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Role of ASCL1 and Its Interactors in Neuroblastoma

Lidiya Mykhaylechko

Abstract

Neuroblastoma (NB) arises due to incomplete differentiation of sympathoadrenal cells
during development, and is maintained by either an adrenergic or mesenchymal core
transcriptional regulatory circuitry (CRC). Differentiation therapies are an attractive
therapeutic approach for NB. However, it is still not fully understood how to modulate NB

cell behaviour to limit proliferation and potentiate differentiation.

Achaete-scute complex-like 1 (ASCL1) is a transcription factor required for both progenitor
maintenance and neuronal differentiation in normal sympathoadrenal development. In NB,
ASCL1 also has a dual role - as a component of the adrenergic CRC, ASCL1 supports
cell proliferation, while promoting differentiation and cell-cycle exit on ASCL1 over-
expression. The mechanism behind these two functions is not fully understood but is likely
to involve ASCL1 interactors regulating its transcriptional activity on chromatin. In this
dissertation, the mechanisms by which ASCL1 induces differentiation are explored by
characterising its genome-wide transcriptional targets, chromatin binding, whole proteome
and protein-protein interactor differences between two pairs of NB cell lines
overexpressing exogenous ASCL1. Each cell line was chosen to represent different

genetic and epigenetic backgrounds of neuroblastoma disease.

It was found that ASCL1 overexpression inhibited proliferation and induced morphological
and transcriptional features of neuronal differentiation to a differing extent in each cell line.
In the cell lines more responsive to ASCL1-induced differentiation, ASCL1 was found to
associate more with proteins known to positively impact neuronal differentiation during
development, such as BCL11B, PBX1, PHOX2B, SOX11, and others. On the other hand,
in the cell lines less responsive to ASCL1-induced differentiation, ASCL1 associated more
with proteins involved in cell-cycle regulation, such as CDKs and cyclins, or showed
weaker association with most of its interactors, including E-protein TCF4, compared to a

more responsive cell line.

This work suggests understanding ASCLL1 interactors could help explain whether this key
transcriptional regulator promotes cell proliferation or differentiation of NB, allowing
modulation of ASCL1-mediated differentiation to improve therapeutic options for this

devastating disease.
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Chapter 17 Introduction

1.1 Neuroblastoma

1.1.1 Origin i Sympathetic Nervous System Development

Neuroblastoma is a cancer of the sympathetic nervous system. It occurs almost
exclusively in children, with a median age at diagnosis of 18 months?®. Neuroblastoma
arises due to a differentiation block in the sympathoadrenal progenitor cells within the
neural crestl’®>, Genetic and epigenetic aberrations maintain these cells in a

proliferative state, leading to tumorigenesis® °.

Neural crest cells (NCCs) are a transient multipotent cell population present in the
developing embryo. NCCs appear during neurulation, when the borders between
neural and non-neural ectoderm fold to create the neural tube, from which, upon the
right signals, NCCs delaminate!®!l, Bone morphogenic proteins (BMP) and Wnt
ligands secreted from neighbouring non-neural cells are crucial for this process3101%,
Following these signals, neural crest cells express SNAI2 and SNAI1, leading to down-
regulation of E-cadherin and other cell adhesion molecules'®!!, This aids the Epithelial
to Mesenchymal transition (EMT) to allow migration of the neural crest cells along the

neural tube to a number of distant locations in the embryo*2.

NCCs can be divided into four main domains: the cranial, trunk, vagal and sacral, and
cardiac!®. The trunk cells give rise to the sympathoadrenal progenitors34. They
express the CXCR4 receptor which guides their migration towards the SDF1
chemoattractant at the dorsal aorta!®. There, further BMP signals induce expression
of neurogenic transcription factors such as PHOX2B and ASCL1'3. These master
regulators of neurogenesis drive transcription of neuronal markers such as dopamine
biosynthesis enzymes tyrosine hydroxylase (TH) an d d o p a Anydrogylasé
(DBH)*2. Once differentiated, the sympathetic neurons downregulate ASCL1'¢ and
reach their final destination in the adrenal gland and the spinal cord?.

In neuroblastoma, however, these pathways are dysregulated, giving rise to

proliferative and immature cells at different stages of development?312,
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Figure 1-1. The Sympathoadrenal Developmental Pathway Disrupted in Neuroblastoma. Neural
crest cells delaminate from the neural tube and migrate along it. Signals from neighbouring ectoderm
cells aid its progression and differentiation. These cells give rise to sympathoadrenal progenitors which
accumulate at the dorsal aorta. Further pro-neuronal signals induce terminal differentiation into
sympathetic neurons. At different stages of this pathway dysregulations can lead to neuroblastoma,

giving rise to cells locked in a proliferative progenitor-like state.

1.1.2 Genetic Makeup of Neuroblastoma

Contrary to many adult cancers, neuroblastoma has a low mutation burden®?®.
Although aneuploidy is common and the majority of primary tumours contain between
58 and 80 chromosomes, not many driver mutations have been identified®°'’. The
most frequent mutation, in the ALK gene, occurs only in 6-10% of tumours®. ALK is a
tyrosine kinase receptor and activating mutations lead to sustained signalling of
proliferative pathways®'8. Additionally, ALK has been reported to cooperate with N-
MYC to promote tumorigenesis'®. N-MYC, encoded by MYCN, is a transcriptional
regulator able to activate many tumour hallmarks and repress cell differentiation®®.
Amongst its transcriptional targets are cyclin-dependent kinase 4 (CDK4), S-phase
kinase-associated protein 2 (SKP2) and inhibitor of DNA-binding 2 (ID2)!. MYCN is
amplified in approximately 20% of all neuroblastomas and is a marker for high-risk

disease??. It normally presents in tumours with more undifferentiated morphology and
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very poor prognosis?l. Sustained expression of c-MYC, a family member of N-MYC,
drives a similar proliferative phenotype??. Since MYCN amplifications are only found
in 40% of high-risk neuroblastomas?, it has been demonstrated that activation of
alternative lengthening of telomeres (ALT) is also associated with high-risk disease,
but in a mutually exclusive manner with MYCN amplifications?3. Further, other
mutations identified include PHOX2B, crucial for the development of noradrenergic
neurons, and ATRX, a chromatin remodeler with an important role in genome
stability20.

1.1.3 Heterogeneity in Neuroblastoma

Given its developmental origin, neuroblastoma is a very heterogeneous disease. It
varies in tumour location and consequently in clinical presentation. Primary tumours
are most commonly found in the adrenal gland but may originate anywhere across the
path of neural crest cell (NCC) migration!. Even within the same tumour, distinct
populations have been described?*. Recent studies were able to map the epigenetic
and transcriptional landscape of these, separating them into the adrenergic (ADRN)
and mesenchymal (MES) subtypes?>?®, ADRN cells are characterised as more
committed in the adrenergic cell differentiation pathway whilst MES cells resemble a
more undifferentiated phenotype?>26. The two cell populations are isogenic but driven
by a different network of transcription factors associated to super-enhancers. Super-
enhancers are regions of the genome where several enhancers cluster and drive
transcription of genes associated with cell identity?’-?8, Accumulation of acetylation on
lysine 27 of histone 3 (H3K27ac) and high transcription factor binding are common
characteristics of super-enhancers?’28, Transcription factors such as PHOX2B,
GATAS3, HAND2 and ASCL1 are part of the core regulatory circuitry (CRC) that is
responsible for maintaining a proliferative state of ADRN neuroblastoma cells?>26
(Figure 1-2). The MES population has high expression levels of PRRX1, NOTCH2,
MAML2, TWIST1, amongst others?>2¢ (Figure 1-2). In some cell lines both cell types
can be detected. For example, the SK-N-SH cell line presents a mix of both
phenotypes and its sub-clones SH-SY5Y and SH-EP correlate to an ADRN and MES
phenotype, respectively?®. The ADRN cells appear to be more differentiated and

susceptible to therapy, with plasticity seen between the two subtypes?%:2°,



Advancement in single cell RNA sequencing technologies in recent years has allowed
the transcriptional profiling of different cell types in both normal developing
sympathoadrenal lineages in embryos and primary neuroblastoma tumours. The aim
I's to find the neurobl astoma dncell of

process. So far, these efforts have proven difficult as, although neuroblastoma hijacks
certain progenitor-like properties, it has been challenging to directly map expression
profiles of the neuroblastoma tumours onto the developmental lineages?*. Intriguingly,
the studies published to date consistently identify the ADRN expression profile in
primary tumours and relate them to developing sympathoblasts, however, controversy
surrounds the MES lineage. The latter are not always reported in single cell RNA
sequencing of primary neuroblastoma tumours and no clear consensus has been
reached over which developmental precursors originating from neural crest cells these

most resemble?,
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Figure 1-2. Schematic of the Adrenergic (ADRN) Core Regulatory Circuitry (CRC) Transcription

Factors. A simplified schematic illustrating the distinct phenotypes of adrenergic (ADRN) and
mesenchymal (MES) cells. ADRN present a more neuronal morphology, whereas MES cells are

normally more flat and more mesenchymal-like. The two cell types are thought to be able to interconvert,

but are regulated by a distinct subset of transcription factors denominated the core regulatory circuitry

(CRC). These transcription factors bind at the regulatory regions, such as clusters of enhancers (super
enhancers), of ot her CRC genes and promote each ot
consists of ASCL1, PHOX2B, HAND2, GATAS and others. MYCN gene encoding N-MYC is commonly

amplified in neuroblastoma and thought to feed into this network. On the other hand, the MES CRC

consists of PRRX1, NOTCH2, MAML2, TWIST1 and others.

1.1.4 Clinical Presentation and Classification

The biological heterogeneity characteristic of neuroblastoma translates to a variety of
clinical presentations. Some tumours are able to regress spontaneously, whilst others
are extremely aggressive and refractory to therapy®. The spontaneous regression is
typical of the 4S neuroblastoma which presents in patients under 1 year of age.
Despite its metastatic nature, with minimal or no therapeutic intervention the tumour
cells appear to reengage their latent differentiation capacity?*3°. Contrastingly, high-
risk neuroblastoma, which comprises more than half of total cases, has poor prognosis
and is associated with increased relapse rate?®. The molecular mechanisms
underlying these different phenotypes are still poorly understood but there is a clear

correlation between degree of differentiation and long-term survival?l3%, Overall,
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neuroblastoma is the most common solid tumour in infants, accounting for 15% of all
paediatric cancer mortality!, making it imperative that new and better treatments are

found.

Neuroblastoma is diagnosed and staged through a combination of factors such as
imaging, biochemical and histological tests. These have led to the development of two
risk classification systems. The first one is a postsurgical staging system developed in
1988 and revised in 1993, based on results from the surgical tumour removal -
International Neuroblastoma Staging System (INSS)32:32, However, due to the lack of
a standard staging system that would help stratify disease pre-surgery, particularly for
patients not requiring surgical resection, International Neuroblastoma Risk Group
Staging System (INRGSS) was developed in 200934, This system is based on image-
defined risk factors (IDRFs) resulting from imaging and other tests pre-treatment.
Further, to predict the clinical behaviour of the tumour a combination of clinical,
pathological and genetic markers are used. These can then be applied to classify the

risk of the disease.

In neuroblastoma, age is one of the most predicative factors of disease behaviour,
with poorer outcome increasing with age at diagnosis®®. Considering that more
differentiated tumours generally have better prognosis, histology is also used to inform
the potential risk level of the disease®. Interestingly, ploidy (the number of
chromosome sets in a cell) also correlate with survival, as triploidy or hyperdiploidy
show better prognosis than diploidy®* (Table 1-1). These, together with the two staging

neuroblastoma systems are summarised in Table 1-1.



INSS | Description based on INSS INRGSS Risk
Stage Equivalent
1 Localised, completely removed L1 Low-risk
during surgery, no lymph node
involvement
2A Localised, but not completely L1 Low-risk (Age < 1 year or >
removed during surgery, no lymph 1 year & MYCN NA);
node involvement High-risk (Age > 1 year &
2B Localised, partly or completely L1 MY CN-amp)
removed during surgery but nearby
lymph nodes contain cancer.
3 Cannot be removed with surgery, L2 Intermediate-risk (MYCN
spread to regional lymph nodes, but NA);
not other parts of the body High-risk (MYCN-amp or
Age > 1.5 years, MYCN NA
& UH)
4 Metastatic, except 4S M Intermediate-risk (MYCN
NA);
High-risk (MYCN-amp or
Age > 1 year, MYCN NA,
UH or DI =1)
4S Contained or spread to skin, liver, MS Low-risk (MYCN NA, DI >1,
and/or bone marrow only, in infants FH); Intermediate-risk
younger than 1 year. Spread to (MYCN NA, DI=1 and/or
bone marrow is minimal (<10% UH);
examined cells show cancer) High-risk (MYCN-amp)

Table 1-1. Neuroblastoma Staging Systems and Risk Stratification. Table summarises the
International Neuroblastoma Staging System (INSS) and International Neuroblastoma Risk Group
Staging System (INRGSS) equivalent. Additionally, Risk Stratification is described for each stage.
MYCN NA = MYCN non-amplified, MY CN-amp = MYCN amplified, UH = unfavourable histology, FH
= favourable histology, DI = DNA index.



1.1.5 Neuroblastoma Treatments

1.1.5.1 Current Treatments

The treatment regime is based on the risk stratification. Patients with low or
intermediate-risk disease may be treated with surgical resection, moderate doses of
chemotherapy with surgical resection or observation alone. The latter was found to be
the most appropriate course of action particularly for infants (<1 year of age) without
clinically significant disease-related symptoms, as spontaneous remission is likely. For
patients with INSS stage 1 and asymptomatic INSS 2A or 2B, surgical resection alone
has a 5-year overall survival (OS) rate of 99 and 96% (COG P9641 study3®).

On the other hand, treating patients with high-risk disease, which represent
approximately half of newly diagnosed patients, remains challenging. The current
long-term survival is approximately 40-50%3’. Importantly, even in cases of remission,
side effects of the aggressive treatments used usually lead to life-long health

problems.

The four main components of the high-risk treatment regimen are induction
chemotherapy, local control, consolidation and maintenance therapy. Induction
chemotherapy in European protocols involves the use of five chemotherapeutic agents
(cisplatin, vincristine, carboplatin, etoposide and cyclophosphamide) over 8 cycles®®.
Then follows the local control phase which consists of surgical resection and radiation
therapy, both of which were shown to improve OS rates 2’. Consolidation therapy
includes myeloablative chemotherapy and autologous stem cell rescue (ASCR). The
most optimal consolidation regimen remains to be determined as clinical trials have
shown mixed results®’. Finally, maintenance therapy is provided after completion of
the three prior treatment regimens and includes differentiation therapy with 13-cis-
retinoic acid (RA) and immunotherapy against GD2 antigen. Trends towards improved
survival rates were observed in RA treated patients with minimal residual disease
compared to patients without further treatment post-consolidation therapy3%40.
Addition of immunotherapy using monoclonal antibody targeting GD2 ganglioside

expressed on neuroblastoma cells improved short-term survival*-42.

Despite progress over the past decades in improving treatment regimens for
neuroblastoma patients, 10 to 20% of patients with high-risk disease never achieve

remission and are refractory to treatment. Further, 50 to 60% of high-risk patients that
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complete treatment relapse?3. The reported 5-year OS rate for patients after their first

relapse is 20%*.

As mentioned previously, short and long-term side-effects are a reality for most
neuroblastoma patients. One of the most common side-effects is hearing loss. This is
most likely a result from exposure to platinum compounds in the multimodal
chemotherapy treatment. High-frequency hearing loss is thought to affect up to 73%
of treated patients, with some patients requiring hearing aids. Another common side-
effect is associated with renal toxicities and can lead to chronic renal failure. Increase
in cataract risk, dental disease as well as neurological conditions are amongst other
side-effects observed for neuroblastoma treated patients3”4°. The anti GD2 antibodies
approved for clinical use also cause significant side-effects such as allergic reactions,
hypotension, fever, capillary leak syndrome and neuropathic pain associated with the
cytokine effects3”42, Additionally, it was found that neuroblastoma survivors were more
likely to develop second malignant neoplasms and/or selected chronic health
conditions compared to a cohort of siblings*. Overall, neuroblastoma survivors are
highly impacted by both the disease and aggressive treatments. Therefore, new and

kinder treatments are needed for this disease.
1.1.5.2 Potential for Differentiation Therapies

Despite the overall poor prognosis in neuroblastoma, interestingly, the rate of
spontaneous regression is high compared to other cancers®. The patients most likely
to undergo spontaneous remission are normally infants with localised or metastatic
disease but only to liver and/or skin, with minimal (<10%) bone marrow involvement.
The mechanisms behind the shrinkage or disappearance of tumours without medical
intervention are poorly understood, but may occur due to neuroblastoma cells
reengaging their latent differentiation capacity?*3°. Indeed, differentiation status has
been correlated with long-term survival, with more differentiated tumours being

associated with better outcomes?13%

Given the developmental nature of neuroblastoma and the high rate of spontaneous
regression?, differentiation therapies are being explored in the clinic for the treatment
of neuroblastoma?®. The most commonly used agent to differentiate neuroblastoma in
an attempt to harness the latent differentiation capacity of neuroblastoma cells is

retinoic acid (RA). The effectiveness of RA in inducing differentiation of neuroblastoma
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cells was first discovered over two decades ago*’#8 and was quickly used in clinical
testing3®4%. Currently, it is part of the standard maintenance therapy for high-risk
neuroblastoma patients*. Retinoic acid is the main metabolic product of vitamin A and
has shown great promise in differentiating neuroblastoma cells both in vitro and in
vivo*®'55 RA functionsthroughnucl ear receptors Rih&Rh¢haveRARD
like ligand-dependent transcription factors. These form heterodimers and bind to
retinoic acid response elements (RARES) on chromatin to regulate gene
expression*®56, RA induces differentiation partly through the degradation of REST, an
inhibitor of neurogenesis®™, and by upregulating nerve growth factor (NGF)
receptors®’. Recently, RA was shown to rewire the proliferative super enhancer
network in adrenergic neuroblastoma towards differentiation®:52, However, despite
showing promise in some studies, others demonstrated that RA treatment had no
advantage on neuroblastoma patient survival®®°85° As such, the effectiveness of RA
may be limited to a subset of patients. Therefore, more effective differentiation

therapies are needed for neuroblastoma.

Currently, work is underway to find other differentiating agents. One of the efforts is
focused on retinoic acid derivatives. For example, 9-cis-UAB30 has been found to
induce neuronal differentiation in cell lines as well as animal models, with more studies
underway*®. Moreover, Ferguson & Gillen et al.?°® demonstrated that inhibition of
CDKa4/6 activity with Palbociclib (PB) enhances RA-driven differentiation in 2D and 3D
cultures of neuroblastoma cell lines. A different study showed synergist activity of RA
with inhibitor of bromodomain and extra-terminal domain (BET)®'. BET proteins are
responsible for reading of epigenetic marks on the chromatin. Interestingly, BET
inhibitor and RA-driven differentiation appeared to, in part, occur due to
downregulation of ADRN CRC factor ASCLL1. Fittingly, other studies also showed that
downregulation of ADRN CRC genes such as MYCN and HAND2 lead to
neuroblastoma differentiation®263, On the other hand, the Philpott lab demonstrated
that increased ASCL1 activity through its overexpression induces morphological and
transcriptional differentiation in neuroblastoma cell line SH-SY5Y®%485. The apparent
conflicting role of ASCLL1 in this context is not fully understood. To better modulate
neuroblastoma differentiation, it is important to study how factors such as ASCL1
control the balance between proliferation and differentiation in neuroblastoma.
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1.2 Achaete-scute Complex-like 1 (ASCL1)

1.2.1 Overview

Achaete-scute complex-like 1 (ASCL1), also known as achaete-scute homolog 1
(HASHL1 for human and Mashl for mammalian) is a basic helix-loop-helix (bHLH)
transcription factor important in the development of the nervous system. It is a pioneer
transcription factor and a master regulator of neurogenesis®-¢’. As such, it can directly
bind closed chromatin and coordinate cell fate decisions®%'%, ASCL1 loss and gain-
of-function studies showed premature cell cycle withdrawal in progenitor cells and
increased number of differentiated primary neurons, respectively, in different in vivo
and in vitro models®7%" 71 This highlights the importance of ASCL1 function in both

progenitor maintenance and differentiation.

Accordingly, ASCL1 is reported to have opposing functions in different tumours, by
promoting tumorigenesis or cell-cycle exit and differentiation. Amongst these cancers
are neuroblastoma!®’?, small cell lung cancer (SCLC)”®7* and glioblastoma’®’8. In
neuroblastoma, ASCL1 is part of the core regulatory circuitry (CRC). It maintains
adrenergic tumour cells in a proliferative state>’’, but has the ability to induce

differentiation upon its overexpression8+65,
1.2.2 ASCL1 in Normal Development and Neuronal Reprogramming

ASCL1 is a crucial master regulator of neurogenesis in a wide variety of contexts. It
has been shown to play important roles during normal development of central and
peripheral nervous systems (CSN and PNS), exit from quiescence in adult stem cells,
and in direct reprogramming of different cell types into neurons. Studies across several
model organisms such as Drosophila, Xenopus, chick and mouse have supported an
important role for ASCL1 in neurogenesis’®. Accordingly, ASCL1 null mutant mice die
at birth”°. The lack of functional ASCL1 arrests the development of several cell types,
such as the olfactory epithelium and sympathetic, parasympathetic and enteric
ganglia’®79'83  Other neural cell populations such as interneurons, GABAergic
neurons®*, central noradrenergic® and serotonergic neurons®® have also been shown
to depend on the expression of wild-type ASCL1. Mechanistically, it is not fully clear

how ASCL1 performs its pro-neural functions. Nevertheless, evidence suggests it can
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regulate both the maintenance of proliferation, as well as induction of neuronal

differentiation.

The importance of ASCL1 in both progenitor maintenance and induction of
differentiation is particularly evident during the development of the central nervous
system (CNS). Neural stem cells (NSC) in the CNS actively proliferate and give rise
to neurons, oligodendrocytes and astrocytes. Their fate is determined by the
expression of different basic helix-loop-helix (bHLH) transcription factors, such as
proneural ASCL1. Lack of ASCL1 and another proneural transcription factor Math3
limits NCS proliferation and hinders differentiation of several types of neurons®®,
highlighting its role in both processes. The switch from proliferation to differentiation is
thought to occur mainly due to changes in the expression pattern of ASCL1, which
changes from oscillatory to stable®”87. Sustained expression of ASCL1 induces a

neuronal differentiation programme that eventually downregulates ASCL188,

ASCL1 is also required for the development of the peripheral nervous system, from
which neuroblastoma cells arise. ASCL1 was found to be lowly expressed in migrating
neural crest cells (NCCs), upregulated transiently in precursors of sympathetic
neurons and downregulated upon terminal differentiation®8%9, |n vitro and in vivo
assessment of ASCL1 null mice demonstrated reduced numbers and delayed
differentiation of sympathetic ganglia’®81'8391 supporting the requirement for ASCL1
for normal development of these cells. However, the exact role of ASCL1 in this
process is disputed. Several studies support the direct involvement of ASCL1 in
induction of differentiation of sympathetic neurons. For instance, low numbers of cells
expressing neuronal markers are seen in ASCL1 null mice’0-81783.21 with some authors
suggesting these are still progenitor cells with undifferentiated morphology?®.
Additionally, differentiation competence of post-migratory NCCs derived from foetal rat
gut positively correlated with ASCL1 expression levels®?. NCCs were shown to
undergo neurogenesis and upregulate pan and sympathetic neuronal markers upon
exogenous ASCL1 expression®? 24, Upregulation of neuronal markers upon ASCL1
overexpression was also demonstrated in the Xenopus!®%. Other studies suggest
ASCL1 only enhances differentiation, indicating that expression of neural genes is only
delayed in ASCL1 null mutants®. Lastly, Morikawa et al.%* propose ASCL1 is only
required for proliferation of sympathetic progenitors but not their differentiation. The

authors show the existence of Tujl (also known as blll-tubulin) and Dopamine beta-
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hydroxylase (Dbh) expressing cells in ASCL1 null mutant mice and report significantly
reduced proliferation of sympathetic progenitor cells in the absence of wild-type
ASCL1°. Despite the report of conflicting roles for ASCL1, they all supports its

importance in sympathetic nervous system development.

As a potent proneural factor, the activity of ASCL1 has been harnessed in the field of
neuronal reprogramming. Cell types such as fibroblasts, astrocytes and pluripotent
stem cells have been directly converted to neurons by ASCL1°. For rapid and efficient
conversion of fibroblasts to neurons Ascl1, Brn2 and Myt1l are required®”-°8, However,
ASCL1 on its own is also capable of mediating this reprogramming®. Contrarily,
keratinocytes fail to respond to ASCL1-induced reprogramming®. What mediates the
responsiveness of different cell types to ASCL1-driven conversion to neurons is still

under investigation.

1.2.3 ASCL1 Regulation

1.2.3.1 Regulation through Transcription and Post-Translational Modifications

How ASCL1 controls the balance between proliferation and differentiation and how it
is regulated, particularly in neuroblastoma, is not fully understood. Nevertheless,
several transcriptional and post-translational control mechanisms have been

described in different systems.

During development of the central nervous system (CNS), ASCL1 levels and those of
other bHLH proteins oscillate in individual neural tube cells®’. This process allows for
the maintenance of progenitors and is regulated by HES1 expression and Notch
signalling. HES1 is a transcriptional repressor which targets bHLH factors such as
ASCL167:10 1t can also bind its own promoter and thereby negatively regulate its own
expression. ASCL1, on the other hand, can activate HES1 expression in neighbouring
cells through Notch signalling. Consequently, the oscillatory expression of HES1 and
ASCL1 is maintained in the cell population in a process called lateral inhibition67:100.101,
As cells differentiate further, HES1 expression is lost, allowing for sustained levels of
ASCL1. This drives transcription of neuronal markers and induces terminal

differentiation upon which ASCL1 is completely down-regulated®”.

Notch signalling can also regulate ASCL1 post-translationally by triggering its

degradation via the proteasome®. In adult neural stem cells E3-ubiquitin ligase
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Huwel is required to tag ASCL1 for degradation, as a way to restore quiescence!®?,
Further, in the same system, ID4 was shown to sequester TCF3, an ASCL1 interactor
and stabiliser, enhancing the degradation of unbound ASCL1%%, This highlights the
importance of ASCLL1 interactors in its function. Another study demonstrated that
GSX2, a homeodomain transcription factor, binds ASCL1 in the developing central
nervous system (CNS) of the mouse and reduces its DNA-binding ability, blocking

neurogenesist®.

Notably, phosphoregulation has been found to be a crucial control mechanism for the
differential functions shown to be performed by ASCL1%6"! (Figure 1-3). Work in the
Xenopus embryo demonstrated that proneural bHLH factors Neurogenin 2 (Ngn2) and
ASCL1 along with other bHLH proneural proteins share a similar control mechanism
whereby their phosphorylation status i

and drive transcription’11051 109,

The anteroventral noradrenergic (AVNA) cells in the developing Xenopus embryo are
cells derived from the neural crest that resemble their mammalian developmental
counterparts and also neuroblastoma cells'®. It is therefore a good developmental
model of neuroblastoma. Using mitotic Xenopus egg extracts, mouse ASCL1 was
shown to be phosphorylated by cyclin dependent kinase 2 (CDK2) on six serine-
proline sites, either side of the bHLH domain’®. A phospho-mutant form of the ASCL1
protein (S-A ASCL1) was generated by mutating the serine in the serine-proline
phosphorylation sites to alanine (S-A), rendering it unable to be phosphorylated on
these sites. Injection of the S-A ASCL1 into the Xenopus embryo produced higher
numbers of differentiated primary neurons compared to wild-type ASCL1 (WT ASCL1).

n f

Additionally, markers of neuronal di fferenti at i o Adlltsbuliocwerea s

upregulated at least sevenfold more by S-A ASCL1’%. Contrastingly, Delta, a notch
ligand, was only slightly more expressed in the presence of S-A ASCL1 compared to
WT, suggesting differentiation genes are more responsive to change in ASCL1
phosphorylation. The increase in the number of mutated SP sites appeared to have
an additive effect on S-A ASCL1 function’?.
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Figure 1-3. ASCL1 Phosphorylation Status Regulates its Activity. ASCL1 has a role in both

progenitor maintenance and differentiation. Thus, it can regulate both proliferation and differentiation
genes. The activity of ASCL1 is controlled by its expression levels and phosphorylation status. Growing
evidence supports that un(der)phosphorylated ASCL1 can drive transcription of differentiation genes
more efficiently than wild-type ASCL1. Un(der)phosphorylated ASCL1 shows increased activity and so
binds DNA more efficiently, gaining access to the more inaccessible genes, such as those important in
neuronal differentiation. Differentiation genes may be more susceptible to changes in ASCL1
phosphorylation, being upregulated more by un(der)phosphorylated ASCL1 than proliferation genes,
compared to by phosphorylated ASCLL1. Figure created using BioRender.

To further test whether the un(der)phosphorylated ASCL1 can drive the switch from
proliferation to differentiation more efficiently, the authors injected CDK2 and cyclin A
in the Xenopus embryos in conjunction with WT or S-A ASCL1. As expected,
CDKZ2/cyclinA blocked neurogenesis induced by wild-type ASCL1 but not phospho-
mutant'®’L, Interestingly, in a neuroblastoma relevant context, phospho-mutant

ASCL1 was also resistant to neurogenesis inhibition by N-MYC?®,

The neurogenic capacity of phospho-mutant ASCL1 was then assessed in human

fibroblasts, known to transdifferentiate into neurons in the presence of BRN2, ASCL1
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and MYTLL transcription factor cocktail. Replacing the wild-type ASCL1 with human
phospho-mutant ASCL1 (five mutated SP sites) improved the efficiency of the

transdifferentiation as well as neuronal maturity’*.
1.2.3.2 ASCL1 Protein-Protein Interactors

Protein-protein interactions are at the core of protein function and co-factor association
may underlay the ability of ASCL1 to switch from proliferation to differentiation.
Therefore, information about the interactome of ASCL1 could provide invaluable

insight into its function and regulation in neuroblastoma.

As previously mentioned, ASCL1 is a basic helix-loop-helix transcription factor. It binds
to DNA through the basic region and forms homodimers and heterodimers through the
helix-loop-helix motif®8, Some of its main interactors are E-proteins, considered to be
ubiquitous binding partners of bHLH master regulators®. These include TCF3 and
TCF4110.111  ASCL1 binding to E-proteins is crucial for its DNA-binding ability and
disruption of these interactions leads to lower ASCL1 activity'®3105 As previously
described, this has been harnessed as an ASCL1 regulatory mechanism (Figure 1-4).
GSX2 blocks ASCL1 interaction with TCF3 by binding to ASCL1 itself'%*, whereas ID4
sequesters E-proteins maintaining ASCL1 as a monomer, which is more susceptible

to degradation'©3,

ASCL1 is also a pioneer transcription factor. As such, it has been demonstrated to
recognise and bind its target sites even on closed chromatin®. ASCL1 binding is
associated with subsequent chromatin remodelling, which is most likely accomplished
through recruitment of other factors. For instance, the histone acetyl transferase p300,
which contributes to this remodelling process, was found to be recruited to
differentiation genes in neuroblastoma cells overexpressing wild-type or to an even
greater extent in cells overexpressing phospho-mutant ASCL1%4. Additionally, ASCL1
was found to interact with SWitch/Sucrose Non-Fermentable (SWI/SNF) family of
chromatin remodelling proteins in human induced pluripotent stem cells (iPSCs) during
neural differentiation!?. The binding of ASCL1 and SWI/SNF factors at certain
permissive chromatin sites was shown to be co-dependent and led to further chromatin
restructuring??. This suggests ASCL1 recruitment of other proteins may be important

for its pioneer and non-pioneer chromatin remodelling roles.
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Figure 1-4. Protein-protein Interactions Regulate ASCL1 Function. Schematic illustrates how
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different ASCL1 protein partners may affect its binding to DNA and consequently its function. As a basic
helix-loop-helix (bHLH) transcription factor, ASCL1 requires E-protein partners for DNA binding, as
illustrated by the light green protein bound to ASCL1 on the chromatin. Certain proteins, such as the
dark blue protein illustrated, may inhibit ASCL1 DNA binding by sequestering E-proteins away from
ASCL1. Other proteins, such as the light blue, may bind to ASCL1 directly, not allowing it to access its
DNA targets. There are also facilitative protein-protein interactions with ASCL1. These may include
proteins that are recruited by ASCL1 to aid chromatin remodelling and/or induction of transcription.

Figure created using BioRender.

Most ASCL1 interacting proteins known to date have been found in the context of
normal development in either mice or drosophila flies, mainly by using Yeast Two-
Hybrid systems!10.111.113  Adult murine neural stem cells have also been analysed for
ASCL1 interactors by co-immunoprecipitation followed by mass spectrometry.
However, no study has reported ASCL1 interacting proteins in the context of
neuroblastoma and ASCL1-induced neuroblastoma differentiation. Using a state-of-
the-art interactome analysis technique termed quantitative multiplexed Rapid
Immunoprecipitation of Endogenous Proteins (qPLEX-RIME, Figure 1-5)4, this
project will aim to address this in an unbiased way, by identifying quantitative

differences in ASCL1 interactors between different neuroblastoma cell lines.
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Figure 1-5. Quantitative Multiplexed Rapid Immunoprecipitation and Mass Spectrometry of
Endogenous Proteins. This technique allows for sensitive, rapid, robust and quantitative identification
of protein complexes on chromatin. Protocol involves treatment of cells, double cross-linking using
formaldehyde (FA) and disuccinimidyl glutarate (DSG), enrichment for the chromatin-bound complexes
and sonication, immunoprecipitation of these complexes containing the protein of interest with a specific
antibody, and rigorous washes for subsequent on-bead digestion. Then, for quantitative comparison of
interactors, peptides in each sample are labelled using Tandem Mass Tags (TMT), pooled, and the

identified using liquid chromatographyi tandem mass spectrometry (LC-MS/MS) analysis.

1.2.4 ASCLL1 in Neuroblastoma and Other Cancers

ASCL1 is implicated in a number of different cancers, including neuroblastoma, small
cell lung cancer (SCLC) and glioblastoma. In small cell lung cancer it is thought to be
required for tumour survival as downregulation of ASCL1 in SCLC cells induces
apoptosis’#115116  Contrastingly, in glioblastoma, enhancing ASCL1 activity through
protein overexpression or Notch signalling inhibition promoted cell cycle exit and
terminal differentiation’®. In a more recent study, ASCL1 was required and sufficient
for differentiation of human glioma cells into neurons both in vitro and in vivo!!’. These
studies emphasise the crucial role of ASCL1 across different cancers and the need to

better understand its dual role.

As previously described, ASCL1 is transiently expressed during the sympathetic
nervous system development but downregulated in differentiated neurons. In
neuroblastoma, however, ASCL1 is aberrantly expressed and associated with poor

prognosist®’7118 ASCL1 is a member of the core regulatory circuitry (CRC) which
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maintains the adrenergic (ADRN) neuroblastoma cells in a proliferative state®>’’. This
network of transcription factors (TFs) includes GATA3, HAND2 and PHOX2B?2526.77,

with N-MYC working as an additional amplifier of this circuitry.

The CRC transcription factors work to drive their own expression and that of other
CRC members by engaging their promoter and/or enhancer regions in the
genome?>26.77 |n line with this, ASCL1 gene loci was shown to be bound by GATA3,
HAND2, PHOX2B and N-MYC'’. This binding was accompanied by the active histone
3 lysine 27 acetylation (H3K27ac) mark. Ablation of these TF binding peaks by
CRISPR inhibition led to ASCL1 downregulation. Accordingly, knockdown of MYCN
and GATA3 also reduced ASCL1 levels and knockdown of ASCL1 itself significantly
downregulated CRC members HAND2 and PHOX2B, consequently slowing down cell
growth’”:118 Another study by Parkinson et al.}® investigating the role of ASCL1 in
neuroblastoma proliferation showed that ASCL1 knockout leads to reduced levels of
ADRN CRC proteins on the chromatin, suggesting ASCL1 is responsible for their
recruitment. This highlights the co-dependency between the CRC network and ASCL1

in neuroblastoma.

Additional mechanisms keeping ASCL1 expressed in neuroblastoma might be at play.
As such, in the SH-SY5Y cell line, ASCL1 was shown to be upregulated through
ablation of HES1 inhibition. LMOS3, a co-transcriptional regulator implicated in several
cancers, in complex with HENZ2, inhibited recruitment of HES1 to the ASCL1 promoter

and therefore upregulated ASCL1 expression'®.

The high levels of ASCL1 protein seen in neuroblastoma appear to be highly
phosphorylated'®. This could partially explain how ASCL1 is driving the proliferative
phenotype if endogenously expressed phosphorylated ASCL1 fails to efficiently
engage a differentiation programme!®7, Indeed, the Philpott lab demonstrated that
overexpression of ASCL1 leads to its increased activity, inducing morphological and
gene expression changes associated with neuronal cell differentiation in the
adrenergic non-MYCN-amplified neuroblastoma SH-SY5Y cell line%+55 (Figure 1-6).
Further, this differentiation and proliferation arrest were improved upon
overexpression of phospho-mutant ASCL1 (unable to be phosphorylated at serine-
proline sites due to mutation from serine to alanine) compared to wild-type ASCLL1.
Both wild-type and phospho-mutant ASCL1, when overexpressed, were shown to

create de novo regulatory regions on the chromatin by engaging with neuronal
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differentiation genes, previously unoccupied®. Some of the bound and upregulated by
ASCL1 differentiation genes included neuronal markers such as DBN1, NTRK1 and
ADRAZ2C. Interestingly, despite being normally considered a transcriptional activator®®
, ASCL1 binding events were also associated with a high number of repressed genes,
linked to proliferation. However, levels of ASCL1 binding were not correlated with gene
repression, contrary to activated genes, where greater ASCL1 binding was associated
with increased gene expression®®. This indicates that ASCL1 mediated gene
repression may be indirect.

ASCL1 Knock-out Neuroblastoma cell line ASCL1 Overexpression

ASCL1 Levels

- = 3 —

DODIN

PROLIFERATION PROLIFERATION

Figure 1-6. Role of ASCL1 in Neuroblastoma Proliferation and Differentiation. At endogenous
levels, ASCL1 maintains the proliferative phenotype of neuroblastoma by driving transcription of
proliferative genes. As such, CRISPR-Cas9 knock-out of ASCL1 leads to slower proliferation of
neuroblastoma cells. Overexpression of ASCL1 also leads to reduced proliferation accompanied by
neuronal differentiation of neuroblastoma. When overexpressed, ASCL1 is able to engage

differentiation genes and induce their expression. Figure created using PowerPoint and BioRender.

In accordance with the dual role of ASCL1 in maintenance of proliferation or induction
of differentiation described so far, mixed roles have been demonstrated for ASCL1
during neuroblastoma differentiation. Several studies have demonstrated that RA-
driven differentiation reduces ASCL1 levels®35561.72120 |n agreement with this, RA-
induced differentiation is improved upon ASCL1 knockdown’. Thus, cell lines
expressing higher levels of ASCL1, such as KELLY cells compared to SH-SY5Y for

example, are less responsive to RA’2, Similarly, neuroblastoma differentiation induced
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by RA and BET inhibitors appeared to be dependent on ASCL1 downregulation®®. In
spite of this, ASCL1 appears to be required for the initiation of the differentiation
programme driven by RA, as cells lacking ASCL1 expression due to complete
CRISPR-Cas9 knockout fail to respond to the treatment (Parkinson L., Unpublished).
This fits with the transient expression of ASCL1 during normal PNS development,
where ASCL1 expression is required for differentiation but is eventually

downregulated?6.89.90,

The findings described illustrate the importance of ASCL1 in neuroblastoma biology.
Despite some known mechanisms of regulation of ASCL1, it is still unclear how ASCL1
performs contrasting functions in neuroblastoma cells. Therefore, study of ASCL1
regulation could help modulate the switch from proliferation to differentiation in

neuroblastoma.

1.3 Cell Cycle in Development, Differentiation and

Neuroblastoma

The cell cycle and differentiation are extremely intertwined and generally inversely
related processes. Efficient terminal differentiation requires cell cycle exit whereas
suppression of differentiation is necessary for continuous proliferation. The
relationship between cell cycle and differentiation has been studied in the context of
development, particularly in early lineage commitment decisions, as well as cancer.
Deregulation of the balance between proliferation and differentiation is at the core of
neuroblastoma pathogenesis, thus understanding how these processes are controlled
is crucial for the development of new therapies. Currently, the molecular mechanism

influencing this balance are still not fully understood.
1.3.1 Cell Cycle Regulation

As a crucial process in the life of a cell, the cell cycle is tightly controlled by proteins
comprising the cell cycle machinery. The key players in the regulation of the cell cycle
are cyclin-dependent kinases (CDKSs) - a family of serine/threonine protein kinases -
and cyclins 1 required for the activity of CDKs. Currently, there are 20 known members
of the CDK family and 28 Cyclins that regulate cell division, but also processes such

as transcription and splicing*2?.
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Different CDK-Cyclin complexes control transition through the four main phases of a
complete cell cycle i Gap 1 (G1), DNA synthesis (S), Gap 2 (G2) and Mitosis (M
phase, Figure 1-7). CDK4 or CDK6-Cyclin D complexes control the early G1 phase,
where cells are thought to be most responsive to external cues to proliferate or
differentiate. Once a cell has been instructed to divide, the levels of D Cyclins increase
and active CDK4/6-Cyclin D complex leads to phosphorylation of the retinoblastoma
tumour suppressor gene (Rb)*?2. This marks the start of a cascade of events
progressing cells through the cell cycle. Rb is known to inhibit E2F-driven transcription.
Therefore, inactivation of Rb through CDK-mediated phosphorylation leads to E2F
activation and subsequent transcription of proteins necessary for cell cycle
progression, including Cyclin E. High activity of CDK2-Cyclin E complex is required for
cell commitment to DNA replication (S-phase) by enforcing a positive feedback loop
through further Rb hyperphosphorylation'?3. During S-phase, CDK2 forms an active
complex with Cyclin A that allows the cells to complete their DNA replication and enter
G2 124125 Finally, CDK1 associates with either Cyclin A or later Cyclin B to prepare
cells for the final stage of division T mitosis!?6. These two complexes regulate
transcription, translation, chromosome segregation and other crucial functions for cell

division by phosphorylating a myriad of target proteins!?’.

To ensure timely and irreversible progression through the cell cycle, the activity of
CDKs and Cyclins is regulated through transcriptional control, protein degradation,
protein-protein binding and post-translation modifications'?®. For CDK-Cyclin
complexes to be active at the appropriate stage, cyclins are synthesised and degraded
in a cell cycle dependent manner. The instability of Cyclin proteins and presence of
sequences such as a destruction box (Cyclins A and B) or a PEST sequence (segment
rich in proline (P), glutamic acid (E), serine (S) and threonine (T) residues, Cyclins D

and E) permit this mechanism of regulation'?®.

Further, proteins named CDK inhibitors (CKIs), as the name suggests, inhibit CDK-
Cyclin kinase activity through direct interaction with either the CDK-Cyclin complex or
CDKs alone. There are two main families of CKls i Cip/Kip and INK4 families'?°. CKls
such as p21, p27 and p57 comprise the Cip/Kip family and have the ability of inhibiting
all cell cycle regulating CDK-Cyclin complexes!®. On the other hand, the targets of
pl5, p16, p18 and p19, which make up the INK4 family, are G1 specific CDKs i CDK4
and CDK6 (Figure 1-7). Both families of CKls are crucial CDK-Cyclin regulators and
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can themselves be responsive both to internal and external signals. For example, the
tumour suppressor p53 can activate p21 transcription directly, whereas p27 can be

activated in response to transforming growth factor b (TGFb)!2°131,
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Figure 1-7. Cell Cycle Regulation. Schematic illustrating some of the mechanisms of control in place
during the cell cycle. CDK4/6-Cyclin D drive the transition through G1 and are regulated by CDK
inhibitors (CKIs) from the INK4 and Cip/Kip family. When activated by CDK7-Cyclin H CDK activating
kinase (CAK), CDK4/6-Cyclin D1 phosphorylate Rb, which releases E2F to drive transcription of cell
cycle associated genes. Cyclin E is upregulated and associates with CDK2 to commit cells to the S
phase, by further promoting hyperphosphorylation of pRB. CDK2-Cyclin E complex is inhibited by
Cip/Kip CKls and WEE1 or MYT1 phosphorylation. For full activity, CDK2 requires either Cyclin E or
Cyclin A binding, removal of the WEE1/MYT1-mediated inhibitory phosphorylation by CDC25 and
activation by CAK phosphorylation. Active CDK2-Cyclin A complex is required for successful S phase.
Then, CDK1 associates with Cyclin A or Cyclin B to progress cells through G2 and M phases. CDK1 is
also regulated by Cip/Kip CKls, CAK, WEE1/MYT1 kinases and CDC25 phosphatases. Figure created

using BioRender.

Lastly, activating and inhibiting post-translational modifications control maximal
activity of CDK-Cyclin complexes. For full activation, in addition to cyclin binding,
CDKs require phosphorylation on a threonine residue by a CDK activating kinase
(CAK) composed of CDK7 and Cyclin H. CDK7-Cyclin H complex is the only human
CAK identified to date and plays an important role in activation of cell cycle regulating

CDK-Cyclin complexes'®2, Aside from activating post-translational modifications,
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CDK1 and CDK2-Cyclin complexes can also be subject to inhibitory phosphorylation
by WEE1 and PKMYT1 kinases. For activity, CDKs rely on removal of these
phosphorylations by CDC25 phosphatases (Figure 1-7). There are three human
CDC25 phosphatases i CDC25A, CDC25B and CDC25C 132, Both CDC25B and
CDC25C are thought to regulate G2/M through their activity on CDK2-Cyclin A, CDK1-
Cyclin A and CDK1-Cyclin B, whereas CDC25A appears to regulate G2/M transition
as well as early G1/S, by also targeting CDK2-Cyclin E*33,

Together, these mechanisms control progression and timings of successful cell
division and can respond to the cellular environment to halt faulty replication or exit
cell cycle for terminal differentiation. In cancer, some of these pathways are
constitutively activate and independent of external cues, affecting the balance
between proliferation and differentiation.

1.3.2 Cell Cycle and Development

1.3.2.1 Cell Cycle Length during Different Stages of Development

The link between differentiation and cell division has been evident especially in early
development. Studies in embryos, embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) have demonstrated clear differences in the cell cycle

control and length between pluripotent and committed or differentiated cells.

The association between rapid proliferation and pluripotency (ability to self-renew and
give rise to all germ layers) spams different species, despite differences in their
embryogenesis. Early embryos of fly, frog, fish and mice have been shown to undergo
rapid cell divisions characterised by short to non-existent G1 and G2 phases'3*13, In
contrast, upon gastrulation (defined by the delineation of the germ layers) extension

of the gap phases and slowing of the cell cycle are observed!3413,

This phenomenon is replicated in in vitro cultures of stem cells. For example,
embryonic stem cells derived from the inner cell masses of blastocysts (pre-
gastrulation) in both mouse and human, retain their rapidly dividing capacity and short
gap phases in culture conditions that favour maintenance of their pluripotent
state34135 Similarly, induced pluripotent stem cells (iPSCs) reprogrammed to
pluripotency from somatic cells through upregulation of OCT4, SOX2, KLF4 and c-
MYC (Yamanaka OSKM factors) are also subject to cell cycle shortening®34135,

Fittingly, efficiency of reprogramming in iPSCs seems to directly correlate with speed
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of division341361139 1 sorting of fast proliferating cells early during somatic
reprogramming allows for enrichment of successfully reprogrammed cells'®’.
Additionally, analogously to the in vivo embryos, induction of cell fate specification in
both ESCs and iPSCs increases the length of the cell cycle and induces changes in

cell cycle regulation140:141,

The cell cycle control mechanisms described in Chapter 1.3.1 are applicable to
committed and differentiated cells but contrast with the altered regulation observed in
rapidly dividing pluripotent stem cells. For example, in contrast to the cell cycle
dependent expression of Cyclins in somatic cells, mouse and to a lesser extent human
ESCs express constitutively high levels of Cyclins A and E, leading to sustained
hyperphosphorylation of Rb*34. Additionally, levels of CDKs themselves, particularly of
CDK1 and CDK?2 are found to be higher in ESCs3#135, Combined with the reduced
levels of CKls such as p2714?, this provides the best conditions for high CDK-Cyclin
activity. In turn, induction of differentiation of ESCs leads to increase in cell cycle length

that is accompanied by restoration of the more tightly regulated cell cycle'#3,

Given the hallmark increase in cell cycle length upon cell lineage commitment, the
importance of different phases of the cell cycle for differentiation has been
investigated. The emergence of the Fluorescence Ubiquitin Cell Cycle Indicator
(FUCCI) system'4 that marks live cells in G1 or G2/M phases of the cell cycle with
distinct colours has allowed for more intricate study of the role of the cell cycle during
differentiation. Using this method, Coronado et. al.}4° have shown that temporary
removal of pluripotency maintenance medium and treatment with retinoic acid (RA)
induced more differentiation in G1 sorted mESCs compared to cells in S or G2.
Interestingly, even without RA treatment, cells in G1 produced more differentiated
colonies than those in S or G2 upon removal of pluripotency maintenance medium.
Manipulation of the cell cycle through overexpression of Cyclin E reduced the
differentiation capacity of the cells. Other studies have supported these findings and
suggest that the G1 phase of the cell cycle provides a window of opportunity for
differentiation, compared to the other cell cycle phases!*. Interestingly, even within
the G1 phase of the cell cycle, the timing of external signals received can affect the
outcome of differentiation. Pauklin et al.1*® showed that cells were responsive to
endodermal lineage commitment in early but not late G1. During the latter, cells were

most prone to neuroectodermal differentiation. This variability in response to the same
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signals appeared to rely on the levels of D type Cyclins and consequently on the
activity of CDK4/6-Cyclin D. The CDK-Cyclin complex phosphorylated Smad2 and

Smad3, inhibiting their pro-endodermal transcriptional activity.

In short, the studies described suggest a role for the cell cycle in differentiation during
normal development and reprogramming. In particular, the G1 phase appears to

provide a crucial window of opportunity for commitment to differentiation to take place.

1.3.2.2 Interplay between Cell Cycle Machinery and Master Regulators

Despite a great body of evidence linking cell cycle and differentiation, the knowledge
of the molecular mechanisms is limited. Nevertheless, a number of studies have
implicated the cell cycle machinery and master regulator transcription factors

(responsible for cell fate specification) in reciprocal regulation.

As previously touched upon, basic helix-loop-helix (bHLH) transcription factors have
important roles during development. A number of bHLH factors are master regulators
that occupy the top of hierarchical transcriptional control of proliferation and
differentiation. Interfering with their function may disrupt this balance, thus, reduce or
increase the number of terminally differentiated cells**. Pro-neural bHLH master
regulators include ASCL1, Neurogenin and NeuroD, whereas MyoD controls

differentiation of skeletal muscle cells4”148 | myogenesis.

Interestingly, ASCL1, Neurogenin 2 (Ngn2) and NeuroD4 are subject to a conserved
post-translational regulation mechanism mediated by Cyclin-CDK complexes. As
already described in detail for ASCL1, CDK-Cyclin complexes (particularly CDK2-
CyclinA/E) interfere with bHLH master regulator function by phosphorylating serine-
proline sites, which increases protein degradation and/or reduces association to
DNA71,106,107,1497154 - Apnglogous control has even been described for ubiquitous bHLH
heterodimerisation partners i E-proteins'®®. Upregulation of CKIs counters the
inhibitory effect on bHLH transcription factors through inhibition of CDK-Cyclin activity.
Indeed, MyoD has been shown to upregulate p21 and p57, which stabilise MyoD
protein levels and induce cell cycle arrest'®3155, Similarly, CDKN1C gene encoding
p57 is a transcriptional target of ASCL1%4. Fittingly, ectopic expression of the Xenopus
cdk inhibitor p27Xicl was shown to enhance neurogenesis of wild-type but not
phospho-mutant (unable to be phosphorylated at serine-proline sites) bHLH

proteinst05156,
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Aside from CKIs, bHLH proteins can regulate a wide array of proliferative targets. For
example, MyoD interferes with Cyclin D induction in cooperation with pRb by
downregulating Fra-1, a protein involved in mitogenic signal transduction necessary
for Cyclin D upregulation!®’. Similarly, pro-neural factor Ngn2 drives cell cycle exit by
indirectly downregulating Cyclin D1, Cyclin E1/2 and Cyclin A2 expression in chick
neuronal precursor cells®®. Moreover, a direct interaction between MyoD and Cdk4
has also been implicated in reciprocal regulation between the two proteins. Expression
of a fusion protein containing only the Cdk4-binding domain of MyoD led to increased
differentiation and cell cycle exit of C2C12 mouse muscle cells'>®. On the other hand,
high levels of Cyclin D1 translocated Cdk4 to the nucleus where it bound MyoD and
blocked its transcriptional activity in multipotent mouse cells'%0. This suggests that the
balance between MyoD and G1 specific Cdk and Cyclin levels influences the outcome
of the Cdk4-MyoD interaction®®.

Further, as a dual regulator of differentiation and proliferation, ASCL1 has been shown
to both positively and negatively affect cell division. As already described, ASCL1 can
drive expression of notch ligand Delta'1:162 which acts on neighbouring cells to signal
proliferation. Also, ASCL1 directly regulates transcription of proliferative targets such
as SKP2 and E2F1 in neural stem cells!®® as well as neuroblastoma®*. Earlier in this
chapter, ASCL1 was described to maintain the proliferative phonotype of
neuroblastoma at endogenous levels’’, but induce differentiation upon its
overexpression®4%5. How ASCL1 is able to differentially regulate the same sets of

genes is still unclear.

1.3.2.3 Additional Roles of Cell Cycle Machinery in Differentiation

Interestingly, pro-differentiation roles have also been described for D-type cyclins and
certain CDKs, conflicting with some of the literature just discussed. Originally, increase
in Cyclin D1-dependent kinase activity was detected during neurogenesis in the rat
brain, which raised questions regarding its role in neural differentiation'®4. The same
group later found that Cyclin D1 levels remained high throughout neurogenesis,
whereas Cyclin D2 levels dropped!®®. Indeed, other groups supported this finding in
mouse and chick embryos and demonstrated with knock-down and overexpression
experiments in the chick developing spinal cord a requirement for Cyclin D1 but not
Cyclin D2 or Cyclin D3 during neurogenesis!®®. This effect was suggested by the
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authors to be cell cycle independent and mediated by induction of Hes6 expression, a
Notch effector that promotes neurogenesis. Pauklin et al.24>67 further elucidated the
role of D-type cyclins in early differentiation. According to the authors, Cyclin D1 might
prime hESCs for neuroectodermal differentiation over endodermal or mesodermal
lineages. This was shown to occur both via Smad2/3 phosphorylation by CDK4/6-
Cyclin D1 as well as non-canonical functions of Cyclin D1. As such, Cyclin D1
controlled transcription by recruiting transcriptional coactivators to neuroectodermal
genes and transcriptional repressors to endoderm loci. Accordingly, knockdown of
Cyclin D1 led to loss of H3K4me3 activating mark and H3K27me3 repressive mark at
neuroectoderm and endoderm loci, respectively!®’. It is possible that Cyclin D1 and
CDKA4/6 kinases may have context dependent roles, resulting in seemingly conflicting

results in the literature.

Non-canonical roles were also reported for other CDKs. For example, new Cdkl
targets have been recently discovered, including epigenetic remodelers important in
differentiation?®®. Cdkl was shown to maintain a pluripotent state in mESCs by
phosphorylating Dot1I*%8, Dotll deposits the activating mark H3K79me2 that is
important during mESC neural differentiation'®®. Another example is Cyclin E, shown
to contribute to synaptic activity by interacting with CDK5 and sequestering it from its
activating partners p35 and p39'7°. CDK5 is a neuron specific CDK with well-
established roles in neuronal differentiation’t. Overall, the cell cycle machinery
appears to be involved in both pro and anti-differentiation functions, with the molecular

mechanisms still not completely clear.

1.3.3 Cell Cycle and Neuroblastoma Differentiation

Neuroblastoma is a cancer that arises due to stalled development and deregulated
proliferation®*. This state is maintained by a network of transcription factors forming
the core regulatory circuitry (CRC)?>26.172. A number of CRC transcription factors are
crucial for neurogenesis during normal development but in neuroblastoma drive a
proliferative phenotype. Considering the described antagonistic roles for the cell cycle
machinery and master regulators, it is possible that cell cycle machinery might be

playing a role in maintaining an undifferentiated phenotype in neuroblastoma.

Analysis of expression profiles of 110 neuroblastoma tumours found aberrantly high

expression of Cyclin D1 and CDK4 compared to normal tissues!’3. The high CDK4
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levels were associated with poor survival in neuroblastomal’s. Additionally, both
adrenergic and mesenchymal neuroblastomas appeared to depend on Cyclin D1
expression for survival, according to knockdown profiles of 17 neuroblastoma cell lines
compared to 656 other cancer cell lines (Cancer Dependency Map)’%174,
Interestingly, further study revealed common and unique mechanisms of regulation of
Cyclin D1 expression in adrenergic and mesenchymal cell types. Amongst its
regulators were GATA3 (ADRN), FOSL2 (MES) and ETV6 and CREB5 (both)72175,

In line with this, knockdown of Cyclin D1 and CDK4 but not CDK6 arrested the cells in
G1 and induced a neuronal phenotype, both morphologically and transcriptionally,
suggesting Cyclin D1 and CDK4 supress differentiation in neuroblastomal’3. A recent
study by the Philpott lab further supported these findings and showed that inhibition of
CDK4/6-Cyclin D1 activity with small molecule inhibitor Palbociclib rewires the
epigenetic landscape to support a differentiated phenotype in neuroblastoma®®.
However, whether this is achieved directly by inhibition of phosphorylation of specific
CDK4/6-Cyclin D1 targets or indirectly through lengthening of the G1 phase of the cell

cycle is unclear.

Moreover, increase in CKI expression has been associated with differentiation of
neuroblastoma in cell lines’®'183 and primary tumours®®. In particular, induction of
neuroblastoma differentiation with retinoic acid (RA) or overexpression of factors found
to modulate neuroblastoma differentiation led to an increase in p27 expression, on
which efficient differentiation depended. Overexpression of p27 itself appeared to
trigger differentiation of neuroblastoma cells, whereas its knockdown limited the
differentiation capacity and cell cycle arrest of the cells'’6. Similarly, overexpression
of p21 in neuroblastoma cells caused neurite extension'82. Lastly, p57 was shown to
be a target of bHLH E-proteins in neuroblastoma and essential for TCF3-driven cell

cycle arrest®,

Building on these findings, the use of small molecule inhibitors targeting CDK-Cyclin
complexes has been explored in neuroblastoma. A number of these have proven
successful at inhibiting neuroblastoma cell proliferation and inducing cell death86' 190,
However, little research has focused on using these compounds to induce
neuroblastoma differentiation, which would potentially allow the use of lower doses

and a kinder treatment approach.
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1.4 Project aims

ASCL1 is an important regulator of the balance between proliferation and

differentiation in normal development, neuroblastoma and other cancers. The

undifferentiated phenotype of neuroblastoma may also be partly maintained by cell

cycle regulators. To better understand the mechanism behind ASCL1-driven

neuroblastoma differentiation and the potential additional functions of cell cycle

machinery in neuroblastoma, the following aims were set out for this dissertation
(Figure 1-8):

Profile the transcriptional and phenotypic response to ASCL1 overexpression
across different neuroblastoma cell lines from varied genetic and epigenetic

backgrounds (Chapter 3);

Study ASCL1 genome-wide binding on the chromatin after its overexpression
across the different neuroblastoma cell lines (Chapter 4);

Quantitatively compare the interactome of ASCL1 in the different
neurobastoma cell lines in the context of ASCL1-driven differentiation (Chapter
5);

Explore more broadly protein-protein interactions of cell cycle regulators and

other proteins in neuroblastoma cells (Chapter 6).
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Figure 1-8. Schematic Summarising Project Aims. Four neuroblastoma (NB) cell lines will be
assessed for their response to ASCL1 overexpression (O/E). RNA sequencing will be performed to
investigate the transcriptional changes induced by ASCL1. ASCL1 ChIP sequencing will be used to
study ASCL1 genome-wide binding across the different cell lines after ASCL1 overexpression. Whole
proteome will be used to determine proteomic differences between cell lines after ASCL1
overexpression. ASCL1 protein-protein interactors will be quantitatively compared between the
neuroblastoma cell lines overexpressing ASCL1. Parental IMR-32 cell line will be used to investigate

protein-protein interactors of cell cycle regulators CDK4 and Cyclin D1.
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Chapter 2 7 Materials and Methods

For suppliers, product codes, detailed medium composition, cell lines, kits, antibodies

and instruments mentioned, see Appendix.

2.1 Cell Culture

IMR-32, SK-N-BE(2)C, SH-SY5Y and SH-EP parental or engineered cell lines were
cultured in DMEM-F12 media, further supplemented with 10% Foetal Bovine Serum
(FBS) and 1% Penicillin-Streptomycin. Cells were maintained at 37 °C and 5% COa.
To passage, seed or collect cells trypsin was used. For cell collection, trypsinisation
was followed by centrifugation at 300xg for 5 minutes and washes were performed in
PBS supplemented with protease and phosphatase inhibitor cocktail. Cell counting
was performed on Co u n t e sFk Automdted Cell Counter, by diluting an aliquot of
cells 1:1 in trypan blue stain.

2.1.1 Doxycycline Induction

Expression of ASCL1 in doxycycline-inducible cell lines was induced with 1 pg/mL or
5ng/mL of doxycycline (dox), as specified in the Results chapters.

2.1.2 Cyclin-Dependent Kinase (CDK) Inhibitor Treatment

Cells were treated with CDK4/6 inhibitor Palbociclib (PB, Selleckchem) at 5 uM, CDK1
inhibitor RO3306 (RO, Selleckchem) at 16 pM and CDK2 inhibitor KO3861 (KO,

Selleckchem) at 8 uM for 24 hours in combination with 1 pg/mL doxycycline.
2.2 Generation of Lentivirally Transduced Cell Lines

Performed by A. Fahad, D. Marcos and L. Woods. Viral particles carrying a vector
encoding a Tet-On transactivator or ASCL1 under the control of a tetracycline
response element (TRE) were produced by transfecting the Lenti-X 293T cell line
(Takara Bio) with the ProFection Mammalian Tranfection System (Promega) together
with each vector of interest and a viral packaging mix containing PMD2G, PMLg,
REV/PRSV, in aratio of 6:3:4:2 respectively. HEK 293T cells were left to produce viral
particles for ~ 30 hours. Subsequently, cell media was collected and filtered to remove

cell debris. The virus was concentrated overnight using Lenti-X concentrator (Takara
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Bio) and collected by centrifugation at 4000 xg for 45 minutes at 4°C. Quantification
was performed with the Lenti-XTM qRT-PCR Titration Kit (Takara Bio).

Neuroblastoma cells were first transduced with a Tet-On transactivator (pLVX-CMV-
Tet3G, Takara Bio) at a multiplicity of infection (MOI) of 10. After 48 hours, cells

expressing the vector we r 6418sferl 7@ haues,dandwi t h

subsequently subject to a second transduction with pLVX-TR3G - encoding human
wild-type ASCL1 - at an MOI of 10. After 48 hours, cell
Puromycin for 72 hours and single-cell sorted with Fluorescence-activated cell sorting
(FACS) at the BRC Cell Phenotyping Hub facility. Single cells were expanded and

individual clones chosen for further study.

2.3 Flow Cytometry
2.3.1 Single-cell Fluorescence-activated Cell Sorting (FACS)

To isolate single cells into 96-well plates for clonal cell line generation, cells were
dissociated, washed, resuspended in 1 mL of PBS and passed through a cell strainer.
As a live/dead stain 5 puL of DRAQ7 (ThermoFisher) was added to the cells. FACS
performed on Aria-Fusion cell sorter with FACSDiva Software by the NIHR Cambridge
BRC Cell Phenotyping Hub.

2.3.2 Cell-cycle Analysis using Flow Cytometry

Cells were seeded on a 10-cm dish and left untreated or treated with doxycycline for
24 hours. All incubations were performed at room temperature and on a gentle rotor.
For cell collection and washes throughout the protocol, centrifugation was performed
at 500 xg. Prior to cell fixation with 4% PFA for 10 minutes, cells were dissociated,
collected and washed 3 times in 0.5% BSA in PBS. After fixation, cells were gently
washed 3 times in PBS and blocked with 3% BSA in PBS for 20 minutes. After
removing the blocking solution, cells were incubated with Hoersch (1:1000) in 0.5%
BSA in PBS for 30 minutes. Another 3 gentle washes in PBS were performed, cells
resuspended in 1mL FACS buffer (5mM EDTA, 25mM HEPES buffer, 0.5% BSA in
PBS, pH7) and passed through a cell strainer. Flow cytometry analysis was performed
on BD LSRFortessa with FACSDiva software. FloJo was used for data analysis.

-34 -



2.4 Proliferation Analysis

2.4.1 EdU Staining

To quantify the number of proliferating cells with or without ASCL1 overexpression,
cells were first induced to express ASCL1 for 2 days with one doxycycline treatment,
or left untreated. On day 2, media with or without dox was renewed and supplemented
with 10 uM EdU. Cells were incubated with EdU for 24 hours at normal culturing
conditions and then fixed with 4% paraformaldehyde (PFA) for 10 minutes at room
temperature. To stain for EJU Click-iT EdU Alexa Fluor 647 assay kit (Thermo Fisher
Scientific)y was used according to manufartureros
DAPI. Imaging of stained cells was performed on Leica DMI6000 microscope using z-
stacks. Maximum intensity z-projection was generated with FIJI software. Per
biological condition, at least 100 nuclei were imaged and the percentage of EdU

positive cells quantified using the CellProfiler software.
2.4.2 CellTiter-Glo® Luminescent Cell Viability Assay

For relative cell number quantification, CellTiter-Glo assay (Promega) was used as
per manufacturer 6s i nst r-Glaocreagemtmwas rec@éstitued | vy,
and added to each 96-well plate at 100 pL/well, followed by vigorous shaking of the
plate for 2 minutes. Lysed cells were incubated at room temperature without shaking
for an additional 10 minutes, before quantifying luminescence on Spectra Max M5¢
with softmax pro v.5.2 software. As a control for background signal, CellTitre-Glo
reagent was added to wells containing 100 pL media but no cells. The luminescence

detected in these control wells was subtracted from experimental wells.

2.5 Imaging

Cell imaging was carried out using Olympus IX51 microscope with a Leica DFC310
FX camera for phase-contrast images. Fluorescent microscopy was performed on
Leica DMI6000 microscope or Zeiss LSM 980 Airyscan2, as noted in figure legends.

Imagine analysis performed on FIJI and CellProfiler.
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2.5.1 ImmunoFluorescence Staining

Cells were seeded on a 96-well plate and left untreated or treated with doxycycline for
6 days. After completion of treatment, cells were fixed with 4% PFA for 10 minutes at
room temperature (RT), followed by 3 gentle washed with PBS. Permeabilisation was
achieved with an incubation with 0.2% Triton X-100 in PBS for 10 minutes at RT.
Blocking was performed in 3% BSA in PBS for 1 hour, followed by incubation with
primary antibody against b |-tublulin (1:2000) in antibody diluent (2% BSA, 0.2% Triton
X-100 in PBS) for 1 hour at RT. Cells were washes 3x in PBS and incubated with
secondary antibody at 1:1000 in antibody diluent for 1 hour at RT. After the incubation,
another 3 washes with PBS were completed. Nuclei were stained with DAPI (1:5000)

for 20 minutes at RT. Cells were imaged on Leica DMI6000 microscope.
2.5.2 Crystal Violet Staining

Cells were seeded and treated on 6-well plates. At day 7 post doxycycline treatment
cells were fixed in 4% PFA for 10 minutes at room temperature. The cells were washed
in PBS and stained with 0.5% aqueous crystal violet solution for 30 minutes at room
temperature. Crystal violet was washed off gently with deionised water. Plates were
allowed to dry before imaging on Olympus IX51 microscope with cellSens Dimension

imaging software.
2.6 Quantitative Total Proteome

For quantitative whole proteome analysis, IMR-32 ASCL1Md" SK-N-BE(2)C ASCL1"an
and SH-EP ASCL1°°"A doxycycline inducible ASCL1 cells were treated with 1 pg/mL
doxycycline and SH-SY5Y ASCL1¢°"A with 5 ng/mL dox for 24 hours on 15-cm dishes.
Cells were collected in PBS containing protease and phosphatase inhibitors (Roche),
followed by centrifugation at 300 xg for 5 min. Pellets were washed 3 times in
supplemented PBS. Similar sized pellets of at least 6 million cells were snap frozen
on dry ice and submitted to the Proteomics facility at the Cancer Research UK Institute
for Tandem Mass Tag (TMT) labelling and mass spectrometry analysis. Equal
amounts of protein were used per sample after protein concentration was quantified
using Bradford assay (BIO-RAD-Quick start). The subsequent sample processing and

mass spectrometry analysis was performed as described by Papachristou et al.}14.
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2.7 Rapid Immunoprecipitation Mass-Spectrometry  of
Endogenous Proteins (RIME) and quantitative multiplexed RIME
(QPLEX-RIME)

Cell lines were grown in 15-cm dishes in DMEM-F12 media supplemented with 10%
TET-free FBS. Unless stated otherwise, per condition, two 15-cm dishes of 80%
confluent cells were cross-linked and collected for the analysis. Double cross-linking
was performedusing2 mM di succi ni(DSGnyPBSfgd ut 20 amien f ol
by 1% formaldehyde (FA) f o r 1 The reaction was quenched with 0 . 1 glybdine.
For the nuclear extraction, pelleted cells were resuspended in LB1 buffer and mixed

by rotation for 10 minutes at 4 AS@mples were subject to centrifugation (2,000 xg)
and the resulting pellets resuspended in LB2 buffer and rotated for 5 minutesat4 A C
Another centrifugation step was performed and pellets resuspended in LB3 buffer.
Chromatin was fragmented by sonication in BioRuptor Plus sonication device
(Diagenode) to produce DNA fragments of 100i 1 , 0 O ODNA fragment length was
verified by gel electrophoresis using a 2% agarose gel. Meanwhile, per sample, 50 pL

of beads were conjugated to 5 pg of antibody, unless stated otherwise, overnight at 4
°C. The bead-bound antibody was added to the fragmented chromatin samples and
then rotated overnight at 4 °C. The following day, the beads were washed 10 times
with R PAL buffer and 1®DceMwAddbBcé. BNBIC veas
prepared fresh each time. The tryptic digestion and mass spectrometry analysis was
performed by the Proteomics facility at the Cancer Research UK Institute, as described

by Papachristou et al.}'4. Cytoscape was used to illustrate the interactors detected in
Cyclin D1 RIME and CDK4 RIME.

2.8 Bioinformatics Analysis of Quantitative Total Proteome and
ASCL1 gPLEX-RIME

The upstream analysis of collision induced dissociation (CID) tandem mass spectra
were conducted by the Cancer Research UK Cambridge Institute Proteomic Facility
as described by Papachristou et al.}*4. The subsequent downstream analysis was
performed using the gPLEXanalyzer!'41°1 Bioconductor package. The analysis was

performed on unique peptides identified with high confidence (peptide FDR <1%).

- 37 -



Peptide intensities were normalised using group median scaling within each cell line,
unless stated otherwise. Control IgG samples were normalised separately in the
gPLEX-RIME. Proteins with adjusted p value < 0.05 and log2FC > 1 or log2FC < -1
were considered significantly different in binding to ASCL1 (qPLEX-RIME) between
the cell lines being compared. Proteins with adjusted p value < 0.01 and log2FC > 1 or
log2FC < -1 were considered significantly different in protein levels (total proteome)

between the cell lines being compared.

For the gPLEX-RIME experiments, missing values in IgG samples were replaced with
the lowest value in the data, in this case 0.1. This ensured statistical analysis could be
performed on peptides with low detection in unspecific IgG control. To filter out the
non-specific interactors, proteins enriched in ASCL1 versus IgG pull-down samples
were selected based on adjusted p value < 0.05 and log2FC > 0.5. After selecting the
O0specificd i1 nter ac tstartedwith thehrefined listeof pyoteinss Theva s 1 ¢
UniProt and CRAPome databases were used for final filtering of the data. UniProt
provides details of known subcellular localisation of proteins. Proteins known to
localise to the nucleus, or with no known localisation were retained. CRAPome
database lists proteins detected in negative controls across varied affinity purification
mass spectrometry experiments. Proteins that were identified in over 50% of affinity
purification experiments performed on human samples were removed from the

analysis.
2.9 Proximity Ligation Assay (PLA)

400K cells/well were platted on cover splits in a 12-well plate. The following day, cells
were treated with doxycycline for 24 hours and then fixed with ice-cold absolute
methanol (-20 °C) for 3 minutes. Subsequently, 3 gentle PBS washes were performed.
PLA was carried out using the Duolink® In Situ Red Starter Kit Mouse/Rabbit. To
prepare coverslips for PLA analysis, a hydrophobic pen was used to encircle the
reaction area. Prepared cover slips were placed into a 12-well plate and submerged
in PBS. Work was performed with care as not to dry out the coverslips. Cover slips
were blocked with provided blocking solution for 30 minutes. Unless stated otherwise,
all incubations were performed in a humidity chamber at 37 °C and all washes
incubated on a gentle rocker. Primary antibody was diluted in the provided antibody

diluent and 39 pL added to the coverslips after removal of the blocking solution. Cover
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slips were incubated with the antibody for 1 hour. Then, 2x 5 minute washes using
reconstituted and room temperature buffer A were conducted. Following this,
secondary antibodies, diluted in antibody diluent provided in the kit, were added to the
cover slips (39 pL) and incubated for 1 hour. In the meantime, ligation buffer was
thawed on ice and ligation reaction prepared just before use, as instructed by the
manufacturer. After secondary antibody incubation, 2x 5 minute washes with buffer A
were completed and 39 pL of ligation reaction was added for a 30 minute incubation.
Cover slips were washed for 5 and 2 minutes with buffer A. Amplification buffer was
thawed on ice, amplification reaction prepared and 39 pL added to each cover slip for
1 hour and 40 minutes incubation in the dark. Then, 2x 10 minute washes in 100%
buffer B were performed. After the wash, cover slips were placed in 1% buffer B.
Mounting on glass slides was done using provided mounting medium containing DAPI
stain. Cover slips were imaged on a Leica DMI6000 microscope or Zeiss LSM 980
Airyscan2 using the ab94 filter, as stated in figure legends. Quantification of the
number of PLA foci per nuclei was performed by developing a pipeline on CellProfiler.
For each replicate at least 100 nuclei were imaged.

2.10 Co-immunoprecipitation (Co-I1P)

Cell pellets were collected from 90% confluent 10 cm dishes and resuspended in
complete immunoprecipitation (IPc) buffer. Samples were then rotated at 4 °C for 1-2
hours before being sonicated for 15 minutes in 30 seconds intervals. An aliquot of
each lysate was collected for quantification using the BCA assay. Lysates were
normalised to the same protein concentration according to the quantification and
incubated overnight at 4 °C with the antibody of interest. The following day, 15 uL of
beads were washed in incomplete IP buffer (IPi) on a magnetic stand and
resuspended in 30 uL of IPc buffer, per sample. The washed beads were added to
each sample and left to rotate at 4 °C for 3 hours. After the incubation, for flow-through
analysis the solution incubated with the beads was retained. The capturing beads were
subject to three washes in IPi buffer and then resuspended in 45 pL of LDS sample
buf f er wi-MdrcapbetttanoReSamples were heated to 90 °C for 10 minutes
and the samples moved to fresh eppendorf tubes without the beads by collecting the
supernatant on the magnetic stand. Samples were loaded onto an SDS-PAGE gel or
stored at -20 °C.
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2.11 Western Blot

2.11.1 Sample Preparation
2.11.1.1 Whole Cell

RIPA buffer combined with a protease and phosphatase inhibitor cocktail was used to
lyse the cells for 20 minutes on ice. After incubation, samples were centrifuged at
16,100xg for 10 minutes at 4°C. Supernatants were collected and quantified using the
PiercekE BCA P r ¢Thermon Fish&rs Scientific) according to the
manufacturero6s instruction. LDS sampl e
b-Mercaptoethanol were added to 5 pg of protein and heated at 90°C for 10 minutes

before loading onto a gel or storing at -20 °C.
2.11.1.2 Subcellular Fractionation

Subcellular fractionation was performed using the Subcellular Protein Fractionation Kit
for Cultured Cells ( Ther mo Fisher Scientific),

buf f

accol

instructions. Chromatin fraction was quantified usingthe Pi er ceE BCA Pr ot e

(Thermo Fisher Scientific) by UDSdammebuffarg
(4X) at 1X final concentrat i on a n-ercaptoetkranobwere added to 5 pg of
protein and heated at 90°C for 10 minutes before loading onto a gel or storing at
-20°C.

For lambda phosphatase protein (LPP, New England Biolabs) treatment samples were
incubated with 2 yL LPP, 1.5 pyL Protein MetalloPhosphatases (PMP) and 1.5 pL
MnCI2 buffers for 1 hour at 30 °C prior to preparation for Western blot analysis.

2.11.2 SDS-PAGE

Proteins were separated in a 10% SDS-PAGE pre-cast gel at 150V in 1X MOPS buffer,
using PowerEase 90W. Precision Plus Dual Colour ladder was used as a protein size

marker.
2.11.3 Western Blotting

Separated proteins were transferred from the gel onto a nitrocellulose membrane in a

Bio-Rad CriterionE Blotter tank using wet

at 4°C for 1 hours at 100V. Ponceau stain was used to visualise the protein bands
after transfer. Membranes were blocked using 5% milk (Serva) in TBST for 1 hour prior
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to overnight incubation in the appropriate primary antibody at 4°C. Antibodies were
diluted in TBST. After incubation and 3 washes of 10 minutes in TBST, membranes
were incubated with Horseradish Peroxide (HRP) conjugated secondary antibody for
1 hour at room temperature. Protein bands were visualised on X-ray films using Pierce
ECL Chemiluminescent Substrate. Films were scanned and further processed using
Adobe Photoshop CS6. Chromatin Fractionation samples were blotted using LI-COR
fluorescent secondary antibodies and visualised on the LI-COR Odyssey classic

imager system.

Quantification of ASCL1 levels for ASCL1 gPLEX-RIME normalisation was performed

using FIJI software (analyse, gels function).
2.11.4 Phos-Tag Western Blotting

ASCL1 phosphorylation post in vitro kinase assay was determined using an 8%
acrylamide gel polymerised with 20 pM Phos-tag reagent (WAKO) and 40 uM MnCI2.
After running and before transfer, phos-tag gels were washed three times for 10 min
each with transfer buffer (25mM Tris-HCI, 190mM glycine, 20% methanol)
supplemented with 10 mM EDTA, followed by a final wash with transfer buffer only. All

other steps were followed as described previously.

2.12 RNA sequencing
2.12.1 Sample Preparation and Sequencing

RNA sequencing of IMR-32 ASCL1M" SK-N-BE(2)C ASCL1M" and SH-EP
ACSL1°A treated with 1 pg/mL doxycycline for 24 hours was performed by R.
Gomez and R. Ramachandran as described by Gomez et al. 52. The experiments were
performed in five biological replicates for each cell line. Libraries were pooled and
sequenced on the NovaSeq 6000 in a 50 bp paired-end run. For SH-SY5Y ASCL1cloneA

cells RNA sequencing was performed as described by Ali et al.®%.
2.12.2 Bioinformatics Analysis

Reads were trimmed to remove adaptors and to a quality score of 20 with trim galore
v0.6.4_dev (https://github.com/FelixKrueger/TrimGalore) before aligning to the hg38

genome using STAR v2.6.1d%%?, using quantMode reverse to obtain raw gene counts.

This was performed by L. Woods.
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For each cell line, differential expression analysis was conducted using DESeq2
v1.40.2 with IfcShrink using apeglm for the shrinkage estimator®31%4 Genes with
counts fewer than the total number of samples (40 counts) were removed before
identifying significantly differentially expressed genes (adjusted p value < 0.05 and
log2FC > 0.5 or log2FC < -0.5). Data was vst normalised in DESeq2 for downstream
analysis. Significantly changing genes were used for subsequent heatmap plotting.
Normalised gene expression (counts per million) in all samples was subject to z-score
scaling within each cell line prior to visualisation using ComplexHeatmap'%. The

scaling in the heatmap reflects the z-score for each gene within each sample.

For survival analysis associated with gene expression, genes with low expression
significantly associated with poor survival in neuroblastoma and genes with high
expression significantly linked with poor survival in neuroblastoma were downloaded
from the R2 Genomics platform (data set: Tumor Neuroblastoma public T Versteeg 1
881 MAS5.01 ul33p2). These genes were mapped to RNAseq data comparing gene

expression between doxycycline treated and untreated samples in each cell line.

2.13 ASCL1 ChIP sequencing
2.13.1 Samples Processing and Sequencing

ASCL1 ChIP sequencing of IMR-32 ASCL1"9" SK-N-BE(2)C ASCL1"e" and SH-EP
ACSL1coneA treated with 1 pg/mL doxycycline for 24 hours was performed by R.
Gomez and R. Ramachandran as described by Ali et al. 64. For SH-SY5Y ASCL1c/oneA
RNA sequencing was also performed as described in Ali et al., 2020%. The
experiments were performed in four biological replicates for each cell line. Libraries
were pooled and sequenced on the NovaSeq 6000 in a 150 bp paired-end (for of IMR-
32 ASCL1"g" SK-N-BE(2)C ASCL1M" and SH-EP ACSL1%%"eA) and single-end (for
SH-SY5Y ASCLcloneA),

2.13.2 Bioinformatics Analysis

Reads were trimmed to remove adaptors and to a quality score of 20 with trim galore
v0.6.4_dev (https://github.com/FelixKrueger/TrimGalore) before aligning to the hg38
genome using bowtie2 v2.4.1'% snakemake wrapper 0.71.1/bio/bowtie2/align.

Duplicate reads marked but not removed, and peaks called with macs2 v2.2.7.1,
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snhakemake wrapper 0.66.0/bio/macs2/callpeak -f BAMPE -g hs --SPMR --qvalue 0.05

--keep-dup all. These steps were conducted by L.Woods.

DiffBind Bioconductor package'®’” was used to create a consensus set of peaks for
each cell line present in at least three out of four replicates. The Venn diagrams
illustrating the overlap between ASCL1 peaks in each replicate per cell line were
created in DiffBind. Further, a consensus set of peaks between IMR-32 ASCL1"9" and
SK-N-BE(2)C ASCL1Mgh or SH-SY5Y ASCL1c"A and SH-EP ASCL1¢°"A  which
included the consensus peaks from both cell lines, were used for differential binding
analysis in DiffBind. Prior to generating the consensus lists, a Black List
(DBA_BLACKLIST_HG38) and a calculated Grey List using input samples and the
dba.blacklist command were applied to the experiment. Samples were normalised
according to library size in DiffBind. Significantly differential ASCL1 peaks between
each pair of cell lines were calculated using DESeq2 in DiffBind and assigned by an

adjusted p value <0.01 and log2FC > 1 or log2FC < -1.

To annotate genes proximal to ASCL1 peaks the ChIPseeker package'®® was used.
For peak distribution annotation for IMR-32 ASCL1M9" and SK-N-BE(2)C ASCL1Mgh
cells a customised plot was generated using ggplot2 1% in R. The promoter sites were
determined as those distanced up to 3kb from the transcriptional start site (TSS), and
super enhancer regions were defined based on overlapping super-enhancers in
primary tumours and cell lines from the Gartlgruber, et al. study'’?2. For SH-SY5Y
ASCL1coeA and SH-EP ASCL1¢°mA cells the standard ChlPseeker output plot was

generated.

To visualise genomic loci of ASCL1 peaks, tag density and average trend plots were
generated on RPKM normalised (deeptools bamCoverage) and merged (ucsc-
bigwigmerge) bigwig files using Deeptools computeMatrix, plotHeatmap. The

Common (non-significant) group was defined by an FDR > 0.5.

Motif analysis was performed using the HOMER findMotifsGenome.pl command?°°
with default GC-normalised background sequences.

Contingency plot with proportions of bound and not bound by ASCL1 genes and their
expression profile after ASCL1 overexpression in each cell line were plotted using

ggbarstats?! in R.
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2.14 Gene Ontology Analysis

Gene ontology analysis was performed using compareCluster or enrichGO from
clusterProfiler package 2°? in R. The following parameters were selected OrgD-
b=0org. Hs. eg. dbo, pAdjust Met hod=0o0fdr o0,
or ont =0MFoO.

2.15 Statistics

Statistical analyses of total cell number changes (Chapter 3-4C) were conducted using
GraphPad Prism software as described in figure legends (*, p <= 0.05; **, p <= 0.01,
*** p <= 0.001). Statistical analysis of differentially expressed genes from RNA
sequencing was performed using DESeq2, and of differential ASCL1 peaks from ChIP
sequencing using DESeq2 with DiffBind in R v.4.3.1. Whole proteome and ASCL1
gPLEX-RIME data was statistically analysed using limma?%® within the gPLEXanalyzer
Bioconductor package!'#11. Statistical analysis for gene expression associated with
survival was performed using the dunn test in R. Biological replicates were considered

as different passage of the same cell line seeded in independent experiments.
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Chapter 37 ASCL1 Overexpression Differentiates
Adrenergic Neuroblastoma Cell Lines to Differing
Extents

3.1 Introduction

The Philpott lab have shown that overexpression of proneural factor ASCL1 in SH-
SY5Y neuroblastoma cells induces transcriptional and morphological changes
associated with neuronal differentiation®4®>. ASCL1 is a master regulator of
neurogenesis that controls the balance between proliferation and differentiation in
normal development, neuroblastoma and other cancers!6.646573176,119  However, the
mechanism behind the ASCL1-driven switch from proliferation to differentiation is not
fully understood. Additionally, it is unknown whether the differentiation induced by
ASCL1 overexpression in neuroblastoma is cell type-specific, as only one cell line has
been tested so far. In this chapter, to understand how ASCL1 overexpression affects
neuroblastoma cells originating from different patients and different genetic and
epigenetic backgrounds, ASCL1 is overexpressed in three additional neuroblastoma
cell linesi IMR-32, SK-N-BE(2)C and SH-EP i and the phenotypic and transcriptional
consequences are analysed.

Since, previously, ASCL1 has only been overexpressed in non-MYCN-amplified SH-
SY5Y cells, it is important to study whether ASCL1 overexpression leads to
differentiation of MYCN-amplified neuroblastoma cell lines, associated with high-risk
disease and a poorly differentiated phenotype?1:293205 |MR-32 and SK-N-BE(2)C cell
lines were chosen due to having a MY CN-amplification, which is the main known driver
of neuroblastoma pathogenesis?1203'205  |n addition, IMR-32 and SK-N-BE(2)C cell
lines have both been described as adrenergic, due to their gene expression profiles
that include PHOX2B, HAND2 and ASCL1, as well as the presence of clusters of
enhancers, named super-enhancers, proximal to genes that comprise the adrenergic
core regulatory circuitry (ADRN CRC). Adrenergic cells appear to make up the bulk of
the neuroblastoma tumours, as opposed to mesenchymal cells, further supporting the
choice for the adrenergic IMR-32 and SK-N-BE(2)C cell lines in this study.

Despite the similarities described so far between IMR-32 and SK-N-BE(2)C cells, the
cell lines have a few different genetic alterations. SK-N-BE(2)C is hemizygous for p53
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as it lacks one chromosome 17, where p53 is encoded. The only p53 copy has a
missense mutations, generating non-functional p53 protein?%®. IMR-32 cells have a
MEIS1 amplification and several chromosome losses, such as 1p loss and
chromosome 16 loss?%7:2%8, Furthermore, they exhibit different morphologies and
respond differently to certain chemotherapeutic drugs, with IMR-32 cells normally

showing better responsiveness (Unpublished data, Philpott lab).

The third cell line chosen to study the effect of ASCL1 overexpression is SH-EP. The
SH-EP cell line, and the cell line previously demonstrated by the Philpott lab to respond
to ASCL1-induced differentiation, SH-SY5Y, are isogenic. They are derived from the
same parental cell line SK-N-SH 2%°, and both have a mutation in the ALK gene (ALK
mutant F1174L), one of the few recurrently mutated genes in neuroblastoma?°7.21°,
Despite this, these cell lines have several differences. For instance, SH-SY5Y cell
lines are characterised as adrenergic, whereas SH-EP cells have a mesenchymal
transcriptional profile and are maintained in a more immature state by a mesenchymal
CRC 25, This leads to the presentation of distinct morphologies in the two cell lines;
SH-EP appear more flattened with no neurites and SH-SY5Y cells have a neuroblast-
like morphology i more elongated with short neurites. Importantly, SH-SY5Y cells
express endogenous ASCL1 as part of the adrenergic CRC, whereas SH-EP cells lack
its expression 252 In the literature, MES neuroblastoma cells are normally associated
with higher resistance to certain drug treatments. SH-EP cells follow this pattern and
have been shown to be less responsive to differentiation agents, such as retinoic acid,

compared to adrenergic SH-SY5Y cells 2.

The characteristics of the four neuroblastoma cell lines described allow different
guestions to be tested. Firstly, to address whether ASCL1 overexpression leads to
neural differentiation in the presence of MYCN-amplification, MYCN-amplified cell
lines IMR-32 and SK-N-BE(2)C are used. Overexpression of ASCL1 and direct
comparison of the response in the two cell lines allows the study of how ASCL1-driven
differentiation may be regulated in the context of MYCN-amplification, which has not
been explored to date. Secondly, to understand how adrenergic and mesenchymal
transcriptional profiles affect ASCL1-induced differentiation, the response to ASCL1

overexpression in adrenergic SH-SY5Y and mesenchymal SH-EP can be compared.
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3.2 Study of ASCL1 Overexpression in mycN-amplified
Adrenergic Neuroblastoma Cell Lines

3.2.1 Investigation of the Phenotypic Changes Associated with ASCL1

Overexpression in MYCN-amplified Neuroblastoma Cell Lines

To investigate the ability of ASCL1 overexpression to induce differentiation in the
context of MYCN-amplification, MYCN-amplified IMR-32 and SK-N-BE(2)C cell lines
stably expressing a doxycycline-inducible ASCL1 transgene were generated by Laura
Woods, Daniel Marcos and Fahad Ali. For this, the neuroblastoma lines were first
transduced with a lentivirus encoding a Tetracycline-On (TET-on) transactivator
protein and a neomycin resistance gene. Cells were selected for expression of the
transgene using G418, an analogue of neomycin, for 72 hours. Subsequently, the
selected cells were transduced with a lentivirus encoding ASCL1, under the control of
a tetracycline response element (TRE), and a puromycin resistance gene. In this
system, the TET-on transactivator protein binds to TRE and activates transcription of
ASCL1 only in the presence of tetracycline or its derivative doxycycline. Cells
expressing the ASCL1 transgene were selected using puromycin, and then clonally

expanded.

The first objective was to choose IMR-32 and SK-N-BE(2)C clones that match in
ASCL1 protein levels after doxycycline (dox) treatment. This ensures that the two cell
lines can be directly compared and any potential differences in their response to
ASCL1 overexpression is not resulting from varying ASCL1 levels. Preliminary
analysis of ASCL1 levels by western blot across different ASCL1-inducible clones (not
shown), identified two clones from each cell line for further study. The two pairs of
clones and the respective parental cells were treated with 1 pug/mL of doxycycline for
24 hours and ASCL1 levels assessed by western blot. Equal protein was loaded after
quantification using a BCA assay. As seen in Figure 3-1, dox treatment successfully
increased ASCL1 protein levels in all ASCL1-inducible clones compared to parental
cells. In each cell line, the ASCL1-inducible clone termed ASCL1"°%, as the name
suggests, overexpressed lower levels of ASCL1 compared to the ASCL1M9" clone,
upon dox induction (Figure 3-1). Both ASCL1"°% and ASCL1Md" clones matched in
ASCL1 levels between IMR-32 and SK-N-BE(2)C cell lines.
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Figure 3-1. ASCL1 Protein Levels in IMR-32 and SK-N-BE(2)C ASCL1-inducible Clones After
Induction of ASCL1 Expression With 1 pg/mL of Doxycycline for 24 hours. Western blot analysis
of ASCL1 darmudullin pr o-Tubllimisubed asehke wadingitontrol. IMR-32 ASCL1'" and
ASCL1Ng clones and SK-N-BE(2)C ASCL1low and ASCL1high clones were induced to express ASCL1
with 1000 ng/mL of doxycycline for 24 hours before collection. Whole cell lysates were separated on a
10% SDS-PAGE and bl otted with ant i blrobdlin.eMolecalay aveights t

presented in kDa. n=2

To assess the effect of ASCL1 overexpression on cell morphology, parental ASCL1'o%
and ASCL1Msh IMR-32 and SK-N-BE(2)C cells were imaged 5 days after treatment
with 5, 200 or 1000 ng/mL of dox. The treatment was renewed every two days. In both
cell lines, dox treatment did not alter the morphology of the parental cells in all
concentrations tested (Figure 3-2). For IMR-32 ASCL1"" and ASCL1"9" clones,
morphological changes were observed in a dox concentration-dependent manner. The
lowest concentration, 5 ng/mL of dox, did not appear to affect the morphology of the
cells. However, 200 and 1000 ng/mL dox led to reduced cell adherence and increased
cell clustering (Figure 3-2), previously seen in ASCL1-induced differentiation of SH-
SY5Y cells®. Additionally, the IMR-32 ASCL1"9" clone presented longer neurites
compared to IMR-32 ASCL1'" and parental cells treated with 1000 ng/mL dox. SK-N-
BE(2)C ASCL1"¢h cells also showed a dox concentration-dependent effect, as fewer
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attached cells were observed with the highest dox treatment of 2000 ng/mL compared
to the untreated control or treatment with 5 or 200 ng/mL of dox (Figure 3-2). However,
no clear neurite extension was observed in neither SK-N-BE(2)C clones tested, even
at the highest concentration of dox used.

Overall, both IMR-32 and SK-N-BE(2)C ASCL1Md" clones underwent morphological
changes upon ASCL1 induction. Interestingly, IMR-32 ASCL1-inducible clones
appeared more differentiated compared to SK-N-BE(2)C ASCL1-inducible clones after
5 day treatment with dox, suggesting that IMR-32 cells may be more responsive to
ASCL1-induced morphological differentiation. Although, the reduced cell adherence
upon ASCL1 overexpression, described earlier, may have led to cell morphology
disruption or cell loss in either cell line upon dox treatment renewal. Therefore, a
single, longer treatment is needed to better assess morphology upon ASCL1

overexpression.

To better capture the morphological differences between the cell lines upon ASCL1
upregulation, cells were subject to a single dox treatment and imaged after a longer
time-point of 7 days. This avoided disrupting the cells that reduced their adherence in
response to ASCL1-induced differentiation. Only IMR-32 and SK-N-BE(2)C ASCL1"g"
clones were studied, as these presented the clearest morphological changes when
dox treated in earlier experiments. Representative images of untreated cells were
taken before these reached confluency, so that morphology could be readily assessed.
As expected, 7 days after a single treatment of 1 pg/mL of dox, IMR-32 ASCL1"9" cells
underwent striking morphological changes associated with neuronal differentiation
(Figure 3-3A); cells formed large aggregates connected by long neurites, possibly
representing gathering into ganglia-like clusters, as has been observed previously®*.
The SK-N-BE(2)C ASCL1Md" cells, on the other hand, showed a more modest
morphological change in response to ASCL1 overexpression; the cells gathered into
smaller clusters and extended shorter neurites, compared to IMR-32 ASCL1"9" cells
(Figure 3-3A). Nevertheless, upon ASCL1 overexpression both cell lines upregulated
b I-tbblulin, a marker of neural differentiation, as determined by immunofluorescence

staining 7 days after 1 pg/mL of dox treatment (Figure 3-3B).
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Figure 3-2. Morphology of IMR-32 and SK-N-BE(2)C ASCL1-inducible Clones After 5 Days of
Overexpression of ASCL1. Representative images of IMR-32 and SK-N-BE(2)C ASCL1llow and
ASCL1high clones and parental lines 5 days after treatment with 0, 5, 200 or 1000 ng/mL of doxycycline.
Treatment was renewed every 2 days. Phase-contrast imaging performed on Olympus IX51

microscope. n=2
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Figure 3-3. ASCL1 Overexpression Induces Morphological Differentiation in MYCN-amplified
IMR-32 and SK-N-BE(2)C clones. Representative images of IMR-32 and SK-N-BE(2)C ASCL1-

inducible clones 6 days after treatment with 1 ug/mL of doxycycline. Treatment was not renewed for the

duration of the 6 days. A. Phase-contrast imaging performed on Olympus IX51 microscope. B.
Immunofluorescent staining was performed using anti-blll-tubulin antibody and DAPI. Imaging

performed on Leica DMI6000. n=3
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These data support the ability of ASCLL1 to induce morphological changes associated
with neural differentiation in MYCN-amplified neuroblastoma, although to differing
levels in the two cell lines tested. IMR-32 appeared more responsive than SK-N-
BE(2)C to morphological differentiation driven by ASCL1.

Differentiation and proliferation are thought to be tightly coordinated and generally
inversely related'3®, To test whether this holds true for ASCL1-induced differentiation,
the effect of ASCL1 overexpression on proliferation of IMR-32 and SK-N-BE(2)C cells
was interrogated using EdU staining. A 3 day time-point was chosen to capture later
effects of ASCL1 overexpression on proliferation, but before the cells detach which
hinders staining efficiency. Therefore, IMR-32 and SK-N-BE(2)C ASCL1"d" cells were
left untreated or treated with 1 pg/mL dox for 3 days. In the final 24 hours, an EdU
pulse was provided together with refreshed dox treatment. As only dividing cells
incorporate EdU into their replicating DNA, at the end of the 3 days the cells were
fixed, stained for EdJU and imaged to measure percentage of proliferating cells.
Interestingly, despite the heterogeneous response to ASCL1-induced morphological
changes between IMR-32 and SK-N-BE(2)C cells, both cell lines had equally reduced
proliferation at day 3 of ASCL1 induction (Figure 3-4A and 3-4B). Using CellProfiler to
quantify the EdU staining shown in Figure 3-4A, it was found that, in both cell lines,
approximately 34% of cells were found to be positive for EdU after ASCL1
overexpression compared to roughly 73% of untreated cells (Figure 3-4B). Total cell
number, measured using a CellTiter-Glo® assay, was also reduced in both cell lines
3 days after ASCL1 overexpression (Figure 3-4C).

In summary, at the time point tested, ASCL1 induction led to reduced proliferation in
both IMR-32 and SK-N-BE(2)C MYCN-amplified cell lines. However, intriguingly, IMR-
32 cells presented more differentiated morphology than SK-N-BE(2)C cells upon
ASCL1 overexpression. This suggests that differentiation may be regulated
independently of proliferation by ASCL1 and different cell lines may show varied

permissiveness to ASCL1-driven neural differentiation.
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Figure 3-4. IMR-32 and SK-N-BE(2)C cells Proliferate Slower after ASCL1 Overexpression. IMR-
32 and SK-N-BE(2)C ASCL1-inducible clones were treated with 1 pg/mL doxycycline for 3 days and
assessed for proliferation. A. Representative images of EdU staining. EJU pulse, with the respective
treatments, was added 24 hours before day 3 collection. Cells were fixed with 4% paraformaldehyde
and stained for EdU using Click-i TE EdU Cell | Proliferation Kit.

B. Quantification of the EdU staining from figure A. Mean +/- SD, n=2. C. CellTiter-Glo assay was
performed on day 3 and luminescence measured. The values represented are normalised to uninduced
sample (equals 1) for each cell line. Mean +/- SD, n=5. Statistical analysis performed in Prism software,
one sample t test on dox treated sample against the value 1, to which the control sample for each

replicate was normalised. (*, p <= 0.05; **, p <= 0.01, ***, p <= 0.001)
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3.2.2. Investigation of the Genome-wide Transcriptional Changes Driven

by ASCL1 Overexpression in MYCN-amplified Cell Lines

In Chapter 3.2.1 ASCL1 is shown to have the ability to induce morphological
differentiation and reduce proliferation in MYCN-amplified neuroblastoma cells. The
two cell lines tested, IMR-32 and SK-N-BE(2)C, responded to differing levels
morphologically to ASCL1 overexpression, with IMR-32 cells being more responsive.
This led to the investigation of the genome-wide transcriptional changes incurred in
each cell line by ASCL1 overexpression. The aim is to uncover whether the
morphological changes induced by ASCL1, and resulting phenotypic differences
between the cell lines manifest at the transcriptome level. To this end, downstream
bioinformatics analysis was performed of RNA sequencing (RNAseq) data of IMR-32
and SK-N-BE(2)C ASCL1M" cells treated with 1 pg/mL dox for 24 hours. This
experiment was performed by R. Gomez and R. Ramachandran and sequence
alignment to the genome was performed by L.Woods. | then performed all downstream

bioinformatics analyses.

Firstly, for quality control purposes and to visualise the relationship between the
different samples, a principal component analysis (PCA) was performed. PCA reduces
complex data, allowing visualisation, in many cases, of the variation in a dataset on a
two-dimensional plot. PCA analysis of the 5 biological replicates in untreated and dox
treated samples in both cell lines illustrated the consistency and reproducibility of the
data, as the biological replicates from each sample cluster closely together (Figure 3-
5A). When comparing the positions of the different samples on the PCA plot, the
differences between IMR-32 and SK-N-BE(2)C cell lines appeared to be greater than
the differences induced by ASCL1 overexpression, as samples grouped primarily
according to cell line rather than treatment (Figure 3-5A). Moreover, in line with the
more pronounced morphological changes observed in IMR-32 cells upon ASCL1
overexpression compared to SK-N-BE(2)C, ASCL1 induction appeared to also have
a stronger impact on transcription in IMR-32 cells. This is hinted by the further
separation between untreated control and dox treated cells in IMR-32 versus SK-N-
BE(2)C cells (Figure 3-5A). Overall, the data displays consistent clustering patterns
that fit with the predicted outcomes, based on previous findings in Figures 3-2, 3-3 and
3-4. This confirms the reliability of the data and allows us to confidently proceed with

further analysis.
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Figure 3-5. PCA and MA Plots of RNA-seq Samples for IMR-32 and SK-N-BE(2)C ASCL1high cells
with and without ASCL1 overexpression. A. PCA plots of the RNA-seq data in IMR-32 and SK-N-
BE(2)C ASCLI1-inducible high clones showing the separation of the five biological replicates of
uninduced and induced (doxycycline treated) samples. All cell lines were treated with 1 pg/mL
doxycycline for 24 hours. B. MA plots of the RNA-seq data in IMR-32 and SK-N-BE(2)C, ASCL1-
inducible high clones representing the transcriptional changes after ASCL1 overexpression. The x axis
represents the mean of normalised counts and the y axis the log fold change of each gene. Coloured
points represent significant values (p < 0.05). RNAseq was performed by R. Gomez and R.

Ramachandran and sequence alignment to the genome by L.Woods. | then performed all the



Next, to obtain a list of genes whose expression is significantly different between dox
treated and control cells in each cell line, differential expression analysis using
DESeq2 1%, a Bioconductor package, was performed. The output of this analysis can
be plotted on an MA plot 13, to visualise overall variation between untreated and dox
treated samples. In Figure 3-5B, the change in gene expression in log2 transformed
fold changes is shown on the y axis and the mean expression across all samples is
shown on the x axis, comparing ASCL1 overexpressed and control samples in IMR-
32 (left) and SK-N-BE(2)C (right) ASCL1Md" cells. The MA plots demonstrate that a
high number of genes, marked in colour, are significantly up or downregulated by
ASCL1 overexpression in both cells lines and are distributed as expected 1% (Figure
3-5B).

For a more detailed study of the transcriptional changes induced by ASCL1, the
significantly up or downregulated genes upon ASCL1 overexpression in each cell line
were illustrated on a heatmap and gene ontology analysis of the two groups performed

using a Bioconductor package named clusterProfiler.

As shown in Figure 3-6A, in IMR-32 cells ASCL1 overexpression led to downregulation
of 3,530 genes and upregulation of 4,095 genes. Gene ontology analysis of the top
1,500 genes in each group revealed that downregulated genes were enriched for gene
ontology associated with DNA replication, whereas modulation of chemical synaptic
transmission and cell adhesion terms were enriched in the upregulated genes (Figure
3-6B). This result fits with the morphological indications of neuronal differentiation and

reduced proliferation in IMR-32 cells after ASCL1 overexpression.

In the SK-N-BE(2)C cell line, there was upregulation of 1,953 genes and
downregulation of 1,715 genes upon ASCL1 overexpression (Figure 3-7A),
approximately half of the number of transcriptional changes observed in IMR-32 cells.
Genes responsible for regulation of nervous system development were both up and
downregulated in SK-N-BE(2)C cells overexpressing ASCL1; indicating either an
inconsistent response to ASCL1-induced neural differentiation or distinct regulation of
different groups of neuronal genes by ASCL1. Surprisingly, despite the increase in
neurite length upon ASCL1 overexpression, axonogenesis associated genes were
downregulated in SK-N-BE(2)C cells (Figure 3-7B). These data indicate that although
ASCL1 induced some transcriptional changes in SK-N-BE(2)C cells that may be
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indicative of neuronal differentiation, these are not as robust as those observed in the
IMR-32 cells.
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Figure 3-6. ASCL1 Overexpression Drives Transcriptional Changes Associated with
Neuroblastoma Differentiation and Reduced Proliferation in IMR-32 ASCL1-inducible clone. A.
Heatmap of all differentially expressed genes in induced versus uninduced samples for five biological
replicates of IMR-32 ASCL1-inducible clone. A z-score has been applied to counts per million (CPM)
normalised RNA-seq counts. The number of genes downregulated (log2 Fold Change <-0.5 and
adjusted p value < 0.05) and upregulated (log2 Fold Change >0.5 and adjusted p value < 0.05) is
indicated. B. Gene ontology analysis of biological processes for the top 1,500 downregulated and the
top 1,500 upregulated genes using clusterProfiler. RNAseq was performed by R. Gomez and R.
Ramachandran and sequence alignment to the genome by L.Woods. | performed all downstream

bioinformatics analysis.
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Figure 3-7. ASCL1 Overexpression Leads to Both Down and Up-regulation of Genes associated
with Regulation of Neurogenesis in SK-N-BE(2)C ASCL1-inducible clone. A. Heatmap of all
differentially expressed genes in induced versus uninduced samples for five biological replicates of SK-
N-BE(2)C ASCL1-inducible clone. A z-score has been applied to counts per million (CPM) normalised
RNA-seq counts. The number of genes downregulated (log2 Fold Change <-0.5 and adjusted p value
< 0.05) and upregulated (log2 Fold Change >0.5 and adjusted p value < 0.05) is indicated. B. Gene
ontology analysis of biological processes for all downregulated and upregulated genes using
clusterProfiler. RNAseq was performed by R. Gomez and R. Ramachandran and sequence alignment

to the genome by L.Woods. | then performed all downstream bioinformatics analysis.

- B8 -



I NI L S

+|‘ il '.J'.Hl, MM\"””!}‘ l‘ ’m L LAY

o 001 Rl 5=
e

N T

‘\I A ‘ \'I |

|‘ I I u‘l il i e ”‘hi
= I} \ﬂ' .||n‘ i IR L L) Wt SRR
B C

modulation of excitatory

POSLRIEPLG RtRA'BH
excitatory postsynaptic |

excitatory posgg‘\ea's‘%

potential

chemical synaptic
transmission, postsynaptic
regulation of postsynaptic
membrane potential
modulation of chemical
synaptic transmission
regulation of trans-synaptic

249 2 signaling

IMR

BE
ASCL1high ASCL 1high

axon development

IMR down BE down extracellular matrix
orgamzatlon

2783 613 853 extracellular structure

organization

axonogenesis{

axon guidance

L . GeneRatio
® o
® oo
@ oo
® o
° @0

p.adjust

neuron projection guidance

D synaptic vesicle cycle

synapse organization |
regulation of body fluid
levels

intermediate filament
organization

15+ . intermediate filament
* m IMR ASCL1high cytoskeleton organization

. intermediate filament-based 2
= BE ASCL1high process :’
regulation of smooth muscle .

(15

cell proliferation
regulation of nervous system
development
regulation of neurogenesis {
positive regulation of
nervous system development
positive regulation of cell
development

Notch signaling pathway-

Fold Enrichment
Expression to (-) dox
o o0 0 0

N DNA replication{
9 QO

OQ- 00 \‘y \i\ IS DNA-templated DNA replication

AQ

ribosome biogenesis |

: Fpr ribonucleoprotein complex.

Neuronal Differentiation PO ogenesis

rRNA metabolic process

Markers homophilic cell adhesion via

plasma membrane adhesion{ ®

cell-cell admssRaIga
plasma-membrane adhesion | L ]

BE BE BE Both Both IMR IMR

Down Down Up Down Up Down Up

(673) IMR (503) (542) (840) (2363) (1659)
U

p
(198)

Figure 3-8. ASCL1 Overexpression Drives More Transcriptional Changes Associated with
Neuroblastoma Differentiation in IMR-32 versus SK-N-BE(2)C ASCL1-inducible clones. A.
Heatmap of all differentially expressed genes in either IMR-32, SK-N-BE(2)C ASCL1-inducible lines, or
both upon upregulation of ASCL1 with 1 pg/mL doxycycline for 24 hours. A z-score has been applied
to counts per million (CPM) normalised RNA-seq counts. Differentially expressed genes were selected
as follows: Downregulated, log2 Fold Change <-0.5 and adjusted p value < 0.05; Upregulated, log2
Fold Change >0.5 and adjusted p value < 0.05). B. Venn diagram of genes in A. C. Gene ontology
analysis of biological processes for the groups of genes represented in A. and B. using clusterProfiler.
D. Fold Enrichment of expression of induced over untreated control samples for each cell line. Error

bars represent standard error values for log2 transformed fold change from the DESeg2 analysis output.
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To further validate the association of the higher number of transcriptional changes
observed in IMR-32 cells in response to ASCL1 overexpression with a more
differentiated phenotype compared to SK-N-BE(2)C, the transcriptional changes in
both cells lines were directly compared. For this, a heatmap comparing expression
across both cell lines of genes that displayed significant changes in at least one cell
line was plotted. To facilitate visualisation and interpretation, the genes were manually
clustered into 8 groups based on their transcriptional changes in each cell line. For
example, genes significantly upregulated in both cell lines were clustered together,
whereas genes that showed significant upregulation in only one cell line formed their

own distinct cluster, and so forth.

Unsurprisingly, the heatmap clearly shows the higher number of transcriptional
changes upon ASCL1 overexpression in the IMR-32 line compared to SK-N-BE(2)C
(Figure 3-8A). Most of differentially expressed genes shown were uniquely up- or
down-regulated by IMR-32 cells (Figure 3-8A and 3-8B). Gene ontology analysis
revealed that the uniquely upregulated genes in IMR-32 cells were indeed involved in
regulation of synapses and neuron projection guidance, while the uniquely
downregulated genes were associated with DNA replication (Figure 3-8C).
Interestingly, regulators of nervous system development were both upregulated and
downregulated by both cell lines, as previously described for SK-N-BE(2)C cells,
meaning that ASCL1 may favour the expression of particular neuronal genes over
others. Genes uniquely upregulated in SK-N-BE(2)C cells, were enriched for proteins
associated with intermediate filament cytoskeleton organisation (Figure 3-8C),
potentially involved in restructuring the morphology of the cells. However, fitting with
the more differentiated morphology after ASCL1 overexpression of the IMR-32 cells
over SK-N-BE(2)C, a subset of 249 genes enriched in axonogenesis, neuron
projection guidance and synapse organisation terms increased in expression in IMR-
32 cells but decreased in SK-N-BE(2)C cells (Figure 3-8B and 3-8C).

Furthermore, IMR-32 cells showed higher fold change in expression of five gene
associated with neural differentiation such as ADGRG1, TUBB3, MAP2, NTRK1 and
DBN1 (Figure 3-8D). ADGRG1, a mediator of cell-matrix adhesion in developing
neurons?!, and NTRK1, a receptor tyrosine kinase important for neuronal
development?12213 were upregulated by both cell lines after 24 hours of dox treatment.

However, TUBB3, a constituent of microtubules found primarily in neurons?'#215,
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MAP2, a neuron-specific cytoskeletal protein?!¢, and DBN1, important for formation of
cell projections?’, were only upregulated by IMR-32 upon ASCL1 overexpression
(Figure 3-8D).

In summary, IMR-32 cells undergo more transcriptional changes linked to neuronal
differentiation upon ASCL1 overexpression compared to SK-N-BE(2)C cells. This
suggests IMR-32 cells are more permissive to ASCL1-induced differentiation,
highlighting the heterogeneous response of different cell lines to the same

transcription factor.

3.2.3. ASCL1 Overexpression Induces Transcriptional Changes that may
Favour Patient Survival in MYCN-amplified IMR-32 Cell Line

Previously in this chapter, it was shown that ASCL1 overexpression induces
morphological and transcriptional changes associated with neuronal differentiation to
differing levels in two MYCN-amplified neuroblastoma cell lines. Induction of
differentiation is thought to be a promising therapeutic approach for neuroblastoma.
Therefore, it was interesting to test whether increased transcription of differentiation
targets, induced by ASCL1 overexpression, might correlate with better survival. To this
end, the impact of ASCL1-induced transcriptional changes on patient survival was

analysed using data downloaded from the R2 Genomics platform.

Genes where low or high expression is significantly associated with poor survival in
neuroblastoma patients were downloaded. The effect of ASCL1 induction on the
transcription of these genes in IMR-32 and SK-N-BE(2)C cells was then studied. On
the volcano plots in Figure 3-9, in purple, are highlighted the genes whose high
expression is associated with poor survival, and in green, the genes whose low

expression is associated with poor survival.

Strikingly, in IMR-32 cells, ASCL1 overexpression for 24 hours, led to strong
downregulation of genes that are associated with poor survival when highly expressed
(Figure 3-9, top left), and upregulation of genes that are associated with poor survival
when expressed at a low level (Figure 3-9, top right). The shift of these two groups of
genes towards downregulation or upregulation, respectively, was significant when
compared to the expression changes of the rest of the genes. These data suggest
ASCL1 is driving transcriptional changes in the IMR-32 cells that may be associated

with better outcome for patients.
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Figure 3-9. Effect of ASCL1 Overexpression on Transcription of Genes Associated with
Neuroblastoma Patient Survival in IMR-32 and SK-N-BE(2)C ASCL1-inducible Clones. Volcano
plots illustrating the change in gene expression (RNAseq) after ASCL1 overexpression in IMR-32 and
SK-N-BE(2)C, ASCL1-inducible clones. Both cell lines were treated with 1 pg/mL dox for 24 hours
before collection for RNAseq. In purple are highlighted the genes with high expression associated with
poor survival, according to the R2 Genomics platform. In green, are highlighted genes with low
expression associated with poor survival. In grey, are all other genes. The numbers of genes
significantly up or downregulation in each survival group are shown. Adjusted p Value from statistical
analysis using dunn's kruskal-wallis test is illustrated. RNAseq was performed by R. Gomez and R.
Ramachandran and sequence alignment to the genome by L.Woods. | performed all downstream

bioinformatics analysis.

Contrasting with this, in SK-N-BE(2)C cells, where ASCL1 failed to induce robust
transcriptional changes associated with differentiation, there was no clear association

between the transcriptional programme driven by ASCL1 and potential benefit for
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patients (Figure 3-9, bottom). For example, ASCL1 overexpression failed to strongly
downregulate genes where high expression is associated with poor survival (Figure 3-
9, bottom left), and to upregulate genes where low expression is associated with poor
survival (Figure 3-9, bottom right). Instead, higher number of genes whose low
expression is associated with poor survival were downregulated (188 genes), than
upregulated (142 genes, Figure 3-9, bottom right). A positive impact seen on
transcription of SK-N-BE(2)C cells is that genes with high expression associated with
poor survival were found to have a significantly lower median log2 fold change than
all the other genes (Figure 3-9, bottom left), suggesting they are being upregulated to

a lesser extent than the bulk of the genes.

In short, ASCL1 overexpression appeared to induce a transcriptional profile that may
be associated with better patient outcome, in IMR-32, responsive to ASCL1-induced
differentiation. This was not the case in SK-N-BE(2)C cells. This indicates that ASCL1
is capable of driving transcriptional changes that may favour patient outcome only in

certain cellular contexts.

3.2.4 Proteins Associated with Axonal Development Are Present at
Higher Levels in IMR-32 than SK-N-BE(2)C cell line, after ASCL1

Overexpression

IMR-32 cells were shown to morphologically and transcriptionally differentiate better
than SK-N-BE(2)C cells, upon ASCL1 overexpression. To understand whether this
differential response to ASCL1 translates to the protein level, quantitative comparison
of the total proteome of IMR-32 and SK-N-BE(2)C cell lines overexpressing ASCL1
was performed. ASCL1-inducible clones were treated with 1 pg/mL dox for 24 hours
and similar size cell pellets were collected and submitted for quantitative total
proteome analysis to the Cancer Research UK Cambridge Institute (CRUK-CI)
proteomic facility. The facility processed these samples by performing protein
extraction, quantification, trypsinisation, peptide labelling, and identification on the
mass-spectrometer. Equal protein was used for each sample. Upstream
bioinformatics analysis for peptide and protein identification was also performed by the
CI proteomic facility, using Proteome Discoverer Software. | performed the rest of the

downstream bioinformatics analyses described below.
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Figure 3-10. Average Peptide Intensity Distribution and ASCL1 Levels in Quantitative Total
Proteome Analysis of SK-N-BE(2)C and IMR-32 ASCL1-inducible Clones. A. Average
log2(Intensity) of all peptide intensities detected in the quantitative total proteome experiment before
and after normalisation are shown. Three biological replicates of SK-N-BE(2)C and IMR-32 ASCL1-
inducible high clones treated with 1 pg/mL doxycycline for 24 hours. B. Principal component analysis
of the three biological replicates of IMR-32 and SK-N-BE(2)C ASCL1high cells overexpressing ASCL1,
after normalisation. C. Sequence coverage of the ASCL1 protein. D. Log2(Intensity) of ASCL1 peptides,
in colour, and their sum, in grey, in IMR-32 and SK-N-BE(2)C ASCL1high cells treated with 1 pg/mL
dox for 24 hours. Samples processed for whole proteome analysis by the Cancer Research UK
Cambridge Institute (CRUK-CI) proteomic facility. | performed pellet preparation and downstream

bioinformatics analysis.
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To ensure the accuracy of the experiment, several quality control steps were
implemented. Firstly, an analysis of how intensities of different peptides change
between samples was conducted. This analysis utilised the Bioconductor package
gPLEXanalyzer, which can be used to assess technical variability using peptide
intensity distributions. Normally, when comparing different conditions within the same
cell line, minimal changes in peptide intensities are expected. However, as this
experiment spans two different cell lines, inherent differences in proteins abundance
between cell lines could lead to greater variability. To address this, log2 transformed
peptide intensities were plotted for three replicates in each cell line. This allows
visualisation of any potential variability in the data and a choice of the most appropriate
normalisation method. According to this analysis, the data appeared to be
reproducible, as the median peptide intensity across the three biological replicates
within each sample group was very consistent (Figure 3-10A, left-hand side).
Interestingly, despite having many morphological and transcriptional differences, the
peptide intensity distributions were very similar between IMR-32 and SK-N-BE(2)C cell
lines overexpressing ASCL1 (Figure 3-10A, left-hand side). The consistency in peptide
intensities between replicates and cell lines meant the data did not require strong
normalisation. Therefore, median scaling normalisation was used to correct for any
small variability between biological replicates within each cell line, as shown on the
right-hand side of Figure 3-10A. Median scaling normalisation centres the median
peptide intensities of the samples by dividing each peptide intensity by a scaling factor

calculated using the original median of the sample.

Next, as another quality control step, a principal component analysis was performed
on all samples. The PCA plot confirmed the expected differences between the two
lines, as the samples clustered according to cell line and were separated on PC1,
which explained 84% of the data variance (Figure 3-10B). Lastly, as a final control,
ASCL1 protein coverage and levels were assessed. Across all samples in the
experiment, three unique ASCL1 peptides were detected overlapping the bHLH region
of the protein (Figure 3-10C). These peptides covered approximately 16.95% of the
ASCL1 sequence. According to the in silico predicted 23.3% optimum sequence
coverage of ASCL1, 16.95% was considered a success. Finally, the log2 transformed
intensities of the different ASCL1 peptides detected were plotted in colour, along with
their sum, in grey. In line with the western blot data, ASCL1 levels in IMR-32 and SK-
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N-BE(2)C cell lines did not significantly differ (Figure 3-10D). However, there was a
trend towards slightly more ASCL1 in the IMR-32 cell line - 1.8 fold more than in SK-
N-BE(2)C. Overall, the quality control steps determined the consistency and reliability

of the data, allowing for further analysis to be performed confidently.

To study the significant differences in protein levels between the IMR-32 and SK-N-
BE(2)C cells overexpressing ASCL1, a limma based differential statistical analysis!®®
was conducted using the gPLEXanalyzer package. Limma analysis uses linear models
to calculate differential expression. As a result, a total of 1,667 proteins were found to
significantly differ between IMR-32 and SK-N-BE(2)C overexpressing ASCL1
(log2FC<-1 or >1, adj.p.val < 0.01, Figure 3-11A). To understand the function of the
proteins changing in expression between the two cell lines, gene ontology analysis
using clusterProfiler was performed. This determined that proteins at higher levels in
IMR-32 cells enriched for axonal transport (Figure 3-11B), whereas in SK-N-BE(2)C
cells there were higher levels of proteins involved in import into the cell and protein
localisation to the cell membrane (Figure 3-11B). Proteins whose expression did not
statistically differ between the cells lines were enriched for RNA splicing and histone
modification gene ontology terms. Once again, these results provide additional
evidence supporting the more differentiated phenotype of IMR-32 cells compared to
SK-N-BE(2)C after ASCL1 overexpression; as higher levels of proteins involved in
axonal functions were detected in IMR-32 compared to SK-N-BE(2)C cells
overexpressing ASCL1. However, it is noteworthy that proteins involved in protein
localisation to the membrane are at higher levels in SK-N-BE(2)C than IMR-32 cells,

and may also be involved in neuronal functions.

- 66 -



>

BE ASCL1hi¢h versus IMR ASCL1high Total Proteome

o Enriched in BE ASCL 1" (+) dox (833)
o Enriched in IMR ASCL1"a (+) dox (834)
+ Non-enriched (6732)

Biological Processes

transport along microtubule

(
axo-dendritic transport- o
e

cytoskeleton-dependent |
intracellular transport

axonal transport- ° GeneRatio
g ® 0025
microtubule-based transport [&] ® oo
RNA splicing - @ @ oo
RNA splicing, via @ oo
transesterication reactions | ® @ oo
RNA splicing, via transesterication | PY @ oo
reactions with bulged
adenosine .as nucleophile :
mRNAsplicing, via spHceos%me- ® p.adjust
6e-05
histone modification- O e
import into cell [ ] 58
establishment of protein | @
localization to membrane
cellular lipid catabolic | ®
process
import across plasma membrane ®
lipid catabolic process @

IMR ns BE
up (2101) Up
(778) (789)

Figure 3-11. IMR-32 cells Overexpressing ASCL1 for 24 hours have Higher Levels of Proteins
associated with Synapses compared to SK-N-BE(2)C cells Overexpressing ASCL1. A. Volcano
plot of the quantitative proteome data comparing SK-N-BE(2)C and IMR-32 ASCL1-inducible clones
overexpressing ASCL1 (1 pg/mL doxycycline for 24 hours). Highlighted in red are proteins significantly
higher in IMR-32 ASCL1-inducible cells (log2 Fold Change <-1 and adjusted p value < 0.01) and in blue
are proteins significantly higher in SK-N-BE(2)C ASCL1-inducible cells (log2 Fold Change >1 and
adjusted p value < 0.01) B, Gene ontology analysis of biological processes for the proteins higher in
IMR-32 or SK-N-BE(2)C cells, as described in A., or for non-significantly different proteins, with adjusted
p value >0.1, using clusterProfiler. n=3. Samples processed for whole proteome analysis by the Cancer
Research UK Cambridge Institute (CRUK-CI) proteomic facility. | prepared the cell pellets and

conducted downstream bioinformatics analysis.
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3.3 Study of ASCL1 Overexpression in Adrenergic versus
Mesenchymal Neuroblastoma Cell Lines

3.3.1 Investigation of the Phenotypic Changes Associated with ASCL1
Overexpression in Adrenergic versus Mesenchymal Neuroblastoma Cell

Lines

In Chapter 3.2 and previous Philpott lab publications®4%5, ASCL1 has been shown to
induce differentiation of neuroblastoma cells expressing an adrenergic transcriptional
signature, independent of MYCN status. For example, MYCN-amplified adrenergic cell
lines IMR-32 and to some extent SK-N-BE(2)C were shown to morphologically and
transcriptionally respond to ASCL1-induced differentiation. Additionally, adrenergic
non-MYCN-amplified SH-SY5Y cells were also demonstrated to overexpress a
differentiation programme upon ASCL1 overexpression®5  However, how
mesenchymal neuroblastoma cell lines may respond to ASCL1-driven differentiation
has not been explored. Therefore, to compare the ability of ASCL1 to induce
differentiation in adrenergic versus mesenchymal neuroblastoma cells, adrenergic
SH-SY5Y cells and their isogenic mesenchymal counterpart SH-EP were studied in
the context of ASCL1-induced differentiation.

Using the method previously described in Chapter 3.2.1, SH-SY5Y and SH-EP cells
were engineered to express a stable ASCL1 transgene inducible by doxycycline (dox)
treatment. The generation of cell lines was performed by Laura Woods, Daniel Marcos
and Fahad Ali. Then ASCL1-inducible clones from each line were subject to a similar
analysis to that described for IMR-32 and SK-N-BE(2)C cells. The morphological
response to ASCL1 overexpression was first analysed individually in each cell line,
and then directly compared.

To validate previous findings showing ASCL1-inducible morphological differentiation
of SH-SY5Y cells, two SH-SY5Y ASCL1-inducible clones, A and B, and parental cells,
were treated with 5 ng/mL of dox for 5 days and imaged. This concentration of dox
was previously optimised to induce phenotypic changes without causing cell death at
longer time points. As expected, both SH-SY5Y clones showed signs of morphological
differentiation upon dox treatment by extension of neurites, whereas parental cells

were unaffected (Figure 3-12). The change in phenotype was more striking when
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comparing ASCL1 clones treated with dox to parental cells, rather than to untreated
ASCL1-inducible clones (Figure 3-12). This suggests that the TET-on system used for
ASCL1-inducible expression may be leaky, leading to some expression of ASCL1 and

phenotypic change even without dox treatment.
SH-SYS5Y Parental SH-SY5Y ASCL{cloneA

N A AN TR S
Ve

SH-SY5Y ASCL1cloneB

(+) 5 ng/mL dox

Figure 3-12. Morphology of two SH-SY5Y ASCL1-inducible Clones After ASCL1 Overexpression.
Representative images of SH-SY5Y parental, ASCL1cloneA and ASCL1cloneB after treatment with 5

ng/mL dox for 6 days. Phase-contrast imaging performed on Olympus 1X51 microscope. n=3

For the SH-EP cell line, firstly, parental cells were also shown not to be affected by
dox treatment (Figure 3-13A). Then, SH-EP ASCL1¢°"A was left untreated or treated
with 10, 100, 250, 500 or 1000 ng/mL of doxycycline for 5 days and imaged. The SH-
EP ASCL1-inducible clone responded in a concentration-dependent manner to dox
treatment; as fewer SH-EP cells were observed after treatment with each increasing
concentration, with the highest effect seen at 1000 ng/mL of dox (Figure 3-13B). These
cells appeared slightly smaller and rounder, however, there was no morphology
change towards a neuronal phenotype. Two additional clones, SH-EP ASCL1¢°"8 and
ASCL1¢%C as well as SH-EP parental cells were treated with 1 or 2 pg/mL of dox for
8 days. Despite the higher dose of dox and longer treatment period, there were no
drastic morphological changes (Figure 3-13C). Similarly to SH-EP ASCL1co¢A only
slightly fewer cells with a more rounded, smaller morphology was observed in treated
ASCL1¢mB gnd ASCL1¢%neC compared to parental cells.
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Figure 3-13. Morphology of three SH-EP ASCL1-inducible Clones After ASCL1 Overexpression.
A. Representative images of SH-EP parental cells treated with 1 pg/mL for 10 days. B. Representative
images of SH-EP ASCL1cloneA 5 days after treatment with 10, 100, 250, 500 or 1000 ng/mL dox. C.
Representative images of SH-EP ASCL1cloneB and WT ASCL1cloneC after 8 days treatment with 1
or 2 pg/mL of doxycycline. Treatment was renewed every 2 days. Phase-contrast imaging performed

on Olympus IX51 microscope. n=2

-70 -



MW (kDa)
37 ==

SHEP Parental
SYS5Y Parental
SHEP ASCL 1cloneA
SY5Y ASCL 1cloneA
SHEP ASCL 1cloneA
SY5Y ASCL 1cloneA

R SR

25 mm

Figure 3-14. ASCL1 Protein Levels in SH-EP and SH-SY5Y ASCL1-inducible Clones After
Induction of ASCL1 Expression With Doxycycline for 24 hours. Western blot analysis of ASCL1
levels. SH-EP ASCL1cloneA and SH-SY5Y ASCL1cloneA were induced to express ASCL1 with 1000
or 5 ng/mL of doxycycline, respectively, for 24 hours before collection. Untreated SH-EP ASCL1cloneA,
SH-SY5Y ASCL1cloneA and respective parental cells were used as controls. Whole cell lysates were
separated on a 10% SDS-PAGE and blotted with antibodies against ASCL1. Ponceau staining used as

loading control. Molecular weights presented in kDa. n=2

In summary, the analysis so far indicated that SH-SY5Y cells respond to ASCL1
overexpression with morphological differentiation, whereas SH-EP cells, despite

undergoing morphological changes, fail to induce neuronal features.

To further validate these findings, a direct comparison of ASCL1 levels and cell
morphologies upon ASCL1 overexpression were performed in SH-SY5Y and SH-EP
cells. Similar to the study in IMR-32 and SK-N-BE(2)C cell lines, SH-SY5Y and SH-
EP ASCL1-inducible clones most responsive to ASCL1-induced morphological
differentiation - SH-SY5Y ASCL1¢°"A (at 5 ng/mL dox) and SH-EP ASCL1¢"°"A (at 1

pug/mL dox) - were selected for further investigation.
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To assess ASCL1 protein levels, SH-SY5Y and SH-EP ASCL1 clones were treated
with 5 or 1000 ng/mL dox, respectively, for 24 hours, and equal protein loaded for
western blot analysis. Since SH-SY5Y and SH-EP cells express varying levels of U-
tubulin and GAPDH (not shown), normally used as loading controls, ponceau staining
is used instead. Predictably, dox treatment induced ASCL1 expression in ASCL1-
inducible clones from both cell lines, compared to the respective untreated ASCL1
clones and parental cells (Figure 3-14). SH-EP ASCL1¢°"A gppeared to have higher
levels of ASCL1 than SH-SY5Y ASCL1%"eA after ASCL1 induction (Figure 3-14),
despite not appearing to respond to ASCL1-inducible morphological neuronal

differentiation.

It was previously described that ASCL1 overexpression reduces cell adherence to the
culture dish. Dox treatments performed in Figure 3-12 and 3-13 were renewed every
two days, potentially leading to cell loss. To ensure the morphology changes induced
by ASCL1 were successfully captured, ASCL1-inducible clones were subject to a
single, longer treatment of dox before imaging. Therefore, SH-SY5Y ASCL1%°"¢A and
SH-EP ASCL1%°"A clones were left untreated or treated with 5 or 1000 ng/mL of dox,
respectively, and imaged after 7 days. Fitting with the data shown so far, SH-SY5Y
ASCL1 clone showed morphological changes associated with neuronal differentiation,
marked by cell clumping and extension of longer neurites, upon ASCL1
overexpression (Figure 3-15A). On the other hand, SH-EP ASCL1c°"A did not
undergo changes associated with typical neuronal differentiation; cells presented no
neurites before or after dox treatment. Instead, SH-EP ASCL1¢°"A cells only became
smaller when overexpressing ASCL1 (Figure 3-15A). Crystal violet staining further
supported these findings, and highlighted a potential reduction in cell number after dox
treatment in the SH-EP ASCL1 clone (Figure 3-15B). Interestingly, SH-SY5Y cells
were more prone to detaching from the cell culture dish, compared to SH-EP, when
overexpressing ASCL1 (data not shown). Moreover, immunofluorescence staining
showed an increase otubulme SH-$Y¥ ASCln xlonk but a
decrease in SH-EP ASCL1 clone (Figure 3-16), after ASCL1 overexpression. Overall,
the data consistently demonstrate more responsiveness to ASCL1-induced
morphological neuronal differentiation in adrenergic SH-SY5Y cells compared to
mesenchymal SH-EP.
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Figure 3-15. ASCL1 Overexpression Induces Morphological Differentiation in Adrenergic SH-
SY5Y clone but Not Mesenchymal SH-EP. Representative images of SH-SY5Y and SH-EP ASCL1-
inducible clones 7 days after treatment with 5 ng/mL and 1 pg/mL of doxycycline, respectively.
Treatment was not renewed for the duration of the 7 days. A. Phase-contrast imaging performed on
Olympus 1X51 microscope. B Cells were fixed and stained with crystal violet. Whole-well scan was

performed on the Olympus 1X51 with Olympus cellSens software. n=3
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Figure 3-16. ASCL1 Overexpression increases blll-tubulin levels in Adrenergic SH-SY5Y clone
but Not Mesenchymal SH-EP. Representative images of SH-SY5Y and SH-EP ASCL1-inducible
clones 6 days after treatment with 5 ng/mL and 1 pg/mL of doxycycline, respectively. Treatment was
not renewed for the duration of the 6 days. Immunofluorescent staining was performed using anti-bllI-

tubulin antibody and DAPI. Imaging performed on Leica DMI6000. n=3

Earlier in Chapter 3.2.1, in parallel to inducing differentiation, ASCL1 overexpression
was also shown to slow proliferation in MYCN-amplified neuroblastoma cell lines. To
determine whether ASCL1 overexpression reduced proliferation of SH-SY5Y and SH-
EP cells, EdU staining was performed. As previously discussed, a 3 day time point
was chosen as it allowed the study of slightly later effects of ASCL1 overexpression
on proliferation, before staining efficiency was compromised due to reduced cell
adherence to the culture dish induced by ASCL1. SH-SY5Y ASCL1¢°"eA and SH-EP
ASCL1clneA were treated with 5 or 1000 ng/mL, respectively, for 3 days and provided
with an EdU pulse in the last 24 hours. After 2 days of dox and 24 hours of dox and
EdU, the cells were fixed, stained for EdU and imaged. Interestingly, only

mesenchymal SH-EP cells, not responsive to ASCL1-driven morphological
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differentiation, appeared to show a reduced number of proliferating cells upon ASCL1
overexpression. There was a reduction from approximately 60 to 28.7% of cells
positive for EdU, after dox treatment in SH-EP ASCL1¢°"A (Figure 3-17A and 3-17B).
Further, total cell number was also measured by cell titre glo assay at day 3 of ASCL1
induction with dox. This confirmed reduced proliferation in SH-EP but not SH-SY5Y
cells (Figure 3-17C). This result is not completely unexpected as the Philpott lab had
previously shown that 5 ng/mL dox may not be enough to induce a robust proliferation
arrest in this SH-SY5Y ASCL1-inducible clone®. Nevertheless, this hints at the
possibility that regulation of cell-cycle arrest and differentiation could be uncoupled in

these neuroblastoma cell lines.

To summarise, a heterogeneous response to ASCL1 induced differentiation and
proliferation arrest was observed in non-MYCN-amplified SH-SY5Y and SH-EP cells.
Adrenergic SH-SY5Y were confirmed to be responsive to ASCL1-induced
differentiation but not proliferation arrest, at the dox concentration tested. On the other
hand, mesenchymal SH-EP failed to induce morphological features of neuronal
differentiation but successfully slowed proliferation in response to ASCL1
overexpression. These data indicate that ASCL1 may regulate differentiation and
proliferation through distinct mechanisms. Additionally, despite being a master

regulator of neurogenesis, the cellular context appears to impact ASCL1 function.
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Figure 3-17. SH-EP but Not SH-SY5Y cells Proliferate Slower after ASCL1 Overexpression. SH-
SY5Y and SH-EP ASCL1-inducible clones were treated with 5 ng/mL and 1 pg/mL doxycycline,

respectively, for 3 days and assessed for proliferation. A. Representative images of EdU staining. EdU

pulse, with the respective treatments, was added 24 hours before day 3 collection. Cells were fixed with

4% paraformaldehyde and stained for EdU using Click-i T E

EdU
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performed on Leica DMI6000. B. Quantification of the EdU staining from figure A. Mean +/- SD, n=2.
C. CellTiter-Glo assay was performed on day 3 and luminescence measured. The values represented

are normalised to uninduced sample (equals 1) for each cell line. Mean +/- SD, n=4.
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3.3.2. Investigation of the Genome-wide Transcriptional Changes Driven

by ASCL1 Overexpression in Adrenergic versus Mesenchymal Cell Lines

Adrenergic SH-SY5Y and mesenchymal SH-EP cells were shown to differ in their
response to ASCL1-induced morphological differentiation. To determine whether the
phenotypic differences between the cell lines stem from ASCL1 inducing distinct
transcriptional programmes in adrenergic and mesenchymal cell contexts, RNA
sequencing data of SH-SY5Y and SH-EP ASCL1-inducible clones overexpressing
ASCL1, available in the Philpott lab, were used for downstream bioinformatics
analyses. SH-SY5Y ASCL1cneA cells, treated with 1 pg/mL dox for 24 hours were
collected for RNA sequencing by F. Ali and D. Marcos, as described in F.Ali et.al, 2020
64 and RNA sequencing of SH-EP ASCL1%"A also treated with 1 pg/mL dox for 24
hours, was performed by R. Gomez and R. Ramachandran. Sequence alignment to
the genome was conducted by L.Woods. | performed the following downstream

analyses.

It was previously described that 5 ng/mL of dox was optimised for the study of the
phenotypic changes induced by ASCL1 overexpression in SH-SY5Y ASCL1¢""eA This
concentration allowed longer term treatment of SH-SY5Y ASCL1-inducible cells
without causing mass cell death. However, RNA sequencing of SH-SY5Y ASCL]¢loneA
was performed after only 24 hours of treatment, allowing the use of a higher dose of
dox, 1 pg/mL. Despite the discrepancy in dox concentrations used, the RNA
sequencing data of the SH-SY5Y ASCL1¢°"A js thought to capture important ASCL1-
induced transcriptional changes, regardless of high or low ASCL1 overexpression.
This is supported by L. Woods et. al. 20225455 where overlapping transcriptional
profiles are seen in response to ASCL1 induction in two SH-SY5Y ASCL1-inducible
clones overexpressing differing levels of ASCL1.

The effect of ASCL1 overexpression on transcription of SH-SY5Y and SH-EP cells
was studied using similar methodology to that described in more detail in Chapter 3.2.2
for IMR-32 and SK-N-BE(2)C cell lines. As such, PCA and MA plots were used for
data quality control, and DESeg2 analysis conducted to determine statistically
significant transcriptional changes induced by ASCL1 overexpression in each cell line.
Then, gene expression changes were assessed individually in each cell line and

subsequently compared directly.
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Figure 3-18. PCA and MA Plots of RNA-seq Samples for SH-SY5Y and SH-EP ASCL1cloneA cells
with and without ASCL1 overexpression. A. PCA plots of the RNA-seq data in SH-SY5Y and SH-
EP ASCL1-inducible high clones showing the separation of the five biological replicates of uninduced
and induced (doxycycline treated) samples. All cell lines were treated with 1 pg/mL doxycycline for 24
hours. B. MA plots of the RNA-seq data in SH-SY5Y and SH-EP ASCL1-inducible cloneA cells
representing the transcriptional changes after ASCL1 overexpression. The x axis represents the mean
of normalised counts and the y axis the log fold change of each gene. Coloured points represent
significant values (p < 0.05). RNAseq was performed by R. Gomez and R. Ramachandran and

sequence alignment to the genome by L.Woods. | then performed all the downstream bioinformatics

analysis.
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Figure 3-19. ASCL1 Overexpression Drives Transcriptional Changes Associated with
Neuroblastoma Differentiation and Reduced Proliferation in SH-SY5Y ASCL1-inducible clone. A.
Heatmap of all differentially expressed genes in induced versus uninduced samples for five biological
replicates of IMR-32 ASCL1-inducible clone. A z-score has been applied to counts per million (CPM)
normalised RNA-seq counts. The number of genes downregulated (log2 Fold Change <-0.5 and
adjusted p value < 0.05) and upregulated (log2 Fold Change >0.5 and adjusted p value < 0.05) is
indicated. B. Gene ontology analysis of biological processes for the top 1,000 downregulated and the
top 1,000 upregulated genes using clusterProfiler. RNAseq was performed by R. Gomez and R.
Ramachandran and sequence alignment to the genome by L.Woods. | then performed all the

downstream bioinformatics analysis.
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