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Abstract
Background

Neuroblastoma is a paediatric tumour that develops from embryonal neural crest cells that give rise to
the sympathetic nervous system. Aggressive high-risk disease remains a clinical challenge and despite
multi-modal therapy, survival rates are poor. Most neuroblastomas initially respond well to induction
chemotherapy however, 50-60% of patients with high risk disease will relapse with aggressive disease. A
major obstacle in the successful treatment of this disease is the development of acquired resistance to
chemotherapeutic agents. We hypothesize that aggressive neuroblastomas acquire a more immature
phenotype and an increase in expression stem cell related genes.

Methods

This study investigates the role of stem cell related genes in the development of acquired drug resistance
using Q- Real Time PCR and bioinformatics analysis on three-paired vincristine sensitive and resistant
cell lines. Results: The study outlines 11 differentially expressed genes with several targets involved in
stem cell development, differentiation and the notch signalling pathway.

Conclusions

The �ndings implicated in this study, which include comparative analysis against patient microarray
data, warrants further study on the functional effects of these genes/pathways to elucidate their role in
acquired drug resistance.

Introduction
Neuroblastoma (NB) is a childhood cancer which affects the developing sympathetic nervous system,
speci�cally the neuronal ganglia which derives from embryonic neural crest cells (1). In the United
Kingdom around 90 new cases children under the age of 15 are diagnosed annually (2). High risk
patients, categorised by the presence of MYCN ampli�cation or in children over 18 months with
metastatic disease, have less than 40% chance of long term survival (3). Tumour heterogeneity and
clonal evolution are now established as characteristic hallmarks of NB, with emerging evidence
suggesting that solid tumour cancer cells may not follow the hierarchical organisation of other cancer
cells; instead, following clonal evolution from one subtype to another and generating distinctly
recognisable tumours. This may explain the variation in clinical manifestations and the unpredictable
nature in response to treatment (4). Whilst most high-risk patients do initially respond to induction multi-
modal chemotherapy, unfortunately over 50% relapse, and in many cases the returning tumour cells
possess a drug resistant phenotype (5,6).

There are a number of chemotherapeutic agents used to treat patients with high risk neuroblastoma
including cisplatin, doxorubicin and vincristine. Vincristine (VCR) is a cytotoxic agent which targets cell
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microtubule formation (7,8). Microtubules play integral roles in cell scaffolding as well as being heavily
regulated during cell cycle. Thus, microtubule inhibition leads to cell cycle arrest and eventual cell death
by apoptosis (9). VCR is currently used in Rapid COJEC induction chemotherapy which comprises a
combination of �ve agents (cisplatin, vincristine, carboplatin, etoposide and cyclophosphamide) for
neuroblastoma patients in Europe (10).

A major obstacle in the successful treatment of neuroblastoma is the acquisition of drug resistance to
chemotherapeutic agents and hence, is the most pressing factor leading to therapy failure and relapse.
Drug resistance is a problem for many cancers including neuroblastoma, with a variety of potential
mechanisms driving this resistance including cancer stem cells, epigenetics and genetic alterations(11). 

In addition to this, recent studies have shown that neuroblastoma tumours are composed of two distinct
cell types; adrenergic (ADRN) and mesenchymal (MES). These cell types are regulated by a super
enhancer associated transcription factor network. Interestingly, the MES cells show enhanced migration,
heightened chemoresistance and are more prevalent in relapsed disease. Notch 3 signalling is a key
driver in the reprogramming of ADRN cells to a more mesenchymal state(12). 

Furthermore, epithelial to mesenchymal transition (EMT) has been highlighted as an early mechanism in
the development of metastasis. With emerging evidence in literature demonstrating EMT as a causative
factor in drug resistance in most cancer types(13,14).

Notch signaling is an evolutionarily conserved signaling pathway that regulates cell fate, including
survival and self-renewal of stem cells, proliferation, or differentiation. Deregulation of Notch signaling
promotes resistance to cytotoxic therapies by enriching of a small population of resistant cells, referred to
as breast cancer stem cells, within the bulk tumor; enhancing stem-like features during the process of de-
differentiation of tumor cells; or promoting epithelial to mesenchymal transition (15). Preclinical studies
have shown that targeting the Notch pathway can prevent or reverse resistance through reduction or
elimination of breast cancer stem cells. in the central nervous system development in vertebrates, where
they have effects on proliferation, apoptosis and lineage decisions (16). This pleiotropic/multifaceted
nature is retained during a cancer environment where it has been shown as both an oncogene and a
tumour suppressor (17). Dysregulation of Notch signaling, such as activating Notch receptor mutations,
overexpression of ligands and/or receptors, and/or overexpression of its target genes, contributes to
increased proliferation, cell transformation, and increased drug resistance in cancers of the breast,
multiple myeloma, prostate, T-cell acute lymphoblastic leukemia, and others (18)

To further support this mouse models have indeed implicated Notch signaling in the maintenance of
neural stem cells within the in the fetal brain. Such observations from developmental biology have shown
that Notch exerts similar roles which are vital to the tumourigenicity of cancer stem cells  particularly in
solid tumors including glioblastoma, ovarian cancer, and breast cancer(17). The cancer stem cell
hypothesis suggests that a small distinct subset of undifferentiated cells within the tumour
microenvironment possess the ability to regenerate. In addition, these stem cells self-renew and
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differentiate to generate heterogeneous lineages that form the tumour bulk. From this concept comes the
theory that the CSCs hold not only the key to drug resistance, but also metastases. 

Identi�cation of biological drivers that contribute towards drug resistance, and thus, a means of targeting
such drivers, are essential to improving high risk patient survival (19) and are important in order to
develop more effective targeted therapeutics. In this study we investigated the potential role for stem cell
related genes and pathways, with a special interest in NOTCH signalling, in the development of acquired
drug resistance in three neuroblastoma cell lines. 

Materials And Methods
Cell culture

Three paired parental and drug-adapted neuroblastoma cell lines; SHSY5Y, IMR5 and IMR32 were
obtained from the Resistant Cancer Cell Line (RCCL) collection
(www.kent.ac.uk/stms/cmp/RCCL/RCCLabout.html). Cell lines were treated with 10ng/ml of VCR to
generate resistant cells; SHSY5YrVCR, IMR5rVCR, IMR32rVCR.  Cells were cultured using Iscove’s DMEM
(Sigma, UK) with 10% fetal calf serum (FCS), L- glutamine and1% primocin. All cell lines were incubated
at 37°C, 5% CO2. Cells were passaged once they reached 70-80% con�uency level.

RNA extraction 

RNA extraction was performed using the RNeasy mini kit (Qiagen, uk) according to manufacturer’s
instructions. RNA quality and quanti�cation were assessed using the Nanodrop Lite Spectrophotometer
(Thermo Scienti�c, UK) and �rst strand DNA synthesized using the iScript™ cDNA synthesis kit (Bio-Rad,
UK).

Rt2 Pro�ler Array

The Human Cancer Stem Cell RT2 pro�ler Array analysis (Qiagen, UK) which contains primers for 96
genes related to human cancer stem cells, was performed according to protocol format R in the
manufacturer’s instructions on three paired parental and acquired drug resistant cell lines. IMR32 &
IMR32-VCR, IMR5 & IMR5-VCR and SHSY5Y & SHSY5Y-VCR. Analysis of mRNA expression levels was
performed by Real Time-QPCR (Qiagen Rotorgene 100) of 96 genes related to human cancer stem cells,
against a panel of three paired parental and acquired drug resistant cell lines with an acquired drug
resistance to the microtubule-inhibitor; Vincristine. Fold change was assessed using the 2ΔΔct method,
using GAPDH and β-actin as the respective housekeeping genes.

Bioinformatics analysis

The CtData for each cell line was further tested using Limma package from R Bioconductor for
differential expression of genes by making linear contrast matrices for control and case cell lines.  Linear
models were then �tted for identi�cation of dysregulation genes using lm() function from the package.
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Subsequent p-values were further tested for multiple testing method of false discovery rate. All genes
showing p-values < 0.05 and log2FC >1 and < -1 were picked for overexpression and down regulation.
Signi�cant genes from three contrasts were compared for identi�cation of common genes among the cell
lines. 

Functional analysis

Functional enrichment analysis were performed on 11 genes using combination of different methods
available. Curated gene sets from Molecular Signature Database (MSigDB), DAVID Bioinformatics
Resource 6.8, GeneMania and STRING were extracted for the construction of metagene. Fgsea package
of Bioconductor was used for the prediction of potential involvement of 11 genes in regulatory processes,
functions and pathways. All the pathways with FDR < 0.05 were considered signi�cant.  

In Silico Analysis 

All data was collected from the R2: Genomics Analysis and Visualization Platform 35, using publicly
available neuroblastoma patient data. Expression cut-off was determined by a log rank test, which
determined an optimum cut off, rather than using an average value. R2: Genomics Analysis and
Visualization Platform (http://r2.amc.nl)

Kaplan-Meir plots were constructed to compare high and low expression of the 11 differentially expressed
target genes with important clinical parameters stage, overall survival and event free survival. Statistical
analysis was shown using a two-tailed, unpaired student t-test with a con�dence interval of 95% )
(Appendix One)

Results
This study has generated novel data and identi�ed several genes that are up-regulated in drug resistant
cell lines; SHSY5YrVCR, IMR5rVCR and IMR32rVCR, compared with the corresponding parental cell line. In
addition, we have also identi�ed a subset of genes that are down-regulated in drug resistant cell lines.
Many of these candidate genes have been shown to exert a role in aggressive disease in other common
cancers such as breast, prostate and small cell lung cancers. 

 Elevation of stem cell and EMT related genes in chemo-resistant cell lines

Comparative gene expression analysis was undertaken following Real Time-qPCR on each parental and
drug resistant cell line. Our results show 11 common genes across the three cell lines, ABCB5, ABCG2,
DLL1, ERBB2, ITGA2, LIN28A, LIN28B, MYC, SNAI1, SOX2 and WEE1 (Figure 1A.). 

Subsequent unsupervised hierarchical clustering was conducted (Figure 1B.) which observed
upregulation of LIN28A, ABCG5, LIN28B and DLL1 in IMR32, with downregulation of ERBB2, ABCG2,
WEE1 and MYC. IMR5 displayed upregulation of ITGA2, MYC, SNAI1, WEE1 and ABCG2, with
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downregulation of LIN28B, ABCB5, LIN28A and SOX2. SHSY5Y highlighted upregulation of SOX2, ERBB2,
ABCG2 and WEE1, downregulation of SNAI1, DLL1, ITGA2 and MYC (Table 1).

Bioinformatics analysis shows a regulatory network including EMT and stemness genes

In addition to the pathway analysis, we also created a regulatory network composed of 8 of the genes
highlighted within our study. This regulatory network developed from connections with previous literature
illustrates a core role for MYC, showing direct interactions with WEE1 and SOX2, links through one other
gene to ABCG2, ERRBB2, DLL1, ITGA2 and SNAI1 (Figure 2A). In further detail you can see how many
genes are in�uenced by the genes within our network (Figure 2B).

Gene enrichment analysis highlights NOTCH signalling related pathways

Using the 11 target genes, we undertook gene set enrichment analysis; using curated gene sets from a
range of different analysis software we discovered substantial links to several notch signalling pathways
(Figure 3) highlighting DLL1, MYC and NOTCH1 in particular, all with a highly signi�cant false discovery
rate. The Top regulatory pathways extracted from the gene set enrichment analysis were correlated with
Signi�cance FDR < 0.05 this con�rmed involvement of the NOTCH signalling pathway in acquired drug
resistance (Table 2).

In-silico classi�cation further outlines roles of genes in drug resistance in established studies in other
malignancies.

In-silico analysis was performed to determine whether our 11 differentially expressed target genes
correlated with important clinical outcomes using four neuroblastoma patient data sets including disease
stage, overall survival (OVR) and event free survival (EFS) inpatient data. Kaplan-Meier plots showed that
low expression of ABCB5, ABCG2, and MYC was associated with lower overall survival in patients with
stage 4 disease (INSS). Furthermore, elevated expression of ERBB2, ITGA2, LIN28A, LIN28B, SNAI1, SOX2,
DLL1 and WEE1 were associated with decreased overall survival in neuroblastoma patients with stage 4
disease (Supplementary �gure 1 and table 1). 

Discussion
Neuroblastoma is a paediatric tumour that develops from embryonic neural crest cells that give rise to the
sympathetic nervous system. Whilst most neuroblastomas initially respond well to induction
chemotherapy, 50-60% of patients with high risk disease relapse with aggressive disease. Acquired drug
resistance provides a major therapeutic challenge in the treatment of such patients.

Using an array of 96 genes related to cancer stem cells in three-paired parental and Vincristine drug
resistant neuroblastoma cell lines, this study outlines 11 prominent genes across all cell lines; ABCG2,
ERBB2, LIN28A, SOX2, WEE1 MYC, SNAI1, LIN28B, ABCB5, DLL1 and ITAG2 (Fig.1B).  Differing
expressions of the same genes across the cell lines, highlights the hallmark heterogeneity of disease.  
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Gene enrichment analysis, using curated gene sets from a range of different analysis software,
highlighted a number of NOTCH signalling pathways; particularly within cancers all with a very
signi�cant false discovery rate (Table 1). The same genes playing key roles in these regulatory pathways
are DLL1, MYC and NOTCH1. 

With the help of further bioinformatics analysis, we created a regulatory network composed of 12 genes,
8 of which were highlighted within our study and relating genes discovered from the database (Figure
2A&B). The network displayed a core role for MYC directly in�uencing genes associated with oncogenic
proteins (ERBB2), self-renewal (SOX2) and cell cycle (WEE1). Indirectly, repression of MYC appears to
cause over expression of hallmark drug-resistance genes such as SNAI1 and ABCG2, whilst decreasing
expression of NOTCH signalling protein DLL1 and integrin protein ITGA2 (20–22). Interestingly MYC (C-
MYC) was associated with lower overall survival across four data sets, in contrast to MYCN ampli�cation
which is strongly correlated to poor overall and event free survival in high risk neuroblastoma patients
(23) suggestive of a potential inverse correlation (24). 

Whilst most other cancers display a positive correlation between C-MYC overexpression and a number of
the genes highlighted in our study, a number of studies have implicated that c- and MYCN can
compensate for loss of expression by one another in normal ESCs, IPSCs and neuroblastoma(25–27).
This may explain the �ndings we have discovered.

Similar to our �ndings a study in triple negative breast cancer, showed elevated SOX2 expression
alongside overexpression of ABCG2 and the EMT marker TWIST1 in drug resistant cells. However, when
paclitaxel was administered to SOX2 inhibited mammospheres, ABCG2 and TWIST1 were downregulated,
alongside decreased expression of other EMT markers (SNAI1) which induced arrested migration and
reduced formation of spheres, indicative of loss of self-renewal (28). This study highlights the potential
of the EMT-Stemness axis in therapeutic resistance, where SOX2-dependent TWIST1 overexpression
maintains stemness in addition to enabling migration. Subsequent inhibition of the axis causes regained
sensitivity.

Furthermore, our study shows deregulation of several Notch signalling pathway genes (Figure 3)
suggesting that Notch signalling may play an important role in the development of VCR resistance in
neuroblastoma and our cell line models. 

EMT is a complex process with different pathways implicated in the process including the Notch
signalling pathway. It is now understood that Notch directly in�uences overexpression of Snail and
decreased expression of E-cadherin (29,30). Snai1 expression and loss of E-Cadherin are associated with
several cancers and causing increased migration and invasion (31,32), interestingly a recent study in
osteosarcoma found that sub-lethal doxorubicin treatments showed signi�cant correlation between EMT
and Notch signalling in doxorubicin resistant cell lines(33)which supports our �ndings within the context
acquired drug resistance. In addition, the Notch pathway ligand, Delta like 1 (DLL1), was shown to be
associated with disease recurrence in hepatocellular carcinoma (34) and poor prognosis in non-small cell
lung cancer (35).  A recent study in Neuroblastoma cell lines, showed that DLL1 is highly expressed in
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MYCN ampli�ed cells, and could be inhibited by miRNAs (36).  In highly aggressive medulloblastoma,
NOTCH signalling pathway has shown to regulate self-renewal and metastasis, with TWIST1 and BMI1
in�uential in NOTCH1 induced metastases (37). EMT factor TWIST1 has previously been reported in
resistance to VCR and other microtubule-disrupting therapeutics (38).  Taken together, the EMT-Stemness
axis has strong links to both pillars of high-risk disease (therapeutic resistance and metastasis).  

Our regulatory network and a wider NOTCH signalling network displayed connections to genes linked to
pluripotency including SOX2 and LIN28A & B. Yamanaka’s seminal study on induced pluripotent stem
cells (iPSCs) utilised both SOX2 and LIN28A to reprogram somatic cells to an undifferentiated state (39).
Since then there has been an emerging interest in genes linked to stem cells and pluripotency and their
role in tumorigenesis (40), however whether that role is extended to therapeutic resistance is
understudied. The upregulation of both SOX2 and LIN28A across all VCR-resistant cell lines may suggest
that the acquisition of stem cell related genes is potentially important for the development of a drug-
resistant phenotype, which we know occurs in some patients with high risk tumours. 

This trend is not  limited to VCR resistance alone however, in doxorubicin resistant gastric cancer stem
cells, Sox2 and ABCG2 overexpression was associated with the dox-resistant phenotype (41). Similar can
be said for LIN28B overexpression in gastric cancer cells with dox-resistance (42). DLL1 exerts a role in
development of drug resistance in dox-resistant cell lines and biopsies in osteosarcoma(43). Interestingly,
con�icting studies regarding Snai1 expression in breast adenocarcinoma cell lines in dox-resistant
settings (44,45), however Lim et al. ‘s study does highlight the potential of EMT-stemness interaction in
drug resistance. Whilst these results are drawing comparisons across cancers, our data warrants further
study into this panel of genes in acquired drug resistance in neuroblastoma.

There have been some studies investigating the relationship between CSC phenotype and EMT (46),
where activation of stem cell related pathways directly promote the transition to a mesenchymal pro�le.
Previously, Notch signalling was widely understood as a regulator of cell fate decisions, self – renewal,
maintenance of tissue stem cells and tissue wound healing but more recently as a regulator of survival
and regeneration of CSCs (47). 

However, a de�nitive molecular mechanism behind the CSC-EMT relationship still remains elusive (13).  

Data from in-silico analysis (Supplementary Figure 1 &Table 1) showed that the worst probabilities for
event free survival in late stage (INSS Stage 4) neuroblastoma were ERBB2 overexpression (10% after 3
years in the Versteeg data set – 88, 15% reach 5 year survival in the Kocak dataset (649)), ITGA2
overexpression (0 % were predicted to reach 2 year follow up in both the primary NRC dataset – 283 and
Versteeg dataset - 88), SOX2 overexpression (10% at 2 year follow up in the Versteeg dataset, 0% reached
4 year follow up Kocak dataset (649)) and DLL1 overexpression ( predicts 20% reach 2 year follow up in
the Versteeg (88) and NRC (283) ). Con�rmation of the link with important clinical parameters in four
patient data sets further supports the potential role of these genes in the development of acquired
therapeutic resistance in patients with neuroblastoma and potentially other childhood cancers. 
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Furthermore, in support of our data a landmark study by van Groningen et al investigating the role of
super-enhancers on intra-tumoral heterogeneity identi�ed two distinct lineages; adrenergic (ADRN) and
mesenchymal (MES) differentiation with the Notch pathway as a key driver of dedifferentiated
mesenchymal identity. In both in vivo and in vitro studies MES cells were shown to be more resistant to
common neuroblastoma treatments, which con�rms the idea that treatment exerts selective pressure
much like the cancer stem cell hypothesis postulates (48). These studies show that ADRN cells can
reprogram themselves and become a more dedifferentiated cell type using NOTCH signalling.

Conclusions
Our study highlights a core role for MYC and NOTCH signalling associated genes in the development of
acquired Vincristine drug resistance in our cell line models. Alterations to individuals within these groups
of genes may have further reaching consequences to the stem cell – EMT axis which drive a drug
resistant phenotype.    

Our panel of three paired Vincristine resistant cell lines provide a unique in-vitro platform to perform
studies to understand the molecular mechanisms underlying the development of drug resistance. With
the addition of powerful large patient tumour data sets and bioinformatics analyses, we’ve further
highlighted potential for a speci�c network of genes between niches which have a negative impact on
survival and require further research. This could subsequently lead to the discovery of new therapeutic
targets that improve the survival of those with the aggressive disease. The �ndings implicated in this
study, which include comparative analysis against microarray data, warrants further studies on the
functional effects of the genes and pathways identi�ed in this study in childhood cancers. 
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Figure 1

Differentially expressed genes identi�ed in three NB cell lines. (A) Venn diagram showing 11 differentially
expressed genes among the three cell lines. (B) Heatmap: expression level is colour coded: red for over-
expressed and green for under-expressed genes.
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Figure 2

(A) A regulatory network of shared genes. MYC is highlighted in a central role with projections either
directly or indirectly to other genes within the study; ABCG2, ERBB2, ITGA2, SNAI1, SOX2 and WEE1. Red
colour indicating over-expression of genes and green colour represents under-expression. The grey colour
are the connecting genes from database. (B) A regulatory network of shared genes and the effect on
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other genes. Red colour indicating over-expression of genes and green colour represents under-
expression. The grey colour are the connecting genes from database.

Figure 3

Network pathway analysis of the NOTCH1 signalling pathway. Genes are highlighted in blue show the
main contributors of notch1.
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