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SUMMARY
Neuroblastoma is a highly heterogeneous tumour which accounts for 15 % of paediatric
cancer deaths. Acquisition of drug resistance is the primary obstacle in the effective
treatment of high risk neuroblastoma, making the elucidation of mechanisms involved in
the development and modulation of drug resistance vital for overcoming these
therapeutic barriers. To this end, three drug-resistant cell line models, KellyCis83,
CHP212Cis100 and SK-N-ASCis24 were previously developed in our lab to elucidate
potential mechanisms involved into the development of cisplatin resistance.
The hypothesis of this study was that the development of cisplatin resistance induced
substantial proteomic and phenotypic changes in our cell lines. The aim of this work
therefore, was to characterise phenotypic and proteomic changes and to identify a
miRNA capable of regulating the expression of up-regulated proteins identified by
proteomic analysis of developed cisplatin resistant sub-lines.
The development of cross resistance to multiple unrelated chemotherapeutics was
discovered in the cisplatin resistant KellyCis83 and SK-N-ASCis24 cell lines but not in the
CHP-212Cis100 cell line in this study. In addition to the establishment of cisplatin induced
cross resistance, a significant change in the proliferative rate and invasive capability of
these cell lines was demonstrated in vitro. Of particular interest was the dramatic change
in morphology of the SK-N-ASCis24 cell line which exhibited a more elongated
mesenchymal phenotype compared to its parental cell line, coinciding with increased
invasive potential.
Proteomic profiling was carried out on the MYCN amplified KellyCis83 and non-MYCN
amplified SK-N-ASCis24, as these cell lines alone demonstrated a significant cross
resistance to the panel of chemotherapeutics. This profiling identified a significant
increase in expression of proteins involved with integrin linked kinase signalling (p =
4.01E−8), actin cytoskeletal signalling (p = 9.28E−10), epithelial adherens juncƟons
signalling (p = 5.49E−8) and remodelling of epithelial adherens junctions (p = 5.87E−8)
pathways, suggesting development of a mesenchymal phenotype in the cisplatin resistant
SK-N-ASCis24 cell line.
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The combination of invasion assays of cisplatin resistant cells and immunodetection of
the cytoskeletal proteins MYH9, ACTN4 and ROCK1 in these cell lines, provided evidence
that upregulation of MYH9 and ACTN4 along with downregulation of ROCK1 contribute to
increased ROCK1-independent migratory potential of SK-N-ASCis24. These findings
suggest that epithelial-to-mesenchymal transition can accompany the development of
drug resistance in neuroblastoma.
A candidate miRNA, miR-124-3p was computationally predicted to target MYH9 and
ACTN4 as well as 6 other upregulated proteins in our dataset. MiR-124-3p was
subsequently found to be significantly associated with poor overall and progression free
survival, when expressed at low levels in a cohort of non-MYCN amplified tumours.
However, Taqman microfluidic card analysis and individual Taqman analysis of miR-1243p, in the SK-N-ASCis24 cell line did not find decreased expression. Despite this, miR-1243p has significant potential as a tumour suppressor miRNA in neuroblastoma, as
overexpression resulted in significantly decreased cell viability in KellyCis83, SK-N-ASCis24
and their parental lines, along with downregulation of its’ predicted cytoskeletal targets.
This miRNA, however, did not induce a strong apoptotic response or permanent cell cycle
arrest when over-expressed in vitro. APOPTO-CELL modelling, based on the expression
levels of pro- and anti-apoptotic proteins in miR-124-3p transfected cells, did not predict
increased susceptibility to apoptosis induction, consistent with results obtained from
functional assays. Although miR-124-3p has been reported to act as a tumour suppressor
in various forms of cancer, the role of this miRNA in neuroblastoma is still disputed, with
different studies reporting opposing impacts of this miRNA on cell differentiation and
apoptosis.
From this study we conclude that rather than acting as a powerful inducer of apoptosis or
cell cycle arrest, miR-124-3p decreased cell viability through a more subtle mechanism,
targeting a large proportion of cytoskeletal genes associated with cell cycle checkpoints
and proliferation. In addition to this, gene ontology analysis of miR-124-3p targets
provided a better understanding of the extensive cellular processes and mechanisms
targeted by this tumour suppressor miRNA, demonstrating the highly context and cancertype dependent role of miR-124-3p.
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Chapter 1

Introduction

John Nolan
Royal College of Surgeons in Ireland

1. Neuroblastoma
1.1 Overview
Neuroblastoma is a highly aggressive paediatric cancer which develops from precursor
cells of the sympathetic nervous system during embryonic development or in early
postnatal life. It is the most common extra-cranial solid tumour in childhood and is the
primary cause of paediatric cancer deaths in patients between the age of 1 and 5 years,
accounting for 15% of all childhood cancer deaths (1). The large majority of
neuroblastoma cases arise without an apparent cause, with the exception of a small
incidence of 1-2% which have been demonstrated to be familial cases (2). The incidence
of neuroblastoma is approximately 11 cases per million persons aged 0-14 years, as of
2010 (1). Neuroblastoma comprises 6-10% of all childhood cancers, with an annual
mortality rate of 10 per million children aged 0-4 years and 4 per million children aged 4-9
years (3, 4). The 5 year survival rate for neuroblastoma patients aged 0-14 years has
improved significantly over recent decades from 53% in 1977 to 74% in 2011 (5). Despite
these advances, neuroblastoma tumours demonstrate significant heterogeneity in patient
outcome and disease progression, with some tumours undergoing spontaneous
regression or differentiation into benign neoplasms without therapy, while others exhibit
aggressive progression in spite of multimodal chemotherapy.
1.2 Origin of Neuroblastoma
Neuroblastomas arise through the abnormal development of the neuronal crest,
specifically postganglionic sympathetic progenitor cells (6, 7). The neural crest is a
temporary constituent of the ectoderm formed during the 3rd and 4th weeks of embryonic
development. The neural crest is comprised of multi-potent cells which migrate
throughout the embryo and differentiate immediately following or during neural tube
closure, giving rise to parts of the peripheral nervous system, melanocytes, osteocytes,
smooth muscle, tendons, the retina and other structures (8-10). Multi-potent neural crest
cell migration and differentiation is mediated through the expression of precisely
regulated developmental gene regulators. The bone morphogenic proteins (BMPs) are
among the earliest essential factors mediating the differentiation of neural crest cells
(11). Following delineation of neural crest cells by BMPs, the expression of transcription
factor genes MASH1, PHOX2A, PHOX2B, GATA2, GATA3 and HUD commits cells to the
neuronal sympathetic nervous system lineage (12-15). Following orchestration of
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development through these genes, the MYCN transcription factor is expressed for the
maintenance of neuronal differentiation (Fig. 1.1). The MYCN transcription factor gene is
frequently amplified in neuroblastoma tumours, indicating a failure of cells to
differentiate at this stage. Neuroblastoma tumours which are non-MYCN amplified
generally require additional deregulated genes for disease pathogenesis (16).

The

expression of neurotrophin family growth factors (BDNF, NGF, NT-3 and NT-4/5) and their
receptors (TrkA, TrkB, TrkC) is essential in late stage and terminal differentiation (17).

Figure 1.1. Neuroblastoma development from dysregulated neural crest cell
differentiation.
Neuroblast progenitors migrate under the influence of BMPs and MYCN from around the neural
tube and the neural crest to the vicinity of the dorsal aorta and notochord. Here, cells undergo
specification as the primary sympathetic ganglia (PSG) prior to diverging into neural cells of the
mature sympathetic ganglia or chromaffin cells (not shown here). MYCN is the ‘first hit’, identified
by the observations from a tyrosine hydroxylase (Th)-MYCN-transgenic mouse model, while
mutations in anaplastic lymphoma kinase (ALK) and paired homeobox 2B (PHOX2B) are germline
mutations. The cell fate depends on local access to nerve growth factor (NGF) to determine
whether a normal sympathetic ganglion (blue) matures into a terminal ganglion or undergoes
apoptosis. Postnatal survival of neuroblast pre-cancer cells (purple) is a relatively common
pathological state, requiring the development of resistance to trophic factor withdrawal before
persistent pre-cancer cells undergo a third change, inducing transformation which presents as
neuroblastoma in early childhood. Figure adapted from (18).

3

1.3 Neuroblastoma Localisation and Symptoms
The most common site for primary neuroblastoma to develop is the adrenal medulla with
40% of tumours arising here, leading to obstruction of normal kidney and bowel function
(19). Neuroblastomas can arise anywhere in the sympathetic nervous system, with other
primary tumour sites including the chest, neck and pelvis. These primary tumours along
the trunk of the sympathetic nervous system often metastasize to distant parts of the
body such as liver, lungs, bone marrow, lymph nodes, intracranial and orbital sites (20).
The development of neuroblastoma generally occurs before birth or early childhood and
is usually diagnosed by the time cancer cells have already metastasised, due to the
relatively late development of symptoms in patients (21). Symptoms at diagnosis can vary
depending on tumour location, for example tumours within the abdomen often cause
nausea, loss of appetite, stomach discomfort and constipation, while tumours within the
chest present as persistent cough, chest pain and difficulty breathing (22). Metastatic
tumours arising in the head and neck, however, often present as black eyes, impaired
vision, inhibited pupil constriction and droopy eyelids. Often the symptoms presented
appear with very nonspecific characteristics such as weight loss or fever, making timely
diagnosis difficult. For this reason, diagnosis of high risk neuroblastoma often occurs in
the later stages, with treatment regimens comprised of multimodal chemotherapy,
surgery and radiation therapy, followed by stem cell rescue, and a combination of
immune and biological therapy.
1.4 Staging of Neuroblastoma
Clinical and genetic heterogeneity is a prominent feature in neuroblastoma. Therefore a
major challenge is accurate outcome prediction at the time of diagnosis. Early detection
and appropriate classification of tumour subtype is crucial for the determination of
optimal treatment protocol, ranging from intensive rounds of multimodal chemotherapy
to a “wait and see” approach depending on the tumour stage. The International
Neuroblastoma Staging System (INSS) was established in 1988 by Garrett Brodeur (23),
and further refined in 1993 (24), to integrate worldwide clinical and laboratory studies in
order to identify a consensus in neuroblastoma diagnosis criteria. The INSS stratifies the
disease into 5 stages, stage 1-4 and stage 4s based on clinical and biological factors.
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1.4.1 Stage 1
Stage 1 disease has a favourable prognosis. Primary tumours are localised and surgical
excision of the whole tumour is possible. This stage requires the least treatment of all
disease stages.
1.4.2 Stage 2
Stage 2 disease is subdivided into two groups, 2A and 2B. Stage 2A is localised to one area
but complete removal by surgical resection is impossible or difficult. Tumours from stage
2B disease can be removed by surgical resection; however cancerous cells have spread to
surrounding lymph nodes.
1.4.3 Stage 3
Tumours from stage 3 disease are subdivided into a number of different categories. Some
tumours may be removed by surgical means; these tumours may have infiltrated the
body mid-line and may or may not have regional lymph node involvement. Tumours may
also be located on one side of the body with cancer cells detected in lymph nodes of the
opposite side. Finally, stage 3 disease can have tumours located across the midline, with
bilateral lymph node involvement.
1.4.4 Stage 4
Stage 4 disease is the highest risk subtype, with poor survival. Tumours of this stage
disease have distant metastasis in distant lymph nodes and organs such as bone, liver and
skin. Patients of this stage receive surgery and intensive chemotherapy (25). Despite this
intensive treatment, the 5 year overall survival of patients with disease of this stage is
approximately 50% (21, 26).
1.4.5 Stage 4S
Tumours from stage 4s disease are easily resected and are usually seen only in children
under the age of 1 year. This stage includes localised primary tumours, similar to those
found in stage 1,2A and 2B, and tumours disseminated to the liver, bone marrow and
skin. Stage 4S disease tumours can spontaneously regress from a malignant
undifferentiated tumour mass to a benign cellular appearance without therapeutic
intervention.
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1.5 International Neuroblastoma Risk Group
A significant progression in the genetic understanding of neuroblastoma has been made
since the INSS was established almost 30 years ago. However, little consensus existed on
the use of genetic markers, other than MYCN amplification, when establishing patient risk
and treatment protocol for neuroblastoma. In order to consolidate these advances made
in our understanding an updated and unified staging scheme known as the International
Neuroblastoma Risk Group staging scheme (INRGSS) was established by the INRG (27, 28).
The INRG identified significant prognostic factors from a cohort of 8,800 neuroblastomas.
This INRGSS is comprised of 16 statistically or clinically different pre-treatment subgroups,
denoted by the letters A through to R (Fig. 1.2) (29). This neuroblastoma staging system is
used globally; however there are several limitations in this system, chief among them is
the need for surgical excision of the tumour or biopsy in order to assign INRG criteria. This
is not possible for tumours which are inaccessible due to their location. In tumours which
have the potential to undergo spontaneous regression, a “wait and see,” approach is
used, meaning genetic, biological and histopathological examination cannot be
performed. Because of these limitations, imaging systems have been integrated into
INRGSS in order to establish a pre-treatment imaging based screening protocol to identify
image defined surgical risk factors (IDRF) (29, 30).
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Figure 1.2. International Neuroblastoma Risk Group (INRG) consensus pre-treatment
classification scheme.
Pretreatment risk group H has two entries. 12 months = 365 days; 18 months = 547 days; blank
field = “any”; diploid (DNA index ≤ 1.0); hyperdiploid (DNA index > 1.0 and includes near-triploid
and near-tetraploid tumors); very low risk (5-year EFS > 85%); low risk (5-year EFS > 75% to ≤
85%); intermediate risk (5-year EFS ≥ 50% to ≤ 75%); high risk (5-year EFS < 50%). GN,
ganglioneuroma; GNB, ganglioneuroblastoma; Amp, amplified; NA, not amplified; L1, localized
tumor confined to one body compartment and with absence of image-defined risk factors (IDRFs);
L2, locoregional tumor with presence of one or more IDRFs; M, distant metastatic disease (except
stage MS); MS, metastatic disease confined to skin, liver and/or bone marrow in children < 18
months of age (for staging details see text and (29)); EFS, event-free survival. Figure taken from
(27).

7

1.5.1 Current Treatment Protocols for Neuroblastoma
Neuroblastomas vary widely in their severity, necessitating a diverse approach to
treatment. Patients are divided into low, medium and high risk groups for treatment
according to the guidelines published on the NIH National Cancer Institute website
(www.cancer.gov) by the Children’s Oncology Group and the National Cancer Institute.
A “wait and see,” approach to treatment is commonly adopted in patients with low risk
neuroblastoma, depending on favourable prognostic factors such as tumour location and
patient age at diagnosis. The survival rate for children with low risk neuroblastoma is
greater than 90% with the treatment given largely dependent on the symptoms
presented. In more severe low risk cases, the tumour is removed by surgical means.
Chemotherapy is used in low risk disease patients, only if they are symptomatic,
demonstrating impaired breathing due to liver mass infringing on the lungs or
compressing the spinal cord. When chemotherapy is necessary, the cumulative dose of
drugs is kept to a minimum, ensuring the majority of patients are spared the debilitating
side effects that consistently accompany chemotherapy (31-34).
Patients diagnosed with medium risk neuroblastoma are treated with a combination of
surgery to remove the tumour and a chemotherapy regimen of low doses
cyclophosphamide, doxorubicin and etoposide, keeping the cumulative dose of
chemotherapeutic to a minimum (35). Radiation therapy is used only in circumstances
where the tumour does not respond sufficiently to chemotherapy or surgery, or if the
tumour is obstructing organ function, resulting in life threatening symptoms (36-38).
Patients with high risk neuroblastoma undergo a very intensive multimodal regime
involving high dose chemotherapy, surgery if possible, autologous stem cell
transplantation, myeloblative therapy and radiation therapy on any residual tumour mass
(39-42). Induction therapy describes the initial chemotherapeutic treatment. The “Rapid
COJEC” induction therapy protocol for a high-risk neuroblastoma is currently used in the
clinic. This protocol includes treatment with 8 cycles of high dose chemotherapy given at
8 every 10 days with cisplatin, vincristine, carboplatin, etoposide and cyclophosphamide
(Table 1.1). Following the induction therapy, surgical resection of the tumour is
attempted, if possible, followed by myeloblative chemotherapy and autologous stem cell
rescue. Recent advances have been made in the treatment of neuroblastoma which have
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undergone the “rapid COJEC” treatment, involving further consolidation treatment with
Busulfan and melphalan (BuMel). BuMel was found to be superior to a treatment regime
centred on cisplatin, etoposide, melphalan (CEM), with 49% 3 year event free survival
compared to 33%, however these trials are still ongoing (43). Patients are treated with a
maintenance therapy of the differentiating agent 13-cis-retinoic acid (RA) for 6 months
following myeloblative treatment. Immunotherapy was recently added to the arsenal of
high-risk

neuroblastoma

treatments;

administration

of

the

chimeric

anti-

disialoganglioside (GD2) antibody dinutuximab, along with interleukin-2 (IL-2),
granulocyte macrophage-colony stimulating factor and RA have significantly improved
event free survival rates from 46% to 66% (44).
In spite of the significant advances in high risk neuroblastoma treatment, the probability
of relapse with multidrug resistant disease remains unacceptably high. Treatment of
relapse neuroblastoma is contingent on risk stratification of the patient at first diagnosis,
patient age, tumour biology and degree of metastasis when designing the suitable
treatment protocol (28). For patients initially diagnosed with low or intermediate risk
tumours, treatment following relapse follows the same general rules (45).
Relapse patients initially diagnosed with high risk neuroblastoma have the worst
prognosis, with a 5 year overall survival rate of 20%, even after intensive chemotherapy
(28, 46). Intensive chemotherapy, with the addition of topotecan and temozolomide to
the previously mentioned chemotherapeutics, is followed by a second round of
autologous stem cell transplantation. The enrolment into phase I or II clinical trials is also
considered in non-responsive cases. `
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Table 1 . 1. Commonly used chemotherapeutics in neuroblastoma. Table adapted from
(47).

Compound

Class

Mechanism of
action

Toxicity

Cisplatin

Alkylating like
agent, Platinum
compound

Intrastrand DNA
crosslinking

Renal damage, nausea, peripheral
neuropathy, Bone marrow
depression, ototoxicity,
radiosensitizer

Carboplatin

Alkylating like
agent, Platinum
compound

Intrastrand DNA
crosslinking

Bone marrow depression, nausea,
peripheral neuropathy, ototoxicity

Melphalan

Alkylating agent,
Nitrogen
Mustard

Intrastrand DNA
crosslinking

Bone marrow depression, nausea,
anorexia, gonadal testicular
dysfunction, leukaemia

Alkylating agent,
Nitrogen
Mustard

Intrastrand DNA
crosslinking

Bone marrow depression,
haemorrhagic cystitis,
immunosuppression, alopecia,
stomatitis, syndrome of
inappropriate antidiuretic hormone
hypersecretion (SIADH)

Busulfan

Alkylating agent

Intrastrand DNA
crosslinking

Bone marrow depression, pulmonary
fibrosis, aplastic anaemia,
amenorrhea, gynecomastia, skin
hyper pigmentation

Etoposide

Epipodophyllotoxins

Topoisomerase II
Poison

Bone Marrow Depression, nausea,
diarrhoea, fever, hypotension with
rapid infusion, alopecia, rash

Vincristine

Vinca alkaloid

Inhibitor of
microtubule
assembly

Peripheral neuropathy, ileus,
abdominal pain, SIADH, bone
marrow depression

Cyclophosph
amide
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1.6 Clinical and Biological Features of Neuroblastoma
Several factors are taken into account when determining disease stage and selecting the
appropriate treatment protocol including patient age at diagnosis, histopathology, DNA
ploidy, chromosomal gains/deletions and MYCN amplification.
1.6.1 Patient age
Patient age at the time of diagnosis is one of the strongest indicators of patient survival.
Generally patients diagnosed below the age of 18 months have a much better survival
rate (48). However, patient age is considered in association with various prognostic
factors such as DNA index, degree of differentiation, MYCN copy number status and 11q
loss (49, 50). The Childrens’ Oncology Group (COG) guidelines established and validated
by Cohn et al. define the cutoff for determination of poor outcome patients at 18 months
of age. Another major predictor of patient outcome, considered in association with
patient age is MYCN status. Patients aged between 12 and 18 months with MNA have a
much lower probability of event free survival when compared with non-MNA patients of
the same age (27, 51).
1.6.2 Histopathology
The stratification of neuroblastoma patients based upon biopsy morphological features is
outlined by the Shimada system, established in 1984 (52). This system defines tumours
based on their degree of differentiation (differentiating, poorly differentiated and
undifferentiated). This system was adopted and refined by the International
Neuroblastoma Pathology Classification (INPC) in 1999 and 2003 to consider age at
diagnosis, morphological features such as the mitotic karyorrhectic index (MKI), and the
presence or absence of Schwannian stromal cells (53-55).
1.6.3 Genetic Alterations
Numerous genetic alterations such as DNA ploidy, chromosomal gains/losses and
amplifications are recurrent prognostic factors which predispose cells to undergo
malignant transformation. Multiple studies have demonstrated the association of specific
genomic profiles with clinical features (56-58).
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1.6.3.1 DNA ploidy
DNA ploidy does not provide information on chromosomal rearrangements but rather
refers to the number of copies of a particular chromosome in the cell. Tumours from
patients with low stage disease are generally near-triploid or hyperdiploid and possess
few, structural aberrations if any (59). Patients with good prognoses, less than 12 months
of age with localised tumours frequently possess this genetic subtype (60). The majority
of neuroblastoma tumours, however, display diploid DNA status and segmental
gains/losses, associated with advanced stage disease and poor prognosis and are
frequently seen in patients aged more than 12 months with advanced stage disease (61).
DNA ploidy is utilised as a prognostic indicator in patients younger than 12 months,
however it loses its prognostic significance in patients older than 1-2 years of age, most
likely due to the contribution of chromosomal aberrations in diploid tumours to cancerrelated pathway dysregulation (62).
1.6.3.2 MYCN amplification
Approximately 20-25% of neuroblastomas have amplification of the MYCN gene at
2p24.1. It is among the most influential genetic abnormalities associated with
advanced stage disease and malignant phenotype (19, 63, 64).
MYCN is a member of the MYC (myelocytomatosis viral related oncogene) family of
oncogenic helix-loop-helix (HLH) transcription factors which includes c-MYC and MYCL.
MYCN forms a heterodimer with MAX (myc-associated factor X), this complex acts as a
transcriptional activator by interacting with specific Enhancer box (E-box) elements at
the promoters of target genes (65). Nonetheless, MYCN-induced gene silencing does
not necessitate MYCN binding to the E-box, but most likely collaboration with a cofactor
(66). The precise mechanisms of MYCN induced gene silencing are still unclear.
Since the association of MYCN amplification with neuroblastoma in 1983, numerous
studies have focused on identifying the signaling pathways in which it is involved.
High expression of MYCN enhances expression of a variety of genes which participate
in cell proliferation, and represses the expression of genes related to differentiation
and apoptosis in both a direct and indirect manner (67-69). In addition, transgenic
over-expression of MYCN in vivo is capable of initiating neuroblastoma-like tumour
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formation in mice (70). MYCN direct targets include the high mobility group A
(HMGA1)(71), the minichromosome maintenance complex component 7 (MCM7)(72),
the Mdm2-p53 binding protein Mouse double minute 2 homolog (MDM2)(73), p53
(74), and multidrug resistance-associated protein MRP1 (75).
The involvement of MYCN in tumour progression is well established, however, it also
plays a role in promoting apoptosis induction in response to cytotoxic drugs (76).
Considering MYCN amplified tumours are associated with rapid diseas e progression;
the study by Fulda et al. suggested that failure of tumour cells to undergo apoptosis
in the absence of cytotoxic challenge was due to additional dysfunction in the
apoptosis signaling pathway. Recently, it was demonstrated that MYCN can promote
apoptosis in neuroblastoma by directly inducing the expression of p53 (74). However,
abnormal over-expression of MDM2, which occurs in 29% of neuroblastomas, was
shown to inhibit the p53 mediated apoptosis pathway (73, 77). Notably, this study by
Slack and Shohet demonstrated that the small- molecule MDM2 antagonists nutlin-3
and MI-63 disrupt the P53/MDM2 interaction, stabilising P53 and selectively activating
the P53 pathway in neuroblastoma cells with wild type P53 (78). Regardless of the crucial
role MYCN plays in neuroblastoma tumourigenesis, its status is not predictive of all cases
of poor survival in neuroblastoma, with over 70% of neuroblastomas not displaying
MYCN amplification. A number of studies have reported over- expression of MYCN in
the absence of amplification (79, 80). Indicating that the aggressive MYCN phenotype
was not associated o n l y with MYCN copy numbers, but also with other signals
regulating MYCN expression, such as RNA binding proteins (RBP) and microRNA
(miRNA). Another study by Valentijn and Versteeg reported poor outcome in tumours
without MYCN amplification. However, despite these tumours having low levels of
MYCN mRNA, they exhibited high nuclear MYCN protein levels, suggestive of MYCN
protein stabilization (64). Phosphorylation by glycogen synthase kinase-3β (GSK3β)
decreases MYCN protein stability. Activation of the PI3K/AKT pathway in neuroblastoma
cell lines resulted in stabilisation of MYCN protein, through AKT inactivation of GSK3β
(81, 82). This finding was further supported by the demonstration of reduced MYCN
protein levels following pathway inactivation by PI3K inhibitor (83).
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1.6.3.3 Chromosome 1p Deletions
Loss of heterozygosity (LOH) of the short arm of chromosome 1p occurs in 25-35% of
neuroblastoma patients (84, 85). LOH is frequently caused by inappropriate repair of DNA
breaks, mitotic errors, gene conversion or chromothripsis (86). This chromosomal
deletion has been reported to be independently associated with poor prognosis (87).
However, 1p LOH is also frequently associated with amplification of MYCN and is
correlated with aggressive disease (57, 88). Deletions of the 1p chromosome can vary in
length, although loss of the chromosome band 1p36 has been reported as the shortest
region of overlap (SRO) (89). A number of studies have investigated tumour suppressor
genes that map to this SRO, whose loss could enhance neuroblastoma progression.
A study by Thompson et al., identified chromodomain helicase DNA binding domain 5
(CHD5), mapping to 1p36.31, as one of the first tumour suppressor genes. This study
reported very low expression levels of CHD5 in 137 primary neuroblastomas, and in
neuroblastoma cell lines; and identified a strong correlation of low CHD5 with 1p
deletion, advanced stage, unfavorable histology and MYCN amplification (90). In another
study low expression of the tumour suppressor CHD5 was also significantly associated
with poor event-free (EFS) and overall-survival (OS) independent of MYCN amplification
and 1p LOH (91). Inactivation of CHD5 in neuroblastoma occurs by 1p LOH and epigenetic
silencing. The relationship between 1p LOH and MYCN amplification found in
neuroblastoma, suggests that MYCN could mediate CHD5 promoter methylation (92).
Other identified tumour suppressor genes mapping to 1p36 are the calmodulin binding
transcription factor 1 CAMTA1, the zinc-finger transcription factor CASZ1 and the kinesin
KIF1Bα (93-95).
1.6.3.4 Loss of Chromosome 11q
MYCN amplification occurs in only 40% of high risk neuroblastoma, this suggests that
other aggressive tumours must possess an alternative oncogenic mechanism. The
hemizygous loss of chromosome 11q (11q LOH) is one such mechanism, and the most
common deletion found in neuroblastoma. 11q LOH arises in approximately 45% of cases
(96). However, numerous studies have reported constitutional rearrangements of 11q
(97, 98), suggesting that aberrations in 11q genes may be involved in neuroblastoma
development.
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A study by Guo et al. identified the band 11q23.3 as the common site of allelic deletion.
The same study reported that the majority of the tumours with 11q LOH did not have
MYCN amplification. Within a cohort of single copy MYCN tumours, 11q LOH was
significantly correlated with advanced disease stage and reduced survival probability (96).
Chromosome 11q aberrations were incorporated into the international neuroblastoma
risk group (INRG) classification system (27).
Although 11q LOH is for the most part inversely correlated with MYCN amplification (99101), Spitz et al., discovered a small subset of 13 tumours from their cohort of 611
neuroblastomas displaying both 11q aberration and MYCN amplification. These tumours
exhibited worse clinical outcome than tumours with MYCN amplification alone (101).
Further understanding of the means by which deletion of chromosome 11q reduce
overall survival necessitates the identification of tumour suppressor genes located in the
region of LOH. However, to date only a few genes have been discovered. Caren et al.,
reported a significantly higher frequency of segmental aberrations in tumours with 11q
LOH than in MNA tumours. This study identified the H2AFX gene, from the 11q23.3
deleted region, as a potential causative agent, which was shown to modify genomic
stability and tumour susceptibility in mice (102, 103). Two other studies identified
CADM1, which transcribes a protein involved in cellular adhesion and neural cell
development, as a potential tumour suppressor gene in the 11q.23 deleted region.
Significant down-regulation of CADM1 was detected in 11q LOH tumours compared to
11q diploid tumours, and significantly correlated with advanced stage of disease and poor
survival (104, 105). Proliferation and colony forming ability of four neuroblastoma cell
lines was significantly suppressed by over-expression of CADM1 (104). However, these
studies did not elucidate the mechanism of silencing of the second allele of CADM1,
indicating the potential involvement of haploinsufficiency.
1.6.3.5 17q Gain
The unbalanced gain of chromosome 17q (segment 17q21-qter) is a common aberration
found in neuroblastomas. This aberration shows a high level of association with advanced
disease, and occurs in 70% of tumours. (106-108).
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This aberration frequently results from the unbalanced translocation of segment 17q21qter and the distal part of chromosomes 1p or 11q (106, 109-114). However, 17q gains
can involve additional chromosomes (115).
A number of studies have reported a significant association of 17q gain with advance
stage disease, 1p LOH, 11q LOH, MYCN amplification and increased patient age (108, 111,
115). The use of 17q gain as an independent prognostic factor is controversial. Bown et al.
investigated the independence of 17q gain as a stand-alone prognostic factor by analysing
the clinical data and 17q status of 313 tumours obtained from 6 different European
institutes. Multivariate analysis incorporating MYCN status, 1p LOH, stage and age
reported that 17q gain was a prognostic factor independent of 1p and stage. Patient age
and MYCN status were not predictive of survival in this model (108). In contrast, Spitz et
al. reported that 17q gain did not show prognostic significance when 11q LOH, 17q gain
and MYCN status were included in the multivariate analysis, whereas MYCN and 11q did
(116). Identification of the gene aberrations resulting from 17q unbalance is crucial to
understand neuroblastoma progression, whether it is an independent prognostic factor or
simply a modifying factor.
1.6.3.6 Other Imbalances
Numerous additional recurrent imbalances have been identified including; 1q, 7q, 2p, 9p
and 11p gain or 3p, 4p, 16p, 14q and 19q loss (117). The biological significance of these
aberrations and the genes in driving neuroblastoma pathogenesis, however, have not
been yet been elucidated. DNA copy number analysis was carried out on 160 primary
neuroblastomas using a 385k array in our laboratory, summarised in Figure 1.3 (118).
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Figure 1.3. DNA copy number alterations across the genome from 160 primary neuroblastoma tumours.
Locations of hemizygous loss (red) and gain (green) are represented for each autosome with the observed frequency (percent) for each aberration
detected in plotted on the Y-axis. The location and frequency of MYCN and ALK amplifications is also plotted (blue). Figure taken from (118).
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1.6.3.7 Chromothripsis
Chromothripsis refers to the localised shattering and repair of chromosomes following a
single catastrophic event, usually ionizing radiation or chromosome compaction during
mitosis, resulting in thousands of clustered chromosomal rearrangements at localised
genomic regions in chromosomes (119). These rearrangements have been shown to
contribute to cancer causing DNA modifications (120). Molenaar et al. identified
chromothripsis in 18 % of tumours from stage 3 and 4 disease and was absent in tumours
of lower stage disease, using whole genome sequencing of 87 neuroblastomas. The
chromothripsis events, however, were not found to be prognostic independent of patient
age or stage (121).
1.6.4 Aberrant gene expression
Numerous studies have demonstrated the predictive power of distinct genomic DNA
profiles among different neuroblastoma tumour subtypes (56, 57). The progress of nextgeneration sequencing has revolutionised the identification of potential cancer drivers
and somatic mutations associated with aggressive neuroblastoma (122, 123).
1.6.4.1 TrK family
The TrK family of tyrosine kinase receptors were among the first genes reported to have
prognostic value in neuroblastoma based on their expression levels. This family is formed
by TrKA, TrkB and TrkC, the primary ligands which are nerve growth factor (NGF), brainderived neurotrophic factor (BDNF), and neurotrophin-3 (NT3), respectively. The growth
and differentiation of normal neuronal tissue is regulated by the neurotrophin signalling
pathway, and aberrant expression in neuroblastoma among other cancers has been
identified. TrkA is often expressed at high levels in favourable neuroblastoma tumours
and responds to its ligand NGF, leading to terminal differentiation (124). Several studies
have also reported that TrkA mRNA levels are inversely correlated with MYCN
amplification (125, 126). In one study MYCN was shown to bind directly to the TrKA
promoter region, recruiting HDAC1 and inducing a repressed chromatin state (127). In
addition to TrkA, TrkC is also expressed predominantly in favorable neuroblastomas
which lack MYCN amplification, and are associated with younger age and stage (128,
129). TrkC mechanism of down-regulation in aggressive neuroblastoma tumours has not
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yet been elucidated. None of the neuroblastomas tested expressed significant levels of
NT3 mRNA, so activation via an autocrine or paracrine pathway is unlikely. No genomic
rearrangements involving TrkC which maps to 15q25, have been reported.
Biologically unfavourable neuroblastomas often express high levels of TrkB and have
MYCN amplification (130). Co-expression of TrkB and its ligand, BDNF, have been
demonstrated by several studies to stimulate tumour cell survival and angiogenesis, and
contribute to resistance to cytotoxic agents (131-133). A phase I trial of the multi-kinase
inhibitor, lestaurtinib, which strongly inhibits TrkB, was conducted in children with
refractory neuroblastoma. This study identified a dose of lestaurtinib which was welltolerated without hematologic toxicity and was effective in TrkB inhibition (134). The
efficacy of this treatment is being evaluated in current trials.
1.6.4.2 Aurora kinases
Aurora kinases are a family of highly conserved serine/threonine kinases which play
essential roles in mitosis. The family is formed by three members; AURKA, AURKB and
AURKC (135). AURKA is essential for development and is involved in mitotic spindle
assembly with null mice dying at the blastocyst stage (136). AURKB is necessary for
mitotic progression (137). AURKA and AURKB map to chromosome 20q13 and
chromosome 17q13.1 respectively. These are loci often altered in neuroblastoma.
Amplification of AURKA has been reported in a number of cancers, and is related with
failure of the spindle assembly checkpoint, which contributes to tumour progression
when over-expressed (138). High expression levels of AURKA were reported in MYCN
amplified and high risk non-MYCN amplified tumours (139). AURKA acts as a potent
stabiliser of MYCN protein, as demonstrated by Otto et al. They also show that AURKA
directly interacts with MYCN protein, protecting it from ubiquitination and proteosomal
degradation. Finally, this study proved that MYCN can induce AURKA expression in the
SHEP-21N neuroblastoma cell line. These finding reveals that a positive feedback loop is
in place through which MYCN enhances AURKA levels, in turn stabilizing MYCN.
Considering the role of AURKA in MYCN stabilisation, it makes an attractive target for
treatment of neuroblastoma. The anti-tumourigenic role of AURKA inhibitor MCN8237
has been confirmed in vivo and in vitro using neuroblastoma cell lines. This drug was
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therefore put forward for a neuroblastoma clinical trial by the Children’s Oncology Group
(140).
1.6.4.3 PTPRD
Protein tyrosine kinase receptor delta (PTPRD) maps to a frequently deleted region in
neuroblastoma, 9p23. PTPRD is a major regulator of a number of cellular processes
including neurite growth, axon guidance and differentiation which is frequently mutated
or inactivated in the oncogenic transformation in neuroblastoma and other forms of
cancer (141). In neuroblastoma tumours and cell lines, aberrant splicing of the 5’UTR of
this gene occurs at high frequency (>50%) (142). Aberrant splicing and microdeletions at
9p23 result in lower levels of PTPRD mRNA, supporting its tumour suppressive role.
AURKA is dephosphorylated and thereby deactivated by PTPRD, leading to indirect
destabilisation of the MYCN protein (143). Overexpression of PTPRD resulted in apoptosis
activation and decreased cell viability, suggesting that the high level of AURKA found in
neuroblastoma could be a result of inactivation of PTPRD.
1.6.4.4 Germline Genetic Alterations
As stated earlier, familial neuroblastoma is a rare disease accounting for 1-2% of all
neuroblastoma cases. Inheritance has incomplete penetrance following an autosomal
dominant pattern (2). Familial cases, like sporadic neuroblastoma display significant
clinical heterogeneity, suggesting that different disease outcomes are likely related to
variation in somatically acquired mutations (144). Paired-like homeobox 2B (PHOX2B) and
anaplastic lymphoma kinase (ALK) inherited mutations predispose patients to familial
neuroblastoma (145, 146).
PHOX2B plays a central role in neuron formation and differentiation during early
development (147). Frame-shift or missense mutations of PHOX2B were reported in a
small subset of neuroblastomas with congenital central hypoventilation syndrome (CCHS).
6.4% of familial neuroblastomas were reported to possess this mutation (148). However,
another study screening 237 tumours found mutations in PHOX2B in 2.3% of sporadic
neuroblastomas (149). These findings suggest that PHOX2B mutation is not likely to drive
neuroblastoma pathogenesis but instead could give a selective advantage to tumour cells.
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In contrast, ALK activating mutations were identified in the majority of cases of familial
and 12.4% of sporadic high risk neuroblastomas (146). Although it is known that
activating mutations of ALK drive oncogenesis in neuroblastoma among other cancers, its
role during normal development remains undefined (150). A study by Azarova et al.
described activating point mutations of ALK, DNA amplification and protein over
expression in neuroblastoma (151). The most common and aggressive ALK mutation
(F1174L) was found to be adequate to stimulate neuroblastoma growth in mice (152). The
same study reported a synergistic effect in tumour development through ALK (F1174L)
and MYCN co-expression. The occurrence of minimal chromosomal aberrations in these
tumours suggests that these two genes alone are capable of driving neuroblastoma
formation in mice (152).
1.6.5 Epigenetic alterations
Dysregulation of gene expression is a key step in cancer development and progression.
Both genetic and epigenetic changes are capable of altering gene expression. Epigenetic
alterations in gene expression are heritable and do not arise through direct modifications
in DNA sequence. Key epigenetic mechanisms include DNA methylation, Histone
modification and altered miRNA expression.
1.6.5.1 DNA Methylation
DNA methylation refers to the addition of a methyl group 5 of the cytosine within the
dinucleotide CpG, leading to the recruitment of histone-modifying enzymes which in turn
induce a transcriptionally inactive chromatin state (153). Hypermethylation of CpGs at
gene promoters results in gene inactivation, while genome wide hypomethylation mainly
affects repetitive DNA sequences (154). DNA methylation acts as a major driver of
tumourigenesis through inactivation of tumour suppressor genes (155). It is therefore
unsurprising that detection of methylation patterns is an area of research which has
grown significantly in recent years, as altered DNA methylation patterns are observed in
the development and progression of numerous cancers.
The neuroblastoma genome exhibits distinctive patterns of DNA methylation which
correlate with different risk groups (156). Early DNA methylation studies in
neuroblastoma reported the importance of epigenetic inactivation of caspase 8 (CASP8)
and RAS-association domain family 1 isoform A (RASSF1A) in disease development and
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progression (157-160). The RASSF1A promoter mapping to 3p21.3, was reported to be de
novo hypermethylated in between 55% and 100% of primary neuroblastomas and cell
lines, based on previously published studies(161). The DNA methylation status of
RASSF1A was positively correlated with poor prognosis in neuroblastoma, perhaps
indicating the contributory role of epigenetic silencing of this gene to the dysregulation of
the RAS signalling pathways in neuroblastoma (158). Another gene frequently methylated
in neuroblastoma is CASP8, which plays a key role in the tumour necrosis factor-related
apoptotic pathway (162). The principal mechanism of CASP8 silencing in neuroblastoma is
through methylation of its promoter; however inactivation of CASP8 was caused by
hypermethylation or deletion in neuroblastoma cell lines (158). In a study of a cohort of
70 neuroblastomas, 56% exhibited hypermethylation of CASP8, correlating with poor
outcome in neuroblastoma (163). Another study, concerning clustering of a limited
number of hypermethylated genes, reported CASP8 to be methylated in 77% of the
neuroblastoma cell lines tested, providing additional support for the importance of
methylation status of this gene in vitro (164). More than 75 genes have been described as
methylated in neuroblastoma to date [reviewed in (161)], and critically, the methylation
status of a number of these genes has been demonstrated to be associated with patient
survival or neuroblastoma risk factors, such as MYCN amplification, patient age, and
tumour stage. These genes are involved in fundamental biological processes, such as cell
migration, cell cycle control, apoptosis, tumour suppression and DNA damage response,
among others (156, 162, 163, 165, 166).
A study by Buckley et al., was the first to investigate genome-wide DNA methylation
patterns in neuroblastoma, ganglioneuroblastoma and ganglioneuroma tumours (167).
This study identified 63 recurrent large-scale blocks of contiguously hypermethylated
promoter/CpG island sites (n=70) which are potentially related to disease. Chromosome
19 had the most abundant large-scale DNA methylation blocks, which is potentially
explained by its greater gene density. A significant over-representation at telomeric ends
(<2 Mb from telomere) of methylated blocks was also identified. Assessment of DNA
methylation of three human chromosomes in normal tissue identified a significant
correlation for methylation regions over distances of 1000bp only, indicating that larger
methylated regions are specific to disease.
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1.6.5.2 Histone Modifications
Gene expression can be modulated through alteration of chromatin structure, resulting
from reversible modification at sites where lysine-rich tails of core histones (H2A, H2B,
H3, and H4) overhang from the nucleosome (168). The histone modifications,
acetylation/deacetylation and methylation/demethylation have been extensively
characterised in cancer; however, limited information regarding histone modifications in
neuroblastoma

is

available.

Two

independent

studies

using

chromatin

immunoprecipitation (ChIP) assays focused on the DNA methylation status of nuclear
receptor SET domain containing protein-1 (NSD1) and prostaglandin E receptor 2
(PTGER2) and discussed histone modification in neuroblastoma (169, 170). The NSD1
gene, mapping to 5q35, exhibits decreased NSD1 protein levels in neuroblastoma and
glioma corresponding to gene hypermethylation (170). Poor survival and reduced levels
of trimethylated histone H4 and H3 were found to be associated with epigenetic silencing
of this gene. The methylation status of PTGER2 gene, mapping to 14q22, correlated with
neuroblastoma aggressiveness (169). This study by Sugino et al. examined this genes’
promoter region and revealed regions of varied susceptibility to methylation in
neuroblastoma cells. Loss of PTGER2 protein expression consistent with hypermethylation
patterns was identified. Successive investigation of histone modification status by ChIP of
PTGER2, reported deacetylation of histone H3 and H4 along with di- and tri-methylation
of histone H9 around its promoter region in neuroblastoma cells lacking PTGER2
expression (169).
1.6.5.3 Histone Deacetylase Expression
Histone deacetylases (HDACs) belong to the protein deacetylating enzyme family, which
remove acetyl groups from lysine residues of non-histone and histone proteins (171).
Inhibition of their enzyme activity by histone deacetylase inhibitors (HDACIs) has
promising anticancer potential which is under clinical trial [reviewed in (172)]. Oehme et
al. conducted one of the first studies of HDAC family member mRNA expression in
neuroblastoma on a cohort of 251 tumours. This study demonstrated a significant
correlation between poor clinical outcome, disease progression, and risk factors with
increase expression of HDAC8 (173). Numerous cellular pathways in cancer are influenced
by the expression of different HDAC family members including mediating MYCN function
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(HDAC2, HDAC5) and multidrug resistance (HDAC1), in addition to, suppression of
apoptosis (HDAC2) and differentiation (HDAC8, HDAC5, HDAC1/HDAC2) (173-177).
1.6.5.4 MiRNA expression
MiRNAs are a class of small, noncoding RNAs which function in gene regulation, and will
be discussed in greater detail later. They are known to pleiotropically regulate oncogenes
and tumour suppressor genes involved in a multitude of cellular processes. Epigenetic
silencing of tumour-suppressor miRNA is recognised as a major hallmark in
neuroblastoma. Differential expression of miRNA in different neuroblastoma genomic
subtypes was first demonstrated by Chen and Stallings (178). This study found correlation
between miRNA expression profiles and tumour subtypes and MYCN amplification.
Crucially, these miRNA patterns were also correlated with clinical outcome. This finding
led to the hypothesis that MYCN overexpression caused the downregulation of a large
number of pro-apoptotic or anti-proliferative miRNA, along with the upregulation of a
smaller set of tumour growth promoting miRNA. This hypothesis was substantially
validated by subsequent miRNA expression profiling studies with larger neuroblastoma
cohorts and miRNA loci, in addition to demonstration of the binding of MYCN in close
proximity to particular miRNA loci by ChIP analysis (179, 180). Another research group
demonstrated MYCN/MYC induced upregulation of a panel of miRNA which directly
target and repress a substantial set of protein-coding genes associated with patient
outcome (181, 182).
MiRNA expression profiles in neuroblastoma are significantly altered in response to large
scale chromosomal imbalances such as 1p, 3p, 11q and 14q loss as well as 17q and 1q
gain. A study by Bray et al. identified a 15-miRNA signature which was predictive of
overall and event free survival, using a machine learning algorithm to assess miRNA
combinations which are either up-regulated or down regulated in unfavourable tumours
(179). This miRNA signature can be utilised for advanced stratification of neuroblastoma
as it is independent of MYCN status and other prognostic indicators. Tumours with 11q
deletions were subdivided into two distinct clinical groups according to the 15-miRNA
signature (118), and based on mRNA expression profiling (183) in two separate studies.
The expression of some miRNAs was found to be inversely correlated with genomic
imbalances, exhibiting reduced expression despite being located in a region of DNA copy
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number gain. This finding strongly indicates alternate mechanisms of miRNA regulation
which can offset DNA dosage and highlights the potential for miRNA in therapeutics and
diagnostics.
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1.7 Cisplatin Resistance
Cisplatin is one of the most widely utilised and potent chemotherapeutic agents, and one
of the principal drugs used in neuroblastoma treatment. It was first synthesised and
characterised by Peyrone in 1845 (184). The potential of cisplatin as an anticancer agent
was not identified until the 1960’s (185, 186).
Cisplatin is not used in the treatment of neuroblastoma alone, but is also an effective
treatment in testicular, ovarian, bladder, cervical, and small cell lung cancer, as well as
many other cancers (187). Relapse following the development of cisplatin resistance is a
common occurrence, and is complicated by the fact that cisplatin-resistant tumours also
exhibit resistance to many chemotherapeutic drugs which act through different
mechanisms (188). Cisplatin acts on multiple different signaling pathways, indicating that
various mechanisms are involved in resistance development to cisplatin, which explains
the establishment of cross-resistance to other drugs (Fig. 1.4)(187).

Figure 1.4 Mechanisms of cisplatin resistance development.
Multiple mechanisms are commonly involved in resistance development, thereby contributing to
the multifactorial nature of cisplatin resistance. Figure from (187).
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1.7.1 Cisplatin influx/efflux
Cisplatin cellular influx is mediated predominantly by active transport through the copper
transporter (Ctr1) and to a much lesser extent by simple diffusion across the cell
membrane (189). Cisplatin’s two chloride ligands dissociate from the platinum ion and are
replaced by H2O molecules once it is internalised. These H2O molecules can be displaced
and bind to either gluthatione (GSH) (190), inactivating the cisplatin, or, to guanine (G)
bases of DNA, resulting in DNA crosslinks. The formation of DNA crosslinks leads to the
recruitment of DNA repair mechanisms, which in turn activates the apoptotic pathway.
Reduced expression of Ctr1 has been recognised as one of the main contributors to
cisplatin resistance by blocking cisplatin uptake (191, 192). ATP7A and ATP7B are both
copper transporters which contribute to cisplatin resistance (193). They are both found in
the membranes of cellular organelles, with ATP7A primarily expressed in the membrane
of the golgi apparatus. ATP7A functions in resistant disease by accumulating cisplatin in
the golgi, preventing it from reaching the nucleus where it functions (194). ATP7A and
ATP7B are also involved in resistance to other drugs including vincristine and etoposide,
which are both regularly used in the treatment of high risk neuroblastoma (195). This
finding further supports the hypothesis that drug resistance to a variety of
pharmacologically unrelated agents can be brought on by the treatment of cancer by a
single chemotherapeutic, specifically the alkylating agent cisplatin.
1.7.2 Increased drug inactivation
As mentioned in the previous section, cisplatin is activated by aquation reactions in the
cell cytoplasm, enabling it to react with and become inactivated by numerous cytoplasmic
constituents including, the nucleophilic GSH and cysteine-rich metallothionein. Constant
exposure to cisplatin results in an increase in thiol-containing molecules, thereby inducing
resistance through increased inactivation of cisplatin. Increased GSH levels were reported
in a number of cisplatin resistant tumour models and subsequently confirmed in clinical
studies (196, 197).
Direct correlation of increased GSH levels with resistance has been demonstrated in a
panel of resistant ovarian tumour models, possibly due to increased expression of the γglutamylcysteine synthase (γ-GCS) gene, the translational product of which is the ratelimiting enzyme in the biosynthesis of GSH (198, 199). Upregulation of the transcription
27

factor c-Jun has been demonstrated to mediate the increased expression of GSH and γGCS (200). GSH-S-transferase π (GSTπ) catalyses the interaction of aquated cisplatin with
GSH. Increased expression of GSTπ in combination with increased levels of GSH levels in
resistant tumour cells supports the contribution enzymatic inactivation of cisplatin has in
the resistance phenotype at the clinical level. This is further supported by the correlation
of low levels of GSTπ with an overall survival rate of 82% with cisplatin in head and neck
cancer patients, compared to a twofold decrease in survival when GST was expressed at a
high level (201, 202). In addition to its established role in cisplatin inactivation, elevated
GSH has also been demonstrated to be associated with increased DNA repair and
inhibition of apoptosis, a finding further validated by the identification of higher GSH
levels in cells overexpressing Bcl-2 (203-205).
Like GSH, metallothioneins also provide optimal reactive centers for cisplatin through
their thiol-containing cysteine molecules. It is therefore unsurprising that a dramatic
increase in metallothionein was reported in cisplatin resistant tumour models (206).
However, studies investigating human ovarian tumour biopsies prior to and following
cisplatin resistance did not detect alteration in metallothionein levels, demonstrating that
metallothionein increase is not an essential requirement for the development of cisplatin
resistance (207, 208). Taken together these findings highlight the multifactorial nature of
cisplatin resistance development.
1.7.3 DNA damage repair
Cisplatin enacts its cytotoxic effect through the formation of persistent DNA adducts,
thereby inducing apoptosis. Enhanced repair of DNA adducts therefore reduces cisplatin
induction of apoptosis. The association of increased rate of DNA repair with inhibition of
drug induced cytotoxicity in human and murine tumour cell lines supports this finding
(209-211). This increased rate of repair has a limited contribution of approximately 1.5-2
fold increase to resistance (212). The overexpression of topoisomerase II also contributes
to the increased repair of cisplatin induced DNA adducts and was reported to be
associated with cisplatin resistance development in clinical samples (213, 214).
Nucleotide excision repair (NER) is another major pathway involved in the repair of
cisplatin induced DNA damage, however this mechanism has broad specificity and
exhibits no enhanced excision between cisplatin induced adducts and those induced by
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other platinum drugs (215). Of the 17 different proteins comprising the NER complex,
overexpression of only a few of these complex members is necessary to increase the
excision repair capacity in resistant tumour cells (216-218).
NER is comprised of two sub-pathways, global genomic NER (GGR) and transcription
coupled NER (TCR). The primary differences in these two sub-pathways is the means of
DNA damage recognition, where TCR activation occurs due to stalling of RNA polymerase
II at DNA lesions, while GGR relies on XPC and DNA-damage binding proteins for damage
recognition (219). The TCR pathway also enables preferential repair of the transcribed
strand of active genes such as dihydrofolate reductase (DHFR). The influence of this
pathway to resistance development is still contested, with ERCC1-mediated TCR of
intrastrand lesions in the DHFR gene unaltered in resistant cells (220). However strong
support for the role of TCR in cisplatin resistance has been provided by the demonstration
of cisplatin hypersensitivity in TCR deficient cells (221).
Maintenance of genome integrity and stability through the repair of mismatch lesions is
largely mediated by the mismatch repair (MMR) complex, however this complex does not
repair cisplatin induced adducts. Instead the MMR complex attempts to repair cisplatin
lesions and upon failing to repair the damage it activates the apoptotic pathway (222).
Loss of MMR is associated with a reduction in apoptosis and increase in microsatellite
instability in cisplatin resistance (223, 224). The loss of MMR is reported to induce a
clinically significant increase in resistance of 2-5 fold (187). The non-histone chromosomal
high-mobility group 1 protein (HMG1), which shields DNA adducts from repair and has
been found to be overexpressed in resistant tumour cells. However, this over-expression
has also been associated with cisplatin sensitivity in breast cancer (225, 226). These
opposing results highlight the redundancy and crosstalk between DNA damage repair
networks and suggest a context dependent effect of the DNA damage recognition protein
HMG1 in cisplatin resistance.
A major step in the development of cisplatin resistance is the ability of cells to replicate
DNA past the cisplatin adduct and initiate post-replication (227). The replicative bypass is
increased 3-6 fold by defects in the MMR complex members hMLH1 or hMSH6,
underlining the significance of MMR downregulation in cisplatin resistance (222). It is
important to note that increased replicative bypass can also occur independently of MMR
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loss, through p53 malfunction (228). This is confirmed by the enhanced cisplatin
resistance in MMR-deficient tumour cells with p53 dysfunction (229, 230). Loss of p53
coincides with MMR deficiency in cisplatin resistant cell line, highlighting the central role
played by these mechanisms in the cisplatin resistant phenotype (223).
1.7.4 p53 tumour suppressor dysfunction
The p53 tumour suppressor is a major mediator of cisplatin induced apoptosis, as briefly
mentioned in the previous section. Mutation of the p53 gene is a well-established
contributor to the loss of apoptotic function, which occurs in approximately half of all
cancers (231, 232). The apoptotic activity of wild-type p53 depends on numerous
upstream signalling pathways, induced by cisplatin to stabilize and activate the tumour
suppressor protein (233-235). The precise influence of post-translational modification of
p53 on cisplatin resistance remains uncertain, however, the circumvention of cisplatin
resistance following cisplatin analog induced restoration of wild-type p53 activity
highlights the importance of this mechanism in cisplatin resistance (236).
1.7.5 Apoptosis inhibitors
Cisplatin resistance at its most fundamental level requires the inhibition of apoptosis in
response to DNA crosslinks. Over-expression of prominent inhibitors of apoptosis such as
the X-linked inhibitor of apoptosis protein (XIAP) dramatically increases resistance (237,
238). These inhibitors directly and indirectly modulate the activity of apoptosis effector
caspases. The activity of caspase 3, 8 and 9 in particular are crucial in response to cisplatin
and their activation is reduced in resistant cells. Inhibition of these apoptosis effectors is
reported to be at least in part due to the lack of Fas expression in response to cisplatin
treatment (239-241).
The Bcl-2 family are central players in apoptosis regulation through the formation of antiapoptotic and pro-apoptotic homodimers Bcl-2/Bcl-2 and Bax/Bax (242). Excess Bax/Bax
pro-apoptotic homodimers mediates caspase activation through the release of
cytochrome c and SMAC/DIABLO, highlighting the necessity of p53 transactivation of Bax
in affecting cisplatin induced cytotoxity (243). This is in contrast with the anti-apoptotic
influence of Bcl-2, which was found to be positively correlated with cisplatin resistance,
most probably through increased GSH levels and exacerbated by p53 mutation (204, 244,
245). In addition to Bcl-2, the anti-apoptotic Bcl-xL exhibits increased expression in
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resistant tumour cells, likely due to PI3-K/Akt pathway inhibition of its negative regulator
Bad (246, 247). The highly complex nature of this apoptotic process and crosstalk
between the numerous pathways is exemplified by the reports of opposing effects of Bcl2 levels, where overexpression was associated with increased survival in cisplatin treated
ovarian cancer patients and increasing tumour cell sensitivity to cisplatin (248, 249).
1.7.6 Cisplatin resistance and mesenchymal transition
Metastasis is one of the most common causes of cancer related mortality, with miRNA
promoting or inhibiting metastatic progression through targeting of numerous target
genes. Epithelial to mesenchymal transition (EMT) is a molecular process which is well
characterised for its role in embryogenesis, however, increasing evidence suggests that
this process contributes to the invasive potential of tumour cells and facilitates metastatic
progression through conversion of non-motile cancerous cells into highly motile
mesenchymal cells capable of disseminating from the tumour mass (250). This process is
characterised by up-regulation of extracellular matrix components, increased resistance
to apoptosis, increased migration and invasion, and loss of cell-cell cohesion, modulated
by a number of transcription factors including TWIST1, SNAI1, SNAI2 and ZEB1 (251).
A study by Haslehurst et al., reported increased expression of EMT regulating genes,
SNAI1, SNAI2, TWIST1, TWIST2, ZEB1 and ZEB2 in cisplatin resistant ovarian cancer cells
(252). This study also validated the impact of this molecular process in a cohort of primary
ovarian tumours, where EMT genes were found to be up-regulated in chemotherapy
naïve drug resistant tumours and manipulation of the expression of EMT member SNAI1
and SNAI2 was able to reverse cisplatin resistance in a model cell line.
MYH9 encodes the non-muscle myosin heavy chain IIA (NMMHCIIA), which is the primary
force-generating ATPase in non-muscle cells. MYH9 acts as a main integrator of the
mechanisms which drive cell migration and adhesion, in addition to acting as an
important end point on which many signalling pathways unite, principally through Rho
GTPases. MYH9 is tightly regulated at multiple levels, including at the level of folding,
myosin filament assembly and disassembly, actin binding and ATPase and motor activity
(253). The regulation of the actin cytoskeleton by NM II controls multiple interrelated
processes, such as migration, cell-cell and cell-matrix adhesion, cell differentiation, tissue
morphogenesis and development. This cytoskeletal regulator is a major player in cancer
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cell migration, invasion and metastasis (254, 255). MYH9 exhibits increased expression in
malignant non-small cell lung cancer and is associated with cisplatin resistance and
metastasis. MYH9 acts as an independent indicator of poor prognosis in gastric, bladder
and oesophageal cancers (256-258). Another study by Maeda et al. reported a favourable
prognosis in stage 1 adenocarcinoma patients with decreased MYH9 or vimentin (VIM)
expression (259). Taken together these findings strongly support the oncogenic role of
MYH9 and highlight its contribution to metastatic dissemination in a variety of cancers.
As previously mentioned ROCK1 signalling plays a fundamental role in regulating cell
motility, morphology and adhesion and has significant involvement in invasion and
metastatic dissemination in a number of cancers including neuroblastoma (260). Rhoassociated coiled-coil kinase (ROCK) is a powerful downstream effector of RhoA,
belonging to the AGC family of serine/threonine protein kinases (261). The ROCK family
consists of ROCK1 and ROCK2, which have 65% overall homology and 92% homology in
the kinase domain. It has been well established that ROCK family members function
predominantly in the regulation of actin cytoskeleton, driving numerous cellular
processes including; contraction, adhesion, proliferation, migration and apoptosis (262265). The majority of studies on ROCK expression in tumour cells report a beneficial effect
of ROCK inhibition through increased apoptosis induction and decreased tumour cell
invasion and metastasis (266-268). However, inhibition of ROCK has also been reported to
promote tumour cell survival and chemoresistance in addition to reducing the apoptotic
effects of anti-carcinogens. Treatment with ROCK inhibitor (Y-27632) resulted in
increased cell survival, while also enabling the development of cisplatin resistance
through inhibition of cisplatin resistance genes in neuroblastoma (269). These paradoxical
findings indicate the context dependant function of ROCK activation. In cancer stem cells
inhibition of ROCK supports cancer progression through inhibition of ROCK/MLCregulated

actomyosin

contraction,

thereby

preventing

dissociation

induced

apoptosis/anoikis, a major feature of metastatic stem cells (270). Inhibition of ROCK and
induction of downstream signalling, particularly in relation to cytoskeletal regulation,
varies greatly in its outcome depending upon cell context, cell type and
microenvironment.
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1.8 MicroRNA
As briefly mentioned previously, microRNA are small, non-coding, 19–22 nucleotide long
RNA molecules. MiRNA directly regulate post-transcriptional gene silencing by repressing
the translation of mRNA into protein or mRNA destabilisation, reviewed in (271). They are
major post-transcriptional regulators of gene expression, involved in many cellular
processes in eukaryotic organisms, predominantly through complementary binding to the
3’ untranslated region (3’ UTR) sequences of specific mRNA.
Until relatively recently, non-coding RNA were thought to be little more than evolutionary
castoffs, with no apparent biological role. The identification of a function for small noncoding RNA was first described by Lee et al. in 1993 when they discovered that lin-4, a 22
nt strand of RNA was capable of binding to the 3’UTR of lin-14, resulting in repression of
Lin-14 protein expression (272). This study demonstrated the interplay between lin-4 and
Lin-14 is essential for the proper regulation of developmental timing in Caenorhabditis
elegans (C. elegans).
Another 7 years passed before miRNA were seen as anything other than an oddity in C.
elegans. An exponential growth of interest in miRNA arose with the identification of let-7,
which mirrored the effect of lin-4 in regulating the developmental timing of C. elegans.
Let-7, unlike lin-4 is conserved across species (273, 274). Lee and Ambros undertook the
first bioinformatic study of miRNA in 2001, where they aimed to identify other miRNA
based on miRNA transcriptional location, degree of conservation and method of
transcription in C. elegans (275). This study identified 15 possible miRNA gene sequences,
of which, three had homologues in mammals or insects. A more substantial role for
miRNA beyond regulation of developmental timing soon became apparent, with
approximately 3 % of human genes encoding for miRNA, which in turn regulate
approximately 30% of human protein coding genes (276).
Crucially, one miRNA is capable of binding numerous mRNA with partial complementarity
and is thus imparting pleiotropic regulation of multiple signalling networks. Primary
miRNA (Pri-miRNA) hairpin transcripts are cleaved into precursor miRNA (pre-miRNA) by
Drosha in the nucleus; the pre-miRNA is then translocated from the nucleus to the
cytoplasm where it is processed into mature miRNA. The mature miRNA is then loaded
into an Argonaute (AGO) protein of the RNA Induced Silencing Complex (RISC), which is
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then targeted to complementary mRNA sequences, inducing translational repression or
deadenylation and degradation of the target mRNA depending on sequence
complementarity (Figure 1.5) (277-279).
The Sanger Centre miRNA repository, miRbase, currently has approximately 1881
precursors of human miRNAs, and 2588 mature miRNA products (280). Given their multitarget capability it is not surprising that miRNA are predicted to regulate greater than
50% of human genes (281).

Figure 1.5. Outline of miRNA biogenesis, processing and mechanism of action.
Figure taken from (279).
1.8.1 MicroRNA and Cancer
As previously mentioned, cancer is not a single disease but a diverse collection of
diseases resulting from the uncontrolled cell proliferation. This uncontrolled cell division
and ability to evade the normal cell regulation is the result of genetic abnormalities
which are inherited or acquired through environmental exposure [reviewed in (282)].
MiRNA are intricately involved in essentially all cellular processes, from the control of
proliferation and apoptosis, to differentiation and metabolism. It is therefore not
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surprising that aberrant miRNA expression is associated with cancer. Calin et al.,
reported that greater than 50% of miRNA map to regions of instability in cancer, with
miR-15 and miR-16 being the first miRNA found to be deregulated in cancer in Chronic
Lymphocytic Leukaemia (CLL) (283, 284). Mir-15/16 are transcribed in a 30kb region of
13q14 which is down regulated or deleted in more than 65 % of cases of CLL (284). This
study showed that ectopic overexpression of both miR-15 and miR-16 resulted in the
inhibition of B-cell Lymphoma 2 (BCL-2) and the induction of apoptosis in vitro. Research
in the field of miRNA involvement in cancer has dramatically increased since this initial
study.
1.8.2 MicroRNA and Neuroblastoma
The first study of miRNA involvement in neuroblastoma was carried out by Chen and
Stallings (178). This study was discussed in chapter 1.5.4.4. Following on from such
profiling studies, functional characterisation of numerous miRNA has been carried out.
The study by Foley et al. identified AKT-2 as a direct target of the clinically relevant miR184, with ectopic overexpression of miR-184 resulting in deregulation of AKT-2, reduction
in cell viability and increased apoptosis (179, 285). A subsequent study revealed the
ability of miR-184 overexpression to inhibit tumour growth in an orthotopic
neuroblastoma mouse model (286). The tumour suppressor, miR-542-5p, another miRNA
associated with poor survival when its expression level is lowly expressed, was
demonstrated, to decrease the invasiveness of neuroblastoma cells in vitro and in a
xenograft mouse model when overexpressed (287). Schulte et al. subsequently showed
miR-542-3p was correlated with TrkA expression and inversely correlated with event-free
survival and MNA, allowing for discrimination between local and metastatic tumours in
neuroblastoma (288).
Up-regulation of the miR-17~92 cluster is associated with drug resistance and poor
survival in neuroblastoma and is independently documented in MNA tumours (179,
289). Among the validated targets of this oncomiR cluster were cyclin-dependent kinase
inhibitor 1 (p21), BCL2-like 11 (BIM), Clusterin, Dickkopf WNT Signalling Pathway
Inhibitor 3 (DKK3) and Estrogen Receptor 1 (ESR1) (290-293). Numerous miRNA from this
cluster have roles in activation of apoptosis or act on potential tumour suppressor genes
(294).
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The highly conserved miR-34a was among the first tumour suppressor miRNA identified
in neuroblastoma (295). This study correlated low expression of miR-34a with
unfavourable primary NB tumours and cell lines compared to normal adrenal tissue. In
this study re-expression of miR-34a in three different NB cell lines resulted in a
significant decrease in cell proliferation through induction of the caspase-dependent
apoptotic pathway. Low miR-34a levels were correlated with 1p deletion, consistent
with its mapping to chromosome 1p36 (295). The tumour suppressor miR-34a is
enriched with binding sites for the master regulator of tumour suppressor function, p53,
and downregulation of miR-34a was associated with p53 mutation and poor prognosis
(296). MiR-34a has since been demonstrated to regulate the expression of a variety
transcription factors in addition to apoptotic and cell cycle proteins, including, E2F
transcription factor 3 (E2F3), BCL2, Cyclin D1 (CCND1), Cell division protein kinase 6
(CDK6) and MYCN (297-299). The tumour suppressor role of miR-34a in neuroblastoma
was confirmed and further validated by administering it to xenograft neuroblastoma
mouse models, using anti-GD2 coated nanoparticles for targeted delivery, which
dramatically reduced tumour burden and vascularisation (300, 301).
As discussed earlier in this chapter, the ability to differentiate is a major attribute in
neuroblastoma pathogenesis and patient outcome, where worse outcome is associated
with poorly differentiated tumours. Foley et al. demonstrated the direct targeting of
nuclear receptor corepressor 2 (NCOR2) by miR-10a/10b along with increased neurite
outgrowth and neural cell differentiation in response to ectopic expression of miR10a/10b (302). Another study by Lynch et al. demonstrated repression of miR-335
expression in MNA tumours, which they proposed was due to MYCN binding to an
upstream region of its predicted transcriptional start site. This study concluded,
neuroblastoma migration and invasion is promoted by MYCN transcriptional silencing of
miR-335, which in turn leads to the upregulation of its targets and TGF-β pathway
signalling members ROCK1, MAPK1 and LRG1 (260). Although miR-335 was repressed in
MNA tumours, ectopic expression of miR-335 resulted in suppression of migration and
invasion in MNA Kelly and CHP-212 cells as well as non-MNA SK-N-AS neuroblastoma
cells, thereby validating its tumour suppressive potential in more than one genetic
subtype. Reports from other studies provide further evidence which indicates that miR335 plays a significant role in suppressing cell migration, invasion and metastasis in
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various cancer types by pleiotropic targeting of a multitude of genes which modulate the
cellular migratory machinery, including Bcl-w (BCL2L2) and SP1 genes in gastric cancer,
along with tenacin c and SOX4 in breast cancer (303, 304). The list of validated miRNAs
involved neuroblastoma pathogenesis (Table 1.2) is continuously growing and providing
a greater insight into the mechanisms associated with disease progression (305).
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Table 1.2. Neuroblastoma-related miRNAs [expanded from(305)].
miRNA

Chr

Status in NB Cells

Biological Effect in NB Cells

Validated targets in NB
Cells

References

miR-34a

1p36.22

Deleted in 1pLOH
tumours

Ectopic over-expression is pro-apoptotic
Inhibits tumour growth in mouse model

E2F3, MYCN, BCL2

(295, 299-301)

miR-184

15q25.1

Down-regulated in
MNA tumours

Ectopic over-expression is pro-apoptotic
and acts as a tumour suppressor in mouse
model

AKT2

(285)

miR-125a,
miR-125b

19q13.41
11q24.1,
21q21.1

Up-regulated upon
ATRA treatment

Ectopic over-expression is antiproliferative & pro-differentiation

TRKC, AP1M1, STK11IP,
PSMD8, ITCH, TBC1D1,
TDG, MKNK2, DGAT1,
GAB2, SGPL1, LIN28B, p53

(306-309)

miR-128

2q21.3,
3p22.3

Up-regulated upon
ATRA treatment

Ectopic over-expression decreases cell
motility and invasiveness

RELN, DCX

(310, 311)

miR-149*

2q37.3

Unknown

Ectopic over-expression is pro-apoptotic

AKT1, E2F1

(312)

miR-214

1q24.3

Up-regulated upon
ATRA treatment

Ectopic over-expression promotes neurite
out growth in vitro

Unknown

(313)

miR-10a
miR-10b

17q21.32
2q31.1

Up-regulated upon
ATRA treatment

Induce neural cell differentiation

NCOR2, SFRS1

(302, 314)

miR-101

1p31.3,
9p24.1

Unknown

Ectopic over-expression is antiproliferative

MYCN

(315)
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miRNA

Chr

Status in NB Cells

Biological Effect in NB Cells

Validated targets in NB
Cells

References

Let-7a

9q22.32,
11q24.1,
22q13.31

Down-regulated in
LIN28B over-expressing
tumours

Ectopic over-expression is antiproliferative

MYCN

(307, 315)

Let-7e

19q13.41

Down-regulated in
LIN28B over-expressing
tumours

Ectopic over-expression is antiproliferative

MYCN, DKK3

(315, 316)

miR-124

8p23.1,
8q12.3,
20q13.33

Up-regulated upon
ATRA treatment

Ectopic over-expression promotes
differentiation & neurite outgrowth

PTBP1, AHR

(317, 318)

miR-27b

9q22.32

Unknown

Ectopic over-expression is antiproliferative and inhibits tumour growth in
mouse model

PPARγ

(319)

miR-29a

7q32.3

Down-regulated in
MNA tumours

Under-expression in tumours facilitates
immune escape

B7H3

(179, 320)

miR-542-5p

Xq26.3

Down-regulated in
MNA tumours

Over-expression reduces cell invasiveness
in vitro and restricts tumour growth in
mouse model

Unknown

(321)

miR-335

7q32.2

MYCN repressed

Suppresses cell invasiveness

ROCK1, MAPK1, LRG1

(178)

miR-204

9q21.12

Down-regulated in
MNA tumours

Ectopic over-expression increases
sensitivity to cisplatin

BCL2, NTRK2

(179, 322)

miR-9

1q22, 5q14.3,
15q26.1

MYC/MYCN activated

Ectopic over-expression is antiproliferative, induces differentiation &
inhibits migration, invasion, and
angiogenesis

TRKC, ID, (MMP)-14

(308, 323, 324)
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Chr

Status in NB Cells

Biological Effect in NB Cells

Validated targets in NB
Cells

References

miR-103

5q34, 20p13

Up-regulated upon
ATRA treatment

Ectopic over-expression is antiproliferative, induces differentiation &
reduces cell migration

ID2, CDK5R1

(308, 323, 325)

miR-107

10q23.31

Unknown

Ectopic over-expression reduces cell
migration

CDK5R1

(325)

miR-885

3p25.3

Down-regulated in
3pLOH tumours

Ectopic over-expression inhibits cell cycle
progression and cell survival

CDK2, MCM5

(326)

miR-145

5q32

Down-regulated in HIF2 α overexpressing
tumours

Ectopic over-expression inhibits cell
growth, migration, invasion, metastasis,
and angiogenesis

HIF-2α

(327)

miR-497

17p13.1

Down-regulated in
MNA tumours

Ectopic over-expression inhibits cell
growth and increases apoptosis

WEE1

(328)

miR-29a

7q32.3

Down-regulated in
metastases

Unknown

CDC6, CDK6, DNMT3A

(329)

miR-137

1p21.3

Down-regulated in
tumours with poor
prognosis

Ectopic overexpression inhibits cell
viability, proliferation and increased
apoptosis, G2 arrest

KDM1A, NR1I3

(330, 331)

miR-542-3p

Xq26.3

Down-regulated in
tumours with poor
prognosis

Ectopic overexpression inhibits cell
viability, proliferation and increased
apoptosis

BIRC5

(332)

miR-338-3p

17q25.3

Down-regulated in
metastases

Ectopic over-expression inhibits cell
proliferation, migration, invasion

PREX2a

(333)

miRNA
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miRNA

Chr

Status in NB Cells

Biological Effect in NB Cells

Validated targets in NB
Cells

References

miR-181c

19p13.12

Down-regulated in
metastases

Ectopic over-expression inhibits cell
proliferation, migration, invasion

SMAD7

(334)

miR-210

11p15.5

Up-regulated upon
oxygen/glucose
deprivation

Ectopic overexpression increases cell
apoptosis

Bcl-2

(335)

miR-183

7q32.2

Unknown

Ectopic overexpression increases apoptosis
and inhibited anchorage independent
colony formation

Unknown

(174)

miR-337-3p

14q32.2

Down-regulated in NB
cell lines

Ectopic over-expression inhibits cell
growth, metastasis, invasion and
angiogenesis

MMP-14

(336)

miR-449a

5q11.2

Unknown

Ectopic overexpression increases cell
differentiation and cell cycle arrest

MFAP4, PKP4, TSEN15

(337)

miR-17-92
cluster

13q31.3

Unknown

Negative regulator of tumour and
metastasis suppressor clusterin in mouse
model

clusterin, DKK3

(293, 338)

miR-340

5q35.3

Inactivated by DNA
methylation

Ectopic over-expression is antiproliferative and pro-apoptotic

SOX2

(27)

miR-380-5p

14q32

Over-expressed in MNA
tumours

Knock-down induces apoptosis
Systematic delivery of anti-miR-380-5p
decreases tumour growth in mouse model

p53

(59)

miR-7

9q21.32

Unknown

(121, 313)

Down-regulated upon Endogenous knock-down promotes neurite
ATRA treatment
out growth in vitro
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miRNA

Chr

Status in NB Cells

Biological Effect in NB Cells

Validated targets in NB
Cells

References

miR-210

11p15.5

Unknown

Ectopic over-expression is pro-apoptotic

BCL2

(339)

mir-21

17q23.1

Up-regulated in MNA
tumours

Ectopic over-expression increases
resistance to cisplatin and cell proliferation

Unknown

(62)

miR-152

17q21.32

Up-regulated upon
ATRA treatment

DNMT1

(311)

miR-421

Xq13.2

Up-regulated in NB
tissue compared to
normal tissue

Ectopic over-expression reduced cell
invasiveness and anchorage independent
growth
Ectopic over-expression increases cell
proliferation, cell-cycle progression,
migration and invasion

MEN1

(340)

miR-15a

13q14.2

Up-regulated in
metastases

Ectopic over-expression reduced cell
migration

RECK

(341)

miR-588

2p22.3

Up-regulated and
positively correlated
with oncogene HPSE in
NB

Knockdown of miR-558 decreased the
growth, invasion, metastasis and
angiogenesis

HPSE

(342)

miR-23a

19p13.12

Up-regulated in
metastases

Knock-down suppresses cell migration and
invasion

CDH1

(343)

19q13.42

Down-regulated in
cisplatin resistant NB
cell line and posttreatment samples.

Sensitises SK-N-ASCis24 cell line to
cisplatin and etoposide.

NAIP

(344)

miR-520f
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1.8.3 MiR-124-3p
MicroRNA-124-3p (miR-124-3p), previously known as miR-124a, was first identified in
2002 in mice, with a completely homologous mature form in humans, mice and rats
(345). MiR-124 is the most abundant miRNA in the brain, where it is expressed at 100 fold
higher level than other tissues (346, 347). This miRNA was discovered to have an essential
yet subtle role in neuronal development, suppressing the expression of 100s of nonneuronal mRNAs, thereby participating in the acquisition and maintenance of neuronal
identity (348, 349). Cao et al. investigating the role of miR-124 in the developing neural
tube reported no significant effect on the attainment of cells’ neuronal fate, following
inhibition or overexpression of miR-124 (350). They described a more discreet role for
miR-124 in the determination of neuronal differentiation, through direct targeting of the
neural progenitor genes, laminin γ1 (LAMC1) and integrin β1 (ITGB1)(350). These findings
were in agreement with the hypothesis that miRNA induced during differentiation act to
ensure the appropriate developmental transitions through the silencing of leftover
transcripts from previous stages of development (351). A more recent study by Cheng et
al. demonstrated the finely tuned role of miR-124 in the determination of adult neural
stem cell lineages and maintenance of subventricular zone (SVZ) homeostasis in mice
(352). This study reported that Sox9 is an important physiological target of miR-124,
which was validated by increased neurogenesis and decreased glial formation following
Sox9 knockdown along with abolishment of neuron production following Sox9
overexpression in SVZ cells (352).
1.8.3.1 MiR-124-3p and Cancer
Distinct patterns of miR-124 expression have been identified in numerous cancers
including; colorectal cancer (353), prostate cancer (354), breast cancer (355), gastric
cancer (356) and hepatocellular carcinoma (357). In all of these cancers downregulation
of miR-124 was associated with a more aggressive phenotype. Downregulation of miR124 was reported in colorectal cancer compared to normal mucosa, with low expression
being detected in poorly differentiated cells, allowing this miRNA to act as an
independent prognostic factor in colorectal cancer (353). A subsequent study by Zhang et
al. confirmed the decreased expression of miR-124 in higher grade tumours as well as
demonstrating direct targeting of the STAT3 oncogene and suppression of cell growth by
miR-124 in vitro and in vivo (358). A recent study reported the post-transcriptional
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regulation of the rho-associated protein kinase 1 (ROCK1) oncogene by the tumour
suppressor miR-124 (359). Lower miR-124 expression and higher ROCK1 expression in
metastatic compared to non-metastatic colorectal tumours was also reported (359).
Further investigation of the mechanism involved in the ROCK1-miR-124 interaction
confirmed the involvement of miR-124 in colorectal tumour metastasis and invasion
(360).
Downregulation of miR-124 along with a concurrent upregulation in expression of the
tumourigenic androgen receptor (AR) was detected in malignant prostate cancer cell
compared to benign cell lines (354). This study reported epigenetic silencing of miR-124
which was validated by the demonstration of increased miR-124 expression following
demethylation treatment.
Epigenetic silencing of miR-124 by methylation was also reported in breast cancer (355),
gastric cancer (356), and hepatocellular carcinoma (357), highlighting the widespread
influence of tumour suppressor gene epigenetic regulation on cancer progression. In
breast cancer, miR-124 was demonstrated to play a significant role in invasion and
metastasis through targeting of the highly-expressed oncogene CD151 (361).
Downregulation of miR-124 in gastric cancer was associated with increased expression of
the sphingosine Kinase 1 (SPHK1) oncogene in a recent study. This study demonstrated
the suppression of SPHK1 by miR-124 and resulting inhibition of anchorage independent
growth and proliferation (362).
The tumour suppressor miR-124 was also identified as a key inhibitor of brain tumour
progression in glioblastoma (363), medulloblastoma (364) and neuroblastoma (317). MiR124 inhibits glioblastoma stemness and invasiveness in vitro and in vivo, through posttranscriptional repression of the anti-apoptotic epithelial-mesenchymal transition
promoter, snail family transcriptional repressor 2 (SNAI2) (363). A further study of
glioblastoma

reported

that

miR-124

expression

affected

actin

cytoskeletal

rearrangements and reduced cell protrusions through suppression of ROCK1 (365). In
medulloblastoma, miR-124 was significantly downregulated in 72% of tumours,
corresponding with increased expression of solute carrier family 16 member 1 (SLC16A1).
Knockdown of SLC16A1 by miR-124 expression was demonstrated to induce cell death in
medulloblastoma (364). The pro-proliferative cyclin-dependent kinase 6 (CDK6) exhibited
increased expression in medulloblastoma and was identified as an adverse prognostic
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indicator (366). MiR-124 targeting of CDK6 was demonstrated, along with suppression of
cell growth following ectopic miR-124 expression (367).
A recent study in neuroblastoma reported the promotion of neurite outgrowth via the
PI3K/Akt pathway by miR-124 repression of ROCK1 (368). This finding supports the
growing body of evidence for miR-124/ROCK1 role in cell differentiation and metastasis.
However, another study by Huang et al. reported an increase in neurite like outgrowths
from SK-N-SH cells along with increased expression of the differentiation markers growthassociated protein 43 (GAP-43), calreticulin (CRT) and neuron-specific enolase (NSE)
following knockdown of miR-124 (317). In this study increased expression of the aryl
hydrocarbon receptor (AHR) was associated with loss of miR-124 expression and
subsequent inhibition of cell proliferation. Inhibition of miR-124 resulted in cell cycle
arrest at G0/G1 phase, differentiation and induction of apoptosis (317). The study of miR124-3p has been shown it to be decisive in the regulation of neuroblastoma. Considering
the association of cell cycle arrest and apoptosis to terminal differentiation in
neuroblastoma and the ability of many neuroblastoma cells to maintain their potentiality
of terminal differentiation, the opposing effects of this miRNA between neuroblastoma
cells with different basal gene expression landscape is unsurprising. These finding
highlight the complex networks controlled by miR-124, enacting various different roles in
a multitude of different contexts.
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1.9 Neuroblastoma drug-resistance models
Neuroblastoma cell lines exhibiting a drug-resistant phenotype are ideal models for the
study of biological changes induced during the development of drug resistance. Several
studies have been published reporting the establishment and characterisation of human
drug-resistant NB cell lines. However, few cisplatin resistant models have been
characterised thoroughly with direct comparison to their sensitive progenitors. Previous
work in our laboratory to address this shortfall, established an isogenic model of cisplatin
resistance in a panel of neuroblastoma cell lines (369). These sub-lines were characterised
for a number of functional cellular features relative to their cisplatin sensitive parental
cell line. While, the cisplatin resistant neuroblastoma sub-lines (CHP-212Cis100,
KellyCis83 and SK-N-ASCis24) exhibit changes in cell growth and behaviour compared to
the parental cell lines, they also demonstrate cross-resistance to other routinely used
chemotherapeutics with different mechanisms of action to cisplatin (344, 370).
Considering the association of cytogenetic alterations with changes in biological
behaviour, arrayCGH analysis was performed in the parental lines and the established
sub-lines. A complete transcriptomic and proteomic profile of these novel resistant cell
lines has also been determined. The cell lines underwent extensive characterisation for
their cellular expression of 770 miRNA, many of which were dysregulated in drugresistant sub-lines. A number of these differentially expressed miRNA were involved in
the modulation of drug-resistance. Proteomic profiling was also carried out to establish
differences in protein expression. The present study sets out to characterise changes in
protein expression associated with cisplatin resistance and to identify a candidate miRNA
which targets key upregulated genes in these drug-resistant neuroblastoma cells.
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1.9.1 Aims and Objectives
•

Confirm cisplatin induced cross resistance to unrelated chemotherapeutics in
established neuroblastoma models and elucidate IC50 for agents tested.

•

Characterize resistance associated morphological and phenotypic alterations
observed in neuroblastoma cell lines.

•

Compare sensitivity to apoptosis induction of parental and developed resistant
neuroblastoma cell lines by FACS analysis.

•

Compare cell cycle distribution of parental and resistant cells by FACs analysis.

•

Identify proteomic changes associated with cisplatin resistance in KellyCis83 and
SK-N-ASCis24 cells.

•

Profile cell lines using Ingenuity Pathway analysis (IPA) to identify molecular and
cellular functions, pathways and networks from the proteomic dataset.

•

Investigate the expression of key epithelial-mesenchymal transition markers in
sensitive and resistant cells.

•

Investigate mechanism of mesenchymal transition observed in SK-N-ASCis24.

•

Identify candidate miRNA capable of repressing the expression of up-regulated
genes obtained from the SK-N-ASCis24 protein dataset.

•

Assess clinical relevance of selected miRNA in neuroblastoma.

•

Confirm direct targeting of over-expressed cytoskeletal targets from SK-N-ASCis24
by miR-124-3p.

•

Assess the effect of miR-124-3p on cell viability, morphology, cell cycle and
apoptosis in vitro.

•

Conduct systems biology analysis of miR-124-3p induced apoptosis susceptibility
using the APOPTO-CELL model.

•

Perform gene ontology analysis of miR-124-3p direct targets.
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Chapter 2

Materials & Methods

John Nolan
Royal College of Surgeons in Ireland

2. Materials and Methods
2.1 Cell Culture Preparation
2.1.1 Water
In the preparation of all buffers and solutions, ultrapure water was used. Ultrapure
water is low in organic salts, organic matter, colloids and bacteria. Water obtained from
the municipal water supply is filtered, pretreated with activated carbon and anti-scaling
agents with the supply being further purified using a reverse osmosis system (Millipore
Milli-RO 10 Plus, Elgastat Ultra high purity (UHP)). The reverse osmosis system utilizes a
semi-permeable reverse osmosis membrane to remove contaminants, with a standard
of 12-18 MΩ/cm resistance, from the water supply.
2.1.2 Sterilisation
Autoclaving at 121°C for twenty minutes under 15 p.s.i pressure was used to sterilise all
thermostable solutions and glassware. For thermolabile solutions, the solutions were
filtered through a 0.22µm sterile filter (Millipore, millex-gv, SLGV-025BS). Acrodisc (Pall
Gelman Laboratory, C4187) 0.8/0.2µm filters were used for non-serum/protein
solutions. For protein-containing solutions, low protein-binding filters were used.
2.1.3 Maintenance of Cultured Cells
All routine cell culture work was performed in a class II down-flow recirculating laminar
flow cabinet (NuAire Biological Cabinet). Any work involving toxic compounds was
carried out in a cytoguard (Gelman). Strict aseptic technique was adhered to at all times.
Laminar flow cabinets were sterilised with 70% ethanol (EtOH) before and after use, in
addition to all items used inside the hood. Cabinets and incubators were cleaned every
fortnight with Virkon (Antec. International; TEGO, T.H.Goldschmidt Ltd.), and then wiped
down with dH2O followed by 70% EtOH. A dedicated cell culture lab coat and nitrile
gloves were worn at all times during cell work. In order to prevent cross-contamination,
only one cell line at a time was manipulated in the cabinet. The cabinet was allowed to
clear for 15 minutes between different cell lines.
During routine sub-culturing of adherent cell lines, cells were inspected daily, fed every
2 to 3 days, and when confluence reached approximately 70%, cells were harvested
and either frozen or divided for further proliferation. Adherent cells were removed
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from their Corning® flasks (Sigma-Aldrich, CLS3289, CLS3290, CLS3292) by enzymatic
detachment. Waste medium was removed and cells were washed with pre-warmed
PBS (Phosphate Buffered Saline) (Sigma, P4417) to remove any naturally occurring
trypsin inhibitor present in residual serum. Fresh trypsin/ethylenediaminetetraacetic
acid (EDTA) (Biosciences, 25300-054) was then pipetted onto the cells and the flasks
incubated at 37°C until the cells were seen to have detached. The trypsin was
deactivated by addition of an equal volume of growth medium containing 10% foetal
bovine serum (FBS) (Gibco, 12483-020). The entire cell suspension was transferred to
a 15ml or 50ml conical tube (Fisher Scientific, CFT-420-075L, CFT-645-010C) and
centrifuged at 1,200 rpm (240 g) for 3 min. The resulting cell pellet was re-suspended in
pre-warmed (37°C) fresh growth medium, counted and used to re-seed a flask at
the required cell density or plated for a given assay.
2.1.4 Cryopreservation of Cultured Cells
Early passage cells were cryopreserved in liquid nitrogen to ensure the maintenance of
cell stocks. When cells were in the exponential growth phase, between 60% and 80%
confluent, they were harvested from 75 cm2 culture flasks. Following trypsinisation and
pelleting, cells were re-suspended in FBS supplemented with 10% dimethyl sulphoxide
(DMSO) (Sigma, D2650). The cell suspension was aliquoted into cryovials (Sigma-Aldrich,
V5007) and transferred to a passive freezer, Nalgene® Mr. Frosty (Thermo Scientific,
C1562). The passive freezer was filled with isopropyl alcohol and placed in the –80°C
freezer overnight. The rate of cooling varies minimally with a temperature drop of
between –1 °C and –3 °C per minute allowing for gradual freezing of cells. Frozen
cryovials were transferred after 12 hr, from the –80°C freezer to the vapour phase of a
liquid nitrogen storage vessel and recorded for long term storage.
2.1.5 Thawing of Cryopreserved Cells
It is essential to work in a quick and efficient manner when reviving cells from a frozen
stock as the DMSO containing freezing solution is toxic to cells at room temperature.
Cells were removed from liquid nitrogen and placed in a water bath at 37˚C for ~1 min
until the contents had almost thawed, leaving a small amount of ice left floating in the
cryovial. Cryovials were then transferred to the cell culture hood and gently diluted 1:10
in the appropriate pre-warmed growth media. The cell suspension was centrifuged at
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1200 rpm (240 g) for 3 min. The supernatant was poured off, without disturbing the cell
pellet and re-suspended in 4 ml growth media. The cell suspension was then transferred
to a 25 cm2 vented tissue culture flask and placed at 37˚C, 5% CO2 in a humidified
incubator.
2.1.6 Mycoplasma Testing
Mycoplasma has long been recognised as a common contaminant of cells in culture. In
order to prevent any interference due to mycoplasma contamination, cells were
routinely tested using the MycoAlert® Mycoplasma Detection Kit (Lonza, LT07-218).
MycoAlert® induces the lysis of mycoplasma. The kit substrate reacts with mycoplasmic
enzymes, catalysing the conversion of ADP to ATP. 600 μl of MycoAlert® Assay buffer
was added to the vial of MycoAlert® reagent and mixed gently. MycoAlert™ positive
control and MycoAlert™ buffer were used as positive and negative controls respectively.
This was then left to equilibrate at room temperature for 15 min to ensure complete
rehydration. Media from a confluent tissue culture flask was transferred to a conical
tube and centrifuged at 1200 rpm (240 g) for 5 min. 100 μl of this supernatant culture
media was transferred to a luminometer tube together with 100 μl of MycoAlert®
reagent, and allowed incubate at room temperature for 5 min. Samples were placed in
the luminometer and luminescence was read (Reading A). Then, 100 μl of MycoAlert®
substrate was added to each sample and left to incubate for 10 min. After this time
samples were placed in the luminometer and luminescence was read (Reading B). The
ratio of reading B / reading A was calculated. This ratio was used to determine whether
cells exhibited mycoplasma contamination. Presence of mycoplasma will produce results
greater than 1. A ratio of < 0.9 was considered negative, 0.9-1.2 was considered
borderline and advised to quarantine cells before re-testing 24 hr later, a result of >1.2
was considered indicative of mycoplasma contamination.
2.2 Cell Lines used in this Study
The source of each human neuroblastoma-derived primary cell line used in this study,
along with patient information, tumour stage, treatment, morphological subtype,
supplier and growth media requirements are listed in Table 2.1. All cell lines were
validated for the presence of previously published genomic imbalances using array
comparative genomic hybridisation (aCGH) and by Short Tandem Repeats (STR)
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genotyping by the repositories. Key genomic alterations including MYCN status, p53
status, and chromosomes 1p, 11q and 17q gain/loss of the cell lines used in this study
are listed in Table 2.2. This table also includes the total number of gains/loss and
amplification of each parental and their resistant sub-lines previously published by our
lab. Cells were maintained in a Forma Steri-Cycle (Thermo Scientific, 370 TC115V) at 37 ͦC
and 5 % CO2. To prevent bacterial contamination, cell culture media was supplemented
with Penicillin/Streptomycin (Gibco, 15140122) or Gentamicin Sulfate (Corning,
30005CR) antibiotics.
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Table 2.1 Source of neuroblastoma cell lines and media used in this study. Resistant
variants were cultured under the same conditions as their parental cells.
Kelly/
KellyCis83

SK-N-AS/
SK-N-ASCis24

CHP-212/
CHP-212Cis100

Patient info
(year.month/sex)

1.0/Female

6.0/Female

1.8/Male

Derived From

Bone MarrowMetastatic site

Bone MarrowMetastatic site

Kidney massPrimary site

Treated

Yes

Yes

No

Stage

4

4

Unknown

Morphological
Subtype

N

N

I

Source

European Cell Culture
Collection

Culture Media

RPMI (Gibco, 11875085), 10% FBS (Gibco,
12483-020), 1%
Pen/Strep
(Gibco,15140122)

American Type
Culture Collection
MEM (Gibco, 11095080), 1% Nonessential Amino Acids
(Gibco, 11140-035),
200mM Glutamine
(Gibco, 25030-081),
10% FBS (Gibco,
12483-020), 1%
Pen/Strep (Gibco,
15140122)

American Type
Culture Collection
1:1 mixture of MEM
(Gibco, 11095-080)
and Ham’s F12
(Gibco, 11765- 054),
200mM L-Glutamine
FBS (Gibco, 12483020), 1% (Gibco,
25030-081) and 5%
Pen/Strep (Gibco,
15140122)

Table 2.2 Characterisation of neuroblastoma cell lines, adapted and expanded from

Additional
Genomic
Aberrations

(369).
Kelly/
KellyCis83

SK-N-AS/
SK-N-ASCis24

CHP-212/
CHP-212Cis100

MYCN status

Amplified

Not Amplified

Amplified

p53 status

Mutated

Wild Type

Wild Type

1p36

No Deletion

Deletion

Deletion

11q23

No Deletion

Deletion

No Deletion

17q23

Unbalanced Gain

Unbalanced Gain

Unbalanced Gain

Gain

7/16

6/13

6/11

Loss

9/11

8/23

9/22

Amplification

0/0

0/0

2/1
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2.2.1 Cell Counting
In order to determine cell densities and % viability prior to plating cells, adherent cells
were trypsinised, before being transferred to a 15 ml conical tube and centrifuged at
1200 rpm (240 g) for 3 min. The pellets were re-suspended in 1ml of pre-warmed (37°C)
fresh growth medium and then 100 µl of the cell suspension was added to 300 µl sterile
PBS and 100 µl trypan blue, giving a dilution factor of 5. From this suspension 10 µl was
loaded onto a Neubauer haemocytometer (Sigma, Z359629). Viable cells were identified
by their ability to exclude the trypan blue die. Cells in the 4 outer squares of the
chamber were counted microscopically. The cell concentration per milliliter was
estimated by multiplying the average of the number of viable cells from the 4 large outer
squares by 104 (the Neubauer conversion factor). The volume of 1 large outer square is
1mm2 x 0.1 mm = 0.1 cm x 0.1 cm x 0.01 cm = 10-4 cm3 = 10-4 ml. Therefore, multiplying
by 104 brings it to the number of cells per ml. This number was then multiplied by 5 to
account for the dilution factor. Alternatively cell counting was performed using the
Scepter® 2.0 Handheld Automated Cell Counter (Millipore, PHCC20040) according to
manufacturer’s instructions.
2.2.2 Toxicity Assay
Cell suspensions containing 1x104 cells/ml were prepared in cell culture medium.
Volumes of 100 µl of these cell suspensions were added to 96 well plates (Costar, 3599)
using a multichannel pipette. Plates were agitated gently in order to ensure even
dispersion of cells over a given well. Cells were incubated overnight at 37°C in an
atmosphere containing 5% CO2.
Cytotoxic drug dilutions were prepared at their final concentration in cell culture
medium. The plates were emptied of media and 100 µl volumes of the drug dilutions
were added to each well using a multichannel pipette. Plates were mixed gently as
above.
Cells were incubated for 5-7 days at 37°C and 5% CO2. At this point the control wells
would have reached approximately 80 - 100% confluency.
Assessment of cell survival in the presence of drug was determined by acid phosphatase
assay (Section 2.2.3). The IC50 of the drug was determined from a plot of the percentage
survival (relative to the control cells) versus cytotoxic drug concentration.
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2.2.3 Acid Phosphatase Assay
The acid phosphatase assay was used for determination of cell growth/survival based on
quantification of cytosolic acid phosphatase activity. Following incubation for the
required period, media was removed from the plates. Each well on the plate was
washed with 100 µl PBS. This was removed and 100 µl of freshly prepared phosphatase
substrate (10mM p-nitrophenol phosphate (Sigma 104-0)) in 0.1M sodium acetate
(Sigma, S8625), 0.1% triton X-100 (BDH, 30632), pH 5.5 was added to each well. The
plates were wrapped in tinfoil and incubated in the dark at 37°C, 5 % CO2 for 2 hr. The
enzymatic reaction was stopped by the addition of 50 µl of 1M NaOH (Sigma, 71463) to
each well. The plate was read in a VICTOR™ X dual beam plate reader (Perkin Elmer) at
405 nm with a reference wavelength of 620 nm. Cell proliferation was represented as
growth relative to the negative control cells. Statistical significance was determined by a
2-tailed t-test.
2.2.4 Cell Doubling Time
Cells were plated at a concentration 0f 1-4x103 cells per well depending on cell line.
Following treatment, cell number was quantified by acid phosphatase on one plate every
24 hr, allowing for determination of growth rate. Doubling time was determined by
plotting the acid phosphatase value obtained every 24hr over a 120hr period. The least
squares fitting method was used to fit an exponential growth curve to the data points
obtained. The growth rate was obtained from the function defining the slope of the
curve, represented as:

.

Where: Concinitial is cell concentration at time = 0, and Growth rate corresponds to the
number of doublings occurring at each unit of time.
Hence, doubling time was calculated according to the following equation:

2.2.5 Invasion assay
Invasion assays were carried out using BD BioCoatTM Growth Factor Reduced (GFR)
MATRIGELTM Invasion Chambers (BD Biosciences, 354483). Prior to use inserts were
removed from storage at -20°C and allowed to come to room temperature. Inserts were
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then rehydrated by adding 500 µl pre-warmed cell culture media to the inserts and
wells, then placed in a humidified incubator at 37°C, 5 % CO2 for 2 hr. Cell suspensions
were prepared in culture media containing 5 % FBS at a concentration of 2.5x104
cells/ml. 500 μl of media containing the same concentration of FBS was added to the
well of the BD FalconTM tissue culture companion plate. 100 μl of cell suspension was
then added into the insert. The invasion assays were incubated for 48 hr at 37°C, 5% CO2
atmosphere.
After incubation, the non-invading cells were removed from the upper surface of the
membrane. The inner side of the insert was wiped with a PBS soaked swab while the
outer side of the insert was stained with 0.25% crystal violet for 10 min and then rinsed
in distilled water and allowed to dry. Inserts were then viewed under the microscope.
Invading cells were counted by taking ten images at random points and manually
counting cells, the average of the ten images was then calculated.
2.3 MiRNA/siRNA transfections in 96 well and 6 well plate
Solutions of siRNA, miRNA mimic or inhibitor at a final concentration of 10 nM were
prepared in OptiMEM (GibcoTM, 31985) and Lipofectamine® RNAiMAX (Invitrogen,
13775-150). For 96 well/6 well plates, 0.33 μl/4 μl of miRNA mimic and lipofectamine
was diluted separately in 50 μl/500 μl OptiMEM in the dark and incubated at room
temperature for 10 min. After incubation the siRNA, miRNA mimic or inhibitor solution
was added to the diluted Lipofectamine. This solution was mixed well and incubated for
a further 30 min at room temperature in the dark. The serum and antibiotic containing
media was removed from cells plated 24hr previously, during this incubation period. This
media was replaced with 100 μl of anti-biotic and serum free media in each well of a 96
well plate or 1ml of anti-biotic and serum free media in each well of a 6 well plate. 50µl
of the miRNA/lipofectamine solution was then added to appropriate wells of a 96 well
plate or 500µl in appropriate wells of a 6 well plate. The plates were mixed gently and
incubated at 37°C for 6 hr. After 6 hr, the transfection mixture was removed from the
cells and replaced with fresh medium. All siRNA, miRNA mimic or inhibitors used in this
study are outlined in Table 2.3.
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Table 2.3. siRNA and miRNA mimics used in this study
Component

Supplier

Product ID

hsa-miR-124-3p, mirVana™ miRNA Mimic

Ambion

MC10691

Negative Control #1, mirVana™ miRNA Mimic

Ambion

AM17110

Kif11 (Kinesin)

Ambion

S7902

2.3.1 Luciferase Reporter assay
The Dual-Luciferase® reporter assay was used to confirm the direct binding of miRNA to
the 3’UTR of a gene. This assay uses the psiCHECK™-2 vector (Promega, C8021) which
contains the luciferase firefly (experimental) and Renilla (control) luciferins within the
same vector. Luciferase reporter plasmids were constructed containing a 400-500 bp
segment of the ACTN4 3’UTR, MYH9 3’UTR and two PLEC 3’UTRs with either the wild
type or a deleted miR-124-3p seed site (the design of the ACTN4, MYH9 and PLEC 3’UTRs
and the Mutant ACTN4, MYH9 and PLEC 3’UTRs are presented in Appendix file 9.1). This
vector allows for the sequential measurement of luciferase levels from a single sample.
The firefly luciferase report was measured first by addition of Luciferase Assay Reagent
II, the measure was made at a 2-second pre-measurement delay and a 10 sec
measurement period. 100 μl of the Stop & Glo reagent was added to initiate the Renilla
luciferase activity and read as before using the Perkin Elmer Victor™X3 plate reader.
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2.4 Flow Cytometry
Flow cytometry uses the principle of light scattering to generate information on cell size
and granularity. As cells are passed through a laser path in a single cell stream they
cause light to be scattered and be recognised on detectors corresponding to forward
(size) and side scatter (granularity). The laser also excites conjugated fluorochromes to a
higher energy state. This energy is subsequently released as a photon of light which is
recorded.
2.4.1 Apoptosis assay
In apoptotic cells, the membrane phospholipid, phosphatidylserine, is translocated from
the inner surface of the plasma membrane to the outer surface where it is exposed. The
Ca2+ dependent

phospholipid-binding

protein

Annexin

V binds

to

exposed

phosphatidylserine in apoptotic cells (371). Conjugation of Annexin V with the
fluorochrome FITC allows for the detection of externalised phosphatidylserine. A stain
commonly used in combination with Annexin V-FITC is propidium iodide (PI), which
intercalates DNA and acts as a fluorochrome enabling differentiation between early
apoptotic, late apoptotic and necrotic cells.
The degree of apoptosis induction was evaluated by flow cytometric analysis using the
Tali® Apoptosis Kit - Annexin V Alexa Fluor® 488 & Propidium Iodide (Thermo Scientific,
#A10788). Cells were cultured in 175cm2 tissue culture flasks in 3 biological replicates.
Cells were seeded at 2.5x105cells/well in 6 well plates. 24 hr after seeding, when cell
density was ~60%, media was removed and cells were transfected with selected miRNA
mimics, scrambled oligonucleotide and siKinesin (Ambion-mirVana) (Section 2.3) The
Annexin V assay was carried out following 48 hr and 96 hr of further incubation. In order
to ensure retention of apoptotic cells, the medium was removed from the cells and
centrifuged at 1732 rpm (500 g) for 5 min. Attached cells were washed with sterile PBS,
trypsinised and then transferred to the tube containing the medium and cells previously
in suspension. Cells were gently centrifuged again at 1732 rpm (500 g) for 5 min and the
resulting pellets washed twice in cold PBS. Pellets were then resuspended in 1X binding
buffer [10 mmol/L HEPES (pH 7.4), 140 mmol/L NaCl, 2.5 mmol/L CaCl2] at a
concentration of ~1 x 106 cells/ml. Next, 100 µl of the cell suspension (~1 x 105 cells) was
transferred to a 5 ml culture tube and 5 μl of Annexin V Alexa Fluor® 488 was added and
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mixed well before incubating at room temperature in the dark for 20 minutes. Cells were
then centrifuged again and resuspended in 100 μl of fresh 1 x binding buffer to which 1
μl of Tali® Propidium Iodide was added and mixed well. The cells were then incubated
for a further 5 mins in the dark at room temperature. A non-stained control, Annexin-V
only control and a PI only control were used for calibration. After the incubation time,
400µl of 1X binding buffer was added to each sample. Each sample was then run on the
BD FACSCanto™ II flow cytometer using BD FACSDIVA™ software and analysed for
apoptosis. Both early apoptotic (Annexin V-positive, PI-negative) and late apoptotic
(Annexin V-positive and PI-positive) cells were included in cell death determinations.
2.4.2 Cell cycle analysis
Cell cycle distribution of cells at various times was analysed using propidium iodide (PI),
which is a nucleic acid intercalator. Cells in G2 will have twice as much DNA as those in
G1 and S, therefore G2/M cells will have a two-fold increase in PI levels over those in Gl.
S phase cells will have intermediate PI levels according to the amount of DNA
synthesised during replication.
Cell cycle distribution was evaluated by flow cytometric analysis using propidium iodide.
Cells were cultured in 175cm2 tissue culture flasks in 3 biological replicates. Cells were
seeded at 2.5x105cells/well in 6 well plates. 24 hr after seeding, when cell density was
~50%, media was removed and cells were transfected with selected miRNA mimics,
scrambled oligonucleotide and siKinesin (Ambion-mirVana) (Section 2.3) The cell cycle
distribution was determined following 48 hr and 96 hr of further incubation. The
medium was removed from the cells and centrifuged at 1732 rpm (500 g) for 5 min in
order to ensure retention of apoptotic cells. Attached cells were washed with sterile
PBS, trypsinised and then transferred to the tube containing the medium and cells
previously in suspension. Cells were centrifuged again at 1732 rpm (500 g) for 5 minutes
and the resulting pellets washed twice in cold PBS. The pellets were then resuspended in
500 μl PBS each and fixed by adding this 500 μl cell suspension dropwise to 4.5 ml ice
cold 70% ethanol in a 15 ml tube. Cells were fixed for a further 2 hr on ice, ensuring
complete fixation of all cells and minimal clumping. Cells were then centrifuged at 1732
rpm (500 g) for 5 minutes and the ethanol fixing solution was poured off. Cells were
resuspended in 5 ml PBS and centrifugation was repeated. Cells were resuspended in 1
ml PBS containing 0.1% Triton X-100 and RNase A at 100 μg/ml in order to remove RNA
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and ensure that only DNA is stained. PI was added to this 1 ml suspension, giving a final
concentration of 10 μg/ml. The suspension cells with PI staining solution were kept in
the dark at 37°C for 10 minutes before being analysed on the BD FACSCanto™ II flow
cytometer using BD FACSDIVA™ software. A non-stained control was set up for each
analysis to determine autofluorescence of cells.

60

2.5 RNA extraction
2.5.1 Cell pellets
Cultured cells were harvested by trypsinisation at appropriate time points following
treatment. After pelleting by centrifugation at 1,200 rpm (240 g) for 3 minutes, the cells
were washed and re-pelleted twice with 1X PBS. The residual PBS was removed with a
200µl pipette and the cells were either snap-frozen in liquid nitrogen and stored at -80°C
or lysed directly.
2.5.2 RNA isolation
Total RNA was isolated from cultured neuroblastoma cell pellets using the miRNeasy©
Kit (217004, Qiagen, Hilden, Germany). Extractions were carried out in a laminar flow
hood. Cell pellets were allowed to thaw on ice before adding 700 µl of Qiazol and
pipetting up and down to mix. The cell suspension was then transferred to a
QIAshredder and centrifuged in a bench top centrifuge for 2 min at maximum speed and
room temperature to homogenise the cells. To allow for the dissociation of the nuclear
complexes, the samples were incubated at room temperature for 5 minutes. The
homogenate was then placed in a fresh 1.5 ml tube containing 140 µl of chloroform and
vortexed for 15 sec. The samples were then allowed to stand for 3 minutes at room
temperature. Using a microcentrifuge, samples were spun at 11,200 rpm (12,000 g) for
15 minutes at 4°C. The aqueous layer was carefully removed and transferred to a fresh
1.5 ml eppendorf before the addition of 525 µl 100% ETOH. The contents were mixed
thoroughly by pipetting then transferred to an RNeasy Mini spin column and centrifuged
for 15 sec at 9,100 rpm (8,000 g) at room temperature. The flow through was discarded.
700 µl of buffer RWT was added to the RNeasy mini spin column and centrifuged for 15
sec at 9,100 rpm (8,000 g) at room temperature. The flow through was discarded. 500 µl
of buffer RPE was added to the RNeasy mini spin column and centrifuged for 15 sec at
9,100 rpm (8,000 g) at room temperature. The flow through was discarded and the RPE
was repeated a second time. After discarding the flow through the columns were spun
again for an additional 2 minutes to remove any residual wash buffer before transferring
the columns to fresh 1.5ml Eppendorf tubes. To the spin column, 50µl of RNase free
water was added directly to the spin column membrane and the column was centrifuged
for 1 min at 9,100 rpm (8,000 g) at room temperature to elute the RNA. The RNA was
stored at -80°C for future use.
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2.5.3 Nucleic acid quantification
Purified RNA was quantified using the Nanodrop ND-2000 spectrophotometer. Before
applying the nucleic acid sample to the Nanodrop, the pedestal was cleaned via gently
wiping with a Kimwipe™ (Sigma, Z188956). 2µl of ultrapure water was added to the
lower pedestal and the upper arm pedestal was brought down into contact with the
sample, forming a column of liquid. Using the Nanodrop software, the “Nucleic acid”
option was selected and the Nanodrop initialized by taking a reading from the ultrapure
water column. The pedestal arm was lifted and the pedestal wiped clean of any clinging
water droplets using a dry Kimwipe™. A fresh aliquot of ultrapure water was added and
the “Blank” option was chosen in order to obtain a background absorbance reading. This
process was repeated for each sample measured in this way. Once the nanodrop had
obtained a blank reading, a 1.5µl aliquot of the DNA/RNA sample was added to the
pedestal and the concentration was obtained using the following formula;
.
After all readings were obtained and recorded, the sample pedestals were cleaned with
ultrapure water and wiped down as previously described. The purity of the nucleic acid
sample was also assessed based on the absorbance readings obtained at 260nm and
280nm. An A260/A280 ratio of 1.8-2.0 is indicative of “pure” RNA free from
contamination. The A260/230 ratio was also taken into consideration, with a range of 2.02.2 indicative of “pure” ribonucleic acid. If the ratio is appreciatively lower this may
indicate the presence of contaminants that absorb at 230 nm. All samples were stored at
-80°C until needed.
2.5.4 Reverse Transcription of RNA for Gene Expression Analysis by qPCR
Synthesis of complementary DNA (cDNA) was performed using the High-Capacity cDNA
Reverse Transcription Kits (Applied Biosystems, Foster City, 4374967). Reverse
transcription reactions were carried out using 500 ng of total RNA, in a final volume of
20 μl reaction mix. Cycling conditions were as follows: 10 min at 25°C, 120 min at 37°C, 5
min at 85°C and indefinitely at 4°C. All reactions were performed on a Veriti® Thermal
Cycle (Applied Biosystems) using reagents supplied by Applied Biosystems. The cDNA
was stored at -20°C until required for use in quantitative PCR (qPCR) reactions. The
volumes for each of the reagents present in the reaction mix are listed in Table 2.4.
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Table 2.4. Reaction mix for the reverse transcription of RNA for gene expression
analysis.
Reagent

1X Volume

10X RT Buffer

2.0 μl

MultiscribeTM Reverse Transcriptase (50 U/ μl)

1.0 μl

10X Random Primers

2.0 μl

25X dNTP mix (100mM)

0.8 μl

RNase Inhibitor (20 U/ μl)

1.0 μl

Nuclease-free H2O

3.2 μl

Total RNA (50ng/ μl)

10 μl
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2.5.5 Reverse Transcription of RNA for miRNA Expression Analysis by qPCR
Reverse transcription reactions for quantitative analysis of miRNA expression were
carried out using the Taqman microRNA reverse transcription kit (Applied Biosystems).
Each reaction contained 100 ng of total RNA and primers specific for the miRNA of
interest in a final volume of 15 μl reaction mix. Cycling conditions were as follows: 30
min at 16°C, 30 min at 42°C, 5 min at 85°C and indefinitely at 4°C. All reactions were
performed on a Veriti® Thermal Cycler (Applied Biosystems) using reagents supplied by
Applied Biosystems. The cDNA was stored at -20°C until required for use in quantitative
PCR reactions. The volumes for each of the reagents present in the reaction mix are
listed in Table 2.5. All the miRNA specific primers used in this study are listed in Table
2.5.
Table 2.5. Reaction mix for the reverse transcription of RNA for miRNA expression
analysis.
Reagent

1X Volume

10X RT Buffer

1.5 μl

MultiscribeTM Reverse Transcriptase (50 U/ μl)

1 μl

10X miRNA Specific Primers

3 μl

25X dNTP mix (100mM)

0.15 μl

RNase Inhibitor (20 U/ μl)

0.19 μl

Nuclease-free H2O

4.16 μl

Total RNA (20ng/ml)

5 μl

Table 2.6. List of microRNA specific primers
Primer

Assay ID

mmu-miR-124a

RT001182

RNU44

RT001094

RNU48

RT001006
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2.5.6 Quantitative PCR for Gene and miRNA Expression Analysis
Quantitative PCRs (qPCRs) were carried out on the 7900HT Fast Real-Time PCR System
(Applied Biosystems) using the following thermal cycle conditions: [95˚C (20 sec)] x 1
cycle, [95˚C (1 sec), 60˚C (20 sec)] x 40 cycles. Specific Taqman gene expression and
microRNA assays (Applied Biosystems) were used which are detailed in Table 2.7 and
Table 2.8, respectively. 18S rRNA and, RNU44 and RNU48 were used for normalization in
gene and microRNA expression studies, respectively. A relative fold change in expression
of the target gene transcript was determined using the comparative cycle threshold
method (2−ΔΔCT). The reagents used in qPCR reactions are outlined in Table 2.9.
Table 2.7. Taqman® gene expression assays.
Taqman Probe

Assay ID

MYH9

Hs00159522_m1

ACTN4

Hs00245168_m1

PLEC

Hs00356986_g1

SPTBN1

Hs00162271_m1

18S rRNA

Hs99999901_m1

Table 2.8. Taqman® microRNA expression assays.
Taqman Probe

Assay ID

mmu-miR-124a

TM001182

RNU44

TM001094

RNU48

TM001006

Table 2.9. Reagents used for quantitative real-time PCR reactions.
Reagent

1X Volume

Taqman® Fast Universal Master Mix

5 µl

20X Taqman® microRNA or gene specific PCR primers

0.5 µl

Nuclease-free H2O

3.5 µl

cDNA

1 µl
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2.5.7 Relative Quantification of gene/miRNA Expression
Fluorescence signals for each sample are displayed as an amplification plot which is a
graphical display of fluorescence signal versus cycle number. Reactions are characterised
by the point in time during the cycling when amplification of a PCR product is detected.
The higher the starting copy number of the nucleic acid target, the sooner a significant
increase in fluorescence is observed. During the initial cycles of PCR there are minimal
alterations in fluorescence signal which represent the background fluorescence and this
defines the baseline for the amplification plot. A threshold level must be set on the
amplification plot which is set above the baseline and sufficiently low to be within the
exponential growth region of the amplification curve. The intersection of the threshold
with the amplification signal defines the Ct (threshold cycle). In other words, the Ct is
the fractional cycle number at which the fluorescence passes the threshold. The Ct value
is required to calculate the relative quantification of target gene expression according to
the comparative Ct method.
Raw Ct values were calculated using the ABI RQ Manager software (Applied Biosystems),
applying automatic baseline settings and a threshold of 0.2. A MicroRNA Ct value equal
or above 35, representing single molecule template detection with no amplification, was
considered as noise. Raw Ct values were normalized by subtracting the mean
endogenous control RNU44/48 Ct of each sample from the Ct value of each miRNA
among that sample. Normalised relative expression of miRNA was calculated by using
the comparative cycle threshold method (2−ΔΔCT). The comparative Ct method is
defined by the following formula: 2-ΔΔCt, which translates as the amount of target,
normalised to an endogenous control and relative to a calibrator.
•

First, the ΔCT value is determined as follows: Target minus Endogenous control.

•

Then, the ΔΔCT is calculated by determining the fold difference in gene expression:
ΔCT Target minus ΔCT Calibrator. The negative control samples define the
calibrator.

•

Finally, the relative quantity is calculated by raising 2 to the power of minus ΔΔCT
value.
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2.6 Protein analysis
2.6.1 Lysis of cell pellet
Cell pellets removed from -80°C storage were allowed to defrost on ice before lysis. The
cells were re-suspended in RIPA buffer (Sigma, R0278; 150 μl for a 75 cm3 flask, 25 μl per
well of a 6-well plate) containing 1 % phosphatase inhibitor cocktail 1 (Sigma, P2850), 1
% phosphatase inhibitor cocktail 2 (Sigma, P5726) and 0.04 % protease inhibitor cocktail
(Sigma, S8830), once they had defrosted. The re-suspended cells were left to lyse for 30
minutes on ice. Whole cell extracts were quantified (section 2.6.2), aliquoted and stored
at -80°C.
2.6.2 Protein Quantification
The Pierce BCA (Bicinchoninic Acid) protein assay kit (Thermo scientific, 23225) was used
to assess the protein concentration of cell lysates. The BCA assay uses bicinchoninic acid
to detect the reduction of cuprous cations from Cu2+ to Cu1+ by protein suspended in an
alkaline medium. A serial dilution of 2mg/ml bovine serum albumin (BSA) provided with
the kit (Thermo scientific, 23209) was used as a reference standard curve.
To determine the concentration of proteins within unknown samples, 25μl of the
unknown sample and protein standard was loaded in triplicate into the wells of a 96-well
plate. Reagent A and reagent B, contained within the assay kit, were mixed at a ratio of
50:1 to make up the dye reagent and 200µl of this dye was added to each sample. The
plate was then covered in tin-foil and incubated at 37°C for 30 minutes. The absorbance
of each sample and standard was measured at 562nm using the Perkin Elmer Victor™X3
plate reader. Concentrations of test samples were calculated from the standard curve
created from the BSA protein standard.
2.6.3 Polyacrylamide gel electrophoresis
Western blot analysis was performed on proteins that were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (372). 4-20 % Precise™
Protein Gels were purchased from Thermo Scientific (0025204). An equal volume of 2 x
Laemmli buffer (Sigma, S-3401) was added to each of the protein samples and incubated
for 5 min at 95˚C before being placed on ice. BupH™ Tris-HEPES-SDS running buffer
(Thermo Scientific, 28398) was prepared by dissolving a sachet of buffer mix in 500 ml
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distilled water. The gel was assembled in the gel rig (Bio-Rad, Mini-protean 3 system,
165-8000). Samples volumes equalling 10 μg of protein were loaded into each well with
5 μl of high range molecular weight colour protein marker (Thermo Scientific, 26625).
The gels were run at 50 milliamps until the bromophenol blue dye front, created by the
laemmli loading buffer, had migrated to the bottom of the gel.
2.6.4 Western Blotting
Following SDS-PAGE, gels were removed from their cassettes and placed in a bath
containing transfer buffer (25 mM Tris, 192 mM Glycine (Sigma, G-7126) pH 8.3-8.5) and
allowed to equilibrate for 5 min. Proteins were transferred to Hybond ECL nitrocellulose
membranes (GE healthcare, RPN2-3D) using a Mini-Protean 3 wet transfer unit (Bio-Rad,
1703914). All filter paper (Bio-Rad, 1703932), ECL nitrocellulose membrane and sponges
were soaked in transfer buffer prior to transfer. The transfer stack was arranged as
follows; a blotting sponge was placed on top of the black transfer plate followed by two
sheets of filter paper, the gel was then carefully placed on the filter paper followed by a
sheet of ECL nitrocellulose membrane which had previously been cut to size, this was
followed by a further 2 sheets of filter paper, at this stage a plastic roller was rolled over
the filter paper and gel sandwich to disrupt any air bubbles present that would interfere
with protein transfer, the sandwich was finished off with a final sheet of transfer sponge
and the transfer plate was securely closed and inserted into the transfer rig. The transfer
was run at room temperature for 1 hr at 100 volts or alternatively, at 25 volts overnight
at 4˚C. The nitrocellulose membrane was removed and covered with 2 ml of Ponceau S
stain (Sigma, p7170) to visualise the quality of the transfer. The Ponceau stain was
removed by washing several times with deionised water. The membrane was blocked for
1 hr at room temperature with fresh filtered 5 % Blocking buffer [Bovine serum albumin
(Sigma, A9647) or non-fat dried milk (Cadburys, Marvel skimmed milk)] in Tris-buffered
saline (TBS) with 0.5 % Tween (Sigma, P5927). 10 ml of primary antibody diluted 1/1000
in blocking buffer was added to the membrane and incubated over night at 4˚C. The
membrane was then washed, 3 x 10 min, in TBS-0.5 % tween. 10 ml of secondary
antibody diluted 1/10,000 was then added to the membrane and incubated for 1 hr at
room temperature. The membrane was once again washed, 3 x 10 min, in TBS-0.5%
tween. Antibodies were obtained from Abcam and conditions are outlined in Table 2.10
and 2.11.
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Table 2.10 Primary antibodies.
Antibody

Species

Mw (kDa)

Cat no.

MYH9

Ms

215

ab55456

ACTN4

Ms

105

ab32816

MYL12B

Rb

18

ab137063

PLEC

Rb

500

ab32528

SPTBN1

Rb

274

ab72239

ACTB

Ms

142

ab8226

ROCK1

Rb

158

ab45171

VIM

Rb

54

ab92547

TUBA

Ms

50

ab18251

TUBB

Rb

50

ab134185

ZEB1

Ms

124

ab180905

TWIST

Ms

21

ab50887

SNAIL

Rb

29

ab180714

GAP43

Rb

43

ab16053

GAPDH

Rb

38

ab9482

Table 2.11 Secondary antibodies
Antibody

Cat no.

Mouse

ab6789

Rabbit

ab97051
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2.6.5 Enhanced chemiluminescent detection
Western Lightening Plus ECL Enhanced Chemical Substrate (Perkin Elmer, NEL105001)
was used to detect the protein bands of interest on the western blots. The blots were
placed into a plastic disposable weighing boat and equal volumes of the detection
reagents 1 and 2 were mixed in a 15ml falcon before pouring into the weigh boat. A 1ml
pipette was used to continuously run the developing solution over the surface of the
blot. After 2-3 minutes of exposure the blots were removed from the boat and placed
onto a sheet of clear plastic taped to an autoradiographic cassette where any excess
solution was removed. Another sheet of clear plastic was placed on top and taped down
at the corners to secure the blots and the auto-radiographic cassette was closed, and
transferred to a dark room.
The cassette was opened in the dark room and a piece of CL-XPOSURE film (Thermo
Scientific, PN34091) slightly larger than the blot was placed onto the membrane for
varying times depending on signal strength. The autoradiographic film was then
developed by submerging the film in developer with rocking (Kodak, LX24, and diluted
1:6.5 in dH2O) for 90 sec. After rinsing briefly in water, the blots were submerged in fixer
(Kodak, FX-40, diluted 1:5 in dH2O) for a further 1 min. After a final rinse in water the
blots were air dried.
2.6.6 Mass spectrometry
Cell lysates for proteomic analysis were repeated in identical stages of cell growth. Cells
were harvested when they reached at 75–80% confluence in T75 culture flasks in the
presence of complete media. The cell pellets were resuspended in lysis buffer (50 mM
Tris, pH 8, 150 mM NaCl, 2% NP-40, 0.5% sodium deoxycholate and 0.1% SDS). Lysis of
cells was also helped by three freeze–thaw cycles in liquid nitrogen. Protein lysates were
clarified by centrifugation at 16,000 × g and 4 °C for 40 min. Protein concentration was
determined by Coomassie (Bradford) Protein Assay Kit (Pierce, # 23200).
Trypsin digested mass spectrometry (MS) samples were resuspended in 0.1% TFA in 2%
CAN (Fluka, #34976-2.5L-R) and analysed by nanoLC-MS/MS using an Ultimate 3000
system (Dionex) coupled to a nanospray LTQ Orbitrap mass spectrometer (Thermo
Fisher Scientific), using a linear ACN gradient from 0% to 65% over 180 min. Nano-LC
separation buffers contained 0.1% formic acid as the ion pairing reagent. The flow rate
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was 300 nL/min. The LTQ Orbitrap was operated in data-dependent acquisition mode
with Xcalibur software. Survey scan MS data were acquired in the Orbitrap on the 300–
2000 m/z mass range with the resolution set to a value of 60,000 at 400 m/z. The five
most intense ions per survey scan were selected for MS/MS fragmentation and the
resulting fragments were analysed in the linear trap. Collision energy was set to 35%.
Dynamic exclusion was employed within 60 s. Full scan mass spectra were recorded in
profile mode and tandem mass spectra in centroid mode. Biological replicates (n=3)
were analysed for each sample type.
2.6.7 Progenesis analysis
Raw data obtained from mass spectrometry were analysed using Progenesis LC-MS
software, which extracts quantitative information from MS1 data by aligning each LC–
MS run to a reference file. The results were filtered based on statistical analysis.
Peptides with an ANOVA score of p > 0.05 were eliminated. The MS2 data for the
remaining peptides were exported and the resulting MGF file was used to search the
Swissprot database (Release 2011_05) on the MASCOT server (www.matrixscience.com)
for protein identifications. The Mascot parameters were:
1) species, Homo sapiens.
2) allowed number of missed cleavages, 1.
3) fixed modification, carboxylmethyl.
4) variable modifications, methionine oxidation.
5) peptide tolerance, ± 20 ppm.
6) MS/MS tolerance, ± 0.6 Da.
7) peptide charge, + 2, +3 and +4.
Peptides were also searched against a decoy database to determine the false discovery
rate (FDR). Peptide conflicts were resolved by assigning the peptide to the protein with
the greater number of hits, a greater Mascot score or a lower mass error; when conflicts
could not be clearly resolved, the peptide was excluded from the analysis.
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2.7 APOPTO-CELL
2.7.1 Quantitative Western Blotting and Densitometry analysis
Following semi-dry transfer using the iBlot® gel transfer device and the iBlot kit
(Invitrogen, Bioscience, Ireland), nitrocellulose membranes were probed against
apoptosis associated proteins, caspase-3, caspase-9, XIAP, Smac, Apaf-1 (1/1000) and the
‘endogenous controls’ β-actin and α-tubulin (1/5000). Secondary antibodies (Millipore,
Ireland) were used at a 1/5000 dilution. The blots were developed using the enhanced
chemiluminescence detection reagent (Millipore, Ireland). Images were obtained using a
LAS-3000 Imager equipped with a cooled 12 bit digital CCD camera (FUJIFILM UK Ltd
Systems, Sheffield, UK).
For quantitative western blotting, standard curves from HeLa cell extracts (5-20 mg) were
run concurrently with sample cell extracts (20mg), to ensure linearity of the signal
detection range. Sample cell extracts were obtained from Kelly, KellyCis83, SK-N-AS and
SK-N-ASCis24 following transfection with miR-124-3p or scrambled oligonucleotide, as per
section 2.3. The concentration of the proteins of interest within the sample extracts were
determined by comparison to HeLa extracts, which served as controls. Digital
densitometry was used to evaluate the protein levels from the images obtained from
western blots. The intensity of each band was calculated using the open source Image J
software. Special attention was paid to ensure pixels were not overexposed, in order to
guarantee accurate quantification. The background in each lane was subtracted from the
intensity of the protein bands. The intensity of the loading control (β-actin/tubulin-α) was
then subtracted from the band of interest to eliminate variation in protein levels due to
uneven loading, in order that each sample is normalized and can be compared. Protein
levels are expressed as percentage of HeLA protein expression levels (set to 100%).
Western Blotting and immunodetection of targets for APOPTO-CELL modelling was
performed in collaboration with Dr. Steven Carberry.
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Table 2.12. Primary antibodies for APOPTO-CELL

Antibody

Species

Mw (kDa)

Supplier

Cat no.

Apaf-1

Ms

130

BD Biosciences

611364

Caspase 3

Rb

32

Cell Signalling
Technology

9662

Caspase 9

Rb

47

Cell Signalling
Technology

9502

SMAC

Ms

22

Cell Signalling
Technology

2954

XIAP

Rb

55

BD Biosciences

610762

βActin

Ms

42

Sigma

A5441

Tubulinα

Ms

50

Sigma

T9026

Table 2.13 Secondary antibodies for APOPTO-CELL

Antibody

Cat no.

Mouse

AP124

Rabbit

AP132P
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2.7.2 APOPTO-CELL System modelling
APOPTO-CELL is a computational model designed to simulate the late steps of the
intrinsic pathway of apoptosis, the apoptosome effector caspase-3/-7 activation and the
subsequent substrate cleavage (373, 374). This model is based on a set of ordinary
differential equations representing a reaction network of 53 reactions, 19 reaction
partners and 75 reaction parameters, previously implemented in MATLAB (374). APOPTOCELL was developed in HeLa cells and validated in cellulo and through adaptation of the
model to cancer cell lines deficient in apoptosis signalling (375). This reaction network is
initiated by cytochrome c-dependent apoptosome formation and mitochondrial Smac
release while substrate cleavage by effector caspases is the model output (373).
In order to generate profiles of substrate cleavage for NB cell lines transfected with miR124-3p or negative control, protein expression values for caspase-3 and -9, Apaf-1, XIAP
and Smac were determined for each sample in relation to the concentration measured in
HeLa cells. These absolute protein values were the input for APOPTO-CELL. The output
values obtained represent substrate cleavage by capase-3 after cytochrome c release.
Varied profiles of substrate cleavage were predicted at 60 min after cytochrome c
release. Apoptosis susceptibility in NB cell lines was defined as the ability to efficiently
generate >80% substrate cleavage within the 60 minutes timeframe. Drug sensitivity can
be interpreted as the ability to perform substrate cleavage by caspase-3 after cytochrome
c release. Substrate cleavage of >80% was chosen as it was previously determined to
enable apoptosis to proceed efficiently (374). APOPTO-CELL simulations and data
processing and plotting were performed in collaboration with Dr. Manuela Salvucci in
MATLAB (376).
2.7.3 Reverse Phase Protein Array (RPPA)
High throughput Reverse Phase Protein Array (RPPA) determination of protein expression
and normalization was performed in collaboration with Dr. Mattia Cremona, as previously
described (377, 378). Subsequently, proteins of interest were standardized so that each
protein would have mean equal to zero and standard deviation equal to one. Hierarchical
clustering was then performed with the help of Dr. Manuela Salvucci using the MATLAB
function “clustergram” (flags “linkage” set to “average” and “distance” set to “euclidean”,
respectively).
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2.8 Data analysis
All in vitro experiments were performed and analysed in biological triplicate, unless
otherwise described.
2.8.1 Mir matcher
The MirMatcher algorithm determines if a set of miRNA is significantly related to a set of
mRNA in terms of having more predicted 3’ binding interactions than expected by
chance. The number of predicted binding interactions is first counted by referring to a
database such as TargetScan. To calculate the significance of this set of interactions this
is repeated 10,000 times using randomly selected equally sized sets of mRNA. If the
simulation reveals that a greater or equal number of predicted sites in, for example 100
out of 10,000 trials, then the probability of finding the same number of interactions by
chance is 100/10,000 = 0.01 (P=0.01).
2.8.2 Kaplan-Meier Survival Analysis
Kaplan-Meier (KM) survival analysis was used to determine the effect of specific miRNA
and gene expression levels on overall survival (OS) and progression-free survival (PFS) of
patients over time. The resulting Kaplan-Meier curve was generated using the R2 data
analysis platform. The dataset was separated into two groups based on the median
value and a two-sided log-rank test was used to assess the statistical significance
between sub-groups.
2.8.3 Ingenuity Pathway Analysis
Ingenuity pathway analysis (IPA) software uses the Ingenuity knowledge base to allow
researchers to explore and interpret results obtained from microarray experiments. The
Ingenuity knowledge base contains functional annotations created from relationships
modelled between genes proteins complexes cells and tissues. Lists of gene which were
identified from microarray experiments were filtered to obtain the unique RefSeq mRNA
IDs, and these lists were then imported into IPA version 8.8 (http://www.ingenuity.com).
Biological functional analysis was performed on all datasets separately and the
comparison tool was used to compare results across datasets. Functions were deemed
to be significant if p < 0.05 using Fisher’s exact test.
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2.8.4 STRING Database
The STRING database (Search Tool for the Retrieval of Interacting Genes/Proteins) was
used to retrieve information on known and predicted proteins interactions
(http://string-db.org) (379). The software uses a number of lines of evidence to support
the predicted interactions including text mining and published experimental results.
2.8.5 Gene Ontology analysis (GO)
Gene ontology (GO) analysis was performed as described in Huang D et al. (380). The
Refseq mRNA IDs for each gene list was input into the DAVID bioinformatics resource
(http://david.abcc.ncifcrf.gov/). To confirm that the gene lists were identified correctly
by the DAVID software the “gene name batch viewer” was used. Once confirmed the
lists were sequentially analysed using the “Functional Annotation Chart”, “Functional
Annotation Clustering” and “Functional Annotation Table” resources. The enriched
annotation terms identified using GO analysis were significant if p <0.05. P-values were
corrected for multiple comparisons using Benjamini method (381).
2.8.6 Chi-Square Test
Data from FACs analysis of apoptosis and cell cycle experiments were analysed using chisquare test. This analysis was used to determine if the distribution of cells between
different categories, such as cell viability (Viable/Early/Late Necrotic) for apoptosis
experiments or by cell cycle stage (G1/G2/S) for cell cycle experiments, showed
significant relationship with treatment (UTR/Etop) or (NC/miR-124).
2.8.7 P-value
Data were analysed using Student’s t-test, or log-rank test. Analyses were performed
using GraphPad Prism. All statistical tests were two-sided. Results were considered
significant when p was less than 0.05. Statistical significant changes are represented as
follows: ns (p>0.05)* (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001).
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Chapter 3

Results: Drug resistance features
of cisplatin resistant
neuroblastoma cell models in
vitro

John Nolan
Royal College of Surgeons in Ireland

3

The impact of cisplatin resistance in neuroblastoma

Therapy resistance to chemotherapeutic drugs represents a major limitation to effective
treatment of high risk neuroblastoma disease. The platinum alkylating agent cisplatin has
constituted a key role in the treatment of neuroblastoma for almost forty years and is
used as a first-round induction treatment in the “rapid COJEC” treatment protocol for
high risk neuroblastoma. Despite its widespread use in the treatment of high risk
neuroblastoma, cisplatin contributes to the development of a cross-resistance in relapsed
refractory neuroblastoma. Numerous studies have demonstrated this induction of crossresistance in cisplatin resistant derivatives of SH-SY5Y, IMR-32 and SK-N-SH
neuroblastoma cell lines (382, 383). In order to better understand the biological
processes underlying induction of cross resistance with cisplatin, a unique panel of
cisplatin resistant neuroblastoma cell lines previously generated in our lab was utilised
(369). The MNA Kelly and CHP-212 and the non-MNA SK-N-AS cell lines were pulsed with
increasing concentrations of cisplatin for a period of approximately 6 months until a
significant shift (approx. 2-fold) in IC50 was confirmed via toxicity assays. The maximum
concentration of cisplatin for induction of resistance was 83 μM, 100 μM and 24 μM,
establishing the KellyCis83, CHP-212Cis100 and SK-N-ASCis24 resistant sub-lines (369,
384). Drug resistance development requires the attainment of multiple alterations at
genetic and epigenetic levels, resulting in irregular expression of miRNAs and proteins.
These numerous changes affect many genes, involving pathways associated with copper
metabolism as well as transcription pathways that alter the cytoskeleton, cell surface
proteins, and regulate epithelial-to-mesenchymal transition (187). A number of processes
facilitating drug resistance development have been defined including; increased drug
efflux from cells mediated by the adenosine triphosphate-binding cassette (ABC) family of
membrane transport proteins, diminished drug uptake by the solute carrier family of
transporters, increased DNA damage repair mechanisms and evasion of the apoptotic
pathways (385-388). The development of cisplatin resistant sub-lines was previously
validated by aCGH, demonstrating an increase in chromosomal aberrations in KellyCis83,
CHP-212Cis100 and SK-N-ASCis24 (369). The same study also demonstrated significant
differential expression of 100 miRNA in KellyCis83, 45 miRNA in SK-N-ASCis24 and 86
miRNA in CHP-212Cis100, with miR-383 downregulated in all cell lines (369). Considering
the extensive genomic and miRnomic alteration observed in cisplatin resistant models, it
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was decided to further characterise these cell lines for cross resistance, phenotypical and
morphological changes.
This chapter succeeds the generation of in vitro models of refractory tumours following
resistance development with cisplatin, investigating cross resistance of the cisplatin
resistant neuroblastoma cell lines KellyCis83, SK-N-ASCis24 and CHP-212Cis100 to a
variety of chemotherapeutics, namely the alkylating agents temozolomide and
carmustine and the topoisomerase I & II inhibitors etoposide, irinotecan and doxorubicin
(Table 3). Irinotecan and temozolomide were of special interest as these drugs are
commonly used to treat refractory drug resistant relapse disease. Although carmustine is
not currently used for the treatment of neuroblastoma, it is commonly used in
combination with temozolomide for the treatment of glioblastoma, and like cisplatin, it
imparts its cytotoxic effect through the formation of DNA crosslinks (389).
Cisplatin resistance has been demonstrated in several studies to modulate the
proliferative rate of cells in different cancers, with a decrease in doubling time associated
with resistance development in human oral squamous cell carcinoma cells (390).
Conversely an increased doubling time was detected in developed cisplatin resistant
ovarian cancer cells (391). We therefore decided to investigate doubling times for our
resistant cell lines relative to their parental counterparts. Drug resistant morphology and
invasive capability was also investigated, considering the reported modulatory effect of
drug resistance development to doxorubicin and vincristine on the invasive potential and
morphology in neuroblastoma cell lines (392, 393).
The development of resistance to cisplatin induced DNA damage and consequent cell
cycle arrest necessitates evasion or subversion of the apoptotic pathway, resulting in
resistance to diverse stimuli capable of activating the various branches of the apoptotic
pathway (394). Assessment of cell cycle distribution in combination with sensitivity to
induction of apoptosis in developed resistant cell lines needs to be assessed in order to
delineate these two processes in our resistant models.
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Aims
•

Demonstrate cross resistance and elucidate IC50 values in cisplatin resistant
neuroblastoma cells for a panel of commonly used chemotherapeutics of different
classes.

•

Investigate phenotypical and morphological changes associated with the
development of cisplatin resistance in neuroblastoma cell lines.

•

Characterise cisplatin resistant cells for alterations in cell cycle progression and
sensitivity to apoptosis induction.
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3.1

Determination of cross resistance in KellyCis83 in vitro.

The KellyCis83 cell line, which was previously demonstrated to have increased resistance
to cisplatin, was subsequently assessed to obtain actual IC50 values. This demonstrated a
1.75 fold (p=0.0019) (Fig 3.1 A) increase in IC50 for the platinum alkylating agent cisplatin.
This cell line was shown to be cross resistant to two other alkylating agents temozolomide
and carmustine, exhibiting a 1.8 fold (p=0.0091) and 2.18 fold (p=0.0077) increase in IC50
respectively (Fig 3.1 B/C). The acquisition of cross resistance was not restricted to the
alkylating agent class of chemotherapeutics. This cell line was previously reported by our
group to demonstrate an increased resistance to the topoisomerase ll inhibitor etoposide,
but subsequent refinement of this analysis was carried out to define IC50, demonstrating a
1.33 fold increase compared to Kelly (p=0.004) (Fig 3.1 D). Successive analysis revealed a
greater increase in resistance to other drugs of the same class, including doxorubicin,
which had a 3.10 fold (p=0.0014) higher IC50 and the topoisomerase l inhibitor irinotecan
IC50 was 2 fold (p=0.002) higher in KellyCis83 than Kelly (Fig 3.1 E/F). The significant and
equivalent acquisition of cross resistance to chemotherapeutics of different mechanisms
of action highlights the extensive, multi-faceted dysregulation cells undergo during
resistance development.
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Figure 3.1. Dose response of the MNA Kelly cell line and its cisplatin resistant sub line
KellyCis83 with reinitiation drugs in vitro.
In vitro toxicity testing of Kelly and KellyCis83 with cisplatin (A), temozolomide (B), carmustine
(C), etoposide (D), doxorubicin (E), and irinotecan (F). Cells were plated at a concentration of
2000 cells/well in a 96 well plate. After a 24hr period allowing for cell attachment, media was
aspirated and replaced with media containing serial dilutions of selected chemotherapeutics,
cells were cultured for a further 6 days with the drug before assessing cell viability by acid
phosphatase assay. Graphed data represent mean values ± SD of three independent
experiments.
Asterisks indicate statistical significance determined using a paired Students t-test (** p≤0.01).
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3.2

Determination of cross resistance in SK-N-ASCis24 in vitro.

The SK-N-ASCis24 cell line, which was previously demonstrated to have increased
resistance to cisplatin, was subsequently assessed to obtain actual IC50 values. This cell
line demonstrated the greatest resistance to cisplatin of the three developed cell lines,
with a 5.3 fold (p=0.0024) (Fig 3.2.A) increase in IC50 (384). This cell line acquired the
greatest level of cross resistance to all drugs examined of the cell lines tested,
demonstrating a 2.11 fold increase in IC50 for the alkylating agents temozolomide
(p=0.0294) and a 1.69 fold increase for carmustine (p= 0.00035) (Fig 3.2.B/C). This cell line
was exposed to the topoisomerase ll inhibitor etoposide and demonstrated an increase in
resistance compared to its parental cell line (344). Additional toxicity tests with a greater
range of drug concentrations determined the IC50 to “actual value” with a 2.25 fold
(p=0.0036) increase compared to SK-N-AS (Fig 3.2.D). An even greater increase in
resistance was subsequently shown in SK-N-ASCis24 in response to doxorubicin which
increased resistance 3.29 fold (p=0.0000045) (Fig 3.2.E). The highest cross resistance to
any of the drugs tested was seen in response to the topoisomerase l inhibitor irinotecan
which had a 5.37 fold (p=0.0065) higher IC50 in the SK-N-ASCis24 resistant cell line when
compared to the parental SK-N-AS cell line (Fig 3.2.F). Taken together these findings
indicate that the non MNA SK-N-ASCis24 cell line acquired the most comprehensive cross
resistance to unrelated chemotherapeutic, greater than that of the MNA cell lines.
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Figure 3.2. Dose response of the non-MNA SK-N-AS cell line and its cisplatin resistant subline SK-N-ASCis24 with reinitiation drugs in vitro.
In vitro toxicity testing of SK-N-AS and SK-N-ASCis24 with cisplatin (A), temozolomide (B), carmustine
(C), etoposide (D), doxorubicin (E), and etoposide (F). Cells were plated at a concentration of 2000
cells/well in a 96 well plate. After a 24hr period allowing for cell attachment, media was aspirated
and replaced with media containing serial dilutions of selected chemotherapeutics, cells were
cultured for a further 6 days with the drug before assessing cell viability by acid phosphatase assay.
Graphed data represent mean values ± SD of three independent experiments.
Asterisks indicate statistical significance determined using a paired Students t-test (* p≤0.05,
** p≤0.01, *** p≤0.001, **** p≤0.0001).
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3.3

Determination of cross resistance in CHP-212Cis100 in vitro.

The CHP-212Cis100 cell line was previously tested for the development of increased
resistance to the selecting agent cisplatin and the topoisomerase II inhibitor etoposide,
however these chemotherapeutics were further assessed for the identification of ‘actual’
IC50 values and for the development of cross resistance to the alkylating agent
temozolomide and the topoisomerase I inhibitor irinotecan. CHP-212Cis100 required the
highest concentration of 100µM cisplatin for the development of resistance and is the
only cell line tested which did not demonstrate a significant cross resistance to any of the
other chemotherapeutics tested.
The CHP-212Cis100 cell line did not exhibit a significant increase in IC50 for the platinum
alkylating agent cisplatin, increasing only 1.1 fold (p=0.2465) (Fig 3.3.A). Subsequent
analysis of this cell line demonstrated a non-significant 1.2 fold (p=0.2120) increase in IC50
for the alkylating agent temozolomide (Fig 3.3.B). This cell line also failed to exhibit
acquisition of cross resistance to the topoisomerase ll inhibitor etoposide, increasing 0.91
fold (p=0.2679) (Fig 3.3.C), while the topoisomerase l inhibitor irinotecan exhibited a
minimal non-significant 1.89 fold (p=0.2477) increase in IC50 (Fig 3.3.D). This cell line failed
to develop a significant cross resistance to different classes or chemotherapeutics unlike
the KellyCis83 and SK-N-ASCis24 cell lines, most likely as a result of the innate resistance
of the parental CHP-212 cell line, requiring the highest dose of all 3 cell lines for the
development of cisplatin resistance. For this reason further toxicity testing of this cell line
was not carried out with the dialkylating agent carmustine or topoisomerase II inhibitor
doxorubicin. These findings suggest that the CHP-212Cis100 developed cell line may not
be an ideal model for the further investigation of cross resistance in our study.
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Figure 3.3. Dose response of the MNA CHP-212 cell line and its cisplatin resistant subline CHP-212Cis100 with reinitiation drugs in vitro.
In vitro toxicity testing of CHP-212 and CHP-212Cis100 with cisplatin (A), temozolomide (B),
etoposide (C) and irinotecan (D). Cells were plated at a concentration of 2000 cells/well in a 96
well plate. After a 24hr period allowing for cell attachment, media was aspirated and replaced
with media containing serial dilutions of selected chemotherapeutics, cells were cultured for a
further 6 days with the drug before assessing cell viability by acid phosphatase assay.
Asterisks indicate statistical significance determined using a paired Students t-test (ns p˃0.05).
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Table 3. IC50 values for parental and resistant cell lines in response to cisplatin and selected drugs

Fold
Cell line

Cisplatin* (µM)

Temozolomide

Resistance
Kelly

SK-N-AS

0.68 ± 0.09
3.6 ± 0.57

CHP-212

2.25 ± 0.24
2.50 ± 0.37

Cell line

Etoposide (µM)

Kelly

0.12 ± 0.01

SK-N-AS

0.24 ± 0.03
0.57 ± 0.11

CHP-212

0.85 ± 0.31
0.78 ± 0.39

0.00400

(nM)

Resistance

P-value

3.1

0.00144

3.29

0.000005

-

-

3.74 ± 0.88
0.00700
12.30 ± 7.33

0.37 ± 0.05

N/D*
1.89
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Fold

0.00200

4.40 ± 0.98

0.70 ± 0.17

Doxorubicin

43.78 ± 20.3
5.37

0.26789

-

14.14 ± 5
2

0.82 ± 0.07

0.92
CHP-212Cis100

Resistance

P-value

0.37 ± 0.04
2.25

SK-N-ASCis24

Fold

0.00400

N/D*

0.18 ± 0.02
1.33

0.16 ± 0.02

0.24769

9.55 ± 0.88

Resistance

0.00035

N/D*
1.2

Irinotecan (µM)

1.69
35.51 ± 2.16

7.97 ± 0.69

P-value

0.00769

20.90 ± 1.50
0.02900

480.60 ± 101.15
0.24651

2.34
43.18 ± 10.45

2.11

Fold

KellyCis83

0.00900

227.70 ± 22.15

1.11

CHP-212Cis100

18.46 ± 8.19
1.8

0.00002

P-value
Resistance

251 ± 15.75
5.3

SK-N-ASCis24

0.00010

Carmustine (µM)

Resistance

139.2 ± 5.95
1.75

2.45 ± 0.40

Fold
P value

(µM)

1.40 ± 0.25

KellyCis83

Fold

P-value

0.24769
N/D*

3.4

Phenotypical and morphological changes associated with cross-resistance.

Following confirmation of the development of cross resistance, it was decided to assess
alterations in cell morphology and phenotypic behaviour between the parental cells and
their resistant variants. As resistance development is often associated with modification
or slowing of cell proliferation, it was necessary to assess the doubling time of each cell
line.
Changes in morphology were observed by phase contrast microscopy between the
parental and resistant lines as shown in Fig. 3.4.1, the most dramatic change in cell
morphology was observed in SK-N-ASCis24. The parental SK-N-AS cell line exhibited an Ntype (neuroblastic) morphology with small rounded/polygonal cells which grow in dense
honeycomb like colonies, with slight to moderate substrate adhesiveness and small cell
volume. The SK-N-ASCis24 cell line displayed a dramatic shift from N-type to S-type
morphology. This cell line demonstrated significant elongation resembling epithelial
morphology, with cells forming sparse honeycomb like colonies suggestive of increased
contact inhibition, strong substrate adhesiveness and substantially increased cell volume.
The CHP-212Cis100 and KellyCis83 did not demonstrate the same degree of
morphological alteration following resistance development. The CHP-212Cis100 sub-line
retained the I-type (intermediate) morphology of their parental CHP-212 cell line, with a
slight reduction in cell-substrate adhesiveness. As with CHP-212-Cis100, resistance
development did not cause a change in the morphological subtype of the KellyCis83 cell
line, which maintained the N-type morphology of its parental Kelly cells and
demonstrated a slight increase in neurite outgrowth and slight decrease in cell
adhesiveness.
The SK-N-ASCis24 demonstrated a dramatic slowing in proliferation with resistance
development, increasing in doubling time 2.2 fold, from 33hr to 74hr (p=0.0133). This is
consistent with the shift from a rapidly proliferating N-type morphology to a more slow
growing S-type morphology. A similar change was seen in the CHP-212Cis100 cell line
which increased in doubling time 1.46 fold, from 48hr to 70hr (p=0.0496). Unlike the
other two cell lines, KellyCis83 exhibited an enhanced proliferative rate compared to that
of Kelly, with doubling time decreasing 0.65 fold from 51 to 33 hr (p=0.0348) (Fig. 3.4.2A).
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Considering the significant changes in cell proliferative rate and morphology observed in
the process of resistance development, the invasive capability of each cell line was
measured using MATRIGELTM Invasion Chambers. A substantial increase in the invasive
potential of CHP-212Cis100 (2.8-fold change, p=0.0005) and SK-N-ASCis24 (2.5-fold
change, p=0.0005) (Fig. 3.4.2B) was detected, in contrast to this KellyCis83 exhibited no
alteration in invasive potential compared. Although CHP-121Cis100 demonstrated a
significant shift in invasive potential compared to its parental cell line it was excluded
from follow up studies due to its high intrinsic resistance and failure to demonstrate
significant acquired cross resistance.
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Figure 3.4.1. Changes in morphology of cisplatin resistant cell lines.
Phase contrast microscopy comparing morphology of cisplatin resistant sub-lines and parental
cells, demonstrating dramatic morphological changes in SK-N-ASCis24 from N-type to S-type,
while the CHP-212Cis100 and KellyCis83 retain the morphological of their parental lines I-type and
N-type respectively.
(Scale bar 50µm). Images presented here were previously published (370).
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A

B

Figure 3.4.2. Changes in proliferation rate and invasive potential of cisplatin
resistant cell lines.
(A) Comparison of doubling time of parental cell lines and their cisplatin resistant sub-lines
revealed a substantial decrease in the proliferative rate of SK-N-AS and CHP-212 coinciding
with resistance development, while an increase in proliferative rate was observed in the Kelly
cell line. (B) Assessment of in vitro invasive capability was quantified by addition of 2.5x103
cells in 100 μl to BD BioCoatTM Growth Factor Reduced MATRIGELTM Invasion Chambers and
incubated for 48 hr before staining invading cells with crystal violet. Ten random images of
invading cells were taken and cells manually counted, the average of the ten images was then
calculated for each replicate. A significant increase in invasiveness of the SK-N-ASCis24 and
CHP-212Cis100 cell lines was detected.
Graphed data represent mean values ± SD of three independent experiments. Asterisks
indicate statistical significance determined using a paired Students t-test (ns p˃0.05, * p≤0.05,
*** p≤0.001).
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3.5

Comparison of cell cycle and apoptosis induction in Kelly / KellyCis83.

Kelly and KellyCis83 cells, incubated with plain media and media containing 1µM
etoposide for 48hr were analysed for cell cycle stage. Etoposide was chosen for this study
as it is a broad spectrum chemotherapeutic which drives apoptosis through the
mitochondrial pathway by causing G2/M cell cycle arrest. A 1µM dose of etoposide was
selected as it was far in excess of the IC50 obtained from our toxicity assays for all cell lines
tested and would ensure a strong cellular response.
This analysis revealed an increase of cells in the S-phase from 22.4% to 51.5% (2.3 fold, p=
1.41E-05) and in the G2/M phase from 9.5 to 32.9% (3.5 fold, p= 2.40E-05) along with
dramatic reduction in cells in the G1 phase from 68.2 to 14.9%, (0.2 fold, p= 3.53E-09) in
the Kelly cell line when compared to untreated cells at the same time point (Fig 3.5.1. A,
C, E, G). Contrary to the results obtained in Kelly cells, KellyCis83 did not demonstrate any
significant arrest of cells in the S-phase decreasing slightly from 9.8 to 8.8% (0.89 fold, p=
3.94E-01 ), however cells in the G2/M phase increased from 20.4 to 58% (2.84 fold, p=
1.30E-05) (Fig 3.5.1. B, D, F, H). An increase from 1.6 to 9.31% (5.83 fold, p= 6.93E-08) of
cells with sub-G1 DNA content was seen in the Kelly cells, while no significant alteration
was observed in Kellycis83 which increased slightly from 15.3 to 16.75% (1.09 fold, 4.55E02). In addition to these findings it was also observed that a significant number of cells
exhibited a DNA content greater than G2 following etoposide treatment, Kellycis83
demonstrated a substantial increase from 6.6 to 20.7% (3.12 fold, p= 3.32E-04), while
Kelly increased from 8.34 to 13.43% (1.61 fold, p=1.27E-05).
Assessment of apoptosis induction in response to the topoisomerase inhibitor etoposide
was carried out in parental and resistant cells at 48hr in order to distinguish if a variation
in the cellular response to cytotoxic damage could be detected. This analysis
demonstrated induction of apoptosis, with the number of cells undergoing early
apoptosis increasing from 31.6% in untreated to 44% (1.4 fold, p= 1.62E-02) in etoposide
treated Kelly cells and from 22.8% in untreated to 32.03% (1.4 fold, p= 2.41E-03) in
etoposide treated KellyCis83. A substantial increase in cells undergoing late apoptosis was
also detected in both cell lines with Kelly increasing from 2.6% to 11% (4.2 fold, p= 1.86E02) while KellyCis83 increased from 4.4% to 23.7% (5.4 fold, p= 1.32E-03). No significant
change in necrotic cells was detected for either cell line in response to etoposide.
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Finally a reduction in the number of viable cells following etoposide treatment was seen,
decreasing from 64.4% to 41.3% (0.64 fold, p= 4.97E-03) and from 67.3% to 39% (0.58
fold, p= 9.68E-03) in the Kelly parental and KellyCis83 resistant cell lines respectively (Fig
3.5.2). These findings demonstrate a comparable induction of apoptosis in both cell lines.
This is most likely due to the use of etoposide at a concentration of 1µM, far in excess of
Kelly and KellyCis83 IC50 of 0.12 µM and 0.16 µM, respectively.

93

A

B

C

D

Untreated control

Untreated control

E

F

DNA content

G

DNA content

Etoposide

H

DNA content

Etoposide

DNA content

Figure 3.5.1. Investigation of Kelly parental vs KellyCis83 cell cycle.
(A/B) Graphical representation of cell cycle phase in Kelly and KellyCis83 cells following 48hr
incubation with normal media (UTR) or in the presence of 1µM etoposide. (C/D) Comparison of
results obtained for untreated (UTR) and 1µM etoposide (ETOP) treated samples from three
independent experiments at 48hr. (E/F/G/H) Representative histogram plots of Kelly and
KellyCis83. G1, S and G2 cells are coloured purple, yellow and green respectively.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were
tested for significance using 2-tailed Students t-test (ns p˃0.05, **** p≤0.0001).
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C
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Early Apoptotic
Late Apoptotic
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D

UTR
64.40
31.60
2.63
1.29

ETOP
41.25
44.00
10.95
3.78

Fold
0.64
1.39
4.16
2.94

P-value
0.00497
0.01624
0.01859
0.09946

Fold
0.64
1.39
4.16
2.94

P-value
0.1537
0.0013
0.0024
0.0097

E

PI

FITC

F
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Early Apoptotic
Late Apoptotic
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UTR
67.30
22.80
4.40
5.50

ETOP
39.10
32.00
23.70
5.20

Figure 3.5.2. Investigation of apoptosis induction in Kelly and KellyCis83.
(A/D) Graphical representation of apoptosis induction in Kelly and KellyCis83 cells following
48hr incubation with normal media (UTR) or in the presence of 1µM etoposide. (B/E)
Representative Annexin V/Propidium iodide scatter plots taken from triplicate experiments in
Kelly and KellyCis83. (C/F) Comparison of results obtained for untreated (UTR) and 1µM
etoposide (ETOP) treated samples from three independent experiments at 48hr.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were
tested for significance using 2-tailed Students t-test (ns p˃0.05, * p≤0.05, ** p≤0.01, ****
p≤0.0001).
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3.6

Comparison of cell cycle and apoptosis induction in SK-N-AS / SK-N-ASCis24.

Cell cycle analysis of the SK-N-AS and SK-N-ASCis24 cell lines was performed following
exposure to etoposide for 48hr and 96hr respectively in order to compensate for different
doubling times between resistant and parental lines. This analysis revealed a considerable
increase in cells in the G2/M-phase in SK-N-AS and SK-N-ASCis24 from 22.9% to 84.7%
(3.7 fold, p= 1.90E-05) and from 20% to 86.7% (4.34 fold, p= 6.58E-05). A concurrent
decrease in cells in the S-phase in SK-N-AS from 8.7% to 1.6% (0.18 fold, p= 5.53E-03) and
SK-N-ASCis24 from 5.8% to 3% (0.51 fold, p= 1.46E-01) was identified along with
significant reduction in cells in the G1 phase in SK-N-AS from 68.5% to 13.8% (0.20 fold,
p= 4.10E-05) and SK-N-ASCis24 from 74.2% to 9.7% (0.13 fold, p= 1.99E-04) compared to
untreated cells at corresponding time points.
A 9.46 fold increase from 1.05% to 9.93% (p= 3.78E-04) of cells with sub-G1 DNA content
was seen in the SK-N-AS cells, while SK-N-ASCis24 had a much higher proportion of subG1 cells increased only 1.71 fold from 26.85% to 45.95% (p= 2.53E-01). In addition to
these findings it was also observed that a significant number of cells exhibited a DNA
content greater than G2 following etoposide treatment, SK-N-ASCis24 exhibited a nonsignificant 2.85 fold increase from 4.9% to 14.1% (p= 9.62E-02), while the SK-N-AS
displayed a smaller but significant 1.52 fold increase from 16% to 24.35% (p= 1.24E-02)
(Fig. 3.6.1).
Assessment of apoptosis induction in response exposure to the topoisomerase inhibitor
etoposide was carried out in SK-N-AS and SK-N-ASCis24 at 96hr. This later time point was
chosen for assessment of apoptosis induction in these cell lines due to the dramatic
slowing of proliferation observed in SK-N-ASCis24. Therefore, measurements at 96hr
allowed time for cell cycle dependant chemotherapeutics to act on the slower growing
cells and to distinguish if a variation in the cells response to cytotoxic damage occurred
following resistance development. This analysis demonstrated a non-significant 2 fold
increase in the number of cells undergoing early apoptosis increasing from 11% to 22%
(p= 1.65E-01) in SK-N-ASCis24 along with a non-significant decrease from 18.4 to 17.9%
(0.98 fold, p= 8.85E-01) in SK-N-AS. A significant increase from 4.5% to 53.9% (11.92 fold,
p= 1.64E-05) in cells undergoing late apoptosis was detected in SK-N-AS, while SK-N-
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ASCis24 did not demonstrate a statistically significant change, increasing only from 5.9%
to 12.9% (2.17 fold, p= 8.19E-02).
In the SK-N-AS cell line the number of necrotic cells positive for necrosis showed a nonsignificant decrease from 18.4% to 9% (0.49 fold, p= 7.72E-02) while SK-N-ASCis24
showed no apparent reduction in necrotic cells decreasing from 1.4% to 1.1% (0.78 fold,
p= 4.08E-01) following treatment with etoposide. Finally, a significant decrease was
observed in viable cells in the parental line exhibiting a reduction from 58.7% to 19.2%
(0.33 fold, p= 2.56E-05), while SK-N-ASCis24 had a much smaller non-significant decrease
from 81.7% to 64% (0.78 fold, p=1.26E-01) (Fig. 3.6.2). These findings indicate a higher
level of apoptosis and necrosis in the untreated SK-N-AS compared to their resistant SKN-ASCis24 derivative, most likely due to the faster proliferative rate of the parental Ntype cells. The SK-N-AS cell line exhibited the greatest induction of apoptosis following
etoposide compared to SK-N-ASCis24 which demonstrated a small non-significant
induction of apoptosis treatment at 96hr, consistent with data obtained from earlier
toxicity assays. Complementary cell cycle analysis was carried out on the SK-N-AS and SKN-ASCis24 cell lines at 48hr and 96hr respectively. These time points were chosen to
determine cell cycle distribution at points close to the doubling time for each cell line.
This analysis revealed similar cell cycle distribution in SK-N-AS at 48 hr and SK-N-ASCis24
at 96hr when grown in plain media, supporting the shift reported in doubling time. A
comparable response to etoposide treatment was also detected with both cell lines
demonstrating significant G2/M arrest.
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Figure 3.6.1. Investigation of SK-N-AS parental and SK-N-ASCis24 cell cycle.
(A/B) Graphical representation of cell cycle phase in SK-N-AS and SK-N-ASCis24 cells following
48hr and 96hr incubation with normal media (UTR) or in the presence of 1µM etoposide. (C/D)
Comparison of results obtained for untreated (UTR) and 1µM etoposide (ETOP) treated samples
from three independent experiments at 48hr and 96hr. (E/F/G/H) Representative histogram
plots of SK-N-AS and SK-N-ASCis24. G1, S and G2 cells are coloured purple, yellow and green
respectively.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were
tested for significance using 2-tailed Students t-test (** p≤0.01, **** p≤0.0001).
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Figure 3.6.2. Investigation of apoptosis induction in SK-N-AS and SK-N-ASCis24.
(A/D) Graphical representation of apoptosis induction in SK-N-AS and SK-N-ASCis24 cells
following 96hr incubation with normal media (UTR) or in the presence of 1µM etoposide. (B/E)
Representative Annexin V/Propidium iodide scatter plots taken from triplicate experiments in SKN-AS and SK-N-ASCis24. (C/D) Comparison of results obtained for untreated (UTR) and 1µM
etoposide (ETOP) treated samples from three independent experiments at 96hr.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were tested
for significance using 2-tailed Students t-test (ns p˃0.05, **** p≤0.0001).
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Key Findings
In this study, the functional characterisation of three different neuroblastoma cell lines
and their respective resistant sub-lines was carried out. The findings obtained from this
work are as follows:
•

Cross resistance to multiple chemotherapeutics with unrelated mechanisms of
action was confirmed in the MYCN amplified KellyCis83 and the non-MYCN
amplified SK-N-ASCis24. No significant cross resistance was shown for the MYCN
amplified CHP-212Cis100 cell line.

•

The acquisition of cisplatin resistance coincides with increased invasive potential
and a decreased proliferative rate in the SK-N-ASCis24 and CHP-212Cis100 cell
lines, in contrast to the other two cell lines KellyCis83 exhibited an increased
proliferative capacity and no change in invasive potential.

•

Cisplatin resistance development drives a significant morphological change in the
SK-N-ASCis24 cell line.

•

The KellyCis83 cell line exhibited a reduced S-phase cell cycle arrest when treated
with etoposide compared to parental Kelly cell line.
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Chapter 4
Results: Proteome dysregulation
in cisplatin resistant
SK-N-ASCis24 and KellyCis83

John Nolan
Royal College of Surgeons in Ireland

4 Characterisation of cisplatin resistant sub-lines
Genomic profiling of developed resistant cell lines was previously carried out by aCGH,
confirming the establishment of cisplatin-resistant sub-lines with distinct genomic profiles
and allowing an examination of whether the drug-resistant variants had acquired any
genomic alterations related to drug resistance development (369). These findings were
previously published, demonstrating an increase in the size and frequency of
chromosomal aberrations in all three sub-lines with established cisplatin resistance,
shown in Table 2.2 (344, 370). This is in agreement with a study by Janoueix-Lerosey et al.
which stratified neuroblastomas according to their global pattern of chromosomal
aberrations (56). Janoueix-Lerosey et al. demonstrated that increased frequency and size
of chromosomal aberrations are associated with high-risk and poor prognosis in
neuroblastoma and is connected with chemotherapy resistance.
A recent study was published by Harvey et al. in which a focal gain was found on
chromosome 5 of SK-N-ASCis24 genome in a region which contains the coding sequence
for the neural apoptosis inhibitory protein, NAIP. NAIP was found to contribute to
acquired resistance in the SK-N-ASCis24 cell line via its overexpression by localized DNA
copy number gain and also crucially through reduced expression of the NAIP targeting
miR-520f in the resistant cell line compared to parental (344). These findings highlight
the complex nature of cisplatin resistance development, involving modulation of
numerous genes at transcriptional and post-transcriptional level via genomic and
miRnomic alteration.
Following on from these findings, in this chapter I will discuss the extensive proteomic
changes associated with cisplatin resistance in our generated cell lines and utilise the
large dataset obtained for bioinformatics pathway analysis in order to gain a better
understanding of the key pathways and genes involved in resistance development in
neuroblastoma.

102

Aims
•

To identify altered proteins coinciding with cisplatin resistance development in
KellyCis83 and SK-N-ASCis24.

•

To conduct Ingenuity Pathway Analysis (IPA) on altered proteins to identify
associated networks, pathways and molecular and cellular functions.

•

To investigate differentially expressed proteins associated with the cisplatin
regulator network.

•

To determine expression of key markers of epithelial-mesenchymal transition in
KellyCis83, SK-N-ASCis24 and their respective cisplatin sensitive parental cells.

•

To identify alternative mechanisms of epithelial-mesenchymal transition in SK-NASCis24.
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4.1 Analysis of datasets obtained from proteomic profiling of resistant lines.
Comparative proteomic analysis was carried out on each parental and drug resistant cell
line in triplicate using label free mass spectrometry. These datasets have recently been
published by our lab (370). Proteomic profiling was chosen rather than gene expression
analysis in order to obtain final expression levels following posttranscriptional and
posttranslational regulation. In total 118 significant (p≤0.05, fold change ≥1.2) protein
expression changes were recorded in the KellyCis83 cell line and 97 in SK-N-ASCis24. Both
KellyCis83 and SK-N-ASCis24 cell lines had more proteins down regulated than up
regulated compared to their parental counterparts (Fig 4.1 A). Out of 214 altered
proteins, 23 were common to the KellyCis83 and SK-N-ASCis24 cell lines (Fig 4.1 B). Of the
common altered proteins between both datasets, 8 proteins were altered in the same
direction. From the common altered proteins 7 were under-expressed in the resistant cell
lines, they included Histone H2A type 1 (HIST1H2AG), L-lactate dehydrogenase B chain
(LDHB), neural precursor cell expressed developmentally down-regulated protein 8
(NEDD8), Prohibitin (PHB), Peroxiredoxin (PRDX1), β-tubulin (TUBB) and Ubiquitinconjugating enzyme E2 variant 2 (UBE2V2). Importin subunit alpha-2 (KPNA2) was the
only protein which was over-expressed in both cell lines. The heat map (Fig. 4.1 C)
presents the common altered proteins in both cell lines, showing the same directional
change as well as the divergent groups demonstrating opposite expression changes
between cell lines. These results illustrate the common and varied means through which
different cell lines attain their resistance. Of particular note, was the expression of the Ntype (GAP43, CgA) and S-type (CD44, VIM, ACTN4) morphological markers (Fig. 4.1 D). The
SK-N-ASCis24 cell line exhibited a substantial increase in the S-type markers VIM (4.83
fold) and ACTN4 (2.02 fold), while showing no change in expression of the N-type
markers. This supported the finding of a shift from N to S-type morphology in the SK-NASCis24 cell line following resistance development. The KellyCis83 cell line exhibited
decreased expression of the N-type marker GAP43 (0.51 fold) and the S-type marker VIM
(0.07 fold) along with increased expression of the N-type marker CgA (3.13 fold). These
results support the findings from chapter 3 of N-type morphology in the Kelly and
KellyCis83 cell lines.
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A

B

C
Accession

Symbol

ID

Q5T1J5

CHCHD2P9

P07195
Q15843
Q15819
P35232
P07737
P07437
P00558
P60174
P00338
P04406
P0C0S8
Q96AE4
Q06830
P52272
P61978
P60709
P52292
Q15084
P30101
P11021
P80723
P08670

LDHB
NEDD8
UBE2V2
PHB
PFN1
TUBB
PGK1
TPI1
LDHA
GAPDH
HIST1H2AG
FUBP1
PRDX1
HNRNPM
HNRNPK
ACTB
KPNA2
PDIA6
PDIA3
HSPA5
BASP1
VIM

Putative coiled-coil-helix-coiled-coil-helix
domain-containing protein CHCHD2P9
L-lactate dehydrogenase B chain
NEDD8
Ubiquitin-conjugating enzyme E2 variant 2
Prohibitin
Profilin-1
Tubulin beta chain
Phosphoglycerate kinase 1
Triosephosphate isomerase
L-lactate dehydrogenase A chain
Glyceraldehyde-3-phosphate dehydrogenase
Histone H2A type 1
Far upstream element-binding protein 1
Peroxiredoxin-1
Heterogeneous nuclear ribonucleoprotein M
Heterogeneous nuclear nibonucleoprotein K
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Importin subunit alpha-2
Protein disulfide-isomerase A6
Protein disulfide-isomerase A3
78 kDa glucose-regulated protein
Brain acid soluble protein 1
Vimentin

D
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vs SKNAS

Kelly/KellyCis83

SK-N-AS/SK-N-ASCis24

GAP43

↓ 0.51 fold
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CgA

↑ 3.13 fold

N/D

CD44

N/D

N/D

VIM

↓ 0.07 fold

↑ 4.83 fold

ACTN4

N/D

↑ 2.02 fold

N/N

N/S

Morphological Subtype

Figure 4.1. Differentially expressed proteins in cisplatin resistant sub-lines.
(A) Bar chart representing total up/down altered proteins. (B) Venn diagram representing
overlapping and exclusively altered proteins between MNA Kellycis83 and non-MNA SK-N-ASCis24
cell lines. (C) Heat-map of common altered genes between KellyCis83 and SK-N-ASCis24. (D) Table
representing the morphological subtype of KellyCis83 and SK-N-ASCis24 and their parental cell lines
along with the altered expression of associated markers identified by LC-MS. N/D-no change
detected.
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4.2 Classification of differentially expressed proteins in cisplatin resistant cell lines.
In order to gain a better understanding of the nature of proteins and cellular processes
involved in cisplatin resistance development we set out to determine association of
modulated proteins with common cellular pathways. This was carried out using Ingenuity
Pathway Analysis software (IPA) to classify modulated proteins in KellyCis83 and SK-NASCis24 by molecular and cellular function.
These two drug resistant cell lines had 23 common altered proteins, outlined in Table 4.1.
These proteins revealed unique expressional changes in each cell line, with SK-N-ASCis24
exhibiting increased expression of β-Actin, Vimentin, Protein disulphide-isomerase A6/A3,
78kDa glucose-regulated protein and Brain acid soluble protein 1, while a simultaneous
decreased expression of these proteins was detected in KellyCis83. Similarly in KellyCis83,
increased expression of Triosephosphate isomerase, Phosphoglycerate kinase 1,
Glyceraldehyde-3-phosphate, Far upstream element-binding protein 1, Putative coiledcoil-helix-coiled-helix domain-containing protein CHCHD2P9, Heterogeneous nuclear
ribonucleoprotein M/K and L-lactate dehydrogenase A chain was detected whereas the
SK-N-ASCis24 cell line exhibited decreased expression of all these proteins.
The most significantly associated molecular and cellular functions common to both cell
lines were identified in proteins involved with ‘cellular growth and proliferation’ and ‘cell
death and survival’ (Fig 4.2 A) (Table 4.2). The KellyCis83 cell line also revealed a panel of
top associated molecular and cellular functions independent of SK-N-ASCis24, including;
‘Post-Translational Modification’ (p-value=3.70E-08), ‘Protein Folding’ (p-value=3.70E-08),
‘Nucleic Acid Metabolism’ (p-value=4.15E-06), ‘Small Molecule Biochemistry’ (pvalue=4.15E-06),

‘Gene

Expression’

(p-value=5.87E-04),

‘Drug

metabolism’

(p-

value=1.37E-03) and ‘Protein Trafficking’ (p-value=7.06E-05).
Of the significant associated canonical pathways (Fig 4.2B), the KellyCis83 cell line had 13
pathways in common with SK-N-ASCis24; ‘Remodelling of Epithelial Adherens Junctions’,
‘RhoA Signalling’, ‘Glycolysis I’, ‘Pyruvate Fermentation to Lactate’, ‘14-3-3-mediated
Signalling’, ‘Gluconeogenesis I’, ‘Regulation of eIF4 and p70S6K Signalling’, ‘Protein
Ubiquitination Pathway’, ‘NADH Repair’, ‘PI3K/AKT Signalling’, ‘Sucrose Degradation V
(Mammalian)’, ‘Aldosterone Signalling in Epithelial Cells’ and ‘Protein Kinase A Signalling’.
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Aside from the common altered pathways found for both cell lines, KellyCis83 displayed
significant association with ‘Ras-related nucler protein (RAN) Signalling’, ‘p70S6K
Signalling’, EIF2 Signalling, ‘mTor Signalling’ and ‘Cell Cycle: G2/M DNA Damage
Checkpoint Regulation’, indicating the dysregulation of cell cycle controls associated with
cisplatin resistance development in this cell line. In contrast to KellyCis83, SK-N-ASCis24
had the highest association with distinct pathways including ‘Actin Cytoskeleton
Signalling’, ‘ILK Signalling’, ‘Epithelial Adherens Junction Signalling’ and ‘Integrin
Signalling’, demonstrating the extensive dysregulation of cytoskeletal proteins in the SKN-ASCis24 cell line.
IPA gene network analysis, identified top scoring networks predicted based on altered
expression of molecules within each network (Table 4.3). This analysis predicted
perturbation of multiple networks in KellyCis83 including; RNA post-transcriptional
modification, molecular transport, protein trafficking, cellular assembly and organisation
and cellular function and maintenance. SK-N-ASCis24 also exhibited dysregulation of
proteins within the cellular function and maintenance network along with numerous
networks not in common with the KellyCis83 cell line including; DNA replication,
recombination and repair, RNA post-transcriptional modification, cell morphology and
cellular movement.
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A

B

Figure 4.2. IPA classification of modulated proteins from KellyCis83 and SK-N-ASCis24.
(A) Summary of molecular and cellular function classification predicted by IPA. Comparison of
common shared functions for each cisplatin resistant cell line. (B) Summary of canonical pathways
classification predicted by IPA. Comparison of common pathways associated with both cisplatin
resistant cell lines.
Total bar length is proportional to p-value and presented as

.

This figure was modified from work previously published during this project (370).
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Table 4.1. Significantly differentially expressed proteins common to cisplatin resistant
KellyCis83 and SK-N-ASCis24.
Identified by label-free LC-MS.
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Table 4.2. List of proteins in top scoring common molecular and cellular functions predicted by IPA.
Function

Name

P-value

Molecules

KellyCis83

2.97E04

CHGA, PFN1, EML4, CCT2, RAN, UBE2V2, SFPQ, TUBB, HSPA5, EIF3C/EIF3CL, STMN1, ENAH, PGK1,
CDC37, EWSR1, ATP5A1, CLTC, PFDN5, HSPA8, PTBP1, ATP5B, FSCN1, XRCC5, GSTP1, RPSA, PRDX2,
PEBP1, NME1, PRDX1, PDIA3, KPNA2, PKM, EEF1B2, DDX17, IGF2BP1, HNRNPK, HSP90AB1, PHB, VCP,
PFN2, HNRNPU, TRIM28, VIM, HSPD1, HNRNPM, ENO1, GPI, ACAT1, CCT7, GAP43

SKNASCis24

5.04E08

NPM1, TPD52L2, PFN1, SEPT9, NME2, UBE2V2, HSPA5, TUBB, CTSD, HNRNPA1, FASN, S100A10, PGK1,
YWHAG, PLEC, LMNA, NASP, LIMA1, SPTAN1, ACTN4, CTTN, LDHA, SPTBN1, PRDX1, PDIA3, KPNA2,
HNRNPA2B1, NAA10, HNRNPK, PHB, AHNAK, HNRNPR, VCL, ACTN1, ITGB1, CALR, PTMA, ACTB, ITGA2,
VIM, HNRNPD, NAP1L1, HNRNPM, COL1A1, ALB, KRT8, DAZAP1, NT5E, EIF4A1, CRABP2, CD44,MYH9

KellyCis83

2.44E10

CHGA, EEF1A2, MAP1B, CCT2, RAN, UBE2V2, SFPQ, HSPA5, CBX5, TUBB, EIF3C/EIF3CL, VDAC2, STMN1,
RUVBL2, ALDOC, CDC37, EWSR1, YWHAE, EEF2, BLVRA, YWHAB, ATP5A1, HSPA9, BASP1, YWHAZ, PHB2,
STOML2, FUBP1, RANBP1, HSPA8, STIP1, ALDOA, FH, GSTP1, XRCC5, RPSA, PRDX2, PEBP1, NME1, PRDX1,
PDIA3, KPNA2, PKM, GAPDH, DDX17, EIF2S1, IGF2BP1, HNRNPK, CCT4, ALDH2, HSP90AB1, PHB, VCP,
HSPE1, NEDD8, HNRNPU, TRIM28, VIM, HSPD1, ENO1, GPI, ACAT1, CCT7, MAOA, PAFAH1B3

SKNASCis24

1.29E06

SPTBN1, NPM1, PRDX1, PDIA3, HLA-A, KPNA2, GAPDH, NME2, UBE2V2, KIAA1967, HSPA5, TUBB,
HNRNPK, PRDX6, CTSD, HNRNPA1, PHB, FASN, NEDD8, VCL, RPS3, ACTC1, S100A10, ITGB1, CALR, P4HB,
PTMA, YWHAG, ACTB, ITGA2, BASP1, PLEC, VIM, LMNA, FUBP1, COL1A1, ALB, KRT8, NT5E, CRABP2,
CD44, MYH9, KRT18, ACTN4, CNPY2, CTTN, LDHA, HSPB1

Cellular Growth and
Proliferation

Cell Death and
Survival
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Function

Name

P-value

Molecules

KellyCis83

6.21E03

PEBP1, DPYSL2, NME1, CHGA, PFN1, PRDX1, KPNA2, EEF1A2, PKM, MAP1B, CBX5, HSPA5, IGF2BP1,
HNRNPK, TUBB2B, STMN1, ENAH, HSP90AB1, PHB, YWHAE, YWHAZ, VIM, HSPD1, GPI, FLNC, FSCN1,
ACAT1, ALDOA, GAP43, FH, RPSA, MAOA

SKNASCi24

1.91E05

NPM1, PFN1, SEPT9, PRDX1, KPNA2, HNRNPA2B1, NME2, HSPA5, HNRNPK, CTSD, PHB, FASN, TUBA1C,
VCL, S100A10, ITGB1, CALR, PTMA, ACTB, ITGA2, PLEC, VIM, LMNA, COL1A1, ALB, KRT8, MYL12B, NT5E,
LIMA1, CD44, MYH9, ACTN4, CTTN, HSPB1

KellyCis83

3.53E02

DPYSL2, GPI, NME1, CHGA, PDIA3, KPNA2, VIM, GAP43, MAOA

SKNASCis24

1.38E04

NPM1, PFN1, PDIA3, HLA-A, KPNA2, HSPA5, CTSD, VCL, ACTN1, S100A10, ITGB1, CALR, ACTB, ITGA2,
PLEC, VIM, COL1A1, KRT8, NT5E, LIMA1, CD44, MYH9, KRT18, ACTN4, SPTAN1, CTTN

KellyCis83

9.89E04

DPYSL2, PEBP1, CHGA, NME1, PFN1, PDIA3, KPNA2, MAP1B, CCT2, PKM, RAN, EEF1B2, SFPQ, DDX17,
HSPA5, TUBB, EIF3C/EIF3CL, HNRNPK, IGF2BP1, IDH1, STMN1, PHB, VCP, PFN2, CDC37, EWSR1, TRIM28,
BASP1, PFDN5, PTBP1, GPI, FSCN1, STIP1, ACAT1, GAP43, XRCC5, SEPT2, PRDX

SKNASCis24

1.04E07

NPM1, PFN1, SEPT9, PDIA3, KPNA2, HNRNPA2B1, NME2, NAA10, TUBB, HSPA5, HNRNPK, CTSD,
HNRNPA1, PHB FASN, VCL, S100A10, ITGB1, PGK1, CALR, PTMA, YWHAG, ACTB, ITGA2, COL1A1, NASP,
KRT8, EIF4A1, CRABP2, CD44, ACTN4, SPTAN1, CTTN, LDHA

Cellular Movement

Cell-To-Cell
Signalling and
Interaction

Cellular
Development
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Table 4.3. Top scoring associated networks predicted by IPA. Proteins identified within our datasets are capitalised.
Cell line

Associated Network
RNA Post-Transcriptional
Modification, Molecular
Transport, Protein Trafficking

Cellular Assembly and
Organization, Cellular Function
and Maintenance, Tissue
Development

KellyCis83

Hematological Disease,
Immunological Disease,
Inflammatory Disease

Hereditary Disorder,
Neurological Disease,
Psychological Disorders

Cancer, Gastrointestinal
Disease, Hepatic System Disease

Score

60

47

46

28

22

Focus
Molecules

Molecules in Network

27

CBX5, DDX1, DDX17, E2f, EIF3C/EIF3CL, FUBP1, GANAB, GAP43, HIST2H2AB,
HIST3H2BB, Histone H1, Histone h4, HNRNPH3, HNRNPK, HNRNPM, HNRNPU,
IGF2BP1, KPNA2, MATR3, NEDD8, NFkB (complex), NHP2L1, PEBP1, PTBP1, RAN,
Ribosomal 40s subunit, RNA polymerase II, Rnr, RPS7, RPS27A, RPSA, RUVBL2, SFPQ,
thymidine kinase, XRCC5

23

14-3-3, Actin, Akt, Alpha tubulin, Beta Tubulin, BLVRA, CCT2, CCT4, CCT7, CHGA, CLTC,
DPYSL2, EEF2, EIF4A, EIF4H, ENAH, F Actin, FSCN1, GPI, Importin alpha, MAP1B,
PDIA6, PFDN2, PFDN5, PFN1, PFN2, PP2A, Profilin, Rock, SEPT2, STMN1, TUBB,
TUBB2B, Tubulin, YWHAZ

22

14-3-3 (β,ε,ζ), adenosine-tetraphosphatase, ALDH2, aldo, ATP synthase, ATP5A1,
ATP5B, ATP5J, ATP6V1A, ATPase, CDC37, creatine kinase, cytochrome-c oxidase,
EEF1B2, ERK1/2, FH, GAPDH, hemoglobin, Hsp70, HSP, HSPA9, HSPD1, HSPE1, MDH2,
PDGF (family), PDIA3, PHB, PRDX1, PRDX2, Rsk, STIP1, STOML2, TKT, VDAC2, YWHAE

15

ACAT1, ADRB, ALDOA, ALDOC, BCR (complex), caspase, Dynamin, EEF1A2, EIF2S1,
ERK, HSPA5, IDH1, Ikb, Immunoglobulin, Insulin, Ldh, LDHB, LDL, MAP2K1/2, Mek,
NME1, p70 S6k, PAFAH1B3, PGK1, PITPNB, Pkc(s), PP1 protein complex group,
Proinsulin, RANBP1, RCN1, Sos, STAT5a/b, TCR, Ubiquitin, YWHAB

13

26s Proteasome, AMPK, BASP1, Calmodulin, calpain, CaMKII, CD3, CRABP1,
cytochrome C, EIF4A2, ENO1, estrogen receptor, EWSR1, FLNC, FSH, GSTP1, Histone
h3, Hsp90, HSP90AB1, HSPA8, Interferon alpha, Jnk, Lh, Mapk, P38 MAPK, p85
(pik3r), PHB2, PI3K (complex), Pka, PKM, PLC gamma, Rb, VCP, Vegf, VIM
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Cell line

Associated Network

Score

Focus
Molecules

ACTB, ACTN1, Akt, ALB, Alpha actin, Beta Tubulin, CFL2, DAZAP1, F Actin, G-Actin,

Hematological Disease,
Immunological Disease,

56

25

Inflammatory Disease

31

16

EIF4A1, IDO1, IL10RA, ITPRIPL1, JAG1, KIAA1967, KLF6, MXRA7, NOTCH2, NPR1,
NT5E, PTMA, RPLP2, SARNP, SCAF1, SEPT9, SP7, SRP9, TNF, TPI1, TSC22D3, UBC,
UBE2V2, UBQLN4, VAT1

Cell Morphology, Cellular

SKNASCis24 DNA Replication,

Ldh, LDHA, LDHB, LIMA1, LUC7L2, NASP, NEDD8, PI3K (family), PLEC, PRDX1, PRDX6,

ADAMTS4, ANXA11, B4GALT1, BROX, CHMP4B, CNPY2, CNPY3, CTH, CYB5R1, DPP8,

Hepatic System Disease

Function and Maintenance,

GAPDH, Growth hormone, HIST1H2BB, HNRNPA3, HNRNPD, KHSRP, KRT8, Lamin b,

Spectrin, SPTAN1, SPTBN1, TUBA1C, TUBB, YWHAG

Developmental Disorder,
Gastrointestinal Disease,

Molecules in Network

14-3-3, 26s Proteasome, Actin, Alpha tubulin, BCR (complex), caspase, Cdc2,

31

16

Cytokeratin, E2f, FUBP1, HISTONE, HLA-A, Hsp27, Hsp70, Hsp90, HSPA5, HSPB1, Ifn,
KPNA2, KRT18, MHC Class I (complex), NAA10, NAP1L1, NFkB (complex), NPM1,
PDIA4 ,PHB, Pmca, PSME1, PTMA, Rnr, RPS3, S100A10, Ubiquitin, VIM

Recombination, and Repair

ACTN4, Alpha Actinin, Alpha catenin, C1q, calpain, CALR, COL1A1, Collagen Alpha1,

Amino Acid Metabolism, PostTranslational Modification,

Collagen type I, Collagen type III, Collagen type IV, Collagen(s), CTTN, ERK1/2,

26

14

Fibrinogen, Integrin, Integrin alpha 2 beta 1, Integrin alpha 5 beta 1, ITGA2, ITGB1,
JINK1/2, Laminin, LAP3, Lfa-1, NME2, P4HA1, P4HB, PDGF (family), PDIA3, PDIA6,

Small Molecule Biochemistry

Talin, Tap, TPD52L2, VCL, Vla-4

Cellular Movement, Nervous
System Development and
Function, Cellular Function and
Maintenance

ACTC1, AHNAK, Ap1, ATPase, BASP1, Calmodulin, CaMKII, CD3, CD44, Ck2, Cofilin,

22

13

CRABP2, Creb, ERK, FASN, Focal adhesion kinase, HNRNPA1, HNRNPR, MAP2K1/2,
Mlc, MYH9, MYL6, MYL12B, P38 MAPK, p70 S6k, PDGF BB, PFN1, PGK1, PLC gamma,
PP2A, Ras, Rock, Sos, TCR, Tgf beta
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4.3 Cisplatin regulator network analysis in KellyCis83 and SK-N-ASCis24.
In order to identify potential molecular mechanisms contributing to cisplatin resistance
development, upstream regulator analysis of modulated proteins from KellyCis83 and SKN-ASCis24 was performed using IPA software. This analysis predicts microRNA,
transcription regulators, chemical drugs and growth factors and other upstream factors
which could potentially be causing the gene expression changes detected. Protein
networks were constructed for each cell line and ranked by an activation z-score, based
upon established mutual interactions among differentially expressed proteins. 11
proteins belonging to the cisplatin regulator network were predicted in KellyCis83 and 12
in SK-N-ASCis24. Activation z-scores for the cisplatin regulator network were not
significant (significant activation z-score= <-2.0/>2.0) for KellyCis83 (z-score= −0.093, pvalue= 5.01E-04), or for SK-NASCis24 (z-score=0.637, p-value= 2.03E-05). Four proteins
from this network were altered in both cell lines; beta tubulin (TUBB), lactate
dehydrogenase B (LDHB), 78 kDa glucose-regulated protein (HSPA5) and vimentin (VIM).
TUBB and LDHB were both downregulated in KellyCis83 and SK-N-ASCis24. The other two
shared proteins displayed opposite patterns of expression. HSPA5 expression was
increased 3.2 fold in SK-N-ASCis24, while KellyCis83 revealed a 1.8 fold decrease in
expression of the same protein. Interestingly the EMT marker, VIM, exhibited a significant
14.7 fold decrease in expression in the Kellycis83 cell line and a 4.2 fold increase in the SKN-ASCis24 cell line, indicating an epithelial to mesenchymal transition coinciding with the
development of cisplatin resistance.
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A

B

Figure 4.3. Analysis of cisplatin regulator network.
IPA prediction of upstream molecules in cisplatin regulator network activation based on
modulated proteins from our datasets. (A) KellyCis83 and (B) SK-N-ASCis24. IPA prediction legend
key located to the right of the figures.
Figure shown was adapted from already published work (370).
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4.4 Cisplatin resistant neuroblastoma cell lines exhibit significant modulation of EMT
transcription factors.
Ingenuity pathway analysis of the SK-N-ASCis24 cell line predicted inhibition of the Wnt-1induced signalling pathway protein-2 (WISP-2) (activation z-score=-2, p-value=2.03E-05),
which has been shown to be a transcriptional repressor of EMT associated genes and
inhibitor of cellular plasticity (395). In addition to this, the EMT marker CD44 was
identified to be significantly overexpressed in the SK-N-ASCis24 (13 fold, p-value=1.47E03). The extensive dysregulation of cytoskeletal proteins in this cell line and the coinciding
increased invasive ability observed was strongly suggestive of EMT, We therefore decided
to investigate the expression levels of EMT-inducing transcription factors; ZEB1, SNAI1
and TWIST1 in both cell lines. The expression pattern for these three transcription factors
was different in both resistant cell lines compared to their parental counterparts. SK-NASCis24 had significantly lower expression levels of ZEB1, TWIST1 and SNAI1 than SK-NAS. No significant change in the levels of SNAI1 and TWIST1 was demonstrated in
KellyCis83, while ZEB1 expression levels were significantly decreased relative to parental
cells (Fig. 4.4). The absence of any detectable increase in protein levels of the EMT
transcription factors tested indicated the need for an alternative cause of the cytoskeletal
and phenotypic changes observed in SK-N-ASCis24

116

.

A

◄ ZEB1

(124kDa)

◄ SNAI1 (29kDa)
◄ TWIST1 (21kDa)
(42kDa)

SK-N-ASCis24

SK-N-AS

KellyCis83

Kelly

◄ ACTB

B

Figure 4.4 Epithelial to mesenchymal transition markers.
(A) Representative western blot of two cisplatin resistant and sensitive cell line pairs using the
antibodies indicated. TWIST1, SNAI1 and ZEB1 were probed on the same blot. 5 μg of protein
extract was loaded per well, equal loading was confirmed by Coomassie blue staining. (B) The
relative fold change in expression of drug resistant cells compared to their parental counterparts
was quantified by densitometric analysis of two biological repeat experiments, normalised to
endogenous control ACTB.
Asterisks indicate statistical significance obtained using a paired Student’s t-test (* p < 0.05, ** p <
0.01).
This work was published in a previous article from our lab (370).

117

4.5 Mesenchymal shift associated with resistance development in SK-N-ASCis24.
As previously mentioned a significant increase in invasive potential was detected in SK-NASCis24 cells, along with a dramatic change in cell morphology to a more mesenchymal
phenotype. This invasive progression was found to occur independently from induction
by EMT transcription factors SNAI1, ZEB1 and TWIST1. We therefore decided to focus on
the non-MNA SK-N-ASCis24 cell model for further investigation into the driver of
cytoskeletal changes associated with cisplatin resistance development.
The top pathways identified by IPA of altered proteins were actin cytoskeletal signalling
(p=9.33E−10), integrin linked kinase (ILK) signalling (p=3.98E−8), epithelial adherens
junctions signalling (p=5.89E−8) and remodelling of epithelial adherens junctions
(p=5.50E−8). These pathways all involve proteins of the integrin, actin and myosin
families. Interestingly many of these had significantly altered expression in SK-N-ASCis24
(Fig 4.5.1 A). Proteomic profiling of the SK-N-ASCis24 cell line showed increased
expression of ITGB1 (2.7 fold) and ITGA2 (2.1 fold) from the integrin protein family. An
increase in expression of the actin family proteins ACTB (1.4 fold), ACTC1 (1.6 fold),
ACTN1 (3.1 fold) and ACTN4 (2 fold) was also detected. The greatest increase in
expression levels was seen in the myosin family proteins MYL6 (2.5 fold), MYL12B (3 fold)
and MYH9 (4.27 fold), along a substantial increase in the EMT and S-type marker VIM (4.8
fold) was observed in the SK-N-ASCis24 cell line, supporting the more from an N-type to Stype morphology. Proteins belonging to the actin-myosin axes also play key roles in
mesenchymal cell migration, validating the observed increase in invasive potential of SKN-ASCis24 relative to its parental cell line. The expression of VIM, MYL12B and MYH9,
detected by LC-MS, was confirmed by western blot in KellyCis83 and SK-N-ASCis24
(Figures 4.5.1 B/C). One of the major activators of MYH9 is Rho kinase 1 (ROCK1), a
downstream effector of RhoA, which phosphorylates MYH9. Mass spectrometry analysis
did not identify altered expression of ROCK1 in SK-N-ASCis24. This was likely due to the
high-throughput nature of this method of MS analysis and the low level of expression of
ROCK1. Western blot analysis and immunohistochemical staining, however, revealed a
significant decrease in expression of ROCK1 coinciding with increased levels of MYH9,
suggesting that this MYH9 mediated invasiveness and mesenchymal progression occurs
independently from the expression of ROCK 1 (Fig 4.5.2).
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Figure 4.5.1. Mesenchymal phenotype in drug resistance development.
(A) Common IPA pathway, with shared proteins showing relative fold change in SK-N-ASCis24 cell
line. (B) Representative image of western blot of both cisplatin resistant and sensitive cell line
pairs using the indicated antibodies. MYH9, MYL12B, ACTB were probed on the same blot, while
VIM and TUBA separately. An equal volume of protein lysate was loaded and samples were
normalised against ACTB and TUBA due to the slightly altered expression of individual controls.
(C) Relative fold change in the protein expression of drug resistant cells compared to their
parental counterparts was quantified by densitometric analysis of two biological repeat
experiments. The red horizontal line represents protein levels in parental cell lines.
Graphed data represent mean values ±SD of three independent experiments. Asterisks indicate
statistical significance obtained using a paired Student’s t-test (* p < 0.05, ** p < 0.01, ***p <
0.001), n = 3 for all experiments. Figure adapted from previous publication (370).
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Figure 4.5.2. MYH9-ROCK1 expressional changes in SK-N-ASCis24 cell line.
(A) Representative image of western blot of SK-N-ASCis24 and SK-N-AS cells with anti-MYH9, antiROCK1 and TUBA antibodies. (B) The protein expression fold change of drug resistant cells
compared to their parental cells was quantified by densitometric analysis of two biological
repeats, normalised against endogenous control TUBA. The red horizontal line represents protein
expression in parental cell lines. (C) Immunostaining of SK-N-ASCis24 and SK-N-AS cells with antiMYH9 and anti-ROCK1 antibodies followed by visualisation with AlexaFluor-647 and Alexa Fluor488, respectively. Scale bar, 25 μm.
Graphed data represent mean values ±SD of three independent experiments. Asterisks indicate
statistical significance obtained using a paired Student’s t-test (* p < 0.05, ** p < 0.01). Figure
adapted from work presented in (370).
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Key Findings
In this study the characterisation of two different neuroblastoma cell lines and their
respective resistant derivatives was carried out by mass spectrometry followed by
proteomic profiling. The findings obtained from this work are as follows:
•

Identification of common altered pathways associated with resistance
development in both resistance models and the identification of unique
modulation of cytoskeletal associated proteins in SK-N-ASCis24 and of cell cycle
regulatory proteins in KellyCis83.

•

Demonstration of downregulation of EMT transcription factors ZEB1, TWIST and
SNAI1 in cells exhibiting a mesenchymal transition.

•

Identification of an MYH9 mediated ROCK1 independent mesenchymal transition.
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John Nolan
Royal College of Surgeons in Ireland

5. Identification and characterisation of candidate miRNA
In chapter 4, I discussed the acquisition of a mesenchymal phenotype in the SK-N-ASCis24
cell line despite the reduced expression of the EMT transcription factors SNAI1, TWIST1
and ZEB1. The mesenchymal phenotype involved fibroblastoid morphology with
increased motility and invasion resulting from the development of chemoresistance.
These changes are prerequisites of EMT and coincided with the increased expressions of
MYH9 and ACTN4. MYH9, as mentioned in chapter 4 plays a crucial role in the top altered
pathways predicted by IPA, namely remodelling of epithelial adherens junctions,
epithelial adherens junction signalling, ILK Signalling and actin cytoskeleton signalling. The
MYH9 network includes MYL12B and ACTB whose altered expression in SK-N-ASCis24 cells
was also detected by mass spectrometry. The increased expression of MYH9 and ACTN4
occurred in the absence of gene amplification. In this chapter, the potential role of
miRNAs for post-transcriptional regulation of these cytoskeletal proteins was examined.
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Aims
•

To identify candidate miRNA capable of post-transcriptional regulation of
cytoskeletal proteins over-expressed in the cisplatin resistant SK-N-ASCis24.

•

To assess clinical relevance of candidate miRNA in neuroblastoma.

•

To validate direct targeting by miR-124-3p of predicted cytoskeletal targets.

•

To determine functional effect of miR-124-3p overexpression on cell viability,
morphology, apoptosis induction and cell cycle in vitro.

•

To perform APOPTO-CELL modelling for apoptosis susceptibility in response to
miR-124-3p over-expression

•

To perform gene ontology analysis of validated miR-124-3p targets.
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5.1 Identification of candidate miRNA targeting cytoskeletal genes in cisplatin resistant
SK-N-ASCis24 cell model.
A significant increase in the levels of cytoskeletal proteins from the myosin, actin and
integrin families was detected in the relapse model cell line SK-N-ASCis24 relative to its
parental cell line. The dysregulation of these families of cytoskeletal proteins and mRNAs
is consistent with the observed changes in cell morphology and phenotype accompanying
cisplatin resistance development. The alteration of myosin genes (MYH9, MYL12B, MYL6),
actinin genes (ACTN1, ACTN4) and integrin genes (ITGB1, ITGA2) were identified in
proteomics profiling of the SK-N-ASCis24 cell line (Chapter 4). The increased expression of
these cytoskeletal genes was reported to be critical in the attainment of a more invasive
mesenchymal phenotype in our relapse model cell line. In this chapter, we identify
potential post-transcriptional regulator miRNA for this network of cytoskeletal proteins.
In order to identify a potential miRNA regulator of this resistance associated
mesenchymal shift, a TargetScan analysis of MYH9 was performed (Context score <-0.3)
(Fig 5.1.1 A) as it was central to the altered cytoskeletal network and its expression was
up-regulated 4.3 fold in SK-N-ASCis24. Cross examination of the targetscan prediction
with predictions by Miranda (score>60) and PITA (ddG cutoff -5) (Kertesz et al. 2007)
identified four miRNAs that were predicted to target the 3’ UTR of MYH9 by all three
algorithms, miR-103a and its homolog miR-107 along with miR-124 and miR-542-3p
(Appendix file 9.2) (Fig 5.1.1 B).
MiR-124-3p was the most promising candidate as it was predicted to target 8 of the 34
up-regulated genes in SK-N-ASCis24 (ACTN4, ITGB1, MYH9, P4HA, PLEC, SEPTIN9, SPTBN1,
VIM) (Fig 5.1.1 B), miR-542-3p was predicted to target only MYH9 and SPTBN1 and the
miR-103a/107 homolog was only predicted to target MYH9 and HRNPA2B1 (Fig 5.1.1 C).
As ACTN4, ITGB1, MYH9, PLEC, SPTBN1 are cytoskeletal proteins involved in cytoskeletal
remodelling, cell-cell junctions and cell adhesion and migration according to IPA
prediction, we validated the expression pattern of ACTN4, MYH9, PLEC and SPTBN1 on
mRNA level by RT-qPCR in SK-N-ASCis24 compared to the parental SK-N-AS cell line. A
strong positive correlation in their expression both on mRNA and protein levels were
observed (Fig.5.1.2 A).
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Finally, the clinical relevance of computationally predicted miRNAs was assessed in a
cohort of 290 mixed neuroblastomas using the R2 data analysis platform. Low expression
of only two miRNAs, miR-124-3p and miR-542-3p, was significantly associated with poor
overall (OS) and progression free survival (PFS). R2 analysis revealed that low expression
of miR-542-3p (p=0.000022, and p=0.00025) and miR-124-3p (p=0.043, and p=0.034) was
significantly associated with poor overall and progression free survival in a cohort of
different stage neuroblastomas (Fig. 5.1.2 B-E).
Considering the major morphological and invasive changes observed occurred in the SKN-ASCis24 model for relapsed refractory neuroblastoma it was decided to refine the
analysis to a NRC tumour cohort of non-MYCN amplified, post chemotherapy tumours
(n=40). Low expression of miR-124-3p demonstrated a much stronger significant
association with poor overall and progression free survival in this cohort (p=0.0073, and
p=0.0061, respectively) (Fig.5.1.3 C/D). However, low expression of miR-542-3p showed a
greatly reduced insignificant association with poor overall survival (p=0.057) and a greatly
reduced yet significant association with progression free survival in this cohort (p=0.034)
(Fig.5.1.3 A/B) using the R2 data analysis platform (396). Kaplan–Meier analysis was
performed based on the miRNA expression dichotomized according to the overall median
expression, and the time of overall and event-free survival for a follow-up of 5 years. MiR124-3p was selected for further investigation due to its increased clinical significance in
non-MNA neuroblastoma compared to miR-542-3p along with miR-124-3p predicted
targeting of numerous genes exhibiting increased expression in our cisplatin resistance
cell model.

126

A

B

C

Figure 5.1.1 Identification of candidate miRNA regulator of MYH9 network.
(A/B) A computational prediction search for miRNA targeting MYH9 identified miR-124-3p, miR103a/107 and miR-542-3p as predicted regulators of MYH9. (C) A targetscan search for all genes
with predicted target sites for identified miRNAs returned seven additional genes from the 34
exhibiting increased expression in the SK-N-ASCis24, with at least 1 conserved site with the
candidate miRNA, miR-124-3p. Whereas miR-103a/107 and miR-542-3p had predicted target
sites on one additional gene each, HRNPA2B1 and SPTBN1, respectively.
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Figure 5.1.2 miR-124-3p and miR-542-3p expression is significantly associated with risk
and survival in a neuroblastoma cohort.
(A) Confirmation of increased expression of selected miR-124-3p target genes in the resistant SKN-ASCis24 compared to parental SK-N-AS was carried out by RT-qPCR. (B/C) Kaplan-Meier plots
showing miR-542-3p clinical relevance on overall and progression free survival in 290 patients
with neuroblastoma tumours of varying stage. (D-E) Kaplan-Meier plots showing miR-124-3p
clinical relevance on overall and progression free survival in 290 patients with neuroblastoma
tumours of varying stage. P-values were obtained using log-rank test. Asterisks indicate
statistical significance obtained using a paired Student’s t-test (*p < 0.05, **p < 0.01, ***p <
0.001).
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Figure 5.1.3 miR-124-3p and miR-542-3p expression is significantly associated with
risk and survival in a non-MNA relapse neuroblastoma cohort.
(A/B) Kaplan-Meier plots showing miR-542-3p clinical relevance on overall and progression
free survival in 40 non-MNA neuroblastoma tumours post chemotherapy. (C/D) Kaplan-Meier
plots showing miR-124-3p clinical relevance on overall and progression free survival in 40 nonMNA neuroblastoma tumours post chemotherapy. P-values were obtained using log-rank test.
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5.2. MiRNA-124-3p directly targets multiple genes altered genes from SK-N-ASCis24
dataset.
Multi-targeting is a well-known characteristic of miRNA function and miR-124-3p was
predicted to target an extensive list of genes (Appendix file 9.3). The search was refined
to the protein dataset obtained from comparative proteomic studies on SK-N-ASCis24,
identifying ACTN4, MYH9, ITGB1, PLEC, SPTBN1, VIM, SEPT9 and P4HA1. From this dataset
ACTN4, MYH9, PLEC, and SPTBN1 were selected for confirmation of miRNA-target
interaction, direct targeting of ITGB1, VIM and P4HA1 by miR-124-3p was confirmed
previously (357, 397, 398). Direct targeting of SEPT9 by miR-124-3p was not carried out as
it is not part of the MYH9 network.
To determine if miR-124-3p directly targets the 3’ UTR of MYH9 and other cytoskeletal
network mRNAs ACTN4, PLEC and SPTBN1, luciferase reporter plasmids were constructed
containing a 400-500 bp segment of the predicted gene 3’ UTR with either the wild type
or a deleted miR-124-3p seed site. As miR-124-3p has two potential binding sites in the
3’UTR of PLEC, two mutant reporter constructs were created. Co-transfection of the
reporter constructs containing the wild-type binding sequences for the ACTN4 3’UTR,
PLEC 3’UTR and MYH9 3’UTR with mature miR-124-3p mimics resulted in a statistically
significant reduction in luciferase activity in cells when compared to a scrambled control
sequence. No reduction in luciferase activity was observed for SPTBN1 3’UTR (Fig. 5.2).
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Figure 5.2 Confirmation of direct targeting of resistance associated cytoskeletal genes.
(A) Schematic presentation of miR-124-3p binding sites within 3’UTRs (Targetscan) of ACTN4
(NM_004924), SPTBN1 (NM_178313), PLEC (NM_000445) and MYH9 (NM_002473). Two sites were
predicted for PLEC 3’UTR and were designated 258 and 602 based on the position of the first
nucleotide of the seed site in the numbering of GenBank 3’UTR sequence NM_000445.
(B) Kelly cells were co-transfected with miR-124-3p and scrambled negative control mimics and
either wild-type (WT) or mutated (MUT) ACTN4, SPTBN1, PLEC and MYH9 3’UTR constructs.
Luciferase reporter assays were performed to confirm direct targeting ACTN4, SPTBN1, PLEC and
MYH9 by miR-124-3p. Luciferase activity was normalised to negative control. The bar graph
demonstrates the effects on luciferase activity 48 hr after co-transfection of each construct with
miR-124-3p. Kelly cells were used for this assay as they are the most robust cell line and expression
was at super-physiological levels, thereby negating discrepancy between cell lines.
Results were reported as mean S.E.M and differences were tested for significance using 2-tailed
Students t-test (*p<0.05).
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5.3. Overexpression of miR-124-3p resulted in down regulation of predicted targets in
non-MNA neuroblastoma cells in vitro.
In order to elucidate the effect of miR-124-3p overexpression on protein networks,
functional protein association networks were assessed for Targetscan predicted genes
MYH9, ACTN4, SPTBN1, PLEC and VIM (Fig. 5.3.1 A-E). In addition, to our IPA network
analysis, STRING software identified MYL12B, ACTB and ROCK1 as components of the
MYH9 network (Fig 5.3.1 A) and ITGB1 as a component in the ACTN4 network (Fig 5.3.1
B).
To determine if the predicted cytoskeletal genes were biologically relevant targets of miR124-3p in neuroblastoma, the SK-N-AS cell line and its cross resistant sub-line SK-NASCis24 were transfected with mature miR-124-3p mimics. The resultant alterations of
cytoskeletal genes and network partners were analysed by real-time qPCR and western
blot 48hr post transfection. Overexpression of miR-124-3p mimics in SK-N-AS and SK-NASCis24 cells resulted in down regulation of ACTN4, MYH9 and PLEC at both protein and
mRNA levels, indicating that the miRNA had a potential inhibitory effect on translation of
these proteins (Fig. 5.3.2 A/B). There was no change in expression of SPTBN1 mRNA or
protein, which is in agreement with the results obtained from luciferase reporter assay
(Fig. 5.2 B).
In addition to the luciferase validated targets from this study, miR-124-3p transfection
resulted in a significant decrease in the expression of the cytoskeletal protein VIM, which
was previously demonstrated to be a direct target of miR-124-3p (357). VIM was
identified as a network partner of another miR-124-3p direct target and cytoskeletal
protein, PLEC. The knockdown of cytoskeletal genes by miR-124-3p was not limited to
direct targets, with MYH9 network partners MYL12B and ACTB demonstrating decreased
protein levels. No binding sites were predicted for miR-124-3p on the 3’UTR of either
MYL12B or ACTB, indicating their decreased expression was resulting from repression of
their network partner MYH9 (Fig. 5.3.2 B).
Reduced expression of the miR-124-3p targets ACTN4, MYH9 and PLEC and SPTBN1 was
also demonstrated on protein level following miR-124-3p transfection in the Kelly and
KellyCis83 cell lines (Fig. 5.3.2 C). Interestingly despite luciferase reporter assay
confirmation that SPTBN1 is not a direct target of miR-124-3p, decreased expression was
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observed following transient transfection in the MNA cell lines. This finding suggests that
miR-124-3p results in the knockdown of key network partners of SPTBN1 which have a
greater effect on SPTBN1 expression in the MNA cell lines. In addition to miR-124-3p
targets, the differentiation marker GAP43 exhibited reduced expression in the Kelly cell
line and complete knockdown in the KellyCis83 cell line, which will be discussed in the
following sub-chapter.
By utilising a bioinformatic approach and functional validation, we identified miR-124-3p
as a suppressor of genes central to cytoskeletal remodelling and motility and identified a
role for miR-124-3p in epithelial to mesenchymal transition, an important hallmark of
tumour progression. These proteins were expressed at higher levels in SK-N-ASCis24
compared to the parental SK-N-AS, as was proven by our comparative proteomic
profiling.

133

A

B

C

D

E

Figure 5.3.1 STRING network analysis of miR-124-3p direct targets.
Visualisation of (A) MYH9, (B) ACTN4, (C) SPTBN1, (D) PLEC and (E) VIM functional protein
association networks using STRING software. Legend denotes action type and action effect of
network partner interaction.
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Figure 5.3.2 Expression of target genes at mRNA and protein level 48hr following
transfection with miR-124-3p in neuroblastoma cells.
(A) mRNA expression of miR-124-3p targets ACTN4, MYH9, PLEC and SPTBN1 48hr after
transfection with miR-124-3p mimic or scrambled negative control in neuroblastoma parental SKN-AS and resistant SK-N-ASCis24 cell lines, determined by RT-qPCR. (B) Protein levels of predicted
targets ACTN4, MYH9, PLEC, SPTBN1 and VIM and network partners MYL12B and ACTB 48hr after
transfection with miR-124-3p mimics or scrambled negative control in neuroblastoma parental SKN-AS and resistant SK-N-ASCis24 cell lines, determined by western blot and normalised to TUBA.
(C) Protein levels of predicted targets ACTN4, MYH9, PLEC, SPTBN1 and network partner ACTB,
along with differentiation markers GAP43 and TUBB 48hr after transfection with miR-124-3p
mimics or scrambled negative control in neuroblastoma parental Kelly and resistant KellyCis83 cell
lines, determined by western blot and normalised to GAPDH. Re-expression of miR-124-3p was
confirmed by RT-qPCR for each transfection. Asterisks indicate statistical significance obtained
using a paired Student’s t-test (* p < 0.05, ** p < 0.01, ***p < 0.001).
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5.4. Functional validation of miR-124-3p in MNA and non-MNA neuroblastoma cells in
vitro.
A considerable alteration in cell morphology was observed in cells transfected with miR124-3p mimic when compared to negative control transfected cells (Fig. 5.4.1). The drug
resistant SK-N-ASCis24 cell line exhibited the most substantial shift in cell morphology
following miR-124-3p over-expression, reverting from the elongated epithelial S-type
morphology

associated

with

cisplatin

resistance

development

to

the

more

rounded/polygonal N-type morphology of its parental SK-N-AS cell line. The SK-N-AS cell
line did not exhibit any significant change in morphology, retaining their
rounded/polygonal morphology.
The MNA Kelly and KellyCis83 cell lines demonstrated a subtler alteration in cell
morphology following miR-124-3p over-expression. The Kelly cells developed a more
elongated morphology with neurite like outgrowths from cells and less adherent cell
bodies, consistent with its N-type morphology. The KellyCis83 cell line did not
demonstrate the same degree of elongation as its parental cell line, retaining their
rounded N-type morphology but exhibiting a greater degree of neurite-like outgrowth
from cells bodies and reduced substrate attachment. This morphological shift suggested
miR-124-3p induced differentiation in the corresponding cell line. Subsequent analysis of
differentiation marker GAP43 and TUBB expression by western blot, however,
demonstrated decreased expression of these differentiation genes (Fig. 5.3.2. C),
indicating that miR-124-3p is not driving differentiation through canonical pathways. This
finding further supports the dysregulation of cytoskeletal genes by miR-124-3p in both
the non-MNA SK-N-AS cell lines in which it was originally observed as well as in our MNA
Kelly parental and resistant cell lines, highlighting its substantial influence on cell
morphology. The context dependant nature of this miRNA is explained by the highly
varied endogenous expression landscape of cytoskeletal genes between the different cell
lines.
To further investigate a potential role of miR-124-3p in neuroblastoma, we observed the
effects of miR-124-3p over-expression on neuroblastoma cell viability by transiently
transfecting mature miR-124-3p mimics into the Kelly and SK-N-AS cell lines and their
cisplatin resistant derivatives KellyCis83 and SK-N-ASCis24. The significant suppression of
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cell viability caused by ectopic over-expression of miR-124-3p was observed in Kelly,
KellyCis83 and SK-N-AS at 120hr following transfection, comparable to the siKiff11
positive control which targets the kinesin motor protein (Fig. 5.4.2). As discussed in
chapter 3, the cisplatin resistant SK-N-ASCis24 had dramatically decreased proliferation
rates with an increase in doubling time from 33hr to 74hr relative to their parental cell
lines, as a result reduced cell viability in the SK-N-ASCis24 cell line was observed at a later
time point (168hr) than that of corresponding parental cell lines.
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Figure 5.4.1. Over expression of miR-124-3p induces significant morphological change
in neuroblastoma cell lines in vitro.
Phase contrast microscopy comparing morphology of cisplatin resistant SK-N-ASCis24 and
KellyCis83 and SK-N-AS and Kelly parental cells 48hr after transient transfection with negative
control scrambled oligonucleotide (NC) or miR-124-3p mimic.
Scale bar 50µm.
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Figure 5.4.2 Over-expression of miR-124-3p decreases cell viability and proliferation
rates in vitro.
(A) Viability of parental Kelly and SK-N-AS cell lines and resistant KellyCis83 cells at 96hr following
miR-124-3p transfection and SK-N-ASCis24 at 168hr. (B) Re-expression of miR-124-3p for each cell
line was assessed by RT-qPCR 48hr after transfection. Neuroblastoma cell lines Kelly and SK-N-AS
(C/E) and their cisplatin resistant counterparts KellyCis83 and SK-N-ASCis24 (D/F) were transiently
transfected with negative control scrambled (SCR) oligonucleotides, miR-123-3p mimics or
positive control (siKIF11) which targets the kinesin motor protein. Viability of cells was measured
by acid phosphatase assay every 24hr post transfection.
Asterisks indicate statistical significance obtained using a paired Student’s t-test (* p < 0.05, ***p
< 0.001).
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5.5. Assessment of miR-124-3p expression on apoptosis induction in MNA and nonMNA neuroblastoma cells in vitro.
In order to determine whether the reduced cell viability observed after miR-124-3p
transfection was mediated by an increase in programmed cell death, apoptosis induction
in response to the up-regulation of miR-124-3p was measured by FACs analysis of cells
stained with Annexin V and propidium iodine.
Ectopic expression of the miR-124-3p mimic in the Kelly cell line resulted in a significant
decrease in cell viability from 79.45% to 69.57% (p=0.00498) at 48hr. Apoptosis analysis
revealed a subtle yet significant 1.47 fold increase in the total level of apoptosis,
increasing 1.42 fold from 17.95% to 25.43% (p=0.01802) of cell population in early
apoptosis, and a 2.13 fold increase in late apoptotic cells from 1.45% to 3.09%
(p=0.00026). There was no change in the number of necrotic cells in miR-124-3p
transfected sample compared to the negative control (Fig. 5.5.1).
Analysis of the cisplatin resistant KellyCis83 cell line at 48hr demonstrated a marginal
decrease in cell viability from 72.37% to 60.45% (p=0.00174), similar to that observed in
its parental line. A 1.47 fold increase in total apoptosis in miR-124-3p transfected cell
compared to cells transfected with scrambled oligonucleotide. Early apoptotic cells
increased 1.48 fold from 11.27% to 16.70% (p=0.00484), while late apoptotic cells
exhibited a non-significant small increase from 4.08% to 5.81%. This cell line also had a
moderate increase in the number of necrotic cells from 12.30% to 17% (p=0.00582).
Interestingly this cell line exhibited a markedly higher level of necrotic cells in treated and
untreated samples when compared to their parental cell line (Fig. 5.5.2).
The SK-N-AS cell line was analysed 96hr following ectopic overexpression of miR-124-3p,
demonstrating the most substantial apoptosis induction of all cell lines tested with total
apoptotic cells increasing 3.9 fold. This is consistent with results obtained by viability
assay in the previous sub-chapter where SK-N-AS cells exhibited the most substantial
decrease in viability. The number of viable cells identified by FACs analysis decreased
from 75.87% to 65.70% (p=0.05497). Early apoptotic cells demonstrated the most
substantial increase in response to miR-124-3p, increasing from 1.72% to 9.76%
(p=0.00318). The proportion of late apoptotic cells in this cell line was also significantly
increased 2.67 fold from 2.35% to 6.28%. Although this cell line exhibited the greatest
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induction of apoptosis through miR-124-3p expression, no significant change in necrotic
cells was observed with a high level of necrotic cells in miRNA transfected and control
samples (Fig. 5.5.3).
The cisplatin resistant SK-N-ASCis24 cell line had the highest number of viable cells at 96
hr after transfection with miR-124-3p, consistent with results obtained by viability assay.
This cell line exhibited a small decrease in the viable cell population, from 84.85% to
78.55% (p=0.02812). Total apoptotic cells increased 1.47 fold, with early apoptotic cells
increasing 1.35 fold from 7.19% to 9.70% (p=0.02991) and late apoptotic cells increasing
1.63 fold from 5.58% to 9.08% (p=0.00199). There was no significant change in necrotic
cells in response to miR-124-3p expression in this cell line (Fig. 5.5.4).
Taken together these findings demonstrate that the candidate miR-124-3p does induce
apoptosis in MNA and non-MNA, cisplatin sensitive and resistant neuroblastoma cell
lines. The level of cells undergoing programmed cell death as a result of miR-124-3p,
however, was only minor and insufficient to explain the extent of suppression of cell
viability observed in sub-chapter 5.4.

141

A

B
NC

miR-124-3p

Fold

P-value

Necrotic

1.16

1.92

1.67

0.07708

Late

1.45

3.09

2.13

0.00026

Early

17.95

25.43

1.42

0.01802

Viable

79.45

69.57

0.88

0.00498

C

PI

Figure 5.5.1 Investigation of miR-124-3p apoptosis induction in Kelly neuroblastoma
cells.
(A) Graphical representation of apoptosis induction in Kelly cells assessed at 48hr by FACs
analysis using Annexin V/Propidium iodide on cells transfected with miR-124-3p mimic,
negative control and positive control siRNA targeting kinesin (Kiff11). (B) Table representing
average values obtained from three biological replicates. (C) Representative scatter plots for
negative control, miR-124-3p and Kiff11 transfected cells.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were
tested for significance using 2-tailed Students t-test (*p<0.05, ***p<0.001).
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Figure 5.5.2 Investigation of miR-124-3p apoptosis induction in KellyCis83
neuroblastoma cells.
(A) Graphical representation of apoptosis induction in KellyCis83 cells assessed at 48hr by flow
cytometry analysis using Annexin V/Propidium iodide staining of cells transfected with miR124-3p mimic, negative control and positive control siRNA targeting kinesin (Kiff11). (B) Table
representing average values obtained from three biological replicates. (C) Representative
scatter plots for negative control, miR-124-3p and Kiff11 transfected cells.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were
tested for significance using 2-tailed Students t-test (nsp<0.05, **p<0.01).
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Figure 5.5.3 Investigation of miR-124-3p apoptosis induction in SK-N-AS
neuroblastoma cells.
(A) Graphical representation of apoptosis induction in SK-N-AS cells assessed at 96hr by flow
cytometry analysis using Annexin V/Propidium iodide staining of cells transfected with miR124-3p mimic, negative control and positive control siRNA targeting kinesin (Kiff11). (B) Table
representing average values obtained from three biological replicates. (C) Representative
scatter plots for negative control, miR-124-3p and Kiff11 transfected cells.
Chi-square test was performed to determine if cell distribution had significant association
with treatment. Results were reported as mean S.E.M and differences between categories
were tested for significance using 2-tailed Students t-test (*p<0.05, **p<0.01).
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Figure 5.5.4 Investigation of miR-124-3p apoptosis induction in SK-N-ASCis24
neuroblastoma cells.
(A) Graphical representation of apoptosis induction in SK-N-ASCis24 cells assessed at 96hr by
flow cytometry analysis using Annexin V/Propidium iodide staining of cells transfected with
miR-124-3p mimic, negative control and positive control siRNA targeting kinesin (Kiff11). (B)
Table representing average values obtained from three biological replicates. (C) Representative
scatter plots for negative control, miR-124-3p and Kiff11 transfected cells.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were
tested for significance using 2-tailed Students t-test (*p<0.05, **p<0.01).
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5.6. Assessment of miR-124-3p expression on cell cycle in MNA and non-MNA
neuroblastoma cells in vitro.
In order to elucidate if the decreased cell viability identified in response to miR-124-3p
expression resulted from suppression of cell cycle progression in addition to the marginal
induction of programmed cell death, cell cycle analysis was carried by FACs analysis of
Kelly and SK-N-AS cell lines as well as their cisplatin resistant sub-lines stained with
propidium iodide.
Cell Cycle analysis was carried out at 48hr in Kelly parental cells, exhibiting a slight
increase in cells in G1 and S phase from 73.93% to 78.83% (p=0.03171) and 11.03% to
13.17% (p=0.00544), respectively. A significant decrease was also detected in the number
of cells in the G2 phase from 15.03% to 7.99% (p=0.00520). These findings indicate a
transient arrest of cells in G1 phase at 48hr following miR-124-3p transfection (Fig. 5.6.1).
Transfection of KellyCis83 cells with miR-124-3p did not lead to any significant alteration
in the proportion of cells in each phase of the cell cycle relative to negative control cells
transfected with scrambled oligonucleotide at 48hr. However the cisplatin resistant
KellyCis83 cells did demonstrate a greater proportion of cells in S phase compared to its
parental cell line in the negative control treated samples, along with a concurrent slight
decrease in cells in G1 and G2 phase. This cell line demonstrated equivalent cell cycle
distribution to its parental cell line when transfected with siRNA Kiff11, resulting in a
substantial accumulation of cells in the G2/M phase corresponding to induced G2/M
arrest (Fig. 5.6.2).
Analysis of cell cycle distribution at 48hr revealed the most substantial response to
transient transfection with miR-124-3p in SK-N-AS, consistent with findings obtained from
viability and apoptosis analysis (Fig. 5.6.3). MiR-124-3p transfection resulted in a dramatic
decrease in cells in the S phase from 16.80% to 5.54% (p=0.00024), representing a
downregulation in cells undergoing DNA synthesis. This was accompanied by an increase
in cells in the G1 phase from 61.27% to 69.27% (p=0.00010) and a simultaneous increase
in cells in the G2/M phase from 21.43% to 24.63% (p=0.04789). In contrast to the
parental SK-N-AS cell line, its cisplatin resistant sub-line SK-N-ASCis24 did not
demonstrate any significant alteration in cell cycle phase distribution demonstrating only
a minute increase in cells in G2/M phase from 20.30% to 21.23% (p=0.04259) and slight
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decrease in cells in the S phase and G1 phase from 7.25% to 5.97% (p=0.00192), 64.33%
to 62.37% (p=0.00700) (Fig. 5.6.4). These findings indicate that miR-124-3p had a
significant effect on cell cycle progression in parental SK-N-AS cells through reduction of
DNA synthesis, however, this effect was not observed in the cisplatin resistant SK-NASCis24 which was measured at 96hr compared to 48hr for all other cell lines due to the
substantially slower proliferative rate for this cell line reported in chapter 3.
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Figure 5.6.1 Investigation of miR-124-3p effect on cell cycle in Kelly neuroblastoma
cells.
(A) Graphical representation of cell cycle stage in Kelly cells assessed at 48hr by flow cytometry
analysis using Propidium iodide staining of cells transfected with miR-124-3p mimic, negative
control and positive control siRNA targeting kinesin (Kiff11). (B) Table representing average
values obtained from three biological replicates. (C) Representative histograms for negative
control, miR-124-3p and Kiff11 transfected cell with cell stage: G1-purple, S-yellow, G2- green.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were
tested for significance using 2-tailed Students t-test (*p<0.05, **p<0.01).
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Figure 5.6.2 Investigation of miR-124-3p effect on cell cycle in KellyCis83
neuroblastoma cells.
(A) Graphical representation of cell cycle stage in KellyCis83 cells assessed at 48hr by flow
cytometry analysis using Propidium iodide staining of cells transfected with miR-124-3p mimic,
negative control and positive control siRNA targeting kinesin (Kiff11). (B) Table representing
average values obtained from three biological replicates. (C) Representative histograms for
negative control, miR-124-3p and Kiff11 transfected cell with cell stage: G1-purple, S-yellow,
G2- green.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were
tested for significance using 2-tailed Students t-test (nsp<0.05).
149

B
SK-N-AS

NC

miR-124-3p

Fold

P-value

G2

21.43

S

16.80

24.63

1.15

0.04789

5.54

0.33

0.00024

G1

61.27

69.27

1.13

0.00010

Figure 5.6.3 Investigation of miR-124-3p effect on cell cycle in SK-N-AS
neuroblastoma cells.
(A) Graphical representation of cell cycle stage in SK-N-AS cells assessed at 48hr by flow
cytometry analysis using Propidium iodide staining of cells transfected with miR-124-3p mimic,
negative control and positive control siRNA targeting kinesin (Kiff11). (B) Table representing
average values obtained from three biological replicates. (C) Representative histograms for
negative control, miR-124-3p and Kiff11 transfected cell with cell stage: G1-purple, S-yellow,
G2- green.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were
tested for significance using 2-tailed Students t-test (*p<0.05, ***p<0.001, ****p<0.0001).
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Figure 5.6.4 Investigation of miR-124-3p effect on cell cycle in SK-N-ASCis24
neuroblastoma cells.
(A) Graphical representation of cell cycle stage in SK-N-ASCis24 cells assessed at 96hr by flow
cytometry analysis using Propidium iodide staining of cells transfected with miR-124-3p mimic,
negative control and positive control siRNA targeting kinesin (Kiff11). (B) Table representing
average values obtained from three biological replicates. (C) Representative histograms for
negative control, miR-124-3p and Kiff11 transfected cell with cell stage: G1-purple, S-yellow,
G2- green.
Chi-square test was performed to determine if cell distribution had significant association with
treatment. Results were reported as mean S.E.M and differences between categories were
tested for significance using 2-tailed Students t-test (*p<0.05, **p<0.01).
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5.7. Application of the system model, APOPTO-CELL, in miR-124-3p transfected NB cell
lines.
A commonly occurring event in cancer is the frequent dysregulation of pro- and antiapoptotic proteins, analysis of which allows for prediction of apoptosis resistance (399,
400). The APOPTO-CELL system model was used to explore the impact of miR-124-3p in
promoting apoptosis in Kelly, KellyCis83, SK-N-AS and SK-N-ASCis24 cell lines. APOPTOCELL is an ordinary differential equations-based model that describes the inter-play of
caspase activation following mitochondrial outer membrane permeabilization resulting in
apoptosis. APOPTO-CELL has been validated against single cell experiments in HeLa cells
(374) and has been used to examine apoptosis execution in colorectal and glioblastoma
cancer settings (401, 402).
In order to analyse if the apoptotic machinery downstream of the mitochondria is
activated in miR-124-3p transfected NB cells APOPTO-CELL takes the absolute molar
concentration of Apaf-1, Procaspase-3, Procaspase-9, SMAC and XIAP as inputs and
outputs the amount of cleaved substrate, ranging from 0 to 100%, as a proxy for
apoptosis susceptibility. The protein expression of Apaf-1, Procaspase-3, Procaspase-9,
SMAC and XIAP were assessed by Western Blotting and densitometric analysis (Figure
5.7.1A and Figure 5.7.2A). APOPTO-CELL requires the protein inputs to be absolute molar
concentrations, thus HeLa cells were blotted alongside samples of interest. For each of
the proteins, absolute concentrations were calculated as the ratio between the
densitometric intensities of the band in the samples of interest relative to the band
intensity in HeLa cells and multiplied by the concentration in µM in HeLa cells. Absolute
concentrations in HeLa cell extracts had been previously measured by Western Blotting
using a titration curve with recombinant proteins (374). Simulations were run for 60 min
and the resulting substrate cleavage time-courses are shown in Figure 5.7.1B and Figure
5.7.2B. Substrate cleavage of >80% was selected as the threshold as it was previously
determined to enable apoptosis to proceed efficiently and was detected at 12.6 min after
cytochrome c release in the standard HeLa cell line (374).
The simulations run the Kelly and KellyCis83 cell lines did not predict any increased
sensitivity to apoptosis induction with all but one Kelly sample failing to achieve substrate
cleavage within the 60 min time frame, however, the only sample from this cell line which
152

did achieve threshold of 80% substrate cleavage at approximately 40 min was the miR124-3p transfected sample. A similar result was found for the KellyCis83 cell line which
exhibited opposing predictions between biological duplicates with negative control
samples crossing the substrate cleavage threshold at 20 min and 40 min, while the
miR124-3p transfected samples crossed the threshold at approximately 28 min and
33min. These results do not demonstrate a substantial sensitization of Kelly or KellyCis83
cells to apoptosis induction 48 hr following miR-124-3p overexpression (Figure 5.7.1).
The simulations run for the SK-N-AS and SK-N-ASCis24 cell lines demonstrated an increase
in sensitivity to apoptosis induction in the SK-N-ASCis24 cell line following miR-124-3p
overexpression at 96hr. The negative control transfected SK-N-ASCis24 cell line achieved
threshold substrate cleavage at approximately 12.5 and 15 min compared to 10 min and
12.5 min for the miR-124-3p transfected counterparts, indicating a small increase in
sensitivity to apoptosis induction. The SK-N-AS cell line exhibited the greatest increase in
susceptibility to apoptosis induction via miR-124-3p overexpression at 48hr. SK-N-AS cells
transfected with negative control achieved threshold substrate cleavage at 37.5 and 57.5
min, compared to miR-124-3p transfected samples which underwent 80% substrate
cleavage at 15 and 25 min. This SK-N-AS cell line exhibited the greatest increase and
sensitivity to apoptosis induction following miR-124-3p overexpression of all lines tested.
Protein expression levels were normalised to the actin/tubulin loading controls and
expressed relative to HeLa protein levels, expressed as 100%. HeLa cells were used as the
standard due to the availability of its relative protein concentrations (374). The SK-N-AS
and SK-N-ASCis24 cells exhibited higher levels of caspase-3 (p=9.7E-09) and -9
(p=0.00017) and lower levels of XIAP (p=0.0016), Apaf-1 (p=0.00012) and Smac
(p=0.00047) than the Kelly and KellyCis83 cell lines. However, miR-124-3p did not induce
a substantial change in expression of pro- or anti-apoptotic protein levels in the majority
of samples and only resulted in modest change in caspase-3 levels in KellyCis83 (p=0.012)
and SK-N-ASCis24 (p=0.024), caspase-9 levels in Kelly (p=0.021) and XIAP levels in SK-NASCis24 (p=0.046) (Figure 5.7.3).

153

A

B

Figure 5.7.1 APOPTO-CELL modelling of miR-124-3p in Kelly and KellyCis83 cell lines.
(A) Representative western blots showing Smac, Caspase-9, Caspase-3, XIAP, Apaf-1 and
respective endogenous control protein expression in Kelly and KellyCis83 cell lines transfected
with scrambled oligonucleotide (NC) and miR-124-3p (124). (B) Modelled output for Caspase-3
substrate cleavage as generated by APOPTO-CELL. The calculated expression levels of pro- and
anti-apoptotic proteins in Kelly and KellyCis83 cell lines transfected with scrambled
oligonucleotide (NC) and miR-124-3p (124) were used as input for the model. The time (min)
taken to achieve optimal 80% caspase-3 substrate cleavage after cytochrome c release was
calculated by the model.
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Figure 5.7.2 APOPTO-CELL modelling of miR-124-3p in SK-N-AS and SK-N-ASCis24 cell
lines.
(A) Representative western blots showing Smac, Caspase-9, Caspase-3, XIAP, Apaf-1 and
respective endogenous control protein expression in SK-N-AS and SK-N-ASCis24 cell lines
transfected with scrambled oligonucleotide (NC) and miR-124-3p (124). (B) Modelled output for
Caspase-3 substrate cleavage as generated by APOPTO-CELL. The calculated expression levels of
pro- and anti-apoptotic proteins in SK-N-AS and SK-N-ASCis24 cell lines transfected with
scrambled oligonucleotide (NC) and miR-124-3p (124) were used as input for the model. The time
(min) taken to achieve optimal 80% caspase-3 substrate cleavage after cytochrome c release was
calculated by the model.
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Figure 5.7.3 Densitometry analysis of expression of pro- and anti-apoptotic proteins
The MNA Kelly and KellyCis83 cell lines are shown as light grey, non-MNA SK-N-AS and SK-NASCis24 as dark grey and the HeLa cell line is in black. Differential expression of apoptosis
proteins was observed, with greater than HeLa expression in some cell lines and lower levels in
others. Values obtained were normalised to actin or tubulin and expressed relative to HeLa
(100%). Expression changes between NC and miR-124-3p transfected samples were
determined. P < 0.05 were considered significant.
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5.7.1 Reverse Phase Protein Array Hierarchical Clustering
High throughput Reverse Phase Protein Array (RPPA) determination of a panel of pro- and
anti-apoptotic protein expression levels was performed on Kelly, KellyCis83, SK-N-AS and
SK-N-ASCis24 cell lines following transfection with scrambled oligonucleotide (NC) or miR124-3p (124) in duplicate. Kelly, KellyCis83 and SK-N-AS samples were measured at 48 hr
after transfection, while SK-N-ASCis24 was measured at 48 hr and 96hr post transfection
due to its considerably slower doubling time reported earlier.
Hierarchical clustering analysis did not identify any strong association of miR-124-3p overexpression with increased apoptotic protein expression levels (Figure 5.7.4). Samples
were clustered together by biological duplicate and cell line, confirming the accuracy of
sample preparation and transfection; however, miR-124-3p did not have a significant
influence on clustering. Of interest, the sensitive Kelly and SKNAS samples clustered
together as did the resistant KellyCis83 and SK-N-ASCis24 samples, with the SK-N-ASCis24
sample taken at 96 hr after transfection with miR-124-3p associating closer with the
KellyCis83 samples compared to SK-N-ASCis24 samples at 48 hr. This demonstrates a
progressive change in expression of apoptotic proteins resembling KellyCis83 at a later
time point in the SK-N-ASCis24, supporting the selection of this time point for functional
assays in this cell line. These finding are consistent with results obtained from apoptosis
assays which did not demonstrate a strong induction of apoptosis but rather a more
widespread dysregulation of cytoskeletal genes.
Clustering analysis identified increased levels of caspase-7, Bcl-xl, Bak, Bim, Smac Diablo
and MCL-1, along with decreased levels of caspase-9, PDK1, XIAP, Chk1, Bcl-2, p38 MAPK,
Bid and PTEN in the SK-N-ASCis24 cell line at 48hr. These proteins were oppositely
expressed in the SK-N-AS, Kelly and KellyCis83 cell lines, with the 96hr SK-N-ASCis24 cell
line exhibiting an intermediate expression profile.
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Figure 5.7.4 RPPA Hierarchical Clustering analysis of neuroblastoma cell line.
High throughput Reverse Phase Protein Array (RPPA) determination of protein expression and
normalization, followed by Hierarchical clustering of neuroblastoma cell was performed in cells
transfected with scrambled oligonucleotide and miR-124-3p.
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5.8. GO Analysis of miR-124-3p validated target genes.
In order to gain a better understanding of the biological/molecular and cellular processes
associated with our candidate miRNA, a Mirtarbase search was carried out to identify
genes targeted by miR-124-3p. Only genes classified as direct targets, validated by
luciferase reporter assays were selected. A literature search was carried on these genes
to select targets that were previously reported to be associated with neuroblastoma or
cancer. The clinical relevance of miR-124-3p validated targets was assessed in a cohort of
276 neuroblastomas of various sub-types using the R2 database. This analysis identified
16 of the 71 validated miR-124-3p targets which are associated with poor overall survival
in neuroblastoma when expressed at high levels (Appendix file 9.4). The miR-124-3p
validated targets belong to a number of functional groups comprising; transcription
machinery, kinases, cytoskeletal proteins, GTPases, membrane receptors, membrane
proteins, methyltransferases, ribonucleoproteins and growth factors among others.
Multi-targeting is a well-known characteristic of miRNA function and it is of interest that a
large proportion of miR-124-3p targets belong to cytoskeletal, transcription, kinase and
membrane proteins groups, supporting the regulatory role this miRNA has in cytoskeletal
organisation, proliferation and invasion (Fig. 5.8.1).
Gene ontology (GO) analysis using the DAVID bioinformatics database 6.8 Beta
(https://david-d.ncifcrf.gov/home.jsp) was carried out on all luciferase validated miR-1243p targets including those validated in this chapter. Gene functional classification of this
list identified key biological processes, molecular functions, cellular processes and KEGG
pathways associated with miR-124-3p regulated genes. GO analysis of our miRNA targets
returned regulation of cell proliferation, positive regulation of gene expression, regulation
of cell differentiation, positive regulation of metabolic processes, cell migration, cell
motility and angiogenesis among the top biological processes showing significant
association with miR-124-3p target genes (Appendix file 9.6.1).
Classification by cellular components describes subcellular location of entered genes
within structures or macromolecular complexes. Among the top associated cellular
components significantly enriched for our miR-124-3p targeted genes were cell-substrate
junction, anchoring junction, adherens junction, focal adhesion, cell leading edge and
cyclin-dependent protein kinase holoenzyme complex (Appendix file 9.6.2). This supports
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the involvement of miR-124-3p targets in the modulation of cell structure and cell
proliferative progression.
GO analysis of miR-124-3p targets returned a diverse range of associated molecular
functions including; sequence-specific DNA binding, macromolecular complex binding,
transcriptional activator activity, RNA polymerase II transcription regulatory region
sequence-specific binding and AMPA glutamate receptor activity (Appendix file 9.6.3).
KEGG (Kyoto Encyclopaedia of Genes and Genomes) pathway analysis was performed on
miR-124-3p targets to determine significantly associated pathways (Appendix file 9.6.4).
The key pathways of interest identified were proteoglycans in cancer, regulation of actin
cytoskeleton, focal adhesion, pathways in cancer and tight junction. Selected pathways of
interest are outlined in red and representative diagrams of selected pathways are shown
with target genes in pathways highlighted (Appendix file 9.6.5 A-E).
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Figure 5.8.1. miRNA-124-3p validated targets and clinically significant targets.
Mir-124-3p direct targets were validated by luciferase reporter assay. Genes in red font have
association with neuroblastoma. High expression of underlined genes in bold is predictive of
poor overall survival in a mixed neuroblastoma cohort. Genes are grouped according to their
function.
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Key Findings
In the previous chapter, the increased expression of key cytoskeletal genes coincided with
cisplatin resistance development in the absence of gene amplification. The key findings
obtained from this chapter were as follows:
•

Identification of miR-124-3p as a candidate miRNA targeting altered proteins from
myosin-actin families, through computational prediction of direct targeting of
numerous upregulated genes in our resistance model SK-N-ASCis24.

•

Demonstration of clinical association of low expression of miR-124-3p with poor
survival in a cohort of neuroblastomas of various stages. In addition to this an
even stronger association was found with this miRNA in a cohort of relapsed nonMNA neuroblastomas.

•

Validation of direct targeting of key cytoskeletal network genes by luciferase
reporter assay.

•

Functional validation of miRNA-target interaction, through transient transfection
of miR-124-3p and confirmation of knockdown of predicted genes.

•

Demonstration of restrained apoptosis induction and suppression of cell cycle
progression following ectopic expression of miR-124-3p in vitro.

•

Validation of miR-124-3p effect on apoptosis induction by APOPTO-CELL
modelling.

•

GO analysis of miR-124-3p target genes, identifying key associated pathways and
molecular

and

cellular

functions
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6. Discussion
6.1 Cisplatin induced cross resistance.
The purpose of chapter 3 was to confirm the acquisition of cross resistance to unrelated
chemotherapeutics and to investigate the impact of resistance development on cell
behaviour and morphology in a previously established in vitro model of drug-resistance in
neuroblastoma (369).
Collectively, the developed cisplatin resistant sub-lines demonstrated cross resistance to
numerous chemotherapeutics which carry out their cytotoxic effect through different
mechanisms. The drugs tested were selected from those currently used in the treatment
of neuroblastoma, including etoposide, irinotecan, doxorubicin and temozolomide. The
dialkylating agent carmustine is not currently used in the treatment of neuroblastoma,
however it was included in our panel of tested drugs due to its frequent use in
combination with temozolomide in the treatment of recurrent high grade glioblastoma
(403).
The strongest cross resistance for all cell lines studied was in response to the
topoisomerase inhibitor irinotecan, with an IC50 increase ranging from 1.89 fold in CHP212Cis100 and 2 fold in KellyCis83 to 5.37 fold in SK-N-ASCis24. Only KellyCis83 and SK-NASCis24 exhibited resistance to the induction chemotherapeutic etoposide, with an IC50
increase of 1.33 and 2.25 fold respectively. These findings are in agreement with earlier
published studies, demonstrating cisplatin induction of cross resistance to multiple drugs
in vitro and in clinical research (404-407).
Importantly, the significant increase in resistance to irinotecan and temozolomide, which
are used consistently for high risk neuroblastoma post relapse, suggests potential pitfalls
in re-initiation combinational therapy, which is currently in clinical trials (408, 409) and
may provide vital insight into the possible processes involved in resistance to the reinitiation therapy. The MNA CHP-212 cell line required the highest dose of cisplatin (100
μM) of all cell lines tested for resistance development. In addition to this the resulting
CHP-212Cis100 cell line did not exhibit significant cross resistance to any of the drugs
tested, suggesting intrinsic resistance in the parental CHP-212 cell line.
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The KellyCis83 cell line exhibited a consistent cross resistance to all drugs tested ranging
from ~2 to 3 fold increase in IC50, in response to alkylating agents and topoisomerase I & II
inhibitors. The SK-N-ASCis24 which received the lowest dose of cisplatin (24µM) during
resistance development, showed the highest resistance ~5 fold to the selecting drug of all
cell lines tested. This cell line also exhibited a cross resistance to the other alkylating
agents used of ~2 fold, however the strongest cross resistance was ~5 fold in response to
the topoisomerase I inhibitor irinotecan and ~2 to 3 fold in response to the
topoisomerase II inhibitors etoposide and doxorubicin.
The recent work of Nicolay et al. demonstrated a marked resistance to cisplatin
cytotoxicity and topoisomerase inhibition in mesenchymal stem cells partly through the
overexpression of heat shock proteins (HSPs) and the efficient repair of DNA damage
caused by the chemotherapeutics, while also retaining their differentiation and invasive
ability (410, 411). These findings support our observation of a mesenchymal phenotype in
the SK-N-ASCis24 cell line and the dramatic increase in resistance to cisplatin following
selection, as well as offering a potential explanation for the increased resistance to
topoisomerase inhibitors. Proteomic profiling of this cell line is necessary to further
elucidate the cellular processes altered by cisplatin resistance development.
Cisplatin resistance does not result from a single genetic change but rather through the
modulation of multiple cellular processes ranging from loss of DNA damage recognition,
p53 function and caspase activity to the overexpression of HER-2 and BCL-2 (187, 412).
The

confirmation

of

cisplatin

induced

cross

resistance

to

these

unrelated

chemotherapeutics across different cell lines highlights the complex and dynamic nature
of drug resistance in cancer cells, involving changes at genomic, epigenomic,
transcriptomic, proteomic and metabolomic levels.
Following confirmation of acquired cross resistance, the parental and resistant sub-lines
were examined for alterations in cell behaviour associated with cisplatin resistance
development. Cell doubling time is an important consideration for both drug screening
and functional studies, as the outcome of these experiments can be greatly affected by
cell cycle phase. The cisplatin resistant sub-lines varied significantly from their parental
sensitive lines in doubling time, increasing for CHP-212Cis100 and SK-N-ASCis24 from 48
hr to 70 hr and from 33 hr to 74 hr, respectively, while KellyCis83 decreased in its
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doubling time from 51 hr to 33 hr. In addition to changes in cell doubling times,
differences in cell morphology were also detected by phase contrast microscopy between
cisplatin resistant and parental cells. No morphological changes were observed in the
resistant compared to parental CHP-212 cell line which retained I-type morphology. The
KellyCis83 cell line like its parental cell line exhibited N-type morphology; however, there
was a subtle change in the KellyCis83 cell morphology. They tended to grow in isolated
clumps in a 3-dimensional manner rather than a uniform monolayer and were less
adherent to the substrate then the Kelly cell line. SK-N-ASCis24 exhibited the most
dramatic changes during drug resistance development of all cell lines tested, moving from
an N-type to S-type morphology. This cell line acquired a more elongated and flattened
shape, along with stronger substrate adhesion compared to the rounded/polygonal and
less adherent morphology of the SK-N-AS parental cell line. These morphological features
in combination with the reduced proliferative rate provide strong support for the transdifferentiation of the SK-N-ASCis24 cell line. The parental SK-N-AS cell line are
undifferentiated neuroblastic cells derived from bone marrow metastasis, interestingly
another study reported the differentiation of N-type bone marrow metastases into S-type
cells following chemotherapy and increasing in with successive cycles (413). The
substantial morphological alteration of the SK-N-ASCis24 cell line to a mesenchymal
morphology strongly implicates cytoskeletal remodelling and dysregulation of numerous
phenotypic regulators in the development of cisplatin resistance.
The invasive capability of each parental cell line relative to its resistant derivative was
determined over a period of 48 hr, in vitro. This revealed a substantial increase in the
invasive capability of the SK-N-ASCis24 and CHP-212Cis100 cell lines, while the KellyCis83
cell line exhibited a subtle non-significant increase. It is noteworthy that the more slowly
proliferating SK-N-ASCis24 and CHP-212Cis100 cell lines were the cell lines which
demonstrated a significant increase in invasiveness while KellyCis83 which increased in its
proliferative rate only exhibited a small non-significant increase in invasion. These results
corroborate the reported increase in invasion as the assay time is 48 hr while the more
invasive cell lines had a doubling time of 70-74 hr, confirming that it is not simply an issue
of a greater number of cells available to move across the membrane but the development
of resistant sub-lines with greater invasive potential. This disparity in invasive potential
between the SK-N-ASCis24, CHP-212Cis100 and KellyCis83 could be as a result of the
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decreased adhesion of the KellyCis83 cell line, thereby reducing the cells ability to adhere
to the substrate. It is also possible that KellyCis83 cell line requires a matrix with different
physico-mechanical properties than that used in order to migrate across the matrix,
optimization of this protocol may be necessary for a more suitable matrix for this cell line.
Considering these findings and the dramatic change in SK-N-ASCis24 morphological
subtype associated with cisplatin resistance development, it is clear that substantial
characterisation of the resistant lines is necessary in order to gain a better understanding
of the mechanisms involved.
Analysis of cell cycle showed significantly less cells in the S-phase in the KellyCis83 cell line
than its parental Kelly cell line when grown in plain media for 48hr. It was hypothesized
that this may be due to the slower proliferative rate of the parental line; however,
treatment with etoposide resulted in a dramatic increase in the number of cells in the Sphase in Kelly cells, representing a transient arrest which was not seen in their cisplatin
resistant derivatives KellyCis83. This finding indicates that cisplatin resistance
development coincided with an increased rate of progression through cell cycle
checkpoints and the ability to evade the G2/M checkpoint and S-phase arrest. This is
further supported by the demonstrated increase in doubling time of this cell line,
representative of a more neuroblastic cell type. Analysis of apoptosis induction detected
a higher proportion of cells in early and late apoptosis in KellyCis83 compared to the
parental Kelly cell line following etoposide treatment. This result suggests that both cell
lines underwent significant apoptosis induction following treatment with an excess 1µM
dose of etoposide, however due to the slower proliferative rate of the parental cells and
the cell cycle dependent mode of action of etoposide the effect of the cytotoxic agent
was not detected as early as in the resistant line.
Unlike the Kelly/KellyCis83 cell lines, the SK-N-ASCis24 cell line showed very similar cell
cycle distribution. This was consistent with our hypothesis as both cells were measured at
time points comparable to their calculated doubling time. Both cell lines also exhibited
significant arrest in the G2/M phase following etoposide treatment. Complementary
apoptosis analysis of both cell lines performed at 96hr following etoposide treatment was
carried out. This analysis revealed a substantially higher level of apoptosis induction in the
parental SK-N-AS compared to SK-N-ASCis24. This is likely due to the significantly faster
proliferative rate of the N-type SK-NAS cells compared to the substantially slowing
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growing S-type SK-N-ASCis24 cell line, allowing for etoposide to induce cell cycle arrest
and apoptosis at a significantly earlier point in SK-N-AS. This finding is consistent with our
hypothesis of an acquired cross-resistant mesenchymal phenotype, which demonstrates
significant resistance to topoisomerase toxicity possibly through non-homologous end
joining while cells are arrested in G2 phase. The extensive characterisation of these drug
resistant cell lines is ongoing in our lab. Array CGH, and miRNA expression profiling was
carried out by Harvey et al. 2013. Comparative proteomic profiling was completed
recently by our group to complement the identification of multiple changes acquired
during the development of cisplatin resistance. This profiling generated a list of candidate
genes which were involved in alteration of cell behaviour. In the following sub-chapter I
will discuss the profiling of the KellyCis83 and SK-N-ASCis24 cell lines and characterisation
of altered cellular pathways.
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6.2 Proteomic characterisation of cross resistance
Proteomic datasets, generated by mass spectrometry of two neuroblastoma cell lines and
their cisplatin induced cross resistant sub-lines were utilised to enhance our
understanding of the mechanisms and cellular processes which are altered in the
development of cisplatin resistance. For this purpose, Ingenuity Pathway Analysis (IPA)
was used to categorise altered proteins from each cell line dataset into protein families,
proteins with common molecular and biologic function and finally proteins associated
with canonical pathways.
Analysis of altered proteins in the KellyCis83 and SK-N-ASCis24 cell lines identified 23
common altered proteins, from these shared proteins Importin subunit alpha-2 (KPNA2)
was the only protein which was over-expressed in both cell lines, upregulation of which
has previously been associated with increased proliferation, tumourigenicity and poor
prognosis in epithelial ovarian carcinoma (414).
The top five associated molecular and cellular functions in the KellyCis83 cell line were;
‘Cell Death and Survival’, ‘Protein Synthesis’, ‘Post-translational Modification’, ‘Protein
Folding’, ‘Cellular Growth and Proliferation’. The SK-N-ASCis24 cell shared the functions;
‘Cellular Growth and Proliferation’, and ‘Cell Death and Survival’ with KellyCis83 but also
had significant association with the molecular and cellular functions; ‘Cellular
Development’, ‘Cellular Movement’, and ‘Cellular Assembly and Organisation’. The
association of cellular growth and proliferation and cell death and survival with resistance
development in both cell lines suggest the necessity of dysregulation of these processes
for resistance development. The altered functions associated with each cell line designate
the key modulated processes associated with resistance development in a cell type
specific manner, where KellyCis83 exhibit a resistance development centred on evasion
and overcoming of toxic assault. In contrast to this, the SK-N-ASCis24 cell line
demonstrated a more distinct resistance development with extensive physical
perturbation of cell structure.
The top canonical pathways reported for the KellyCis83; ‘Glycolysis 1’, ‘Gluconeogenesis
1’, 14-3-3-mediated Signalling’, Sucrose Degradation V(Mammalian)’, and ‘Aldosterone
Signalling in Epithelial cells’ provide further support for the extensive modification of
multiple metabolic processes in cisplatin resistance development. This is in agreement
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with a report describing a unique cisplatin resistance metabolomic profile (415). A recent
study described the role of hypoxia-inducible factor-1 (HIF-1) in the acquisition of cisplatin
resistance in ovarian cancer cells and movement to aerobic glycolysis and the induction of
apoptosis following HIF-1 knockdown and a shift to mitochondrial oxidative
phosphorylation resulting in the production of cytotoxic levels of reactive oxygen species
(416). In contrast to the canonical pathways found to be associated with cisplatin
resistance development in KellyCis83, SK-N-ASCis24 exhibited a very different process of
resistance development. The top associated canonical pathways for SK-N-ASCis24 were;
‘Actin Cytoskeleton Signalling’, ‘ILK Signalling’, ‘Remodelling of Epithelial Adherens
Junctions’ and Epithelial Adherens Junction Signalling’. These findings demonstrate a
significant shift in morphological sub-type along with reorganization of the cytoskeleton
consistent with epithelial to mesenchymal transition. Epithelial cells acquire
characteristics of mesenchymal phenotype leading them to dramatically change their
shape and display increased motility through the cellular re-modelling process of EMT.
Analysis of predicted upstream regulators based on altered proteins from our datasets
found several associated proteins from the cisplatin regulator network which were
altered in both cell lines; however, this network did not demonstrate significant activation
in either cell line. Interestingly a recent study conducted by our lab demonstrated an
increase in expression of the NLR family apoptosis inhibitory protein (NAIP) in the SK-NASCis24 cell line which contributed to decreased sensitivity to cisplatin (344). Of note was
the significant modulation of the S-type morphological marker VIM, which had decreased
in expression in the Kellycis83 cell line and a substantial increase in the SK-N-ASCis24 cell
line. These finding suggest a possible epithelial to mesenchymal transition during the
development of cisplatin resistance in the SK-N-ASCis24 cell line. The significantly
increased expression of the S-type morphological markers VIM, CD44 and ACTN4 in SK-NASCis24 corroborates the conversion of this cell line from N- to S-type. Supporting this
finding was the IPA prediction of the inhibition of the EMT repressor Wnt-1-induced
signalling pathway protein-2 (WISP-2).
Considering the alternative changes in cytoskeletal EMT markers observed from both our
protein datasets we examined the expression of known EMT transcription factors SNAI1,
ZEB1 and TWIST1 across both cell line pairs, which trigger the accumulation of
mesenchymal markers, like VIM and suppress epithelial markers such as cytokeratins and
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E-cadherin during EMT (417). Increased expression of these transcription factors induces
EMT thereby prompting migration and invasion. EMT transcription factors overlap greatly
in their regulation, target genes, and mechanism of action (418, 419). While there were
numerous proteomic changes observed in the SK-N-ASCis24 cell line, which were
consistent with the mesenchymal phenotype observed and with previous reports,
analysis of the EMT transcription factors SNAI1, TWIST and ZEB1 returned interesting
results.
A general trend of reduction in EMT transcription factors was seen in both KellyCis83 and
SK-N-ASCis24 lines relative to their parental lines. In the EMT hierarchy, ZEB factors are
downstream of the SNAI and TWIST families (420). ZEB1 synthesis is up-regulated by
SNAI1 at both transcriptional and post-transcriptional levels (421). Expression of TWIST1
and SNAI1 are mutually dependent although in different directions depending on the
cancer type (422, 423). In this study both drug resistant cell models demonstrated loss of
ZEB1 expression independent of the expression levels of SNAI1 and TWIST1 or the
invasive capability of the cell lines. This suggests a common mechanism of ZEB1
downregulation and indicates that EMT transcription factors may be modulated during
cisplatin resistance development but to different extents. Of interest is the significant
downregulation of SNAI1, TWIST1 and ZEB1, which was registered in the highly invasive
drug resistant SK-N-ASCis24 cell line suggesting other cellular players involved in the
invasive mechanism.
KellyCis83 cells had very few altered proteins of actin-myosin axes; it is therefore not
surprising that this cell line exhibited minimal change in morphology or increase in
invasive potential. However, a significant decrease in cell cycle regulator genes YWHAG,
YWHAE and YWHAZ demonstrates the significant dysregulation of cell cycle controls in
the KellyCis83 cell line. This supports the findings from chapter 3 of increased
proliferative rate and evasion of cell cycle arrest at the G2/M checkpoint arising from
resistance development in this cell line, features which are characteristic of neuroblastic
cells.

These results highlight the divergent mechanisms of resistance and invasion

developed in each cell line.
Considering the dramatic change in behaviour, invasive potential and morphology of the
SK-N-ASCis24 cell line following resistance development, it was selected as the primary
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cell model for investigation into the protein expressional changes associated with
resistance development and metastatic progression. Proteomic profiling of this cell line
demonstrated a substantial increase in the expression of numerous members of the
integrin, actin and myosin families involved in cytoskeletal regulation and invasive
potential. These findings clearly demonstrate a significant reorganization of the
cytoskeleton consistent with epithelial to mesenchymal transition, in which epithelial cells
acquire characteristics of mesenchymal phenotype. This cellular re-modelling process
dramatically changes their morphology and increases motility. Proteins common to these
pathways therefore presumably have substantial roles in the shift towards a more
invasive mesenchymal phenotype and cytoskeletal rearrangement.
In addition to the modulation of actin-myosin proteins in association with increased
invasion there was extensive modulation of other key cytoskeletal proteins. Cytokeratins
(KRT8, KRT18) were greatly decreased while the intermediate filament protein VIM
displayed a substantial increase in expression , which was previously reported to be
associated with etoposide resistance development in the S-type SH-SY5Y neuroblastoma
cell line (424). VIM is a canonical marker of EMT and S-type morphology. The
identification of substantial VIM upregulation and concurrent downregulation of KRT18
(8.4 fold), KRT8 (20 fold) cytoskeletal proteins in SK-N-ASCis24 is consistent with changes
recognised in epithelial-to mesenchymal transition (425-427). A study by Dubey et al. has
described a role for VIM in axonal outgrowth, reporting increased elongation of axonal
neurites in differentiated neuroblastoma cells following re-expression of VIM, strongly
supporting the morphology seen in SK-N-ASCis24 (428).
The knockdown of KRT18 and KRT8 only caused an increase in cancer cell motility and
invasion without modulating the EMT markers E-cadherin, N-cadherin or VIM, and with
no detectable level of the EMT transcription factor SNAI1 (429). A recent study reported
an association between low expression of a member of cytokeratin family, KRT19, and
increased invasiveness in six neuroblastoma cell lines in vitro (430). The same study also
found significantly lower expression of KRT19 mRNA in metastatic stage 4S
neuroblastomas, compared to localised primary stage 1 and 2 tumours. These findings are
consistent with the increasing consensus that EMT plays a crucial role in the development
of drug resistance and tumour progression in a cancer specific manner (431-433). The SKN-ASCis24 cell line presents a mechanism of increased invasive potential despite ZEB1
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being switched off, suggesting that the development of cisplatin resistance affects EMT
transcription factors but to different extents. Of particular note, in the highly invasive
drug resistant SK-N-ASCis24 cell line a significant downregulation of SNAI1, TWIST1 and
ZEB1 was registered suggesting other cellular players are involved in the invasive
mechanism.
Our proteomic profiling identified increased levels of α-Actinins, ACTN1 and ACTN4, in the
SK-N-ASCis24 invasive cell line. ACTN1 and ACTN4 are expressed in non-muscle cells and
belong to the spectrin gene superfamily (434, 435). ACTN4 is a morphological marker
protein which is expressed at high levels in S-type neuroblastoma cells. They have
important roles in regulation of cell shape and motility and stabilisation of cell adhesion.
Numerous studies assert that ACTN1 and ACTN4 play an important role in the cell motility
and invasion of different types of human cancer including breast (436), bladder (437),
colorectal (438), ovarian (439, 440) and brain (441). In contrast to the previous studies
which correlated increased α-actinin expression with poor prognosis and increased
invasiveness, suppression of drug resistant neuroblastoma cell line SK-N-BE(2)
tumourigenicity was reported to be associated with increased expression of ACTN4 (442).
Another protein family which had significantly increased expression in the invasive SK-NASCis24 were the integrins, integrin alpha 2 (ITGA2, 2.1 fold) and integrin beta 1 (ITGB1,
2.7 fold). Integrins play an important role in metastasis, binding to components of the
extra-cellular matrix such as collagen, fibronectin, and laminin, and can mediate
adhesion, spreading, or migration on these substrates. Integrins also play an important
role in controlling various steps in the signalling pathways that regulate processes as
diverse as proliferation, differentiation, apoptosis, and cell migration (443). They are a
diverse protein family with 24 members which are dimers made up of different
combinations of one alpha and beta subunit together from a range of 18 alpha subunits
and 8 beta subunits. Considering the diversity in this protein family it is unsurprising that
there are numerous reports of different integrin family members having opposing effects
on metastatic potential.
A recent study by Truong et al. reported inhibition of tumour growth and sensitisation to
chemotherapy in preclinical breast cancer models following inhibition of β1 integrin (444).
Knockdown of β1 integrin enhanced metastatic lung colonization by driving EMT through
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activation of the transforming growth factor–β (TGF-β) signalling network. This converted
the invasive behaviour of human and mouse triple-negative breast cancer cells (TNBCs)
from collective to single-cell movement and enhanced metastatic colonization by
reducing the expression of E-cadherin through a pathway involving miR-200 and the
transcription factor ZEB2 (444). These findings are inconsistent with our observations of a
more mesenchymal invasive phenotype associated with increased integrin expression.
Another study by Takenaka et al. reported on a highly metastatic cell line PC9-f9,
established in their lab from poorly metastatic human lung adenocarcinoma cell line
(PC9). They found that pre-treatment of the metastatic cell line with anti-beta1 integrin
monoclonal antibodies suppressed lung metastases by more than 50%, suggesting that
increased expression of β1 integrins increased the invasive potential of the selected cell
line (445). Although both studies present opposing effects of β1 integrins in EMT and
cancer progression, it seems that each tumour type undergoes distinctive and dynamic
alterations in integrin expression and function during tumour progression. The majority of
altered proteins belong to the cytoskeletal, nucleic acid binding and chaperone families.
These protein families were among those reported to be frequently altered in numerous
drug resistant cancer cell models in response to a variety of cytotoxic agents (446).
The protein expressional changes observed in our resistance models were very similar to
those reported in cisplatin and etoposide resistant SH-SY5Y with altered proteins such as
Heat shock protein beta-1 (HSPB1), Peroxiredoxin-1 (PRDX1), Heterogeneous nuclear
ribonucleoprotein K (HNRPK), Vimentin (VIM), Alpha-actinin-1 (ACTN1) and Myosin-9
(MYH9) (382, 424). Non-muscle myosin II (MYH9) is a canonical motor protein which
generates intracellular contractile forces and tension through interaction with F-actin,
driving cell spreading, migration and cytokinesis, among other cellular processes (447449). It is considered act as an important effector of cell migration and morphogenesis
(450). These proteins have been reported to have a cytoprotective function in response
to chemotherapeutics, through a variety of mechanisms including mediating the refolding
or degradation of misfolded or damaged proteins by HSPB1 (451).
The thiol specific antioxidant protein PRDX1 mediates cytokine levels, thereby regulating
signalling cascades involved in proliferation, apoptosis and differentiation (452). HRNPK is
a nucleocytoplasmic shuttling protein involved in RNA splicing which has an important
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role in the p53-triggered DNA damage response, acting as a cofactor for p53 (453).The
differential expression of these proteins across a range of cell lines with and without
MYCN amplification in response to unrelated chemotherapeutics emphasises their
importance in resistance development and highlights the extensive dysregulation of
associated networks.
ROCK/ROK/Rho kinases are members of the same IPA network as MYH9 and regulate its
activity by phosphorylation. MYH9 and ROCK1 were co-localised in both the drug resistant
SK-N-ASCis24 and sensitive parental SK-N-AS. The significantly increased invasiveness of
SK-N-ASCis24 positively correlates with increased expression of MYH9 and its network
partners rather than ROCK1. Thus, inhibition of Myosin II solely can result in a decrease in
invasion capacity in glioma cells regardless of other motility mechanisms (454). Together
with increased expression of morphological and EMT markers, this observation provides
an experimental link between the development of cisplatin resistance and an increase in
mesenchymal cell migration, trans-differentiation and EMT, resulting in increased
invasiveness and metastasis in neuroblastoma (455). This mesenchymal phenotype does
not require elevated levels of ROCK1 for increased cell motility and invasiveness (456).
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6.3 MiR-124-3p targeting of major cytoskeletal targets.
In chapter 5 a candidate miRNA capable of targeting key altered cytoskeletal genes
associated with enhanced mobility in our cross resistant neuroblastoma models was
identified. Following the identification of a clinically relevant miR-124-3p, functional
validation of miRNA-target interaction was investigated and characterisation of its
biological role was assessed by functional annotation and pathway analysis of validated
target genes.
In chapter 4 the development of a highly invasive S-type mesenchymal phenotype
following cisplatin resistance development was reported in the non-MNA SK-N-ASCis24
cell line. Epithelial to mesenchymal transition is a unique process encompassing
molecular reprogramming and phenotypic modification of cells leading to a
transformation from immotile adherent epithelial cells to motile mesenchymal cells (457,
458). This cellular conversion enables the spread of cancer cells to local and distant sites
from the primary tumour site. This transition is defined by decreased expression of
proteins involved in cell-cell and cell-ECM contact such as cytokeratins in combination
with the increased expression of the morphological markers like vimentin (459).
The increased expression of cytoskeletal genes occurred in the absence of gene
amplification. It was hypothesised that the increased protein and mRNA levels of these
gene detected in our SK-N-ASCis24 resistance model was potentially due to altered
transcriptional/translational regulation or through the downregulation of a miRNA
targeting these genes, resulting in pleiotropic modification of numerous associated
cellular processes. Identification of a candidate miRNA was focused on MYH9, as it had
the largest increase in the cisplatin resistant SK-N-ASCis24 dataset and has been reported
in several studies to play a central role in cancer cell invasion, migration and metastasis
(254, 255, 370).
Four miRNAs, has-miR103, hsa-miR-107, hsa-miR-542-3p and hsa-miR-124-3p were
predicted to target MYH9 3’UTR by Targetscan, Miranda and PITA algorithms. Assessment
of the clinical relevance of low expression of these miRNA with poor survival was
determined in a cohort of neuroblastomas of various stages. Clinical relevance was then
determined in a tumour cohort of 40 relapsed, post chemotherapy neuroblastomas
without MYCN amplification as the significantly increased expression of the predicted
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target MYH9 was detected in non-MNA SK-N-ASCis24 model only. Low expression of hsamiR-542-3p and hsa-miR-124-3p only, showed significant association with clinical
outcome in this cohort, with miR-124-3p exhibiting the greatest significance in this
relapse cohort.
MiR-124-3p, previously known as miR-124a and miR-124, matures from the stem loop of
hsa-mir-124 and is located at Chr20 (chr20:61809647-61809951) and two locations at
Chr8 (chr8:64379149-64379257) (chr8:9903388-9903472). It was decided to proceed with
this miRNA for further investigation due to the much stronger association in the selected
cohort with overall and progression free survival (p= 0.0073, p=0.0061) compared to miR542-3p (p=0.057, p=0.014). In addition to this, miR-124-3p was also predicted to target 8
genes exhibiting increased levels in our protein dataset, namely MYH9, ACTN4, ITGB1,
VIM, SPTBN1, PLEC, SEPT9 and P4HA1. While miR-542-3p was only predicted to target
MYH9 and PDIA6 from our dataset. The increased expression of these predicted miR-1243p targets in our dataset is consistent with the observed alteration in morphology and
phenotype in the cisplatin resistant mesenchymal SK-N-ASCis24 cell line discussed in
chapter 4. A study by Samaraweera et al. reported significantly higher expression of miR124-3p in N-type cells compared to I-type cells, suggesting its role in neuronal
differentiation and with barely detectable levels in S-type cells (460). However, miR-1243p was not demonstrated to be differentially expressed between the sensitive SK-N-AS
and resistant SK-N-ASCis24 cell lines by individual Taqman or Taqman micro fluidics cards
(344).
As outlined earlier MYH9 has been demonstrated to have significant involvement with
cancer progression and invasion. There were no previous studies outlining the role of
MYH9 in neuroblastoma and high expression of MYH9 was not found to be significantly
associated with poor prognosis in neuroblastoma according to R2. However, increased
expression of MYH9 is associated with poorer survival in patients with squamous cell
carcinoma and adenocarcinoma. Expression of MYH9 was also demonstrated to be linked
with impaired differentiation, poor prognosis, intratumoral vascular and lymphatic
invasion in resected non-small cell lung cancer (461). Silencing of MYH9 mRNA by let-7f
miRNA resulted in suppression of invasion and metastasis in gastric cancer (462). The
majority of publications on MYH9 report a tumorigenic function for this gene in most
investigated cancers, however, a recent publication by Schramek et al. reported a tumour
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suppressor role for MYH9 in squamous cell carcinoma where decreased mRNA expression
correlates with reduced overall survival and knockdown of this gene resulted in
pronounced invasion and distant metastasis in vivo. These paradoxical findings for MYH9
indicate its cancer type specific role in cancer progression (463).
Alpha-actinin 4 (ACTN4) is a component of the cytoplasmic surface of several types of cell
adhesion sites including focal adhesions and adherens junctions. ACTN4 did not
demonstrate a significant association with neuroblastoma survival by R2 database
analysis. However, a tumour suppressive role was previously described for this gene in
neuroblastoma through maintaining cell-cell contacts and inhibiting anchorage
independent growth and invasion (442). In contrast to this, the increased ACTN4 levels
suppresses focal adhesion maturation resulting in invasive growth and lymphatic spread
of cancer cells in colorectal (438, 464), bladder (437), and ovarian clear-cell
adenocarcinoma (440, 465).
ITGB1 is a transmembrane receptor belonging to the integrin family which binds the
extracellular matrix (ECM) and has the ability to control cell shape and structure in
response to extracellular forces, highlighting its role in cell migration and invasion. A
study by Hunt et al. demonstrated the direct targeting of ITGB1 by miR-124-3p in vitro
and validated its tumour suppressive role in oral squamous cell carcinoma, where ectopic
overexpression of miR-124-3p caused reduced expression of ITGB1 and a concurrent
decrease in migration and invasion (397).
The miR-124-3p target, vimentin (VIM), is a mesenchymal marker important in cancer
EMT, in addition to acting as a marker of S-type morphology. In cells undergoing
mesenchymal transition the status of intermediate filaments switches from a keratin-rich
network, connecting to adherens junctions, to a vimentin rich network connecting to
focal adhesions (466). VIM expression is not significantly associated with neuroblastoma
survival in R2 database. Interestingly, the re-expression of VIM in differentiated
neuroblastoma cells was previously reported to drive the elongation of axonal neurites
(428). Oesophageal squamous cell carcinoma (ESCC) and non-small cell lung cancers
(NSCLC) tumours positive for vimentin expression have a much more advanced tumour
status and a higher incidence of lymph node metastasis (467, 468). Direct targeting of
vimentin by miR-124-3p was confirmed by Furuta et al. using luciferase reporter assays.
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MiR-124-3p was reported to be silenced through tumour specific methylation in
hepatocellular cancer (HCC) cell lines, subsequent restoration of miR-124-3p expression
significantly reduced proliferation in all HCC lines tested, decreasing cells in S and G2–M
phase and increasing cells in G0–G1 phase (357). A recent study associated up-regulated
vimentin and plectin expression with increased invasive and metastatic potential in
prostate cancer cells (469).
Plectin is an important cytoskeletal linker protein of the plakin family which regulates
cytoskeleton dynamics and mechanically stabilizes the cell by interlinking intermediate
filaments with desmosomes and hemidesmosomes. There have been no previous studies
describing the role of plectin in neuroblastoma disease and there is not a significant
correlation of this gene with survival in neuroblastoma according to R2 database.
However, a study by Bausch et al. defined plectin as a specific biomarker for invasive and
pre-invasive pancreatic cancer (470). High expression of plectin is associated with poor
prognosis in breast cancer and colorectal carcinoma cells among others (471, 472). A
recent study described a role for plectin in cancer metastasis through stabilising
invadapodia by anchoring to vimentin intermediate filament scaffolds, an integral process
in cancer cell invasion and extravasation (473). Another study reported a role for plectin
in promoting the migration and invasion of head and neck squamous cell carcinoma
(HNSCC) through the activation of ERK ½ kinase. In this study a significant upregulation in
plectin expression levels was correlated with poor prognosis in patients and inhibition of
plectin by siRNA resulted in increased proliferation, migration and invasion in vitro (474).
These finding are consistent with our observations of increased plectin expression in the
highly invasive SK-N-ASCis24 cell line.
βII-Spectrin (SPTBN1) is a molecular scaffold protein that has a role in determining cell
morphology by crosslinking the actin cytoskeleton to the plasma membrane. SPTBN1 has
previously been reported to have a tumour suppressive role in pancreatic cancer, where
decreased expression was associated with shorter patient survival (475). A study by Zhi et
al. also defined a tumour suppressive role for this gene in hepatocellular carcinoma, loss
of SPTBN1 activated Wnt signalling, promoting stem-like features and contributing to
tumour progression (476). Although this spectrin family member has not been previously
reported in neuroblastoma, R2 database analysis of this gene in a cohort of

179

neuroblastoma found a significant association of high SPTBN1 expression with better
overall survival (p=0.000029).
Another predicted miR-124-3p cytoskeletal target which showed increased levels in our
invasive dataset was the GTPase protein septin-9 (SEPT9). This protein is implicated in a
number of key cellular processes including cytokinesis, cell polarity, actin and microtubule
dynamics, apoptosis and has been reported to have an oncogenic role in a range of
cancers (477). A study by Shankar et al. reported the reversal of EMT, increased cell-cell
interaction and reduced invasion and migration in highly metastatic cell lines derived
from breast, glioma, prostate and fibrosarcoma tumour origins following knockdown of
SEPT9 (478). SEPT9 expression was associated with increased tumorigenicity and
migratory ability in human and mouse breast cancer in vivo. This same study related
altered expression of SEPT9 isoforms with stages of breast tumorigenesis, and outlined a
mechanism of epigenetic regulation of isoform expression patterns in normal and cancer
cells (479). SEPT9 is not simply an oncogene with functions in cell structure and motility
but has also been associated with a tumour suppressive function where it exhibited
nuclear localisation in normal breast cells which was lost in advanced tumour stages (479,
480). Analysis of the clinical significance of SEPT9 and the prolyl 4-hydroxylase alpha
polypeptide 1 (P4HA1) clinical relevance in a mixed neuroblastoma cohort found
significant association of high expression with poor overall survival. P4HA1 was
demonstrated to be a direct target of miR-124-3p in a recent study by Chakravathi et al.,
in which it was reported to play a critical role in tumour growth and metastatic
progression in prostate cancer through matrix metalloprotease 1 (398).
Confirmation by luciferase reporter assay of direct targeting of MYH9, PLEC and ACTN4 by
miR-124-3p supports the proposition that this miRNA is capable of reversing the
expressional changes of cytoskeletal network genes associated with resistance
development in SK-N-ASCis24. This finding was further supported by the cooperative
knockdown of MYL12B and ACTB of the MYH9 network, not predicted to be direct targets
of miR-124-3p, following ectopic overexpression in vitro. The dramatic reversion in
morphology in SK-N-ASCis24 cells from the S-type to the N-type morphology of parental
SK-N-AS line and the induction of neurite like outgrowths in the Kelly and KellyCis83
following overexpression of miR-124-3p is evidence of the extensive modulation of the
cytoskeleton across distinctly different cell lines.
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The suppression of viability across all cell lines tested by miR-124-3p expression highlights
its tumour suppressor potential in neuroblastoma. However analysis of apoptosis
induction in response to overexpression of miR-124-3p in Kelly/KellyCis83 and SK-NAS/SK-N-ASCis24 demonstrated a measured response with only modest induction of
apoptosis detected in cell lines with the SK-N-AS cell line exhibiting the greatest increase
in apoptosis. A similar result was obtained from cell cycle analysis of miR-124-3p
transfected cells where miR-124-3p expression resulted in a decrease in cells in the S
phase, accompanied by an increase in the number of cells in G1 and G2 phase in SK-N-AS.
Ectopic expression of this miRNA led to moderate alteration of cell cycle distribution in
the MNA cell lines. These finding demonstrate that rather than causing a strong induction
of apoptosis or permanent cell cycle arrest in our neuroblastoma models, miR-124-3p
elicits a subtler yet extensive response, through modulation of a comprehensive network
of cytoskeletal genes leading to increased invasive and migratory progression and the
development of a distinct mesenchymal S-type phenotype in non-MNA neuroblastoma
cells.
Analysis of effector caspase activation was determined in neuroblastoma cell lines
transfected with miR-124-3p using APOPTO-CELL. This analysis produced an output which
predicted changes in time needed to achieve 80% caspase-3 substrate cleavage.
Investigation of the impact of miR-124-3p on the Kelly and KellyCis83 using this model
returned results consistent with those obtained from functional apoptosis assays, where
a strong induction of apoptosis in response to miR-124-3p over-expression was not
detected. This model did not detect substantial increase apoptosis susceptibility in Kelly
or KellyCis83 when treated with miR-124-3p, with only one of two biological repeats in
the Kelly cell line demonstrating a decrease in the time taken to achieve 80% substrate
cleavage compared to negative control samples from the same cell line.
Investigation of the impact of miR-124-3p in promoting apoptosis in SK-N-AS and SK-NASCis24 using APOPTO-CELL predicted the most sizeable increase in apoptosis
susceptibility in the SK-N-AS cell line. This prediction is consistent with results obtained
from apoptosis assay which reported the largest fold increase in apoptotic cells in the SKN-AS cell lines compared to the other cell lines tested. The SK-N-ASCis24 cell line,
similarly, was predicted to achieve 80% caspase-3 substrate cleavage at a marginally
earlier time point when transfected with miR-124-3p. As with the parental SK-N-AS cell
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line, the APOPTO-CELL prediction for SK-N-ASCis24 was consistent with functional
apoptosis assays, which reported a minor increase in apoptotic cells following miR-124-3p
over-expression. Taken together these finding support the predictive power of the
APOPTO-CELL model and demonstrate that rather than eliciting a strong apoptotic
response, miR-124-3p effects neuroblastoma in a more widespread and subtle manner.
Hierarchical clustering of neuroblastoma cell lines based on their expression of a panel of
25 pro- and anti-apoptotic proteins determined by reverse phase protein array, following
transfection with miR-124-3p supported preceding results. This analysis found that
negative controls and miR-124-3p transfected samples clustered together according to
biological duplicates and cell lines. Demonstrating that miR-124-3p did not result in a
dramatic change in expression of apoptosis associated proteins.
However, the SK-N-ASCis24 did demonstrate increased expression of apoptotic proteins
Mcl-1, PDK-1, PTEN, Smac, XIAP and cIAP, along with decreased expression of Bax, Bcl-2,
Bid, Bim, caspase-3 and caspase-8 at 96 hr, which was opposite to the expression of these
proteins measured in Kelly, KellyCis83 and SK-N-AS. The 48hr SK-N-ASCis24 cell line
demonstrated intermediate expression of these apoptosis proteins between the Kelly,
KellyCis83, SK-N-AS and 96hr SK-N-ASCis24 samples. These findings indicate that miR-1243p over-expression did not result in expressional change of pro- or anti-apoptotic proteins
in neuroblastoma cell lines tested, however this analysis did detect the dysregulation of
apoptotic proteins in cisplatin resistant SK-N-ASCis24.
Gene ontology analysis of validated miR-124-3p targets using DAVID GO 6.8 allowed for
the further characterisation of the precise influence of this miRNA on cellular processes
and pathways. This analysis highlighted multiple functions and pathways associated with
miR-124-3p which were consistent with the finding from ingenuity pathway analysis;
regulation of cell proliferation and differentiation, adheren junction and focal adhesion,
supporting cytoskeletal regulation through miR-124-3p. In addition to this, GO analysis
reported sequence-specific DNA binding, transcription factor binding and AMPA
glutamate receptor activity. This supports a more broad effect of miR-124-3p through
modification of transcription and comprehensive dysregulation of cellular functions, in
addition to modulation of cell bioenergetics and proliferative signalling through the
alteration of AMPA glutamate receptor signalling (481).
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MiR-124-3p has been shown to directly target and regulate numerous processes in cancer
development and progression however reports of this miRNAs’ effects vary between cell
lines, indicating a strong cell type and context dependency in its tumour suppressive
capability. A finding which was validated by the substantially varied response of individual
cell lines to miR-124-3p over-expression, with the S-type SK-N-ASCis24 demonstrating a
greater response than the N-type Kelly, KellyCis83 and SK-N-AS cell lines due to their
significantly

different

endogenous

levels
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key
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7. Conclusion
Our understanding of the mechanisms that drive paediatric cancer initiation and
progression have grown significantly over recent years, leading to substantial advances in
the treatment of many of these cancers. However, the genetic aberrations contributing to
the development and progression of paediatric cancers with poor prognosis such as high
risk neuroblastoma remain poorly defined.
This is largely due to the complexity of the disease and its relatively low incidence,
limiting access to clinical samples for high risk neuroblastoma. Neuroblastoma is a highly
heterogeneous form of paediatric cancer with clinical behaviour ranging from localised
tumours with good prognosis, tumours which spontaneously undergo regression without
treatment and finally, to widespread metastatic disease with rapid clinical progression,
development of drug-resistance and death. Fundamental to the improvement of patient
stratification and therapies is a better understanding of the processes and precise
mechanisms driving chemotherapy resistance, relapse and metastatic dissemination.
In this thesis, I demonstrate that following the acquisition of resistance in vitro,
neuroblastoma model cell lines undergo a substantial cellular transformation, resulting in
altered cell doubling time, cell morphology, increased invasive potential and cross
resistance to a variety of alkylating agents and topoisomerase inhibitors. These
phenotypic changes coincided with increased expression of key cytoskeletal proteins from
the integrin, actin and myosin families, central to which was MYH9. These altered
proteins were identified to be important in actin cytoskeleton signalling, epithelial
adherens junction signalling, remodelling of epithelial adherens junctions and integrinlinked kinase signalling through pathway analysis of the proteomic dataset. These finding
are consistent with reports of EMT in cisplatin resistance development and cancer
progression. The work carried out in this thesis primarily demonstrates that selecting for a
chemoresistant phenotype with a single chemotherapeutic agent, namely cisplatin can
generate cross resistance to a variety of classes of drugs. This result alone calls into
question the way in which neuroblastoma is currently treated.
MiRNAs have been a substantial focus for researchers in elucidating the molecular
pathways involved in the development of drug-resistance in cancer. With this in mind, a
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candidate miRNA was identified, which was computationally predicted to target the
cytoskeletal MYH9 mRNA. This search predicted miR-124-3p targeting of MYH9 and 7
other cytoskeletal mRNA which exhibited increased protein levels in the cisplatin resistant
SK-N-ASCis24 cell line. These cytoskeletal genes and several network partners were
demonstrated in this study to be downregulated at the mRNA and protein level when
miR-124-3p was ectopically expressed in cells. Direct targeting of previously un-validated
targets was confirmed by luciferase reporter assay, apart from SPTBN1 which was not a
direct target of miR-124-3p.
Low expression of miR-124-3p was found to be associated with poor overall and
progression free survival in a mixed cohort of 290 neuroblastoma patients, with its
strongest association found in a cohort of 40 post-chemotherapy relapsed neuroblastoma
patients without MYCN amplification. Analysis of miRNA expression in the cisplatin
resistant cell lines and their isogenic parental cells by Taqman low-density micro-fluidics
card profiling and individual Taqman assays reported that miR-124-3p expression levels
were not altered. However, the significant reduction in cell viability in both parental and
resistant cell lines in vitro, following ectopic overexpression of miR-124-3p supports a
tumour suppressive role for this miRNA in neuroblastoma. Initial results for miR-124-3p
are promising however further functional characterisation is required to fully understand
the mechanisms behind the decrease in cell viability.
Demonstration of significant alteration in cell morphology following ectopic
overexpression of miR-124-3p, reinforced its selection as a candidate miRNA capable of
targeting

and

downregulating

cytoskeletal

genes,

involved

in

morphological

transformation and epithelial to mesenchymal transition.
Analysis of the impact of miR-124-3p on cell cycle distribution by flow cytometry did not
identify a dramatic shift in cell cycle phase or strong arrest of cell cycle. The most
substantial effect was observed in the parental SK-N-AS cell line where miR-124-3p
caused a significant decrease in the number of cells in S phase along with a simultaneous
increase in cells in the G0/G1 and G2/M phase, demonstrating downregulation of active
DNA synthesis and potential transient G1 phase arrest. Flow cytometric analysis carried
out in this study did not identify strong induction of apoptosis across the board in
resistant or sensitive cell lines. When miR-124-3p was ectopically overexpressed, the level
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of total apoptotic cells was only approximately 1.5 fold higher than the baseline level in
all cell lines except SK-N-AS which exhibited an approximately 4 fold increase in apoptotic
cells.
The results obtained from FACs analysis of apoptosis induction were supported by the
APOPTO-CELL model. This model predicted the degree of sensitivity to apoptosis
induction in cells transfected with miR-124-3p. Based on the expression of pro- and antiapoptotic proteins, this model predicted the time taken following cytochrome c release
for cells to achieve 80% caspase-3 substrate cleavage, which is sufficient to allow for
apoptotic progression. This analysis reported the largest increase in sensitivity to
apoptosis induction in the SK-N-AS cell line following miR-124-3p overexpression, with the
SK-N-ASCis24 cell line also demonstrating a small increase. However, modelling did not
predict an increase in susceptibility to undergoing apoptosis in the Kelly and KellyCis83
cell lines transfected with miR-124-3p.
Gene ontology analysis was carried out using the DAVID bioinformatics database on
luciferase validated miR-124-3p targets obtained from this study and from a Mirtarbase
search. This analysis identified a significant degree of overlapping pathways between the
analysis performed on the proteomic dataset obtained from SK-N-ASCis24 and the GO
analysis performed on miR-124-3p validated targets. Among the top associated pathways
containing miR-124-3p target genes were regulation of actin cytoskeleton, focal
adhesions, tight junction and pathways in cancer.
In conclusion, miR-124-3p has been demonstrated to act as a tumour suppressor in
numerous cancers including colorectal, gastric and breast cancer, however reports of this
miRNA in neuroblastoma are poorly defined. Although miR-124-3p did not induce a
strong apoptotic response or permanent cell cycle arrest, this study has demonstrated a
tumour suppressive function for miR-124-3p through suppression of cell viability in
neuroblastoma resistance models in vitro and through its repression of over-expressed
EMT associated targets MYH9, ROCK1, ACTN4, ITGB1 and VIM among others. The effect
of this miRNA is highly context and cancer type dependent. The work presented in this
thesis contributes to our understanding of the effect of chemotherapeutics at a molecular
level and investigates the regulatory power of miRNA. This information is important to
the field of neuroblastoma research if we are to utilise miRNA as biomarkers of treatment
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response, and effectively incorporate them in the design of novel therapies to fight this
disease.
7.1 Future Perspectives
This thesis provided a valuable resource for preclinical studies, characterising several
promising in vitro models of paired sensitive and drug resistant neuroblastoma models. It
will be of interest to assess the expression of miR-124-3p in a cohort of matched tumours
obtained from pre- and post-treatment neuroblastomas, to validate its clinical
significance. However, unfortunately access to clinical samples can be very difficult since
neuroblastoma is a rare paediatric disease biopsies have not traditionally been biobanked efficiently. However, in this post- genomic age, clinical protocols are changing,
with the advent of precision medicine, as oncologists now prioritise the importance of
taking biopsies at relapse and a significantly greater emphasis has been put on efficient
banking of clinical samples to allow for more comprehensive retrospective analysis.
Altered miRNA expression has been established to play a key role in oncogenesis in most
if not all cancers for over a decade. With this information, the potential for development
of new types of nucleic-acid based diagnostics and therapeutics became a reality.
MicroRNA replacement therapy was first examined in vivo in liver cancer using miR-26a
administered with an adeno-associated virus (482). In a publication from our laboratory,
targeted delivery of a single pro-apoptotic tumour suppressor miRNA, miR-34a, in
nanoparticles significantly inhibited neuroblastoma growth in vivo (301). Furthermore,
miRNA which restore chemotherapeutic sensitivity to tumour cells can now be
successfully delivered into tumours in vivo (483). Restoring chemotherapeutic sensitivity
in drug-resistant cancer cells by packaging specific miRNA inside delivery vehicles is an
exciting prospect and one that drives forward our research into the role of miRNA in
mediating drug resistance in neuroblastoma. It would be of particular interest for future
studies to investigate the potential degree of invasion, metastasis and chemoresistance in
vivo, thereby broadening the scope and understanding of the resistant cell line models.
One of the major limitations of this study was the absence of in vivo analysis of cell
behaviour of the developed resistant cell models. Assessment of the impact of miR-1243p in neuroblastoma in vivo could give a better insight into the potential effect of this
miRNA on tumour invasion and metastatic dissemination, suggested by its association
with cytoskeletal dysregulation. Further functional validation of miR-124-3p is important
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in addition to investigating its potential in therapeutics, through the incorporation of this
miRNA in the targeted nanoparticle delivery system previously published by the group
(301).
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9. Appendix
9.1 Chi-square statistical analysis
9.1.1. Cell Cycle statistics; UTR vs. Etoposide
Kelly
STAGE * TREATMENT CROSSTABULATION
Treatment
Etop.

205

45

250

Expected Count

125,2

124,8

250,0

% within Treatment

68,3%

15,1%

41,7%

Count
G1

Count
Stage

G2

28

99

127

Expected Count

63,6

63,4

127,0

% within Treatment

9,3%

33,1%

21,2%

67

155

222

Count
S

Total

Total

UTR

Expected Count

111,2

110,8

222,0

% within Treatment

22,3%

51,8%

37,1%

Count

263897

300

299

Expected Count
% within Treatment

263897,0

300,0

299,0

100,0%

100,0%

100,0%

KellyCis83
STAGE * SAMPLE CROSSTABULATION
Sample
UTR
Count
G1

G2

209

99

308

154,0

154,0

308,0

% within Sample

69,9%

33,1%

51,5%

61

174

235

Expected Count

117,5

117,5

235,0

% within Sample

20,4%

58,2%

39,3%

29

26

55

Expected Count

27,5

27,5

55,0

% within Sample

9,7%

8,7%

9,2%

Count

299

299

598

Expected Count

299,0

299,0

598,0

% within Sample

100,0%

100,0%

100,0%

Count
S

Total

Total

Expected Count
Count

Stage

Etoposide

221

SK-N-AS
STAGE * SAMPLE CROSSTABULATION
Sample
UTR
Count
G1

G2

205

41

246

123,0

123,0

246,0

% within Sample

68,3%

13,7%

41,0%

69

254

323

Expected Count

161,5

161,5

323,0

% within Sample

23,0%

84,7%

53,8%

26

5

31

Expected Count

15,5

15,5

31,0

% within Sample

8,7%

1,7%

5,2%

Count

300

300

600

Expected Count

300,0

300,0

600,0

% within Sample

100,0%

100,0%

100,0%

Count
S

Total

Total

Expected Count
Count

Stage

Etoposide

SK-N-ASCis24
STAGE * SAMPLE CROSSTABULATION
Sample
Etoposide

223

29

Expected Count

126,4

125,6

252,0

% within Sample

74,3%

9,7%

42,1%

60

260

320

Expected Count

160,5

159,5

320,0

% within Sample

20,0%

87,2%

53,5%

Count
G1

Count
Stage

G2

Count
S

252

17

9

26

Expected Count

13,0

13,0

26,0

% within Sample

5,7%

3,0%

4,3%

Count
Total

Total

UTR

300

298

598

Expected Count

300,0

298,0

598,0

% within Sample

100,0%

100,0%

100,0%

CHI-SQUARE RESULTS
Kelly Cis
Kelly

SK-N-AS

SK Cis

Pearson Chi-Square

176.975

93.786

229.519

276.807

Degrees of dreedom

2

2

2

2

Asymp. Sig. (2-sided)
(p-value)

p < 0.001

p < 0.001

p < 0.001

p < 0.001
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9.1.2. Apoptosis statistics; UTR vs. Etoposide.
Kelly
STAGE * SAMPLE CROSSTABULATION
Sample
UTR
Count
Early Apop

Stage

93

132

225

112,3

112,7

225,0

% within Sample

31,1%

44,0%

37,6%

10

29

39

Expected Count

19,5

19,5

39,0

% within Sample

3,3%

9,7%

6,5%

4

11

15

Expected Count

7,5

7,5

15,0

% within Sample

1,3%

3,7%

2,5%

Count
Necrotic

Count
Viable

192

128

320

Expected Count

159,7

160,3

320,0

% within Sample

64,2%

42,7%

53,4%

Count
Total

Total

Expected Count
Count

Late Apop

Etoposide

299

300

599

Expected Count

299,0

300,0

599,0

% within Sample

100,0%

100,0%

100,0%

KellyCis83
STAGE * SAMPLE CROSSTABULATION
Sample
UTR
Count
Early Apop

Expected Count
% within Sample
Count

Late Apop
Stage

81,2

81,8

163,0

22,7%

31,6%

27,2%

16

74

90

45,2

90,0

% within Sample

5,4%

24,6%

15,0%

17

16

33

Expected Count

16,4

16,6

33,0

% within Sample

5,7%

5,3%

5,5%

198

116

314

Expected Count

156,5

157,5

314,0

% within Sample

66,2%

38,5%

52,3%

299

301

600

299,0

301,0

600,0

100,0%

100,0%

100,0%

Count
Total

163

44,9

Count
Viable

Total

95

Expected Count
Count

Necrotic

Etoposide
68

Expected Count
% within Sample
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SK-N-AS
STAGE * SAMPLE CROSSTABULATION
Sample
UTR
Count
Early Apop

56

55

111

55,5

111,0

18,6%

18,3%

18,4%

13

162

175

Expected Count

87,5

87,5

175,0

% within Sample

4,3%

53,8%

29,1%

55

27

82

41,0

41,0

82,0

18,3%

9,0%

13,6%

Count

Stage

Count
Necrotic

Expected Count
% within Sample
Count

Viable

177

57

234

Expected Count

117,0

117,0

234,0

% within Sample

58,8%

18,9%

38,9%

Count
Total

Total

55,5

Expected Count
% within Sample

Late Apop

Etoposide

301

301

602

301,0

301,0

602,0

100,0%

100,0%

100,0%

Expected Count
% within Sample

SK-N-ASCis24
STAGE * SAMPLE CROSSTABULATION
Sample
UTR
Count
Early Apop

33

Expected Count

51,9

104,0
17,4%

17

36

53

Expected Count

26,5

26,5

53,0

% within Sample

5,7%

12,0%

8,8%

4

3

7

3,5

3,5

7,0

1,3%

1,0%

1,2%

Expected Count
% within Sample
Count

Viable

246

189

435

Expected Count

217,9

217,1

435,0

% within Sample

82,0%

63,2%

72,6%

300

299

599

Count
Total

104

23,7%

Count
Necrotic

71

52,1

Count

Stage

Total

11,0%

% within Sample
Late Apop

Etoposide

Expected Count
% within Sample

300,0

299,0

599,0

100,0%

100,0%

100,0%

CHI-SQUARE RESULTS
Kelly Cis
Kelly

SK-N-AS

SK Cis

Pearson Chi-Square

32.081

63.289

197.971

28.306

Degrees of freedom

3

3

3

3

Asymp. Sig. (2-sided)
(p-value)

p < 0.001

p < 0.001

p < 0.001

p < 0.001
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9.1.3. Cell Cycle statistics; Negative control vs. miR-124-3p.
Kelly
STAGE * SAMPLE CROSSTABULATION
Sample
Neg. Control
Count
G1

G2

222

237

459

229,1

229,9

459,0

% within Sample

74,0%

78,7%

76,4%

45

24

69

34,4

34,6

69,0

15,0%

8,0%

11,5%

33

40

73

36,4

36,6

73,0

11,0%

13,3%

12,1%

300

301

601

300,0

301,0

601,0

100,0%

100,0%

100,0%

Expected Count
% within Sample
Count

S

Expected Count
% within Sample
Count

Total

Total

Expected Count
Count

Stage

mir-124-3p

Expected Count
% within Sample

KellyCis83
STAGE * SAMPLE CROSSTABULATION
Sample
Neg. Control

mir-124-3p

Total

215

219

434

Expected Count

217,0

217,0

434,0

% within Sample

71,7%

73,0%

72,3%

34

34

68

Expected Count

34,0

34,0

68,0

% within Sample

11,3%

11,3%

11,3%

51

47

98

Expected Count

49,0

49,0

98,0

% within Sample

17,0%

15,7%

16,3%

300

300

600

Expected Count

300,0

300,0

600,0

% within Sample

100,0%

100,0%

100,0%

Count
G1

Count
Stage

G2

Count
S

Count
Total
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SK-N-AS
STAGE * SAMPLE CROSSTABULATION
Sample
Neg. Control

mir-124-3p

Total

184

208

392

Expected Count

195,7

196,3

392,0

% within Sample

61,7%

69,6%

65,7%

64

74

138

Expected Count

68,9

69,1

138,0

% within Sample

21,5%

24,7%

23,1%

50

17

67

Expected Count

33,4

33,6

67,0

% within Sample

16,8%

5,7%

11,2%

298

299

597

Expected Count

298,0

299,0

597,0

% within Sample

100,0%

100,0%

100,0%

Count
G1

Count
Stage

G2

Count
S

Count
Total

SK-N-ASCis24
STAGE * SAMPLE CROSSTABULATION
Sample
Neg. Control

mir-124-3p

Total

193

187

380

Expected Count

192,4

187,6

380,0

% within Sample

69,9%

69,5%

69,7%

61

64

125

Expected Count

63,3

61,7

125,0

% within Sample

22,1%

23,8%

22,9%

22

18

40

Expected Count

20,3

19,7

40,0

% within Sample

8,0%

6,7%

7,3%

Count
G1

Count
Stage

G2

Count
S

Count
Total

276

269

545

Expected Count

276,0

269,0

545,0

% within Sample

100,0%

100,0%

100,0%

Kelly

CHI-SQUARE RESULTS
KellyCis83

SK-N-AS

SK-N-ASCis24

Pearson Chi-Square

7,551

0,200

18,446

0,477

Degrees of freedom

2

2

2

2

Asymp. Sig. (2-sided)
(p-value)

,023

,905

<.001

,788
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9.1.4. Apoptosis; Negative Control vs. miR-124-3p.
Kelly
Stage * Sample Crosstabulation
Sample
Stage

Early Apop

Count

mir-124-3p

Total

48

76

124

Expected Count

62,0

62,0

124,0

% within Sample

16,0%

25,3%

20,7%

Late Apop

Count

5

9

14

Expected Count

7,0

7,0

14,0

% within Sample

1,7%

3,0%

2,3%

Count

4

6

10

Necrotic

Expected Count

5,0

5,0

10,0

% within Sample

1,3%

2,0%

1,7%

Viable

Total

Neg. Control

Count

243

209

452

Expected Count

226,0

226,0

452,0

% within Sample
Count

81,0%

69,7%

75,3%

300

300

600

Expected Count

300,0

300,0

600,0

% within Sample

100,0%

100,0%

100,0%

KellyCis83
STAGE * SAMPLE CROSSTABULATION
Sample
Neg. Control
Stage

Early Apop

Late Apop

Necrotic

Viable

Total

Count

34

mir-124-3p
51

Total
85

Expected Count

42,5

42,5

85,0

% within Sample

11,3%

17,0%

14,2%

Count

12

19

31

Expected Count

15,5

15,5

31,0

% within Sample

4,0%

6,3%

5,2%

37

51

88

Expected Count

44,0

44,0

88,0

% within Sample

12,3%

17,0%

14,7%

217

179

396

Expected Count

198,0

198,0

396,0

% within Sample
Count

72,3%
300

59,7%
300

66,0%
600

Count

Count

Expected Count

300,0

300,0

600,0

% within Sample

100,0%

100,0%

100,0%
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SK-N-AS
STAGE * SAMPLE CROSSTABULATION
Sample
Stage

Early Apop

mir-124-3p

Total

63

48

111

Count
Expected Count

55,4

55,6

111,0

% within Sample

21,0%

15,9%

18,5%

Late Apop

Count

5

19

24

Expected Count

12,0

12,0

24,0

% within Sample

1,7%

6,3%

4,0%

Count

3

33

36

Expected Count

18,0

18,0

36,0

% within Sample

1,0%

11,0%

6,0%

Count

229

201

430

Expected Count

214,6

215,4

430,0

% within Sample
Count

76,3%
300

66,8%
301

71,5%
601

Necrotic

Viable

Total

Neg. Control

Expected Count

300,0

301,0

601,0

% within Sample

100,0%

100,0%

100,0%

SK-N-ASCis24
STAGE * SAMPLE CROSSTABULATION
Sample
Neg. Control
Stage

Early Apop

Total

Count

7

8

15

Expected Count

7,5

7,5

15,0

% within Sample

2,3%

2,7%

2,5%

Late Apop

Count

20

28

48

Expected Count

24,0

24,0

48,0

% within Sample

6,7%

9,3%

8,0%

Count

24

30

54

Necrotic

Expected Count

27,0

27,0

54,0

% within Sample

8,0%

10,0%

9,0%

Viable

Total

mir-124-3p

Count

249

234

483

Expected Count

241,5

241,5

483,0

% within Sample
Count

83,0%
300

78,0%
300

80,5%
600

Expected Count

300,0

300,0

600,0

% within Sample

100,0%

100,0%

100,0%

CHI-SQUARE RESULTS
Kelly

KellyCis83

SK-N-AS

SK-N-ASCis24

Pearson Chi-Square

10.423

10.854

37.015

2.533

Degrees of freedom

3

3

3

3

Asymp. Sig. (2-sided)
(p-value)

.015

.013

<.001

.469
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9.2 Luciferase plasmid insert design
hsa-miR-124-3p
MYH9 3’UTR-miR-124-3p: NM_002473
CTCGAGUUUAGAAGAGAGUAGCUCGUCCUCACUGGUCUACACUGGUUGCCGAAUUUACUUGUAUUC
CUAACUGUUUUGUAUAUGCUGCAUUGAGACUUACGGCAAGAAGGCAUUUUUUUUUUUUAAAGGAA
ACAAACUCUCAAAUCAUGAAGUGAUAUAAAAGCUGCAUAUGCCUACAAAGCUCUGAAUUCAGGUCCC
AGUUGCUGUCACAAAGGAGUGAGUGAAACUCCCACCCUACCCCCUUUUUUAUAUAAUAAAAGUGCCU
UAGCAUGUGUUGCAGCUGUCACCACUACAGUAAGCUGGUUUACAGAUGUUUUCCACUGAGCAUCAC
AAUAAAGAGAACCAUGUGCUACGA

Wild-type
CTCGAGTTTAGAAGAGAGTAGCTCGTCCTCACTGGTCTACACTGGTTGCCGAATTTACTTGTATTCCTAACT
GTTTTGTATATGCTGCATTGAGACTTACGGCAAGAAGGCATTTTTTTTTTTTAAAGGAAACAAACTCTCAAA
TCATGAAGTGATATAAAAGCTGCATATGCCTACAAAGCTCTGAATTCAGGTCCCAGTTGCTGTCACAAAGG
AGTGAGTGAAACTCCCACCCTACCCCCTTTTTTATATAATAAAAGTGCCTTAGCATGTGTTGCAGCTGTCAC
CACTACAGTAAGCTGGTTTACAGATGTTTTCCACTGAGCATCACAATAAAGAGAACCATGTGCTACGA
GCGGCCGC

Mutated
CTCGAGTTTAGAAGAGAGTAGCTCGTCCTCACTGGTCTACACTGGTTGCCGAATTTACTTGTATTCCTAACT
GTTTTGTATATGCTGCATTGAGACTTACGGCAAGAAGGCATTTTTTTTTTTTAAAGGAAACAAACTCTCAAA
TCATGAAGTGATATAAAAGCTGCATATGCCTACAAAGCTCTGAATTCAGGTCCCAGTTGCTGTCACAAAGG
AGTGAGTGAAACTCCCACCCTACCCCCTTTTTTATATAATAAAAGCATGTGTTGCAGCTGTCACCACTACAG
TAAGCTGGTTTACAGATGTTTTCCACTGAGCATCACAATAAAGAGAACCATGTGCTACGA GCGGCCGC

229

ACTN4 3’UTR-miR-124-3p:NM_004924
GUUGGGGAGACUUGGGGCCAGCGCUUCUGGUCUGGUAAAUAUGUAUGAUGUGUUGUGCUUUUUU
AACCAAGGAGGGGCCAGUGGAUUCCCACAGCACAACCGGUCCCUUCCAUGCCCUGGGAUGCCUCACCA
CACCCAGGUCUCUUCCUUUGCUCUGAGGUCCCUUCAAGGCCUCCCCAAUCCAGGCCAAAGCCCCAUGU
GCCUUGUCCAGGAACUGCCUGGGCCAUGCGAGGGGCCAGCAGAGGGCGCCACCACCACCUGACGGCU
GGGGACCCACCCAGCCCCUCUCCCCUCUCUGCUCCAGACUCACUUGCCAUUGCCAGGAGAUGGCCCCA
ACAAGCACCCCGCUUUUGCAGCAGAGGAGCUGAGUUGGCAGACCGGGCCCCCCUGAACCGCACCCCAU
CCCA

Wild-type
CTCGAGGTTGGGGAGACTTGGGGCCAGCGCTTCTGGTCTGGTAAATATGTATGATGTGTTGTGCTTTTTTA
ACCAAGGAGGGGCCAGTGGATTCCCACAGCACAACCGGTCCCTTCCATGCCCTGGGATGCCTCACCACACC
CAGGTCTCTTCCTTTGCTCTGAGGTCCCTTCAAGGCCTCCCCAATCCAGGCCAAAGCCCCATGTGCCTTGTC
CAGGAACTGCCTGGGCCATGCGAGGGGCCAGCAGAGGGCGCCACCACCACCTGACGGCTGGGGACCCAC
CCAGCCCCTCTCCCCTCTCTGCTCCAGACTCACTTGCCATTGCCAGGAGATGGCCCCAACAAGCACCCCGCT
TTTGCAGCAGAGGAGCTGAGTTGGCAGACCGGGCCCCCCTGAACCGCACCCCATCCCAGCGGCCGC

Mutated
CTCGAGGTTGGGGAGACTTGGGGCCAGCGCTTCTGGTCTGGTAAATATGTATGATGTGTTGTGCTTTTTTA
ACCAAGGAGGGGCCAGTGGATTCCCACAGCACAACCGGTCCCTTCCATGCCCTGGGATGCCTCACCACACC
CAGGTCTCTTCCTTTGCTCTGAGGTCCCTTCAAGGCCTCCCCAATCCAGGCCAAAGCCCCATGTCCAGGAAC
TGCCTGGGCCATGCGAGGGGCCAGCAGAGGGCGCCACCACCACCTGACGGCTGGGGACCCACCCAGCCC
CTCTCCCCTCTCTGCTCCAGACTCACTTGCCATTGCCAGGAGATGGCCCCAACAAGCACCCCGCTTTTGCAG
CAGAGGAGCTGAGTTGGCAGACCGGGCCCCCCTGAACCGCACCCCATCCCAGCGGCCGC

230

SPTBN1 3’UTR-miR-124-3p: NM_178313
ACCUGUUUUGAUAUGUGUUCUCUAUGAGUUAAGUCUGAUUUGUCUUUUUAUUUCAUGAUGCAUG
UCUUUUUUUUCUUUUGUCAGGAUAACGUCAUAUAGCAUCUUGUUUGUUUUUCCUUAUCUCUAUGU
ACAUAUCUAUCUACUUCUGACUGUAGAUGGGUAUAUAGAUAGAUGCCAAGCUUCUUAUGUUCUGGG
GGUAGUAUGCAUCAUUAUUGGGUCUCUGCCUUAAAACACAUCAAAAUUCAUUUUAGACAAAAAAAC
UUCUGCUUUGUCUUUGGUCAUUAGGGAGCUCUAAUGUGUGUUUGUGGCUCCAAGUUACAUUUUGU
GUUUCAUUGAUCUAUAUGUAUAUAUGUGAUGUUUUCAUAUAUAUAUGUGUGUGUGUUUAAAUUU
UGUAUCAUCAGGACUGACACCCAAUUUGACACUUUUUGUAUCU

Wild-type
CTCGAGACCTGTTTTGATATGTGTTCTCTATGAGTTAAGTCTGATTTGTCTTTTTATTTCATGATGCATGTCTT
TTTTTTCTTTTGTCAGGATAACGTCATATAGCATCTTGTTTGTTTTTCCTTATCTCTATGTACATATCTATCTAC
TTCTGACTGTAGATGGGTATATAGATAGATGCCAAGCTTCTTATGTTCTGGGGGTAGTATGCATCATTATTG
GGTCTCTGCCTTAAAACACATCAAAATTCATTTTAGACAAAAAAACTTCTGCTTTGTCTTTGGTCATTAGGG
AGCTCTAATGTGTGTTTGTGGCTCCAAGTTACATTTTGTGTTTCATTGATCTATATGTATATATGTGATGTTT
TCATATATATATGTGTGTGTGTTTAAATTTTGTATCATCA GGACTGACACCCAATTTGACACTTTTTGTATCT
GCGGCCGC

Mutated
CTCGAGACCTGTTTTGATATGTGTTCTCTATGAGTTAAGTCTGATTTGTCTTTTTATTTCATGATGCATGTCTT
TTTTTTCTTTTGTCAGGATAACGTCATATAGCATCTTGTTTGTTTTTCCTTATCTCTATGTACATATCTATCTAC
TTCTGACTGTAGATGGGTATATAGATAGATGCCAAGCTTCTTATGTTCTGGGGGTAGTATGCATCATTATTG
GGTCTCAACACATCAAAATTCATTTTAGACAAAAAAACTTCTGCTTTGTCTTTGGTCATTAGGGAGCTCTAA
TGTGTGTTTGTGGCTCCAAGTTACATTTTGTGTTTCATTGATCTATATGTATATATGTGATGTTTTCATATATA
TATGTGTGTGTGTTTAAATTTTGTATCATCA GGACTGACACCCAATTTGACACTTTTTGTATCT GCGGCCGC
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PLEC 3’UTR-miR-124-3p - 1: NM_000445
CUUCCUCCCAAGUGGUGCCUAAAGUUUAACCAAAAAGACCAGACUAAUAUAUUAAUAUAUAUCUGCU
GUCCAGACAGCCUGUAUCUUGGGGGACAGGGCUGGCCCAGCCCUGCUGGCCGCCUCACCCCCUCGGG
UCUCCUCACUCCCUUCUACCUGCCACUCACACAGCCAGGUGCCUUGGAGGGUCCCAAGCUGGGCCCCA
GCCCACCCUCCUGUCUUCCCAGGGUAGCCCGCCUGCCAGUCCUAGCUGCACAGGGCAGCUGGGCCCAA
CCCUGUCUGUAGAGGGCCCUGGUGUUUCUAGCACUGGCCUGCACGGUGGGCCUUGCUGGGGACGGG
GGGCCCCAGUCAGCCUCUCUCCCAGUCUACCCAGAGAAGCCCC

Wild-type 1
CTCGAGCTTCCTCCCAAGTGGTGCCTAAAGTTTAACCAAAAAGACCAGACTAATATATTAATATATATCTGC
TGTCCAGACAGCCTGTATCTTGGGGGACAGGGCTGGCCCAGCCCTGCTGGCCGCCTCACCCCCTCGGGTCT
CCTCACTCCCTTCTACCTGCCACTCACACAGCCAGGTGCCTTGGAGGGTCCCAAGCTGGGCCCCAGCCCACC
CTCCTGTCTTCCCAGGGTAGCCCGCCTGCCAGTCCTAGCTGCACAGGGCAGCTGGGCCCAACCCTGTCTGT
AGAGGGCCCTGGTGTTTCTAGCACTGGCCTGCACGGTGGGCCTTGCTGGGGACGGGGGGCCCCAGTCAGC
CTCTCTCCCAGTCTACCCAGAGAAGCGGCCGC

Mutated 1
CTCGAGCTTCCTCCCAAGTGGTGCCTAAAGTTTAACCAAAAAGACCAGACTAATATATTAATATATATCTGC
TGTCCAGACAGCCTGTATCTTGGGGGACAGGGCTGGCCCAGCCCTGCTGGCCGCCTCACCCCCTCGGGTCT
CCTCACTCCCTTCTACCTGCCACTCACACAGCCAGGGAGGGTCCCAAGCTGGGCCCCAGCCCACCCTCCTGT
CTTCCCAGGGTAGCCCGCCTGCCAGTCCTAGCTGCACAGGGCAGCTGGGCCCAACCCTGTCTGTAGAGGG
CCCTGGTGTTTCTAGCACTGGCCTGCACGGTGGGCCTTGCTGGGGACGGGGGGCCCCAGTCAGCCTCTCTC
CCAGTCTACCCAGAGAAGCGGCCGC
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PLEC 3’UTR-miR-124-3p - 2: NM_000445
UGCACGGUGGGCCUUGCUGGGGACGGGGGGCCCCAGUCAGCCUCUCUCCCAGUCUACCCAGAGAAGC
CCCUUCCCCAUGGGAAGACGAGGCCCUCGGGCCCAGCCCCCACAGUGCUGUCUGAUCUGUGCUUUCCA
GCUCACCCCCCACACUCACUCCUGAGACCCCUGGCCUCCGGCGUCAGCCUCCAGCCUCUGUUCCCCUAG
UAAGUGCCUUCCAUGUCGGCCUCUAACCCCAGGCCCCGAGGACCCAGACCCAGUGGGGAGGCGGACG
UUCCAGCCGGCAUGGCUGGGAACUGCAGACCUGUCCUCCUGGUGGGUCCAGGGGCCCCUCCAGCUUG
UGGAGCCCCACACUGGGGUGCCGCCUGCCCGUCUCUCUCCCAUGGAGCCCCAGCCCCCUUUGGGCCCA
G

Wild-type 2
CTCGAGTGCACGGTGGGCCTTGCTGGGGACGGGGGGCCCCAGTCAGCCTCTCTCCCAGTCTACCCAGAGA
AGCCCCTTCCCCATGGGAAGACGAGGCCCTCGGGCCCAGCCCCCACAGTGCTGTCTGATCTGTGCTTTCCA
GCTCACCCCCCACACTCACTCCTGAGACCCCTGGCCTCCGGCGTCAGCCTCCAGCCTCTGTTCCCCTAGTAA
GTGCCTTCCATGTCGGCCTCTAACCCCAGGCCCCGAGGACCCAGACCCAGTGGGGAGGCGGACGTTCCAG
CCGGCATGGCTGGGAACTGCAGACCTGTCCTCCTGGTGGGTCCAGGGGCCCCTCCAGCTTGTGGAGCCCC
ACACTGGGGTGCCGCCTGCCCGTCTCTCTCCCATGGAGCCCCAGCCCCCTTTGCGGCCGC

Mutated 2
CTCGAGTGCACGGTGGGCCTTGCTGGGGACGGGGGGCCCCAGTCAGCCTCTCTCCCAGTCTACCCAGAGA
AGCCCCTTCCCCATGGGAAGACGAGGCCCTCGGGCCCAGCCCCCACAGTGCTGTCTGATCTGTGCTTTCCA
GCTCACCCCCCACACTCACTCCTGAGACCCCTGGCCTCCGGCGTCAGCCTCCAGCCTCTGTTCCCCTAGTAA
CCATGTCGGCCTCTAACCCCAGGCCCCGAGGACCCAGACCCAGTGGGGAGGCGGACGTTCCAGCCGGCAT
GGCTGGGAACTGCAGACCTGTCCTCCTGGTGGGTCCAGGGGCCCCTCCAGCTTGTGGAGCCCCACACTGG
GGTGCCGCCTGCCCGTCTCTCTCCCATGGAGCCCCAGCCCCCTTTGCGGCCGC
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9.3 Computational Prediction of candidate miRNA targeting MYH9
miRNA

Targetscan

PITA

Miranda

hsa-miR-124
hsa-miR-542-3p
hsa-miR-103
hsa-miR-103a
hsa-miR-107
hsa-miR-107a
hsa-miR-107b
hsa-miR-1183
hsa-miR-1302
hsa-miR-146b-3p
hsa-miR-298
hsa-miR-661
hsa-miR-744
hsa-miR-133a
hsa-miR-199a-5p
hsa-miR-199b-5p
hsa-miR-25
hsa-miR-300
hsa-miR-30e
hsa-miR-31
hsa-miR-506
hsa-miR-34a
hsa-miR-34c-5p
hsa-miR-361-5p
hsa-miR-367
hsa-miR-381
hsa-miR-411
hsa-miR-449a
hsa-miR-449b
hsa-miR-758
hsa-miR-9
hsa-miR-92a
hsa-miR-92b

hsa-miR-124
hsa-miR-542-3p

hsa-miR-124
hsa-miR-542-3p
hsa-miR-103

hsa-miR-124
hsa-miR-542-3p
hsa-miR-103

hsa-miR-107

hsa-miR-107

hsa-miR-103a
hsa-miR-107
hsa-miR-107a
hsa-miR-107b
hsa-miR-1183
hsa-miR-1302
hsa-miR-146b-3p
hsa-miR-298
hsa-miR-661
hsa-miR-744

hsa-miR-1183
hsa-miR-1302
hsa-miR-146b-3p
hsa-miR-298
hsa-miR-661
hsa-miR-744
hsa-miR-133a
hsa-miR-199a-5p
hsa-miR-199b-5p
hsa-miR-25
hsa-miR-300
hsa-miR-30e

hsa-miR-31
hsa-miR-506
hsa-miR-34a
hsa-miR-34c-5p
hsa-miR-361-5p
hsa-miR-367
hsa-miR-381
hsa-miR-411
hsa-miR-449a
hsa-miR-449b
hsa-miR-758
hsa-miR-9
hsa-miR-92a
hsa-miR-92b
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hsa-miR-133a
hsa-miR-199a-5p
hsa-miR-199b-5p
hsa-miR-25
hsa-miR-300
hsa-miR-30e
hsa-miR-31
hsa-miR-506
hsa-miR-34a
hsa-miR-34c-5p
hsa-miR-361-5p
hsa-miR-367
hsa-miR-381
hsa-miR-411
hsa-miR-449a
hsa-miR-449b
hsa-miR-758
hsa-miR-9
hsa-miR-92a
hsa-miR-92b

9.4 Luciferase Reporter validated miR-124-3p targets in Homo sapiens
Symbol

Gene description

E2F6

E2F transcription factor 6(E2F6)

XRCC6

X-ray repair cross complementing 6(XRCC6)

EZH2

enhancer of zeste 2 polycomb repressive complex 2 subunit(EZH2)

PRRX1

paired related homeobox 1(PRRX1)

REST

RE1 silencing transcription factor(REST)

JAG1

jagged 1(JAG1)

AMOTL1

angiomotin like 1(AMOTL1)

CD151

CD151 molecule (Raph blood group)(CD151)

IQGAP1

IQ motif containing GTPase activating protein 1(IQGAP1)

SLC16A1

solute carrier family 16 member 1(SLC16A1)

BDNF

brain derived neurotrophic factor(BDNF)

Rab38

RAB38, member RAS oncogene family(RAB38)

FXN

frataxin(FXN)

HOTAIR

HOX transcript antisense RNA(HOTAIR)

P4HA1

prolyl 4-hydroxylase subunit alpha 1(P4HA1)

CTGF

connective tissue growth factor(CTGF)

RRAS

related RAS viral (r-ras) oncogene homolog(RRAS)

CTDSP1

CTD small phosphatase 1(CTDSP1)

PIK3CA

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha(PIK3CA)

RHOG

ras homolog family member G(RHOG)

NFKBIZ

NFKB inhibitor zeta(NFKBIZ)

AR

androgen receptor(AR)

ROCK1

Rho associated coiled-coil containing protein kinase 1(ROCK1)
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Symbol

Gene description

ACTN4

actinin alpha 4(ACTN4)

ROCK2

Rho associated coiled-coil containing protein kinase 2(ROCK2)

EFNB1

ephrin B1(EFNB1)

RELA

RELA proto-oncogene, NF-kB subunit(RELA)

HNRNPA2B1

heterogeneous nuclear ribonucleoprotein A2/B1(HNRNPA2B1)

PTBP1

polypyrimidine tract binding protein 1(PTBP1)

FLOT1

flotillin 1(FLOT1)

ADIPOR2

adiponectin receptor 2(ADIPOR2)

MECP2

methyl-CpG binding protein 2(MECP2)

CDK6

cyclin dependent kinase 6(CDK6)

IL6R

interleukin 6 receptor(IL6R)

MYH9

myosin heavy chain 9(MYH9)

CDK4

cyclin dependent kinase 4(CDK4)

HMGA1

high mobility group AT-hook 1(HMGA1)

CDK2

cyclin dependent kinase 2(CDK2)

AHR

aryl hydrocarbon receptor(AHR)

CCND2

cyclin D2(CCND2)

BACE1

beta-secretase 1(BACE1)

CLOCK

clock circadian regulator(CLOCK)

SEPT9

septin 9(SEPT9)

CAMTA1

calmodulin binding transcription activator 1(CAMTA1)

CAV1

caveolin 1(CAV1)

CCL2

C-C motif chemokine ligand 2(CCL2)

VIM

vimentin(VIM)
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Symbol

Gene description

NR3C2

nuclear receptor subfamily 3 group C member 2(NR3C2)

NR3C1

nuclear receptor subfamily 3 group C member 1(NR3C1)

ELK3

ELK3, ETS transcription factor(ELK3)

ITGB3

integrin subunit beta 3(ITGB3)

SYCP1

synaptonemal complex protein 1(SYCP1)

ITGB1

integrin subunit beta 1(ITGB1)

MTPN

myotrophin(MTPN)

SOS1

SOS Ras/Rac guanine nucleotide exchange factor 1(SOS1)

NFATC1

nuclear factor of activated T-cells 1(NFATC1)

PLEC

plectin(PLEC)

CEBPA

CCAAT/enhancer binding protein alpha(CEBPA)

KLF6

Kruppel like factor 6(KLF6)

SPHK1

sphingosine kinase 1(SPHK1)

SMYD3

SET and MYND domain containing 3(SMYD3)

GRIA3

glutamate ionotropic receptor AMPA type subunit 3(GRIA3)

SNAI2

snail family transcriptional repressor 2(SNAI2)

PPP1R13L

protein phosphatase 1 regulatory subunit 13 like(PPP1R13L)

STAT3

signal transducer and activator of transcription 3(STAT3)

RDH10

retinol dehydrogenase 10 (all-trans)(RDH10)

GRIA2

glutamate ionotropic receptor AMPA type subunit 2(GRIA2)

GRIA1

glutamate ionotropic receptor AMPA type subunit 1(GRIA1)

RGS4

regulator of G-protein signaling 4(RGS4)

MAPK14

mitogen-activated protein kinase 14(MAPK14)

CD274

CD274 molecule(CD274)
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9.5 Clinically relevant miR-124-3p direct targets

238

239

9.6 GO analysis of validated miR-124-3p targets
9.6.1. Biological Processes associated with validated targets of miR-124-3p.
Biological processes showing significant association with 71 luciferase validated miR-124-3p target
genes. Significant association (Benjamini p<0.05).
Fold
Category

Term

Count

%

P-value

Benjamini
Enrichment

positive regulation of macromolecule
GOTERM_BP_FAT

41

57.7

1.1E-13

3

4.E-10

response to organic cyclic compound

24

33.8

5.4E-13

6

8.E-10

regulation of cell proliferation

30

42.3

8.2E-13

5

8.E-10

18

25.4

1.2E-12

10

9.E-10

metabolic process
GOTERM_BP_FAT
GOTERM_BP_FAT

cellular response to organic cyclic
GOTERM_BP_FAT
compound
GOTERM_BP_FAT

positive regulation of gene expression

31

43.7

4.8E-12

4

3.E-09

GOTERM_BP_FAT

regulation of cell differentiation

29

40.8

1.1E-11

4

6.E-09

43

60.6

1.6E-11

3

6.E-09

39

54.9

1.6E-11

3

7.E-09

GOTERM_BP_FAT positive regulation of metabolic process
positive regulation of cellular metabolic
GOTERM_BP_FAT
process
GOTERM_BP_FAT

response to steroid hormone

17

23.9

3.5E-11

9

1.E-08

GOTERM_BP_FAT

cell proliferation

29

40.8

4.7E-10

4

1.E-07

GOTERM_BP_FAT positive regulation of cell proliferation

20

28.2

1.1E-09

6

3.E-07

GOTERM_BP_FAT

cell migration

23

32.4

1.2E-09

5

3.E-07

GOTERM_BP_FAT

cardiovascular system development

21

29.6

1.9E-09

5

3.E-07

GOTERM_BP_FAT

circulatory system development

21

29.6

1.9E-09

5

3.E-07

response to lipid

20

28.2

1.5E-09

5

3.E-07

27

38.0

1.4E-09

4

3.E-07

blood vessel morphogenesis

16

22.5

1.8E-09

8

3.E-07

GOTERM_BP_FAT

cell motility

24

33.8

1.9E-09

4

4.E-07

GOTERM_BP_FAT

localization of cell

24

33.8

1.9E-09

4

4.E-07

GOTERM_BP_FAT

angiogenesis

15

21.1

1.7E-09

8

4.E-07

GOTERM_BP_FAT

positive regulation of macromolecule
GOTERM_BP_FAT
biosynthetic process
GOTERM_BP_FAT
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9.6.2 Cellular components of validated targets of miR-124-3p.
Classification of cellular components showing significant association with 71 luciferase validated
miR-124-3p target genes. Significant association (Benjamini p<0.05).
Category

Term

Count % P-value

GOTERM_CC_FAT

cell-substrate junction

13

18.3 3.1E-07

GOTERM_CC_FAT

anchoring junction

14

GOTERM_CC_FAT

cell-substrate adherens junction

GOTERM_CC_FAT

Fold

Enrichment

Benjamini

7

3.E-05

19.7 3.9E-07

6

3.E-05

13

18.3 2.8E-07

7

3.E-05

adherens junction

14

19.7 2.4E-07

6

4.E-05

GOTERM_CC_FAT

cell junction

20

28.2 9.5E-07

4

5.E-05

GOTERM_CC_FAT

focal adhesion

13

18.3 2.4E-07

7

8.E-05

GOTERM_CC_FAT

cell leading edge

11

15.5 6.2E-06

6

3.E-04

GOTERM_CC_FAT

cytosol

33

46.5 7.6E-06

2

3.E-04

GOTERM_CC_FAT

transcription factor complex

10

14.1 9.9E-06

7

4.E-04

GOTERM_CC_FAT

receptor complex

9

12.7 1.4E-04

6

4.E-03

GOTERM_CC_FAT

plasma membrane receptor complex

7

9.9 1.7E-04

8

5.E-03

GOTERM_CC_FAT

chromosome

14

19.7 2.0E-04

3

5.E-03

GOTERM_CC_FAT cyclin-dependent protein kinase holoenzyme complex

4

5.6 2.7E-04

31

6.E-03

GOTERM_CC_FAT

chromatin

10

14.1 2.4E-04

5

6.E-03

GOTERM_CC_FAT

chromosomal part

13

18.3 2.7E-04

4

6.E-03

GOTERM_CC_FAT

ruffle

6

8.5 9.1E-04

8

2.E-02

GOTERM_CC_FAT

lamellipodium

6

8.5 1.3E-03

7

3.E-02

GOTERM_CC_FAT

synapse

11

15.5 2.4E-03

3

4.E-02

GOTERM_CC_FAT

nucleoplasm

24

33.8 3.3E-03

2

5.E-02

GOTERM_CC_FAT

cytoplasmic vesicle

14

19.7 4.3E-03

2

7.E-02
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9.6.3. Molecular functions of validated targets of miR-124-3p.
Molecular functions association with 71 luciferase validated miR-124-3p target genes. Significant
association (Benjamini p<0.05).
Fold
Benjamini
Enrichment

Category

Term

Count

%

P-value

GOTERM_MF_FAT

sequence-specific DNA binding

22

31.0

3.0E-09

5

1.E-06

GOTERM_MF_FAT

macromolecular complex binding

22

31.0

7.0E-07

3

2.E-04

GOTERM_MF_FAT

transcription factor binding

13

18.3

4.1E-06

5

6.E-04

GOTERM_MF_FAT

DNA binding

27

38.0

1.4E-05

2

2.E-03

10

14.1

1.4E-05

7

1.E-03

9

12.7

1.6E-05

8

1.E-03

10

14.1

1.7E-05

7

1.E-03

13

18.3

2.0E-05

5

1.E-03

6

8.5

3.7E-05

16

2.E-03

GOTERM_MF_FAT transcription regulatory region DNA binding

14

19.7

5.6E-05

4

3.E-03

GOTERM_MF_FAT

regulatory region DNA binding

14

19.7

5.8E-05

4

2.E-03

GOTERM_MF_FAT

nucleic acid binding transcription factor
activity

17

23.9

5.8E-05

3

2.E-03

GOTERM_MF_FAT

transcription factor activity, sequencespecific DNA binding

17

23.9

5.8E-05

3

2.E-03

GOTERM_MF_FAT

regulatory region nucleic acid binding

14

19.7

5.9E-05

4

2.E-03

GOTERM_MF_FAT

organic cyclic compound binding

44

62.0

6.2E-05

2

2.E-03

GOTERM_MF_FAT

transcription factor activity, RNA polymerase
II distal enhancer sequence-specific binding

6

8.5

8.1E-05

13

2.E-03

GOTERM_MF_FAT

AMPA glutamate receptor activity

3

4.2

1.2E-04

163

3.E-03

GOTERM_MF_FAT

enzyme binding

20

28.2

1.4E-04

3

4.E-03

GOTERM_MF_FAT

protein dimerization activity

16

22.5

1.9E-04

3

5.E-03

GOTERM_MF_FAT

chromatin binding

10

14.1

2.3E-04

5

5.E-03

transcriptional activator activity, RNA
polymerase II transcription regulatory region
sequence-specific binding
GOTERM_MF_FAT
structure-specific DNA binding
GOTERM_MF_FAT

transcription factor activity, RNA polymerase
II core promoter proximal region sequencespecific binding
RNA polymerase II transcription factor
GOTERM_MF_FAT
activity, sequence-specific DNA binding
GOTERM_MF_FAT

GOTERM_MF_FAT

chromatin DNA binding
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9.6.4. KEGG pathway analysis of validated targets of miR-124-3p.
Identification of pathways with significant association with 71 luciferase validated miR-124-3p
target genes. Key associated pathways of interest were outlined in red, with representative
pathway diagrams displayed in subsequent figures. Significant association (Benjamini p<0.05).
Category

Term

Count

%

P-value

Fold

Benjamini

KEGG_PATHWAY

Proteoglycans in cancer

11

15.5

9.5E-07

8

1.E-04

KEGG_PATHWAY

cAMP signaling pathway

10

14.1

8.1E-06

7

6.E-04

KEGG_PATHWAY

Regulation of actin cytoskeleton

9

12.7

1.0E-04

6

2.E-03

KEGG_PATHWAY

Focal adhesion

9

12.7

8.7E-05

6

2.E-03

KEGG_PATHWAY

Prolactin signalling pathway

6

8.5

1.4E-04

12

3.E-03

KEGG_PATHWAY

Shigellosis

6

8.5

8.2E-05

13

3.E-03

KEGG_PATHWAY

Pathways in cancer

12

16.9

7.3E-05

4

3.E-03

KEGG_PATHWAY

Small cell lung cancer

6

8.5

3.2E-04

10

5.E-03

KEGG_PATHWAY

Measles

7

9.9

3.0E-04

7

5.E-03

KEGG_PATHWAY

Acute myeloid leukemia

5

7.0

6.3E-04

12

7.E-03

KEGG_PATHWAY

Hepatitis B

7

9.9

5.0E-04

7

7.E-03

KEGG_PATHWAY

Viral carcinogenesis

8

11.3

5.5E-04

5

7.E-03

KEGG_PATHWAY

PI3K-Akt signaling pathway

10

14.1

6.2E-04

4

7.E-03

KEGG_PATHWAY

T cell receptor signaling pathway

6

8.5

7.3E-04

8

7.E-03

KEGG_PATHWAY

Pancreatic cancer

5

7.0

1.0E-03

11

1.E-02

KEGG_PATHWAY

Leukocyte transendothelial migration

6

8.5

1.4E-03

7

1.E-02

KEGG_PATHWAY

Sphingolipid signaling pathway

6

8.5

1.5E-03

7

1.E-02

KEGG_PATHWAY

Chronic myeloid leukemia

5

7.0

1.6E-03

10

1.E-02

KEGG_PATHWAY

Chemokine signaling pathway

7

9.9

1.8E-03

5

1.E-02

KEGG_PATHWAY

Bacterial invasion of epithelial cells

5

7.0

2.2E-03

9

2.E-02

KEGG_PATHWAY

FoxO signaling pathway

6

8.5

2.3E-03

6

2.E-02

KEGG_PATHWAY

Salmonella infection

5

7.0

2.7E-03

8

2.E-02

KEGG_PATHWAY

Prostate cancer

5

7.0

3.1E-03

8

2.E-02

KEGG_PATHWAY

MicroRNAs in cancer

8

11.3

3.7E-03

4

2.E-02

KEGG_PATHWAY

Non-small cell lung cancer

4

5.6

7.2E-03

10

4.E-02

KEGG_PATHWAY

Tight junction

5

7.0

8.2E-03

6

4.E-02

KEGG_PATHWAY

Neurotrophin signaling pathway

5

7.0

1.0E-02

6

5.E-02

KEGG_PATHWAY

Epstein-Barr virus infection

6

8.5

1.1E-02

4

5.E-02

KEGG_PATHWAY

p53 signaling pathway

4

5.6

1.1E-02

8

5.E-02

KEGG_PATHWAY

Toxoplasmosis

5

7.0

9.6E-03

6

5.E-02

KEGG_PATHWAY

Glioma

4

5.6

1.0E-02

9

5.E-02

KEGG_PATHWAY

Dopaminergic synapse

5

7.0

1.1E-02

6

5.E-02

KEGG_PATHWAY

B cell receptor signaling pathway

4

5.6

1.2E-02

8

5.E-02

KEGG_PATHWAY

Platelet activation

5

7.0

1.3E-02

5

5.E-02

KEGG_PATHWAY

Osteoclast differentiation

5

7.0

1.3E-02

5

5.E-02

KEGG_PATHWAY

Hepatitis C

5

7.0

1.4E-02

5

5.E-02
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9.6.5 KEGG pathway analysis of validated targets of miR-124-3p.
Targets of the miR-124-3p are significantly enriched in (A) proteoglycans in cancer, (B)
regulation of actin cytoskeleton pathways, (C) focal adhesions, (D) pathways in cancer, (E) tight
junctions. Validated targets of miRNA highlighted with red stars. (Benjamini p < 0.05).
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9.7 Conferences attended and Awards received
9.7.1 Oral Presentations
“Proteomic changes induced by low dose cisplatin treatment in drug resistant neuroblastoma
cells in vitro”, Proteomics in Human and Infectious diseases conference, NICB, DCU, Dublin,
September 2014.
“Epithelial to Mesenchymal Transition coincides with the development of cisplatin resistance in
neuroblastoma cell line SK-N-AS”, Research open day, RCSI, Dublin, March 2015.

9.7.2 Poster Presentation
“Epithelial to Mesenchymal Transition coincides with the development of cisplatin resistance in
neuroblastoma cell line SK-N-AS”, IACR conference, Limerick, February 2015.
“A role for miR-124-3p in neuroblastoma pathogenesis”, 4th Neuroblastoma Research
Symposium, Newcastle, November 2015.
“Protein expressional changes associated with increased migratory ability in multidrug resistant
SK-N-AS neuroblastoma sub-line, SK-N-ASCis24”, Research open day, RCSI, Dublin, February
2016.
“MiRNA-124-3p targets key genes involved in Epithelial to Mesenchymal transition in high risk
neuroblastoma”, IACR conference, Cork, February 2016.
“Optimization of differentiation induction through combinational treatment with miR-124-3p
and ATRA in relapsed neuroblastoma in vitro”, SIOP conference, Dublin, October 2016.

9.7.3 Awards
IACR 1st Poster Prize “MiRNA-124-3p targets key genes involved in Epithelial to Mesenchymal
transition in high risk neuroblastoma”, IACR conference, Cork, February 2016.
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Stallings RL. The development of cisplatin resistance in neuroblastoma is accompanied by
epithelial to mesenchymal transition in vitro. Cancer Lett. 2015 Aug 10;364(2):142-55. doi:
10.1016/j.canlet.2015.05.004.
Nolan J, Stallings RL, Piskareva O. Assessment of Basic Biological Functions Exerted by miRNAs.
MicroRNA Profiling: Methods and Protocols, Methods in Molecular Biology, vol. 1509, doi
10.1007/978-1-4939-6524-3_2, © Springer Science+Business Media New York 2016.

9.8.2 Articles in preparation
Nolan J, Piskareva O, Conlon R, Harvey H, Stallings RL. MiRNA-124-3p reduces cell viability in
cisplatin resistant neuroblastoma.
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