increase, Aldefluor™ assay data and Western blot densitometry data were analyzed
using unpaired Welch’s t-test (two-tailed) in GraphPad Prism 8.0.2 software (GraphPad Software Inc.,
San Diego, CA, USA). p < 0.05 was considered statistically significant.

www.ebi.ac.uk/arrayexpress
www.ebi.ac.uk/arrayexpress
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5. Conclusions

In this study, we demonstrate that serial xenotransplantation in NSG mice in conjunction with
short-term culture of xenograft-derived cells is an effective tool to screen for molecular targets
in rhabdomyosarcoma CSCs. This approach enabled us to identify several novel and promising
rhabdomyosarcoma CSC-specific targets, e.g., ALDH6A1, SOX4, PAX3, CDH15, downregulated MIR145,
or phosphorylated RYK, which warrant validation in subsequent mechanistic studies. Most importantly,
the presented model of the progressive selection of CSCs has provided the first evidence that the
recently emerged link between the hybrid epithelial/mesenchymal phenotype and cancer stemness may
also account for embryonal rhabdomyosarcoma. Identification of the hybrid epithelial/mesenchymal
gene expression signature associated with the rhabdomyosarcoma CSC phenotype demonstrates the
ability of the reported approach to unveil complex molecular changes. Deciphering these complex
molecular traits might be essential to achieving a better understanding of the mechanisms underlying
the induction and maintenance of stemness in cancer.
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Simple Summary: Combination of chemotherapeutics for the treatment of childhood cancer can
lead to the use of lower cytotoxic drug doses and better therapeutic tolerability (i.e., lower side
effects) for patients. We discovered novel molecular targets of two lead thiosemicarbazone agents of
the di-2-pyridylketone thiosemicarbazone class. These molecular targets include: cyclooxygenase,
the DNA repair protein, O6-methylguanine DNA methyltransferase, mismatch repair proteins,
and topoisomerase 2α. This research also identifies promising synergistic interactions of these
thiosemicarbazones particularly with the standard chemotherapeutic, celecoxib.

Abstract: Combining low-dose chemotherapies is a strategy for designing less toxic and more potent
childhood cancer treatments. We examined the effects of combining the novel thiosemicarbazones,
di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC), or its analog, di-2-pyridylketone-4,
4-dimethyl-3-thiosemicarbazone (Dp44mT), with the standard chemotherapies, celecoxib (CX),
etoposide (ETO), or temozolomide (TMZ). These combinations were analyzed for synergism to inhibit
proliferation of three pediatric tumor cell-types, namely osteosarcoma (Saos-2), medulloblastoma
(Daoy) and neuroblastoma (SH-SY5Y). In terms of mechanistic dissection, this study discovered novel
thiosemicarbazone targets not previously identified and which are important for considering possible
drug combinations. In this case, DpC and Dp44mT caused: (1) up-regulation of a major protein target of
CX, namely cyclooxygenase-2 (COX-2); (2) down-regulation of the DNA repair protein, O6-methylguanine
DNA methyltransferase (MGMT), which is known to affect TMZ resistance; (3) down-regulation of
mismatch repair (MMR) proteins, MSH2 and MSH6, in Daoy and SH-SY5Y cells; and (4) down-regulation
in all three cell-types of the MMR repair protein, MLH1, and also topoisomerase 2α (Topo2α), the latter
of which is an ETO target. While thiosemicarbazones up-regulate the metastasis suppressor, NDRG1,
in adult cancers, it is demonstrated herein for the first time that they induce NDRG1 in all three pediatric
tumor cell-types, validating its role as a potential target. In fact, siRNA studies indicated that NDRG1
was responsible for MGMT down-regulation that may prevent TMZ resistance. Examining the effects
of combining thiosemicarbazones with CX, ETO, or TMZ, the most promising synergism was obtained
using CX. Of interest, a positive relationship was observed between NDRG1 expression of the cell-type
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and the synergistic activity observed in the combination of thiosemicarbazones and CX. These studies
identify novel thiosemicarbazone targets relevant to childhood cancer combination chemotherapy.

Keywords: thiosemicarbazones; DpC; Dp44mT; celecoxib; temozolomide; etoposide; combined
anti-cancer treatment; osteosarcoma; medulloblastoma; neuroblastoma

1. Introduction

As a result of therapeutic advances in pediatric oncology, almost 83% of patients survive long term [1].
Nevertheless, aggressive treatments used for tumors in children may result in several off-target effects,
including increased risks of subsequent neoplasms and serious cardiomyopathies [2,3]. Therefore, it is
critical to develop effective combinatory therapeutic regimens with lower toxicity.

The clinical protocol combined oral metronomic, bio-differentiating, anti-angiogenic treatment
(COMBAT) is a low-toxicity regimen for the treatment of childhood cancers and was originally designed
for pediatric patients with relapsed and/or high-risk solid tumors [4]. The therapy is based on a combination
of low doses of anti-angiogenic (celecoxib (CX)) and cytotoxic (etoposide (ETO) and temozolomide (TMZ))
agents with differentiation inducers (retinoids, calcitriol and its derivatives) that are administered in a
metronomic regimen [5]. In general, this treatment is well tolerated and has a low acute toxicity profile [5].

The aim of the current investigation was to: (1) determine novel molecular targets of two
thiosemicarbazones of the di-2-pyridylketone (DpT) class [6,7] that could be important for combinatory
studies with standard chemotherapies in the COMBAT protocol for pediatric cancers; and (2) to analyze
the synergy between selected chemotherapeutics used in the COMBAT protocol (CX, ETO and TMZ)
and these thiosemicarbazones. The DpT class of agents has been carefully optimized over a 10-year
period of structure–activity relationship analysis. These compounds were derived from aroylhydrazone
ligands [8,9] and are superior to other classical thiosemicarbazones such as Triapine® [6,7].

The DpT class of agents has been demonstrated by several international laboratories to possess
potent and selective anti-tumor activity against a broad range of tumors in vitro and in vivo, with the
compounds also being able to overcome P-glycoprotein-mediated resistance [6,7,10–14]. The two
lead DpT agents of this class are di-2-pyridylketone-4-cyclohexyl-4-methyl-3-thiosemicarbazone
(DpC) and the well-characterized parent analog, di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone
(Dp44mT) [6,7,10–16].

The molecular mechanism of action of DpT thiosemicarbazones involves the chelation of iron and
copper within cancer cells, which is critical for proliferation and the induction of the expression of the
potent metastasis suppressor N-myc downstream regulated gene-1 (NDRG1) [15,17]. These agents have
been demonstrated to be effective even at very low concentrations in vitro and low doses in vivo [16,18].

The important properties of DpC and Dp44mT are their appropriate lipophilic balance,
which allows facile permeation of cell membranes, and their lysosomotropic character, which results
in their ability to overcome P-glycoprotein-mediated drug resistance [6,19–21]. Dp44mT binds iron
and copper in lysosomes to form redox-active complexes that generate cytotoxic reactive oxygen
species [18–20], which leads to permeabilization of the lysosomal membrane and the induction of
apoptosis [19,21].

Moreover, many studies have demonstrated that these agents can down-regulate the key oncogenic
tyrosine kinases EGFR, HER2, HER3 [22,23], and c-Met [24]. Both DpC and Dp44mT markedly suppress
the activity of a variety of pro-oncogenic signaling pathways downstream of these tyrosine kinases,
including the AKT, PI3K and RAS pathways [25], as well as other pathways, including the STAT3 [26],
TGF-β [25,27,28], Wnt [10,27,29] and autophagic pathways [30]. As such, they subsequently inhibit
proliferation, migration, the epithelial-mesenchymal transition [27], and metastasis in vivo [10].
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Significantly, these novel thiosemicarbazones also synergistically increase the anti-neoplastic
activity of several chemotherapeutic drugs, including gemcitabine or cisplatin [16], doxorubicin [21],
paclitaxel, 5-fluorouracyl, methotrexate, 4-hydroper-oxycyclophosphamide and tamoxifen [31,32].

Considering the exciting anti-oncogenic properties of DpC and Dp44mT, three chemotherapeutics
included in the COMBAT protocol, namely, CX, TMZ and ETO, were tested for their possible synergistic
effects with these thiosemicarbazones.

The non-steroidal anti-inflammatory drug, CX, acts as a selective low-molecular-weight inhibitor of
the heme-containing enzyme, cyclooxygenase-2 (COX-2) [33]. TMZ is a lipophilic alkylating agent that
is hydrolyzed at neutral and alkaline pH values to the 5-(3-methyltriazen-1-yl)imidazole-4-carboxamide
intermediate [34]. This active compound then methylates DNA bases, and thus introduces O6-methylguanine
(O6-meG)/cytosine (O6-meG:C) pairs, which can result in DNA mismatches after the first round of
replication [34].

Of note, ETO is often used at low doses as part of combination therapies because of its myelotoxic
and leukemogenic actions, which limit its use at sufficiently high doses [35]. The primary cellular target of
ETO is topoisomerase II alpha (TOP2α), which helps DNA maintain its appropriate conformation during
semi-conservative DNA replication, transcription, recombination, and chromosome condensation and
decondensation [36].

In this investigation, we discovered novel molecular targets of Dp44mT and DpC that could be
important in terms of synergy with standard chemotherapeutics in the COMBAT protocol for pediatric
tumors (CX, ETO and TMZ). This was done to better define the conditions necessary to rationally
achieve synergy and develop safe and effective drug combinations. Studies were also performed to
analyze for synergy between the thiosemicarbazones and these agents. These results demonstrate
several novel molecular targets of thiosemicarbazones in pediatric tumor cells and identifies promising
synergistic interactions particularly with CX.

2. Results

2.1. Synergism between Thiosemicarbazones and Established Chemotherapeutics Is Marked with CX

Our initial studies examined the anti-proliferative activity of the selected drugs and the interactions
between thiosemicarbazones and the selected chemotherapeutics in SH-SY5Y neuroblastoma,
Daoy medulloblastoma and Saos-2 osteosarcoma cells. The interactions of the tested drugs were
evaluated in terms of changes in cellular proliferation after a 72-h incubation period. From these data,
the concentration at which cellular proliferation was reduced by half (IC50; Table 1) and combination
index (CI; Table 2) values were calculated.

Table 1. IC50 values. The IC50 values of the individual drugs were determined in each cell-type
after incubation with each drug alone for 72 h/37 ◦C. The results are presented as the mean ± SD
(3 experiments).

Cell Line
IC50 Values

CX [µM] TMZ [µM] ETO [µM] DpC [nM] Dp44mT [nM]

Saos-2 75.6 ± 7.1 116.5 ± 3.0 11.5 ± 0.7 8.8 ± 0.2 9.3 ± 0.6
Daoy 90.6 ± 6.7 212.9 ± 38.4 6.8 ± 2.0 8.5 ± 2.2 5.4 ± 0.8

SH-SY5Y 73.7 ± 9.1 112.4 ± 3.8 2.8 ± 0.3 3.7 ± 0.6 0.8 ± 0.1
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Table 2. Quantitative assessment of drug interactions—combination index (CI) values. Analysis of the
interaction between CX, TMZ, or ETO, and the thiosemicarbazones (DpC and Dp44mT) was performed
using CalcuSyn software. The data were obtained after a 72 h/37 ◦C incubation with each agent alone or
in combination. The CIs were calculated from growth inhibition curves. A 1:1 ratio of drugs was used
for combination treatments. The Chou Talalay method was adopted to identify synergistic, additive and
antagonistic activity. These results are mean ± SD (three experiments).

Cell Line

Combination Index (CI) ± SD

CX TMZ ETO

+DpC +Dp44mT +DpC +Dp44mT +DpC +Dp44mT
Saos-2 0.29 ± 0.19 0.33 ± 0.15 0.48 ± 0.07 0.92 ± 0.37 1.55 ± 0.44 2.19 ± 0.70
Daoy 0.52 ± 0.03 0.39 ± 0.05 0.89 ± 0.11 1.59 ± 0.31 0.45 ± 0.12 0.64 ± 0.12

SH-SY5Y 1.56 ± 0.08 0.84 ± 0.11 1.62 ± 0.32 1.38 ± 0.25 1.66 ± 0.66 1.67 ± 0.25
Categories of Interactions

0.10–0.30 strong synergism 0.91–1.10 nearly additive
0.31–0.70 synergism 1.11–1.20 slight antagonism
0.71–0.85 moderate synergism 1.21–1.45 moderate antagonism
0.86–0.90 slight synergism 1.46–3.30 antagonism

Generally, based on the IC50 values identified for all three cell-types, both the thiosemicarbazones,
DpC and Dp44mT, demonstrated potent activity (0.8 nM–9.3 nM; Table 1). The anti-proliferative
activity of each of these compounds was markedly and significantly (p < 0.001) greater than that of CX
(73.7–90.6 µM), TMZ (112.4–212.9 µM) and ETO (2.8–11.5 µM; Table 1). Of all the agents tested, Dp44mT
demonstrated on average the greatest anti-proliferative activity in all three cell-types, while TMZ
was the least effective. The sensitivity of all cell-types to CX was similar, while SH-SY-5Y cells were
consistently the most sensitive to the anti-proliferative activity of all agents (Table 1).

CI analysis revealed synergistic interactions between CX and either DpC or Dp44mT in all
cell-types, except the combination of DpC and CX in SH-SY5Y cells, which was antagonistic (Table 2).
Of note, the strongest synergistic interaction (i.e., strong synergy) observed in this study was between
CX and DpC in Saos-2 cells. Synergism was observed for the combination of TMZ and DpC in Saos-2
cells (Table 2). Slight synergy was detected for TMZ and DpC in Daoy cells, while Dp44mT and TMZ
had antagonistic effects in these cells (Table 2). Antagonism and moderate antagonism were observed
when TMZ was used in combination with DpC and Dp44mT, respectively, in SH-SY5Y cells (Table 2).
A nearly additive effect was observed with the combination of TMZ and Dp44mT in Saos-2 cells.
A synergistic effect was observed when either thiosemicarbazone was combined with ETO in Daoy
cells (Table 2). On the other hand, incubation of Saos-2 or SH-SY5Y cells with either thiosemicarbazone
or ETO induced antagonistic effects (Table 2).

Due to the differential effects observed in the selected cell-types and for the different combinations
of drugs (Table 2); in the next part of the study, we examined the molecular mechanisms of the
interactions between the thiosemicarbazones and chemotherapeutics.

2.2. DpC and Dp44mT Up-Regulate COX-2 Expression

The studies described above demonstrated that the combination of CX with either thiosemicarbazone
resulted in a mostly synergistic interactions in all three cell-types (Table 2). Considering that COX-2
activity is a primary target of CX [33], we hypothesized that the synergy observed between CX and the
thiosemicarbazones may have been due to the ability of the latter to deplete cells of iron [6,16]. Iron is
essential for the biosynthesis of the heme prosthetic group of COX-2, which is critical for its enzymatic
activity [37]. Iron is also required for the prosthetic groups of other proteins, and once incorporated,
is known to increase protein stability [38,39]. Thus, thiosemicarbazone-mediated iron depletion could
decrease COX-2 protein levels, and this effect could potentially synergize with the inhibitory effect of
CX on COX-2. To examine whether the thiosemicarbazones affected COX-2 expression, immunoblotting
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studies were performed to first assess their effect on endogenous COX-2 protein levels in all three cell-types
(Figure 1).
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Figure 1. COX-2 expression is up-regulated at the (A,B) protein and (C) mRNA levels after incubation
with DpC or Dp44mT for 24 h. (A) Western blot analysis of endogenous COX-2 levels in untreated
(control) cells. GAPDH served as a protein loading control. (B) Western blot analysis of COX-2 levels in
Saos-2, Daoy and SH-SY5Y cells after 24 h of incubation with either control medium, DpC (5 or 20 µM;
10 µM for Daoy cells—due to cytotoxicity) or Dp44mT (5 or 20 µM). GAPDH served as a loading
control. (C) The graph shows changes in the mRNA expression of PTGS2 in Saos-2, Daoy, or SH-SY5Y
cells after 24 h of incubation with DpC or Dp44mT using the concentrations in (B). These data were
obtained by RT-qPCR. The levels of mRNA expression after thiosemicarbazone treatment are presented
as the log2 fold change in mRNA levels relative to that of the untreated controls. GAPDH served as a
reference control. For all experiments, expression was assessed in at least three biological replicates.
Western blots are typical of three experiments, while the quantitation of the blots is presented as
mean ± SD (3 experiments). These data were analyzed using an unpaired Welch’s t-test followed by
the Games-Howell post hoc test. * p < 0.05 indicates significant differences compared to the respective
control group.

Under control conditions, COX-2 expression was demonstrated to be pronounced in Daoy
cells, where it was identified as a single 74-kDa band, while its expression was negligible in both
Saos-2 and SH-SY5Y cells (Figure 1A; Figure S1A). The effect of the thiosemicarbazones on COX-2
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expression in each cell-type was then examined after a 24 h incubation of cells with either control
medium, DpC (5 or 20 µM; 10 µM for Daoy cells—due to cytotoxicity), or Dp44mT (5 or 20 µM).
As shown in Figure 1A, examining Saos-2 cells, COX-2 expression was negligible and was not markedly
affected by the thiosemicarbazones (Figure 1B, Figure S1B). On the other hand, examining both Daoy
and SH-SY5Y cells, there was a marked increase in COX-2 expression in cells incubated with the
thiosemicarbazones (especially DpC) relative to the control cells (Figure 1B, Figure S1B). Examining
SH-SY5Y cells, incubation with thiosemicarbazones resulted in up-regulation of both the 74-kDa
band and another 66-kDa band relative to the control, while again COX-2 expression in the control
was negligible. This alteration suggested that incubation with the thiosemicarbazones changed the
metabolic processing of COX-2 in SH-SY5Y cells. Interestingly, it has been reported that under other
experimental conditions, COX-2 can be demonstrated as a 72-kDa N-glycosylated protein, as well as
an unglycosylated form of the protein at 66 kDa [40].

Considering that COX-2 protein expression was up-regulated in both Daoy and SH-SY5Y cells after
incubation with the thiosemicarbazones, alterations in the mRNA level of PTGS2 (the gene encoding
COX-2) were also investigated (Figure 1C). In Saos-2 cells, both thiosemicarbazones had little effect on
its expression at a concentration of 5 µM relative to the control, while PTGS2 mRNA expression was
slightly, but not significantly increased at a thiosemicarbazone concentration of 20 µM (Figure 1C).
In contrast, assessing Daoy cells, incubation with 5 µM DpC, or 5 and 20 µM Dp44mT, resulted in a
significant (p < 0.05) increase in PTGS2 mRNA relative to the control (Figure 1C). Examining SH-SY5Y
cells, both DpC and Dp44mT caused up-regulation of PTGS2 mRNA, with DpC being slightly more
effective than Dp44mT (Figure 1C).

Collectively, these results in Figure 1 suggest the observed synergy in the three cell-types was
not based on the ability of thiosemicarbazones to influence COX-2 expression, because the strongest
synergistic effect was observed in COX-2-negative Saos-2 cells. Therefore, we focused on another
common target of thiosemicarbazones and CX, namely protein kinase B (AKT) [41]. It was reported
that CX suppresses tumor growth without apparent involvement of COX-2 via inhibition of PI3K/AKT
signaling [41]. The PI3K/AKT signaling pathway is also known to be inhibited by the metastasis
suppressor, NDRG1 [25], the expression of which is up-regulated by thiosemicarbazones [15,17,27].

To first test the influence of thiosemicarbazones on NDRG1 expression, endogenous NDRG1 protein
levels were assessed in all three cell-types (Figure 2A). Under control conditions, the highest NDRG1
levels were demonstrated in Saos-2 cells, while NDRG1 levels in Daoy cells were significantly (p < 0.05)
lower than those in Saos-2 cells (Figure 2A; Figure S2A). Assessing SH-SY5Y cells, NDRG1 expression
under control conditions was almost undetectable by immunoblotting (Figure 2A; Figure S2A).
Subsequently, studies then analyzed NDRG1 expression after a 24 h incubation of cells with either
control medium, Dp44mT (20 µM), or DpC (20 µM; 10 µM for Daoy cells). These data confirmed that
NDRG1 was markedly up-regulated by both DpC and Dp44mT in all tested cell-types, resulting in two
closely migrating bands at 41- and 46-kDa (Figure 2B, Figure S2B), as reported previously [42,43].

Next, studies focused directly on p-AKT (Ser473) levels and total AKT protein expression in the
three cell-types (Figure 3, Figure S3) incubated after 2 h of treatment with IC50 doses of CX, DpC,
Dp44mT alone or combinations of DpC or Dp44mT and CX at their IC50 doses (Figure 3, Figure S3).
The immunoblotting analyses demonstrated that CX alone resulted in a slight increase in the p-AKT
levels in Saos-2 and SH-SY5Y cells relative to the control (Figure 3, Figure S3). In contrast, p-AKT levels
were slightly decreased in all tested cell-types after treatment with the thiosemicarbazones alone
relative to the respective controls (Figure 3, Figure S3). In fact, examining Saos-2 cells, the p-AKT
level was reduced to 65% and 70% of the control level after incubation with Dp44mT and DpC,
respectively (Figure 3, Figure S3). Assessing SH-SY5Y and Daoy cells, p-AKT levels were inhibited by
only approximately 10% relative to the control by thiosemicarbazones (Figure 3). Combinations of CX
and the thiosemicarbazones did not have a greater effect on p-AKT and AKT levels than the agents
alone (Figure 3, Figure S3).
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Total AKT levels in all three cell-types were either generally slightly decreased, or not altered
relative to the control level after treatment with either CX, DpC, or Dp44mT alone (Figure 3, Figure S3).
The combinations of CX and the thiosemicarbazones did not lead to any substantial alterations in total
AKT levels relative to the control (Figure 3, Figure S3).

Collectively, these data in Figure 3 suggested that although both thiosemicarbazones alone were
able to slightly decrease AKT phosphorylation, the combination treatments were no more effective
than CX or the thiosemicarbazones alone.
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Figure 2. NDRG1 expression is markedly up-regulated relative to the control after a 24 h/37 ◦C
incubation with DpC or Dp44mT. (A) Western blot analysis of endogenous NDRG1 levels in untreated
cells. GAPDH served as a loading control. (B) Western blot analysis of NDRG1 levels in Saos-2,
Daoy and SH-SY5Y cells after 24 h/37 ◦C of incubation with either control medium, DpC (20 µM; 10 µM
for Daoy), or Dp44mT (20 µM). GAPDH served as a protein loading control. All experiments were
repeated at least three times. Western blots are typical of three experiments, while the quantitation of
the blots is presented as mean ± SD (3 experiments). These data were analyzed by unpaired Welch’s
t-test followed by the Games-Howell post hoc test. * p < 0.05 indicates significant differences compared
to the respective control group.
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Figure 3. Changes in p-AKT (Ser473) level and total AKT protein expression after a 2 h/37 ◦C incubation
of DpC, Dp44mT, CX alone, or the combinations of DpC and CX, or Dp44mT and CX (concentrations at
IC50 levels; Table 1). Western blot analysis of p-AKT and total AKT using Saos-2, Daoy or SH-SY5Y cells
incubated with control medium or this medium containing CX, thiosemicarbazones, or thiosemicarbazones
combined with CX. GAPDH served as a loading control. The experiments were repeated at least three
times with quantitation being the results. Western blots are typical of three experiments, while the
quantitation of the blots is presented as mean ± SD (3 experiments). These data were analyzed using an
unpaired Welch’s t-test followed by the Games-Howell post hoc test.

2.3. DpC and Dp44mT Down-Regulate MGMT Expression

It is well known that the DNA repair enzyme, MGMT, inhibits TMZ activity within cells and
induces resistance to TMZ therapy [44]. Therefore, to explain the differences in the anti-proliferative
effects of thiosemicarbazones combined with TMZ between cell-types (see Table 2), we focused
on the possible interactions between the thiosemicarbazones and MGMT expression (Figure 4).
First, substantial differences in endogenous MGMT levels were found by immunoblotting between the
three cell-types (Figure 4A, Figure S4A). Considering this, while no appreciable MGMT expression
was detected in Saos-2 cells, SH-SY5Y cells exhibited two-fold higher MGMT levels than Daoy cells.

We then evaluated changes in MGMT levels after treatment with DpC or Dp44mT alone in the
three cell-types (Figure 4B, Figure S4B). Immunoblotting revealed no appreciable MGMT expression in
Saos-2 cells after treatment with thiosemicarbazones (Figure 4B, Figure S4B). This result is consistent
with the almost undetectable endogenous levels of MGMT observed in this cell-type (Figure 4A,
Figure S4A). On the other hand, both thiosemicarbazones alone decreased MGMT levels in Daoy and
SH-SY5Y cells (Figure 4B, Figure S4B).
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Figure 4. MGMT mRNA and protein expression was markedly down-regulated in cells after incubation
with either control medium, DpC (20 µM; 10 µM for Daoy), or Dp44mT (20 µM) for 24 h/37 ◦C.
(A) Western blot analysis of the endogenous MGMT level in untreated control cells. GAPDH served
as a loading control. (B) Western blot analysis of the MGMT level in Saos-2, Daoy and SH-SY5Y
cells after a 24 h/37 ◦C of incubation with DpC or Dp44mT. GAPDH served as a loading control.
(C) The graph shows changes in mRNA expression of MGMT in Saos-2, Daoy and SH-SY5Y cells
after 24 h of incubation with DpC or Dp44mT. These data were obtained by RT-qPCR. The levels of
gene expression after thiosemicarbazone treatment are presented as the log2 fold change in mRNA
expression relative to the untreated control. GAPDH served as a reference control. (D) Western blot
analysis of NDRG1 and MGMT levels after NDRG1 silencing. Two specific siRNAs for NDRG1 were
transiently transfected into Daoy cells with subsequent 48 h incubation. The cells were then transfected
with a non-targeting, negative control siRNA as a relevant control. GAPDH served as a protein loading
control. The western blots presented are from a typical experiment of three performed, while the
quantitation of the blots is presented as mean ± SD (three experiments). These data were analyzed
by the unpaired Welch’s t-test followed by the Games-Howell post hoc test. * (p < 0.05) indicates
significant differences compared to the respective control group.
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Reverse transcription quantitative real-time PCR (RT-qPCR) confirmed that in all three cell-types,
the relative expression of the MGMT gene was down-regulated relative to the control after a 24 h
treatment with each of the thiosemicarbazones alone at 5- or 20-µM (Daoy 10 µM DpC; Figure 4C).

To investigate the potential role of NDRG1 in the decrease of MGMT expression by thiosemicarbazones,
siRNA silencing of NDRG1 was adopted (Figure 4D, Figure S4C). For this analysis, Daoy cells were chosen
as the only cell-type with detectable endogenous NDRG1 and MGMT protein levels (Figures 2A and 4A).
The immunoblotting revealed that the silencing of NDRG1 by two different siRNA constructs resulted in
up-regulation of MGMT levels (Figure 4D, Figure S4C). Hence, considering these results, the up-regulation
of NDRG1 expression after DpC and Dp44mT treatment relative to the control (Figure 2B, Figure S2B),
could lead to the down-regulation of MGMT induced by these agents, at least in Daoy cells (Figure 4B;
Figure S4B).

2.4. DpC and Dp44mT Generally Down-Regulate the Mismatch Repair (MMR) Proteins, MSH2, MSH6 and
MLH1, Which May Also Affect Cellular Sensitivity to TMZ

To further understand the molecular mechanisms involved in the effects of combining TMZ with
the thiosemicarbazones, studies then examined the expression of mismatch repair (MMR) proteins,
which may also affect sensitivity of tumor cells to TMZ [44–46] (Figure 5A, Figure S5A). We compared
the endogenous levels of the most important MMR proteins, namely, MSH2, MSH6, and MLH1 [47],
in the three cell-types. MSH2, MSH6 and MLH1 levels were comparable in Saos-2 and Daoy cells,
while for SH-SY5Y cells approximately 2-fold higher levels of each protein relative to the other two
cell-types were observed (Figure 5A, Figure S5A).

Additional analyses demonstrated that a 24 h incubation with either DpC (20 µM; 10 µM for Daoy
cells) or Dp44mT (20 µM), down-regulated MLH1 levels in all three cell-types (Figure 5B, Figure S5B).
Decreased expression of MSH2 and MSH6 levels were also apparent in Daoy and SH-SY5Y cells after
a 24 h incubation with Dp44mT or DpC, while no marked change in their expression was observed
for Saos-2 cells (Figure 5B, Figure S5C). While this general decrease in MLH1, MSH2 and MSH6 after
incubation with Dp44mT or DpC could be expected to aid synergistic activity with TMZ, synergism
was only observed for DpC with Saos-2 and to a lesser extent with Daoy cells.

2.5. DpC and Dp44mT Down-Regulate TOP2α Expression

To explore the possible interaction between the thiosemicarbazones and ETO, we tested the
hypothesis that DpC and Dp44mT can modulate the level of TOP2α, which is the primary target of
ETO [48]. Analysis of endogenous TOP2α expression revealed that the levels of TOP2α were almost
two-fold higher in Daoy cells than in SH-SY5Y and Saos-2 cells (Figure 6A, Figure S6A).

Subsequently, studies analyzed TOP2α levels after 24 h of treatment with two different
concentrations of the thiosemicarbazones to determine if their effects were concentration-dependent.
In general, and relative to the control, down-regulation of TOP2α levels was observed at 20 µM of
either thiosemicarbazone using all three cell-types, with less effect being observed at 5 µM, especially
for SH-SY5Y cells where no decrease was apparent (Figure 6B, Figure S6B). Examining TOP2A mRNA
levels, both concentrations of the thiosemicarbazone decreased its expression in all three cell-types
(Figure 6C).
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Figure 5. Changes in the expression of MMR proteins after incubation with either control medium,
DpC (20 µM; 10 µM for Daoy), or Dp44mT (20 µM) for 24 h/37 ◦C. (A) Western blot analysis of
endogenous MSH6, MSH2 and MLH1 levels in untreated cells. (B) MSH6, MSH2 and MLH1 levels in
Saos-2, Daoy and SH-SY5Y cells after incubation with DpC or Dp44mT for 24 h. GAPDH served as a
protein-loading control. The western blots presented are from a typical experiment of three performed,
while the quantitation of the blots is presented as mean ± SD (3 experiments). These data were analyzed
using the unpaired Welch’s t-test followed by the Games-Howell post hoc test. * (p < 0.05) and **
(p < 0.001) indicate significant differences compared to the respective control group.
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Figure 6. TOP2α expression is down-regulated at the (A,B) protein and (C) mRNA levels after incubation
with either control medium, DpC (20 µM; 10 µM for Daoy), or Dp44mT (20 µM) for 24 h/37 ◦C. (A) Western
blot analysis of the TOP2α level in untreated Saos-2, Daoy and SH-SY5Y cells. GAPDH served as a
protein-loading control. (B) Western blot analysis of the TOP2α level in Saos-2, Daoy and SH-SY5Y cells
after incubation with DpC or Dp44mT for 24 h. GAPDH served as a protein-loading control. (C) The
graph shows changes in the mRNA expression of TOP2A in Saos-2, Daoy and SH-SY5Y cells after 24 h of
incubation with DpC or Dp44mT. These data were obtained by RT-qPCR. The levels of gene expression
after thiosemicarbazone treatment are presented as the log2 fold change in mRNA expression relative to
that in the untreated control. GAPDH served as a reference control. For all experiments, expression was
assessed in three biological replicates. The Western blots presented are from a typical experiment of three
performed, while the quantitation of the blots is presented as mean ± SD (three experiments). These data
were analyzed using the unpaired Welch’s t-test followed by the Games-Howell post hoc test. * (p < 0.05)
indicates significant differences compared to the respective control group.
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3. Discussion

Combination therapy remains a cornerstone of cancer treatment, and as such, it is essential to investigate
the synergistic activities of novel agents. The novel DpT class of thiosemicarbazones demonstrate: (1) potent
and selective anti-tumor activity; (2) the ability to overcome P-glycoprotein-mediated resistance [11,21];
and (3) can inhibit metastasis via up-regulating NDRG1 [10,17,24,25,27,49,50]. In fact, our extensive previous
studies, and subsequently those of others, have demonstrated that both Dp44mT [6,7,10–14,22,51,52] and
DpC [12,15,16,22,52,53] show selective and potent anti-cancer efficacy in vitro and in vivo against a broad
variety of tumor cell-types and tumors (e.g., lung cancer, melanoma, neuroblastoma, neuroepithelioma
ovarian carcinoma) [6,7,10–32]. Due to the marked and selective activity and excellent safety and tolerability
of DpC, the agent was examined in multi-centre, Phase I clinical trials in humans [54].

As a pertinent example of their utility in pediatric oncology, our previous studies in vitro have
demonstrated that both DpC and Dp44mT (at 2.5 µM) showed no pronounced anti-proliferative
activity against the non-tumorigenic, immortalized cell lines (i.e., MSC, H9C2, MIHA, and HK2),
but demonstrated marked anti-tumor efficacy against neuroblastoma cells [12]. This led to studies using
orthotopic neuroblastoma xenografts, which demonstrated that DpC significantly inhibited tumor
growth and was well tolerated [12]. Considering these results collectively, which demonstrate potent
and safe anti-cancer activity, it was important to investigate the ability of these thiosemicarbazones to
synergize with established chemotherapies for the treatment of childhood cancers.

As shown in the current investigation, both thiosemicarbazones (DpC and Dp44mT) potentiated
the cytotoxic activity of CX in particular, and to a much lesser extent, TMZ and ETO (Table 2).
The synergistic interactions of the thiosemicarbazones with each chemotherapeutic drug assessed
probably resulted from different pharmacological interactions.

3.1. Combination of the Novel Thiosemicarbazones and CX

The combination of DpC or Dp44mT and CX exhibited enhanced anti-proliferative activity
and acted generally synergistically in all three cell-types, except for DpC treated SH-SY5Y cells.
We hypothesized that COX-2 activity can be modulated by both CX and thiosemicarbazones, as the
catalytic domain of CX contains an iron-dependent heme prosthetic group that is necessary for its
activity [55]. Due to the well-known iron chelation activity of DpC and Dp44mT [6,16], it can be
hypothesized that thiosemicarbazones chelate cellular iron necessary for heme biosynthesis, which is
critical for COX-2 function.

To examine the effect of DpC or Dp44mT on COX-2 expression, their effects were assessed
using Western blot analysis and qRT-PCR, with these studies demonstrating up-regulation of COX-2
expression at the mRNA and protein levels in Daoy and SH-SY5Y, while Saos2 cells did not express
appreciable COX-2 protein levels. The observed increase in COX-2 expression after incubation with
thiosemicarbazones can be speculated to be a “rescue” attempt by the cells to compensate for the loss
of COX-2 function.

Assessing the mechanism of synergy between the thiosemicarbazones and CX, it is of interest
that the strongest synergy for this combination was observed in COX-2 negative Saos-2 cells (Table 2).
These data indicated that the mechanism of synergy in this cell-type was independent of COX-2 and
suggested the existence of another molecular target. Other molecular targets of CX include AKT,
its upstream kinase 3-phosphoinositide-dependent kinase-1 [41], cyclin-dependent kinase inhibitors and
cyclins [52], the anti-apoptotic proteins survivin, Bcl-2 and Mcl-1 [56], and the sarcoplasmic/endoplasmic
reticulum calcium ATPase [57]. Considering this, thiosemicarbazones have been demonstrated to
target AKT and cyclin-dependent kinase inhibitors, e.g., p21 and p27, with many of their effects being
mediated by the up-regulation of the metastasis suppressor, NDRG1 [25,51,58–60].

As such, to examine whether NDRG1 could be involved in the synergistic activity of
thiosemicarbazones with CX (Table 2), the expression of endogenous NDRG1 was examined. These studies
demonstrated that NDRG1 expression was up-regulated in all three cell-types by both thiosemicarbazones.
Examining Saos-2 cells, which exhibited the highest NDRG1 expression (Figure 2A,B), it was demonstrated
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that both thiosemicarbazones exhibited strong synergy with CX. Assessing SH-SY5Y cells, which expressed
the lowest NDRG1 level, Dp44mT and CX exhibited only moderate synergy, while DpC and CX had an
antagonistic effect. Thus, it can be suggested that the synergistic activity of the thiosemicarbazones and CX
could be associated with high endogenous NDRG1 levels.

3.2. Combination of Novel Thiosemicarbazones and TMZ

A synergistic effect of the novel thiosemicarbazones in combination with TMZ was only observed
for DpC-treated Saos-2 cells, with slight synergism being identified in Daoy cells (Table 2). In the
other cell-types the combination of thiosemicarbazones and TMZ had additive or antagonistic effects.
Given the mechanism of action of TMZ, we hypothesized that the observed differences in the effects of
the different drug combinations among the cell-types could be due to different expression of either:
(1) MGMT, whose repair activity inhibits TMZ activity and induces resistance to this drug [61,62]; or (2)
proteins belonging to the MMR system (MSH2, MSH6, and MLH1) of DNA repair, which may also
influence to TMZ sensitivity [63]. Of note, it has been demonstrated that binding of Zn2+ is necessary for
the proper function of MGMT [64]. As DpC and Dp44mT chelate Zn(II) [20], we hypothesized that DpC
and Dp44mT decrease MGMT activity by this mechanism and may potentiate TMZ anti-tumor activity.

Our results demonstrated that thiosemicarbazones down-regulate MGMT protein expression
in all tested cell-types except Saos-2 cells, which did not express appreciable MGMT protein levels
(Figure 4A,B). As the strongest synergism was observed in Saos-2 cells incubated with DpC (Table 2),
it was unlikely that MGMT expression was a major molecular target that led to this response.
Additionally, while thiosemicarbazones down-regulate MGMT in Daoy and SH-SY5Y cells, antagonism
or slight synergism was observed for the combination of thiosemicarbazones and TMZ (Table 2). Again,
this indicated MGMT down-regulation by thiosemicarbazones did not lead to marked synergism.

Because MGMT is a significant molecular target, and since the thiosemicarbazones down-regulate
its protein levels in Daoy and SH-SY5Y cells, it was of interest to understand the mechanism of this
activity, which could be beneficial for understanding the efficacy of these agents. One of the important
effectors of DpC and Dp44mT anti-tumor activity is NDRG1 expression [7,10,15,17,22,23,25,27–29].
It is well known that thiosemicarbazones and NDRG1 can inhibit Wnt signaling and effects [10,27,29],
with inhibition of Wnt activity being reported to down-regulate MGMT expression that restored
chemosensitivity to TMZ [65].

Based on the relationship between the marked increase in NDRG1 expression (Figure 2B) and
decreased MGMT protein levels after thiosemicarbazone treatment (Figure 4B), we hypothesized that
NDRG1 up-regulation by thiosemicarbazones down-regulated MGMT. This premise was confirmed
by NDRG1 silencing using two different siRNA constructs, where inhibition of NDRG1 expression
resulted in increased MGMT levels in Daoy cells (Figure 4D).

NDRG1 is a metastasis suppressor that acts through an impressive array of anti-oncogenic
effectors in addition to MGMT [7,10,15,17,22,23,25,27–29]. As such, the ability of thiosemicarbazones to
up-regulate NDRG1 may relate to the synergistic activity observed between TMZ and DpC in Saos2 and
Daoy cells, although further studies are essential to demonstrate this. From these studies, and also the
correlation between NDRG1 expression and synergism with CX discussed above, it can be concluded
than NDRG1 up-regulation by thiosemicarbazones is an important factor for their synergistic activity
upon combination with other drugs in pediatric tumor cell-types.

The proteins MSH6, MSH2 and MLH1 are necessary for the coordinated, multi-step process
of excision and replacement of nucleic acid bases to ensure DNA repair [66]. Considering that the
thiosemicarbazones down-regulated MMR protein expression particularly in Daoy and SH-SY5Y cells
(Figure 5B), this would presumably aid the DNA alkylating activity of TMZ, and may explain the
synergistic or additive interactions of thiosemicarbazones with TMZ in Saos-2 and Daoy cells (Table 2).
However, the general down-regulation of MMR expression by the thiosemicarbazones does not explain
the antagonism or moderate antagonism observed after their combination with TMZ in other cell-types.
These data suggest more complex interactions that need to be further assessed.
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3.3. Combination of Novel Thiosemicarbazones and ETO

The combination of DpC or Dp44mT and ETO only had synergistic effects in Daoy cells, whereas for
SH-SY5Y and Saos-2 cells, antagonism was observed. When analyzing the possible drug interactions,
we focused on the fact that the thiosemicarbazone, Dp44mT, and ETO inhibit the activity of TOP2α [36,67].
However, while Dp44mT was reported in one study to inhibit TOP2α [67], a subsequent investigation
did not confirm this result and demonstrated Dp44mT did not affect TOP2α activity [68]. For both
these studies by others, the effect of neither DpC nor Dp44mT was assessed directly on the basis of
mRNA or protein levels of TOP2α. In contrast, the current investigation demonstrated DpC and Dp44mT
down-regulated TOP2α mRNA and protein expression of TOP2α in all three cell-types.

Based on these latter results, we expected synergism between thiosemicarbazones and ETO. This was
predicted because ETO is a TOP2α poison, which is well known to inhibit tumor cell growth [36,69]. Thus,
having two pharmacologically different types of agents (thiosemicarbazones and ETO) acting on the
same molecular target by different mechanisms (i.e., expression and enzymatic activity) would potentially
be beneficial, leading to synergism. On the other hand, previous studies have demonstrated that an
important determinant of sensitivity to TOP2α poisons is the overall endogenous level of TOP2α, with low
TOP2 levels showing resistance to ETO [69,70]. As such, antagonism between thiosemicarbazones that
decrease TOP2α expression and ETO could also be theoretically envisioned.

The Daoy cell-type expressed the highest endogenous level of TOP2α of the three cell-types
and demonstrated synergistic activity with the combination of the thiosemicarbazones and ETO.
In contrast, lower levels of TOP2α were observed in Saos-2 and SH-SY5Y cells where antagonism was
identified. In all cell types, there was a decrease in TOP2α expression after incubation with either of
the thiosemicarbazones. Considering these facts, it can be speculated that the relative levels of TOP2α
could be important in terms of whether synergism or antagonism is observed. However, further studies
are required to definitely determine the molecular mechanism involved.

In summary, the collective results of this investigation identified novel molecular targets of
thiosemicarbazones in pediatric cancer cell-types. Moreover, the work provides new mechanistic insight
into the alterations in anti-tumor efficacy of CX, ETO and TMZ upon combination with DpC or Dp44mT.
As DpC has entered clinical trials [11], these data are useful for guiding future combinatory studies.

4. Materials and Methods

4.1. Chemicals

DpC and Dp44mT were synthesized and characterized as described previously [16,18].
Both thiosemicarbazones were prepared as stock solutions in DMSO at a concentration of 100 mM
(Sigma-Aldrich, St. Louis, MO, USA) and then diluted in cell culture medium to achieve a DMSO
concentration <0.5% (v/v). At this concentration of DMSO there was no effect on cellular proliferation
relative to control medium [8]. The clinically used chemotherapeutics, namely ETO (Cat. No. E1383),
CX (Cat. No. PZ0008) and TMZ (Cat. No. T2577), were obtained from Sigma-Aldrich, prepared as stock
solutions in DMSO at a concentration of 100 mM, and then diluted as described above.

4.2. Cell Culture

Saos-2 osteosarcoma cells (Cat. No. HTB-85) and Daoy medulloblastoma cells (Cat. No. HTB-186™)
were purchased from the American Type Culture Collection (Manassas, VA, USA). SH-SY5Y neuroblastoma
cells (Cat. No. 94030304) were purchased from The European Collection of Authenticated Cell Cultures
(Salisbury, UK).

The Daoy and Saos-2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, and the antibiotics, penicillin
(100 IU/mL) and streptomycin (100 µg/mL) (all from GE Healthcare Europe GmbH, Freiburg, Germany).
The medium used for Daoy cells was supplemented with 1% non-essential amino acids (Biosera,
Nuaille, France).
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SH-SY5Y cells were cultured in a mixture of DMEM/F12 (1:1) supplemented with 20% FCS, 2 mM
glutamine and the antibiotics, penicillin (100 IU/mL) and streptomycin (100 µg/mL) (all from GE
Healthcare), and 1% nonessential amino acids (Biosera).

All cells were maintained under standard cell culture conditions at 37 ◦C in an atmosphere of 95%
air, 5% CO2.

4.3. siRNA

Two specific siRNAs for NDRG1 were used, namely siNDRG1 I (Cat. No. AM16708, ID: 135611;
ThermoFisher Scientific, Waltham, MA, USA) and siNDRG1 II (Cat. No. AM16708, ID 135612; ThermoFisher
Scientific). These were compared with non-targeting negative control siRNA (Cat. No. 4390846,
ThermoFisher Scientific). The siRNA was transiently transfected into Daoy cells using Lipofectamine
RNAiMAX (ThermoFisher Scientific) and incubated for 48 h/37 ◦C.

4.4. Treatment Protocol

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) proliferation assay
(see Section 4.5, below) was employed to quantify synergy between the selected drugs and
thiosemicarbazones. Cells were seeded in 96-well plates at a density of 5 × 103 cells/well (SH-SY5Y and
Saos-2 cells) or 2 × 103 cells/well (Daoy cells) in 100 µL of complete DMEM. Different seeding densities
were used to ensure that the cells remained in the log phase of growth during drug incubation.

The cells were allowed to adhere overnight, and the medium was then removed and replaced with
fresh medium containing the appropriate concentrations of either of the drugs (DpC, Dp44mT, CX,
ETO, or TMZ) alone or in appropriate combinations. The drug concentrations used for combination
treatments were based on the initial IC50 values (1/8-, 1/4-, 1/2-, 1-, 2-, 4-, and 8-fold of IC50) of each drug,
and therefore, they were specific for each cell line examined. The plates were incubated for 3 days at
37 ◦C.

To investigate the molecular effects of the thiosemicarbazones in combined treatments, samples
were prepared for immunoblotting and RT-qPCR. Cells were seeded in Petri dishes (90 mm diameter)
at a density of at 5 × 105/dish and allowed to adhere overnight. The next day, the cells were treated
with the individual thiosemicarbazones at concentrations higher than the IC50 value for 24 h at 37 ◦C,
and the expression changes then examined.

This shorter incubation period of 24 h prevented cytotoxicity, which would confound data
interpretation. Therefore, the following concentrations were chosen: DpC: 5 µM and 20 µM; Dp44mT:
5 µM and 20 µM. Of note, due to the high cytotoxicity of 20 µM DpC in Daoy cells, DpC was used in
these cells at concentrations of 5 µM and 10 µM. Treated cells and untreated controls were incubated
under standard conditions for 24 h/37 ◦C.

In addition, the effects of combination treatment with the thiosemicarbazones and CX were
analyzed in more detail. For this purpose, cells plated in Petri dishes (90 mm diameter) were treated
with the IC50 doses of DpC, Dp44mT, CX, or the combinations of DpC and CX, or Dp44mT and
CX. The cells were then incubated under standard conditions for 2 h/37 ◦C before being processed
for immunoblotting.

4.5. Cell Proliferation

The MTT assay was used to evaluate cell proliferation and was performed as described [71].
As shown previously, the number of cells was demonstrated to be a linear function of MTT absorbance [8].
Briefly, the cells were treated and incubated for 3 days (see Section 4.3). Subsequently, they were then
incubated with MTT (0.5 mg/mL; Sigma-Aldrich) for 3 h/37 ◦C. Then, the formazan crystals were
dissolved in 200 µL of DMSO. The absorbance was measured at 570 nm with a reference absorbance of
620 nm using a Sunrise Absorbance Reader (Tecan, Männedorf, Switzerland).
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4.6. Calculation of CI

CIs were calculated to quantitatively compare the dose-effect relationship of each drug alone or in
combination to determine whether a given combination acts synergistically. CIs were calculated from
growth inhibition curves, as previously described [16]. A 1:1 ratio of drugs was used for combination
treatments. The CI values were determined using CalcuSyn software (version 2.0, Biosoft, Cambridge,
UK). The Chou Talalay method was adopted to identify synergism (CI < 0.9), additive effect (CI = 0.9–1.1)
or antagonism (CI > 1.1) [72].

4.7. RT-qPCR

The relative expression of selected genes was analyzed using RT-qPCR. Total RNA was isolated
and reverse transcribed into cDNA by established methods [63]. RT-qPCR was performed in a 10-µL
reaction using a Kapa Biosystems Quantitative Real-Time PCR kit (Kapa Biosystems, Wilmington, MA,
USA) and analyzed using a 7500 Fast Real-Time PCR System and 7500 Software v. 2.0.6 (both Life
Technologies, Carlsbad, CA, USA). Changes in transcript levels were examined using Cq values
normalized to the housekeeping gene, GAPDH. The primer sequences used for TOP2A, PTGS2, MGMT
and the GAPDH genes are provided in Table 3.

Table 3. Sequences of the primers used for RT-qPCR.

Gene Primer Sequence Product Length (bp)

GAPDH F: 5′-AGC CAC ATC GCT CAG ACA CC-3′

R: 5′-GTA CTC AGC GCC AGC ATC G-3′ 302

MGMT F: 5′-CCGTTTGCGACTTGGTACTTG-3′

R: 5′-TGGTGAACGACTCTTGCTGG-3′ 312

PTGS2 F: 5′-GATGATTGCCCGACTCCCTT-3′

R: 5′-TGAAAAGGCGCAGTTTACGC-3′ 273

TOP2A F: 5′-ACCATTGCAGCCTGTAAATGA-3′

R: 5′-GGGCGGAGCAAAATATGTTCC-3′ 129

Abbreviations: F, forward; R, reverse.

4.8. Immunoblotting Assay

Protein extracts were collected using LB1 lysis buffer (50 mM Hepes-KOH, pH 7.5, 140 mM NaCl,
1 mM EDTA, 10% glycerol, 0.5% NP-40, and 0.25% Triton X-100). Total proteins (50 µg/well) were
loaded onto 10% polyacrylamide gels and electrophoresed. Subsequently, the separated proteins were
blotted onto PVDF membranes (Bio-Rad Laboratories, Munich, Germany).

The membranes were blocked for 1 h/20 ◦C with 5% BSA (Sigma-Aldrich) in PBS with 0.1%
Tween-20 (Sigma-Aldrich) to detect p-AKT, or with 5% non-fat dry milk in PBS with 0.1% Tween-20 to
detect all other proteins.

The blocked membranes were incubated overnight with the primary monoclonal antibodies listed
in Table 4. The next day, the membranes were incubated with secondary antibodies for 1 h/20 ◦C (Table 4).
ECL-Plus detection was carried out according to the manufacturer’s instructions (GE Healthcare,
Little Chalfont, UK). Quantification of the protein bands on western blots was performed using ImageJ
software (NIH, Bethesda, MD, USA).
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Table 4. Primary and secondary antibodies used in this study.

Primary Antibodies

Antigen Type/Host Clone Catalog No. Manufacturer Dilution

AKT (pan) * Mono/Rb C67E7 4691S CST 1:2000
p-AKT (Ser473) Mono/Rb D9E 4060S CST 1:2000

COX-2 Mono/Rb D5H5 12282S CST 1:1000
GAPDH Mono/Rb 14C10 2118S CST 1:10,000
MGMT Mono/Mo - 51234M Bioss 1:1000
MLH1 Mono/Mo 4C9C7 3515S CST 1:1000
MSH2 Mono/Rb D24B5 2017S CST 1:2500
MSH6 Mono/Rb D60G2 5424S CST 1:2500

NDRG1 Mono/Rb - 9485 CST 1:2000
TOP2α Mono/Rb D10G9 12286 CST 1:1000

Secondary Antibodies

Host Specificity Conjugate Catalog No. Manufacturer Dilution

Goat Anti-Rb IgG HRP 7074 CST 1:5000
Horse Anti-Mo IgG HRP 7076 CST 1:5000

* Abbreviations: Mono, monoclonal; Rb, rabbit; Mo, mouse; CST, Cell Signaling Technology Inc., Danvers, MA,
USA; Bioss, Bioss Antibodies Inc., Woburn, MA, USA.

4.9. Statistics

SPSS Statistics software (version 25.0, IBM, New York, NY, USA) was used for statistical analysis.
Numerical data are presented as the mean ± standard deviation (of three independent experiments).
Statistical comparisons of the RT-PCR and immunoblotting results were performed using an unpaired
Welch’s t-test. p < 0.05 (*) indicates significant differences compared to the respective control group.
In all studies, experiments were independently performed at least three times.

5. Conclusions

In conclusion, the current investigation clearly demonstrated that DpC and Dp44mT potentiate
the cytotoxic effects of selected chemotherapeutics used in metronomic regimens in pediatric oncology.
The most marked synergism of the thiosemicarbazones was observed with CX, while synergism
or slight synergism was only found for TMZ with DpC in two cell-types. Etoposide demonstrated
largely antagonistic effects with the thiosemicarbazones, while nearly additive activity was found for
Daoy cells.

In terms of mechanistic dissection, this study discovered several novel targets of thiosemicarbazones
that had not been identified previously. These new targets could be important to consider when
assessing possible drug combinations. For instance, this study demonstrated that both DpC and Dp44mT
caused: (1) substantial up-regulation of COX-2 protein expression, but only in Daoy and SH-SY5Y cells;
(2) down-regulation of the DNA repair protein MGMT in Daoy and SH-SY5Y cells; (3) down-regulation
of MMR repair proteins, MSH2 and MSH6, in Daoy and SH-SY5Y cells; and (4) down-regulation of the
MMR repair protein, MLH1, and Topo-2α in all three cell-types.

Additionally, as demonstrated previously in a variety of adult cancer cell-types, the thiosemicarbazones
demonstrated strong activity at up-regulating NDRG1 in all three pediatric tumor cell lines. The up-regulation
of NDRG1 was responsible for the down-regulation of MGMT in Daoy cells, which is important for preventing
drug resistance to agents such as TMZ. Furthermore, a positive relationship was observed between NDRG1
levels of the cell-type and the synergistic activity observed in the combination of thiosemicarbazone and CX.

Of the combinations examined, the most promising was that using CX and either DpC or Dp44mT.
This may be related to the ability of the thiosemicarbazones to up-regulate COX2 expression, although
further studies are required to validate this.

In conclusion, the results herein provide new insight into the alterations in anti-neoplastic activity
of CX, ETO and TMZ upon combination with DpC or Dp44mT. As DpC has entered clinical trials [11],
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these data could be important for guiding future combinatory studies in vivo in animal models and
eventually in human trials.
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The specific targeting of signal transduction by low-molecular-weight inhibitors or

monoclonal antibodies represents a very promising personalized treatment strategy in

pediatric oncology. In this study, we present the successful and clinically relevant use

of commercially available phospho-protein arrays for analyses of the phosphorylation

profiles of a broad spectrum of receptor tyrosine kinases and their downstream signaling

proteins in tumor tissue samples. Although these arrays were made for research

purposes on human biological samples, they have already been used by several authors

to profile various tumor types. Our study performed a systematic analysis of the

advantages and pitfalls of the use of this method for personalized clinical medicine. In

certain clinical cases and their series, we demonstrated the important aspects of data

processing and evaluation, the use of phospho-protein arrays for single sample and serial

sample analyses, and the validation of obtained results by immunohistochemistry, as well

as the possibilities of this method for the hierarchical clustering of pediatric solid tumors.

Our results clearly show that phospho-protein arrays are apparently useful for the clinical

consideration of druggable molecular targets within a specific tumor. Thus, their potential

validation for diagnostic purposes may substantially improve the personalized approach

in the treatment of relapsed or refractory solid tumors.

Keywords: phospho-protein arrays, receptor tyrosin kinases, signal transduction, low-molecular-weight inhibitors,

pediatric solid tumors, phosphorylation profiling

INTRODUCTION

Current curative treatment regimens for high-risk pediatric solid tumors consist of
surgery, sometimes radiotherapy (to achieve adequate local control) and different intensive
chemotherapeutic schedules, with a highly limited role of targeted agents thus far. Despite this
multimodal approach, the rate of survival in patients suffering from refractory or relapsed solid
tumors is still disappointing, and treatment is accompanied by many early and late side effects.
This finding supports the need for more effective therapeutic approaches that are based on the
principle of personalized medicine (1).
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The personalized treatment of malignant diseases is defined
as evidence-based, individualized medicine that delivers the right
care to the right cancer patient at the right time (2). This
personalized approach leads to measurable improvements in
patient outcomes and thus to a rational distribution of health care
costs (3). Therefore, such molecular individualized medicine has
recently prevailed in traditional “one size fits all” medicine (2).

One very promising strategy involves the specific targeting of
signal transduction by small molecule inhibitors or monoclonal
antibodies; some of these medications have recently been
tested in phase I and phase II clinical trials (4, 5). However,
the basic step for this personalized approach includes the
precise characterization of the individual tumor regarding the
receptor tyrosine kinase (RTK) pattern—both the expression
and phosphorylation correlating with activation—as well as of
downstream signaling pathways. In the majority of published
studies on this topic, total protein expression levels were usually
considered, mostly on archival formalin-fixed paraffin-embedded
(FFPE) tumor samples (6–8).

Nevertheless, a specific screening approach for activated, i.e.,
phosphorylated, RTKs and/or downstream signaling molecules
should provide more accurate data concerning the dependency
of tumor cells on a particular pathway and may provide a better
guide for treatment choice (4, 9). In this article, we report
the experimental use of commercially available phospho-protein
arrays designed for the rapid screening of phosphorylated RTKs
and other signaling molecules in several types of pediatric solid
tumors. Although these arrays were made for research purposes
on human biological samples, they have already been used for
the characterization of certain tumors in adults (10, 11) and
sporadically for the characterization of pediatric tumors (12–
14). Nevertheless, no systematic analysis of the advantages and
pitfalls of the possible use of this method for personalized clinical
medicine is available. Thus, we hope that our results on the
experimental use of this method may help validate its potential
for clinical practice.

MATERIALS AND METHODS

Tumor Samples
Tumor samples obtained from patients suffering from various
types of relapsed or refractory pediatric solid tumors were
included in this study. Written informed consent on the
use of these samples and corresponding clinical data for
research purposes were obtained from each patient or from
the patient’s parents/guardians. The Research Ethics Committee
of the School of Medicine, Masaryk University (Brno, Czech
Republic) approved the study protocol (certificate No. 29/2015).
A description of the individual patients included in this
study is given in Table 1. After surgery, the excised tumor
tissue was examined macroscopically by pathologist and cut
into two parts: one of them was designated for further
microscopic examinations, and the second one was immediately
frozen in liquid nitrogen. These frozen tumor samples were
then processed for analyses using phospho-protein arrays. For
immunohistochemistry (IHC) analyses, FFPE tumor samples

TABLE 1 | Overview of patients and their samples included in this study.

Sample No. Sample type Patient age

range (months)

Tumor histology

1 Primary tumor 85–90 Malignant

perivascular

epitheliod cell tumor

(PEComa)

2a Primary tumor 185–190 Anaplastic

ependymoma

2b Relapsed primary tumor 215–220

3 Relapsed primary tumor 35–40 Anaplastic

ependymoma

4 Primary tumor 0–5 Infantile

myofibromatosis

5 Primary tumor 20–25 Fibrodysplasia

ossificans

proggressiva

6 Lung metastasis 200–2005 Osteosarcoma

7 Primary tumor 95–100 Osteosarcoma

8a Primary tumor 35–40 Alveolar

rhabdomyosarcoma

8b Relapsed primary tumor 45–50

8c Lymph node metastasis 45–50

8d Lymph node metastasis 80–85

9 Primary tumor 20–25 Neuroblastoma

10 Primary tumor 30–35 Neuroblastoma

11 Orbital metastasis 15–20 Neuroblastoma

12 Hip metastasis 60–65 Neuroblastoma

13 Mediastinal metastasis 125–130 Neuroblastoma

14 Relapsed primary tumor 185–190 Pilocytic astrocytoma

15 Relapsed primary tumor 60–65 Pilocytic astrocytoma

16 Primary tumor 10–15 Pilomyxoid

astrocytoma

17 Primary tumor 180–185 Glioblastoma

18 Relapsed primary tumor 140–145 Glioblastoma

19 Spinal cord metastasis 240–245 Medulloblastoma

were retrieved from files of the Department of Pathology,
University Hospital Brno, Czech Republic.

Phospho-Protein Array Analysis
The relative phosphorylation levels of the selected target
molecules involved in signal transduction pathways in human
cells were analyzed using two types of commercially available
phospho-protein arrays (R&D Systems, Minneapolis, MN, USA).
The Proteome ProfilerTM Human Phospho-RTK Array Kit (R&D
Systems, Cat. No. ARY001B) was designed for the parallel
detection of the activities of 49 RTKs (Supplementary Table 1),
and the Proteome ProfilerTM Human Phospho-MAPK Array Kit
(R&D Systems, Cat. No. ARY002B) was designed for the parallel
detection of 26 downstream signaling molecules, including 9
MAPKs (Supplementary Table 2). Deeply frozen tumor tissue
samples were cut with a scalpel in 400 μl of appropriate
lysis buffer on ice. Lysis Buffer 17 and Lysis Buffer 6 (both
R&D Systems) were used for Phospho-RTK and Phospho-
MAPK array kit, respectively. After complete homogenization,
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TABLE 2 | Overview of antibodies used in this study.

Antigen Type/host Cat. No. (all Abcam) Dilution Positive control

EGFR (total) Monoclonal/Rb ab52894 1:200 Endometrial carcinoma

EGFR (anti-pTyr1092) Monoclonal/Rb ab40815 1:400 Papillary carcinoma of thyroid glad

PDGFRβ (total) Monoclonal/Rb ab32570 1:100 Breast and spleen

PDGFRβ (anti-pTyr751) Polyclonal/Rb ab51046 1:100 Brain

InsRβ (total) Polyclonal/Rb ab5500 1:200 Breast carcinoma

InsRβ (anti-pTyr1185) Polyclonal/Rb ab203278 1:150 Lung

Akt1/2/3 (total) Monoclonal/Rb ab32505 1:100 Prostate carcinoma

Akt1/2/3 (anti-pSer473) Monoclonal/Rb ab81283 1:50 Cervical carcinoma

ERK1/2 (total) Monoclonal/Mo ab54230 1:100 Stomach

ERK1/2 (anti-pThr202/pTyr204//pThr185/pTyr187) Monoclonal/Mo ab50011 1:100 Brain

the whole suspension was centrifuged for 5min at 14,000 g.
The supernatants were used as whole-tissue lysates and then
processed according to the manufacturer’s protocol. The levels of
phosphorylation were quantified using ImageJ software (15). The
detailed procedure of data acquisition and processing is described
below in the relevant part of the Results.

Immunohistochemical Analysis
Representative sections from relevant FFPE tumor samples were
analyzed by IHC to determine the total and phosphorylated
levels of the protein of interest. All of the antibodies used in
this protocol are described in Table 2. The 4-μm-thick sections
from FFPE blocks were deparaffinized with pure xylene for 3
× 5min, washed in 96% alcohol for 3 × 5min and then rinsed
with distilled water. In the next step, endogenous peroxidase was
inactivated by 3% H2O2 in methanol for 10min, and the samples
were washed in distilled water. Antigen retrieval was then
performed by incubation in citrate buffer (pH 6.0) at 98◦C for
20min followed by cooling for 20min and rinsing with PBS for 3
× 5min. The incubation with primary antibodies was performed
in a wet chamber at room temperature for 1 h, and samples
were then rinsed with PBS for 3 × 5min. The EnVision+System
streptavidin-biotin peroxidase detection system (Dako, Glostrup,
Denmark) was used according to the manufacturer’s protocol
in the wet chamber at room temperature for 45min followed
by washing in PBS and visualization using 3,3’diaminobenzidine
as a substrate (Sigma-Aldrich, St. Louis, MO, USA). Nuclei
were counterstained with Gill’s hematoxylin for 1min followed
by bluing in water for 2–3min for optimal results. Finally,
the samples were dehydrated in a series of upconcentrated
ethanol baths, cleared in xylene and mounted onto EntelanTM

slides (Entelan Microscopy, Karlsruhe, Germany). Positive and
negative controls were evaluated in each IHC run. Positive
controls for each protein are listed in Table 2. Negative controls
consisted of slides run without the primary antibodies. An
Olympus BX45 microscope (Olympus Optical, Tokyo, Japan)
equipped with an Olympus DP50 digital camera was used for
the evaluation of IHC staining and to capture the micrographs.
Olympus Viewfinder LiteTM software was used to process
the images.

Statistical Analysis
Hierarchical clustering was used for multidimensional kinase
phosphorylation data analysis to identify possible characteristic
patterns of the kinase phosphorylation status for different
diagnostic groups. Data preprocessing was performed as follows.
Digitalized density levels were logarithmically transformed, and
normalization and scaling of the data matrix were performed to
enable comparison among samples. After filtering significantly
different kinases, supervised clustering was applied. Hierarchical
clustering using aWardmethodwith correlation distancemetrics
was performed. Data are presented using heatmap plots. Analyses
were performed using R 3.4.3 (16) with gplots (17).

RESULTS

Although the phospho-protein arrays employed in this study
were designed and produced by the manufacturer for research
purposes only, our experimental results showed that they may
also be successfully used for the rapid screening of active
signal transducers as potential therapeutic targets in tumor
tissue samples obtained from individual patients. Furthermore,
we also showed that these arrays are also very suitable for
comparative analyses of respective phospho-protein profiles
among and/or within different tumor types, as described below in
detail. Nevertheless, the use of phospho-protein arrays for these
purposes encompasses several important aspects that must be
carefully considered in the view of the correct interpretation of
obtained results.

Data Acquisition and Processing
The phospho-protein arrays used in our experiments are based
on analysis of tissue samples on nitrocellulose membranes,
where specific antibodies against selected kinases are spotted
in duplicate. In addition to these antibodies, each membrane
contains three positive reference double spots and one negative
control containing PBS only, which is also spotted in duplicate
(Figures 1A,E). Tissue lysates are applied to this membrane, and
both phosphorylated and unphosphorylated proteins are bound
to the respective antibodies at an equimolar ratio.

In the phospho-RTK array, the phosphorylated proteins are
distinguished only by a pan-anti-phospho-tyrosine antibody
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FIGURE 1 | One sample analysis of phospho-RTK and phospho-MAPK array. The array images are shown for both arrays (A,E), and the six most phosphorylated

proteins are marked in black rectangles. Positive reference double spots are marked in red rectangles; area of negative control spots is marked in green rectangle. The

most phosphorylated RTKs (B–D) and MAPKs or other downstream signaling molecules (F–H) are displayed according to intensity of phosphorylation. Absolute

values of integrated pixel density (B,F) of different kinases are displayed also as a percentage of the maximal pixel density (C,G) or as a percentage of the total sum of

pixel density (D,H) (y-axis).

conjugated with horseradish peroxidase. This allows us to detect
all phosphorylated tyrosines that are predominantly located on
the cytoplasmic part of the RTK molecule and thus reflect the
overall activity of the receptor in question.

In the phospho-MAPK array, a mixture of biotinylated anti-
phospho-kinase antibodies followed by streptavidin conjugated
with horseradish peroxidase is used to distinguish between
phosphorylated and unphosphorylated proteins. Each individual
antibody in this antibody mixture is designed to detect a specific
phosphorylation site (or sites) of each particular signaling protein
included in the array. A table containing the overview of
phosphorylation sites for all detected proteins is given in the
manufacturer’s manual.

Finally, the luminescence induced by the addition of a
chemiluminescent substrate is captured on X-ray film in both
arrays (Figures 1A,E). As described in our previous studies, the
levels of phosphorylation were quantified using ImageJ software
(15) and subsequently normalized to the positive control spots
(18). Although the experimental use of a phospho-protein array
is usually based on the comparison of acquired data with a
reference cell line (18) or with untreated control cells (19),
the employment of these arrays in clinical practice apparently
requires a different approach.

We presumed that highly phosphorylated proteins, as detected
by these arrays, are highly activated within the tumor tissue

and thus represent the most suitable targets for treatment with
available small-molecule inhibitors or monoclonal antibodies
(20). To evaluate the results of one sample analysis, it is possible
to use the absolute values of integrated density as obtained
by the employment of image analysis software (Figures 1B,F).
Alternatively, the data can be normalized to the maximal
integrated density achieved in each individual array, i.e., the
highest value indicates 100% phosphorylation (Figures 1C,G).
The third method by which to process the obtained data is
recommended by ImageJ software documentation (15): the
integrated densities of each kinase are displayed as a percentage
of the total sum of density (Figures 1D,H). The resulting
phosphorylation profiles obtained by these three processing
modes are identical to each other, and they show the same
differences in the phosphorylation of kinases included in the
respective array (Figures 1B–D,F–H).

From the clinical viewpoint, the results described above
(Figure 1) are those obtained by the analysis of tumor
tissue obtained from patient No. 1 (Table 1). This sample
was obtained by surgical resection of the tumor mass
from the supravesical space. According to the results from
molecular biology analyses, including these phospho-
profiles, the patient was treated with low-molecular-weight
inhibitors (everolimus and sunitinib), and complete remission
was achieved.
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The results from RTK phospho-protein arrays showed
that two members of the insulin receptor family (InsR
and IGF-1R) displayed the highest phosphorylation. Slightly
reduced positivity was also observed for PDGFRβ and EGFR
(Figures 1A–D). The analysis of MAPKs revealed the high
phosphorylation of ERK1 and ERK2 on activation loop residues
Thr202/Tyr204 and Thr185/Tyr187, respectively. Among the
other downstream signaling molecules, CREB was substantially
phosphorylated on residue Ser133. Lower but still detectable
levels of phosphorylation were found for JNK kinases on
Thr183/Tyr185 and Thr221/Tyr223, for Hsp27 (also known as
HSPB1) on Ser78/Ser82 residues, and for GSK-3 kinases on
Ser9/Ser21 (Figures 1E–H).

Verification of Druggable Targets in Tumor

Tissue
The main advantage of the use of phospho-protein arrays for the
identification of active signal transducers within tumor tissue is
the promptness of such a screening method and the relatively
high number of signaling molecules covered by these arrays.
Nevertheless, as these arrays are still available for experimental

purposes only and not for routine laboratory diagnostics, the
results obtained from these arrays should be verified by other
independent methods.

Thus, we employed a standard IHC method for the
independent detection of active signal transducers as already
identified by the phospho-protein array. As an example of this
approach, the results from both types of phospho-protein arrays
were compared with results from the IHC analysis of paired FFPE
samples from the same biopsies in a group of 6 patients: patients
No. 2–7 (Table 1) were included in this part of the study.

For RTKs, the levels of phospho-EGFR, phospho-PDGFRβ,
and phospho-InsR were compared with the presence of
these phosphorylated RTKs as identified using specific anti-
phospho antibodies (Table 2) against these three selected target
molecules (Figure 2).

To verify EGFR phosphorylation, a specific anti-phospho-
EGFR antibody against phosphorylated Tyr1092, which is
equivalent to Tyr1068 of mature EGFR, was used. All analyzed
samples showed relatively high levels of phosphorylation as
detected using both phospho-arrays, with∼60–100% of maximal
density, and the immunoreactivity was predominantly medium

FIGURE 2 | Comparison of immunohistochemical and phospho-protein array analysis in determination of phosphorylated EGFR (A), PDGFRβ (B), and InsR (C).

Evaluation of phospho-protein array: values are displayed as a percentage of the maximal pixel density of every single sample. Evaluation of IHC: intensity of

immunoreactivity (IR); –, very weak; +, weak; ++, medium; +++, strong; distribution of immunostaining (DIST); –, non-detectable; +, focal; ++, regional; +++,

diffuse. The images of phospho-RTK arrays (D) with marked phosphorylated EGFR (1), PDGFRβ (2), and InsR (3) proteins.
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to strong except in sample No. 6 (Figure 2A). The anti-phospho-
PDGFRβ antibody against phosphorylated Tyr751 also showed
a very good match with PDGFRβ phosphorylation as detected
by the phospho-protein array in all six samples (Figures 2B,D):
strong or medium immunoreactivity corresponded to the highest
density from the phospho-protein arrays and vice versa; and
very weak immunoreactivity was in accordance with very low
phosphorylation—up to 10% of maximal density—in sample
Nos. 2 and 3 (Figures 2B,D). The anti-InsR antibody against
phosphorylated Tyr1185 in the beta chain of the InsR molecule
showed strong or medium positivity in the same tumor tissues
in which at least 50% of maximal density was detected by the
phospho-array (Figures 2C,D). Nevertheless, for InsR activities
up to 50% of maximal density, accordance with the IHC results
was not obvious (Figures 2C,D).

To evaluate the two most prominent downstream signaling
pathways, i.e., PI3K/AKT and RAS/RAF/MEK/ERK, antibodies
designed to detect both phosphorylated forms of ERK kinase and

all three phosphorylated forms of AKT kinase, respectively, were
chosen. The phosphorylation of AKT kinases in FFPE tumor
samples was evaluated using an anti-AKT1 antibody that detects
phosphorylation at Ser473 within the C-terminus. Due to the high
degree of similarity to the corresponding regions in the AKT2
and AKT3 molecules, this antibody may cross-react with these
isoforms at Ser474 and Ser472, respectively. The phospho-protein
array can detect the relative phosphorylation of all three AKT
isoforms at the same phospho-sites as the antibody employed for
IHC. Anyway, the phosphorylation of AKT2 reached only∼50%
of the maximal density in sample Nos. 4, 5, and 6 (Figures 3A,C).
The relative phosphorylation of AKT1 and AKT3 was close to
the detection limit of this array in all tested samples, and the
IHC method also showed very poor results for phosphorylated
AKT1/2/3 molecules (Figures 3A,C). The anti-ERK1/2 antibody
was designed against the epitopes with the same phospho-sites as
those detected by the phospho-array. All FFPE samples showed
strong immunoreactivity for ERK1/2, with diffuse or regional

FIGURE 3 | Comparison of immunohistochemical and phospho-protein array analysis in determination of phosphorylated ERK1/2 (A) and Akt1/2/3 (B). Evaluation of

phospho-protein array: values are displayed as a percentage of the maximal pixel density of every single sample. Evaluation of IHC: intensity of immunoreactivity (IR);

–, very weak; +, weak; ++, medium; +++, strong; distribution of immunostaining (DIST); –, non-detectable; +, focal; ++, regional; +++, diffuse. The images of

phospho-MAPK arrays (C) with marked phosphorylated AKT1 (1), AKT1 (2), AKT1 (3), ERK1 (4), and ERK2 (5) proteins.
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positivity, and these results were in accordance with the very high
relative phosphorylation of ERK2 as detected by the phospho-
protein array (Figures 3B,C).

Taken together, these results indicate that the IHC method
using compatible anti-phospho antibodies can serve as a
useful tool for final detection or rather confirmation of the
phosphorylation of the possible therapeutic target previously
identified in the tumor tissue by rapid screening using phospho-
protein arrays.

Example of Serial Sample Analysis During

Clinical Progression of the Disease
As described above, the analysis of one individual tumor sample
provides us with information concerning the phosphorylation
profile of RTKs and/or downstream signaling molecules just at
the time of tissue sample acquisition. A typical clinical reason
for a one sample analysis is the rapid screening of suitable (and
druggable) targets for personalized treatment during the phase of
initial diagnostics. Nevertheless, especially in cases of refractory
or relapsed tumors, we are also able to analyze and compare a
series of tumor samples taken from the same patient at different
phases of the disease.

Here, we describe the employment of phospho-protein
arrays in the profiling of cell signaling pathways in four serial
tumor samples taken from a child suffering from PAX3/FKHR-
positive alveolar rhabdomyosarcoma of the ala of nose. The
child was diagnosed at the age of 19 months, staged as
T1aN1M0 and classified into a very-high-risk group (IRS
st. IIIa) according to the European Pediatric Soft Tissue
Sarcoma Study Group (EpSSG). First, complete remission was
achieved after 3 cycles of chemotherapy (EpSSG RMS2005
protocol) and adjuvant radiotherapy; however, the tumor
relapsed after 16 months. Second, complete remission was
achieved after 6 cycles of chemotherapy (vincristine, irinotecan,
and temozolomide). The patient was treated with individualized
metronomic chemotherapy, but metastatic relapse was diagnosed
3months later. Despite intensive individualized therapy, the child
died within 7 months. The complete overview of this case is
given (Figure 4A).

Step-by-step, we analyzed using both phospho-protein arrays
the samples taken from the primary tumor before the treatment
using both phospho-protein arrays, from the relapsed primary
tumor and from two metastatic lymph nodes at different times
during the disease (Table 1, Figure 4A). Changes in the phospho-
profiles of RTKs (Figure 4B) are described in the context of
personalized therapy with small molecule inhibitors used in this
patient; the phospho-profiles of downstream signaling pathways
(Figure 4C), as well as examples of target validation by IHC
(Figures 4D,E), are also given.

Based on the obtained data, specific small molecule inhibitors
were incorporated into the treatment protocol. Although
pazopanib showed partial effect in terms of RTK activity, the
subsequent treatment with erlotinib and sunitinib markedly
diminished the activities of the target RTKs in the tumor tissue
(Figure 4B). Unfortunately, despite this very clear response at
the molecular level, no encouraging effects of this targeted

therapy were observed at the clinical level, probably because
of the advanced stage of metastatic disease. Nevertheless,
this case markedly illustrates the importance and usefulness
of the rapid screening of the possible molecular targets for
personalized therapy.

Multidimensional Analysis of Kinase

Profiles in Specific Tumor Types
In addition to the individual and serial sample analyses
described above, information regarding the phosphorylation
profiles as obtained by the phospho-protein arrays can also
be used for the hierarchical clustering of selected tumor
samples. Here, we demonstrate the performance of such a
classical multidimensional analysis using supervised hierarchical
clustering on a small cohort (n = 12) of 5 neuroblastoma and
7 central nervous system (CNS) tumor samples: 3 astrocytomas,
2 glioblastomas, 1 ependymoma, and 1 medulloblastoma.
The patients’ detailed information is given in Table 1. This
analysis performed on the data from the RTK phospho-protein
arrays showed two distinct clusters of strongly and weakly
phosphorylated RTK kinases in neuroblastoma and CNS tumors
(Figure 5A). In contrast, even supervised clustering based on
the data from the MAPK phospho-protein arrays did not
result in distinct clusters of diagnostic groups in the same
cohort (Figure 5B).

DISCUSSION

An antibody array is one of the simplest methods for measuring
the relative levels of expression or phosphorylation of several
proteins in a single sample. In this study, we present the
successful and clinically relevant use of the Human Phospho-
RTK Array Kit and the Human Phospho-MAPK Array Kit
(both by R&D Systems) for the analyses of the phosphorylation
profiles of a broad spectrum of RTKs and their downstream
signaling proteins.

According to the manufacturer’s instructions, the analysis of
raw data obtained from these arrays includes determining the
average signal of the pair of duplicate spots and subtracting the
background signal. However, the subsequent analysis of these
data is neither unified nor standardized and thus depends on the
researcher’s choice.

The results of one sample analysis can be presented as a
specific profile with differently phosphorylated proteins, in which
high levels of the detected signal, i.e., high density of spots in the
phospho-protein arrays, correspond to high phosphorylation.
Consequently, these highly phosphorylated signaling molecules
can be considered potential therapeutic targets for low-
molecular-weight kinase inhibitors or monoclonal antibodies.
Moreover, the stability of phosphorylation profiles of
frozen samples throughout long-term storing was proven
(Supplementary Figure 1). The utility of commercially available
phospho-protein arrays has already been demonstrated in
other studies on various types of human solid tumors in adults
(10, 11, 21–23).
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FIGURE 4 | Sequential analysis of phospho-protein arrays during individualized therapy of alveolar rhabdomyosarcoma. Timeline of patient’s surgical and medical

treatment (A). Changes in the phospho-RTKs profiles of samples obtained during therapy (B). Changes in the phospho-MAPKs profiles of samples obtained during

therapy (C). Immunohistochemical detection of phospho-EGFR in sample No. 8b (D) and phospho-PDGFRβ in sample No. 8d (E).
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FIGURE 5 | Cluster analysis of phospho-RTK (A) and phospho-MAPK (B) array data. Samples were obtained from patients with neuroblastoma (marked with star)

and different types of brain tumors. Filter p < 0.05 significance.

This experimental approach was also successfully used by
our team in describing molecular targets and the subsequent
effective treatment of several pediatric malignancies, such
as Maffucci syndrome, which is characterized by multiple
hemangiomas and enchondromas with a tendency to progress
into malignancy (12), infantile myofibromatosis, in which
PDGFR beta hyperphosphorylation is detected (13), or
fibrodysplasia ossificans progressiva (14).

In addition to these individual cases, in this article,
we summarize our experience with determining kinase
phosphorylation profiles for single sample (Figures 1, 2)
and serial sample (Figure 4) analyses. The promising clinical
response of patient No. 1 to sunitinib administration and the
changes in serial kinase profiles after treatment with targeted
low-molecular weight inhibitors (Figure 4) are other positive
examples of the rational use of this experimental approach as
a rapid screening method for the identification of druggable
targets, which is a key part of personalized therapy. Nevertheless,
as this method is not certified for diagnostic purposes, it is
of high importance to employ another validation method to
confirm the data from phospho-protein arrays independently.

Our data from the IHC validation showed good consistency
in the levels of the phosphorylated forms of all three selected
RTKs, i.e., phospho-EGFR, phospho-PDGFRβ, and phospho-
InsR, as determined independently by IHC and the phospho-
protein array (Figure 2). Similarly, data on the downstream
signal transducers ERK and AKT showed moderate accordance
(Figure 3), although the pan-phospho-ERK and pan-phospho-
AKT antibodies were used for IHC detection, whereas isoform-
specific antibodies against ERK1/2 or AKT1/2/3 were spotted
onto the MAPK phospho-protein array. The same strategy,
i.e., the validation of phosphorylated signal transducers as

suitable targets by IHC, was successfully used for personalized
treatment with low-molecular-weight inhibitors in malignant
mesothelioma (24).

The most interesting finding from our study is the example
of a cluster analysis performed in a cohort of 12 patients
suffering from neuroblastomas or CNS tumors. In general,
for the graphical presentation of results on differences among
individual samples and their clusters, a heat map is the best
choice (Figure 5). For the heat map display, data normalization
is required, and the values range from−3 to 3 (23, 25). The same
approach was used, and the hierarchical clustering of data from
the MAPK phospho-protein arrays showed no distinct clusters
for these tumor types (Figure 5B), whereas the same clustering
method revealed significantly different patterns of the selected
12 RTKs in neuroblastomas and in the group of CNS tumors
(Figure 5A). These interesting data will be reanalyzed in our
forthcoming study on a large cohort of patients with neurogenic
tumors; however, these results suggest another useful approach to
employ the phospho-protein arrays in personalized therapy.

As apparent from all results presented in the current study
as well as those from previously published data obtained by
the same type of phospho-protein arrays, the key step in the
use of these arrays for the identification of druggable molecular
targets is the manner of data processing and interpretation.
Comparative analyses of phosphorylation profiles in various
tumor tissue samples are typically used in these studies: the
analysis of 20 glioma cell lines and 14 tissue samples of primary
glioblastoma multiforme can be used as an example (26). The
categorization of achieved data into several groups according to
the signal intensity is also a frequently used approach (21, 22, 27).
Some of these groups are distinguished by different levels of
positive signals, and the last one is considered negative. The
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definition of a particular group can be described by specific
categorization terms such as “strongly activated,” “moderately
activated,” “activated to a lower extent,” and “poorly activated”
(22) or by a grading system similar to the IHC evaluation
(27). A simplified binary view is able to distinguish positive
or negative signals only, and thus activated and non-activated
proteins can be described by this approach (10, 11, 24). In
the first of these studies, all intensity values of the probes and
the local background of the probes were log2 transformed (to
obtain a more symmetrical distribution) and subtracted. In the
next step, the mean of all obtained values was calculated for
the individual array, and only the probes with values higher
than the mean plus standard deviation (SD) were considered
significantly activated (10). In the second study, the cut-off level
for activated proteins was calculated as triple that of the highest
negative control (24). In the last study, the cut-off level was not
described (11).

In conclusion, our study showed the usefulness of phospho-
protein arrays for the personalized treatment of patients suffering
from relapsed/refractory solid tumors. From the clinical point of
view, these arrays are especially suitable for the rapid screening
of targets for treatment with low-molecular-weight inhibitors or
monoclonal antibodies, although they can also be used for deep
analyses of the differences in phosphorylation profiles among
selected tumor types. These phospho-protein arrays are available
for research use only, and they are not designated for in vitro
diagnostic purposes. However, their apparent usefulness in the
clinical consideration of druggable molecular targets within a
specific tumor brings forward a demand for their validation also
for diagnostic purposes.
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Abstract
Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal malignancies. Its

dismal prognosis is often attributed to the presence of cancer stem cells (CSCs) that have

been identified in PDAC using various markers. However, the co-expression of all of these

markers has not yet been evaluated. Furthermore, studies that compare the expression lev-

els of CSC markers in PDAC tumor samples and in cell lines derived directly from those

tumors are lacking. Here, we analyzed the expression of putative CSC markers—CD24,

CD44, epithelial cell adhesion molecule (EpCAM), CD133, and nestin—by immunofluores-

cence, flow cytometry and quantitative PCR in 3 PDAC-derived cell lines and by immuno-

histochemistry in 3 corresponding tumor samples. We showed high expression of the

examined CSCmarkers among all of the cell lines and tumor samples, with the exception of

CD24 and CD44, which were enriched under in vitro conditions compared with tumor tis-

sues. The proportions of cells positive for the remaining markers were comparable to those

detected in the corresponding tumors. Co-expression analysis using flow cytometry

revealed that CD24+/CD44+/EpCAM+/CD133+ cells represented a significant population of

the cells (range, 43 to 72%) among the cell lines. The highest proportion of CD24+/CD44+/

EpCAM+/CD133+ cells was detected in the cell line derived from the tumor of a patient with

the shortest survival. Using gene expression profiling, we further identified the specific pro-

tumorigenic expression profile of this cell line compared with the profiles of the other two cell

lines. Together, CD24+/CD44+/EpCAM+/CD133+ cells are present in PDAC cell lines

derived from primary tumors, and their increased proportion corresponds with a pro-tumori-

genic gene expression profile.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malignancy that represents the
fourth leading cause of cancer-related deaths in Western countries [1]. PDAC has no early
warning signs or symptoms; therefore, most patients present with advanced disease. The dis-
mal prognosis of PDAC is primarily due to its late diagnosis, which is often accompanied by
metastatic disease and high resistance of the primary tumor to chemotherapy and radiotherapy
[2]. Despite recent advances in the diagnosis and treatment of pancreatic cancer, its incidence
almost equals its mortality rate, and the 5-year survival rate does not generally reach 5% [1].

PDAC is a type of solid tumor in which transformed cells with stemness properties, termed
cancer stem cells (CSCs), have been identified [3–5]. CSCs represent a subpopulation of tumor
cells that can self-renew and undergo multilineage differentiation and that possess high tumor-
igenic potential in vivo. CSCs are highly resistant to conventional chemotherapy and radiother-
apy and are considered a cause of tumor relapse after eradication of the tumor bulk.

The first evidence for the existence of CSCs in PDAC was reported by two groups in 2007
[3,4]. First, Li et al. demonstrated that the combination of cell surface markers CD44, CD24,
and epithelial cell adhesion molecule (EpCAM; epithelial-specific antigen, ESA) identified a
highly tumorigenic subpopulation of PDAC cells with stem cell properties [3]. Later, Hermann
et al. reported pancreatic CSCs that were defined by the expression of prominin-1 (CD133) [4].
Since then, other putative markers of pancreatic CSCs have been found, including nestin,
CXCR4, c-Met, and aldehyde dehydrogenase 1 [1, 6]. Some of these putative markers were also
tested in combination with those first described. For example, c-Methigh cells were found to be
more tumorigenic if they co-expressed CD44 [7]. CD133+/CXCR4+ cells were reported to have
increased migration ability in vitro, and they also demonstrated metastatic potential in a
mouse model [4]. However, a comprehensive study that has evaluated the co-expression of
CD44, CD24, EpCAM and CD133 has not yet been conducted. Although Hermann et al. noted
a 14% overlap among CD44+/CD24+/EpCAM+ and CD133+ cell populations in their pioneer-
ing study, this result was obtained in only one pancreatic cell line that was derived from a meta-
static tumor and not from a primary tumor [4]. Similar to other combinations of CSC markers,
the CD24+/CD44+/EpCAM+/CD133+ phenotype might more accurately identify true pancre-
atic CSCs. Thus, in the first step, the possible overlap among CD24+/CD44+/EpCAM+ and
CD133+ cell populations in cell lines derived from primary PDAC should be determined. Addi-
tionally, it remains unknown to what extent the expression levels of CSC markers change
under in vitro conditions because no study has compared the expression levels of CSC markers
in PDAC tumor samples and in cell lines derived directly from those tumors.

Therefore, we performed a detailed expression analysis of the most frequently discussed
putative markers of CSCs in PDAC (i.e., CD24, CD44, EpCAM, CD133, and nestin) in both
human primary tumor samples and in the respective cell lines derived from those tumors. For
the first time, we also examined the co-expression of CD24, CD44, EpCAM, and CD133 in cell
lines derived from primary PDACs. Furthermore, these cell lines were subjected to expression
profiling analysis to identify genes, the functions of which may correlate with the presence of
CSC markers. We found that CD24+/CD44+/EpCAM+/CD133+ cells represented a significant
subpopulation in these cell lines, and their increased proportion corresponded to a pro-tumori-
genic gene expression profile.

Materials and Methods

Primary cell lines and tumor samples
Three PDAC primary cell lines were included in this study: P6B, P28B and P34B. These cell
lines were derived from tissue samples of corresponding primary tumors. These tumor samples
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were obtained from patients undergoing pancreatic resection surgery as a part of standard
diagnostic therapeutic procedures for PDAC, and they were de-identified to comply with the
Czech legal and ethical regulations governing the use of human biological material for research
purposes (Act No. 372/2011 Coll. on Health Services, paragraph 81, article 4, letter a). The
patients signed a written consent containing information on this issue. Resection specimens
were routinely processed at the department of pathology and during the gross inspection, the
pathologist (MH) obtained the tumor tissue samples for a derivation of cell lines. For immuno-
histochemical (IHC) analysis, formalin-fixed, paraffin-embedded (FFPE) tumor tissue samples
primarily taken for diagnostic purposes were used and selected by the pathologist (MH) who
also performed the standard histopathological diagnostic procedures. A previously described
protocol was used to generate the primary cultures [8]. A description of the cohort is provided
in Table 1.

Cell cultures
The cell lines were cultured in DMEM supplemented with 20% fetal calf serum, 2 mM gluta-
mine, 100 IU/ml penicillin, and 100 μg/ml streptomycin (all purchased from GE Healthcare
Europe GmbH, Freiburg, Germany). The cells were maintained under standard conditions at
37°C in an atmosphere containing 5% CO2 and were subcultured one or two times per week.

Immunohistochemistry
IHC detection was performed on FFPE samples of primary tumors, as mentioned above. Sec-
tions that were cut at a thickness of 4 μmwere applied to positively charged slides, deparaffi-
nized in xylene and rehydrated through a graded alcohol series. Antigen retrieval was
performed in a calibrated pressure chamber Pascal (Dako, Glostrup, Denmark) for each anti-
body as follows: for nestin and CD133, the sections were heated in Tris/EDTA buffer (Dako) at
pH 9.0 for 40 min at 97°C; for CD24, CD44 and EpCAM, the sections were heated in citrate
buffer (Dako) at pH 6.1 for 4 min at 117°C. Endogenous peroxidase activity was quenched
with 3% hydrogen peroxide in methanol for 20 min, followed by incubation at room tempera-
ture (RT) with the primary antibody (S1 Table). For nestin, the Vectastain Elite ABC kit using
a streptavidin-biotin horseradish peroxidase (HRP) detection method was used (Vector Labo-
ratories, Burlingame, CA, USA). For CD133 and EpCAM, the EnVision+ Dual Link system-
HRP without avidin or biotin was used for detection (Dako). The expression of CD44 was visu-
alized using an EXPOSE Rabbit-specific HRP/DAB detection kit (Abcam, Cambridge, UK),
while the expression of CD24 was visualized using an ImmunoCruz ABC Staining system
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA). 3,3´-diaminobenzidine (DAB) (Dako) was
used as the chromogen. Samples that were incubated without the primary antibodies served as
negative controls. CD133- and nestin-positive endothelial cells in the tumor tissue samples
served as internal positive controls, while glioblastoma multiforme tissue served as an external

Table 1. Description of patient cohort and derived cell lines.

Tumor sample Gender Age Diagnosis Localization Grade Stage OS PFS Cell line

P6 M 66 PDAC Head 3 pT3N1M0 33 21 P6B

P28 M 49 PDAC Head 3 pT3N0M0 9 9 P28B

P34 F 62 PDAC Body 2 pT3N1M0 21 11 P34B

Gender: M, male; F, female. Age at the time of diagnosis: years. Localization: Head, head of the pancreas; Body, body of the pancreas. Grade: 2, moderately

differentiated; 3, poorly differentiated. OS, overall-free survival: months. PFS, progression free survival: months.

doi:10.1371/journal.pone.0159255.t001
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positive control for nestin. For EpCAM, CD44 and CD24, colon carcinoma, urinary bladder
tissue and lymph node tissue, respectively, served as the positive controls. An evaluation of all
IHC results was performed using an Olympus BX51 microscope and an Olympus DP72 cam-
era with uniform settings. All immunostained slides were evaluated at 400× magnification.

Immunofluorescence
Indirect immunofluorescence (IF) was performed as previously described [9]. The primary and
secondary antibodies that were used in these experiments are listed in S1 Table; a mouse mono-
clonal anti-α-tubulin served as the positive control. An Olympus BX-51 microscope was used
for sample evaluation; micrographs were captured using an Olympus DP72 CCD camera and
were analyzed using the Cell^P imaging system (Olympus, Tokyo, Japan).

Flow cytometry
Flow cytometry was performed on either fixed or live cells. Briefly, cells were detached from
the culture flask with Accutase (Life Technologies, Carlsbad, CA, USA) and were washed in
PBS. Regarding cell surface labeling, live cells were incubated in 3% BSA for 10 minutes. For
both cell surface and intracellular labeling, cells were fixed in 3% paraformaldehyde (Sigma)
for 30 minutes, washed twice in PBS and incubated in 3% BSA for 10 minutes. All subsequent
labeling was performed at 37°C for fixed cells or at 4°C for live cells. Each sample was divided
into two, and in the parallel sample, the respective isotype controls were used instead of the pri-
mary antibodies. A list of antibodies used in this study is provided in S1 Table. Briefly, the sam-
ple was washed twice with 3% BSA, incubated with the mouse monoclonal CD133 antibody for
30 minutes, and washed twice in 3% BSA. A secondary donkey anti-mouse Alexa488-conju-
gated antibody was applied in the same manner. After two additional washes, primary conju-
gated antibodies against CD24, CD44 and EpCAM were added to the sample and incubated for
30 minutes. Finally, the sample was washed four times with PBS and was subjected to analysis
using FACSVerse (BD Biosciences, San Jose, CA, USA). Side scatter and forward scatter pro-
files were used to eliminate cell doublets. At least 10,000 events were collected per sample, and
the data were analyzed using FlowJo X software (Tree Star, Inc., Ashland, OR, USA). Positive
cells were evaluated relative to the respective isotype control; Boolean gating was applied to
determine the cells that co-expressed the CSC markers.

Real-Time Quantitative Reverse Transcription PCR (qRT-PCR)
Regarding qRT-PCR of PDAC cell lines, total RNA was extracted and reverse transcribed as
previously described [10]. Quantitative PCR was performed in a volume of 10 μl using the
KAPA SYBR1 FAST qPCR Kit (Kapa Biosystems, Wilmington, MA, USA) and 7500 Fast
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). At least three technical
replicates were analyzed for each sample. For microarray validation experiments, three biologi-
cal replicates (different cell passages) of each cell line were used. The data were analyzed by
7500 Software v. 2.0.6 (Applied Biosystems) and relative quantification (RQ) of gene expres-
sion was calculated using 2−ΔΔCT method [11]; heat shock protein gene (HSP90AB1) was used
as the endogenous reference control. The primer sequences used are listed in S2 Table.

Gene expression profiling
Total RNA was extracted using the GenElute™Mammalian Total RNAMiniprep Kit (Sigma-
Aldrich; St. Louis, MO, USA). Total RNA with a purity ratio of 260/280>1.7 and an integrity
(RIN)>7.5 (as measured by an Agilent 2010 Bioanalyzer; Agilent Technologies, Santa Clara,
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CA, USA) was transcribed into cDNA (Ambion WT Expression Kit), labeled and hybridized to
the Affymetrix GeneChip1 Human Gene ST 1.0 array and processed through a complete Affy-
metrix workflow (all from Affymetrix, Santa Clara, CA, USA). Raw microarray data are avail-
able in the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession number
E-MTAB-4055. Affymetrix power tools were used to normalize raw CEL files at the gene level.
Robust multiarray averaging (RMA) normalization and complete annotation files were
selected. Gene ontology analysis was performed using the GOTERM_BP_FAT database in the
DAVID functional annotation tool [12, 13]. Cytoscape v. 3.1.1 [14] with the Reactome Func-
tional Interaction (FI) plug-in was used for functional protein interaction network analysis.
The Reactome FI plug-in gene set analysis tool was selected to include interactions from the
Reactome FI network 2013 version and FI annotations.

Statistical analysis
The qRT-PCR validation data were analyzed using one-tailed Mann-Whitney U test. P< 0.01
was considered statistically significant.

Results

CSCmarkers were highly expressed in PDAC-derived cell lines
compared with PDAC tumor tissues
To address the expression of the putative CSC markers CD24, CD44, EpCAM, CD133, and
nestin in pancreatic cancer, we used three cell lines (P6B, P28B, and P34B) derived from
PDAC tumor tissues and three corresponding FFPE tumor samples (Table 1). Initially, the
expression of individual CSC markers in the cell lines was assessed by IF (Fig 1). Using this
method, the expression of all of the examined CSC markers was determined in all three cell
lines. The observed pattern of expression of each marker was in accordance with the expected
cellular localization of these molecules (Fig 1). Subsequently, the exact quantification of the
proportion of cells that were positive for these markers was performed solely by flow cytometry
(see below), with the exception of nestin. This was because approximately 95% of the cells in all

Fig 1. IF and IHC analysis of CSCmarker expression in PDAC cell lines and corresponding tumors.Representative images of
immunofluorescence (IF) and immunohistochemical (IHC) detection of CD24, CD44, EpCAM, CD133, and nestin expression are shown. For IF analysis,
the cells of each PDAC cell line were stained with the appropriate antibodies against the CSCmarkers (green) and were counterstained with DAPI (blue)
to visualize the nuclei. IHC was performed on tumor samples with antibodies that recognize specific markers; positive cells were visualized by DAB
staining. Scale bars, 40 μm.

doi:10.1371/journal.pone.0159255.g001
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three cell lines were nestin-positive as detected by IF; thus, nestin was omitted from the flow
cytometric analysis. IHC was used to evaluate the expression levels of the CSC markers in the
corresponding FFPE tumor samples (Fig 1; Table 2). IHC revealed a high percentage of tumor
cells that expressed nestin and EpCAM in all of the tumor samples. In addition, CD133 was
highly expressed in P6 and P28 tumors, although only a small number of positive cells was
identified in P34 tumor tissue. Similarly, CD24 was expressed solely in P6 and P28 tumors. By
contrast, CD44+ cells were identified in a poorly differentiated component of P28 tumor tissue
but not in the other two tumor samples. Based on the IHC results, the P28 tumor was the only
one that expressed all of the tested CSC markers.

Next, multicolor flow cytometry was used to evaluate the percentage of cells that were posi-
tive for CD24, CD44, EpCAM, CD133, and their combinations in three tumor-derived cell
lines (Fig 2; Table 3). For multicolor flow cytometry, we used both live cells and cells fixed in
paraformaldehyde. Surprisingly, using the fixed cells, we detected very high percentages of
CD24+, CD44+, EpCAM+, and CD133+ cells in all of the cell lines examined (Table 3). Addi-
tionally, cells that were positive for the combinations of these markers were very common.
The CD24+/CD44+/CD133+ phenotype was present in approximately 80% of the cells irre-
spective of the cell line. The percentages of CD24+/CD44+/EpCAM+ and CD24+/CD44+/
CD133+/EpCAM+ cells varied more among the cell lines, but the percentages of each ranged
from 43 to 72%. Compared with their respective tumor tissues, the cell lines were markedly
enriched for CD24+ and CD44+ cells. In accordance with the IHC results, the highest fre-
quency of the cells that expressed CD24, CD44, EpCAM, and CD133 was found in the P28B
cell line.

Live cells differed greatly from fixed cells with respect to positivity for
CSCmarkers
Due to the surprising prevalence of cells in the PDAC cell lines that were positive for CSC
markers, we next used live cells for subsequent flow cytometric analyses. Because fixation itself
can permeabilize the cell membranes, this approach enabled us to evaluate the expression of
CSC markers only on the cell surface. Using live cells for flow cytometric analyses of the
expression of CD24, CD44, EpCAM, and CD133 in the PDAC cell lines, we observed a
marked decrease in positivity for these markers in compared with fixed cells (Fig 2; Table 3).
In the samples of live cells, CD44 was the only marker that was detected at levels that were
similar to those in fixed cell samples. However, the proportions of CD24+/CD44+/EpCAM+

and CD24+/CD44+/CD133+ cells were markedly lower and ranged from 0.4 to 1.14% and
from 0 to 1.43%, respectively. CD24+/CD44+/CD133+/EpCAM+ cells were detected only in
the P34B cell line.

Table 2. IHC analysis of CSCmarker expression in PDAC tumor samples.

Positive cellsa Localization of marker expression

P6 P28 P34 P6 P28 P34

CD24 ++ + - apical cytoplasmic, luminal apical cytoplasmic –

CD44 - +/- - – poorly differentiated component –

EpCAM +++ +++ +++ membranous membranous membranous

Nestin +++ +++ +++ cytoplasmic cytoplasmic cytoplasmic

CD133 ++ +++ + cytoplasmic cytoplasmic, rarely membranous cytoplasmic

aThe percentage of positive tumor cells was categorized into five levels:—(0%), +/- (1–5%), + (6–20%), ++ (21–60%), and +++ (61–100%).

doi:10.1371/journal.pone.0159255.t002
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Fig 2. Flow cytometric analysis of the expression of CSCmarkers in fixed and live PDAC cells. (A) Dot plot diagrams depict the differences in CSC
marker expression in PDAC cells when fixed or live cells were used in the flow cytometric analysis. The percentages of cells that were positive for specific
markers are marked by numbers in the gated areas. (B) A Boolean gating approach was used to determine the proportion of cells that co-expressed CSC
markers. An illustrative Boolean gate of the CD24+/CD44+/EpCAM+/CD133+ population (black) is shown in the dot plot diagrams. Cells stained with
matched isotype control antibodies (gray) were used as controls for each CSCmarker antibody (red) in both experimental designs (fixed cells and live
cells). Representative data for the P6B cell line are shown. For detailed results of CSCmarker expression, see Table 3.

doi:10.1371/journal.pone.0159255.g002
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Gene expression profiling identified a pro-tumorigenic profile of the
P28B cell line that highly co-expressed CSCmarkers
To verify the expression of CSC markers observed at the protein level and investigate possible
differences among the PDAC cell lines, we next evaluated gene expression at the mRNA level.
In the first step, we performed qRT-PCR for the genes that encode the CSC markers (Fig 3).
qRT-PCR revealed upregulated mRNA expression of the proteins CD24, CD44, and EpCAM
in P28B cells. As clinical data show, the P28B cell line was derived from the tumor of the
patient with the shortest overall survival (P28, Table 1). IHC, flow cytometry and qRT-PCR
results all revealed that P28B cells also expressed the highest levels of CSC markers among the
tested cell lines. To investigate this phenomenon more thoroughly, we employed gene expres-
sion profile analysis. Using this method, we detected 344 genes that were upregulated (fold-
change� 2), and 258 genes that were downregulated (fold-change� 0.5) in the P28B cells
compared with the expression profiles of P6B and P34B cell lines.

To analyze the biological functions of the differentially expressed genes in P28B cells, we
performed gene ontology analysis (Table 4; S3 Table). Most of the upregulated genes were
found to be associated with cell surface receptor signaling (18.8% of the upregulated genes) or

Table 3. Flow cytometric analysis of CSCmarker expression in PDAC cell lines.

Marker Fixed cellsa Live cellsa

P6B P28B P34B P6B P28B P34B

CD24+ 80.70 79.10 79.10 3.03 13.00 2.52

CD44+ 98.70 96.10 96.70 99.80 98.50 98.20

EpCAM+ 44.00 78.60 57.50 1.83 4.08 2.28

CD133+ 91.40 94.90 89.60 0.09 0 6.70

CD24+/CD44+/EpCAM+ 43.20 72.10 55.10 0.40 0.76 1.14

CD24+/CD44+/CD133+ 79.70 78.10 78.00 0.06 0 1.43

CD24+/CD44+/CD133+/EpCAM+ 43.20 71.90 55.00 0 0 1.14

aProportions of cells positive for expression of individual CSC marker or combination of markers are indicated as percentages.

doi:10.1371/journal.pone.0159255.t003

Fig 3. qRT-PCR analysis of CSCmarker expression. P6B cell line served as the arbitrary calibrator of the
gene expression. The error bars indicate the calculated maximum (RQMax) and minimum (RQMin)
expression levels that represent the standard error of the mean expression level (RQ value).

doi:10.1371/journal.pone.0159255.g003
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cell adhesion (9.3%). Downregulated genes were linked to the regulation of cell proliferation
(11.2% of the downregulated genes), cell motility (7.6%) or regulation of apoptosis (7%). Fur-
thermore, a review of the literature revealed that the vast majority of the upregulated genes
have been reported to have pro-tumorigenic potential, whereas about one-third of the downre-
gulated genes were found to suppress tumorigenesis (Table 5; S4 Table). To validate the results
obtained by expression profiling, we performed qRT-PCR analysis of five pro-tumorigenic and
five anti-tumorigenic genes in samples from three different passages of each cell line (Fig 4). In
agreement with the microarray data, all selected anti-tumorigenic genes were significantly
(P< 0.001) downregulated in P28B cells, whereas the expression of pro-tumorigenic genes was
significantly (P< 0.001) upregulated compared with that of P6B and P34B cells. Taken
together, these analyses revealed a specific pro-tumorigenic profile of the P28B cell line that
was highly enriched in cells that co-expressed CSC markers. By contrast, the lower expression
of CSC markers in the P6B and P34B cell lines reflected differences in the expression profiles of
these cell lines compared with the profile of P28B cells.

To further analyze the expression profile of P28B cells compared with that of P6B and P34B
cells, we performed a functional protein interaction network analysis of the differentially
expressed genes. Using Cytoscape software with the Reactome FI plug-in, we created an inter-
action network that enabled us to visualize expression profiling data combined with informa-
tion on the interactions of the proteins encoded by the respective genes (Fig 5). This approach
clearly showed the most prominent genes whose expression was upregulated or downregulated
in P28B cells compared with the other two cell lines. Downregulated genes included FYN,
RAC2, GNG2, PLK1 andMET. Of the upregulated genes, LYN,WNT2, KIT, TEK (TIE2) and
ARRB1 were identified.

Table 4. Gene ontology analysis of genes differentially expressed in P28B cells.

Biological process Number of genes P value

Upregulated genes (fold-change� 2)

Cell surface receptor linked signal transduction 65 < 0.001

Cell adhesion 32 < 0.001

G-protein coupled receptor protein signaling pathway 30 0.049

Ion transport 29 < 0.001

Cell-cell signaling 28 < 0.001

Regulation of cell proliferation 26 0.007

Response to wounding 22 0.001

Immune response 20 0.061

Cell motion 16 0.034

Downregulated genes (fold-change� 0.5)

Regulation of cell proliferation 29 < 0.001

Cell motion 20 < 0.001

Regulation of apoptosis 18 0.039

Immune response 17 0.022

Cell adhesion 17 0.024

Mitotic cell cycle 11 0.026

Vasculature development 10 0.006

Upregulated (fold-change� 2) and downregulated (fold-change� 0.5) genes in P28B cells compared with

P6B and P34B cells were analyzed for gene ontology. Gene ontology analysis was performed using

GOTERM_BP_FAT database in DAVID functional annotation tool.

doi:10.1371/journal.pone.0159255.t004
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Table 5. Differentially expressed genes in P28B cells grouped by their role in tumorigenesis.

Role in
cancer

Number of
genes

Genes

Upregulated genes (fold-change� 2)

Pro-
tumorigenic

62 ABCC4, ADAMTS7, ADM, ANO1, BAMBI, CD24, CP, CSF1, CXCL14,
CXCR7, CYP1A1, EDN1, ELMO1, ENTPD1, EPHA6, F3, FGFR4, FZD6,
FZD7, GFRA1, GPR183, GPR56, GPR65, GRIA4, CHRM3, IL6R, ITGB3,
JAM2, KIT, LAMA3, LPAR3, LYN, MCAM, MITF, NCAM2, NLK, NOG,
NOX4, P2RY1, PMP22, PREX2, PTGER4, PTHLH, RPS6KA5, SCN5A,
SEMA4D, SEMA6A, SHC3, SLC4A4, SMAD9, SORT1, TEK, TFAP2C,
TRPA1, TRPC3, TRPC6, TRPV2, UCP2, VTN, WFDC1, WNT2, WNT2B

Anti-
tumorigenic

10 DSC2, DSC3, FOXF1, GBP2, PENK, PPAP2A, RELN, RGS6, TNFSF10,
TXNIP

Mixed 9 ADAMTS8, CD9, DSG2, F11R, CHL1, ITGA8, NPY, SMURF2, UNC5C

Downregulated genes (fold-change� 0.5)

Pro-
tumorigenic

28 ADRA2A, ARHGEF2, BGN, CENPF, CTSS, DLGAP5, ENPP2, GLI3,
HORMAD1, CHST11, IL1A, IL1B, IL6, JAG1, KCNMA1, MET, MSX2,
NFIB, NRP1, PLAUR, PLK1, PTX3, SEMA3C, SERPINE1, SPOCK1,
TPBG, VASH2, VCAN

Anti-
tumorigenic

18 CCND2, CDH13, CLDN11, EMILIN2, EPHB2, GAS1, CHST11, KLF4,
KYNU, NEFL, PCDH10, PLA2G4A, RARB, SERPINB2, SLIT2, SRPX,
TGFBR3, UNC5B

Mixed 16 ASPM, BUB1B, CD74, CDC6, CDKN3, CLU, CTH, ENPEP, FYN, ITGA2,
ITGA3, POSTN, PRRX1, RAC2, TOP2A, UACA

The role of individual genes in tumorigenesis was determined based on the literature review (S4 Table).

doi:10.1371/journal.pone.0159255.t005

Fig 4. Validation of pro-tumorigenic expression profile of P28B cells by qRT-PCR. Five anti-tumorigenic and five pro-
tumorigenic genes were selected based on the microarray data and their expression was validated by qRT-PCR. The
graph shows the expression levels of the respective genes in P6B and P34B cells relative to that in P28B cell line, which
served as the arbitrary calibrator. The bars represent the mean expression level (RQ value) of three biological replicates;
the data are presented in log2 scale. The calculated maximum (RQMax) and minimum (RQMin) expression levels are
indicated by error bars. *P < 0.001, indicates significant differences from P28B cell line.

doi:10.1371/journal.pone.0159255.g004
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Fig 5. Functional protein network analysis based on a set of differentially expressed genes in P28B cells. A set of upregulated (fold-
change� 2) and downregulated (fold-change� 0.5) genes in P28B cells compared with P6B and P34B cells was visualized with Cytoscape.
A Reactome FI plug-in was used to analyze the functional network of proteins that are encoded by the respective genes. The fold-change
values of gene expression are depicted as tints of blue (downregulated genes) or red (upregulated genes) color.

doi:10.1371/journal.pone.0159255.g005
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Together, our results indicated that a high proportion of cells that expressed CSC markers
corresponded with a pro-tumorigenic expression profile. In addition, the highest expression of
CSC markers was found in the tumor sample taken from the patient with the shortest survival
and also in the P28B cell line that was derived from this tumor.

Discussion
Although pancreatic CSCs were described nearly ten years ago as CD44+/ CD24+/EpCAM+

cells [3] or CD133+ cells [4], no study has determined the co-expression of all of these markers
in PDAC either directly in the tumor samples or in the human PDAC cell lines derived from
primary tumors. Therefore, the present study was focused on a detailed analysis of the expres-
sion of putative CSC markers (CD24, CD44, EpCAM, CD133 and nestin) in 3 pairs of matched
primary PDAC tissue samples and derived cell lines.

We detected the expression of all of the examined markers in each tumor cell line. Markedly
high levels of nestin were detected in all cell lines and corresponding tumors. Because nestin
was expressed in most of the cells, these results suggest that nestin is not suitable as a CSC
marker in PDAC, a finding that is in accordance with the results of our previous study [15].
Therefore, we omitted nestin from further flow cytometric co-expression analyses. In the cell
lines, flow cytometric analysis of fixed cells revealed a high proportion of cells that expressed
CSC markers. IHC confirmed that the expression patterns of the CSC markers were similar in
the corresponding tumor tissues, although CD24 and CD44 expression levels were consider-
ably lower. An increased proportion of CD24+ and CD44+ cells in PDAC cell lines compared
with the original tumor tissues might indicate that these cells had a selective advantage in cell
culture. This finding is in agreement with other studies that reported high percentages of
CD44+ cells in pancreatic cell lines compared with PDAC tumor tissues [16, 17]. However, in
these studies, the cell lines that were used were not derived from the examined tumors; there-
fore, it is difficult to determine the baseline expression levels of these markers in the original
tumor tissues for comparison. Our study is the first to show that the proportion of CD44+ and/
or CD24+ cells increases in PDAC-derived cell lines compared with the corresponding tumor
tissues. This phenomenon should be considered when performing in vitro studies of CSCs in
PDAC.

Surprisingly, flow cytometric analysis of fixed cells showed that CD24, CD44, CD133, or
EpCAM, as evaluated separately, are expressed in more than 80% of cells irrespective of the cell
line and marker (except EpCAM in P6B and P34B cells). These values are much higher than
those that have been previously reported [16, 17]. However, when live cells were used in the
flow cytometry experiments, we detected a significant decrease in the proportion of CD24+,
CD133+ and EpCAM+ cells (Table 3). Using this approach, the levels of positivity for each of
these markers were comparable to those in the aforementioned studies [16, 17]. Only CD44
expression in live cells was detected at the same level as in fixed cells (Table 3). Nevertheless,
the reason for this discrepancy is obvious. It is widely known that fixation with paraformalde-
hyde permeabilizes the cell membranes and therefore enables the antibody to bind to the pro-
teins that are localized within the cell. By contrast, live cells have intact membranes, and
antibodies can bind only to extracellular epitopes of the proteins. This means that when fixed
cells were used for flow cytometry, we could also detect cells that expressed the CSC markers
within the cell.

It was previously thought that most CSC marker proteins performed their functions at the
cell surface. However, growing evidence has indicated that the subcellular localization of CSC
markers can vary greatly, possibly leading to completely different effects of these proteins on
cell signaling, proliferation, invasiveness, and metastatic potential. Therefore, the distinct
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subcellular localization of CSC markers may result in different patient outcomes. For example,
several studies have reported cytoplasmic localization of CD24 in PDAC [18, 19] as well as in
other tumor types [20–27]. Cytoplasmic CD24 expression has been identified as a marker of
poor prognosis in gastric cancer [25], colorectal cancer [22, 23], ovarian cancer [20, 21] and
malignant neoplasms of the salivary glands [26]. However, little is known concerning the func-
tional role of CD24 within the cell. It has been reported that intracellular CD24 may inhibit the
invasiveness of PDAC cells [19]. Nevertheless, a recently published study showed that intracel-
lular CD24 promotes the growth of prostate cancer cells through the inhibition of p14ARF,
resulting in decreased levels of p53 and p21 [27]. In that study, the authors also reported that
CD24 positivity increased substantially when detection was performed with fixed cells.
Recently, very similar findings have also been shown in breast cancer [28]. These observations
are in agreement with our results and indicate that a significant amount of CD24 protein may
be located in the cytoplasm of PDAC cells.

CD133 is another marker that we examined, and the cell surface immunoreactivity of this
protein was significantly lower than the intracellular immunoreactivity. Originally, CD133 was
introduced as a marker of pancreatic CSCs that is expressed in approximately 2% of PDAC
cells [4]. Several flow cytometric studies then reported a similar low proportion of CD133+

cells (0–28%) in PDAC [16, 17]. However, these results are in contrast with the high (up to
100%) CD133 positivity of cells detected by IHC even in the aforementioned studies [16, 17,
29]. IHC analysis also demonstrated that a significant amount of CD133 was localized within
the cytoplasm of PDAC cells [29], a finding that is in agreement with our results (Tables 2 and
3). We and other groups have recently shown that membranous localization of CD133 may be
altered in tumor cells and that intracellular CD133 may be involved in cell signaling pathways
[9, 30–33]. Furthermore, the correlation of high intracellular CD133 expression with poor
prognosis has been found in different types of tumors [33–36]. The results of the present study
note the need for better understanding of the role of the intracellular expression of CSC mark-
ers in PDAC. Considering that flow cytometric analyses in previously published studies were
typically performed to detect cell surface expression in live cells, these studies might have sig-
nificantly underestimated the expression levels of CD24 (a maximum of 30% CD24+ cells were
reported [3, 16, 17]) and CD133 in PDAC cells, which may lead to misinterpretation of the
results as discussed by other authors [37].

In the present study, we showed for the first time that cells co-expressing CD24, CD44,
EpCAM, and CD133 are present in human PDAC cell lines derived from primary tumors.
Moreover, CD24+/CD44+/EpCAM+/CD133+ cells represented a significant population of cells
(range, 43.2 to 71.9%) among the cell lines. By contrast, the proportion of cells that co-
expressed these markers at the cell surface was very limited (range, 0 to 1.43%) as indicated by
flow cytometry with live cells (Table 3). These differences in subcellular localization represent a
practical restriction in the isolation of CD24/CD44/EpCAM/CD133-positive and -negative cell
populations. Sorting the cells based on cell surface labeling alone could be problematic because
a large proportion of cells that express CSC markers within the cell would be sorted into nega-
tive fractions, likely compromising the results of further experiments. In a recent comprehen-
sive study, Huang et al. reported that both CSC marker-positive (CSC+) and -negative (CSC−)
populations of cells could initiate tumors in immunodeficient mice [38]. For various tumor
types, they showed that not only were CSC+ cells able to produce CSC−cells but CSC−cells
could produce CSC+ cells over long-term period in culture. These results suggested that tumor-
igenic cells might not be able to be distinguished by common CSC markers due to the pheno-
typic plasticity of tumor cells. However, the expression of CSC markers was evaluated only by
flow cytometry followed by cell sorting. Because the authors used only live (non-permeabi-
lized) cells in their experiments, they might have overlooked the cells that expressed CSC
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markers localized in the cytoplasm or cell nucleus. This might also explain why the expression
of CSC markers was detected in CSC−cells by PCR. We speculate that the shift of CSC marker
proteins from the cytoplasm to the plasma membrane and vice versa could, to a certain extent,
explain the phenotypic plasticity of the FACS-sorted cells observed by Huang et al. and other
groups [38–40]. Nevertheless, we suggest that the detection of CSC markers located within the
cell should be included in future studies to validate and extend the data that are based solely on
cell surface expression.

Our results revealed that the proportion of CD24+/CD44+/EpCAM+/CD133+ cells differed
among the cell lines and that the highest number of cells that co-expressed all of these markers
was detected in the P28B cell line, which was derived from the tumor of the patient with the
shortest overall survival. Therefore, we decided to further analyze the differences among the
cell lines using gene expression profiling to identify genes that may be associated with high
expression levels of CSC markers. For this reason, the expression profile of P28B cells was com-
pared with the profiles of P6B and P34B cells. Gene ontology analysis and a review of the litera-
ture revealed a specific pro-tumorigenic expression profile of P28B cells (Table 5; S4 Table). As
high tumorigenic potential is a widely accepted hallmark of CSCs, this result clearly corre-
sponds to the increased proportion of cells that co-express CSC markers in the P28B cell line.
However, it should be noted that the pro-tumorigenic expression profile of P28B cells does not
imply stemness of CD24+/CD44+/EpCAM+/CD133+ cells and subsequent functional in vivo
assays are needed to determine whether CD24+/CD44+/EpCAM+/CD133+ phenotype specifi-
cally identifies PDAC cells which fulfill all the criteria defining CSCs. Of the 602 differentially
expressed genes in P28B cells, the 10 most prominent genes were identified using functional
protein network analysis. These genes could represent potential targets in PDAC because their
expression was associated with the co-expression of CSC markers.

Fyn and Lyn are non-receptor tyrosine kinases that belong to the Src family. It has been
reported that LYN expression is downregulated during embryonic stem cell differentiation,
whereas FYN expression remains constant [41]. Lyn facilitates glioblastoma cell survival [42],
and LYN expression is associated with migration and invasion in breast cancer [43]. In a study
on pancreatic cancer, the downregulation of Lyn kinase activity reduced invasiveness and
migration of the cells [44]. In the present study, we found that LYN expression was notably
upregulated in P28B cells. In a colorectal cancer study, Su et al. reported that the overexpres-
sion of CD24 promoted cancer cell invasion through the activation of Lyn and its interaction
with Erk1/2 [45]. Patients whose tumors had a lower expression of CD24 or Lyn had a higher
survival rate. In accordance with these results, we showed the upregulation of CD24 and LYN
in P28B cells, which were derived from the tumors of patient with the shortest overall survival.
This indicates that the overexpression of the CD24/Lyn axis might also play a role in PDAC.
By contrast, the expression of Fyn kinase was downregulated in P28B cells. The overexpression
of Fyn has been detected in various cancers, but its role in cancer is controversial [46–48]. Fyn
has been reported to correlate with the metastasis of PDAC, while the inhibition of Fyn
decreased liver metastasis in nude mice [47]. By contrast, the expression of Fyn kinase induces
the differentiation and growth arrest of neuroblastoma cells [46]. Moreover, Fyn is downregu-
lated in advanced tumor stages, and its downregulation predicts the short-term survival of
patients with neuroblastoma. This is in agreement with our results where the downregulation
of Fyn was observed in the P28B cell line. However, the exact role of Fyn kinase in PDAC has
yet to be determined.

Of the other downregulated genes in P28B cells, GNG2 was the most prominent. This gene
encodes the Gγ2 subunit that forms Gβγ dimers of heterotrimeric G proteins [49]. Although it
was reported that the overexpression of GNG2 inhibits the migration and invasiveness of mela-
noma cells [50], little is known about the function of GNG2 in PDAC or in other tumor types.
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Our study presents the first evidence that the downregulation of GNG2 is associated with
CD24+/CD44+/EpCAM+/CD133+ cells and might indicate a poor prognosis in patients with
PDAC.

Recently, Yu et al. published a study that analyzed the expression profiles of circulating pan-
creatic tumor cells [51]. They determined that the expression ofWNT2 was upregulated in
these cells. Their additional functional experiments showed that Wnt2 promotes anchorage-
independent cell survival and the metastatic potential of pancreatic cancer cells. These results
are in accordance with our findings as follows:WNT2 was overexpressed in the P28B cell line,
which contains the highest proportion of cells that express CSC markers and is derived from
the tumor of the patient with the shortest overall survival. Moreover, expression profiling
revealed that inhibitors of Wnt (i.e., DKK1 [52] and SFRP4 [53]) were downregulated in P28B
cells compared with the other two cell lines. We also showed the upregulation of WNT2B,
FZD7 and FZD6, which are other components of the Wnt signaling pathway. Recently,
WNT2B was found to correlate with poor prognosis in PDAC [54], FZD6 expression was
reported to be a marker of tumorigenic stem-like cells [55], and FZD7 was required for the
maintenance of an undifferentiated phenotype of embryonic stem cells [56]. The upregulation
of these genes in P28B cells indicates that the Wnt pathway was activated in cells that were
highly positive for CSC markers. These results support the hypothesis that Wnt pathway sig-
naling is of high importance in PDAC tumorigenesis [57].

Conclusions
Our study showed that putative CSC markers (i.e., CD24, CD44, EpCAM, CD133, and nestin)
are highly expressed in PDAC. Although the expression of these markers was enhanced in
PDAC-derived cell lines, the expression pattern of each individual cell line corresponded to
that of the original corresponding tumor specimen. We demonstrated that a large proportion
of cells expressed some typically membranous CSC markers (i.e., CD24, EpCAM and CD133)
solely within the cell. Thus, these proteins may also play other currently unknown roles in the
cytoplasm of PDAC cells, and further research is necessary to determine the biological signifi-
cance of this finding. Most importantly, our study is the first to show that CD24+/CD44+/
EpCAM+/CD133+ cells are present in human PDAC cell lines derived from primary tumors.
Although CD24+/CD44+/EpCAM+/CD133+ cells were common under in vitro conditions, we
showed that a higher proportion of these cells in the PDAC cell line corresponded with a pro-
tumorigenic gene expression profile. Upregulated Wnt signaling, upregulated expression of
LYN, and downregulation of FYN expression were primarily associated with the proportion of
cells that co-expressed CSC markers. In summary, these results suggest that CD24+/CD44+/
EpCAM+/CD133+ cells may be of further interest in the research of PDAC and emphasize the
need for further studies that would investigate whether CD24+/CD44+/EpCAM+/CD133+ phe-
notype specifically identifies pancreatic CSCs.
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Abstract. CD133 (also known as prominin-1) is a cell surface 

cells. Furthermore, its glycosylated epitope, AC133, has 
recently been discussed as a marker of cancer stem cells in 
various human malignancies. During our recent experiments 

an atypical nuclear localization of CD133 in a relatively stable 
-

tory. To the best of our knowledge, this atypical localization of 
CD133 has not yet been proven or analyzed in detail in cancer 

of CD133 in RMS cells using three independent anti-CD133 
antibodies, including both rabbit polyclonal and mouse mono-

microscopy followed by software cross-section analysis, 
transmission electron microscopy and cell fractionation with 
immunoblotting were also employed, and all the results unde-

of cells showing an exclusive nuclear localization of CD133 
ranged from 3.4 to 7.5%, with only minor differences observed 
among the individual anti-CD133 antibodies. Although the 

role of CD133 in the cell nucleus remains unclear, these results 
clearly indicate that this atypical nuclear localization of CD133 
in a minor subpopulation of cancer cells is a common phenom-
enon in RMS cell lines.

Introduction

CD133 (also known as prominin-1) is a glycoprotein that is typi-
cally localized to the plasma membrane. The molecule consists 

an extracellular N-terminus and an intracellular C-terminus. 

the extracellular domains, with four per loop. Human CD133 is 
encoded by the PROM1 gene, which is located in chromosomal 
region 4p15.32. At least seven CD133 isoforms resulting from 
alternative splicing have been described in humans (1,2).

CD133 is widely used to identify stem cells, and its glycosyl-
ated epitope, AC133, has recently been discussed as a marker of 
cancer stem cells (CSCs) in various human malignancies (2-4). 
In our previous studies, we identified CD133-positive cells 
that presented typical membrane positivity in two of the most 
common types of pediatric sarcomas, osteosarcoma (5) and 
rhabdomyosarcoma (RMS) (6). The expression of CD133 
in these two solid tumors, as well as the tumorigenicity of 

groups (7-10). Therefore, CD133 is currently accepted as one 
of the markers of a CSC phenotype in pediatric sarcomas, 
including RMS (11-13).

During our recent study aimed at the analysis of CSC 
markers in pediatric sarcomas, we noted a surprising result: a 

exhibited an exclusive nuclear localization of CD133 (these 
data are published in this article). To date, a similar localiza-
tion of this antigen has been described only in one case report 
of breast cancer (14) and in a large study on lung cancer (15) 
using immunohistochemical methods, nevertheless, without 

this study, we sought to analyze this interesting phenomenon 
in detail using three independent anti-CD133 commercial 
antibodies (Fig. 1).
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Materials and methods

Cell culture. Five cell lines derived from pediatric patients with 
RMS were included in this study: NSTS-8, NSTS-9, NSTS-11, 

in our previous study (6), and the last two were derived using 
the same procedure to generate primary cultures (16). All cell 
lines were authenticated by the immunodetection of MyoD, and 
the subtype was distinguished using FKHR break detection by 

in situ hybridization (FISH). Authentication using 
MyoD detection was performed in the same passages as the 
experiments; FISH analysis of the FKHR break was completed 
up to passage 10. The cell lines were maintained in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 
20% fetal calf serum, 2 mM glutamine, 100 IU/ml penicillin 
and 100 μg/ml streptomycin (all purchased from GE Healthcare 
Europe GmbH, Freiburg, Germany). The cells were maintained 

containing 5% CO2 and were subcultured once or twice per 
week. The Research Ethics Committee of the School of 
Science (Masaryk University, Brno, Czech Republic) approved 
the study protocol, and a written statement of informed consent 
was obtained from each participant or his/her legal guardian 
prior to participation in this study. A brief description of the 
cohort of patients included in this study is provided in Table I.

Indirect immunofluorescence. The cells were cultivated on 
coverslips in Petri dishes for one day and then rinsed with 

-
maldehyde (Sigma-Aldrich, St. Louis, MO, USA) at room 
temperature for 20 min. After washing again with PBS, non-

(BSA; Sigma-Aldrich) in PBS for 10 min. The cells were 

washed three times in PBS and then incubated with the 

polyclonal anti-CD133 (Cat. no. ab19898, dilution 1:70; Abcam, 
Cambridge, UK), mouse monoclonal anti-CD133 (clone 17A6.1, 
Cat. no. MAB4399, dilution 1:100; Millipore, Billerica, 
MA, USA), mouse monoclonal anti-AC133 (clone AC133, 
Cat. no. 130-090-422, dilution 1:4; Miltenyi Biotec, Bergisch 
Gladbach, Germany), and mouse monoclonal anti- -tubulin 
antibody (clone: TU-01, Cat. no. 11-250, dilution 1:100; Exbio, 
Vestec, Czech Republic), which served as a control, were 
used as the primary antibodies. Anti-rabbit Alexa Fluor 488 
(Cat. no. A11008, dilution 1:200) and anti-mouse Alexa 
Fluor 488 antibody (Cat. no. A11001, dilution 1:200) (both from 
Invitrogen, Paisley, UK) were used as the secondary antibodies. 

with 0.05% Hoechst 33342 (Life Technologies, Carlsbad, CA, 
USA) for 10 min, and the coverslips were mounted using Dako 

An Olympus BX-51 microscope was used for sample evalu-
ation; micrographs were captured using an Olympus DP72 
CCD camera and analyzed using the Cell P imaging system 
(Olympus, Tokyo, Japan). At least 200 cells were evaluated 
overall within discrete areas of each sample, and the samples 
were prepared from at least three independent passages of all 
examined cell lines. The mean percentages of cells showing 
exclusive nuclear CD133 localization were determined for entire 

samples of individual cell lines. For the detailed examination 
of CD133 nuclear localization, the same protocol for indirect 

then examined using an Olympus FluoView-500 confocal 
imaging system combined with an inverted Olympus IX-81 
microscope. The images were recorded using an Olympus 
DP70 CCD camera and analyzed using analySIS FIVE soft-
ware (Soft Imaging System GmbH, Muenster, Germany) and 
an Olympus FluoView Confocal Laser Scanning Microscope 
System 4.3.

Transmission electron microscopy (TEM). To perform the 
immunodetection of CD133 in ultrathin sections, the cells 
grown on coverslips were rinsed with PBS and fixed in 
3% paraformaldehyde (Sigma-Aldrich) and 0.1% glutaral-
dehyde (AppliChem GmbH, Darmstadt, Germany) in PBS 
at room temperature for 60 min. Following a PBS rinse 
and dehydration, the cells were embedded in LR White 
medium (Polysciences Inc., London, UK). The labeling of 
the ultrathin sections was performed on grids. CD133 was 
detected using mouse monoclonal anti-CD133 antibody (dilu-
tion 1:25; Millipore) and a gold particle-conjugated secondary 
antibody (anti-mouse IgG 20 nm gold, Cat. no. ab27242, 
dilution 1:40; Abcam). Ultrathin sections incubated without 
primary antibody or with the TU-01 primary monoclonal 
antibody against -tubulin (dilution 1:200; Exbio) were used 
as controls. Following immunodetection, the specimens 
were contrasted with 2.5% uranyl acetate (PLIVA-Lachema, 
Brno, Czech Republic) for 10 min and with Reynolds solution 
(Sigma-Aldrich) for 6 min at room temperature. The specimens 
were then observed under a Morgagni 268(D) transmission 
electron microscope (FEI Co., Hillsboro, OR, USA). The 
images were captured using an Olympus Veleta TEM CCD 
camera and analyzed using iTEM Olympus Soft Imaging 
Solution (Olympus).

Immunoblot analysis. To analyze the nuclear and cyto-
plasmic fractions, a Nuclear Protein Extraction kit (Thermo 
Fisher Scientific, Rockford, IL, USA) was used according 
to the manufacturer's instructions. A 20 μl sample of 
protein extract was loaded onto an 8% sodium dodecyl 
sulfate (SDS)-polyacrylamide gel and separated by electro-
phoresis. Subsequently, the proteins were transferred onto 
polyvinylidene difluoride (PVDF) membranes (Bio-Rad 
Laboratories, Hercules, CA, USA), blocked in 5% non-fat milk 
at room temperature for 60 min, and incubated with primary 
antibodies, rabbit polyclonal anti-CD133 (Abcam), mouse 
monoclonal anti- -tubulin (Exbio), or rabbit monoclonal 
anti-lamin B2 antibody (clone: D8P3U, Cat. no. 12255S; Cell 
Signaling Technology, Danvers, MA, USA) at a 1:1,000 dilu-

-tubulin and anti-lamin B2 served 
as the controls for the purity of the cytoplasmic and nuclear 
cell fractions, respectively. After washing with Tris-buffered 
saline (TBS)-Tween-20, the membranes were incubated with 
the corresponding horseradish peroxidase (HRP)-conjugated 
secondary antibodies anti-mouse IgG-HRP (cat. no. A9917, 
dilution 1:5,000; Sigma-Aldrich) and anti-rabbit IgG-HRP 
antibodies (cat. no. 7074, dilution 1:5,000; Cell Signaling 
Technology) at room temperature for 60 min. Signal detection 
was performed using ECL Prime Western Blotting Detection 
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Reagent (GE Healthcare) according to the manufacturer's 
instructions.

Results

For all five RMS cell lines examined in this study, we 
performed a detailed analysis of the presence of cells with 

with three independent anti-CD133 antibodies (Fig. 1). A subset 
of cells showed only nuclear CD133 positivity, i.e., no detect-
able membrane or cytoplasmic positive signal. The results were 

the primary antibody utilized, and the proportion ranged from 
3.4 to 7.5%, with only minor differences observed among the 

Figure 1. Overview of epitopes of the anti-CD133 and anti-AC133 antibodies used in this study. For each antibody, the catalogue number and manufacturer are 
indicated. Potential glycosylation sites, as well as length of the N-terminal region, the intracellular and extracellular loops and the C-terminal region of CD133 
are depicted.

Table I. Description of patients from whom tumor samples were obtained to establish the rhabdomyosarcoma cell lines and the 
results concerning the mean percentage of cells with an exclusive nuclear localization of CD133.

 Mean percentage of cells with exclusive nuclear localization of CD133
 ------------------------------------------------------------------------------------------------------------------------------------
  Age RMS No. of passages Anti-CD133 antibody Anti-CD133 antibody Anti-AC133 antibody
Cell line Gender (years) type analyzed (rabbit polyclonal) (mouse monoclonal) (mouse monoclonal)

NSTS-8 F 21 A 15-18 4.6 6.1 3.4
NSTS-9 M 17 A 13-18 4.6 5.2 4.1
NSTS-11 F 16 E 11-19 3.8 4.6 6.6
NSTS-22 F 5 A 11-15 4.0 6.0 6.4
NSTS-28 M 8 A 12-16 4.1 5.2 7.5

M, male; F, female; RMS, rhabdomyosarcoma. Tumor type: A, alveolar; E, embryonal.
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individual anti-CD133 antibodies (Fig. 2A and Table I). We 
also performed a detailed morphological analysis of the cells 
that exhibited exclusive nuclear positivity for CD133 (Fig. 2B); 
as can be seen on these micrographs, the pattern of CD133 
nuclear positivity was markedly similar in all of the cell lines.

To confirm the presence of CD133 in the nuclei of the 

employed confocal microscopy and software cross-section 
analysis through these CD133-positive nuclei (Fig. 3). As is 

signal for CD133 was detected within the cell nuclei both on 
the software cross-sections (Fig. 3B) and on the plot diagrams 

Furthermore, we also used immunogold labeling with 
TEM to verify the localization of CD133 in the nuclei of the 
RMS cells. To avoid any artifacts associated with this meth-
odological approach, the accumulation of three or more gold 
particles together was considered to indicate a positive signal. 
The results clearly indicated the presence of CD133 in both the 
nuclei and nucleoli (Fig. 4A and B).

These results are all completely consistent with the micro-
scopic observations described above (Fig. 2): the software 
cross-sections also showed clear, punctuate signals for CD133 
within the nucleus (Fig. 3B and D), i.e., no diffuse positivity 
throughout the entire nucleus was observed. Nevertheless, 
the TEM micrographs also showed the presence of CD133 

Figure 2. Nuclear localization of CD133 in rhabdomyosarcoma cells. (A) Example of the frequency of cells with CD133 nuclear positivity in the NSTS-11 cell 
line, as detected using three independent primary antibodies. Cells with exclusive nuclear positivity for CD133 are indicated by arrows; cells with the typical 

Hoechst 33342 (blue). Scale bars, (A) 50 μm and (B) 10 μm.
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in the nucleoli (Fig. 4B), and this observation corresponds 
with the diffuse positivity for CD133 observed in some of 
the nucleoli (Fig. 2B). In addition to cells with the typical 
membrane positivity or exclusive nuclear positivity for CD133, 
we also sporadically noted clusters of positive signals in the 
cytoplasm near the cell nucleus or very close to the nuclear 
envelope (Fig. 4B).

-
scopic methods was carried out by immunoblot analysis of the 

was detected in all nuclear fractions, in addition to the strong 

presence/absence of -tubulin and lamin B2. These results are 

-
lation of cells with CD133 in the nucleus was revealed.

Discussion

nuclear localization of CD133 in a relatively stable subset of 

date, this atypical localization of CD133 was described in one 

Figure 3. Confocal microscopy analysis of CD133-positive cell nuclei. (A) The planes of software cross-sections through the CD133-positive nuclei are high-
lighted by simple yellow lines. (B) The cross-sections at these yellow lines are shown at the bottom. (C) The yellow arrows indicate lines drawn across individual 

Scale bars, 5 μm.
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Figure 4. Detection of CD133 in the nuclei of rhabdomyosarcoma cells using transmission electron microscopy and immunoblot analysis. (A) Presence of CD133 
in cell nuclei and nucleoli; more detailed images of the positive signal for CD133 in the highlighted square areas are presented on the bottom row. (B) The 
presence of CD133 in the cytoplasm near the nucleus (dashed square) and very close to the nuclear envelope (solid square). More detailed images of the positive 
signal for CD133 in the highlighted square areas, as indicated above, are shown on the right side. Representative labeling of CD133 in NSTS-28 cells is shown; 
CD133 was detected using 20 nm gold particles. Scale bars: (A) 250 nm and (B) 500 nm. (C) Nuclear/cytoplasmic fractionation followed by immunoblotting was 
performed using a rabbit polyclonal anti-CD133 primary antibody; 
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case report on breast cancer (14) and in a large study of prog-
nostic markers on lung cancer (15) using immunohistochemical 
methods. Nevertheless, published data on CD133 expression 
in human cancer cells are partly inconsistent, possibly due to 
different analytical tools, as well as methodological limitations 
and pitfalls (2). For this reason, results obtained by immu-

alternative antibodies and should be complemented by the 
utilization of different detection methods of either protein or 
transcript (2). Furthermore, the glycosylation of CD133 epit-
opes in relation to the CSC phenotype should be also taken into 
account, particularly if the antibodies against AC133 epitope 
are commercially available (17).

in RMS cells using three independent anti-CD133 antibodies, 
including both rabbit polyclonal and mouse monoclonal anti-
bodies (Fig. 1). Indirect immunofluorescence and confocal 
microscopy followed by software cross-section analysis, 
TEM and cell fractionation with immunoblotting were also 

-
ence of CD133 in the nuclei of stable minor subpopulations of 

These results strongly support the hypothesis that a stable 
subpopulation of cells with nuclear positivity for CD133 is a 
common phenomenon in RMS cell lines. Surprisingly, and 
to the best of our knowledge, similar results have not been 
reported to date for RMS cells. Although certain micrographs 
from our previous study showed cells with an accumulation of 

polyclonal antibody against CD133, (which was the only anti-
CD133 antibody available at the time), although we had never 
detected similar nuclear positivity for CD133 in osteosarcoma 
or glioblastoma cell lines using the same antibody (5,18). Other 
authors investigating CD133 expression in RMS and RMS cell 
lines have not described the pattern of CD133 positivity in 
detail, and no micrographs of the individual cells are available 
in their published articles (9,10).

Very recently, one publication has mentioned the nuclear 
localization of CD133 in triple-negative breast cancer cells as 
revealed by immunohistochemistry; nevertheless, this study is 
a case report based on only one simple descriptive method and 
therefore does not include any continuing systematic analysis 

cytometry, are not suitable for identifying the cell surface, 
cytoplasmic or nuclear localization of any protein (14).

To date, another study concerning the possible value of 
CD133 as a prognostic indicator of survival in patients with 
non-small cell lung cancer (NSCLC) was just published. These 
interesting results suggest that CD133 expression in the nucleus 
of NSCLC cells was related to tumor diameter, tumor differ-
entiation and the TNM stage. Kaplan-Meier survival and Cox 
regression analyses revealed that a high CD133 expression in 
the nucleus, as well as in the cytoplasm also predicted the poor 
prognosis of NSCLC (15).

As mentioned above, in addition to cells with the typical 
membrane positivity or exclusive nuclear positivity for CD133, 
clusters of positive signals in the cytoplasm near the cell 
nucleus or very close to the nuclear envelope were also sporadi-

published observations of sporadic cytoplasmic positivity for 
CD133 in RMS cells (6), as well as with the deposition of 
CD133 in cytoplasmic vesicles that has been described in osteo-
sarcoma (19) and the recently suggested mechanism of CD133 

-
tions between CD133 and the histone deacetylase HDAC6 (20).

-
ence of CD133 in the cell nuclei of stable minor subpopulations 
in RMS cell lines. These results, although surprising and 
novel, were achieved through three independent methods using 
three independent antibodies purchased from three separate 
suppliers.

Nevertheless, the main question of what is the exact role 
of CD133 in the nucleus of RMS cells remains unanswered. 
In a previous study on breast cancer, the authors suggested 
that CD133 in the nucleus may act as transcriptional regulator 
and is most likely associated with a poor prognosis; however, 
this conclusion is largely speculative in this case report (14). 

proved the association of nuclear positivity for CD133 poor 
prognosis in these patients (15).

Although a similar function of another type of surface 
molecule internalized into the cell nucleus, receptor tyrosine 
kinases, has been reported (21-23), CD133 belongs to a distinct 
class of cell membrane proteins, and the analogies to this 
process are therefore limited. Furthermore, recent studies also 
discuss the involvement of internalized CD133 in cell signaling 
pathways, such as the canonical Wnt pathway (20), or report an 
association between CD133 and the PI3K/Akt pathway (24-26). 
Regardless, the elucidation of the possible role of CD133 in the 
nucleus of cancer cells should be based on detailed descrip-
tions of the localization and interactions of CD133 with other 
molecules in the cell nucleus. These experiments will be the 
focus of our upcoming study on this interesting phenomenon.
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Abstract. Background: Co-expression of CD133, cell surface glycoprotein, and nestin, an intermediate filament protein, was
determined to be a marker of neural stem cells and of cancer stem cells in neurogenic tumors.

Methods: We examined the expression of CD133 and nestin in ten tumor tissue samples taken from patients with rhab-
domyosarcomas and in five rhabdomyosarcoma cell lines. Immunohistochemistry and immunofluorescence were used to examine
FFPE tumor tissue samples. Cell lines were analyzed by immunofluorescence, immunoblotting, flow cytometry, and RT-PCR.
Functional assays (clonogenic in vitro assay and tumorigenic in vivo assay) were also performed using these cell lines.

Results: CD133 and nestin were detected in all 10 tumor tissue samples and in all 5 cell lines; however, the frequency of
CD133+, Nes+, and CD133+/Nes+ cells, as well as the intensity of fluorescence varied in individual samples or cell lines. The
expression of CD133 and nestin was subsequently confirmed in all cell lines by immunoblotting. Furthermore, we observed an
increasing expression of CD133 in relation to the cultivation. All cell lines were positive for Oct3/4 and nucleostemin; NSTS-11
cells were also able to form xenograft tumors in mice.

Conclusion: Our results represent the first evidence of CD133 expression in rhabdomyosarcoma tissue and in rhabdomyosar-
coma cell lines. In addition, the co-expression of CD133 and nestin as well as results of the functional assays suggest a possible
presence of cancer cells with a stem-like phenotype in these tumors.
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1. Introduction

CD133 (also known as prominin-1) was origi-
nally described in two independent studies as a
plasma membrane glycoprotein in mouse neuroepithe-
lial stem cells and as an antigenic marker expressed
on the CD34+ population of hematopoietic stem
cells in humans [21, 44]. This molecule contains
five-transmembrane domains, two large glycosylated
extracellular loops, an extracellular N-terminus, and an
intracellular C-terminus [21, 44, 46]. CD133 localizes
to microvilli and other protrusions of the apical plasma
membrane in various cell types [6, 44]. Although the
biological function of CD133 is still not known, the
above-mentioned localization indicates that CD133
may act as an organizer of plasma membrane protru-
sions and affect cell polarity as well as interactions with
nearby cells and with the extracellular matrix [5, 6, 9].

In humans, this protein is encoded by a gene on locus
4p15.32. The molecular weight of CD133 ranges from
89 to 120 kDa, depending on its glycosylation status
[12, 13, 32]. However, truncated forms of CD133 with
a lower molecular weight have been described recently
[26, 41].

CD133, usually in combination with other specific
markers, is widely used to identify stem cells in var-
ious human tissues, such as bone marrow [21, 46],
CNS [40], prostate [29], or kidney [31]. Immunode-
tection has also showed that CD133 is frequently
expressed in many types of human tumors and tumor
cell lines; it was detected in cells from neurogenic
tumors [33, 34], prostate carcinomas [4], hepatocellu-
lar carcinomas [35], renal carcinomas [3], colorectal
carcinomas [28], melanomas [23], pancreatic ade-
nocarcinomas [16], lung carcinomas [11], ovarian
carcinomas [14], osteosarcomas [42], endometrial car-
cinomas [30], acute lymphoblastic leukemias [7], and
synovial sarcomas [36].

At present, co-expression of glycosylated CD133
and nestin, a class VI intermediate filament pro-
tein, is considered to be a marker of cancer stem
cells (CSCs) or tumor initiating cells (TICs). This
was experimentally proven in glioblastoma multiforme
[19, 27] and in melanoma [23]. Furthermore, the co-
expression of CD133 and nestin was also shown in
medulloblastomas [33], pilocytic astrocytomas [33],
oligoastrocytomas [45], and in osteosarcomas [42].

Here, we present our results regarding CD133 and
nestin expression in ten tumor tissue samples taken
from patients with rhabdomyosarcomas and in five cell
lines derived from these tumors.

2. Material and methods

2.1. Tumor samples

Ten samples of rhabdomyosarcoma tissues were
included in this study. These samples were taken from
seven patients (5 males, 2 females; age range: 2–21
years old). Formalin-fixed and paraffin-embedded
(FFPE) surgical samples of neoplastic tissues were
retrieved from the files of the Department of Pathol-
ogy, University Hospital Brno, Czech Republic, and
of the Department of Oncological and Experimen-
tal Pathology, Masaryk Memorial Cancer Institute,
Brno, Czech Republic. Histological sections stained
with hematoxylin-eosin (H-E) were reviewed by two
pathologists (IZ and MH), and representative tissue
blocks were selected for immunohistochemical and
immunofluorescence analysis. Cell lines were derived
from respective biopsy samples that were taken from
patients surgically treated for rhabdomyosarcoma; all
samples for cell cultures were coded and processed in
the laboratory in an anonymous manner. The Research
Ethics Committee of the University Hospital Brno
approved the study protocol, and a written statement of
informed consent was obtained from each participant
prior to their participation in this study. A description of
the cohort of patients included in this study is provided
in Table 1.

2.2. PCR analysis of the tumor samples

Reverse transcriptase (RT) two-step nested PCR for
fusion transcript PAX3-FKHR and one-step RT-PCR
for fusion transcript PAX7-FKHR were used accord-
ing to published methods [1, 37]. Briefly, extraction
of total RNA from a patient’s tumor samples was per-
formed using an RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the instruction manual. An
initial amount of 1 �g RNA was used for reverse tran-
scription using random hexamers and MuLV reverse
transcriptase (Applied Biosystems, Foster City, CA,
USA). PCR products were electrophoresed on a 2%
agarose gel and visualized after ethidium bromide
staining. For all positive assays, the PCR product was
confirmed by standard direct nucleotide sequencing.

2.3. Cell cultures

Starting with primary cultures, fresh specimens of
tumor tissue were processed as described previously
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Table 1

Description of patient cohort and characterization of analyzed tumors

Tumor Gender Age Tumor Time of Translocation in Cell line Translocation in
sample type biopsy tumor tissue cell line

1 M 13 A DG positive PAX3/FKHR - -
2 M 17 A DG positive PAX3/FKHR NSTS-09 21.3%
3 F 16 E NACHT negative PAX3,PAX7/FKHR NSTS-11 2.7%
4 M 7 E DG negative PAX3,PAX7/FKHR - -
5 F 2 E DG negative PAX3,PAX7/FKHR NSTS-12 2.3%
6 M 2 A DG positive PAX3/FKHR - -
7a F 21 A DG positive PAX3/FKHR NSTS-08 22.3%
7b NACHT not available NSTS-10 20.3%
7c PROG positive PAX3/FKHR - -
7d PROG not available - -

Notes: Gender: M, male; F, female. Age at the time of diagnosis: years. Tumor type: A, alveolar; E, embryonal.
Time of biopsy: DG, diagnostic; NACHT, after neo-adjuvant chemotherapy; PROG, progression of the disease.
Translocation in tumor tissue: translocation PAX3/PAX7-FKHR as detected by RT-PCR analysis. Translocation in
cell line: FKHR break of as detected by FISH analysis.

[42, 43]. The primary cultures were maintained in
DMEM supplemented with 20% fetal calf serum,
2 mM glutamine, and antibiotics: 100 IU/ml penicillin
and 100 �g/ml streptomycin (all purchased from PAA
Laboratories, Linz, Austria) and cultivated under stan-
dard conditions at 37◦C in an atmosphere of 95% air :
5% CO2. Once the specimen pieces had attached, the
volume of the medium was gradually increased to 5 ml
over the next 48 hours. As soon as the outgrowing cells
covered approximately 60% of the surface, they were
trypsinized, diluted, and transferred into a new flask. A
similar procedure was used for further subcultivations
of all cell lines that were derived from the primary
cultures.

2.4. FISH analysis of the cell lines

Using PoseidonTM probes ON FKHR Break
(Kreatech Diagnostics, Amsterdam, Netherlands), we
examined all the above described rhabdomyosar-
coma cell lines. For FISH analysis, cell suspensions
were hypotonized with 75 mM KCl and fixed in
methanol/acetic acid (3 : 1, vol:vol). Cell suspensions
were spread onto microscopic slides and chemically
aged in 2 × SSC for 30 min at 37◦C. The slides were
then dehydrated in 70%, 80%, and 96% ethanol for
2 min each and air-dried. Codenaturation was per-
formed for 5 min at 75◦C, and following hybridization,
was allowed to proceed overnight at 37◦C. Hybridized
slides were then washed sequentially in 0.5 × SSC
for 3 min at 75◦C and 2 × SSC for 1 min at room
temperature and were mounted in DAPI Counterstain
(Kreatech). An Olympus BX-61 microscope was used

for FISH evaluation. Micrographs were captured by
Vosskühler 1300D CCD camera and analyzed using
Lucia 4.80 - KARYO/FISH/CGH software (Labora-
tory Imaging, Prague, Czech Republic). At least 150,
but most often 300, interphase nuclei were scored for
FKHR (13q14) gene status.

2.5. FFPE immunohistochemistry

Immunohistochemical detection of both nestin and
CD133 was performed on 4 �m thick tissue sections
applied to positively charged slides. The sections were
deparaffinized in xylene and rehydrated through a
graded alcohol series. Antigen retrieval was performed
in a Pascal calibrated pressure chamber (DAKO,
Glostrup, Denmark) by heating the sections in mod-
ified citrate buffer (DAKO) at pH 6.1 (CD133 IHC) or
in Tris/EDTA buffer (DAKO) at pH 9.0 (nestin IHC)
for 40 min at 97ºC. Endogenous peroxidase activity
was quenched in 3% hydrogen peroxide in methanol
for 10 min, followed by incubation at room temperature
with a rabbit polyclonal antibody against CD133 (No.
ab19898, dilution 1 : 200, Abcam, Cambridge, UK)
for 60 min or a mouse monoclonal antibody against
nestin (clone 10C2, dilution 1 : 200, Millipore, Bil-
lerica, MA, USA) for 90 min. A streptavidin-biotin
peroxidase detection system was used according to
the manufacturer’s instructions (Vectastain Ellite ABC
Kit, Vector Laboratories, Burlingame, CA, USA); 3,3′-
diaminobenzidine was used as a chromogen (DAB,
DAKO). Slides were counterstained with Gill’s hema-
toxylin. Tissue sections of glioblastoma multiforme
served as external positive controls for the anti-nestin
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antibody; Nes+ or CD133+ endothelial cells in rhab-
domyosarcoma tissue samples were used as internal
positive controls. Negative controls were prepared by
incubating samples without primary antibody. Evalu-
ation of immunohistochemical results was performed
using a uniform microscope and camera setting (Olym-
pus BX51 microscope and DP70 camera).

2.6. Evaluation of FFPE immunohistochemistry

For CD133, only specific membranous positivity
was scored; however, cytoplasmic immunopositivity
was observed in a variable proportion of tumor cells
in all examined samples (see explanation in discus-
sion). For nestin, cytoplasmic immunostaining was
regarded as positive. The intensity of staining and the
percentages of positive tumor cells (TC) were evalu-
ated by two pathologists (IZ and MH) independently,
using a light microscope at × 400 magnification. At
least five discrete foci of neoplastic infiltration were
analyzed, and the average staining intensity and the
percentage of CD133+ or Nes+ cells of the entire
covered area were determined. The percentage of
CD133+ or Nes+ TC was categorized into four levels:
± (<2% CD133+ or Nes+ TC), + (2–10% CD133+
or Nes+ TC), ++ (11–50% CD133+ or Nes+ TC),
and +++ (51–100% CD133+ or Nes+ TC). The inten-
sity of immunostaining was graded as very weak (±),
weak (+), medium (++), and strong (+++). The in-
tensity of immunostaining was also evaluated in
endothelial cells, which were used as an internal posi-
tive control.

2.7. FFPE immunofluorescence

After deparaffinization and rehydration of the tissue
sections, antigen retrieval was carried out under same
conditions as mentioned above. Rabbit polyclonal anti-
CD133 antibody (No. ab19898, dilution 1 : 50, Abcam)
or mouse monoclonal anti-nestin antibody (clone
10C2, dilution 1 : 200, Millipore) were used as pri-
mary antibodies. Tissue sections were incubated with
primary antibodies at room temperature for 30 min
or 90 min, respectively. Then appropriate secondary
antibodies, i.e., goat anti-rabbit antibody conjugated
with TRITC (No. TI-1000, dilution 1 : 100, Vector) or
goat anti-mouse antibody conjugated with FITC (No.
AP124F, dilution 1 : 50, Millipore) were applied for
45 min or 60 min, respectively. Subsequently, slides

were mounted with mounting medium (No. S3025,
Faramount Aqueous Mounting Medium, DAKO). A
uniform microscope and camera setting (Nikon Eclipse
80i microscope and DS-Fi1 camera) was used for
the evaluation of immunofluorescence results. Micro-
graphs were analyzed using NIS-Elements BR 3.0
software (Laboratory Imaging).

2.8. Evaluation of FFPE immunofluorescence

Both for CD133 and nestin, the frequency of clearly
positive cells (membranous positivity for CD133 and
cytoplasmic positivity for nestin) was determined as
follows: + (sporadically positive TC), ++ (dispers-
edly positive TC) and +++ (abundant positive TC). In
CD133 immunofluorescence, weak cytoplasmic pos-
itivity was observed in sporadic TC in all examined
cases. The slides were evaluated by two pathologists
(IZ and MH) independently, using a fluorescent micro-
scope at × 400 magnification.

2.9. Immunofluorescence of cell lines

To immunostain for CD133 and nestin, cell sus-
pensions at a concentration of 104 cells per ml were
seeded on glass coverslips and grown under standard
conditions for 24 h. Cells were then washed in PBS,
fixed with 3% para-formaldehyde (Sigma-Aldrich, St.
Louis, USA) in PBS for 20 min at room tempera-
ture. The cells were subsequently washed in PBS
and incubated for 10 min with 2% BSA (PAA) to
block nonspecific binding of the secondary antibod-
ies. CD133 and nestin were visualized by indirect
immunofluorescence. Rabbit polyclonal anti-CD133
antibody (No. ab19898, dilution 1 : 100, Abcam) and
mouse monoclonal human-specific anti-nestin anti-
body (clone 10C2, dilution 1 : 200, Millipore) were
used as primary antibodies. The cells were treated
with primary antibodies at 37◦C for 1 h and washed
three times in PBS. Corresponding secondary antibod-
ies, i.e., anti-rabbit antibody conjugated with TRITC
(No. T6778, dilution 1 : 160, Sigma) or anti-mouse
antibody conjugated with FITC (No. F8521, dilution
1 : 160, Sigma), were applied under the same condi-
tions. Finally, the cells were mounted onto glass slides
in Vectashield mounting medium containing DAPI
(Vector). The cells were observed using an Olympus
BX-61 fluorescence microscope. Micrographs were
captured with a CCD camera COHU 4910 and ana-
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lyzed using Lucia 4.80 software – KARYO/FISH/CGH
(Laboratory Imaging, Prague, Czech Republic).

2.10. Evaluation of immunofluorescence on cell
lines

The percentage and intensity of immunostaining
(immunoreactivity) of CD133+ or Nes+ cells were
evaluated at discrete areas of each sample. The sam-
ples were prepared from several various passages of all
examined cell lines. The average percentage of positive
cells and the intensity of immunostaining were deter-
mined for entire samples of individual cell lines. The
percentage of CD133+ or Nes+ cells was categorized
into six levels: (+), ∼1% CD133+ or Nes+ cells; +,
1–10% CD133+ or Nes+ cells; +(+), ∼10% CD133+
or Nes+ cells; ++, 10–50% CD133+ or Nes+ cells;
++(+), ∼50% CD133+ or Nes+ cells; +++, >50%
CD133+ or Nes+ cells. The intensity of immunos-
taining (immunoreactivity) was categorized into three
levels: +, weak; ++, medium; +++, strong.

2.11. Flow cytometry

Cell suspensions at identical concentrations were
seeded onto Petri dishes (60 cm2) and grown under
standard conditions. Evaluation of CD133 expression
was performed from the second to the sixth day of
cultivation at 24 h intervals. For CD133 and isotype
control cell surface indirect immunostaining, cells
were detached using 1 mM EDTA (PAA), fixed with
3% para-formaldehyde (Sigma) in PBS overnight at
4◦C and then washed in PBS. The cells were treated
either with rabbit polyclonal anti-CD133 primary anti-
body (No. ab19898, Abcam) or rabbit polyclonal
isotype control (No. ab37416, Abcam) at 6 �g/ml for
40 min at 4◦C and washed in PBS. Anti-rabbit IgG
conjugated with FITC (No. F9887, dilution 1 : 160,
Sigma) was applied as a secondary antibody under the
same conditions. Cytometric analysis was performed
using a FACS CantoTM II (BD Biosciences). Ten thou-
sand events per sample were evaluated using WinMDI
2.8 software. After completion of the flow cytometric
analysis, the remaining cell suspensions were mounted
onto glass slides and observed using a Nikon Eclipse
80i fluorescence microscope in combination with a DS-
Fi1 camera. Micrographs were taken at 24 h intervals
using the same microscope and camera settings.

2.12. Immunoblotting

Whole-cell extracts were loaded onto polyacry-
lamide gels, electrophoresed, and blotted onto
polyvinylidene difluoride membranes (Bio-Rad Lab-
oratories GmbH, Germany). The membranes were
blocked with 5% nonfat milk in PBS with 0.1% Tween
20 (PBS-T), then incubated either with rabbit poly-
clonal anti-CD133 primary antibody (No. ab19898,
Abcam), mouse monoclonal anti-nestin primary anti-
body (clone 10C2, Millipore) or mouse monoclonal
anti-alpha tubulin primary antibody (clone TU-01,
Exbio, Prague, Czech Republic) diluted 1 : 1000 in
blocking solution at 4◦C overnight. After rinsing with
PBS-T, the membranes were incubated with corre-
sponding secondary antibodies at room temperature for
45 min; i.e., anti-mouse IgG antibody peroxidase con-
jugate (No. A9917, Sigma) or anti-rabbit IgG antibody
peroxidase conjugate (No. A2074, Sigma) diluted
1 : 5000. Each step was followed by at least three
10-min washes in PBS-T. ECL-Plus detection was per-
formed according to the manufacturer’s instructions
(Amersham, GE Healthcare, UK).

2.13. PCR analysis of the cell lines

For RT-PCR, total RNA was extracted with
GenElute™ Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich). For all samples, equal amounts of
RNA (25 ng of RNA per 1 �l of total reaction con-
tent) was reverse transcribed into cDNA using M-MLV
(Top-Bio, Prague, Czech Republic) and oligo-dT
(Qiagen) priming. PCR was carried out in 50 �l reac-
tions containing 0,5 �M of each primer and 10 �l
of diluted cDNA. Following primer sequences were
used: Oct3/4, 5′-GCAAAGCAGAAACCCTCGT-3′
(forward) and 5′-ACACTCGGACCACATCCTTC-3′
(reverse); Nucleostemin, 5′-TGCGAAGTCCAGCAA
GTATTG-3′ (forward) and 5′-AATGAGGCACCTGT
CCACTC-3′ (reverse); GAPDH, 5′-AGCCACATCGC
TCAGACACC-3′ (forward) and 5′-GTACTCAGCGC
CAGCATCG-3′ (reverse). PCR conditions include a
first step of 4 minutes at 94◦C, a second step of 30
cycles of 30 seconds at 94◦C, 30 seconds annealing
step at 60◦C, 45 seconds at 72◦C and a final step of 5
minutes at 72◦C. Final products were examined by gel
electrophoresis on 1% agarose.
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2.14. Clonogenicity assay in vitro

The cells were trypsinized, single cells were manu-
ally transferred with a micropipette under microscope
into separate wells of 96-well microtiter plates and
were cultivated under standard conditions (see 2.3. for
details). A capability of cells to proliferate and to form
colonies was examined every two days for two weeks
and documented using an Olympus CKX41 inverted
microscope in combination with an Olympus SP-350
camera.

2.15. Tumorigenicity assay in vivo

Enzymaticaly dissociated cell suspension of NSTS-
11 cells at concentration of 1.5 × 106 cells per 100 �l
was injected subcutaneously in three 8-week-old
female NOD/SCID mice. The mice were examined
every three days for the presence of subcutaneous
tumors. After appearance of the tumors, the mice were
sacrificed and tumor tissue was collected. Each tumor
was dissected into two equal parts: one of them was
processed for primary culture (see 2.3.), the second
was fixed in 10% buffered formalin for 24 hours,
routinely processed for histological examination and
embedded in paraffin. Tissue sections of FFPE samples
were stained with H-E and examined. Immunohisto-
chemical analysis was performed (see 2.5. and 2.6. for
details). Monoclonal mouse anti-human desmin (clone

D33, dilution 1 : 100, DAKO), monoclonal mouse anti-
human muscle actin (clone HHF35, dilution 1 : 50,
DAKO) and polyclonal rabbit anti-human myoglobin
(dilution 1 : 500, Novocastra Lab., Newcastle upon
Tyne, UK) were employed to confirm myogenic dif-
ferentiation of xenograft tumors. For desmin IHC,
antigen retrieval was performed in a Pascal calibrated
pressure chamber (DAKO) by heating the section in
modified citrate buffer at pH 6.1. Myoglobin and mus-
cle actin IHC was performed without antigen retrieval.
The incubation time for all these primary antibodies
was 60 minutes. A peroxidase conjugated polymer
detection system was used for desmin, muscle actin
and myoglobin detection (EnVisionTM + Dual Link,
HRP rabbit/mouse, DAKO), 3,3′-diaminobenzidine
was used as a chromogen (DAB, DAKO). Detection of
nestin and CD133 in xenograft tumors was performed
as described above (see 2.5. and 2.6. for details).

3. Results

3.1. CD133 and nestin detection in the
rhabdomyosarcoma tumor tissue

The results of nestin and CD133 expression in rhab-
domyosarcomas by immunohistochemical (IHC) and
immunofluorescence (IF) detection are summarized in
Table 2.

Table 2

Immunohistochemical and immunofluorescence analysis of CD133 and nestin expression in rhabdomyosarcomas

Tumor sample Tumor type IF CD133 IHC CD133 IF Nestin IHC Nestin

% TC IR TC IR EC % TC IR TC IR EC

1 A + ± +++ +++ +++ +++ + +
2 A + ± +++ ++ +++ ++ + ++
3 E + ± + ++ + ++ + +
4 E + + + ++ + ++ ++ ++
5 E + ± ++ +++ ++ +++ + ±
6 A + ± +++ +++ +++ +++ + +
7a + ± ++ +++ ++ +++ ++ ±
7b + ± ++ +++ ++ +++ ++ ++

A
7c + ± +++ +++ +++ +++ + +
7d + ± ++ +++ ++ +++ + +

Notes: Expression of CD133 and nestin was examined on formaline-fixed, paraffin embedded tissue samples of
rhabdomyosarcomas using both immunofluorescence (IF) and immunohistochemistry (IHC). Evaluation of IF: + (spo-
radically positive TC), ++ (dispersedly positive TC) and +++ (abundant positive TC). Evaluation of IHC: % TC,
percentage of nestin-positive or CD133-positive tumor cells (±, <2%; +, 2–10%; ++, 11–50%; +++, 51–100%). IR
TC, intensity of immunostaining (immunoreactivity) in tumor cells (±, very weak; +, weak; ++, medium; +++, strong).
IR EC, intensity of immunostaining (immunoreactivity) in endothelial cells (±, very weak; +, weak; ++, medium; +++,
strong). Tumor type: A, rhabdomyosarcoma, alveolar type; E, rhabdomyosarcoma, embryonal type.



J. Sana et al. / CD133 and nestin expression in rhabdomyosarcomas 309

Fig. 1. Immunohistochemical and immunofluorescence analysis of CD133 expression in rhabdomyosarcomas tissues. Both IHC (a, b) and
IF (c) revealed membranous CD133 positivity in only small number of tumor cells. Nonspecific cytoplasmic positivity was revealed in a
significant proportion of tumor cells (a, b). Immunohistochemistry with Gill’s hematoxylin counterstain (a, b); indirect immunofluorescence
using TRITC-labeled secondary antibody (c). Bars, 100 �m (a), 50 �m (b), 50 �m (c).

In all examined cases, IF detection of membranous
CD133 positivity was revealed in only a few tumor
cells dispersed throughout the tumor tissues (Fig. 1c).
Both CD133 IHC (Fig. 1b) and IF revealed not only
membranous positivity in sporadic tumor cells, but
also a nonspecific cytoplasmic positivity in a variable
proportion of tumor cells (Fig. 1a).

Nestin expression was identified using both IHC and
IF in all examined tumor samples (Fig. 2). The inten-
sity of cytoplasmic IHC staining varied from strong
(Fig. 2a) to weak (Fig. 2b). Similarly, the frequency
of positive tumor cells revealed both by IHC and IF
ranged from a strong, diffuse positivity (Fig. 2a and
c) to a sporadic, medium to weak cytoplasmic nestin
immunostaining in a subset of tumor cells (Fig. 2b and
d).

3.2. Expression of CD133 and nestin in
rhabdomyosarcoma cell lines

CD133 was observed in the form of a clear, mem-
branous signal in all five newly derived rhabdomyosar-
coma cell lines using indirect immunofluorescence
(Table 3, Fig. 3). However, the percentage and the
intensity of immunostaining (immunoreactivity) of
CD133+ cells varied among individual cell lines
(Table 3, Fig. 3c and d). The presence of CD133 was

subsequently verified using immunoblotting, and a 75-
kDa band specific for CD133 was detected in all five
cell lines examined (Fig. 4a).

Furthermore, using the NSTS-11 cell line, we
experimentally determined that CD133 expression in
cell populations seeded at the same concentrations
increased over the course of a six-day cultivation
(Fig. 5). Using a fluorescence microscope, we observed
an increase of CD133+ fluorescence intensity in indi-
vidual cells (Fig. 5a). The same results were also
achieved by immunoblotting (Fig. 5b). Using flow
cytometry, approximately a 193 percent increase in
CD133 fluorescence intensity (FI) was noted from day
2 to day 6 in the cell populations (Fig. 5c).

Similar to CD133, nestin was observed in all ex-
amined cell lines, and both the percentage and the
intensity of immunostaining of Nes+ cells varied
among individual cell lines (Table 3, Fig. 3). Using
immunoblotting, we confirmed that nestin is present in
all five cell lines, and the specific bands detected were
300 kDa, 270 kDa and 100 kDa (Fig. 4b). Neverthe-
less, Nes+ cells only represent minor subpopulations,
and the level of immunostaining was lower, compared
to CD133+ cells (Table 3). Additionally, all Nes+ cells
expressed CD133, but not all CD133+ cells expressed
nestin (Fig. 3c and d). In contrast to the changes in
CD133 expression mentioned above, expression of
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Fig. 2. Immunohistochemical and immunofluorescence analysis of nestin expression in rhabdomyosarcomas tissues. Strong, diffuse cytoplasmic
positivity in the majority of tumor cells with an internal positive control of Nes+ endothelial cells; sample 8 (a). Medium cytoplasmic nestin
immunostaining in a subset of dispersed tumor cells; sample 7 (b). Nestin expression in a significant proportion of tumor cells; sample 8
(c). Nestin expression in individual tumor cells; sample 4 (d). Immunohistochemistry with Gill’s hematoxylin counterstain (a, b); indirect
immunofluorescence using FITC-labeled secondary antibody (c, d). Bars, 100 �m (a, b, c), 50 �m (d).
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Table 3

Expression of CD133 and nestin in the rhabdomyosarcoma cell lines

Cell line Tumor type CD133 Nestin

% TC IR TC % TC IR TC

NSTS-08 A +++ ++ + +
NSTS-09 A ++(+) +++ +(+) ++
NSTS-10 A +++ ++ +(+) ++
NSTS-11 E ++ ++/+++ +(+) +
NSTS-12 E +++ ++/+++ (+) +

Notes: Expression of CD133 and nestin in cell lines was exam-
ined using indirect immunofluorescence method. % TC, percentage
of CD133/nestin positive tumor cells: (+), ∼1%; +, 1–10%; +(+),
∼10%; ++, 10–50%; ++(+), ∼50%; +++, >50%. IR TC, intensity
of immunostaining (immunoreactivity) in tumor cells: +, weak; ++,
medium; +++, strong. Tumor type: A, rhabdomyosarcoma, alveolar
type; E, rhabdomyosarcoma, embryonal type.

nestin in cell populations was not altered during the
cultivation.

3.3. Detection of CD133 and nestin in different
samples from the same patient

As mentioned in Table 1, four FFPE tissue sam-
ples and two derived cell lines were obtained from the
same patient suffering from rhabdomyosarcoma dur-
ing the progression of the disease. This situation gave
us the unique opportunity to analyze possible changes
in CD133 and nestin expression in tumor tissue of the
same patient in relation to the clinical course of the
disease and to the applied therapy.

A 21-year-old woman was diagnosed with alveolar
rhabdomyosarcoma of the left forearm and regional
axillary lymph nodes, IRS stage III (tumor sample
No. 7a, NSTS-08 cell line). She was treated accord-
ing to protocol “EpSSG RMS 2005” very high risk
arm with systemic chemotherapy of ifosfamide, vin-
cristine, actinomycin D, and doxorubicin. After three
initial courses, the patient was re-evaluated by PET
and MRI imaging and determined to have a stable
disease response. The tumor was inoperable without
mutilating surgery, but amputation was rejected by the
patient. Locoregional marginal surgery was performed,
and she achieved 1st complete remission (tumor sam-
ple No. 7b, NSTS-10 cell line). Despite a second line of
chemotherapy with irinotecan and vincristine, radio-
therapy and metronomic antiangiogenic therapy, she
relapsed in the regional lymph nodes on her shoul-
der (tumor sample No. 7c); her event-free survival
was 13 months. Salvage chemotherapy with topote-

can and carboplatin was administered, but again, stable
disease was found upon imaging. Following resection
(tumor sample No. 7d) and radiotherapy, she achieved
a 2nd complete remission. Several months later, she
was diagnosed with a 3rd locoregional relapse on
her shoulder; her event-free survival was 7 months.
After a discussion with the patient, a dendritic cell
vaccine against PAX3/FKHR protein was prepared.
Meanwhile, concomitant chemotherapy with irinote-
can, vincristine, and temodal, and radiotherapy were
administered. Amputation was not accepted by the
patient, despite a poor prognosis for survival. Unfor-
tunately, the patient was diagnosed with metastatic
relapse in the bones and bone marrow nine months
later. As an experimental approach, a dendritic cell vac-
cine was applied together with palliative radiotherapy
to a pathologic fracture of the vertebra. Currently, the
experimental treatment with vincristine, cyclophos-
phamide, bevacizumab, sirolimus and valproate was
administered. The overall survival of this patient is 39
months, and her prognosis remains very poor; such
patients usually survive no more than three years after
diagnosis.

Analysis of CD133 and nestin expression in all
four tumor samples taken from this patient at various
stages of the disease (see above) showed a sporadic
occurrence of CD133+ cells with relatively strong
immunoreactivity and a high proportion of Nes+ cells
with medium to weak immunoreactivity. The fre-
quency both of CD133+ and Nes+ cells did not change
significantly during the course of the disease (Table 2).

The cell lines derived from the primary tumor
(NSTS-08 cell line) and from the tumor tissue after the
first chemotherapy treatment (NSTS-10 cell line) also
showed the very same frequency of CD133+ and/or
Nes+ cells; and the immunoreactivity for both of these
markers was stable in both of these cell lines (Table 3).

3.4. Expression of stem cell markers in
rhabdomyosarcoma cell lines

To confirm the presence of cells with stem cell
related markers in rhabdomyosarcoma cell lines, we
employed RT-PCR for detection of Oct3/4 (POU5F1)
and nucleostemin (GNL3) that are considered to be
markers of the embryonic stem cells. All five cell lines
were identified as positive for both of these mark-
ers (Fig. 6); however, their expression partly differed
among cell lines: a strong expression of Oct3/4 was
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Fig. 3. Expression of CD133 and nestin in rhabdomyosarcoma cell lines. Representative double labeling for CD133 and nestin in NSTS-9 (a, b)
and NSTS-8 (c, d) rhabdomyosarcoma cell lines. CD133 showed predominantly membranous positivity, visible as a dotted CD133 signal (red)
on the cell surface (a-d). Invaginations of plasma membrane accumulating CD133 signals (red) led to the stripped pattern in a small subset of
cells (b). CD133 (red) and nestin (green) stained by indirect immunofluorescence using TRITC-labeled secondary antibody and FITC-labeled
secondary antibody, respectively; counterstaining with DAPI. Bars, 25 �m (a, b), 50 �m (c, d).
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Fig. 4. Immunoblot analysis of the CD133 and nestin expression
in rhabdomyosarcoma cell lines. Analysis of the CD133 expression
in all five rhabdomyosarcoma cell lines (a). Analysis of the nestin
expression in all five rhabdomyosarcoma cell lines (b).

identified in NSTS-8, NSTS-9, and NSTS-12 cell lines,
a medium in NSTS-10 and a low expression in NSTS-
11, while a medium expression of nucleostemin was
detected in all cell lines with exception of NSTS-10
that showed only low level of nucleostemin expression
(Fig. 6).

3.5. Functional assays using NSTS-11 cells

To confirm the presence of cells with cancer stem
cell phenotype in our cell lines, we performed pre-
liminary functional assays on NSTS-11 cell line.
Clonogenicity in vitro assay showed that 5 to 10 %
of isolated cells were able under standard in vitro con-
ditions to form colonies containing more than 50 cells
(Fig.7).

Furthermore, the tumorigenicity in vivo assay
clearly confirmed the ability of NSTS-11 cells to orig-
inate xenograft tumors in NOD/SCID mice (Fig. 8).
All three mice injected with NSTS-11 cell suspensions
developed subcutaneous tumors in the same positions
(Fig. 8a-c) within 12 weeks after injection. The diam-
eter of all three tumors was about 10 mm (Fig. 8
d-f). Histological examination of all these xenograft
tumors showed neoplastic highly mitotically active
proliferation of undifferentiated dominantly spindle-
shaped cells admixed with number of round, strap-
or tadpole-shaped eosinophilic rhabdomyoblasts in a
partially myxoid stroma (Fig. 8g-i). Moreover, the
cross-striation of several cells has been displayed
in all examined tumor samples. Histopathological
findings correlate with the diagnosis of embryonal
rhabdomyosarcoma. Myogenic differentiation was

additionally proved immunohistochemically in all
three xenograft tumors (Table 4).

4. Discussion

The focus of our study was on the detection of
CD133 and nestin in rhabdomyosarcoma cells. Ten
samples of rhabdomyosarcoma tumor tissue and five
cell lines derived from these tumors were examined
using immunodetection methods; RT-PCR and func-
tional assays were also employed to analyze the cell
lines. Expression of both CD133 and nestin was micro-
scopically determined in all tissue samples and cell
lines; in the cell lines, these finding were confirmed
by immunoblotting. Cells with distinct membranous
positivity for CD133 occurred only sporadically in
tumor tissues, although the proportion of Nes+ cells
was markedly higher in the same tissues. In con-
trast, all five rhabdomyosarcoma cell lines showed
an increased frequency of CD133+ cells, only some
of which were concurrently Nes+. Above all, our
research provides the first evidence of CD133 expres-
sion in rhabdomyosarcomas.

CD133 glycoprotein is considered to be a marker of
the CSC phenotype in many kinds of tumors, usually
in combination with other cell surface or intracel-
lular molecules; for example: with nestin in CNS
tumors [9, 24, 33, 34, 47], with CD44 in hepatocel-
lular carcinomas [20, 48] and in colon carcinomas
[15], with CD44 and �1�2

hi in prostate carcinomas [4],
and with ABCG2 in pancreatic adenocarcinomas [25]
and in osteosarcomas [10]. Nevertheless, expression
of CD133 alone was also reported as a CSC pheno-
type in colon carcinomas [28], in non-small-cell lung
carcinomas [2, 38], in ovarian carcinomas [8] and in
endometrial carcinomas [30].

The detection of cells showing membranous positiv-
ity for CD133 that were only sporadically dispersed in
rhabdomyosarcoma tumor tissues suggests that these
cells may act as CSCs/TICs in this tumor type. In
cell lines derived from the same tumors, we noted
a markedly higher proportion of CD133+ cells; this
difference may be explained by clonal selection for
this phenotype under in vitro conditions. Since our
results are the first evidence of CD133 expression in
rhabdomyosarcoma cells, we verified these findings by
immunoblotting cell lysates from five rhabdomyosar-
coma cell lines examined in this study. Immunoblot
results undoubtedly showed the CD133 expression;
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Fig. 5. CD133 expression changes in the rhabdomyosarcoma cell line NSTS-11 during a six-day cultivation. Cell suspensions were stained
against CD133 (green) by indirect immunofluorescence using a FITC-labeled secondary antibody and were simultaneously analyzed using a
fluorescence microscope; bar 50 �m (a) and by flow-cytometry (c). Fluorescence intensity (FI) is calculated as a quotient of difference; FITC-A
log CD133 median fluorescence intensity (MFI) with FITC-A log Iso MFI, and FSC-A where: FITC-A log CD133 is calculated as the mean (n = 2)
of medians FITC-A log in samples immunostained with rabbit polyclonal anti-CD133 primary antibody, FITC-A log Iso is calculated as a
mean (n = 2) of medians FITC-A log in samples immunostained with rabbit polyclonal isotype control, FSC-A is calculated as a mean (n = 4) of
medians FSC-A above mentioned all samples. FI = (FITC-A log CD133 – FITC-A log Iso) / FSC-A. Immunoblot analysis of the CD133 expression
changes during a six-day cultivation (b). Alpha-tubulin (�-Tub) served as a loading control.

a specific 75-kDa band was detected in all cell
lines, suggesting the presence of a truncated form of
CD133 that was described by two independent studies
[26, 41].

During the in vitro experiments, we also noted
increased fluorescence in individual CD133+ cells in
relation to a prolonged cultivation time. For this reason,
we measured the cell populations seeded at the same
concentrations and at the same time. By flow cytome-
try, we confirmed a substantial increase in fluorescence
of the whole cell population during a six-day cultiva-
tion; non-specific fluorescence and the average size of
individual cells was taken into account in this experi-
ment. In parallel, we used a fluorescence microscope
to confirm the increase of CD133 labeling in individ-

Fig. 6. RT-PCR analysis of stemness markers in rhabdomyosarcoma
cell lines. Expression of Oct3/4 and nucleostemin was analyzed in
all five of these cell lines; GAPDH served as a control.

ual cells. Moreover, these microscopic observations
suggest not only membranous, but also cytoplasmic
localization of CD133 molecules. These findings are
in agreement with another study on osteosarcoma
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Fig. 7. Clonogenicity assay in vitro using NSTS-11 cell line. During two weeks of cultivation, single isolated cells (7a) were able to proliferate
(7b) and to form colonies containing more than 50 cells (7c). Bars, 100 �m (a, b), 200 �m (c).

Fig. 8. Tumorigenicity in vivo assay using NSTS-11 cell line. Subcutaneous xenograft tumors in NOD/SCID mice at 81–84 days after injection
of NSTS-11 cells (8a-c). Size of all three tumors was about 10 mm in diameter (8d-f). Histological examination of these tumors showed a pattern
corresponding to the diagnosis of embryonal rhabdomyosarcoma; bars, 200 �m (8g-i).

cells, in which the deposition of CD133 into cytoplas-
mic vesicles was visualized by confocal microscopy
[39].

Based on our previous study of osteosarcoma cell
lines, in which the co-expression of CD133 and nestin
was described in sarcomas for the first time [42], we
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Table 4

Immunohistochemical analysis of NSTS-11 xenograft tumors in
mice

Tumor Myoglobin Desmin Muscle actin Nestin CD133

M3A138 ++ ++ ++ +++ ±
M3B138 + ++ ++ +++ ±
M3C138 + ++ ++ +++ ±
Notes: Expression of myogenic differentiation markers (myoglobin,
desmin, muscle actin), CD133 and nestin was examined on formalin-
fixed, paraffin embedded tissue samples of xenograft tumors using
immunohistochemistry (IHC). Evaluation of IHC: percentage of
positive tumor cells (±, <2%; +, 2–10%; ++, 11–50%; +++,
51–100%).

also examined the rhabdomyosarcoma samples and
derived cell lines for the detection of this intermedi-
ate filament protein. Although nestin expression was
reported in many tumor types including sarcomas [18],
and nestin was originally described in rhabdomyosar-
coma cells twelve years ago [17], there is no published
work describing a possible co-expression of nestin and
CD133 in rhabdomyosarcomas.

Our microscopy results confirmed that nestin is
expressed in all our rhabdomyosarcoma samples as
well as in all the derived rhabdomyosarcoma cell lines.
Immunoblotting was employed to verify nestin expres-
sion in the examined cell lines; 300 kDa, 270 kDa and
100 kDa specific bands were detected in all of them.
The 300 kDa and 270 kDa bands correspond to post-
translationally-modified forms of nestin; the 100 kDa
band is probably nestin that has been cleaved by lysate
cryoconservation, as reported by the antibody manu-
facturer.

More interestingly, the expression pattern of nestin
was inversely correlated to that of CD133; we detected
a relatively high proportion of Nes+ cells in tumor tis-
sues together with a sporadic occurrence of CD133+
cells, whereas CD133+ cells predominated the cell
populations of all examined cell lines, including
Nes+ cells, under in vitro conditions. Furthermore,
all Nes+ cells in the cultures showed positivity
for CD133 simultaneously; i.e. their phenotype was
CD133+/Nes+, while CD133-/Nes+ cells were never
been detected in the cell cultures.

Taken together, the sporadic occurrence of CD133+
cells (with distinct membranous positivity) in tumor
tissues and a minor proportion of CD133+/Nes+
in cell cultures suggest that these cancer cells with
expression of stem cell related markers may represent
a CSCs/TICs phenotype in rhabdomyosarcomas. Posi-

tivity of all five examined cell lines for Oct3/4 and
nucleostemin that are required for maintaining stem
cell state [10] is in accordance with this idea. The
hypothesis on CSCs/TICs phenotype is also partially
supported by CD133 and nestin detection in different
tumor samples taken from the same patient at various
stages of the disease. The relatively stable frequency
of CD133+ cells in tumor samples during cancer
progression in this patient may indicate a resistance
of these cells to the applied chemotherapy. Similarly,
the presence of these cells in sample No.3 that was
taken after neoadjuvant chemotherapy also suggests
their CSCs/TICs phenotype.

Moreover, results of preliminary functional assays
using our rhabdomyosarcoma cell lines also suggest
the presence of a CSCs/TICs fraction in these cell lines.
Nevertheless, further detailed functional studies of
CD133+/Nes+ rhabdomyosarcoma cells are required
to confirm their possible CSCs/TICs phenotype.

To summarize, the most important result of our
study is the first evidence of CD133 expression
in rhabdomyosarcomas and the corresponding rhab-
domyosarcoma cell lines. Using immunodetection
methods, we confirmed the expression of CD133 and
nestin in all examined tumor samples and in all cell
lines derived from them. The low incidence of CD133+
cells in tumor tissues and of CD133+/Nes+ cells in cul-
tures as well as results of preliminary functional assays
suggest a possible stem-like phenotype of cells show-
ing co-expression of these markers. We also showed
increasing expression of CD133 in rhabdomyosarcoma
cells and probable accumulation of this glycopro-
tein in cytoplasmic vesicles during cultivation. Our
results represent the first important step toward the
forthcoming studies on CSCs/TICs detection in rhab-
domyosarcomas.

Acknowledgments

The authors would like to thank Mrs. Hana
Rychtecka, Mrs. Marcela Vesela, Mrs. Johana
Maresova and Dr. Jan Verner for their skillful technical
assistance. We are grateful to Dr. Rudolf Nenu-
til for providing tumor samples from the files of
the Department of Oncological and Experimental
Pathology, Masaryk Memorial Cancer Institute (Brno,
Czech Republic). We also thank Professor Roman
Hajek for providing the flow cytometry facilities and
Dr. Ivana Buresova for her assistance in perform-



J. Sana et al. / CD133 and nestin expression in rhabdomyosarcomas 317

ing flow cytometry. This study was supported by
grants VZ MSM 0021622415, VZ MSM 0021622430,
IGA MZCR NR/9125-4 2006, MUNI/A/0091/2009,
MUNI/A/1012/2009, MUNI/A/0950/2010 and GACR
204/08/H054.

References

[1] F.G. Barr, J. Chatten, C.M. D’Cruz, A.E. Wilson, L.E. Nauta,
L.M. Nycum, J.A. Biegel and R.B. Womer, Molecular assays
for chromosomal translocations in the diagnosis of pediatric
soft tissue sarcomas, JAMA 273 (1995), 553–557.

[2] G. Bertolini, L. Roz, P. Perego, M. Tortoreto, E. Fontanella,
L. Gatti, G. Pratesi, A. Fabbri, F. Andriani, S. Tinelli, E. Roz,
R. Caserini, S. Lo Vullo, T. Camerini, L. Mariani, D. Delia, E.
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