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Abstract

Cancer is a major public health issue globally, ranking as the second most common cause of
death. Molecularly targeted therapies, focused on exploiting tumour cell dependency on
certain oncogenic driver mutations for growth and survival, have greatly improved patient
outcomes. However, despite these advances, some of the most frequent oncogenic
mutations in cancer, such as those found in KRAS, are extremely challenging to target directly.
One promising strategy to expand the range of actionable targets for cancer drug
development is the exploitation of synthetic lethal interactions. Synthetic lethality is the term
used to describe the death of cells in response to the co-existing disruption of two genes,
neither of which is lethal alone. In this setting, targeting a gene that is synthetic lethal with a
cancer-relevant mutation has the potential to induce the death of vulnerable cancer cells
while leaving healthy cells unaffected.

With this background in mind, my lab participated in a focused ENU mutagenesis screen in
zebrafish with the aim of identifying genes that are essential for high rates of cell proliferation
during endodermal organ development but not required by quiescent tissues. This yielded
mutants that exhibited either ‘cell death’ or ‘growth arrest’ phenotypes in the liver, intestine
and pancreas. | investigated two of the underlying mutant genes, ahctfl and rnpc3, for their
capacity to engage in synthetic lethal interactions with the kras oncogene.

In Chapter 3, | investigated the impact of ahctfl heterozygosity on the growth and survival of
Kras®?V-expressing hepatocytes in a zebrafish model of hepatocellular carcinoma (HCC),
TO(kras®'?V). ahctf1 encodes Elys, a multifunctional nucleoporin with essential roles in nuclear
pore assembly and mitosis. | found that ahctf1 heterozygosity impairs nuclear pore formation,
mitotic spindle assembly and chromosome segregation, leading to DNA damage and
activation of Tp53-dependent and Tp53-independent cell death pathways which reduced
tumour burden. Importantly, ahctf1 heterozygosity did not impact normal liver development,
advancing ELYS as an attractive target for cancer therapy with a viable therapeutic window.

In Chapter 4, | examined if rnpc3 heterozygosity also reduced tumour burden in the
TO(kras®'?Y) model. rnpc3 encodes 65K, a unique protein component of the U12-dependent
spliceosome, a specialised splicing machinery required for the correct splicing of a very small
percentage (3.7%) of genes. In hepatocytes expressing kras®?V, rnpc3 heterozygosity reduced
the number of cells in S phase of the cell cycle and increased cell death, together reducing
tumour burden, without affecting normal tissue. These studies indicate that ahctf1 and rnpc3
are synthetic lethal partners with the kras®??Y oncogene and could be suitable targets for drug

development.

In Chapter 5, | demonstrated that the zebrafish model of HCC is a powerful platform for
testing novel therapeutics. | evaluated the efficacy of PRMT5 and KAT6A/B inhibitors early in



their development, and also demonstrated that a putative small molecule inhibitor of U12-
dependent splicing developed in the Heath laboratory was highly effective in reducing tumour
growth and worthy of future investigation.

In conclusion, my studies revealed two promising new targets for cancer treatment. | also
demonstrated that the zebrafish HCC model is highly amenable to pharmacological inhibition
and provides a valuable system for the pre-clinical examination of drug treatments in vivo.
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1 Literature review

1.1 The burden of cancer

Cancer is the second leading cause of death globally, accounting for almost 10 million
mortalities in 2020. One in eight men and one in eleven women are estimated to die from the
disease. More than 50 million people have been diagnosed with cancer in the past five years,
with one in five people developing cancer during their lifetimel. Significant disparities in
cancer incidence and mortality rates exist between higher and lower-income countries, due
to different access to healthcare and treatment. Based on projected population aging and
growth, the burden of cancer is set to increase by more than 56% by 2040, to a predicted 30.2
million cases®.

1.1.1 Hepatocellular carcinoma

Liver cancer represents a major public health issue, as it is the sixth most common cancer and
the third leading cause of cancer-related mortality worldwide (Figure 1.1). There were an
estimated 906,000 cases diagnosed in 2020 and this is projected to surpass 1.4 million cases
globally in 2040. Hepatocellular carcinoma (HCC) is the most prevalent form of liver cancer,
accounting for 85-90% of all cases?. The incidence of HCC is highest in South-East Asian and
sub-Saharan African countries and is rapidly increasing in developing countries including
America3.

The geographical distribution of HCC mainly reflects that of chronic viral hepatitis. Chronic
hepatitis B virus (HBV) infection is the most frequent aetiology of HCC in Eastern Asian and
most African countries, excluding Northern Africa, where hepatitis C virus (HCV) infection is
more prevalent*°. In most Western countries, including America, HCV is the leading cause of
HCC. Overall, up to 80% of HCC cases worldwide are attributable to chronic HBV and HCV3.

Additional predisposing risk factors for HCC development include chronic alcohol
consumption, aflatoxin Bl exposure, diabetes and obesity (Figure 1.2)°.
Hepatocarcinogenesis induced by these various causes is a complex multistep process, which
typically occurs in the context of liver cirrhosis?. Cirrhotic hepatocytes undergo chronic cycles
of necrosis and regeneration, leading to the development of chromosomal instability and
dysplastic nodules. Genetic and epigenetic alterations progressively accumulate in a
background of increased inflammation and fibrosis, ultimately resulting in malignant
transformation and the initiation of HCC”,
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Figure 1.1 Global cancer incidence and mortality in 2020

A. Population weighted average of cancer type incidence globally in 2020. Liver cancer is the
sixth most commonly diagnosed cancer. B. Population weighted average of cancer type
mortalities globally in 2020. Liver cancer is the third leading cause of cancer-related deaths.

Data from GLOBOCAN 2020%.



Obesity

Alcohol HBV Diabetes

Y

( Cirrhosis and inflammation J

=

[ Necrosis J [ Regeneration }

Low-grade High-grade Early stage Advanced stage
dysplasia dysplasia HCC HCC

Hyperplasia

Genetic and epigenetic alterations

Figure 1.2 Mechanisms of hepatocarcinogenesis

Alcohol consumption, HBV, diabetes, HCV and obesity are significant risk factors
contributing to hepatocarcinogenesis. These factors induce cirrhosis and inflammation
which cause chronic cycles of hepatocyte necrosis and regeneration. This fosters the
development of chromosomal instability and dysplastic nodules. Genetic and epigenetic
alterations progressively accumulate resulting in malignant transformation and ultimately
HCC®3.

HBV: hepatitis B virus, HCC: hepatocellular carcinoma, HCV: hepatitis C virus.



1.1.2 Genetic landscape of HCC

Genome-wide association studies (GWAS) have delineated the landscape of genetic
alterations that contribute to hepatocarcinogenesis with an average of 60 somatic alterations
detected in coding regions of the genome per tumour®. The most frequent mutations that
occur during HCC affect TERT (60%), TP53 and CTNNB1 (25-30%)%°. TERT promoter mutations
impacting telomere maintenance, are the earliest recurrent mutation detected in HCC. The
prevalence of TERT mutations remains stable between early and advanced stage HCC,
suggesting that TERT acts as a gatekeeper of malignant transformation!?. In contrast, TP53
and CTNNB1 mutation frequencies increase with tumour stage, indicating a role of TP53
inactivation and WNT-B-catenin pathway dysregulation in HCC progression’. Epigenetic
modifiers and chromatin remodelling factors (ARID1A, ARID2, KMT2A, KMT2B, KMT2C), plus
other members of the WNT-3-catenin pathway (AXIN1) and tumour suppressors (RB1, KEAP1)
are also recurrently altered in HCC?.

1.1.3 RAS signalling in HCC

The RAS family of small GTPases are the most commonly mutated oncogenes in cancer'?.
Activating mutations in RAS isoforms, KRAS, HRAS and NRAS, result in constitutive GTPase
activity, sustaining signalling cascades that promote cellular proliferation, survival and
differentiation (Figure 1.3)!3. In this manner, RAS signalling plays a pivotal role in malignant
transformation and tumour progression, including in HCC. Specifically, mutations in KRAS and
NRAS are found in 5% and 3% of HCC tumours respectively!®. Additionally, inactivating
mutations in the RAS inhibitor, RPS6KA3, have been identified in 7% of HCC cases®. RASSF1A
and NOREIA methylation in HCC tumours further promotes RAS pathway activation*.
Enhanced RAS signalling in HCC may also be attributable to overexpression of /GF2 and
alterations in upstream signalling receptors such as VEGFA and FGF19%. In total, 50% of HCCs
exhibit aberrant RAS/RAF/MAPK signalling and enhanced activation of RAS pathways is
universally observed in human HCC tumours relative to non-neoplastic hepatocytes!>1®,
Moreover, activation of RAS signalling, through MAPK14, is also implicated in resistance to
molecular targeted therapies for HCCY. Specifically, treatment with the multikinase inhibitor
sorafenib, induces upregulation of MAPK14 which activates both RAF-MEK-ERK and PI3K-
PDK1-AKT signalling cascades, contributing to the development of drug resistance.



Growth factor

Receptor tyrosine
kinase

Proliferation, survival and differentiation

Figure 1.3 RAS signalling pathway

Simplified representation of the RAS signalling pathway shows that RAS responds to
extracellular stimuli such as growth factor binding to receptor tyrosine kinases. This triggers
the recruitment of GEFs that catalyses the exchange of GDP to GTP, converting RAS to an
active GTP-bound state. This activates multiple downstream effectors including RAF-MEK-ERK
and PI3K-PDK1-AKT cascades resulting in enhanced proliferation, survival and differentiation.
GAPs increase the rate of GTP hydrolysis, returning RAS to its inactive GDP-bound state?3.
Oncogenic mutations of RAS genes result in constitutive activation of downstream pathways
driving malignant transformation. Protein Data Bank entry: 5p21%,

GAPs: GTPase activating proteins, GDP: guanosine diphosphate; GEFs: Ras GTPase exchange
factors, GTP: guanosine triphosphate.



1.1.4 TP53 mutation in HCC

The tumour suppressor protein, TP53 is often termed the ‘guardian of the genome’ due to its
central role in responding to cellular stresses such as DNA damage and oncogene
expression?®, Activation of TP53 can prevent tumourigenesis through regulating a diverse
array of processes including cell cycle arrest, senescence, DNA repair, apoptosis, cellular
metabolism and autophagy (Figure 1.4)2%21, These functions are crucial for tumour
suppression, as well as mediating responses to cancer therapies. Consequently, TP53 is the
most frequently dysregulated gene in tumourigenesis and TP53 mutations are found in 30%
of HCC cases!®2°, TP53 exhibits a variable mutation spectrum, dependent on HCC aetiology.
For example, exposure to Aflatoxin B1 is specifically associated with TP53 R249S mutation??.
Amplification/overexpression of TP53 negative regulators MDM2/MDM4 and recurrent
mutations in ARF also contribute to TP53 dysfunction in HCC®. TP53 mutation status is also
of clinical significance, with TP53 alterations associated with reduced overall survival?3.
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Figure 1.4 TP53 activating signals and responses that are important for tumour suppression

TP53 plays a central role in responding to cellular stresses, such as oncogene activation, DNA
damage, nutrient deprivation, hypoxia and mitotic dysfunction. Activated TP53 can modulate
diverse cellular processes that are important for suppressing tumour development. This
includes promoting cell cycle arrest, senescence, DNA repair, apoptosis, altering cellular
metabolism and activating autophagy?®?*. Figure adapted from Vousden et al., 2007%4.



1.1.5 Molecular classification of HCC

Integrative analysis of genomic, transcriptomic and epigenomic profiling of tumours has
provided the basis for the molecular classification of HCC subtypes. Two distinct molecular
HCC subtypes have been identified: the proliferation and non-proliferation subclasses, each
representing approximately 50% of cases (Figure 1.5)2>2¢, The proliferation subclass of HCC is
associated with HBV infection and is characterised by mutations in TP53, chromosomal
instability and FGF19 amplification. Another common molecular feature of this subclass is
activation of RAS, mTOR, MET, IGF and Notch signalling cascades. Clinically, patients in the
proliferation subclass exhibit increased tumour recurrence after resection and lower overall
survival rates?’. HCV and alcohol-related HCCs typically cluster within the non-proliferation
HCC subclass. CTNNB1 mutations are the dominant molecular feature of this subclass,
resulting in dysregulation of the WNT-B-catenin pathway?®. HCC tumours in the non-
proliferation subclass display a less aggressive phenotype and consequently are associated
with a better prognosis?®. Clinical translation of these molecular HCC classifications for
improved patient management and outcomes has yet to be achieved.
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Figure 1.5 Molecular classification of HCC subtypes

Schematic representation of molecular classification of HCC. HCC can be classified into two
major subclasses on the basis of genetic and epigenetic features, deregulated pathways and
clinical phenotype. The proliferation class is associated with a poor prognosis, TP53 mutation
and activation of classic oncogenic signalling cascades (such as RAS-MAPK and AKT-mTOR
pathways). In contrast, the non-proliferation class is associated with better outcomes and is
defined by CTNNB1 mutation and WNT-B-catenin pathway activation®°. Figure adapted from
Llovet et al., 20183,

AFP: a-fetoprotein; HBV: hepatitis B virus; HCV: hepatitis C virus.



1.1.6 Treatments for HCC

Despite improved understanding of the molecular pathogenesis of HCC and recent advances
in systemic therapies, the 5-year survival rate of HCC remains a low 18%3!. Early stage HCC
can often be treated curatively by surgical resection, liver transplantation or local ablation32.
However, as a consequence of the lack of surveillance programs to enable early HCC
detection, these potential curative treatments are applicable to less than 30% of newly
diagnosed patients33. Therapeutic options for HCC treatment are restricted by the existence
of underlying concomitant liver disease, particularly cirrhosis, that reduces the effectiveness
or prevents the use of conventional treatments such as chemotherapy3*. In patients with
intermediate stage HCC, transcatheter arterial chemoembolization (TACE) can extend median

overall survival to 26 months3>:36,

In 2007, the multikinase inhibitor sorafenib, became the first drug approved by the FDA for
systemic treatment of HCC (Figure 1.6). In patients with advanced HCC, sorafenib can
modestly improve median overall survival from 7.9 to 10.7 months, with a tumour overall
response rate of 2-3%3’. However, sorafenib does not prevent tumour recurrence after
curative resection or ablation and some patients do not respond to treatment®. Subsequent
phase lll trials of other targeted therapies developed in the decade since sorafenib approval
repeatedly failed to demonstrate survival benefits in patients. These include trials for brivanib
(FGFR and VEGFR inhibitor)3?, sunitinib (KIT, VEGFR and PDGFR inhibitor)*°, linifanib (VEGFR
and PDGFR inhibitor)*! and erlotinib (EGFR inhibitor)*? in the first line setting, and brivanib*?
and everolimus (MTOR inhibitor)** in the second-line setting. These negative trial outcomes
were attributable to an array of factors including marginal anti-tumour potency, liver toxicity,
flaws in trial design, challenges in patient molecular stratification and lack of biomarker-based
enrichment*#%, The trend of disappointing phase Il trial results was interrupted by the
success of regorafenib, a multi-kinase inhibitor, as a second-line treatment for HCC¥.
Treatment with regorafenib after patients progressed on sorafenib, extends median overall
survival from 7.8 months to 10.6 months*’. Thereafter, another multi-target tyrosine kinase
inhibitor, lenvatinib was found to be non-inferior to sorafenib as a first-line treatment®.
Cabozantinib (MET inhibitor)*® and ramucirumab (VEGFR2 inhibitor)>° were also shown to be
effective in the second-line setting. Additionally, immune checkpoint inhibitors, including
pembrolizumab®?, nivolumab®? and ipilimumab®3 have received accelerated FDA approval and
are now being incorporated into HCC treatment. Such emerging immunotherapies are a
particularly promising approach for cancer treatment. Whilst these advancements in
molecular targeted therapies for HCC have improved patient outcomes, the impacts on
overall survival have been modest and incremental, with median survival of advanced stage
HCC patients remaining around 1 year°. Thus, there is a major requirement for the
development of new therapeutic strategies to improve HCC clinical outcomes.
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Figure 1.6 Molecular targeted therapies for HCC

Turquoise boxes indicate drugs with positive results from phase lll trials (sorafenib, lenvatinib,
regorafenib, ramucirumab and cabozantinib). Grey boxes indicate drugs with negative results
from phase lll trials (brivanib, erlotinib, sunitinib, linifanib and everolimus). Orange boxes
indicate drugs currently in development for HCC that have received accelerated FDA approval
for which clinical trials are ongoing (ipilimumab, nivolumab, pembrolizumab). Figure adapted
from Llovet et al., 20183,

CTLA4: cytotoxic T lymphocyte protein 4; EGFR: epidermal growth factor receptor; FGFR:
fibroblast growth factor receptor; PDGFR: platelet-derived growth factor receptor; PDL1:
programmed cell death ligand 1; PD1: programmed cell death protein 1; VEGFR: vascular
endothelial growth factor receptor.
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1.2 Molecularly targeted cancer therapy

Advances in understanding the genomic alterations that contribute to tumourigenesis have
revolutionised cancer treatment by facilitating the development of molecularly targeted
therapies focused on drugging gene products recurrently altered in tumour cells. Genomic
alterations that occur during malignant transformation create an increased dependence on
certain genes and induce a stress phenotype or altered cellular state that can be
therapeutically exploited to achieve selective cytotoxicity of malignant cells®.

1.2.1 Oncogene and non-oncogene addiction

The success of many molecularly targeted cancer therapies is underpinned by oncogene
addiction, whereby tumour cells are sensitive to inhibition of a single dominant-acting
oncogene (Figure 1.7)°>°¢, A considerable number of cancers exhibit dependence on certain
oncogenic driver mutations for growth and/or survival. For example, in vivo mouse models of
myelocytic leukemia induced by the Bcr-Abl oncogene are dependent on its continued
expression for maintenance of the neoplastic state®’. This addiction has been exploited
clinically in patients with chronic myeloid leukemia (CML) through treatment with the ABL
inhibitor imatinib®®. Imatinib treatment has dramatically extended the median overall survival
of CML patients to more than 10 years®, demonstrating the remarkable therapeutic efficacy
of targeting oncogene addiction.

However, this approach is limited to cancers which harbour actionable oncogenic mutations.
Some of the most frequently mutated oncogenes, such as RAS, are difficult to directly target
therapeutically owning to a perceived lack of accessible drug-binding pockets?, although
recent advancements have been made with allele-specific KRAS®?¢ covalent inhibitors®%61,
Other oncogenes, such as the transcription factor MYC, lack specific active sites for small
molecule inhibition, and their predominant nuclear localisation precludes monoclonal
antibody targeting®2. Additionally, it is challenging to develop therapeutics against loss of
function mutations in tumour suppressor genes including TP53. Subsequent identification of
non-oncogene addiction in malignant cells has further expanded the range of potential
therapeutic targets for cancer treatment beyond those directly altered in tumours, helping to
overcome these limitations.

Non-oncogene addiction is defined as a state in which cancer cells exhibit an increased
dependency on genes which are not inherently oncogenic to sustain a malignant
phenotype*®3. Oncogenic transformation resulting in sustained proliferation induces various
cell stresses, including replicative and oxidative stress®4. Consequently, tumour cells are more
reliant on compensatory cellular pathways and processes for growth and survival. In this
paradigm, the supporting gene or pathway is not mutated in cancer nor oncogenic in its own
right; nonetheless, its function is essential to maintain the tumourigenic state. As normal cells
do not require these genes to the same extent for viability, this dependency can be
therapeutically exploited>*®3,
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1.2.2 Synthetic lethal therapies for cancer

Non-oncogene addiction constitutes a form of synthetic lethality, which has emerged as a
promising tool for cancer drug development®. Synthetic lethality describes the death of cells
in response to the co-existing disruption of two genes, neither of which is lethal alone®¢’.
Thus, targeting a gene that is synthetic lethal to a cancer-relevant mutation should kill only
cancer cells while healthy cells are unaffected. The clinical usefulness of this approach is
exemplified by the use of poly(adenosine diphosphate [ADP]-ribose) polymerase (PARP)
inhibitors to treat tumours harbouring mutations in the breast cancer susceptibility genes,
BRCA1/BRAC2%%5°, BRCA1/BRAC2 mutant cells are deficient in DNA repair by homologous
recombination; PARP inhibition in this background induces apoptosis specifically in tumour
cells whilst normal cells are spared’®’!. This selective cytotoxicity of PARP inhibitors is
achieved through both catalytic inhibitory and DNA trapping activity’>’3. In ovarian cancer
patients with BRCA1/BRAC2 mutations, treatment with the PARP inhibitor olaparib
significantly extends median progression free survival from 5.5 to 19.1 months’*. PARP
inhibitors have also received FDA approval for BRCA1/BRAC2 mutant breast, pancreatic and

prostate cancers’>.

This resounding success has fuelled the search for other clinically relevant pairwise
combinations, and there has been a particular focus on identifying genes whose loss of
function confers synthetic lethality with difficult to target oncogenes. Numerous synthetic
lethal screens involving mutant RAS utilizing RNA interference (RNAi) technology have been
performed’®7’8 However, the synthetic lethal hits uncovered by these studies display limited
overlap and reproducibility’®. This may be attributable to problems with library quality, off
target effects of RNAI technologies and lack of robustness of synthetic lethal interactions in
different cellular and genetic contexts’?#. The advent of CRISPR/Cas9 screens has renewed
enthusiasm in synthetic lethal screening by helping to overcome these limitations by
facilitating the construction of high-fidelity libraries that enable complete knockdown with
minimal off-target effects8-®2, Subsequently, multiple screens have been performed in
different RAS mutant cell lines, revealing genetic vulnerabilities and suggesting optimal drug
combination strategies to maximize therapeutic responses®3-8®. However, these findings
require further mechanistic validation before successful translation into the clinic.
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Figure 1.7 Exploiting oncogene addiction, non-oncogene addiction and synthetic lethality
for cancer therapy

A. Oncogene addicted tumour cells depend on continuous oncogenic signalling for their
survival. For example, mutation of KRAS or MYC enhances proliferation and drives malignant
transformation and progression. Cells are reliant on these activated oncogenic proteins to
maintain their malignant properties, therefore, oncogene inhibition results in tumour cell
lethality. B. Non-oncogene addicted tumour cells exhibit an increased dependency on gene
products which are not themselves mutated to compensate for oncogene-induced stress
phenotypes. This creates a therapeutic vulnerability that can be exploited through synthetic
lethality. Synthetic lethality is defined as the death of cells in response to the co-existing
disruption of two genes, neither of which is lethal alone. In this instance, disruption of gene
B expression does not affect the viability of normal cells. However, in tumour cells which
harbour gene A mutations, the co-disruption of gene B expression results in cell death. Figure
adapted from O’Neil et al., 2017°’.
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1.2.3 Drug resistance to targeted therapies

Whilst molecular targeted cancer therapies have transformed patient outcomes, the
emergence of drug resistance continues to be the principal limiting factor to achieving
complete cures in patients. After an initial reduction in tumour burden in response to drug
treatment, tumour cells often acquire resistance through multiple mechanisms resulting in
disease relapse. For example, both amplification and mutation of Bcr-Abl confers resistance
to the ABL-inhibitor imatinib in patients with CML®’. Clinical resistance has also been observed
to PARP inhibitors due to secondary mutations in BRCA1/BRCA2 which restore partial DNA
homologous recombination repair competency®. Combination therapies can limit the
emergence of resistance, however unless complete tumour ablation is achieved, evolving
drug resistance is inevitable®®. Additionally, determining the optimal combination of drugs is
a formidable challenge due to tumour cell heterogeneity. To overcome the lack of direct
actionable targets in some tumours and the evolution of resistance, the identification of novel
cancer therapeutic targets is urgently required to improve patient outcomes. In this thesis, |
test the hypothesis that the identification of genes that are indispensable for the rapid
proliferation of cells during zebrafish development provides a powerful platform for
discovering genes relevant to cancer.

1.3 The relationship between development and cancer

1.1.1 Developmental signalling pathways are recapitulated in cancer

Embryonic development requires precise spatiotemporal control of cell proliferation,
differentiation, migration and death for the formation of a viable organism. Signalling
cascades crucial for development and tissue homeostasis, such as Wnt, Hedgehog and Notch
pathways, are often dysregulated in a variety of pathologies including cancer (Figure 1.8)°°1,

Wnt-B-catenin signalling is critical in embryogenesis for axis patterning, regulation of cell
proliferation, migration and polarity, cell fate specification and self-renewal in stem cells®2.
Aberrations in Wnt signalling pathway genes are a common occurrence in a diverse range of
cancer types. This is exemplified by mutation of the tumour suppressor gene APC in 72% of
colorectal cancers, resulting in disruption of the B-catenin destruction complex, in turn
promoting the transcription of WNT target genes that contribute to tumour initiation, growth
and metastasis®%,

The Hedgehog signalling pathway is also integral in development and is frequently
dysregulated in cancer. During embryonic development, Hedgehog signalling contributes to
limb patterning, organogenesis, osteogenesis, stem cell maintenance and proliferation®.
Dysregulation of the Hedgehog pathway contributes to malignant transformation and
progression through the activation and nuclear localisation of GLI transcription factors which
promote expression of target genes involved in proliferation, survival and angiogenesis®®°’.
Notably, 90% of basal cell carcinomas exhibit loss-of-function mutations in PTCH1, resulting
in constitutive Hedgehog pathway activity®®.
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Notch, similar to Wnt and Hedgehog pathways, is also crucial during embryonic development
and disrupted in tumourigenesis. Notch signalling, via transmembrane ligands and receptors,
controls cell fate determination, stem cell self-renewal potential and is essential for central
nervous system and cardiovascular development®1%, The first demonstration of a role of
Notch signalling in cancer was the identification of a chromosomal translocation in T-cell
acute lymphoblastic leukaemia (T-ALL) that generates constitutively active NOTCH11%,
Subsequently, over 50% of T-ALL cases have been found to harbour NOTCH1 activating
mutations2. Notch signalling during tumourigenesis is linked to both oncogenic and tumour
suppressive functions, dependent upon the tissue and cellular context03-105,

The pivotal role of Wnt, Hedgehog and Notch signalling alterations in the initiation and
progression of several malignancies, has attracted great interest in the development of
strategies for the therapeutic modulation of these pathways. Several WNT pathway agonists
and small molecule inhibitors have been identified, however, none of these have yet received
clinical approval®*°, More positive progress has been achieved in clinical trials of Hedgehog
pathway inhibitors for cancer treatment. This includes FDA approval of the SMO inhibitors
vismodegib and sonidegib for basal cell carcinoma!®”1%, Numerous modulators of Notch
signalling have also been developed, including antibody therapies and small molecule
inhibitors, and evaluation in clinical trials is ongoing!®. The promising outcomes achieved in
the therapeutic targeting of developmental pathways dysregulated in cancer suggests that
further investigation of processes essential for development may provide valuable insights
into tumourigenesis that can be of therapeutic benefit.
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Figure 1.8 Signalling pathways important during development are frequently activated in
cancer

Wnt, Hedgehog and Notch signalling pathways are involved in many critical aspects of
embryogenesis and dysregulation of these pathways contributes to malignant transformation
and progression of a diverse array of cancers. Signalling through these cascades is initiated by
binding of a ligand to a plasma membrane receptor. This activates downstream effectors,

culminating in translocation of factors to the nucleus where they promote transcription of
target genes.

Wnt proteins bind and activate their receptor FZD and co-receptor LRP. This complex recruits
DVL and a destruction complex composed of APC, AXIN1, GSK3p and CK1 to the plasma

membrane, inhibiting B-catenin proteolysis. Subsequently, B-catenin accumulates in the
cytoplasm and translocates to the nucleus, where it associates with TCF/LEF to activate
transcription of pro-proliferation target genes, such as Cyclin D and MYC°¢,
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Binding of Hh relieves the inhibitory effect of the PTCH receptor on SMO. This inhibits SUFU,
enabling activation and nuclear translocation of GLI1/2 to promote the transcription of pro-
proliferation target genes, such as MYCN and FGF*’.

The Notch pathway is activated by NOTCH ligand binding to adjacent receptor-presenting
cells. This induces NICD cleavage, allowing it to translocate to the nucleus and associate with
MAML and CSL to activate transcription of target genes VEGF and CDKN1A3, Figure adapted
from Aiello et al., 2016%°.

APC: adenomatous polyposis coli; CK1: casein kinase 1; CSL: CBF1/suppressor of hairless/LAG-
1; DLL: delta-like; DVL: dishevelled; FZD: frizzled; GSK3[: glycogen synthase kinase 3 [3; Hh:
hedgehog; JAG: jagged; LEF: lymphoid enhancer binding factor; LRP: lipoprotein receptor
protein; MAML: mastermind-like; NICD: notch intracellular domain; PTCH: patched; SMO:
smoothened; SUFU: suppressor of fused; TCF: T-cell specific transcription factor.
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1.3.1 Shared characteristics of cells in developing tissues and cancer cells

In addition to the recapitulation of developmental signalling pathways, key characteristics of
cells in developing tissues are shared with cancer cells (Figure 1.9). Throughout embryonic
development cells exhibit rapid proliferation, vigorous angiogenesis, tightly regulated
apoptosis and extensive migratory capacity. These properties also define malignant cells, with
sustained proliferative signalling, evading growth suppressors, enabling replicative
immortality, resisting cell death, activating invasion and metastasis and inducing angiogenesis
identified as hallmarks of cancer10111,

Early development is characterised by repeated and rapid cell proliferation to ultimately
generate all the tissues of multicellular organisms. Hallmark capabilities of cancer cells
similarly enable vigorous proliferation through a diverse array of mechanisms. Tumour cells
deregulate proliferative signalling pathways, sustaining positively acting growth-stimulatory
signals and circumventing anti-growth signals. Additionally, tumour cells acquire limitless
replicative potential, bypassing cell cycle control mechanisms and upregulating telomerase to

become immortal and chronically proliferative!!0111,

Migratory capacity is also a common biological capability exhibited by cells during both
embryogenesis and tumourigenesis. Epithelial-mesenchymal transition (EMT) during
embryonic development is fundamental for implantation, gastrulation and organogenesis**2.
EMT describes the process wherein epithelial cells lose their apicobasal polarity and
intercellular junctions and gain mesenchymal cell phenotypes, including enhanced migratory
capacity. The EMT process is activated in cancer, playing a central role in malignant

progression, conferring tumour cell invasiveness and dissemination!*3,

Another characteristic shared by cells in development and cancer is angiogenesis. The
expansion of blood vasculature networks is necessary during embryogenesis to supply
growing tissues with nutrients and oxygen and remove metabolic by-products. Tumour cells
are similarly dependent on growing their vascular network to obtain sufficient blood supply
and metabolic support. Indeed, inducing angiogenesis is critical for the survival and growth of

solid tumours beyond a few millimetres in size!4,

Apoptosis plays an integral role in embryonic development and defects in programmed cell
death also contribute to malignant transformation. Precise control of apoptosis is critical for
cavitation, tube and vesicle formation and tissue remodelling during development!>. For
instance, apoptosis must be tightly regulated to enable formation of the neural tube and to
eliminate interdigital webbings. Tumour cells routinely evade cell death via downregulation
or mutation of pro-apoptotic proteins and upregulation of anti-apoptotic proteins enabling
prolonged survival''®, Given the many commonalities between embryogenesis and
tumourigenesis, greater understanding of processes essential for development may uncover
novel therapeutic strategies for improved cancer treatments.
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Figure 1.9 Similarities between characteristics of cells during development and cancer

hallmarks

Embryonic development is characterised by rapid cellular proliferation, extensive migratory
capacity of cells, vigorous angiogenesis and tightly regulated apoptosis. These properties are
also recognised as fundamental biological capabilities of cancer cells, with sustained
proliferative signalling, evading growth suppressors, enabling replicative immortality,
activating invasion and metastasis, inducing angiogenesis and resisting cell death identified
as hallmarks of cancer!'®!l These similarities reflect the close relationship between
embryogenesis and tumourigenesis and underpin the idea that the same genes may be
involved in the regulation of these processes.
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1.4 The zebrafish as a model system for studying human disease

1.4.1 The emergence of zebrafish as a model organism

Zebrafish (Danio rerio) offer an ideal in vivo vertebrate system for investigating the close
relationship between development and cancer. As early as the 1930s, zebrafish were used as
a model of embryonic development!”118, This initial focus reflects the inherent attributes of
zebrafish, notably, the rapid, ex-utero development of optically transparent embryos and
larvae. At just 24 hours post fertilisation (hpf) embryos have a beating heart and functioning
neurological system with a recognisable vertebrate body plan (Figure 1.10)*'°. Additional
advantages of zebrafish include their small size, fast maturation time and fecundity, which
facilitates large studies and high-throughput assays'?°. Subsequently, zebrafish have risen to
prominence as a valuable model system for studying human disease.

1.4.2 Relevance of zebrafish for modelling human diseases

Despite nearly 400 millions of years of divergent evolution and some quite apparent
differences in physiology, genomic sequencing has revealed a high degree of genetic
conservation between humans and zebrafish?l. Approximately 70% of protein-coding human
genes have a zebrafish orthologue and 84% of genes known to be associated with human
disease have a zebrafish counterpart??!23, Moreover, epigenetic marks as well as DNA
methylation and histone modification machinery are highly conserved?*. This has firmly
established the value of the zebrafish model as an indispensable tool for advancing
understanding of human pathologies. A wide array of diseases are now modelled in zebrafish,
including hereditary diseases, neurodegenerative diseases such as amyotrophic lateral
sclerosis, anaemia, infection, inflammation, immunological disorders, metabolic syndromes
and toxicology'?>. Of greatest relevance to this project is the use of zebrafish to recapitulate
mechanisms relevant to human cancer.

21



r Hours post _
) 48 fertilisation N
‘ \ 24

P\ 2\
\ \
)]

\ Y 4
\

Figure 1.10 Schematic representation of zebrafish embryonic development

Zebrafish develop ex utero from a one-cell zygote with a large yolk. Gastrulation commences
from 5 hours post fertilisation (hpf) and segmentation and organogenesis begins at around
10 hpf. At 24 hpf embryos have a beating heart, functioning neurological system and
recognisable vertebrate body plan. The larval period from 72 hpf is characterised by rapid
proliferation, especially of endodermal organs. Zebrafish reach sexual maturity at 3 months
post fertilisation (mpf)*°.
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1.4.3 Zebrafish as a model of human cancer

Zebrafish cancer models, developed through a variety of methods (Figure 1.11), exhibit
remarkable similarities to human tumours at the histological, gene expression and genomic
levels'?®, Exposure to mutagens, such as N-methyl-N’-nitro-N-nitrosoguanidine (MNNG),
7,12-dimethylbenz[a]anthracene (DMBA) and N-ethyl-N-nitrosourea (ENU), has been used to
induce a wide spectrum of tumours in zebrafish!?’. However, this approach results in the
appearance of sporadic tumours in different organs with low frequency and prolonged
latency. Consequently, transgenic techniques have been widely utilised to overcome these
limitations.

The relative ease with which 1-cell stage zebrafish embryos can be injected with DNA
constructs has resulted in the creation of numerous transgenic lines that recapitulate human
cancers!?®129 The first genetically engineered cancer model in zebrafish was of T-ALL, driven
by overexpression of the mouse oncogene c-myc, specifically in lymphoid cells'3°, Since then,
transgenic technology has been used to successfully model a diverse range of malignancies
including melanoma, sarcoma, pancreatic and liver cancer'3-133, |n addition to these cancer
models, several transgenic and mutant lines have been developed to enable observation of
oncogenic processes in vivo. These include the vascular fluorescence reporter line Tg(fli:EGFP)
and the casper mutant which retains much of its embryonic transparency throughout
adulthood®3#13>, These models, coupled with the application of inducible strategies for gene
expression, have further broadened the possibilities for analysis of human malignancies!3®137,
As too have new methods, such as the recently developed transgene electroporation in adult
zebrafish (TEAZ) which allows rapid combinatorial genetic modelling of complex genotypes to

efficiently recapitulate human tumours?38,

The development of xenograft models in zebrafish has further facilitated investigation of
tumour invasion, metastasis and angiogenesis*3>14°, Prior to the development of the adaptive
immune system at 2-3 weeks post fertilisation, human or mouse cells can be readily
transplanted into zebrafish'#%142, This technology, combined with fluorescent labelling of cells
has enabled convenient and detailed imaging of tumours, allowing for in vivo visualisation of
cancer growth and migration at single-cell resolution!?®. Since the first successful xenografts
of human metastatic melanoma cells into zebrafish in 2005, the field has rapidly evolved and
models based on engraftment of patient-derived tumour cells have been developed!*3144,
Pioneering work, using patient-derived gastrointestinal tumour cells, has demonstrated that
zebrafish xenotransplantation models can be used for real-time imaging of metastasis®°.
Genetically immunodeficient lines have also been recently established to enable

xenotransplantation of human patient samples into adult zebrafish#®,
Site directed mutagenesis, achieved for example, through the CRISPR-Cas9 system, has

further expanded the potential of cancer modelling in zebrafish, enabling modification of
multiple genes simultaneously to better reflect the complex mutational landscape of

23



tumours!4148  Together, these zebrafish cancer models offer unique insights into human
cancer biology and hold immense promise as in vivo platforms for drug discovery'*>->1, The
utility of zebrafish for precision oncology applications is also rapidly emerging with
transplantation-based zebrafish cancer avatars permitting testing of a wide array of drugs to
inform clinical descision20:1>2,

The clinical utility of zebrafish cancer models is exemplified by extensive studies on
melanoma. Expression of human oncogenic BRAF'¢%%F under the control of the melanocyte-
specific promoter mitfa, results in the development of melanocytic nevi in adult zebrafish and
in melanoma formation on a tp53 mutant background®>3. Subsequently, the mitfa: BRAF69%,
tp53M214%€ model has been widely used as a platform for screening, facilitating in vivo discovery
of modulators of melanoma. For instance, the histone methyltransferase SETDB1 was
identified as an oncogene which cooperates with BRAF to accelerate melanoma formation®>*.
Furthermore, zebrafish melanoma models have revealed that reactivation of neural crest
development pathways is critical for initiation of melanoma growth and drives invasion®>>1>7,
Consequently, a chemical screen of 2,000 compounds was performed in zebrafish embryos
to identify suppressors of neural crest progenitors which may be beneficial for melanoma
treatment. Treatment with leflunomide, an inhibitor of DHODH (dihydroorotate
dehydrogenase) was found to abrogate neural crest development in zebrafish embryos by
inhibiting transcriptional elongation and have an anti-proliferative effect on human
melanoma cell lines and mouse xenografts'>°. Identification of transcriptional elongation as a
novel therapeutic target has directly led to human clinical trials, emphasising the power of
the zebrafish system!>>158-161 Moreover, the suitability of zebrafish for in vivo imaging of
tumour cell dynamics has provided important insight into melanoma. In particular, imaging
of melanoma xenografts in adult zebrafish has revealed that adipocytes are major drivers of
melanoma progression, directly donating fatty acids to tumour cells, which modulates

metabolism162

. Taken together, these studies demonstrate the immense potential of
zebrafish cancer models for understanding mechanisms of malignant transformation,

progression and drug discovery.
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Figure 1.11 Methods for generating zebrafish models of cancer

Zebrafish have emerged as a valuable vertebrate system in which to model human cancer.
Exposure to chemical mutagens DMBA (7,12-dimethylbenz[a]lanthracene), ENU (N-ethyl-N-
nitrosourea) and MNNG (N-methyl-N’-nitro-N-nitrosoguanidine) induce random DNA
mutations which can lead to tumour development. Numerous cancer models have been
developed through transgenesis, enabling expression of human oncogenes (or their zebrafish
counterparts), often under the control of a zebrafish tissue-specific promoter and fused to a
fluorophore enabling in vivo imaging of tumourigenesis. Site-directed mutagenesis
technologies such as CRISPR/Cas9 gene editing have further expanded the potential of
modelling cancer in zebrafish. Additionally, xenotransplantation of human tumours cells into
zebrafish provides a valuable system to directly visualise tumour metastasis in larvae prior to
development of the adaptive immune system.
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1.4.4 Zebrafish models of HCC

Zebrafish models are very useful for studying HCC because liver developmental pathways are
evolutionarily conserved in vertebrates!®3 %4 Consequently, several zebrafish HCC models
have been developed, allowing insight into the pathogenesis of liver cancer and acting as a
platform for drug screening. Early experiments utilising chemical mutagenesis approaches
revealed similar histopathological features and significant conservation of zebrafish and
human liver tumour signalling pathways'®>-¢’ Indeed, comparative oncogenomic approaches
have shown that zebrafish and human liver tumours possess similar molecular hallmarks
which correlate with tumour progression, including upregulation of cell cycle genes and
negative regulators of apoptosis®®. Carcinogenic chemical treatment induces liver tumours
at a range of frequencies after a long latency. For example, DMBA exposure leads to the
development of hepatic neoplasms in 30% of zebrafish at 9 months of age, whereas MNNG

induces liver tumours at a lower incidence of 7% at 1 year of age!69179,

Multiple transgenic zebrafish models of HCC, driven by constitutive or inducible oncogene
expression, have since been developed (Table 1.1). Constitutive expression systems often
resulted in severe tumours and early lethality, impeding complete tumour characterisation
and necessitating a switch to inducible systems. For instance, UHRF1 overexpression causes
DNA hypomethylation leading to the development of HCC in 76% of zebrafish by 20 dpf’%.
Cre-loxP, GAL4/UAS, mifepristone and tetracycline inducible systems have been successfully
exploited in zebrafish, enabling spatiotemporal control of oncogene expression to investigate
tumour initiation, progression and regression'®. Specifically, tetracycline inducible zebrafish
HCC models have been established through oncogenic myc, xmrk and kras expression’217>,
With expression signatures correlating with advanced stages of human HCC®’, these models
mimic the cellular and signalling events observed in human HCC of different aetiologies,
proving to be an invaluable resource to better understand the complexities underlying

tumourigenesis'3?,

Of direct relevance to this project are zebrafish HCC models driven by expression of oncogenic
kras®?V, These elegant models, developed in the laboratory of Professor Zhiyuan Gong at the
National University of Singapore, utilise the liver-specific fabp10 (fatty acid binding protein
10) promoter to restrict the expression of a EGFP-kras®?V transgene to hepatocytes.
Tg(fabp10:EGFP-kras®'?V) zebrafish that constitutively express kras®??V, develop HCC
spontaneously between 2 and 12 weeks and this is accelerated upon tp53 loss'’3. To exert
synchronous control over the timing and potency of oncogene expression, various conditional
transgenic models were subsequently developed to enable inducible kras®'?V expression in
the liver, including the Tg(fabp10:rtTA2s-M2; TRE2:EGFP-kras®?") line (Figure 1.12)%®. This
transgenic line was generated via co-microinjection of two gene cassettes, pfabp10-rtTA2s-
M2 and pTRE2-EGFP-kras®'?V into one-cell stage embryos. Thousands of injected embryos
were then raised to adulthood and one FO zebrafish identified with the transgenes positioned

close enough in the genome to always be inherited together without recombination. In this
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model, herein denoted TO(kras®?Y), the doxycycline-inducible expression of a EGFP-kras®?
transgene leads to the accumulation of a constitutively active, EGFP-tagged oncogenic form
of Kras specifically in hepatocytes resulting in hyperplasial’®.

The flexibility of the model has been exploited by the application of various treatment
regimes in both larvae and adults. Comparative transcriptomic analysis has shown that the
gene expression profile of oncogenic kras®'?Y hepatocytes isolated from 8 dpf larval zebrafish
(treated with 20 pg/mL doxycycline for 5 days) strongly resembles that of early-stage human
HCC, with elevated expression of RAS/RAF/MAPK target genes such as FGFR4, ETV4, EPHA2,
DUSP6 and SPRY and DNA damage response genes GADD45B, CCND1 and H2AX1'"7. In adult
fish, induced expression of kras®?Y by doxycycline treatment (starting at 4 mpf, treated with
alternating doses of 10 and 20 mg/L doxycycline bi-weekly) results in HCC development at
100% penetrance 1.5 months post induction!’®, The immune system, particularly neutrophils
and macrophages, plays a major role in tumour progression in this model, and this is also a
feature of human HCCY79180, Similarly, sex hormone-induced differences in tumour onset are
observed in zebrafish HCC models, reflecting the gender disparity in human HCC, with an
increased prevalence in males!’8181182 Thys, this model provides a clinically relevant in vivo
platform for the study of human cancer and the discovery of new therapeutic strategies.
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Table 1.1 Zebrafish transgenic models of HCC

Construct Expression system Liver pathology Reference
zfBLP1 (zebrafish) Constitutive Hyperplasia 183
zfMcl-1a (zebrafish) Constitutive Hyperplasia 183
HCV + TAA (human) Constitutive Steatosis, cirrhosis, HCC 184
ORFA (human) GAL4/UAS Delayed onset of liver tumours 185
kras®?V (zebrafish) Constitutive Hyperplasia, hepatocellular adenoma, HCC 173
kras®'?V + tp53M214K " .

(zebrafish) Constitutive Hyperplasia, hepatocellular adenoma, HCC 173
xmrk (xiphophorus) Tet-on inducible Hyperplasia, hepatocellular adenoma, HCC 175
HBx + HCV (human) Tet-off inducible Intrahepatic cholangiocarcinoma 186
kras®?V (zebrafish) Mifepristone inducible Hyperplasia, HCC 174

Myc (mouse) Tet-on inducible Hyperplasia, HCC 172
HBx + AFB1 (human) Constitutive Hepatitis, steatosis, hyperplasia 187
M214K i H i hi
HBx + tp5? Constitutive Chrc.)nlcl |anammat|on., steatoswt bile duct 188
(zebrafish) dilation, hyperplasia, dysplasia, HCC
HBXx + src Constitutive Chronic inflammation, steatosis, bile duct 188
(human/zebrafish) dilation, dysplasia, HCC
Chronic inflammation, steatosis, bile duct
brafish Constituti ! ! 188
sre (zebrafish) onstitutive dilation, hyperplasia, dysplasia, HCC
src + tp53V214K _ Steatosis, bile duct dilation, hyperplasia,
Constitut 188
(zebrafish) onstitutive dysplasia, HCC
kras®?V (zebrafish) Tet-on inducible Hyperplasia, hepatocellular adenoma, HCC 176
G12v G14V
kms(zeb;:i’::\‘; Tet-on inducible Hyperplasia, hepatocellular adenoma, HCC 176
G12v Ti19N
kras™=" + rhoa Tet-on inducible HCC 176
(zebrafish)
kras®?V + rhoa . . )

(zebrafish) Tet-on inducible Hyperplasia, hepatocellular adenoma, HCC 176
edn1 (zebrafish) Constitutive Steatosis, bile duc':_lcéllcatlon, hyperplasia, 189
UHRF1 (human) Constitutive Atypical cells, dysplastic foci, HCC 171

28



UHRF1 + tp53V1214K

Constitutive

Atypical cells, HCC

171

(human/zebrafish)
ctnnb1 (xenopus) Constitutive Atypical cells, HCC 190
Myc + xmrk Tet-on inducible Hee 191
(mouse/xiphophorus)
myca (zebrafish) Mifepristone inducible | Hyperplasia, hepatocellular adenoma, HCC 192
myca + tp53M214 I . . .
(zebrafish) Mifepristone inducible Hyperplasia, HCC 192
mycb (zebrafish) Mifepristone inducible Hyperplasia, HCC 192
kras?V (zebrafish) Mifepristone mf:lua.ble Hepatoblastoma, hepatocellular adenoma, 193
Cre-lox recombination HCC
nras?¥ (zebrafish) Constitutive Intrahepatic cholangiocarcinoma 194
Hyperplasia, intrahepatic
tgfbla (zebrafish) Mifepristone inducible cholangiocarcinoma, hepatocellular 195
adenoma, HCC
RPIA (human) Constitutive Steatosis, hyperplasia, dysplasia, HCC 196
ctnnb1 (xenopus) Cre-lox recombination HCC 197
Tet-on inducible and
kras®*?V + L-ARKO
ras . Cas9-CRSIPR gene Hyperplasia, hepatocellular adenoma, HCC 198
(zebrafish) .
editing
xmrk + CreER Tet-on inducible and
(xiphophorus) Cre-lox recombination HCC 199
M214K
HBx + src + tp53 Constitutive HCC 200
(zebrafish)
1 FRT2 o .
xmrk + Twistla-ER Tet-on inducible and Metastatic HCC 01

(xiphophorus)

tamoxifen inducible
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Figure 1.12 TO(kras®'?Y) model of HCC

A. The TO(kras®!?V) transgenic line contains two gene cassettes, the fabp10-rtTA2s-M2 and
the downstream TRE2-EGFP-kras®'?V. The fabpl0 promoter drives the liver-specific
expression of rtTA. In the absence of doxycycline, the rtTA protein cannot bind the TRE and
hence EGFP-Kras®'?V is not expressed. In the presence of doxycycline, the rtTA protein can
bind to the TRE, initiating the transcription of EGFP-kras®?V. B. Protocol for doxycycline
induction in TO(kras®?) larvae. C. Brightfield images of untreated and doxycycline-treated
TO(kras®'?V) larvae at 7 dpf. Dashed line in upper panel indicates the normal liver. In response

to doxycycline (lower panel), liver-specific EGFP-Kras®'?V

expression results in hepatocyte
hyperplasia and considerable liver enlargement. The expression of EGFP fluorescence permits

the accurate quantitation of liver volume by 2-photon microscopy.
dpf: days post fertilisation; EGFP: enhanced green fluorescent protein; fabp10: fatty acid

binding protein 10; rtTA: reverse tetracycline-controlled transactivator; TRE: tetracycline
response element.
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1.4.5 Genetic screens in zebrafish

The overarching paradigm underlying this thesis is that genes that are critical for the rapid
growth and proliferation of cells during development are also likely to be essential for the
growth and proliferation of cancer cells, thereby providing novel targets for cancer treatment.
Also taken into account in this approach is an appreciation that the genetic pathways that
drive the growth of developing organs are usually downregulated in adult animals, only to be
reactivated again within the same organ(s) when the adult organism develops cancer.
Therefore, to prosecute this argument in the context of liver cancer, my goal was to
investigate genes that are indispensable for the huge expansion of the endoderm-derived
digestive organs (liver, pancreas and intestine) during development and test whether they
are also critical in the context of liver cancer. To achieve this, | took advantage of several
genes that had been shown by previous students in the Heath laboratory, using ENU
mutagenesis and positional cloning, to be required for digestive organ development.

It was pioneering research by George Streisinger that first demonstrated that zebrafish are
highly suitable for genetic analysis and screening?®2. Forward genetic screens involve inducing
mutations at random in adult zebrafish via exposure to chemical, viral or transposon-based
mutagens. These mutations are then bred to homozygosity in subsequent generations, at
which point embryos are screened for phenotypes of interest (Figure 1.13). The first large-
scale vertebrate zebrafish genetic screens, performed in Boston and Tibingen, using ENU as
a mutagen, recovered over 6000 mutants in embryonic development, of which 1740 were
retained?%32%, The isolated mutants exhibited defects in circulation, formation of the major
body axis, somites, forebrain, fins, eye and heart. However, only 12 mutants with abnormal
endodermal phenotypes were identified, largely due to of the deep internal position of these
organs compared to more prominent tissues and the relatively late stage of their
development. One of these mutants, isolated in the Tlbingen screen designated flotte lotte
(flot?62¢)205 is investigated in this thesis.
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Figure 1.13 ENU mutagenesis screens in zebrafish

Adult male zebrafish are exposed to ENU (N-ethyl-N-nitrosourea) which introduces mutations
randomly throughout the genome. Mutagenized fish are outcrossed to generate the F1
population. Subsequent in-crossing of siblings through two generations drives induced
recessive mutations to homozygosity, producing one quarter mutant progeny in the F3
generation. Figure adapted from Patton et al., 20012°¢,
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1.4.6 A genetic screen to identify zebrafish mutants with disrupted endoderm organ
development

As only a dozen mutants with endodermal abnormalities were recovered from the large-scale
zebrafish mutagenesis screens?°>2%7, our laboratory participated in a focused, transgene-
assisted screen to expand upon this collection?®®, To facilitate the identification of mutations
affecting endodermal organ morphogenesis, the screen was performed on the Tg(gutGFP)&>*
line. This transgenic zebrafish line expresses green fluorescent protein (GFP) throughout the
developing liver, intestine and pancreas?®2%, Over 100 mutants with abnormal GFP
expression were recovered, 15 of which exhibited intestinal, liver and pancreas abnormalities.
These included a second flo mutant allele (flo®871)?11, along with a mutant designated caliban
(clbn®846)?12 which was also chosen for investigation in this study.

Bright-field microscopy and histological analysis showed that compared to the extensively
folded and polarised intestinal epithelium in wildtype larvae, flo and c/lbn mutants have a
thinner, unfolded intestinal epithelium and a smaller liver and pancreas. Both mutants also
showed gross morphological defects within the highly proliferative cell compartments of the
brain, eye and pharyngeal arches, whereas relatively quiescent tissues remained healthy. flo
mutants were characterised by catastrophic levels of cell death in the developing intestinal
epithelium?t1213 whereas c/bn mutants displayed a growth arrest phenotype?*? (Figure 1.14).
PhD students in the Heath laboratory, Tanya de Jong Curtain and Sebastian Markmiller, used
positional cloning to identify the mutant genes underlying the observed phenotypes as
ahctf1, which encodes Elys a component of the nuclear pore complex (NPC) in flo, and rnpc3
which encodes 65K a component of the U12-dependent spliceosome in clbn?1212,

1.5 Hypothesis and aims
Whilst both ahctfl and rnpc3 homozygous mutants survive through early development due
to maternal deposition of mMRNA and protein in the yolk, mutation is ultimately lethal at 9-10
dpf. In contrast, heterozygous mutants have no gross morphological phenotypes under
homeostatic conditions, achieving sexual maturity and exhibiting a normal lifespan. Together,
these observations suggest that the functions of both ahctf1 and rnpc3 represent an Achilles
heel of rapidly proliferating cells for which a viable therapeutic window exists and that may
extrapolate to cancer. In order to address this hypothesis, the following specific aims of this
PhD study were developed:
1. Determine whether the nucleoporin Elys provides a target for cancer treatment with
a viable therapeutic window
2. Determine whether the 65K component of the U12-dependent spliceosome provides
a target for cancer treatment with a viable therapeutic window
3. Establish the zebrafish model of HCC as a tractable, in vivo platform for testing novel
cancer therapeutics
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A Wildtype

B ENU mutant cell death phenotype

C ENU mutant growth arrest phenotype

Figure 1.14 Phenotypes of zebrafish ENU endodermal mutants

Confocal imaging of 200 um thick sections of the intestinal epithelium of 78 hpf larvae stained
with rhodamine phalloidin (red) to mark F-actin and Hoechst 33342 (blue) marking DNA. A.
In wildtype larvae the intestinal epithelium is elaborately folded and comprises polarised
columnar cells with basally positioned nuclei. B. flo mutants generated in the Tibingen ENU
mutagenesis screen exhibit a cell death phenotype exhibiting a thinner unfolded intestinal
epithelium with large numbers of apoptotic cells in the lumen. mAb414 marking nuclear pore
complexes are shown in green. C. c/lbn mutants generated in the Liver?" ENU mutagenesis
screen displayed a growth arrest phenotype, resulting in a thin intestinal epithelium.
Fibrillarin marking nucleoli is shown in green.
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2 Materials and methods

2.1 Zebrafish

2.1.1 Housing and ethics

Zebrafish were maintained at 28.5°C on a 12 h light/12 h dark cycle according to standard
husbandry procedures of the WEHI Zebrafish Aquarium and then the University of Melbourne
Zebrafish Aquarium. These procedures were based on those described in The Zebrafish
Book?!*, All experiments were approved by the WEHI Animal Ethics Committee.

2.1.2 Zebrafish mutant and transgenic lines

The zebrafish mutant line flo, ahctf172%2, was generated in the Tiibingen ENU mutagenesis
screen?®, and has an C to T transition mutation creating a premature stop at codon 1319 of
the ahctfl gene. The ranbp2***’mutant line was generated in the Liver?s ENU mutagenesis

208

screen“”®, and has a T to A transversion mutation introducing a premature stop codon in exon

19 of the ranbp2 gene. The clbn, rnpc3*4¢ mutant line was also generated in the LiverP'ss

screen?08

, and has a T to A transversion mutation resulting in a cryptic acceptor splice site at
the -12 position of the 3’ splice site of intron 13 of the rnpc3 gene resulting in premature
protein truncation. Subsequently, another rnpc3 null allele became available from a
commercial source, Znomics (RRID: ZFIN_ZDB-GENO-140806-3) and was used in this thesis. In
this mutant line the rnpc3 locus is disrupted by retroviral insertion into intron 1, resulting in
undetectable mRNA transcripts?!2. The tp53"224K mutant line, referred to as tp53™™, hasa T
to A missense mutation in the tp53 DNA binding domain, preventing activation of tp53 target

genes, and has been previously described?®.

The Tg(fabp10:dsRed, ela3/:GFP)8**? transgenic line, referred to as 2-CLiP, expresses dsRed in
the liver and GFP in the exocrine pancreas but carries no oncogenic transgenes or
mutations?®. The Tg(fabp10:rtTA2s-M2;TRE2:EGFP-kras®*?V) line referred to as TO(kras®*?V)
has been described previously!’®. The cell death reporter line (a gift of Dr Thomas Hall,
Institute for Molecular Bioscience, University of Queensland), Tg(actb2:SEC-Hsa.ANXA5-
mKate2,cryaa:mCherry)'9?4?, referred to as Annexin 5-mKate constitutively expresses a

fusion protein comprising Annexin 5 and the far-red fluorophore mKate?’.

2.1.3 Embryo production

Embryos were produced by natural spawning of mating pairs set up in breeder boxes.
Embryos were collected and transferred into Petri dishes with E3 medium (5 mM NaCl, 0.17
mM KCl, 0.33 mM CaCl, 0.33 mM MgS0a4) and placed in a 28.5°C incubator. Embryos were
transferred into E3 medium with 0.003% 1-Phenyl-2-thiourea (PTU; Sigma, #P7629) at 10-24
hpf to inhibit pigmentation and maintained at a density of 50 embryos per Petri dish. Embryos
were inspected daily and dead embryos, debris and embryos with developmental defects
such as oedemas were removed to prevent fungal and bacterial contamination.
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2.1.4 Raising embryos to adulthood

Embryos to be raised to adulthood were maintained in E3 medium in Petri dishes at a density
of 50 embryos in a 28.5°C incubator until 5 dpf. After 5 dpf, larvae were transferred into 3 L
tanks and fed live Paramecium cultures twice daily. After approximately 14 dpf, larvae were
fed a combination of Paramecium and Artemia (Primo Aquaculture). Between 21-28 dpf,
zebrafish were transferred to the main aquarium system and fed Artemia and pellet feed
(Primo Aquaculture). Fish generally reached sexual maturity at 3 months of age.

2.1.5 Inducing hepatocellular hyperplasia in zebrafish

To induce mutant Kras expression, TO(kras®?V) larvae were treated with 20 pg/mL
doxycycline (Sigma, #D9891) at 2 dpf in E3 medium with 0.003% PTU (Sigma, #P7629) to
suppress pigmentation. E3 medium was changed at 5 dpf and fresh doxycycline (final conc.
20 pg/mL) added.

2.1.6 Drug treatments in zebrafish

At 5 dpf, zebrafish larvae were treated with DMSO vehicle control (Sigma, #D2650) or various
drugs (Table 2.1) serially diluted in E3 medium with 0.003% PTU (Sigma, #P7629). Larvae were
monitored daily to assess drug toxicity. Morphological and molecular analyses were
performed at 7 dpf.
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Table 2.1 Drug treatment compounds

C trati
Drug Description oncentrations Source/Reference
(1M)
EPZ015666 PRMTS inhibitor 00.01-10.00 Cancer Tr&i;ape”t'cs'
Hit 1 U12-dependent spllt':lng inhibitor 00.50-05.00 WEH|
screen hit
Inactive U12-dependent splicing inhibitor 00.50-05.00 WEHI
screen inactive analogue
s Selleckchem,
MEK162 MEK inhibitor 01.00-20.00 457007
Selinexor S
(KPT-330) XPO1 inhibitor 00.10-02.00 Karyopharm
WM-2474 KAT6A/B inactive analogue 01.00-10.00 Baell et al., 201828
WM-8014 KAT6A/B inhibitor 01.00-10.00 Baell et al., 2018%8
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2.2 Histology and immunohistochemistry

2.2.1 Fixation of larvae

Larvae were anaesthetised with benzocaine (200 mg/L; Sigma, #PHR1158) and fixed O/N in
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) at 4°C. After fixation, larvae
were washed several times with PBS/0.1% Tween 20 and incubated in 30% sucrose in PBS
O/N at 4°C.

2.2.2 Vibratome sectioning and immunofluorescence staining

Fixed larvae were aligned and embedded in Tissue-Tek cryomoulds (ProSciTech) in 4% low
melting point agarose (Invitrogen, #16520100) and transverse sections taken at 200 um
intervals using a vibrating microtome (Leica VT 1000S). Sections were blocked with 1% BSA in
PBS/0.3% Triton X-100 and incubated with 1:750 mAb414 (Abcam, #ab24609) at 4°C
overnight. Sections were then incubated with 1:500 anti-mouse AF647 (Thermofisher,
#A21235) and 1:500 Hoechst 33342 (Thermofisher, #62249) at room temperature for 1 h.
Sections were mounted in Prolong Diamond Antifade Mountant (Thermofisher #P36961) with
a coverslip. Image acquisition was performed using a Zeiss LSM880 Fast Airyscan Confocal
microscope with a 63x objective. Excitation wavelengths for Hoechst and AF647 were 405 nm
and 633 nm, respectively.

2.2.3 Cryostat sectioning and immunofluorescence staining

Fixed micro-dissected livers were aligned and embedded in Tissue-Tek cryomoulds
(ProSciTech) in OCT (Milestone, #51420)and frozen on dry ice. The tissue was sectioned at 10
um intervals using a Thermofisher Scientific Microm HM550 cryostat. Sections were washed
with PBS before blocking with 10% FCS in PBS/0.3% Triton X-100. Incubation with primary
antibodies was performed at 4°C O/N, while incubation with secondary antibodies was
performed at RT for 1 h. Antibodies used in this work were: 1:2000 o-Tubulin DM1A (CST,
#3873), 1:1000 y-H2AX (Abcam, #ab11174), 1:250 cleaved caspase-3 (CST, #9664), 1:500 anti-
rabbit AF647 (Thermofisher scientific, #A31573) and 1:500 anti-mouse AF647 (Thermofisher,
#A21235). Prolong Diamond Antifade Mountant with DAPI (Thermofisher #P36962) was used
for slide mounting. Image acquisition was performed using a Zeiss LSM880 Fast Airyscan
Confocal microscope with a 63x objective. Excitation wavelengths for DAPI and AF647 were
405 nm and 633 nm, respectively.

2.2.4 EdU proliferation assay

To assess the percentage of cells in S phase of the cell cycle, 7 dpf zebrafish larvae were
incubated in 2 mM EdU in E3 medium for 2 h followed by a further incubation in fresh E3
medium for 1 h. Larvae were euthanized using benzocaine (1000mg/L; Sigma, #PHR1158)
prior to removal of the liver by dissection. Micro-dissected livers were fixed in PFA as
previously described and permeabilised by incubation in PBST/0.5% Triton-X at 4°C O/N. EdU
labelling was carried out using the Click-iT Edu Alexa Fluor 647 (AF647) imaging kit (Invitrogen,
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#C10340) according to the manufacturer’s instructions. The livers were co-stained with
Hoechst 33342 (Thermofisher, #62249). Image acquisition was performed using an Olympus
FVMPE-RS multiphoton microscope with a 25x objective and Olympus FV30-SW software,
utilising a z-stack step size of 2 um. Excitation wavelengths for Hoechst and AF647 were 950
nm and 1160 nm, respectively.

2.3 Imaging techniques

2.3.1 Brightfield microscopy

Larvae were anaesthetised with benzocaine (200 mg/L; Sigma, #PHR1158) and aligned in 1%
agarose. Brightfield and epifluorescence images were acquired using a Nikon SMZ1500
fluorescent microscope with a DXM1200C camera and NIS Elements AR 3.06 software.

2.3.2 Two-photon microscopy

To quantitate liver volume, larvae were anaesthetized with benzocaine (200 mg/L; Sigma,
#PHR1158) and aligned in 1% agarose. Image acquisition was performed using an Olympus
FVMPE-RS multiphoton microscope with a 25x objective and Olympus FV30-SW software,
utilising a z-stack step size of 2 um. Excitation wavelengths for GFP and dsRed were 840 nm
and 1100 nm, respectively.

2.3.3 Confocal microscopy

To assess apoptosis, TO(kras®?"); Annexin 5-mKate zebrafish larvae (7 dpf) were fixed in PFA
as previously described and livers isolated by micro-dissection. Image acquisition was
performed using a Zeiss LSM 880 microscope with a 20x objective and ZEN software, utilising
a step size of 2 um. Excitation wavelengths for mKate and GFP were 561 nm and 860 nm,
respectively.

2.4 Imaging analysis

2.4.1 Liver volumetric analysis

Volumetric analysis was performed in Imagel) by default thresholding of EGFP signal (for
TO(kras®'2V)"* larvae) or dsRed signal (for 2-CLiP larvae) and automatic processing with a
macro that increased signal intensity with depth to compensate for the gradual decline in
signal. Signal area was then calculated per slice and converted into volume by multiplication
with z-stack step size (2 um). Representative three-dimensional reconstructions of liver
volume were generated using Imaris (v9.1.2) software by default surface rendering.

2.4.2 EdU proliferation analysis

The number of Hoechst 33342 and EdU positive nuclei was quantified using Arivis Vision4D
software. The Segment Generation Blob Finder Feature was used to segment nuclei with an
average diameter of 10 um with the threshold set to 5.00%. A watershed algorithm was then
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applied to identify object boundaries with the split sensitivity set to 55, allowing
guantification of the total number of nuclei and EdU positive nuclei.

2.4.3 Cell death analysis

Volume of micro-dissected TO(kras®?"); Annexin 5-mKate livers was quantified as described
previously. Annexin 5-mKate signal, generated when the secreted Annexin 5-mKate fusion
protein binds to phosphatidylserine on the inner leaflet of plasma membranes that are
exposed during apoptosis, was quantified in Image) by 3D simple segmentation with a
minimum object size of 10 pixels and the threshold set to 300.

2.4.4 Nuclear pore complex analysis

3D segmentation of nuclei was performed in Imagel by default thresholding of Hoechst signal
and 3D watershed detection. Morphological filtering was used to define the nuclear periphery
as the 2 voxels surrounding nuclei. The cytoplasmic area was distinguished by subtraction of
Hoechst 33342 nuclear signal and 3D segmentation of cells by default thresholding of EGFP
signal (for TO(kras®?V)"/*) or F-actin (for TO(kras®!?V)** stained with 1:200 Rhodamine
phalloidin at the same time as secondary antibody incubations) and 3D watershed detection
to define cell membranes. mAb414 fluorescence intensity was then calculated for the nuclear
periphery and for the cytoplasm. NPC density was calculated by manual selection of nuclear
surface area and automatic finding of mAb414 signal maxima for 5 nuclei per liver.

2.5 Molecular biology techniques

2.5.1 DNA isolation and genotyping

Zebrafish larvae (5 dpf) were anaesthetised with benzocaine (200 mg/L; Sigma, #PHR1158)
and the tip of the tail fin clipped distal to blood circulation. Larvae were then placed in 150 uL
of E3 medium with 0.003% PTU (Sigma, #P7629) in a 96-well plate until protein/RNA
extraction or fixation at 7 dpf. Genomic DNA (gDNA) was extracted from fin clips by incubation
at 95°C for 10 min in 20 pL of 50 mM sodium hydroxide (NaOH), followed by neutralization
with 2 pL of 1 M Tris-HCI (pH 8.0).

7 dpf larvae or adult zebrafish were anaesthetised with benzocaine (200 mg/L) and fin
clipped. gDNA was extracted by incubation at 95°C for 20 min in 50 pL of 50 mM sodium
hydroxide (NaOH), followed by neutralization with 5 pL of 1 M Tris-HCI (pH 8.0).

Polymerase chain reaction (PCR) was performed using MyTaq HS Red Mix (Bioline, #25047).

Oligonucleotides used for genotyping are listed in Table 2.2. PCR products were visualised by
electrophoresis on 2% agarose gels.

40



Table 2.2 Zebrafish genotyping primer sequences

Gene Forward (5’-3’) Reverse (5’-3’)
ahctf1 TGACATGCATGCCCTCTCTG TAGCTGCTCCTCGCTTACGT
EGFP-TO(kras) ATGGTGAGCAAGGGCGAGGA CGTCCTTGAAGAAGATGGTGCG
ranbp2 CGCCGATCAAGAGGACGAAA TGTCCGCCGTAACACTACTC
rnpc3 wildtype TTATGATTGATGCAGAAGCG GGAGGTTTGTTTTGAAGCGA
rnpc3 mutant ACAGACACAGATAAGTTGCTGGCC GGAGGTTTGTTTTGAAGCGA

tp53 wildtype

AGCTGCATGGGGGGGAT

GATAGCCTAGTGCGAGCACACTCTT

tp53 mutant

AGCTGCATGGGGGGGAA

GATAGCCTAGTGCGAGCACACTCTT
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For ahctf1 larvae, a restriction fragment length polymorphism was used for genotyping as the
flot262 mutation generated a novel Tsp45I restriction enzyme site. After PCR amplification of
a 482 bp fragment containing the ahctfl mutation, restriction digest with 0.01 units/uL of
Tsp45l (New England BiolLabs, #R0583L) was performed for 3 h at 65°C before products were
visualised by electrophoresis on 2% agarose gels.

2.5.2 RNA extraction

Total RNA was extracted from independent pools of micro-dissected zebrafish livers or
individual livers using the RNeasy Micro Kit (QIAGEN, #74004) following the manufacturer’s
guidelines including DNAse treatment. RNA integrity was assessed by a High Sensitivity RNA
ScreenTape assay (Agilent, #5067-5579) on a 2200 TapeStation.

2.5.3 cDNA synthesis
cDNA was generated from 1-10 pug RNA using the Superscript Il First Strand Synthesis System
(Invitrogen, #18080051) and oligo(dT) priming according to the manufacturer’s instructions.

2.5.4 RT-gPCR

Reverse transcription-quantitative PCR (RT-qPCR) was performed using a SensiMix SYBR kit
(Bioline, #QT605-05) on an Applied Biosystems ViiATM7 Real-Time PCR machine. Expression
data were normalised by reference to hrptl, b2m and tbp. LinRegPCR V11.0 was used for
baseline correction, PCR efficiency calculation and transcript quantification analysis?'°.
Relative expression levels were calculated by the 222t method and all results were expressed
as the mean 1 SEM of three independent biological replicates. Primer sequences are listed in

Table 2.3.
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Table 2.3 RT-qPCR primer sequences

Gene Forward (5’-3’) Reverse (5’-3’)
ahctf1 GGTGAGTCAGTGTGGGGAAC | CCAGCAGGGCATGAAGTGAT
b2m GCGGTTGGGATTTACATGTTG GCCTTCACCCCAGAGAAAGG
bad AGCAGCACCTCACTGTTCCT CCAGTTTCCAGCAAGTCCTC
bax GGAGATGAGCTGGATGGAAA | GGGCCACTCTGATGAAGACA
bbc3 (puma) GATGCCTTCAGCTTGGAC GCCTGGACACTTCCTGTTCT
bcl2 GGATCGAGGAAAATGGAGGT | AAAACGGGTGGAACACAGAG
belxl CAACCATATTCAACCCTGGA TTCTTGCGATTTCCTGCT
bid ACCAGCGACCTACAGAGACC TCTGCATTGACTGAAAGACCA
bik TTGCTTCCACAGCTTCAAAA ATGTAGTGCTGCGAGACCAG
bim GCACTTTGATTTCCCTCAGC TGGAGAAAGTCCGGTTCATC
cdknla (p21) | CAAGCCAAGAAGCGTCTAGTG AACGGTGTCGTCTCTGGTTC
cdkn2a/b (p16) | CGAGGATGAACTGACCACAGC | CAACAGCCAAAGGTGCGTTAC
egfp ATGGTGAGCAAGGGCGAGGA | CGTCCTTGAAGAAGATGGTGCG
hrpt1 GAGGAGCGTTGGATACAGA CTCGTTGTAGTCAAGTGCAT
mdm2 TGACAAAGAAACTGGTAAGA AAACATAACCTCCTTCATGGT
pmaipl (noxa) | ATGGCGAAGAAAGAGCAAAC TCATCGCTTCCCCTCCATTTG
rnpc3 AGGCCCTGAAGGAAACCAAT | TCAACCAGGGCAGTCACTTCA
tbp CAGGCAACACACCACTTTAT AAGTTTACGGTGGACACAAT
tp53 TCCACTCTCCCACCAACATC GGGAACCTGAGCCTAAATCC
tp63 CGGCCTGTTTGGACTATTTC ACTCCATGATGCCTTTCCAG
tp73 GGCCAATCCTCATCATCATC TCCCTGAATGGTCTTCGTC
A113tp53 ATATCCTGGCGAACATTTGG ACGTCCACCACCATTTGAAC
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2.5.5 Library preparation and RNA-sequencing

RNA was isolated from individually micro-dissected livers as described previously and 100 ng
per sample of RNA was used for RNA-sequencing library preparation using the TruSeq RNA
Sample Prep Kit with Ribo-Zero depletion (Illumina) according to manufacturer’s instructions.
Indexed libraries were sequenced on a NextSeq 500 instrument (Illumina) to generate 80 bp
paired-end reads and yielding ~20 million reads per sample. Bioinformatic analyses were
conducted by Dr. Alexandra Garnham of the WEHI Bioinformatics Support Unit.

All samples were aligned to the GRCz11 build of the zebrafish genome using the align function
from the Rsubread software package (v2.0.1)%%. In all cases at least 75% of fragments (read
pairs) were successfully mapped. All fragments overlapping genes were then counted using
Rsubread’s featureCounts function. Genes were identified using Ensembl annotation (v101).
Differential expression analyses between the sample groups were then undertaken using the
limma (v3.46.0)%?! and edgeR (v3.32.1)%?2 software packages.

These data were generated over multiple sequencing runs, generating 2-3 technical replicates
per sample. Prior to analysis all technical replicate samples were combined to form single
samples. All genes labelled ‘To Be Experimental Confirmed’ (TEC) together with ribosomal
RNAs (rRNAs) were then removed, and expression based filtering was performed using
edgeR’s filterByExpr function with default parameters. A total of 23,769 genes remained.
Following gene filtering, sample composition was normalised using the TMM method??3.

To identify differentially expressed genes between the sample groups, the data was first
transformed to log-counts per million (logCPM) with associated observation level precision
weights using voom?24, Sample weights were also calculated. For this analysis, loss of residual
degrees of freedom was allowed for due to samples with a high proportion of genes with a
count of 0. Linear models were then fit to the data and robust empirical bayes moderated t-
statistics were utilized to identify differentially expressed genes??°. This analysis was achieved
through the application of edgeR’s voomLmFit pipeline. The false discovery rate was
controlled below 5% using the Benjamini and Hochberg method.

The gene set test was conducted with limma’s cameraPR function with default parameters,
and the associated barcode plot drawn with limma’s barcodeplot function. Pathway analyses
of the gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) databases
were accomplished using limma’s goana and kegga functions. The mean-difference plots were
generated using limma’s plotMD function, multi-dimensional scaling (MDS) plots with limma’s
plotMDS function, while the heatmaps were generated using the pheatmap software package
(v1.0.12).
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2.5.6 Protein extraction

Pooled micro-dissected zebrafish livers were lysed in RIPA buffer (20mM Hepes, pH 7.9,
150mM NaCl, 1mM MgCI2, 1% NP40, 10mM NaF, 0.2mM Na3VvO04, 10mM [-glycerol
phosphate) supplemented with cOmplete Proteinase Inhibitor (Roche, #11836170001) and
PhosTOP phosphatase inhibitors (Roche, #04906837001). Samples were incubated for 30 min
on ice and the extracts cleared by centrifugation at 13,000 rpm for 20min at 4°C. The protein
concentration of samples was determined by Bicinchoninic Acid (BCA) protein assay (Thermo
Fisher Scientific, #23227).

2.5.7 Western blot

25 pg of protein per lane were resolved on NUPAGE Novex Bis-Tris 4-12% polyacrylamide gels
(Invitrogen, #NP0321BOX) and transferred onto nitrocellulose blotting membranes
(Amersham Protran, #10600003). Membranes were blocked with 5% BSA in PBS for 1 h at RT.
Primary antibodies used in this work were 1:500 anti-p53 (9.1) (Abcam, #ab77813) or 1:1000
anti-phospho-p44/42 MAPK (ERK1/2) (Tyr202/Tyr204) (CST, #4370) incubated O/N at 4°C and
1:1000 anti-GAPDH (14C10) (CST, #2118) and 1:1000 anti-a-Tubulin (DM1A) (CST, #3873)
incubated for 1 h at RT. Secondary antibodies, goat anti-mouse HRP (Dako, #P0447) and goat
anti-Rabbit HRP (Dako, #P0448), were used at 1:5000 and IRDye 680LT donkey anti-rabbit (LI-
COR, #925-68023) and IRDye 800CW donkey anti-mouse (LI-COR, #925-32212) were used at
1:10000 and incubated with membranes for 1 h at RT. Membranes were developed using
Amersham ECL Western Blotting Detection Kit (Cytiva, #RPN2108) and imaged on a Chemidoc
Touch (Biorad) or using an Odyssey infrared imaging system (Licor). Relative protein
guantitation was calculated based on normalised integrated intensity.

2.6 Statistics

2.6.1 General statistical analysis

Data are expressed as mean * SEM unless indicated otherwise and the number of biological
replicates indicating samples from individual animals for each experiment are stated in figure
legends. P-values were calculated using unpaired t-tests (two-tailed, followed by Welch’s
correction) when comparing two groups, and by one-way ANOVA followed by Tukey’s post-
hoc test when comparing multiple groups.

The effect of drug treatments on liver volume was analysed by linear regression, regressing

liver volume against drug concentration. All analysis was performed using GraphPad Prism
version 9.0.0 (GraphPad software) and p<0.05 was considered statistically significant.
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3 Exploring components of the nuclear pore complex as potential

cancer therapeutic targets
The focus of this chapter is the 252 kDa multidomain nucleoporin ELYS (embryonic large
molecule derived from yolk sac), encoded by AHCTF1 (AT hook containing transcription factor
1). Elys was initially identified in a cDNA subtraction screen as a putative transcription factor
involved in mouse haematopoiesis??®. Subsequently, Elys was shown to be essential for the
proliferation and survival of inner mass cells during mouse embryonic development??’. ELYS-
deficient mice generated via homologous recombination in embryonic stem (ES) cells were
observed to undergo apoptosis at E3.5 and were absorbed by E5.5. Significantly, Elys
heterozygous blastocysts were morphologically indistinguishable from wildtype embryos
with no differences in the number of apoptotic cells or in vitro blastocyst outgrowth rates
apparent. Moreover, adult Elys heterozygous mice were healthy and fertile??’.
Immunoprecipitation experiments performed in Xenopus egg extracts identified Elys as an
integral component of nuclear pore complexes (NPCs), interacting with the Nup107-160
complex and initiating nuclear pore assembly?28, Consistent with this, functional screens in C.
elegans revealed that the metazoan ortholog of Elys, Mel-28, is essential for nuclear integrity

and postmitotic NPC formation?2-231,

Since then, Elys has been studied in many model systems, including in zebrafish. As
mentioned in section 1.4.6, the Heath lab cloned and characterised the zebrafish
development mutant flo (flo??%%¢), which was generated in the Tubingen ENU mutagenesis
screen many years ago?®. In independent studies, the Heath lab and the group of Michael
Pack showed that the underlying mutant gene was ahctf1?'%213, Homozygous ahctfl mutant
larvae exhibit a small liver and pancreas, microphthalmia, impaired yolk absorption and rarely
inflated swim bladders (Figure 3.1). In comparison to wildtype larvae, ahctfl mutants also
display striking intestinal defects, with a thinner, unfolded and unpolarised intestinal
epithelium with apoptotic cells present in the lumen?!1213.232:234 ‘Moreover, we and others
showed that loss of Elys in zebrafish disrupts NPC formation and causes catastrophic levels of
cell death in highly proliferative cell compartments while relatively quiescent tissues remain
healthy (Figure 3.2)211.213,

In this Chapter, | begin by reviewing what is already known about the functions of Elys and
other components of the nuclear pore and their role in maintaining the integrity of
proliferating cells. | then set out to determine whether the disruption of these functions in an
in vivo model of zebrafish liver cancer, TO(kras®??")17¢ as introduced in section 1.4.4, has any
impact on the mutant Kras-fuelled growth and survival of hyperplastic hepatocytes.
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ahctf1**

ahctf1*-

ahctf1”

Figure 3.1 Gross morphology of ahctfl mutant larvae

Bright-field images of 7 dpf flo/ahctf1 larvae. Compared to wildtype, ahctf17- larvae have a
smaller head and liver, microphthalmia and fail to inflate the swim bladder or fully absorb the
yolk. Whilst the intestinal epithelium (arrows) is thick and extensively folded in ahctf1*/*
larvae, it is significantly thinner and unfolded in ahctf17 larvae. Meanwhile, ahctf1*/ larvae
exhibit no phenotypic abnormalities. Scale bar 200 pum.

e: eye, ib: intestinal bulb, L: liver, sb: swim bladder, y: yolk.
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A ahctf1+ ahctf1

Figure 3.2 NPCs are aberrantly distributed in the digestive organs of ahctfl mutant larvae

Confocal imaging of 200 um thick sections of 78 hpf larvae of the indicated ahctf1 genotypes
stained with rhodamine phalloidin (red) to mark F-actin, mAb414 (green) marking FG-nups
and Hoechst (blue) marking DNA. A. In the liver of ahctf1*/* larvae, NPCs form a punctate ring
of fluorescence around nuclei (arrow). In contrast, NPCs in ahctf1”- larvae NPCs are severely
disrupted and cytoplasmic aggregates of mAb414 are present (arrowheads). Scale bar 50 um.
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A'. Inset of mAb414 staining in larval liver. Scale bar 10 um. B. Similarly, in the intestinal
epithelium of ahctf1** larvae, NPCs are located in a punctate rim surrounding nuclei (arrow).
In ahctf1”7 larvae NPCs are aberrantly distributed (arrowheads); however, rare cells displayed
proper NPC association with the NE (arrow). The images shown in panel B are the same as
those shown in Figure 1.14. B'. Inset showing higher magnification mAb414 staining of larval
intestine. Scale bar 10 um. Figure taken from de Jong-Curtain et al., 200921,

FG-nups: phenylalanine-glycine nucleoporins, NE: nuclear envelope, NPCs: nuclear pore
complex.
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3.1 Structure of the nuclear pore complex

Eukaryotic cells are characterised by the spatial segregation of various biological processes
into dedicated membrane-bound enclosed organelles. Most prominently, the nuclear
envelope (NE) separates DNA contained within the nucleus from the cytoplasm via a double
membrane bilayer. Such compartmentalisation requires the transport of molecules and
continuous exchange of materials, posing a considerable logistical challenge.
Nucleocytoplasmic transport is accomplished through NPCs, which fuse the inner and outer
nuclear membranes to form cylindrical channels, allowing bidirectional trafficking of

molecules?3>236,

NPCs are amongst the largest and most complex proteinaceous assemblies in eukaryotic cells,
with a molecular mass of approximately 60 MDa in yeast and 110 MDa in humans?%®. The
overall shape and architecture of the NPC is highly conserved across eukaryotes, as first
revealed by studies utilising electron microscopy (EM)?37-23°. NPCs are composed of multiple
copies of at least 30 different proteins termed nucleoporins (nups) that are assembled in an
octameric array (Figure 3.3-3.4)%%%242 The major structural components of the NPC are the
outer nuclear and cytoplasmic rings, inner ring, transmembrane proteins, as well as
peripheral elements, the nuclear basket and cytoplasmic filaments. Phenylalanine-glycine
(FG) repeat nups fill the central channel and mediate transport.
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Figure 3.3 Overall structural organisation of the nuclear pore complex

Schematic representation of NPC architecture, depicting a cut away view. The NPC is the
major gateway for transport between the nucleus and cytoplasm. Core structural elements
of the NPC: the cytoplasmic ring, inner ring and nuclear ring form a stable scaffold.
Transmembrane nups anchor the NPC to the NE. The cytoplasmic filaments and nuclear
basket are formed by dynamic nups which shuttle on and off the NPC?3>243, Figure adapted
from Lin et al., 2019%%>,

FG: phenylalanine-glycine, NE: nuclear envelope, NPC: nuclear pore complex; nups:
nucleoporins.
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Figure 3.4 Molecular composition of nuclear pore complexes in Saccharomyces cerevisiae

and Homo sapiens

Nups in yeast and human NPCs grouped by subcomplex. The single dagger () indicates that

ELYS is only a component of the NUP107-160 complex on the nuclear side in humans. The
double dagger (¥) indicates that NUP205 and NUP188 are also localised to the outer rings in
humans. Asterisks (*) indicate that NUP68 and NUP98 and their homologues are also found

as part of the cytoplasmic filaments and nuclear basket. Stoichiometries of nups indicated in

parentheses. Figure adapted from Lin et al., 2019%%,

NPC: nuclear pore complex, nups: nucleoporins.
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3.1.1 NUP107-160 complex

The major constituent of the outer cytoplasmic and nuclear rings of the NPC is the NUP107-
160 complex, referred to as the Nup84 complex in yeast. The NUP107-160 complex is also
known as the coat nucleoporin complex (CNC) or Y-complex due to its elongated shape
reminiscent of the letter Y as revealed by negative-stain electron microscopy?*424>. The
stoichiometry of the Nup107-160 complex is variable across species. In humans 16 copies of
the NUP107-160 complex are arranged in two concentric circles to form the outer rings,
totalling 32 NUP107-160 complex copies per NPC?%¢, This stoichiometry is reduced in algal
and fungal NPCs, which possess 24 or 16 Nup107-160 complex copies respectively?*’-24°, The
NUP107-160 complex contains 10 distinct nups: SEC13, SEH1, NUP96, NUP75, NUP107,
NUP160, NUP133, NUP37, NUP43 and ELYS?28230242,250-252 (Figyre 3.5). 7 of these nups are
conserved in S. cerevisiae (Secl3, Sehl, Nup145C, Nup85, Nup84, Nupl20, and
Nup133)244253, Although NUP37 and ELYS homologues are found in some fungi, often the
domain architecture is dramatically altered?>*2>%, For example, fungal ELYS homologues lack
chromatin-binding domains present in the human protein?>>2>7. The NUP107-160 component
NUP43 appears to be present only in metazoans?>®. Whilst all other NUP107-160 complex
nups have a symmetrical distribution on both the nuclear and cytoplasmic sides of the NPC,
ELYS is asymmetrically distributed, localised to the nuclear face of the outer ring only, and is
therefore present in 16 copies, exhibiting half-fold stoichiometry compared to other NUP107-
160 complex components as measured by mass spectrometry?>°,
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Figure 3.5 Structural architecture of the human NUP107-160 complex

A. The NUP107-160 complex is composed of SEC13, SEH1, NUP96, NUP75, NUP107, NUP160,
NUP133, NUP37, NUP43 and ELYS. A total of 32 copies of the NUP107-160 complex are
arranged in two concentric, reticulated rings to form the cytoplasmic and nuclear rings of the
NPC. ELYS is asymmetrically distributed and localised to the nuclear ring only. Asterisks
indicate nups that can be unambiguously positioned but have some uncertainty in their
orientation. B. Segment of the nuclear ring of the NPC showing the staggered position of the
inner and outer NUP107-160 complexes next to their anterior and posterior counterparts.
Lines indicate position of each NUP107-160 complex. Figure from von Appen et al. 2015;
Protein Data Bank entry: 5A9Q2.

NPC: nuclear pore complex, nup: nucleoporin
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3.1.2 Inner ring nucleoporins

The inner ring of the NPC is embedded within the NE and is primarily composed of the
symmetric core nups: NUP53, NUP93, NUP155, NUP205, NUP188 and NUP98 (also known as
the NUP93 complex in humans), as well as the channel nucleoporin heterotrimer (CNT)
consisting of NUP54, NUP58 and NUP62 (also known as the NUP62 complex)?3>2¢0,
Functionally, the inner ring stabilises the fused inner and outer nuclear membranes by
connecting transmembrane nups to the NE and acts as the major tethering point for FG-

Nups246:260,

3.1.3 Transmembrane nucleoporins

Similar to the inner ring, transmembrane nups (also known as pore membrane proteins,
POMs) are positioned within the nuclear membranes and connect the core scaffold of the
NPC to the NE. Transmembrane nups, including NDC1, POM121 and POMZ210 represent the
least conserved and structurally characterised component of the NPC?3°. Whilst Ndc1 is
conserved in yeast, direct homologs of human POM121 and POM210 are absent?4%.242,261,

3.1.4 Nuclear basket

Electron microscopy initially revealed basket-like structures attached to the nuclear face of
the NPC, termed the nuclear basket?®?. The nuclear basket is composed of NUP50, NUP153
and TPR that are anchored to the nuclear ring of the NPC, forming eight filaments that extend
into the nucleus and are attached to a distal ring?3>. The nuclear basket provides anchoring
sites for gene tethering and mRNA export factors, directly interacting with nucleocytoplasmic
transport machinery and regulating chromatin organisation?63-26,

3.1.5 Cytoplasmic filaments

The asymmetric cytoplasmic filaments of the NPC are highly flexible, elongated filamentous
structures that project out into the cytoplasm, and are composed of GLE1, RAE1, NUP42,
NUP88, NUP98, NUP214, NUP358 and ALADIN?3>, Whilst most cytoplasmic filament nups are
evolutionarily conserved, NUP358 (also known as RANBP2) is metazoan specific?®®. The
cytoplasmic filaments function to channel incoming cargo from the cytoskeleton towards the
nuclear interior and export cargo towards protein synthesis machinery. Additionally, the
cytoplasmic filaments position and regulate the activity of DDX19, an ATP-dependent RNA
helicase, which terminates mRNA export267:268,

3.1.6 Phenylalanine-glycine repeat nucleoporins

FG-repeat nups contain extensive intrinsically disordered domains that are rich in
phenylalanine-glycine repeats and form a meshwork permeability barrier that regulates the
selective bidirectional transport of molecules?®®27%, FGrepeat nups, including NUP45, NUP54,
NUP58, NUP62 and NUP98 line the central channel of the NPC and dynamically bind directly
to shuttling transport receptors, participating in multiple low affinity, high specificity
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interactions?’%272, FG-repeats are also found within nuclear basket and cytoplasmic filament

nups. In total, FG-repeat nups comprise one third of total NPC proteins?’3.

3.2 Functions of the nuclear pore complex

Whilst the main function of the NPC is in mediating nucleocytoplasmic transport, it has
become increasingly evident that NPCs have transport-independent roles. Nups can interact
directly with chromatin while part of the NPC, impacting genome architecture and regulating
gene expression?’4. Some nups also function to maintain genome integrity, coordinate mitosis
and respond to DNA damage?’>-28°, Additionally, in metazoans some nups exhibit dynamic
localisation and are found both as part of the NPC and also in the nucleoplasm where they

can interact with chromatin?43281,282,

3.2.1 Nucleocytoplasmic transport

The growth and survival of cells is dependent on continuous molecular trafficking of proteins
and RNAs between the cytoplasm and the nucleus. Translocation through the NPC is a very
rapid process, with kinetic studies measuring transport rates of up to 1000 events per second
within a single NPC283284 Whilst ions and small molecules can diffuse freely through the NPC,
molecules >40 kDa are actively transported. Nuclear transport factors (NTFs, also known as
karyopherins) facilitate the transport of cargo along a RanGTP gradient (Figure 3.6)%3628>,
Importins and exportins are the two major classes of NTFs. Importins recognise and bind to
nuclear localisation signals (NLS) of cargo proteins and mediate their passage through the
NPC. Conversely, exportins bind to nuclear export signals (NES) to facilitate export of mRNA

and specific proteins from the nucleus?®®.
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Figure 3.6 The RanGTPase cycle directs nucleocytoplasmic transport

The directionality of nucleocytoplasmic transport is regulated by the RanGTPase cycle.
RanGTP is concentrated within the nucleus by RCC1, the Ran guanine-nucleotide exchange
factor, which is bound to chromatin and mediates the exchange of GDP to GTP. RanGTP
regulates the dissociation of imported cargo that carry a NLS from transport factors such as
Importin a and B. Conversely, binding of RanGTP to XPO1 mediates export of cargo containing
a NES. RanGAP, RanBP1 and RanBP2 as part of the cytoplasmic filaments of the NPC,
cooperate to stimulate GTP hydrolysis of Ran and dissociation of exported cargo. This results
in higher concentrations of RanGDP in the cytoplasm. Figure adapted from Clarke et al.,
2008287,

GDP: guanosine diphosphate, GTP: guanosine triphosphate, NES: nuclear export signal, NLS:
nuclear localisation signal, NPC: nuclear pore complex, RanBP1: Ran-binding protein 1,
RanBP2: Ran-binding protein 2, RanGAP: Ran GTPase activating protein, RCC1: Regulator of
chromosome condensation 1, XPO1: exportin 1
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3.2.2 Chromatin structure and gene regulation by the nuclear pore complex

In addition to their primary transport function, NPCs have emerged as central platforms for
the regulation of gene expression by influencing chromatin architecture and mediating
transcriptional output (Figure 3.7)%%8289, As a dynamic nup with both DNA and chromatin
binding domains??8257:2%0 ELYS is capable of interacting with the genome both as part of the
NPC and independently in the nucleoplasm. ChIP-seq analysis in Drosophila has revealed
extensive genome-wide binding capacity of Elys, overlapping with the majority of peaks for
Nup93, Nup98 and Nup1072°%292, Whilst robust peaks for Elys, Nup98 and Nup107 were
located at enhancers and promoters, consistent with a role in active transcription; peaks for
Elys and Nup93 were enriched in polycomb-bound regions and at silenced H3K27Me3-marked
loci?®12%2, Consistent with this, immunofluorescence staining of Hela cells has demonstrated
that Elys, along with other members of the Nup107-160 complex and Nup98, co-localise at
multiple intranuclear foci?®2. Recruitment of Elys to chromatin is associated with chromatin
decompaction mediated by the chromatin remodelling complex PBAP (polybromo-containing
Brahma-associated proteins) and GAF (GAGA factor) which reduce nucleosome occupancy of
target genes (Figure 3.8)?%%. Mel-28, the C. elegans homolog of Elys, has also been
demonstrated to interact with chromatin modifiers, specifically, the swsn-2.2 component of
the SWI/SNF (Switch/Sucrose Non-fermentable) chromatin remodelling complex?4,
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Figure 3.7 Nuclear pore complex mediated gene regulation

A. NPCs are able to bind to both enhancers and promoters to mediate enhancer-promoter
looping for gene activation and transcriptional memory. B. NPCs recruit chromatin
remodellers to the nuclear periphery to facilitate expression of target genes or to mediate
gene repression C. Independent of the NPC, nups interact with the genome in the
nucleoplasm, and associate with a variety of factors to both promote and repress target gene
expression D. Heterochromatin that is transcriptionally inactive is localised to the nuclear
periphery, except at NPCs which are associated with regions of decondensed euchromatin.
Figure adapted from Buchwalter et al., 2019228,

NPC: nuclear pore complex, nup: nucleoporin
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Figure 3.8 Nucleoporins regulate chromatin compaction and gene expression

Binding of the nups Elys and Sec13 to chromatin leads to the recruitment of the chromatin
remodelling complex PBAP along with GAF. This triggers chromatin decompaction, reducing
nucleosome occupancy to permit binding of transcriptional machinery and expression of
target genes. Figure adapted from Kuhn et al., 20192°3

GAF: GAGA factor, PBAP: polybromo-containing Brahma-associated proteins, RNAP II: RNA
polymerase Il, TF: transcription factors.
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3.2.3 DNA repair by the nuclear pore complex

NPCs also function in the maintenance of genome integrity by facilitating DNA damage repair.
In yeast, mutation of genes encoding components of the Nup84 complex (Nup84, Nup210,
Nup133), inner ring (Nup170, Nup188) and nuclear basket nups (Mlpl, Mlp2) causes
accumulation of DNA damage and enhanced sensitivity to DNA-damaging agents, including
ionising radiation, UV-light exposure and topoisomerase | inhibitors?’82952% Additionally,
mutations in Nup84 complex components participate in synthetic lethal interactions with
multiple DNA repair factors such as Rad27, Rad52, Mrel1 and Srs22°¢. Collapsed replication
forks and persistent DNA lesions such as double-strand breaks and eroded telomeres, are
recruited to the NPC through SUMOylation events, further supporting a role of the NPC in
mediating DNA repair?89297-300  Consistent with this, a genome-wide siRNA screen
demonstrated that downregulation of NUP107-160 complex components (the vertebrate
ortholog of the Nup84 complex) caused elevated levels of H2AX phosphorylation3°t. NUP153,
a component of the nuclear basket, is also involved in repair of double-strand breaks,
promoting nuclear localisation of 53BP1 and non-homologous end joining (NHEJ) repair302303,

3.2.4 Mitotic functions of nucleoporins

In eukaryotes which undergo open mitosis, the NE breaks down and NPCs are disassembled
and then reassembled anew every cell cycle. Phosphorylation of NE proteins and nups by
mitotic kinases PLK-1 (polo-like 1) and CDK-1 (cyclin-dependent 1) in late prophase triggers
NE breakdown, NPC disassembly and lamina depolymerisation3®43%,  |n particular,
phosphorylation of NUP98 is required to initiate NPC disassembly during mitotic entry3%°,
Whilst the majority of nups disassemble into stable subcomplexes that are dispersed
throughout the cytoplasm, transmembrane nups are absorbed into the mitotic endoplasmic
reticulum network3%73%, Simultaneously, chromatin is condensed into chromosomes, a
process facilitated by several factors including topoisomerase llo. (TOPlla) and condensin

complexes3®,

Following chromosome condensation, various nups are localised to mitotic structures where
they contribute to proper spindle assembly and kinetochore function (Figure 3.9)276:306,
NUP98 forms a complex with RAE1 and binds to microtubules, promoting spindle formation
through interactions with the microtubule-associated protein NUMA (nuclear mitotic
apparatus protein)39311, The NUP107-160 complex localises to both spindle poles and
kinetochores during mitosis?®12°2312 and interacts with the y-tubulin ring complex (y-TuRC)
to promote Ran-dependent microtubule nucleation and polymerisation3'3. RNAi induced
depletion of several NUP107-160 complex components causes chromosome misalighnment
during metaphase, reduced kinetochore tension and kinetochore-microtubule attachment
defects3!4. ELYS also plays critical roles in mitotic progression and the maintenance of genome
integrity (Figure 3.10). ELYS is found at outer kinetochores, colocalised with the kinetochore
proteins CENP-B and NDC80, and at spindle poles during mitosis, contributing to proper
spindle formation and chromosome segregation?28229.231315 Accordingly, depletion of ELYS in
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Hela cells or C. elegans via RNAI leads to defects in chromosome condensation, kinetochore
formation, spindle assembly and chromosome segregation as well as delayed cytokinesis with
formation of mid-body microtubule structures??229231, NUP358 also has mitotic functions,
and is recruited to kinetochores during prometaphase together with RanGAP131¢, NUP358-
RanGAP1 mediates the establishment of stable microtubule-kinetochore attachments which
is critical for bipolar spindle formation and proper chromosome segregation3'7318,
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Spindle fo‘rmation

Figure 3.9 Mitotic functions of nucleoporins

A. During mitosis the NE breaks down and NPCs are disassembled. Whilst some nups are
distributed throughout the cytoplasm and endoplasmic reticulum others are localised to THE
kinetochore and spindles. B. Elys is recruited to the outer kinetochore through association
with CENP-B and NDC80 whereas the Nup107-160 complex interacts with y-TuRC, together
promoting stable attachments between kinetochores and microtubules. Nup358 (also known
as RanBP2) in complex with RanGAP1, is also localised to kinetochores and contributes to
microtubule interactions. C. Nup98 and Rael function together with NUMA to mediate
microtubule bundling. Elys and Nup107-160 are also localised to spindle poles and are
involved in spindle formation. Figure adapted from Guttinger et al., 20093,

CENP-F: centromere protein F. y-TuRC: y-tubulin ring complex, NE: nuclear envelope, NPC:

nuclear pore complex, NUMA: nuclear mitotic apparatus protein, nup: nucleoporin, RanGAP1:
Ran GTPase-activating protein 1.

63



Interphase

k"\ Prophase
( ELYS relocalises
to kinetochores

Cytokinesis

Prometaphase
ELYS mediates
microtubule
attachment

Anaphase
ELYS binds to
chromatin to initate

Metaphase
ELYS contributes
to bipolar spindle

NPC reassembly formation

Figure 3.10 Elys functions throughout mitosis

After NEBD and NPC disassembly, most nups are redistributed throughout the cytoplasm and
endoplasmic reticulum. However, Elys (shown in purple) relocalises to kinetochores, where it
functions to mediate microtubule attachment contributing to proper bipolar spindle
formation and chromosome segregation. During anaphase, Elys binds to chromatin to initiate
postmitotic NPC reassembly. Subsequently, the restoration of nucleocytoplasmic trafficking
enables the proper subcellular localisation of proteins and RNAs which is critical for proper
function of eukaryotic cells.

NEBD: nuclear envelope breakdown, NPC: nuclear pore complex.
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3.3 Dynamics of nuclear pore complexes throughout the cell cycle

Biogenesis of NPCs requires the ordered assembly of ~1000 individual proteins into a channel
structure which must be integrated into the NE3!°, NPC formation occurs at two separate
stages of the cell cycle, after mitosis to re-establish nuclear organisation and during
interphase to allow nuclear growth. Postmitotic and interphase NPC assembly proceed via
kinetically and mechanistically distinct multi-step pathways which are precisely regulated to
maintain genome integrity.

3.3.1 Postmitotic nuclear pore complex assembly

After chromosome segregation, the NE is reformed and large numbers of NPCs are rapidly
and simultaneously reassembled during mitotic exit to establish a functional nucleus in the
daughter cells397:320321  From |ate anaphase to telophase, when chromatids have fully
separated, mitotic kinases are inactivated and phosphatases including protein phosphate 1
(PP1) are activated, facilitating chromatin decondensation as well as NE and NPC
reassembly3?2, This process is also regulated by the relative levels of RanGTP, which promotes
nuclear membrane fusion and NPC assembly and importin-B, which negatively regulates
these events32332> Elys initiates NPC assembly (Figure 3.11) by utilising its AT-hook DNA
binding domain and a conserved C-terminal Arg-Arg-Lys (RRK) stretch to bind chromatin and
nucleosomes3?%3?’, From this tethered position, the N-terminal half of the Elys protein,
consisting of B-propeller and a-helical domains, provides a scaffold for the preassembled
Nup107-160 complex to bind?3%254326328  Transmembrane nups Pom121 and Ndcl are
subsequently recruited along with membranes derived from the ER network3?°. Components
of the Nup93 complex bind as individual nups, beginning with Nup53 and Nup155330:331,
Nup93, Nup188 and Nup205 are then also incorporated to form the inner ring structure of
the NPC332, Next, FG-nups are recruited before nuclear basket and cytoplasmic filament nups
are the final components incorporated into the NPC307321, |n the absence of Elys, the NE can
re-form at the end of mitosis, but it does so without NPCs, thereby precluding the movement
of mRNAs and large proteins in and out of the nucleus??®423°, Time-resolved three-dimensional
electron microscopy of Hela cells has revealed that NPC assembly and NE reformation occur
concurrently through the radial dilation of nups within membrane fenestrations in ER
sheets3?9, Ultimately, this enables establishment of an enclosed nuclear compartment
punctuated by hundreds of transport channels within minutes of mitosis exit.

3.3.1.1 Coordination of replication licensing by Elys

In addition to its integral role in initiating postmitotic NPC assembly, Elys also coordinates the
restoration of nucleocytoplasmic trafficking with replication licensing3?®. Replication origins,
which are multiple discrete locations on DNA where bidirectional pairs of replication forks
initiate, are assembled during the G1 phase of the cell cycle via the sequential loading of pre-
replication complex (pre-RC) proteins onto chromatin333334 |nitially, the ORC (origin
recognition complex) is recruited to replication origins, followed by Cdt1 (chromatin licencing
and DNA replication factor 1) and Cdc6 (cell division cycle 6). Once these proteins are
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assembled, the MCM (mini-chromosome maintenance) helicase complex, consisting of six
subunits, MCM2-7, can bind to origins33*. After nuclear assembly and before entry into S
phase, licensing is shut down to ensure that DNA is replicated only once®?®. This is achieved
through a combination of Cdtl proteolysis as well as nuclear import of geminin, a Cdtl
inhibitor and CDKs (cyclin-dependent kinases) that phosphorylate and inactivate pre-RC
components33¢337_ Subsequently, during S phase, helicases are activated by CDKs and DDK
(DBF4-dependent kinase) resulting in DNA unwinding and initiation of DNA replication33*.
Thus, helicase loading and activation are temporally separated to enable precise regulation
of DNA replication, ensuring faithful inheritance of the genome at each round of cell division
(Figure 3.12). Experiments in Xenopus egg extracts, have revealed that Elys interacts with the
Mcm2-7 complex on chromatin prior to replication initiation, to orchestrate NPC and nuclear
reassembly with replication licensing®?®. Consistent with this, inhibition of Mcm2-7 loading
onto chromatin via treatment with geminin, delays Elys association with chromatin and
subsequently NPC assembly3?8338, This suggests that interaction of Elys with the replication
licensing system creates a feedback loop that promotes nuclear assembly and progression
into S phase only once replication origin licensing is complete3?®. Mutation of Elys in both
zebrafish and mice, reduces levels of chromatin bound Mcm2 and sensitises cells to
replication stress?'3339, further supporting a function of Elys in preparing the genome for DNA
replication and maintaining genome integrity.
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Figure 3.11 Postmitotic and interphase nuclear pore complex assembly are mechanistically
distinct
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Postmitotic NPC assembly is initiated by Elys binding to chromatin and recruiting the Nup107-
160 complex. Transmembrane nups Pom121 and Ndcl are the next to bind along with
membranes derived from the ER network. Components of the Nup93 complex are
incorporated individually to form the inner ring structure. FG-nups are subsequently
recruited, before finally cytoplasmic filament and nuclear basket nups assemble. Postmitotic
NPC assembly is very rapid, forming hundreds of NPCs within minutes of mitotic exit.

Interphase NPC assembly is Elys-independent and occurs via insertion of Pom121 into the
intact NE, forming a dome-shaped evagination of the INM that grows to form a channel
through the NE. Nuclear import of the nuclear basket nup Nup153 triggers the recruitment of
the Nup107-160 complex via Nup133. Binding of these nups, along with Nup53 and Nup155
are proposed to induce and stabilise membrane curvature, facilitating NPC insertion into the
NE. FG-nups and cytoplasmic filament nups are the final components recruited. Interphase
NPC assembly occurs sporadically and lasts up to an hour.

FG: phenylalanine-glycine, INM: inner nuclear membrane, NE: nuclear envelope, nup:
nucleoporin, NPC: nuclear pore complex, ONM: outer nuclear membrane.
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Figure 3.12 Elys coordinates replication licensing with nuclear pore reassembly

A. Mcm2-7 chromatin loading is tightly regulated throughout the cell cycle. During exit from
mitosis the replication licensing system is activated and free Mcm2-7 complex is loaded onto
chromatin to license potential replication origins. At the end of G1, nuclear import of geminin
and CDKs inhibits further licensing. During S phase DNA is replicated and Mcm2-7 complexes
are displaced. This ensures that DNA is replicated only once. Figure adapted from Blow et al.,
200833, B. Loading of Mcm2-7 onto chromatin promotes the association of Elys which
initiates NPC assembly. Subsequent reformation of the nucleus and reestablishment of
nucleocytoplasmic transport allows nuclear import of geminin and S phase kinases which shut
down replication licensing and enable DNA replication. Figure from Gillespie et al., 2007328,

CDKs: cyclin-dependent kinases, Mcm2-7: mini-chromosome maintenance 2-7 complex.
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3.3.2 Interphase nuclear pore complex assembly

NPCs are also assembled during interphase, resulting in an approximate doubling of the
number of NPCs in response to changes in cellular requirements and in preparation for the
next cell division34%341, Interphase NPC assembly occurs sporadically and is a much slower
process than postmitotic NPC assembly, lasting up to an hour341342, Capturing these sporadic
events is technically challenging, thus interphase assembly is less well characterised then
postmitotic NPC assembly. Whilst Elys is critical for the initiation of postmitotic NPC assembly
and recruitment of the Nup107-160 complex to reforming NPCs, RNAi-mediated knockdown
has revealed it is dispensable for interphase assembly3%°. Instead, the transmembrane nup
Pom121, which is localised to the inner nuclear membrane through its NE-binding domain
and N-terminal clusters of NLSs, is specifically required for NPC formation during
interphase340343, Collation of high-resolution EM with live cell microscopy analysis has
revealed that Pom121 inserts into the NE, fusing the inner and outer nuclear membranes via
an inside-out extrusion, to trigger interphase NPC assembly (Figure 3.11)34434> The nuclear
import of the nuclear basket component Nup153 is required to recruit the Nup107-160
complex to the inner nuclear membrane34®. Targeting of the Nup107-160 complex to new
NPC assembly sites is mediated specifically by the ALPS (ArgGAP1 lipid packing sensor)
domain of Nup133340:341 Sych amphipathic helix domains induce membrane curvature and
are also found in Nup160 and inner ring nups Nup53 and Nup15534’. Together, recruitment
of these nups is proposed to stabilise membrane evagination to facilitate insertion of pores
into the intact NE2>330346  Sybsequently, peripheral nups that form the cytoplasmic ring,
including Nup358, are the final components incorporated into newly formed interphase
NPCs344,

3.4 Nuclear pore complexes and disease

NPCs not only mediate nucleocytoplasmic transport but also have roles in a diverse array of
essential cellular processes. As such, compromised function of several components of NPCs
are associated with a broad spectrum of pathologies including tissue-specific disorders,
neurodegenerative diseases, viral infections and various cancers.

3.4.1 Role of nucleoporin mutations in disease

The majority of nup homozygous knockout mice generated are embryonic lethal,
demonstrating the essential function of NPCs for cell proliferation, growth and
differentiation34834° Therefore, it is somewhat surprising that mutations in nup genes have
been identified in connection to highly tissue-specific disorders rather than causing global
dysfunction. For instance, mutation of NUP155 causes atrial fibrillation and sudden cardiac
death>°, Similarly, heterozygous mutations in NUP37, NUP43 and NUP188 were identified
through whole exome sequencing as pathogenic variants in cardiovascular disease3>!.
Mutation of nup genes have also been reported in a range of kidney diseases. In particular,
biallelic NUP107 mutations are associated with steroid-resistant nephrotic syndrome3°23>3, In
addition, mutations in NUP85, NUP93, NUP133, NUP160 and NUP205 also cause nephrotic
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syndrome by disrupting glomerulus development3>%3>>, Another disease associated with nup
mutation is Triple A syndrome, which is characterised by adrenal dysfunction, achalasia and
alacrimia. Triple A syndrome is caused by mutations in the nup AAAS which cause ALADIN
mislocalisation and impaired nuclear import of DNA repair proteins, resulting in
hypersensitivity to oxidative stress3°®3>7, These studies reveal an unanticipated diversity in
nup function in distinct tissues, suggesting specialised roles of nups and NPCs in tissue-specific
cellular processes that extend far beyond nucleocytoplasmic transport.

3.4.2 The nuclear pore complex in cancer

The earliest association between NPCs and disease was the identification of nups as part of
chromosomal rearrangements occurring in leukemias. Gene fusions between transcription
factors or kinases and nups including NUP98, NUP214, NUP358 and TPR are linked to
tumourigenesis?®*3>8, NUP98 was first identified as part of chromosomal translocations with
Hoxa9 in AML patients®*°. Since then, NUP98 has been found fused to over 30 different
partner genes in a wide variety of hematopoietic malignancies®®%3%!, Oncogenicity of these
chromosomal translocations is proposed to be mediated by aberrant transcriptional
regulation by NUP983€°, Similarly, NUP214 fusion with the chromatin binding proteins Dek
and Set in AML is suggested to alter hematopoietic transcription patterns leading to
leukemogenesis?®*. Both NUP358 and TPR fusions to tyrosine receptor kinases are also
associated with hematopoietic malignancies. However, whether these chromosomal
rearrangements are specific drivers of malignant transformation and progression remains to
be established348:3°8,

Alterations in nup expression have also been implicated in the development of cancer. For
example, NUP88 is overexpressed in many cancers, including HCC, and is correlated with
tumour aggressiveness3°8362363  Qverexpression of NUP88 sequesters NUP98 and RAE1,
preventing their interaction with the anaphase-promoting complex/cyclosome (APC/C) and
thereby impairing mitotic checkpoint control and promoting aneuploidy3®4. Recently, a
prominent role for POM121 in driving aggressiveness of advanced prostate cancer was
described whereby over-expressed POM121 interacts directly with importin 3 to enhance the
nuclear import of the oncogenes MYC and E2F1 and the prostate cancer-related transcription
factors, AR and GATA23%, Targeting the POM121-importin  axis via pharmacological
inhibition of importin B with importazole, significantly increased overall survival in prostate
cancer mouse xenograft models®°. Specific nups have also been demonstrated to contribute
to tumourigenesis through their mitotic functions. Specifically, NUP358 is essential for the
survival of BRAF(600E) and BRAF-mutant like colorectal cancer cells3®. During mitosis,
NUP358 relocalises to spindle microtubules and kinetochores where it is critical for mitotic
progression and chromosome segregation316-318367  BRAF-mutant cells are selectively
vulnerable to NUP358 loss which exacerbates microtubule nucleation defects, inducing
spindle perturbations and cell death. This sensitivity can be exploited therapeutically by
treatment with vinorelbine, a microtubule poison, which was shown to induce cell death
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specifically in BRAF-mutant cells both in vitro and in vivo3®®. Taken together, these data
demonstrate that NPCs play a role in tumourigenesis through dysregulation of
nucleocytoplasmic transport as well as via specialised roles of individual nups.

Therefore, the proper functioning of nups and NPCs may represent a vulnerability of
malignant cells. In particular, the key cellular processes coordinated by Elys, as discussed
previously (Figure 3.13) are critical for cell cycle progression, suggesting that it may be a
promising target for therapeutic intervention in cancer. In this chapter, | explore whether
reducing ahctf1 gene dosage had an impact on hepatocyte hyperplasia and liver enlargement
in the TO(kras®*?") zebrafish HCC model.
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Figure 3.13 Elys functions throughout the cell cycle

Elys plays critical roles at several stages of the cell cycle in addition to its dynamic functions

during mitosis. ELYS coordinates postmitotic NPC reassembly with replication licensing and

chromatin decondensation. The restoration of nucleocytoplasmic transport enables nuclear

import of CDKs, permitting cell cycle progression. Through Elys interactions with the

replication licensing system, specifically Mcm2-7, entry into S phase is only permitted once

licensing is shut down to protect genome integrity. During both G1 and G2, Elys interacts with

the genome and chromatin modifiers as part of NPCs as well as in the nucleoplasm to regulate

chromatin structure and gene expression. Thus, Elys is central to orchestrating many diverse

cellular processes far beyond its canonical role in facilitating nucleocytoplasmic trafficking.

CDKs: cyclin-dependent kinases, Mcm2-7: mini-chromosome maintenance 2-7 complex,

NEBD: nuclear envelope breakdown, NPC: nuclear pore complex.
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3.5 Results

3.5.1 RNA-sequencing of TO(kras®'?V) hepatocytes

One way to determine how closely the TO(kras®'?V)* zebrafish HCC model accurately
recapitulates human HCC under my experimental conditions is to compare their mRNA
expression profiles. Accordingly, | performed RNA-sequencing on individual 7 dpf micro-
dissected livers to assess transcriptome-wide differences in mRNA levels between
TO(kras®'2V)"/* hepatocytes expressing oncogenic Kras®'?¥ and control TO(kras®2V)*/+
hepatocytes. RNA was isolated and 100 ng per sample was used to generate sequencing
libraries using the TruSeq RNA Sample Prep Kit with Ribo-Zero depletion (Illumina). Following
Next Seq sequencing, differential expression analysis was performed by Dr. Alexandra
Garnham of the WEHI Bioinformatics Support Unit (Figure 3.14). Using a false discovery rate

(FDR) cut off of less than 0.05, expression of oncogenic Kras®?V

resulted in upregulation of
7185 genes and downregulation of 7032 genes compared to control hepatocytes. In a multi-
dimension scaling plot, the samples are clustered by genotype, indicating similarities between
samples of the same genotype. TO(kras®?¥)"/* hepatocytes showed significantly increased
kras levels compared to control hepatocytes based on RPKM (reads per kilobase of transcript,
per million mapped reads) values. The top 20 upregulated and downregulated genes ranked

by significance, are shown in Table 3.1 and Table 3.2, respectively.

To understand if the differentially expressed genes (DEGs) shared common functions, KEGG
pathway analysis was performed. This analysis tests if DEGs are over-represented in specific
pathways and assigns a direction to expression of the pathway. The top 20 upregulated and
downregulated KEGG pathways, ranked by significance, are shown in Table 3.3 and Table 3.4,
respectively. The top-most upregulated KEGG pathways — spliceosome, DNA replication and
cell cycle — indicate that expression of oncogenic Kras®'?V has a marked effect on pathways
that support rapid rates of proliferation. The list of downregulated KEGG pathways includes
numerous metabolic pathways, including carbon metabolism, glycolysis, tyrosine metabolism
and glycine, serine and threonine metabolism. This likely reflects early stages of Kras®?V-
mediated metabolic reprogramming. Taken together, these data suggest that TO(kras®2V)"*
hepatocytes exhibit considerable alterations in the expression of a broad range of genes and
pathways that support rapid cell growth and tumourigenesis.
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Figure 3.14 RNA-sequencing of TO(kras®?V) hepatocytes to understand the effects of
oncogenic kras®'?V expression on transcriptome-wide mRNA levels

A. Mean difference plot of differentially expressed genes between TO(kras®'?V)”* vs.
TO(kras®2V)** Each point represents the average expression of a gene (x-axis) against its log-
fold change (y-axis). Red dots indicate genes that are significantly upregulated in
TO(kras®'2V)/* hepatocytes and blue dots represent genes that are significantly
downregulated in TO(kras®'2Y)"/* hepatocytes based on a FDR<0.05. Black dots represent
genes that are not statistically different. B. Multi-dimensional scaling plot showing
segregation of TO(kras®'?V)** and TO(kras®'?")"/* samples. C. kras expression in control
TO(kras®'2V)** hepatocytes and TO(kras®?V)™* hepatocytes based on reads per kilobase of
transcript, per million mapped reads (RPKM). Data are expressed as mean * SEM, n>3.
Significance was calculated using a Student’s t-test.
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Table 3.1 Top 20 upregulated genes in TO(kras®'?V)"/* hepatocytes compared to control
TO(kras®*?V)*/* hepatocytes

Gene Log fold change Average expression False discovery rate
elovllb 2.85 7.79 1.27E-20
shroom4 2.88 7.29 1.21E-19
slc51a 2.70 9.41 1.45E-19
itga3a 3.86 6.57 1.56E-19
si:ch211-137i24.10 3.14 8.74 5.96E-19
actr2a 1.79 7.38 1.22E-18
lambla 2.93 7.55 1.57E-18
ephaZa 2.33 5.92 1.61E-18
pfn2l 1.76 7.98 4.89E-18
tmsb4x 1.90 10.01 5.57E-18
fstlib 2.02 8.01 7.92E-18
cfl1 2.06 8.79 8.76E-18
enc3 1.79 6.23 9.39E-18
zgc:64106 3.14 6.13 1.12€-17
arhgap12b 2.32 6.40 1.12€-17
fio 2.06 8.99 1.19€-17
si:dkey-220k22.3 5.36 5.26 1.37E-17
hmgn2 2.46 8.03 2.19€-17
fxyd1 2.81 7.73 2.27€-17
efhd2 1.85 6.97 2.27€-17
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Table 3.2 Top 20 downregulated genes in TO(kras®'?Y)"/* hepatocytes compared to control

TO(kras®*?V)*/* hepatocytes

Gene Log fold change Average expression False discovery rate
krt91 -4.14 5.58 3.21E-23
iscal -3.22 4.86 5.06E-22
krt17 -5.85 3.15 5.06E-22
slc6a9 -3.16 5.51 7.61E-21
gotl -3.00 7.28 7.79E-21
hsp70.3 -3.46 3.50 7.79E-21
cldne -5.96 2.36 7.79E-21
mel -3.86 3.40 5.06E-20
retreg1 -6.03 0.98 5.17E-20
abcc12 -2.69 5.46 1.17€-19
myhz1.1 -6.29 1.93 1.22E-19
hsp70l -3.74 2.88 1.45E-19
TSTA3 -4.04 2.44 1.45E-19
slc38a5b -2.54 5.34 1.65E-19
rbp4 -6.90 5.53 2.00E-19
abcal2 -4.71 3.20 2.76E-19
mat2ab -2.80 4.76 3.29E-19
si:ch211-125016.4 -5.26 3.37 3.92E-19
bachlb -2.20 5.37 4.34E-19
cldni -4.06 2.88 5.57E-19
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Table 3.3 Top 20 upregulated KEGG pathways in TO(kras®!2¥)"/* hepatocytes compared to
control TO(kras®2V)*/* hepatocytes

KEGG pathway P-value
Spliceosome 4.61E-17

DNA replication 1.38E-14

Cell cycle 2.33E-14

RNA transport 1.10E-13
Homologous recombination 3.16E-13
Proteasome 1.63E-11

Fanconi anemia pathway 9.10E-11
Base excision repair 1.50E-08
Oocyte meiosis 2.53E-08
Mismatch repair 4.95E-08
N-Glycan biosynthesis 6.52E-08
Ribosome 6.16E-07

Lysosome 1.07E-06

Basal transcription factors 1.66E-06
Nucleotide excision repair 4.35E-06
RNA polymerase 4.50E-06

Protein processing in endoplasmic reticulum 6.33E-06
Amino sugar and nucleotide sugar metabolism 7.74E-06
Ribosome biogenesis in eukaryotes 8.78E-06
Tight junction 1.63E-05
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Table 3.4 Top 20 downregulated KEGG pathways in TO(kras®*?V)"/* hepatocytes compared
to control TO(kras®'?V)*/* hepatocytes

KEGG pathway P-value

Calcium signaling pathway 4.02E-09
Adrenergic signaling in cardiomyocytes 9.39E-09
Cardiac muscle contraction 1.77E-06
Carbon metabolism 3.18E-05

Glycolysis / Gluconeogenesis 3.95E-05
Neuroactive ligand-receptor interaction 5.27E-05
Adipocytokine signaling pathway 5.92E-05
Tyrosine metabolism 8.64E-05

PPAR signaling pathway 1.44E-04

Glycine, serine and threonine metabolism 2.19E-04
Biosynthesis of amino acids 2.38E-04
Pyruvate metabolism 2.59E-04

Cell adhesion molecules 3.64E-04

Starch and sucrose metabolism 4.92E-04
Glyoxylate and dicarboxylate metabolism 4.92E-04
FoxO signaling pathway 5.63E-04

Alanine, aspartate and glutamate metabolism 7.69E-04
Phenylalanine metabolism 7.88E-04
Ferroptosis 8.51E-04

Focal adhesion 8.62E-04
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3.5.2 Gene expression changes in the TO(kras®'2V)"/* zebrafish HCC model are significantly

correlated with the proliferation subclass of human HCC
To examine how accurately the TO(kras®?Y) HCC model resembles human HCC, gene set
analysis was performed. Changes in gene expression observed in TO(kras®'2V)/* vs.
TO(kras®2")*/* hepatocytes were compared with a published gene expression signature of the
proliferation subclass of human HCC consisting of 358 genes3®®. The human HCC gene
signature was strongly and significantly correlated with gene expression changes in the
TO(kras®2")™* zebrafish HCC model (Figure 3.15), with a 3.5-fold enrichment in upregulated
genes and a 2.4-fold enrichment in downregulated genes. This data demonstrates that the
zebrafish HCC model is a valuable platform for in vivo studies that is highly relevant to human
disease.
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Figure 3.15 TO(kras®?V)"/* hepatocyte gene expression changes correlate with the
proliferation subclass of human HCC

Barcode plot showing correlation between gene expression changes in TO(kras®2Y)
hepatocytes due to the induced expression of oncogenic Kras®?V with gene expression
changes in the proliferation subclass of human HCC. X-axis shows the moderated t-statistic
values of the TO(kras®2V)™* vs. TO(kras®'?Y)*/* comparison. Red bars show upregulated
genes and blue bars show downregulated genes within the proliferation subclass of human
HCC as published by Chiang et al., 20083¢%,
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3.5.3 ahctfl mutation reduces ahctfI mRNA transcript expression

Having validated the TO(kras®?Y) HCC model, | next investigated the role of Elys in a cancer
setting by crossing TO(kras®'2V)"/* zebrafish with the ENU mutant flot26% to generate the
ahctfl; TO(kras®®2V)* |ine'’®2%5 Heterozygous ahctfl mutation reduced ahctfl mRNA
expression by 57% in larvae at 7 dpf (Figure 3.16). Meanwhile, ahctf1 transcript expression
was reduced by 90% in homozygous ahctfl mutant larvae. Both these results indicate that
the premature stop codon encoded by the nonsense mutation in ahctf1 triggers nonsense
mediated decay, rather than expression of a truncated Elys protein.

3.5.4 ahctfl mutation reduces kras®??V-driven hepatocyte hyperplasia

To determine the effect of ahctfl mutation on normal liver cells, | used the transgenic line
denoted 2-CLiP (2-Colour Liver Pancreas)?®. 2-CLiP larvae express dsRed fluorescence in the
liver and EGFP fluorescence in the pancreas but they do not contain an oncogenic transgene
and were used as a control for these studies and for many other experiments described in
this thesis. In ahctf1*/*; 2-CLiP larvae liver volume was an average of 2.08 x 10° + 6.73 x 10*
um? at 7 dpf (Figure 3.17). ahctf1 heterozygosity did not affect normal liver development.
Strikingly, normal liver volume was reduced by 83% in ahctf17; 2-CLiP larvae, showing that
when ahctf1 expression is reduced markedly, hepatocytes cannot thrive.

Turning to the TO(kras®'2V)"”* model, induced expression of oncogenic Kras®?V led to liver
hyperplasia and a striking 3.8-fold increase in liver volume to 7.81x 10° + 7.10 x 10* um3 in

ahctf1*/*; TO(kras®'2V)"/* larvae, demonstrating the potency of the oncogenic kras®'2V

signal.
Remarkably, this excess liver volume was reduced by 35% to 5.71x 10° + 8.38 x 10* um3 in
ahctf1*/~; TO(kras®'2Y)"/* larvae and even further restricted to 3.51x 10° + 6.06 x 10* pm?3 in
ahctf17; TO(kras®*?V)"* larvae. Thus, a mild reduction in ahctfl gene dosage (50%) was
sufficient to restrict tumour burden in livers expressing oncogenic kras®?”, while having no
effect on control livers. Therefore, these results suggest that moderately reduced ahctf1
expression is a selective vulnerability of cancer cells indicative of a synthetic lethal interaction

between ahctf1 and kras®?V.
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Figure 3.16 ahctfl mutation reduces ahctf1 transcript expression

RT-gPCR analysis of pooled micro-dissected livers from TO(kras®'2V)™* larvae of the indicated
ahctfl genotype at 7 dpf. Heterozygous and homozygous mutation of ahctfl reduced
expression of the ahctfl transcript by 57% and 90%, respectively, indicative of nonsense
mediated decay. Data are expressed as mean + SEM, n=3 biological replicates. Significance
was calculated using a one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 3.17 ahctfl mutation reduces kras®??V-driven hepatocyte hyperplasia and liver
enlargement

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®'2)"* livers of
the indicated ahctf1 genotype (7 dpf). Scale bar 25 um. B. Liver volume in 2-CLiP larvae was
not impacted by ahctfl heterozygosity but was significantly reduced by homozygous ahctf1
mutation. Upon induced expression of the TO(kras®'?V) transgene, ahctfl heterozygosity
restricted liver hyperplasia and this affect was more pronounced in ahctfl homozygous
mutant larvae. Data are expressed as mean + SEM, n216. Significance was calculated using a
one-way ANOVA with Tukey’s multiple comparisons test.
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3.5.5 Expression of TO(kras®’?V)"”/* causes oncogene-induced stress that is increased by
heterozygous ahctf1 mutation
In the TO(kras®*?") model, tumour growth is dependent on the continuous forced expression
of kras®?V by frequent application of doxycycline treatment. Withdrawal of doxycycline
results in reversion of the hyperplastic hepatocytes to the normal state!’®. Robust and
relentless overexpression of RAS oncoproteins is frequently associated with oncogene-
induced stress, leading to activation of TP53. To determine whether expression of kras®?V
caused oncogene-induced stress in our model, the levels of Tp53 protein in pooled lysates of
micro-dissected TO(kras®?2V)** and TO(kras®'2V)"/* livers and the remaining bodies of the
larvae were measured (Figure 3.18). No Tp53 signal was obtained from non-kras®?V-
expressing livers or the remaining larval body after liver removal. A weak Tp53 signal was
detected in ahctf1*/*; TO(kras®'2V)"* livers, indicating a mild Tp53 response to expression of
the kras®? oncogene. In ahctf1*; TO(kras®?V)"* livers, a much stronger Tp53 signal (>3.5-
fold) was detected. This demonstrates that a 50% loss in ahctf1 gene dosage induces a more

severe level of stress in the presence of oncogenic Kras®'? than occurs in ahctf1** livers.
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Figure 3.18 Tp53 protein levels are elevated in ahctf1; TO(kras®'?Y)"/* hepatocytes

A. Representative western blot showing that a Tp53 protein signal is only detected in lysates
of pooled micro-dissected livers expressing the kras®??" transgene (lanes 3 and 4). Moreover,
the Tp53 signal is markedly increased on a heterozygous ahctf1 background, compared to
that obtained on a wildtype ahctfl background. B. Quantification of Tp53 protein levels
normalised by reference to the Gapdh loading control. The Tp53 signal is increased by 3.5-
fold on the heterozygous ahctfl background. Data are expressed as mean + SEM, n=3
independent experiments. Significance was calculated using a Student’s t-test.
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3.5.6 tp53 mutation increases kras®??V-driven hepatocyte hyperplasia and liver
enlargement

Given Tp53 was upregulated by TO(kras®?V)™* expression and mutations disabling the TP53
tumour suppressor gene are common in HCC, the impact of tp53 mutation on kras®??V -driven
liver hyperplasia was investigated. This was achieved using the tp53V214K/M214K mytant
zebrafish line (hereafter referred to as tp53™™), which contains identical debilitating
missense mutations in a position corresponding to a mutation hotspot in human TP53,
together producing a complete loss of Tp53 function?'®. Abrogating Tp53 activity in 2-CLiP
larvae did not impact liver volume (Figure 3.19). In contrast, consistent with its well-
established role as a tumour suppressor, heterozygous mutation of tp53 in TO(kras®2V)™/*
larvae increased liver volume by 33% in comparison to tp53**; TO(kras®'?V)* larvae. In
tp53™™; TO(kras®™?V)™* larvae liver hyperplasia was increased by 61%. These data suggest
that Tp53 mutation enhances kras®?Y -driven liver hyperplasia, consistent with observations
that TP53 mutation in HCC patients is associated with poorer outcomes?3.
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Figure 3.19 tp53 mutation increases kras®*?V-driven hepatocyte hyperplasia and liver

enlargement

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®'2)"* livers of
the indicated tp53 genotype. Scale bar 25 um. B. Liver volume in 2-CLiP larvae was not
impacted by either heterozygous or homozygous tp53 mutation at 7 dpf. Expression of
TO(kras®2V)™* significantly increased liver volume and hyperplasia was further enhanced by
tp53 mutation. Data are expressed as mean + SEM, n215. Significance was calculated using a

one-way ANOVA with Tukey’s multiple comparisons test.
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3.5.7 ahctfl heterozygosity reduces hepatocyte hyperplasia and liver enlargement

Giz2v

associated with combined kras and tp53 mutation

To test whether activation of the Tp53 pathway was involved in the reduction of liver volume

G12v

in kras®*<V-expressing larvae on a heterozygous ahctf1 background, liver volume experiments

were repeated in the presence and absence of Tp53 function.

Neither ahctf1 heterozygosity alone or in combination with tp53 mutation impacted on liver
volume in 2-CLiP larvae (Figure 3.20). Consistent with previous results, ahctfl heterozygosity
restricted liver hyperplasia in tp53**; TO(kras®'2)™* larvae. The complete abrogation of Tp53
activity in ahctf1*/*; tp53™™; TO(kras®'?Y)"/* larvae supported a large increase (60%) in liver
volume compared to that of livers in ahctf1**; tp53**; TO(kras®®2V)”* larvae, further
indicating that Tp53 function normally restrains tumour growth and liver enlargement in this
model. Interestingly, excess liver volume was reduced by 24% on an ahctf1*; tp53™™;
TO(kras®'2)"* background compared to liver volume observed on an ahctf1**; tp53™™;
TO(kras®'2)"* background. These data indicate that the reduced tumour burden observed in
response to ahctfl heterozygosity likely involves both Tp53-dependent and Tp53-
independent mechanisms.
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Figure 3.20 kras®?V expression in the absence of Tp53 function (tp53™/™) results in a greater
increase in liver volume that is partially mitigated by ahctf1 heterozygosity

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®'2)"* livers of
the indicated ahctf1 and tp53 genotype. Scale bar 25 pum. B. Liver volume in 2-CLiP larvae was
not impacted by ahctfl heterozygosity or homozygous tp53 mutation. However, in
TO(kras®'2)"* larvae ahctfl heterozygosity significantly reduced liver volume in both Tp53
proficient and deficient larvae. Data are expressed as mean + SEM, n>20. Significance was
calculated using a one-way ANOVA with Tukey’s multiple comparisons test.
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3.5.8 Heterozygous ahctfl mutation triggers cell death in TO(kras®'2")"*

hepatocytes that
is partially independent of Tp53 function

To examine if the restricted hyperplasia observed in response to heterozygous ahctfl

mutation involved Tp53-dependent cell death, | employed a transgenic line, Annexin 5-mKate

(gift of Dr Thomas Hall) that constitutively expresses a fusion protein comprising Annexin 5

and the far-red fluorophore mKate?!’

. This fusion protein identifies cells undergoing
apoptosis by binding to phosphatidylserine that is normally inaccessible on the inner leaflet
of the plasma membrane but is exposed as the plasma membrane breaks down. This gives
rise to discrete fluorescent puncta that can be captured by confocal imaging and quantified
by automatic thresholding and 3D segmentation of fluorescence signal to calculate the

number of Annexin 5 objects throughout the entire liver.

Annexin 5 fluorescent puncta were sparsely distributed throughout the livers of ahctf1*/*;

G12V js associated with

tp53**; TO(kras®'2V)"/* larvae demonstrating that expression of kras
low levels of cell death. There was a conspicuous increase in the number of fluorescent puncta
throughout the livers of ahctfl*"; tp53**; TO(kras®'2V)"/* larvae, giving rise to a 3.5-fold
increase in the level of Annexin 5 fluorescent objects (Figure 3.21), demonstrating that in the

context of kras®1?"

expression, ahctfl heterozygosity increases cell death. To investigate the
role of Tp53 function in these observations, the experiment also included larvae on a tp53™™
background. Abrogating Tp53 function largely abolished apoptosis on an ahctf1*/*; tp53™'™;
TO(kras®'2V)"/* background, with a 91% reduction in the amount of Annexin 5 fluorescence
puncta throughout ahctf1**; tp53™'™; TO(kras®2¥)"/* livers. However, this marked reduction
in cell death was partially mitigated by ahctf1 heterozygosity with a 17.6-fold increase in the
abundance of Annexin 5 fluorescence in ahctf1*; tp53™'™; TO(kras®'2V)"/* livers compared to
ahctf1**; tp53™™: TO(kras®'?V)"/*. Together these data show that while mutant kras®?”
expression results in the death of hepatocytes in the presence of wildtype Tp53, this is
markedly suppressed on a tp53™™ background, leading to an increase in tumour burden.

However, ahctf1 heterozygosity can partially mitigate this effect.

Airyscan imaging of cryosections of TO(kras®*2V)™* livers immuno-stained with antibody to
cleaved, active caspase-3 provided a complementary method to mark cell death (Figure 3.22).
In the livers of ahctf1**; TO(kras®2V)"* larvae, the percentage of cleaved caspase-3 positive
cells was significantly higher than that found in the livers of ahctf1*"; TO(kras®?¥)"/* larvae
and fragmented nuclei indicating apoptosis were also apparent. These experiments were
performed only in tp53** larvae.
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Figure 3.21 Heterozygous ahctf1 mutation triggers cell death in TO(kras®*?Y)"/* hepatocytes
via Tp53-dependent and Tp53-independent pathways

A. Representative maximum intensity projection images of Annexin 5-mKate fluorescence,
indicating cell death in TO(kras®'2V)"/* livers of the indicated ahctf1 and tp53 genotype. The
volume of the liver is greatest in ahctf1**; tp53™'™; TO(kras®'2Y)"/* larvae (3" column), where
Annexin 5-mKate fluorescence is almost completely suppressed. Scale bar 25 um. B.
Quantification of Annexin 5 fluorescent foci by automatic 3D simple segmentation of mKate
signal. ahctf1 heterozygosity increased cell death in Tp53 proficient larvae and to a lesser
extent in Tp53 deficient larvae. Data are expressed as mean * SEM, n211. Significance was
calculated using a one-way ANOVA with Tukey’s multiple comparisons test.

92



A ahctf1*; TO(kras)™ C
cleaved caspase-3 DAPI Composite

N
a
1

p=0.0002

8
®
3

+

ahctf1** ahctf1*-

N
o
1

N
[
L
oo e o

N
o
1

B ahctf1*; TO(kras)™
cleaved caspase-3 DAPI

Composite

o
[$)]
1

Percentage cleaved caspase-3* cells

o
o
[l

B'

Figure 3.22 Heterozygous ahctfl mutation increases the number of TO(kras®'?V)/*
hepatocytes containing the cleaved, active form of caspase-3, denoting apoptosis

Representative Airyscan images of cryosections of TO(kras®2V)™* livers immuno-stained with
cleaved caspase-3, to identify dying cells, and DAPI to stain DNA. A. In sections of ahctf1*/*;
TO(kras®'2V)™* livers, no cleaved caspase-3 positive nuclei were observed in the majority of
sections examined. Scale bar 5 pm. B. Cryosections of ahctf1*; TO(kras®2V)™* livers exhibited
cleaved-caspase-3 staining and fragmented nuclei with condensed chromatin. Scale bar 5 um.
B'. Inset showing multiple cleaved caspase-3 positive hepatocytes in sections of liver taken
from ahctf1*”-, TO(kras®?V)"/* larvae. Scale bar 2 um. C. Quantification of the percentage of
cells positive for active cleaved caspase-3. Data are expressed as mean + SEM, n=28.
Significance was calculated using an unpaired t-test.

93



To investigate the mechanism by which cell death was occurring, | examined the mRNA
expression levels of a set of direct tp53 transcriptional target genes that are known to regulate
apoptosis (Figure 3.23-3.24). The tp53 targets, pmaip1 (formerly noxa) and bbc3 (formerly
puma), which encode the BH3-only sub-class of pro-apoptotic proteins, were upregulated
>6.5-fold in ahctfl*/; tp53*/*; TO(kras®'?V)"”/* livers compared to ahctfl**; tp53*/*;
TO(kras®2)™* livers. Additionally, expression of other BH3-only encoding transcripts, bim,
bid, bik and bad were also increased in ahctf1*~; tp53**; TO(kras®'?V)"* livers. ahctfl
heterozygosity also upregulated expression of these transcripts in the absence of Tp53
function, but to a lesser extent. Transcripts encoding the pro-survival Bcl2 family members,
Bcl2 and Bclxl were significantly downregulated in ahctfl heterozygous larvae in both Tp53
proficient and deficient larvae, compared to ahctfl wildtype controls. Finally, expression of
transcripts encoding the pro-apoptotic, executioner protein Bax was also increased by ahctf1
heterozygosity in tp53**; TO(kras®?¥)"/* and tp53™™; TO(kras®'2Y)"/* larvae. All these data
are consistent with the relative levels of cell death observed in the Annexin 5-mKate
experiments and suggest that Tp53 target genes play a central role in the cell death response.
They are also consistent with ahctfl heterozygosity restricting kras®?V-driven liver
hyperplasia, at least in part, through activation of Tp53-dependent cell death pathways.
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Figure 3.23 Heterozygous ahctfl mutation increases expression of genes encoding pro-
apoptotic BH3 only proteins in TO(kras®'2¥)"/* hepatocytes

RT-gPCR analysis of pooled micro-dissected livers from TO(kras®'2)™* larvae of the indicated
ahctfl and tp53 genotype. A-F. ahctf1 heterozygosity increased levels of mRNAs for pmaip1,
bbc3, bim, bid, bik and bad, encoding all six pro-apoptotic BH3 only proteins. More restricted
upregulation of pro-apoptotic transcripts was also apparent in ahctfl*;; tp53™™;
TO(krasGlZV)T/‘f
Significance was calculated using a one-way ANOVA with Tukey’s multiple comparisons test.

larvae. Data are expressed as mean = SEM, n=3 biological replicates.
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Figure 3.24 Heterozygous ahctfl mutation decreases expression of pro-survival genes and
increases expression of pro-apoptotic bax in TO(kras®'2V)"/* hepatocytes

RT-gPCR analysis of pooled micro-dissected livers from TO(kras®'2)™* larvae of the indicated
ahctfl and tp53 genotype. A,B. ahctfl heterozygosity decreased levels of mMRNA expression
of pro-survival genes bcl2 and bclx/ in both Tp53 proficient and deficient larvae. C. In contrast,
ahctfl heterozygosity upregulated transcript levels of pro-apoptotic bax. This observation
was upheld even in the context of homozygous tp53 mutation. Data are expressed as mean +
SEM, n=3 biological replicates. Significance was calculated using a one-way ANOVA with
Tukey’s multiple comparisons test.
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3.5.9 Heterozygous ahctfl mutation increases expression of tp53 family members

In the previous section, | demonstrated that heterozygous ahctfl promoted cell death in
TO(kras®2V)™* livers even in the absence of Tp53 function. One possible explanation for this
observation is that in the absence of Tp53, its closely related family members, Tp63 and Tp73
are recruited to perform some, or all, of its roles. Tp63 and Tp73 share considerable structural
homology with Tp53, particularly within their DNA binding domains, and can activate
common and distinct sets of target genes that cause cell cycle arrest, senescence and
apoptosis3®9379, To test this possibility, | carried out RT-qPCR analysis of tp63 and tp73 mRNA
expression levels in ahctf1*/*; TO(kras®'?V)"”/* and ahctf1*/; TO(kras®?V)"* livers in the

presence and absence of Tp53.

In these experiments, tp53 mRNA expression levels were unaltered, irrespective of genotype.
This is expected given Tp53 activity is known to be predominantly regulated at the post-
transcriptional level and tp53™™is a point mutation affecting protein function/DNA binding
ability not transcript levels. However, ahctfl heterozygosity produced a marked increase (>6-
fold) in the expression of the tp53 isoform, A113tp53, in the presence of wildtype Tp53 (Figure
3.25). A113tp53 is a truncated tp53 mRNA isoform that is transcribed from an alternative
promoter in intron 4 of the zebrafish tp53 gene. This promoter is only activated upon binding
of the Tp53 protein itself so it provides a useful read-out of Tp53 activity®’. Consistent with
this, homozygous tp53 mutation downregulated A113tp53 transcripts and this was not
impacted by ahctf1 heterozygosity. ahctfl heterozygosity upregulated expression of tp63 and
tp73 by 3.0-fold and 2.3-fold, respectively in tp53**; TO(kras®*2V)"/* livers and this was further
augmented by homozygous tp53 mutation. Notably, both tp63 and tp73 transcripts were
elevated in tp53™™; TO(kras®?¥)"/* livers suggesting they may compensate, at least in part,
for the loss of Tp53 function.
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Figure 3.25 Heterozygous ahctfl increases mRNA expression of tp53 family members in
TO(kras®*?V)"/* hepatocytes

RT-gPCR analysis of pooled micro-dissected livers from TO(kras®'2)™* larvae of the indicated
ahctfl and tp53 genotype. A. Neither ahctfl heterozygosity alone or in combination with
homozygous tp53 mutation impacted mMmRNA expression levels of tp53. B. ahctfl
heterozygosity upregulated expression of A113tp53 in tp53*/*; TO(kras®?¥)"/* livers. C,D. The
levels of tp63 and tp73 mRNA expression were increased by homozygous tp53 mutation, and
this was augmented by ahctfl heterozygosity. Data are expressed as mean + SEM, n=3
biological replicates. Significance was calculated using a one-way ANOVA with Tukey’s
multiple comparisons test.
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3.5.10 Heterozygous ahctfl mutation disrupts the assembly of nuclear pore complexes in
TO(kras®?V)"/* hepatocytes

In the preceding sections, | demonstrated that tumour burden in TO(kras®'?V) larvae was
partially mitigated by ahctf1 heterozygosity, which caused a significant increase in apoptosis
in hepatocytes. This prompts the question of how a reduction in ahctfl gene dosage, and a
corresponding reduction in Elys protein (which unfortunately could not be confirmed due to
lack of available antibodies to the zebrafish Elys protein), causes an increase in apoptosis. As
discussed in section 3.1, Elys plays different roles at multiple stages in the cell cycle, including
the initiation of post-mitotic nuclear pore assembly. To determine whether this function was
compromised in ahctfl*" larvae, the distribution and integrity of NPCS was examined by
immunostaining vibratome sections with mAb414 antibody, which can recognise FG-repeat
nucleoporins (Nup358, 214, 153 and 62) in mature NPCs.

Airyscan imaging of TO(kras®'2Y)*/* hepatocytes showed that NPCs were located at the nuclear
rim in a punctate pattern and this was not altered by ahctf1 heterozygosity as quantified via
3D segmentation and morphological filtering of nuclear and cytoplasmic areas (Figure 3.26).
By comparison, liver vibratome sections from ahctf1**; TO(kras®'?V)"/* larvae exhibited a
markedly increased mAb414 fluorescence intensity. Hepatocytes from ahctf1*/;
TO(kras®'2)™* larvae displayed reduced mAb414 signal at the nuclear rim and there was a
concomitant increase in cytoplasmic staining, which equated to a 21% reduction in the mean
nuclear/cytoplasmic ratio of mAb414 fluorescence intensity.

Images acquired at the nuclear surface showed that NPC density was not affected by ahctf1
heterozygosity in TO(kras®'?)** hepatocytes (Figure 3.27). However, there was a 20%
reduction in the number of NPCs in ahctfl*:; TO(kras®*?V)"* hepatocytes compared to
ahctf1*/*; TO(kras®?V)"* hepatocytes, once again indicating a selective effect of ahctfl
heterozygosity in hyperplastic cells. In addition, oncogenic Kras®'?V expression resulted in a
27% increase in nuclear volume compared to wildtype (Figure 3.28). ahctfl heterozygosity
decreased nuclear size, but only in TO(kras®?Y)™* hepatocytes. These results indicate that
reduced levels of Elys protein are rate-limiting for the correct assembly of NPCs in
hepatocytes expressing oncogenic Kras®?V,
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Figure 3.26 Heterozygous ahctfl mutation disrupts nuclear pore complexes in
TO(kras®*?V)"/* hepatocytes

A. Representative Airyscan imaging of sections of liver of the indicated ahctfl and
TO(kras®'?V) genotype. Immunostaining with mAb414 identifies FG-nups, Hoechst 33342
fluorescent dye marks DNA and EGFP/F-actin marks the cell membrane/cytoskeleton.
Arrowheads indicate cytoplasmic staining of mAb414. Scale bar 2 um. B. Quantification of
mean nuclear/cytoplasmic fluorescence intensity of mAb414. Fluorescence intensity in
TO(kras®2")** hepatocytes was not affected by ahctf1 heterozygosity. Fluorescence intensity
was increased by 1.7-fold in ahctf1**; TO(kras®'2V)”* livers, compared to ahctf1*/*;
TO(kras®'2V)** livers. However, this increase in mean nuclear/cytoplasmic mAb414
fluorescence intensity was reduced by 21% in response to ahctfl heterozygosity. Data are
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expressed as mean + SEM, n>18. Significance was calculated using a one-way ANOVA with
Tukey’s multiple comparisons test.
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Figure 3.27 Heterozygous ahctfl mutation reduces nuclear pore complex density in
TO(kras®*?V)"/* hepatocytes

A. Representative Airyscan imaging of the nuclear surface of hepatocytes of the indicated
ahctfl and TO(kras®'?V) genotype. Immunostaining with mAb414 identifies FG-nups, Hoechst
33342 fluorescent dye marks DNA and EGFP/F-actin marks the cell membrane/cytoskeleton.
Scale bar 2 um. B. Quantification of nuclear pore density at the surface of 5 nuclei per liver.
ahctf1 heterozygosity reduced nuclear pore number in TO(kras®2¥)"* hepatocytes only. Data
are expressed as mean * SEM, n>25. Significance was calculated using a one-way ANOVA with
Tukey’s multiple comparisons test.
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Figure 3.28 Heterozygous ahctfl mutation reduces nuclear volume in TO(kras®?")/*
hepatocytes

Nuclear volume was measured for an average of 35 nuclei per z-stack. ahctfl heterozygosity
reduced nuclear volume specifically in TO(kras®'2V)"/* hepatocytes. Data are expressed as
mean + SEM, n>25. Significance was calculated using a one-way ANOVA with Tukey’s multiple
comparisons test.
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3.5.11 Heterozygous ahctfl mutation impairs mitotic spindle assembly and chromosome

segregation in TO(kras®?V)"*

hepatocytes

Elys function is also critical for proper spindle formation and chromosome segregation, so |
assessed whether mitosis was affected by ahctfl heterozygosity using DAPI and a-tubulin
staining of liver cryosections. Cells undergoing mitosis in ahctf1**; TO(kras®'2")"* livers
showed no defects with normal bipolar spindle formation at metaphase and complete
chromosome segregation during anaphase (Figure 3.29). In contrast, ahctf1*"; TO(kras®2V)™/*
hepatocytes displayed abnormal mitosis, with multipolar spindles and misaligned
chromosomes apparent at metaphase. Additionally, chromosome segregation was disrupted
with multiple anaphase bridges formed. The distribution of cells observed at different mitotic
stages was similar in ahctf1** and ahctf1*”- hepatocytes. In total, metaphase and anaphase
was disrupted in 50% of ahctf1*"; TO(kras®'?V)* hepatocytes, whereas mitotic abnormalities
were not observed in wildtype hepatocytes. Taken together, this data suggests that ahctf1 is
required for proper cell division.

3.5.12 Heterozygous ahctfl mutation leads to the accumulation of DNA damage in
TO(kras®?V)"/* hepatocytes

As chromosome segregation errors cause DNA damage, DNA damage was examined in ahctf1;
TO(kras®'2V)"/* hepatocytes by staining with DAPI and y-H2AX to mark DNA double-stranded
breaks (Figure 3.30). Only 1% of ahctf1*/*; TO(kras®*?)™* nuclei were positive for y-H2AX.
Conversely, DNA damage was markedly elevated in ahctf1*/; TO(kras®'2V)"/* hepatocytes with
6% of nuclei y-H2AX positive. These data show that heterozygous ahctfl mutation has
multiple impacts in TO(kras®’2)* hepatocytes, including elevated levels of oncogene-
induced stress, disrupted NPC assembly and impaired mitotic spindle assembly and
chromosome segregation. Although some of these defects may be quite subtle or modest;
collectively, disruption of these diverse cellular processes increase the proportion of highly
stressed cells, resulting in DNA damage and ultimately apoptosis.
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Figure 3.29 Heterozygous ahctfl mutation impairs mitotic spindle assembly and
chromosome segregation in TO(kras®'?V)"/* hepatocytes
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Representative Airyscan imaging of mitotic cells stained with a-tubulin antibody marking
spindle microtubules and DAPI marking DNA in TO(kras®?Y)"/* micro-dissected liver
cryosections of the indicated ahctf1 genotype. Scale bar 2 um. A. During prometaphase the
NE breaks down and NPCs are disassembled. Elys relocates to kinetochores and DNA is
condensed into chromosomes. Microtubules begin to randomly attach to chromosomes and
dynamically change their length, resulting in a-tubulin staining that appears tangled.
Prometaphase hepatocytes in both ahctf1**; TO(kras®?V)"/* and ahctf1*/; TO(kras®2V)"*
larvae were very comparable and did not display any defects. B. At metaphase, chromosome
pairs are fully condensed, aligned neatly in the centre of cells and a bipolar spindle is clearly
established. ahctf1**; TO(kras®??V)"* hepatocytes all exhibited proper spindle bipolarity
(arrows). In contrast, whilst some ahctf1*; TO(kras®’?V)* hepatocytes displayed bipolar
spindles, other hepatocytes exhibited multipolar spindles (arrowheads). Another defect
apparent was chromosome misalignment with some chromosomes not connected to the
mitotic spindle (arrowheads). C. During anaphase, sister chromatids separate and move
towards opposite spindle poles. As this stage progresses, Elys binds to chromatin. In ahctf1*/*;
TO(kras®'2)"* hepatocytes, chromatids were clearly defined and separate and elongation of
interpolar microtubules was apparent (arrows). A portion of ahctfl*:; TO(kras®?V)™/*
hepatocytes displayed proper chromosome segregation. However, this was disrupted in some
cells with anaphase bridges, that is a string of chromatin connecting the two segregating
masses of chromosomes apparent (arrowheads). D. During cytokinesis, the final step of cell
division, the cytoplasm is divided and two daughter cells are formed by a contractile actin ring
with a bundled array of microtubule fibres. This structure was present in both ahctf1*/*;
TO(kras®™2V)”* and ahctf1*/; TO(kras®*?V)™* hepatocytes (arrows). However, instances of
fragmented nuclei indicating cell death were observed in some ahctf1*"; TO(kras®*?V)™* livers
(arrowheads). E. Distribution of cells observed at different mitotic stages. N=92 livers, 326
cells. F. Quantification of the percentage of mitotic hepatocytes exhibiting an aberrant
phenotype. N>14.
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Figure 3.30 Heterozygous ahctfl mutation increases the number of TO(kras®'?V)/*
hepatocytes containing y-H2AX , denoting DNA damage

Representative Airyscan images of cryosections of TO(kras®'2Y)"/* livers immuno-stained with
y-H2AX, to identify DNA damage, DAPI to stain DNA and EGFP marking the cell membrane. A.
In cryosections of ahctf1*/*; TO(kras®?V)"* livers, y-H2AX positive nuclei were rarely
observed. Scale bar 5 um. A'. Inset showing a single y-H2AX positive nuclei in cryosections of
liver taken from ahctf1**; TO(kras®*?V)™* larvae. Scale bar 2 um. B. Cryosections of ahctf1*/;
TO(kras®'2)™* livers exhibited multiple y-H2AX positive nuclei. Scale bar 5 pm. B’. Inset
showing multiple y-H2AX positive hepatocytes in sections of liver taken from ahctf1*",
TO(kras®'?Y)"* larvae. Scale bar 2 um. C. Quantification of the percentage of cells positive for
y-H2AX. Data are expressed as mean + SEM, n>31. Significance was calculated using an
unpaired t-test.
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3.5.13 Combined approaches targeting the nuclear pore completely restrict kras®?V-driven
liver hyperplasia

Having determined that heterozygous ahctfl mutation was effective in restricting kras®?V-
driven hepatocyte hyperplasia by impeding a number of cellular processes, | next examined
whether the degree to which tumour burden was reduced could be enhanced by disrupting
one or more of these processes further. In this section, | embarked on this question by utilising
a different genetic mutation disrupting the nuclear pore. The opportunity to do this was
presented by the Heath’s lab’s demonstration that one of our collection of endodermal organ
mutants contained a ranbp2 (encoding Nup358) mutation. The ranbp24? mutant line was
generated in the Liver?s ENU mutagenesis screen (discussed in section 1.4.6). Homozygous
5452 mutants exhibited defects in the size and shape of the liver, pancreas and intestine as
well as in other rapidly proliferating tissue compartments. Heterozygous larvae have no gross
morphological phenotype. The mutant was shown to harbour a ranbp2 mutation by Dr
Fansuo Geng in the Heath lab, using homozygosity mapping3’?373 in collaboration with
Associate Professor Kelly Smith and Professor Ben Hogan, then at the Institute for Medical
Bioscience at the University of Queensland (Figure 3.31).

ranbp2 heterozygosity did not impact normal liver volume in 2-CLiP larvae at 7 dpf (Figure
3.32). Induced expression of oncogenic Kras®'?V led to hepatocyte hyperplasia and a striking
4.9-fold increase in liver volume in ranbp2*/*; TO(kras®'2)"* larvae. This excess liver volume
was modestly reduced by 12% in ranbp2*/~; TO(kras®*?V)"* larvae.

In addition, ranbp2 heterozygosity, alone or in combination with ahctfl mutation, did not
affect liver growth in 2-CLiP larvae (Figure 3.33). ahctf1 heterozygosity alone reduced excess
liver volume by 38% in TO(kras®*?V)™* larvae, consistent with previous results. Significantly,
ranbp2*; ahctf1*” interacted synergistically to severely limit kras®*?V-driven liver hyperplasia.
Hepatocyte hyperplasia and liver enlargement was completely blocked in ranbp2*~; ahctf1*
; TO(kras®2V)™* larvae returning to the liver volume observed in normal, non-hyperplastic 2-
CLiP livers. Therefore, these results suggest that cancer cells are selectively vulnerable to
reduced expression of nups and impaired NPC function. The fact that combinatorial targeting
of the NPC had no detrimental effects on 2-CLiP larvae, suggests a therapeutic window that
may be possible to exploit clinically.
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Figure 3.31 Genetic and phenotypic characterisation of the ranbp2 mutant

A. Positional cloning of s452 mutant using whole genome sequencing and homozygosity
mapping. The genomic region containing the s452 causal mutation is derived exclusively from
the initial ENU mutated allele and is therefore defined by increased homozygosity. By
analysing single nucleotide polymorphism homozygosity, the chromosomal region underlying
the mutant phenotype can be efficiently identified. In s452 mutants the region of linkage was
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found in chromosome 9, corresponding to the ranbp2 gene. Plot displays genomic
homozygosity across 25 chromosomes, chromosome 9 and the region of linkage. The genome
position of ranbp2 within this region and a schematic of ranbp2 transcript with the position
of the mutation indicated (asterisk) are also shown. B. Sanger sequencing chromatographs
confirming a T>A transversion mutation introducing a premature stop codon (TTG>TAG). C.
Brightfield images of 7 dpf ranbp2 larvae. Compared to wildtype, ranbp2”- larvae have a
thinner intestinal epithelium, smaller head and eye, cardiac oedema and fail to inflate the
swim bladder or fully absorb the yolk. Meanwhile, ranbp2*- larvae exhibit no phenotypic
abnormalities. Scale bar 200 um. D. Haematoxylin and Eosin-stained histology sections of 5
dpf ranbp2 larvae. Whereas the intestinal epithelial cells in wildtype larvae are large and
columnar with basally positioned nuclei, these cells in ranbp2”- larvae are cuboidal with
centrally positioned nuclei that contain prominent nucleoli. In wildtype, the rapid rate of
cellular proliferation leads to the intestinal epithelium elaborating extensive folds, which in
section are reminiscent of mammalian villi. Meanwhile, the intestinal epithelial cells in
ranbp2”- larvae are much fewer in number, and some exhibit blebbing at their apical
membranes. The epithelium also fails to elaborate into folds in ranbp2” larvae.

ib: intestinal bulb, L: liver, sb: swim bladder, y: yolk.
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Figure 3.32 Heterozygous ranbp2 mutation reduces liver volume in TO(kras®?V)"/*larvae

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®'2)"* livers of
the indicated ranbp2 genotype. Scale bar 25 um. B. Liver volume in 2-CLiP larvae was not
impacted by ranbp2 heterozygosity. However, in TO(kras®*2)™* larvae ranbp2 heterozygosity
reduced excess liver volume by 12%. Data are expressed as mean + SEM, n238. Significance
was calculated using a one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 3.33 Combined heterozygous ranbp2 and ahctfl mutation completely restricts
kras®?V-driven liver hyperplasia

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®'2)"* livers of
the indicated ranbp2 and ahctf1 genotype. Scale bar 25 um. B. Liver volume in 2-CLiP larvae
was not impacted by ranbp2 heterozygosity alone, ahctfl heterozygosity alone or by
combination of ranbp2*- and ahctf1*~ genotypes. Induced expression of TO(kras®2V)™/*
caused hepatocyte hyperplasia and liver enlargement, with a 3.8-fold increase in liver volume
in ranbp2**; ahctf1*’*; TO(kras®'?V)"/* larvae. ranbp2 heterozygosity alone and ahctfl
heterozygosity alone reduced excess liver volume by 13% and 38%, respectively in
TO(kras®'2)"* larvae. The combination of the ranbp2*- and ahctf1*/- genotypes produced a
synergistic effect on liver volume, severely limiting kras®??V-driven hepatocyte hyperplasia,
returning liver volume to the level observed in 2-CLiP larvae. Data are expressed as mean %
SEM, n230. Significance was calculated using a one-way ANOVA with Tukey’s multiple
comparisons test.
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3.5.14 NUP107-160 complex components are frequently overexpressed in human cancer
samples

The in vivo pre-clinical data from the TO(kras®?Y)"* model | have presented thus far suggests
that hepatocarcinogenesis requires proper nuclear pore function. Various other approaches
to investigating the relationship between cancer and nuclear pore function are consistent
with this notion. For example, analysis of genome-wide CRISPR screens, curated in the
DepMap portal, reveals that AHCTF1 is essential for the viability of 805 out of 808 different
human cancer cell lines®’#37>, The majority of NUP107-160 complex members are also
classified as common essential genes (Table 3.5). Common essential genes are those that rank
amongst the topmost genes required for the sustained proliferation of at least 90% of cancer
cell lines. Such genes are also likely to be essential for normal cells to proliferate. Moreover,
examination of nup mRNA expression in The Cancer Genome Atlas (TCGA) datasets using the
cBioPortal for Cancer Genomics3’%3’7 shows that NUP107-160 complex components are
frequently overexpressed in tumour samples with an mRNA expression z-score >2 in a diverse
array of cancers (Table 3.6). Z-scores indicate the number of standard deviations away from
the mean mRNA expression level of a given gene. Notably, AHCTF1 is overexpressed in 32.24%
of patient HCC samples and is also significantly upregulated in breast invasive carcinoma
(27.54% of samples) and cholangiocarcinoma (36.11% of samples). In contrast, the NUP107-
160 complex was rarely under-expressed with mRNA expression z-score <-2 in an average of
2% of samples.

To explore the possibility that nup overexpression is associated with clinical outcomes, overall
survival of patients was investigated by interrogating TCGA datasets. Median overall survival
of HCC patients with increased expression (z-score >2) of components of the NUP107-160
complex was 22.78 months, whereas survival of patients with NUP107-160 complex
expression z-scores <2 was 80.74 months (Figure 3.34). Similarly, overexpression of the
NUP107-160 complex components significantly reduced overall survival in brain lower grade
glioma, breast invasive carcinoma, adrenocortical carcinoma, skin cutaneous melanoma,
kidney renal papillary cell carcinoma and sarcoma patients (Figure 3.35). These data
compliment my findings and suggest that targeting components of the nuclear pore may be
a worthwhile strategy for a broad spectrum of cancers with the capacity to improve overall
patient survival.
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Table 3.5 DepMap portal gene essentiality CRISPR screens of NUP107-160 complex
components dependency in human cancer cell lines

NUP Dependent cell lines (%) Classification
AHCTF1 99.63 Common essential
NUP37 14.36 Not common essential
NUP43 99.88 Common essential
NUP85 100.00 Common essential
NUP98 97.65 Common essential
NUP107 96.29 Common essential
NUP133 100.00 Common essential
NUP160 97.77 Common essential
SEC13 100.00 Common essential
DNA1L 99.13 Common essential
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Table 3.6 Percentage of TCGA PanCancer Atlas dataset samples with altered mRNA
expression z-scores of NUP107-160 complex components

AHCTF1 NUP37 NUP43 NUP85 NUP98
TCGA study

<-2 >2 <-2 >2 <-2 >2 <-2 >2 <-2 >2

AML 0.00 | 5.78 | 0.58 | 4.62 1.16 | 4.05 173 | 405 | 2.31 | 4.05
ACC 0.00 | 5.13 1.28 | 32.05 | 0.00 | 641 | 000 | 7.69 | 0.00 | 3.85
BLCA 098 | 10.81 | 098 | 6.39 | 393 | 442 | 0.25 | 13.76 | 10.57 | 5.16
LGG 0.19 | 545 | 097 | 467 | 195 | 292 | 0.00 | 681 | 3.50 | 4.28
BRCA 0.55 | 27.54 | 0.00 | 5.08 | 3.05 | 6.84 | 0.09 | 18.48 | 3.60 | 4.62
CESC 238 | 19.05 | 0.68 | 6.46 | 12.24 | 476 | 1.70 | 10.54 | 10.54 | 2.04
CHOL 5.56 | 36.11 | 2.78 | 2.78 | 0.00 | 2.78 | 0.00 | 8.33 | 11.11 | 5.56
COAD 389 | 6.08 | 034 | 439 | 422 | 439 | 220 | 861 | 3.72 | 5.07
DLBC 0.00 | 6.25 | 0.00 | 10.42 | 10.42 | 2.08 | 2.08 | 0.00 | 0.00 | 8.33
ESCA 0.55 | 1436 | 0.00 | 5.52 166 | 773 | 2.76 | 16.57 | 6.08 | 3.87
GBM 0.00 | 3.13 | 0.00 | 438 | 5.00 | 1.88 | 0.00 | 438 | 1.88 | 3.75
HNSC 233 | 13.01| 0.00 | 3.88 | 097 | 427 | 0.19 | 854 | 3.11 | 4.08
KICH 0.00 | 462 | 0.00 | 3.08 | 0.00 | 1.54 | 0.00 | 4.62 | 4.62 1.54
KIRC 157 | 392 | 0.20 | 725 | 6.08 | 2.16 | 098 | 451 | 0.59 | 4.31
KIRP 177 | 742 | 035 | 848 | 1.06 | 3.53 | 0.35 | 30.39 | 0.35 | 5.30
LIHC 0.82 | 3224 | 0.00 | 6.01 | 055 | 6.83 | 0.00 | 1831 | 2.46 | 3.28
LUAD 0.20 | 17.84 | 0.00 | 588 | 1.96 | 3.33 | 0.39 | 15.10 | 196 | 5.10
LUSC 041 | 1529 | 0.21 | 661 | 2.89 | 847 | 0.41 | 13.43 | 558 | 2.69
MESO 460 | 12.49 | 2.30 | 9.20 | 16.09 | 0.00 | 0.00 | 805 | 3.45 | 2.30
oV 2.67 | 13.67 | 0.00 | 5.00 | 27.00 | 5.33 1.00 | 833 | 20.67 | 4.00
PAAD 113 | 791 | 056 | 452 | 734 | 169 | 226 | 7.91 | 3.95 | 3.95
PCPG 281 | 730 | 3.93 | 225 | 2.25 | 506 | 0.56 | 3.37 | 12.36 | 3.37
PRAD 142 | 649 | 0.81 | 6.09 | 3.45 | 223 | 041 | 548 | 081 | 2.84
SARC 0.40 | 6.32 1.19 | 11.46 | 1.19 | 12.25 | 0.79 | 10.28 | 3.56 | 5.14
SKCM 3.84 | 1151 | 2.26 | 497 | 632 | 181 1.81 | 14.45 | 5.42 | 4.29
STAD 1.21 | 1265 | 0.00 | 6,55 | 0.49 | 7.52 1.21 | 1044 | 0.73 | 6.31
TGCT 2.01 | 1141 | 0.00 | 10.74 | 0.00 | 7.38 | 0.00 | 14.77 | 0.00 | 2.68
THYM 2.52 | 10.08 | 2.52 | 420 | 168 | 168 | 0.00 | 2.52 | 3.36 | 3.36
THCA 3.82 | 5.02 | 241 | 3.01 | 281 | 3.01 | 2.01 | 402 | 221 | 361
ucs 0.00 | 351 | 7.02 | 877 | 3.51 | 14.04 | 877 | 31.58 | 0.00 | 3.51
UCEC 247 | 1423 | 0.57 | 569 | 076 | 550 | 0.00 | 9.11 | 2.09 | 3.98
uvm 0.00 | 3.75 | 250 | 500 | 0.00 | 1.25 | 2.50 | 0.00 | 3.75 | 8.75
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NUP107 NUP133 NUP160 SEC13 SEH1L
TCGA study
<-2 >2 <-2 >2 <-2 >2 <-2 >2 <-2 >2

AML 231 | 2.89 | 3.47 | 3.47 | 405 | 231 | 0.58 | 4.05 | 0.00 | 4.05
ACC 1.28 | 30.77 | 0.00 | 5.13 | 0.00 | 6.41 1.28 | 897 | 5.13 | 2.56
BLCA 0.49 | 1400 | 0.25 | 1032 | 0.25 | 491 | 049 | 17.69 | 0.74 | 12.53
LGG 0.58 | 5.06 | 292 | 3.11 | 2.53 | 3.50 | 1.17 | 4.28 | 233 | 4.67
BRCA 0.55 | 10.81 | 1.02 | 31.98 | 0.18 | 7.12 | 0.00 | 887 | 0.46 | 9.61
CESC 3.74 | 816 | 2.04 | 2245 | 6.80 | 3.06 | 2.04 | 476 | 2.38 | 8.16
CHOL 0.00 | 11.11 | 0.00 | 50.00 | 0.00 | 0.00 | 0.00 | 0.00 | 833 | 0.00
COAD 3.04 | 456 | 2.87 | 8.11 169 | 456 | 0.00 | 405 | 3.21 | 2.70
DLBC 2.08 | 1458 | 2.08 | 833 | 0.00 | 6.25 | 0.00 | 6.25 | 4.17 | 14.58
ESCA 0.55 | 11.60 | 1.10 | 16.57 | 0.00 | 5.52 166 | 2.21 | 2.76 | 11.05
GBM 1.88 | 6.88 | 3.13 | 563 | 0.00 | 438 | 0.00 | 6.88 | 5.00 | 5.63
HNSC 155 | 9.32 1.17 | 1049 | 1.36 | 6.21 | 0.39 1.75 | 2.14 | 14.76
KICH 462 | 6.15 | 0.00 | 3.08 | 154 | 154 | 0.00 | 462 | 3.08 | 6.15
KIRC 1.18 | 745 | 2.75 | 294 | 2.16 | 3.14 | 059 | 235 | 2.75 | 431
KIRP 035 | 954 | 141 | 459 | 035 | 3.89 | 035 | 7.42 | 283 | 4.24
LIHC 0.27 | 7.92 1.09 | 30.60 | 0.00 | 546 | 055 | 847 | 2.73 | 6.83
LUAD 0.00 | 1490 | 0.78 | 17.84 | 0.59 | 6.27 | 0.20 | 490 | 0.78 | 9.41
LUSC 0.21 | 10.33 | 1.24 | 16,53 | 0.00 | 517 | 1.86 | 2.69 | 0.21 | 7.85
MESO 1.15 | 10.34 | 1.15 | 11.49 | 0.00 | 3.45 | 345 | 460 | 0.00 | 5.75

oV 1.00 | 9.67 | 1.67 | 19.67 | 033 | 433 | 0.67 | 3.00 | 9.33 | 7.33
PAAD 226 | 6.78 | 169 | 6.78 | 2.82 | 395 | 0.00 | 3.95 | 6.78 | 10.17
PCPG 225 | 6.18 | 393 | 5.06 | 955 | 2.81 | 2.25 | 056 | 2.81 | 2.25
PRAD 162 | 507 | 3.25 | 3.65 1.42 | 1.83 162 | 507 | 243 | 5.68
SARC 0.79 | 16.60 | 237 | 791 | 0.00 | 553 | 0.00 | 9.09 | 0.00 | 8.70
SKCM 090 | 5.64 | 2.48 | 16.70 | 1.58 | 2.93 | 0.00 | 6.09 | 2.26 | 6.55
STAD 0.24 | 11.17 | 1.46 | 15.78 | 0.00 | 7.77 | 0.00 | 5.34 | 0.00 | 8.98
TGCT 0.00 | 25.50 | 0.00 | 537 | 0.67 | 4.03 | 0.67 | 872 | 0.00 | 6.04
THYM 336 | 2.52 | 0.84 | 10.92 | 2.52 | 420 | 3.36 | 1.68 | 0.84 | 0.84
THCA 3.82 141 | 3.41 | 422 | 4.02 | 221 | 0.80 | 5.22 1.81 | 3.41
ucs 0.00 | 19.30 | 0.00 | 15.79 | 0.00 | 3.51 | 0.00 | 1.75 | 0.00 | 3.51
UCEC 0.76 | 569 | 0.76 | 1480 | 0.76 | 5.50 | 0.00 | 4.74 | 1.14 | 8.16
uvm 1.25 1.25 1.25 | 10.00 | 2.50 | 1.25 | 22.50 | 0.00 | 2.50 | 2.50

Heat-map based on percentage of TCGA samples with mRNA expression levels of Nup107-

160 complex components overexpressed (Z-score >2: over 2 standard deviations above mean

expression) or under-expressed (Z-score <-2: over 2 standard deviations below mean
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expression). NUP107-160 complex components are overexpressed in 7.48% of all samples. In
particular, AHCTF1 is overexpressed in 11.20% of all patient cancer samples and is significantly
upregulated in breast invasive carcinoma (27.54% of samples) and liver hepatocellular
carcinoma (32.24% of samples).

AML: acute myeloid leukemia, ACC: adrenocortical carcinoma, BLCA: bladder urothelial
carcinoma, LGG: Brain lower grade glioma, BRCA: breast invasive carcinoma; CESC: cervical
squamous cell carcinoma and endocervical adenocarcinoma, CHOL: cholangiocarcinoma,
COAD: colon adenocarcinoma, DLBC: Lymphoid neoplasm diffuse large B-cell lymphoma,
ESCA: oesophageal carcinoma, GBM: glioblastoma multiforme, HNSC: head and neck
squamous cell carcinoma, KICH: kidney chromophobe, KIRC: kidney renal cell carcinoma,
KIRP: kidney renal papillary cell carcinoma, LIHC: liver hepatocellular carcinoma, LUAD: lung
adenocarcinoma, LUSC: lung squamous cell carcinoma, MESO: mesothelioma, OV: ovarian
serous cystadenocarcinoma, PAAD: pancreatic adenocarcinoma, PCPG: pheochromocytoma
and paraganglioma, PRAD: prostate adenocarcinoma, SARC: sarcoma, SKCM: skin cutaneous
melanoma, STAD: stomach adenocarcinoma, TGCT: testicular germ cell tumours, THYM:
thymoma, THCA: thyroid carcinoma, UCS: uterine carcinosarcoma, UCEC: uterine corpus
endometrial carcinoma, UVM: uveal melanoma.
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Figure 3.34 Overexpression of the NUP107-160 complex is associated with reduced overall
survival in HCC

Overall survival of TCGA HCC patients with mRNA expression z-scores >2 for one or more
NUP107-160 complex components (65 cases) and mRNA expression z-scores <2 for one or
more NUP107-160 complex components (287 cases). Notches indicate individual cases.
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Figure 3.35 Overexpression of the NUP107-160 complex is associated with reduced overall
survival in diverse cancer types
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A. Overall survival of TCGA brain lower grade glioma patients with NUP107-160 complex
MRNA expression z-scores >2 (151 cases) and z-scores <2 (362 cases). B. Overall survival of
TCGA breast invasive carcinoma patients with NUP107-160 complex mRNA expression z-
scores >2 (669 cases) and z-scores <2 (413 cases). C. Overall survival of TCGA adrenocortical
carcinoma patients with NUP107-160 complex mRNA expression z-scores >2 (47 cases) and z-
scores <2 (31 cases). D. Overall survival of TCGA skin cutaneous melanoma patients with
NUP107-160 complex mRNA expression z-scores >2 (198 cases) and z-scores <2 (227 cases).
E. Overall survival of TCGA kidney renal papillary cell carcinoma patients with NUP107-160
complex mRNA expression z-scores >2 (146 cases) and z-scores <2 (136 cases). F. Overall
survival of TCGA sarcoma patients with NUP107-160 complex mRNA expression z-scores >2
(139 cases) and z-scores <2 (114 cases).
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3.6 Discussion

Components of NPCs represent promising candidates for therapeutic intervention in cancer
due to their central role in mediating nucleocytoplasmic transport as well as transport-
independent functions in DNA repair, genome regulation and mitosis. In this chapter, ahctf1
heterozygosity is identified as participating in a synthetic lethal interaction with hyper-
activation of the pro-proliferative, pro-survival RAS/RAF/MAPK signalling pathway to
markedly reduce tumour burden in a genetically engineered zebrafish model of HCC. The
therapeutic benefit of this mild (50%) reduction in ahctfl expression was caused, at least in
part, by an increase in cell death. ahctf1 heterozygosity produced a reduction in the density
of nuclear pores, aberrant chromatid separation during mitosis and accumulation of DNA
damage. These defects combined to activate Tp53-dependent and independent cell death
pathways, explaining the observed reduction in tumour burden (Figure 3.36). Importantly,

G12V_expressing tissues in this

ahctfl heterozygosity had no adverse effects in the non-kras
model. These findings advance ELYS as an attractive target for cancer therapy with a viable

therapeutic window.
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Figure 3.36 Schematic explaining the mechanism by which ahctfl heterozygosity reduces
tumour burden

In the TO(kras®2V)™* HCC model, ahctfl heterozygosity results in a reduction in the density
of nuclear pores and aberrant chromosome separation during mitosis, leading to the
accumulation of DNA damage. These defects combine to activate Tp53 family members which
trigger the apoptotic cell death pathway, ultimately reducing tumour burden.
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There are several reasons why the TO(kras®??V) zebrafish HCC model provides a clinically
relevant in vivo platform for the study of human cancer and the discovery of new therapeutic
strategies!’®. Firstly, RAS/RAF/MAPK signalling is almost always hyper-activated in human
HCC®. Secondly, the progressive accumulation of histopathologic features including irregular
nuclei, cytoplasmic vacuolation and increased vascularisation that are characteristic of
tumour progression in HCC are reproduced in the zebrafish model'®’. Thirdly, RNA-
sequencing of TO(kras®'2V)"/* hepatocytes revealed that compared to control TO(kras®2V)*/*
hepatocytes, pathways required for rapid proliferation, such as DNA replication and cell cycle
pathways are significantly upregulated. This is consistent with a previous comparative
transcriptomic analysis on oncogenic kras®'?V hepatocytes isolated on the basis of GFP
positivity and fluorescence-activated cell sorting (FACS) from larval zebrafish treated with
doxycycline from 3 to 8 dpf, which revealed that the gene expression profile strongly
resembles that of early-stage human HCC. kras®'?Y hepatocytes exhibited elevated expression
of RAS/RAF/MAPK target genes such as FGFR4, ETV4, EPHA2, DUSP6 and SPRY and DNA
damage response genes CCND1 and H2AX1'77. All these genes were also significantly
upregulated in the RNA-sequencing experiment | performed.

In the TO(kras®'?¥) model, ahctfl heterozygosity partly mitigates against mutant Kras®'?V-
driven hepatocyte hyperplasia, resulting in a decrease in tumour burden. Consistent with the
literature, which demonstrates roles for the Elys protein in post-mitotic NPC reassembly,
spindle formation and chromatid separation during mitosis, | found that ahctf1
heterozygosity produced perturbations in all these processes, culminating in the
accumulation of DNA damage. Taken together, these events would be expected to intensify

G12V protein and provide a

oncogene-induced stress produced by expression of the Kras
powerful stimulus to Tp53 activation. That this sequence of events is borne out is supported
by results showing increased abundance of Tp53 protein and enhanced transcription of the
pro-apoptosis genes, pmaipl, bbc3 and bax as well as down regulation of the pro-survival
genes, bcl2 and bclxl. These observations support a mechanism whereby ahctfl
heterozygosity and expression of mutant kras®?? produce a synthetic lethal interaction that
culminates in activation of a pro-apoptotic tp53 transcriptional program that produces a

reduction in tumour burden.

An important question from this is whether the promising therapeutic effect of partially
inhibiting Elys function may be diminished in tumours unable to express wildtype Tp53
protein. This is a clinically relevant question since mutations in TP53, or
amplification/overexpression of its negative regulators MDM2/MDM4, occur in 30% of HCC
cases®. To investigate this further, experiments were repeated on a tp53 mutant background.
Remarkably, ahctfl heterozygosity still produced a 24% reduction in tumour burden and
induced cell death in the complete absence of Tp53 function. Thinking about the mechanism
of this effect, the possibility that loss of Tp53 function was compensated for by Tp63 and/or
Tp73 was considered. These Tp53 family members share considerable structural homology
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with Tp53, particularly within the DNA binding domain, and can activate common and distinct
sets of target genes that cause cell cycle arrest, senescence and apoptosis3®937%, For example,
in response to DNA damage, Tp63 induces senescence and apoptosis in the same way as Tp53,
via transcriptional induction of cdknla, bbc3 and pmaip13’8. ahctfl heterozygosity was
demonstrated to upregulate tp63 and tp73 expression by 3.0-fold and 2.3-fold, respectively,
and this was further enhanced by tp53 mutation. These results suggest a mechanism through
which ahctfl heterozygosity achieves a reduction in tumour burden in the absence of Tp53
function. Since TP63 and TP73 are rarely mutated in cancer®’®, the possibility remains that
inhibition of ELYS function may still produce a beneficial effect on tumour growth in patients
harbouring TP53 mutations.

Recently, another research group reported that continuous rounds of nuclear pore assembly
and disassembly are essential to sustain the behaviour of vigorously proliferating cells,

including cancer cells38°

, raising the possibility that nuclear pore components may provide
useful targets for cancer treatment. In this study, Sakuma et al. used siRNAs targeting 28 out
of 32 nucleoporin genes, including AHCTF1, to screen for reduced abundance of mature NPCs
in the human melanoma-derived cell line, A375. Focusing on two nups exhibiting a severe
reduction in NPC density, the authors showed that NUP160 and NUP93 are essential for NPC
assembly and that inhibiting this process results in cell death. Importantly, they found that
cancer cells exhibited an increased susceptibility to inhibition of NPC assembly, compared to
normal cell lines derived from the retinal pigmental epithelium (RPE1) and human pulmonary
fibroblasts that underwent reversible cell cycle arrest rather than apoptosis. This result is
reminiscent of our findings in the zebrafish development mutant in which loss of ahctfl
expression caused catastrophic levels of apoptosis in cells in highly proliferative
compartments, such as the intestinal epithelium, while relatively quiescent cells survived?!*.
This selective sensitivity to NPC assembly inhibition is supported by studies showing that
quiescent cells exist for many years with the same set of assembled NPCs and generally
maintain low levels of nup expression381382 However, these studies have as yet underplayed
the fact that many nups, including ELYS, also play critical roles outside of the NPC, including
in mitotic progression, regulation of gene expression and the maintenance of genome
integrity?’°. | expect these roles may also contribute to the vulnerability of cancer cells to
disrupted nup function.

ELYS is a particularly strong candidate to contribute to the vulnerability of cancer cells due to
its diverse functions throughout the cell cycle. My results compliment a growing body of
evidence that carcinogenesis places persistently high demands on essential cellular genes,
including those required for proper nuclear pore function, creating a vulnerability that may
be therapeutically targeted without causing adverse effects on normal tissue38%38, Such a
vulnerability has previously been demonstrated in BRAF mutated and BRAF-like (cells that do
not contain a BRAF mutation but share a characteristic gene expression signature with BRAF
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mutant cells) colorectal cancer cells which are selectively sensitive to Nup358 loss which
exacerbates microtubule defects resulting in mitotic cell death3®,

In particular, ELYS remains the only nup identified with clearly defined chromatin-binding and
DNA-binding domains which exhibits direct chromatin-binding activity?®°. ChIP-seq
experiments have revealed widespread interactions between ELYS and both active and silent
genomic loci?®%22, Elys ChIP-seq binding peaks strongly overlap with and are more prominent
than peaks for other chromatin associated nups including Nup93, Nup98 and Nup107.
Therefore, it is tempting to speculate that Elys is a key mediator of nup-chromatin
interactions, both at the nuclear periphery as part of NPCs as well as within the nucleoplasm.
Thus, investigating the impact of ahctf1 heterozygosity on Elys localisation and regulation of
gene expression could help to provide further mechanistic insights into how ahctf1 mutation
restricts kras®?V-driven liver hyperplasia.

The potential clinical utility of therapeutic strategies targeting NPCs is further supported by
the demonstration that trans-heterozygosity of ahctfl and ranbp2 produced a synergistic
reduction in liver volume, bringing it back to the volume of non-hyperplastic livers. Notably,
non-hyperplastic livers were completely unaffected by ahctfl, ranbp2 trans-heterozygosity,
indicating another potential synthetic lethal interaction that could be exploited by
combinatorial drug treatments. Interrogation of TCGA datasets utilising the cBioPortal for
Cancer Genomics, suggests that dependency on NPC function may extrapolate to other types
of cancer and other nups3’®3”7. Genes encoding components of the NUP107-160 complex
were found to be frequently overexpressed in a diverse array of tumour types, reflecting the
importance of multiple nups in sustaining malignant growth. In contrast, NUP107-160
complex nups were rarely under expressed, suggesting efficient NPC function is critical for the
survival of rapidly proliferating cells. This raises the possibility that nups may be used as
cancer biomarkers to facilitate early diagnosis, classify tumours and to inform prognostic
predictions. Indeed, NUP88 has been discovered to be a cancer biomarker in ovarian and
breast cancers defining a highly aggressive tumour phenotype3*438>, The overexpression of
nups in cancer underscores the potential value of targeting the nuclear pore for the
efficacious treatment of numerous cancer types.

The dynamic and diverse functions of ELYS require its binding to nups and many other
proteins, including components of kinetochore and replicative licensing complexes, as well as
binding to chromatin in various states of condensation. The molecular topology of the ELYS
protein and the structural basis for its diverse protein-protein and protein-DNA interactions
are hitherto poorly defined. Crystal structures of ELYS have shown that the B-propeller and
a-helical domains in the N-terminal half of the ELYS protein bind to NUP160, and cryo-
electron microscopy has revealed the association of the ELYS C-terminal peptide with

257,327

nucleosomes However, detailed molecular understanding awaits further high-

resolution structural characterisation. While this will no doubt advance our understanding of
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the multifunctional roles of ELYS and reveal the extent to which domains within the protein
contribute to its function, it may not suggest opportunities to inhibit distinct regions on the
protein for the purpose of disabling ELYS function therapeutically. As postulated by Sakuma
et al.38, the absence of discrete surfaces/catalytic pockets on ELYS and other globular nups
may make it difficult to inhibit them with small molecules. Despite these challenges, new
technologies are emerging that provide optimism that the problems may be overcome. For
instance, carefully controlled targeting of degradation-tagged (d-Tag) ELYS molecules with
proteolysis targeting chimeras (PROTACs) may offer opportunities for therapeutic
development383%7 |n view of the promising results | have reported in this chapter, | contend
that future work directed towards developing drugs capable of disrupting Elys function for
the purpose of cancer treatment is likely to be worthwhile.
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4 Investigating Ul2-dependent splicing as a potential cancer
therapeutic target

4.1 Introduction

As introduced in section 1.4.6, the importance of U12-dependent splicing to the maintenance
of high rates of cellular proliferation was revealed by the identification of the zebrafish caliban
(clbn®®%¢) mutant line in the Liver?™s ENU mutagenesis screen?®®, This mutant was
characterised by Sebastian Markmiller who demonstrated by positional cloning that the
underlying mutant gene in caliban is rnpc3 (RNA-binding region containing 3). This gene
encodes the 65K protein component of the U12-dependent spliceosome?!2. Subsequently,
another rnpc3 null allele became available from a commercial source, Znomics (RRID:
ZFIN_ZDB-GENO-140806-3), which is used throughout this thesis. In this mutant line the rnpc3
locus is disrupted by retroviral insertion into intron 1, resulting in undetectable mRNA
transcripts?*2.

The accurate removal of introns from precursor messenger RNA (pre-mRNA) via splicing is
essential for proper gene expression. The process of removing introns and ligating exons is
catalysed by the spliceosome, a large dynamic complex consisting of both protein and small
nuclear RNA (snRNA) molecules. Somewhat under-appreciated is that eukaryotic genomes
contain two distinct classes of introns: U2-dependent and U12-dependent introns, also
termed major and minor class introns respectively, that are excised by distinct
spliceosomes388389 Whilst U12-dependent splicing is required to remove less than 0.5% of
introns, we and others have shown that it is critically important for cell growth and
proliferation2t2:390-392,

rnpc3 homozygous mutant larvae exhibit arrested development in the rapidly proliferating
cells of the liver, pancreas and intestine, whereas relatively quiescent tissues are not
impacted (Figure 4.1). RNA-seq analysis further revealed that rnpc3-deficient (rnpc37°) larvae
exhibited disrupted Ul2-dependent splicing leading to U12 intron retention and a
transcriptome-wide impact on gene expression?'?. Meanwhile, heterozygous rnpc3 larvae
develop normally, reach sexual maturity and have a normal lifespan, indicating that a 50%
reduction in rnpc3 gene dosage has no detrimental outcomes.

Such developmental defects and impaired Ul2-dependent splicing are recapitulated in
Rnpc3”- mice. Constitutive deletion of Rnpc3 results in pre-implantation lethality with Rnpc3
mutant embryos failing to develop beyond the morula stage. However, mice heterozygous
for Rnpc3 achieve sexual maturity and exhibit a normal lifespan3. In further work from the
Heath lab, conditional Rnpc3 lox/lox mice were generated by homologous recombination in
ES cells. Tamoxifen induced Cre-mediated systemic deletion of Rnpc3 in adult mice had the
most profound impact on rapidly proliferating tissues, such as the hematopoietic
compartment, thymus and gastrointestinal  epithelium3®,  Histological and
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immunocytochemical analysis revealed that loss of 65K induced apoptosis and reduced
proliferation of intestinal epithelium cells. In addition, semi-quantitative RT-PCR showed that
Ul12-dependent splicing was impaired upon Rnpc3 deletion with an increase in U1l2-
dependent intron retention3%.

Since rnpc3 was demonstrated in the caliban zebrafish mutant?'?, and later in mice3%, to be
required to support the growth and division of cells in rapidly proliferating compartments, in
this chapter | took advantage of the TO(kras®??") zebrafish HCC model to determine whether
65K function in the U12-dependent spliceosome is also required by cancer cells .
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Figure 4.1 Gross morphology of caliban/rnpc3¢%¢ mutant larvae

A. Bright-field images of 7 dpf caliban/rnpc3¢4¢ mutant larvae. The intestinal epithelium is
thick and extensively folded in caliban/rnpc3*/* larvae and rnpc3* larvae. In contrast, the
intestinal epithelium in rnpc3” larvae is significantly thinner and unfolded (arrows). Also,
compared to wildtype, rnpc3” larvae have a smaller head and liver, microphthalmia and fail
to inflate the swim bladder or fully absorb the yolk. Meanwhile, rnpc3*- larvae exhibit no
phenotypic abnormalities. Scale bar 200 um. B. Schematic diagram of zebrafish 65K protein
showing the position of the RRM domains. The caliban, rnpc3°%% mutant generated in the
Liver?"s ENU mutagenesis screen has a premature stop codon within the RRM 2 domain
required for interaction with the U12 snRNA. C. Schematic of human 65K protein showing
domains required for interaction with the 59K protein and U12 snRNA.

ib: intestinal bulb, L: liver, RRM: RNA recognition motif, sb: swim bladder, y: yolk.
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4.1.1 Splice site consensus sequences distinguish U2-dependent and U12-dependent
introns
Since the discovery, in 1977, of intervening non-coding sequences in adenovirus genes,
introns have been found in all eukaryotic genomes®°33%, However, it was not until almost
two decades later that a rare second type of introns was identified by their distinct splice site
consensus sequences (Figure 4.2)3%8389  Close to 99% of human introns, termed U2-
dependent introns, have GT dinucleotides at the 5’ splice site, AG dinucleotides at 3’ splice
site and a polypyrimidine tract upstream of the 3’ splice site®®. In contrast, the first U12-
dependent introns identified had AT and AC as terminal dinucleotides at the 5’ and 3’ splice
sites, respectively3®’. Subsequent studies, however, have revealed that Ul2-dependent
introns are delineated by a longer 7 bp conserved sequence at the 5’ splice site and a variable
3’ splice site, sometimes having GT-AG and AT-AG terminal dinucleotides. In addition, U12-
introns lack a polypyrimidine tract and instead contain a well conserved branch point

sequence3983%,
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Figure 4.2 Splice site consensus sequences of human introns

Graphical representation of splice site consensus sequences in which letter size represents
the probability of each nucleotide at that position. A. U2-dependent introns almost always
have GT and AG as terminal dinucleotides at the 5’ and 3’ splice sites, respectively, in addition
to a polypyrimidine tract adjacent to the 3’ splice site. B. U12-dependent introns can have
either GT and AG, AT and AC or AT and AG terminal dinucleotides at the 5" and 3’ splice sites,
respectively. The branch point sequence, upstream of the 3’ splice site is also highly
conserved. Figure adapted from Brent et al., 200438,
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4.1.2 U2-dependent and U12-dependent introns are removed by distinct spliceosomes
Splicing occurs via a series of transesterification reactions that remove introns and ligate
adjacent exons prior to translation (Figure 4.3)0-493 The spliceosome which catalyses these
reactions, is assembled de novo on each intron of nascent mRNA*4405 Extensive x-ray
crystallography and cryo-electron microscopy analyses have revealed that spliceosomes are
composed of RNA-protein complexes known as small nuclear ribonucleoproteins (snRNPs)
and non-snRNP proteins. The U2-dependent spliceosome consists of the snRNPs: U1, U2, U4,
U5 and U6%944%_Similarly, the U12-dependent spliceosome contains 5 snRNPs, including the
U5 snRNP which is a common component of both spliceosomes. The other snRNPs are highly
similar to the U2-dependent spliceosome but unique to the U12-dependent spliceosome
through their snRNAs: U11, U12, Udatac and U6atac (Figure 4.4). In addition, both
spliceosomes are also composed of a range of associated proteins including a common set of
seven Sm proteins (B/B’, D3, D2, D1, E, F, G)*04407,

The first steps in U2-dependent splicing are binding of the U1 snRNP to the 5’ splice site,
followed by U2 snRNP binding to the branchpoint sequence via direct base pairing (Figure
4,5)%08410 |n contrast, the initial step of Ul2-dependent splicing is binding of U11/U12
together as a stable di-snRNP which simultaneously recognises the 5’ splice site and branch
point sequence®'!., The subsequent catalytic steps of splicing are essentially functionally
analogous between U2-dependent and Ul2-dependent splicing and consequently, most
protein components are shared in both spliceosomes*'##13, However, 7 novel proteins unique
to the U12-dependent spliceosome have been identified within the U11/U12 di-snRNP: 20K,
25K, 31K, 35K, 48K, 59K and 65K (Figure 4.6)*'%41> These proteins contribute to the formation
and stability of the U11/U12 di-snRNP enabling recognition and cooperative binding to U12-
dependent introns. Specifically, the 48K protein directly interacts with U11 snRNA through a
conserved CHHC-type zinc finger domain to stabilise binding to 5’ splice sites*'®417, The N-
terminal region of 48K interacts with 59K, which in turn associates with 65K. The C-terminal
RNA recognition motif of 65K binds to the 3’ terminal stem loop of U12 snRNA, thereby
forming a molecular bridge between the 5’ and 3’ splice sites of the intron*8. These
interactions are critical for proper di-snRNP formation and intron recognition. Consistent with
this, RNAi-mediated knockdown of 48K in Hela cells decreases abundance of U11/U12 di-
snRNPs and impairs U12-dependent splicing*®.
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Figure 4.3 Pre-mRNA splicing occurs via sequential transesterification reactions

The first enzymatic step of splicing involves the branch point hydroxyl group attack of the 5’
splice site phosphate. This results in 5 splice site cleavage and formation of a lariat
intermediate. The second transesterification reaction results in 3’ splice site cleavage, release
of the lariat intron and exon ligation. Figure adapted from Bentley et al., 20149,
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Figure 4.4 Small nuclear RNA components of the U2-dependent and U1l2-dependent
spliceosomes

The U2-dependent spliceosome contains the snRNA components U1, U2, U4, U5 and U6.
The U12-dependent spliceosome also contains the U5 snRNA in addition to U11, U12, U4atac
and U6atac snRNAs, which are functionally equivalent to but distinct from their U2-
dependent spliceosome counterparts. U6 and U4, Ubatac and U4atac, as well as U11 and U12
snRNAs assemble with associated proteins into di-snRNPs. Figure adapted from Wahl et al.,
201542,

snRNA: small nuclear RNA, snRNPs: small nuclear ribonuclear proteins.
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Figure 4.5 U2-dependent and U12-dependent spliceosome assembly

Overview of the interactions between snRNPs during various stages of spliceosome assembly
and catalysis. U2-dependent splicing proceeds stepwise via base pairing of the U1 snRNP to
the 5’ splice site. Next, the U2 snRNP binds at the branch point sequence. Subsequently, the
preassembled tri-snRNP U4-U6.U5 is recruited. A series of structural rearrangements result
in the release of Ul and U4 snRNPs and formation of a catalytically active complex.

135



Transesterification reactions then remove lariat introns to generate ligation of adjacent
exons. Whilst U12-dependent splicing begins with binding of the U11/U12 di-snRNP as a
single entity to the 5’ splice site and branch point sequence, subsequent steps are similar to
U2-dependent spliceosome assembly. Figure adapted from Will et al., 2005413,

snRNP: small nuclear ribonuclear protein.
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Figure 4.6 Recognition of U12-dependent introns by the U11/U12 di-snRNP

A. The U11/U12 di-snRNP contains 2 unique snRNAs U11 and U12 which cooperatively bind
to the 5’ splice site and branch point sequence, respectively, of U12-dependent introns. The
U11/U12 di-snRNP also contains 7 protein components that are specific to the U12-
dependent spliceosome: 20K, 25K, 31K, 35K, 48K, 59K and 65K. Figure adapted from Doggett
et al., 20183, B. 48K, 59K and 65K proteins have a structural function, forming a molecular
bridge connecting the U11 and U12 snRNAs. Asterisks indicate RNA-protein and protein-
protein interactions that have been validated experimentally. Figure adapted from Tidow et
al., 200947,

BPS: branch point sequence, di-snRNP: di-small nuclear ribonuclear protein, RRM: RNA
recognition motif, snRNAs: small nuclear RNAs, ss: splice site, ZnF: zinc finger domain.
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4.1.3 Distribution of U12-dependent introns

U12-dependent splicing is necessary for the proper expression of 770 genes in humans.
Despite this relative rarity, the importance of U12-dependent introns is indicated by their
evolutionary conservation in early eukaryotes, fungi, plants and animals*?!. Intriguingly, U12-
dependent introns are not evenly distributed throughout the genome, instead they are
enriched in “information processing” genes3%°. Such genes are involved in essential cellular
processes including DNA replication and repair, transcription, RNA processing and translation
(Figure 4.7). Of great interest in the context of cancer, several genes that are downstream of
RAS in mitogenic pathways contain Ul2-dependent introns. This includes the proto-
oncogenes, BRAF and RAF1, and 11 out of 14 MAPK family genes, such as ERK, JNK, p38 and
their respective isoforms. These genes are typically highly active in rapidly proliferating cells
and are frequently dysregulated in cancer. This raises the tantalising possibility that efficient
U12-dependent splicing is required for cancer growth, particularly in cancers driven by RAS-
MAPK pathway activation. Therefore, in this chapter | investigate whether reducing rnpc3
gene dosage had an impact on hepatocyte hyperplasia and liver enlargement in the
TO(kras®?V) zebrafish HCC model.
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Figure 4.7 Genes containing Ul2-dependent introns are enriched in certain functional
classes and pathways

A. Ul12-dependent introns are over-represented in several gene ontologies, occurring at a
frequency greater than chance (3.72%), as denoted by the vertical dotted line. Enrichment =
genes in overlap (k)/Genes in gene set (K) as a percentage. Figure from Doggett et al., 20183,
B. Several components of the MAPK signalling cascade, shown in purple, are encoded by

genes containing U12-

dependent introns.
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4.2 Results

4.2.1 rnpc3 mutation reduces rnpc3 mRNA transcript expression

To investigate the role of U12-dependent splicing in a cancer setting, TO(kras®12")™* zebrafish
were crossed with the Znomics rnpc3 mutant to generate the rnpc3; TO(kras®'2Y)"* linel76212,
Heterozygous rnpc3 mutation reduced rnpc3 mRNA expression by 37% in larvae at 7 dpf
(Figure 4.8). Meanwhile, rnpc3 transcript expression was reduced by 83% in homozygous
rnpc3 mutant larvae. Both these results indicate that the retroviral insertion into intron 1 of
the rnpc3 locus triggers nonsense mediated decay, rather than expression of a truncated 65K
protein.

4.2.2 rnpc3 mutation reduces kras®'?'-driven hepatocyte hyperplasia

To determine the effect of rnpc3 mutation on normal liver cells, the 2-CLiP transgenic line was
again employed to facilitate analysis of normal liver volume in the absence of oncogene
expression. In rnpc3**; 2-CLiP larvae liver volume was an average of 1.75 x 10° + 5.44 x 10*
um?3 at 7 dpf (Figure 4.9). rnpc3 heterozygosity did not affect normal liver development in 2-
CLiP larvae. As discussed in section 1.5, homozygous rnpc3 mutation is lethal at 9-10 dpf and
larvae exhibit smaller livers at 7 dpf. As it would require an intercross and raising a generation
of zebrafish to show this on the 2-CLiP background, this experiment was not performed.
Expression of oncogenic Kras®'?V resulted in liver enlargement with a striking 5.5-fold increase
in liver volume to 9.58 x 10° + 2.46 x 10° in rnpc3*/*; TO(kras®?¥)"/* larvae. Remarkably, this
excess liver volume was reduced by 49% to 5.70 x 10 + 1.34 x 10° in rnpc3*/; TO(kras®?V)"/*
larvae and even further restricted by 83% to 3.09 x 106 + 1.12 x 10° in rnpc37"; TO(kras®'?")™*
larvae. These data demonstrate that while rnpc3 heterozygosity is sufficient for normal liver
growth and development, a mild reduction in rnpc3 gene dosage (50%) is capable of
restricting tumour burden in livers expressing oncogenic kras®??Y through a synthetic lethal
interaction. These results suggest that oncogenic kras®'?V-driven hepatocyte hyperplasia is
dependent on efficient U12-dependent splicing to sustain tumour growth.
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Figure 4.8 rnpc3 mutation reduces rnpc3 mRNA transcript expression

RT-gPCR analysis of pooled micro-dissected livers from TO(kras®'2V)™* larvae of the indicated
rnpc3 genotype at 7 dpf. Heterozygous and homozygous mutation of rnpc3 reduced
expression of the rnpc3 transcript by 37% and 83%, respectively, indicating that the mutated
pre-mRNA molecules were subject to nonsense mediated decay. Data are expressed as mean
+ SEM, n=3 biological replicates. Significance was calculated using a one-way ANOVA with
Tukey’s multiple comparisons test.

141



mpc3+* mpc3* 154 p<0.0001

p<0.0001 p<0.0001

i "%

p=0.9999
o 8

T T T T T
rnpc3** mpc3*- | rmpc3** rmpc3*- mpc3”
2-CLiP TO(kras)™

Liver volume x 10° [um?]

TO(kras)™*

Figure 4.9 Heterozygous and homozygous rnpc3 mutation reduces kras®?V-driven
hepatocyte hyperplasia and liver enlargement

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®'2)"* livers of
the indicated rnpc3 genotype. Scale bar 25 um. B. Liver volume in 2-CLiP larvae was not
impacted by rnpc3 heterozygosity at 7 dpf. Upon doxycycline-induced expression of the
TO(kras®'?V) transgene, rnpc3 heterozygosity restricted hepatocyte hyperplasia and liver
enlargement. This effect was more pronounced in rnpc3 homozygous mutant larvae. Data are
expressed as mean + SEM, n>16. Significance was calculated using a one-way ANOVA with
Tukey’s multiple comparisons test.

142



4.2.3 Heterozygous rnpc3 mutation restricts DNA replication in TO(kras®'?")"/* hepatocytes
As rnpc3 mutant larvae were originally identified as exhibiting a growth arrest phenotype, |
examined if cell cycle progression was altered in rnpc3*/-; TO(kras®2¥)"/* larvae using an EdU
incorporation assay to identify cells in S phase (Figure 4.10). In rnpc3*/*; TO(kras®?¥)"/* larvae,
32% of hepatocytes were EdU-positive. This number was reduced by 42% in rnpc3*/;
TO(kras®'2V)"/* |arvae compared to wildtype. This suggests that rnpc3 heterozygosity reduces
tumour burden via reducing the percentage of cells in S phase of the cell cycle.

To investigate this mechanism further, mRNA levels of cell cycle inhibitors, cdkn2a/b
(encoding p16) and cdknla (encoding p21) were analysed by RT-qPCR (Figure 4.11). cdknla
transcript expression was upregulated 2.3-fold in pools of rnpc3*"; TO(kras®*?V)"* micro-
dissected livers. Similarly, mRNA expression of cdknla was increased 1.5-fold by rnpc3
heterozygosity. Together, this data suggests that heterozygous rnpc3 mutation promotes
expression of cell cycle regulators that decrease the number of actively cycling cells thereby
reducing tumour burden and liver enlargement.
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Figure 4.10 Heterozygous rnpc3 mutation restricts the percentage of TO(kras®}?V)"/*
hepatocytes in S phase of the cell cycle

A. Representative maximum intensity projection images of EdU incorporation throughout
TO(kras®'2V)™* livers of the indicated rnpc3 genotype. Scale bar 25 pm. B. Quantification of
the percentage of Hoechst 33342 positive nuclei with fluorescent EdU puncta. rnpc3
heterozygosity restricted DNA replication by 42% in TO(kras®'?Y)"* livers. Data are expressed
as mean + SEM, n=11. Significance was calculated using a Student’s t-test.
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Figure 4.11 Heterozygous rnpc3 mutation increases expression of cell cycle regulators in
TO(kras®*?V)"/* hepatocytes

RT-gPCR analysis of pooled micro-dissected livers from TO(kras®'2)™* larvae of the indicated
rnpc3 genotype. A. rnpc3 heterozygosity increased mRNA expression of cdkn2a/b in
TO(kras®'2V)"/* larvae. B. cdknla transcript levels were similarly upregulated by rnpc3
heterozygosity. Data are expressed as mean + SEM, n=5 biological replicates. Significance was
calculated using a Student’s t-test.
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4.2.4 Heterozygous rnpc3 mutation triggers cell death in TO(kras®'?)"/* hepatocytes

In the preceding sections, | demonstrated that tumour burden in TO(kras®'?V) larvae was
partially mitigated by rnpc3 heterozygosity, which caused a reduction in EdU incorporation in
hepatocytes and enhanced expression of pro-senescence genes, cdkn2a/b and cdknla.
Another possible explanation for the observed reduction in liver volume in response to
heterozygous rnpc3 mutationis an increase in cell death. To explore this, the Annexin 5-mKate
transgenic line was again employed to allow visualisation and quantification of apoptotic
cells. In this system, foci (objects) of mKate fluorescence become visible upon binding of
secreted Annexin 5-mKate fusion protein to phosphatidylserine. This phospholipid is normally
inaccessible to Annexin 5-mKate binding because of its localisation on the inner leaflet of the
plasma membrane bilayer. However, apoptotic cells are characterised by fragmented plasma
membranes that can no longer sequester phosphatidylserine to the inner leaflet, thereby
exposing it to Annexin 5-mKate binding and the formation of fluorescent puncta.

Expression of oncogenic kras®??Y on a wildtype rnpc3 background resulted in low levels of cell
death with an average abundance of 1.53 x 10 Annexin 5 fluorescent puncta/um?3 liver
volume (Figure 4.12). The number of fluorescence objects was markedly increased by 52% in
rnpc3*/; TO(kras®?V)™* larvae, demonstrating that rnpc3 heterozygosity increases cell death

G12v

in the context of kras expressing hepatocytes.

As Tp53 has a central role in mediating cell death pathways and having previously shown in

612V oncogene causes elevated expression of Tp53

section 3.5.3 that expression of the kras
protein, | next examined mMRNA expression levels of tp53 and apoptosis regulators bbc3
(puma) and pmaipl (noxa) by RT-gPCR analysis on pools of micro-dissected livers (Figure
4.13). tp53 mRNA expression levels were unaltered in rnpc3*~; TO(kras®'2)"”* larvae.
However, rnpc3 heterozygosity produced a marked increase (3.7-fold) in the expression of
the tp53 isoform, A113tp53, indicating the presence of stabilised, transcriptionally active
Tp53 protein in hepatocytes. Consistent with this, the tp53 target genes bbc3 and pmaip1
were upregulated 2.3-fold and 1.8-fold, respectively, in rnpc3*-; TO(kras®?V)"”/* larvae.
Together, these data suggests that heterozygous rnpc3 mutation induces a Tp53
transcriptional program that increases the expression of pro-apoptosis genes resulting in

elevated levels of cell death and reduced liver volume.
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Figure 4.12 Heterozygous rnpc3 mutation triggers cell death in TO(kras®2¥)"/* hepatocytes

A. Representative maximum intensity projection images of Annexin 5-mKate fluorescence,
indicating cell death throughout TO(kras®2V)™* livers of the indicated rnpc3 genotype. Scale
bar 25 um. B. Quantification of Annexin 5 fluorescent foci by automatic 3D simple
segmentation of mKate signal. rnpc3 heterozygosity increased cell death by 52% in
TO(kras®'2V)"/* hepatocytes. Data are expressed as mean *+ SEM, n>19. Significance was
calculated using a Student’s t-test.
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Figure 4.13 Heterozygous rnpc3 mutation increases expression of A113tp53 and pro-
apoptosis genes in TO(kras®'?Y)"/* hepatocytes

RT-gPCR analysis of pooled micro-dissected livers from TO(kras®'2)™* larvae of the indicated
rnpc3 genotype. A. rnpc3 heterozygosity did not impact mRNA expression levels of tp53. B.
In contrast, transcript levels of A113tp53 were upregulated 3.7-fold in rnpc3*/*; TO(kras®'2V)"*
livers, indicating activation of a Tp53 transcriptional program. C, D. rnpc3 heterozygosity
increased levels of mRNAs for bbc3 and pmaip1, by 2.3-fold and 1.8-fold, respectively. Data
are expressed as mean + SEM, n=5 biological replicates. Significance was calculated using a
Student’s t-test.
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4.2.5 rnpc3 heterozygosity reduces hepatocyte hyperplasia and liver enlargement

Giz2v

associated with combined kras and tp53 mutation

To test whether activation of the Tp53 pathway was involved in the reduction of liver volume
G12V_expressing larvae on a heterozygous rnpc3 background, liver volume experiments
were repeated in the presence and absence of Tp53 function (Figure 4.14). Consistent with
previous results, rnpc3 heterozygosity restricted liver hyperplasia in tp53**; TO(kras®2V)"/*
larvae, reducing liver volume by 41%. The complete abrogation of Tp53 activity in rnpc3*/*;
tp53™™; TO(kras®'?V)™* larvae supported a large increase (33%) in liver volume compared to
that of livers in rnpc3**; tp53*/*; TO(kras®?V)™* larvae, indicating that Tp53 function normally
restrains tumor growth/liver enlargement in this model. Liver volume on the rnpc3*;
tp53™™; TO(kras®'?V)”* background was reduced by 8% compared to rnpc3**; tp53™™;
TO(kras®'?Y)"*. This suggests that a 50% reduction in rnpc3 expression produces only a mild
reduction in tumour burden in the complete absence of functional Tp53.

in kras
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Figure 4.14 kras®*?V expression in the absence of Tp53 function (tp53™/™) results in a greater
increase in liver volume that is partially mitigated by rnpc3 heterozygosity

A. Representative three-dimensional reconstructions of TO(kras®'2Y)"/* livers of the indicated
rnpc3 and tp53 genotype. Scale bar 25 um. B. Liver volume was significantly reduced by rnpc3
heterozygosity in both Tp53 proficient and deficient TO(kras®2)™* larvae. Data are expressed
as mean = SEM, n>24. Significance was calculated using a one-way ANOVA with Tukey’s
multiple comparisons test.
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4.2.6 Ul2-dependent splicing is essential for cell viability

The in vivo pre-clinical data from the TO(kras®'?V)* model | have presented in this chapter
suggest that hepatocarcinogenesis requires efficient U12-dependent splicing. Consistent with
this notion, genome-wide CRISPR screens, curated in the DepMap portal reveal that RNPC3 is
essential for the viability of all 808 different human cancer cell lines screened3’437>, All other
genes encoding the unique protein components of the U11/U12 di-snRNP are also classified
as common essential genes (Table 4.1). Consistent with this, interrogation of mutation data
in The Cancer Genome Atlas (TCGA) datasets using the cBioPortal for Cancer Genomics37377
shows that RNPC3 is rarely mutated in cancer. Indeed, out of 48,081 samples in the curated
combined dataset across all cancers, only 79 (<0.16%) contain a potentially debilitating RNPC3
mutation (Table 4.2). Similarly, other genes encoding the unique protein components of the
U11/U12 di-snRNP are mutated in <0.2% of patient samples across all cancers. Restricting the
analysis to HCC samples, RNPC3 mutations were absent in 892 patient samples. Such rarity of
RNPC3 mutations suggest that cancers generally do not have alternative mechanisms to
compensate for 65K deficiency. Collectively, these data support the idea that cancers are
highly dependent upon efficient Ul2-dependent splicing for sustaining tumourigenesis,
representing a vulnerability that may be exploited in the clinic.
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Table 4.1 DepMap portal gene essentiality CRISPR screens of unique U11/U12 di-snRNP
components dependency in human cancer cell lines

NUP Dependent cell lines (%) Classification
ZMAT5 100.00 Common essential
SNRNP25 99.88 Common essential
ZCRB1 94.68 Common essential
SNRNP35 99.63 Common essential
SNRNP48 66.46 Common essential
PDCD7 61.76 Common essential
RNPC3 100.00 Common essential
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Table 4.2 Percentage of TCGA dataset samples with mutation of unique U11/U12 di-snRNP

components

U11/U12 di- Cancer samples with HCC samples with

snRNP genes gene mutated (%) gene mutated (%)
ZMAT5 0.10 0.11
SNRNP25 0.05 0.00
ZCRB1 0.19 0.11
SNRNP35 0.18 0.11
SNRNP48 0.22 0.22
PDCD7 0.21 0.45
RNPC3 0.16 0.00
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4.3 Discussion

The precise splicing of introns is an essential step for correct eukaryotic gene expression.
Whilst only 770 human genes contain Ul12-dependent introns, U12-dependent splicing is
indispensable during vertebrate development and is crucial for the proper expression of
genes in pathways that regulate cell growth, division and survival. In this chapter, rnpc3
heterozygosity is identified as participating in a synthetic lethal interaction with oncogenic

Kras®1?V

producing a robust anti-tumourigenic effect in the TO(kras®?V) zebrafish model of
HCC. Heterozygous loss of rnpc3 did not impact liver volume in 2-CLiP larvae, indicating that
a mild (50%) reduction in rnpc3 expression is well tolerated by normal cells. Significantly,
rnpc3 heterozygosity substantially decreased tumour burden by 49% in TO(kras®*?V)™* larvae.
This therapeutic benefit was achieved through both a reduction in the number of cells
progressing through S phase of the cell cycle and an increase in cell death. This mechanism is
supported by the results showing enhanced transcription of the pro-senescence genes,
cdkn2a/b and cdknla, and the pro-apoptosis genes, pmaip1 and bbc3, in rnpc3 heterozygous

larvae.

Future RNA-seq experiments will seek to investigate if U12-dependent splicing is specifically
impacted in heterozygous rnpc3 hepatocytes and if these defects are more severe in the

presence of oncogenic Kras®'?V

expression. Assessment of the impact of Ul2-dependent
splicing on gene expression and whether rnpc3 heterozygosity causes elevated levels of intron
retention or increased rates of alternative splicing will provide valuable insight into the
mechanism underlying restricted hepatocyte hyperplasia and liver enlargement. The effect of
rnpc3 heterozygosity reducing tumour burden in the TO(kras®'2V)"* model is likely due to a
more general response to disrupted splicing of Ul12-dependent intron containing genes
(Figure 4.15). As U12-dependent introns are enriched in genes that are components of MAPK
signalling, nuclear transport, DNA repair, cell cycle and DNA replication pathways, the
disruption of U12-dependent splicing has a transcriptome-wide impact on gene expression.
This results in enhanced replicative stress and the accumulation of DNA damage, which in
turn, leads to the activation of Tp53 and induction of cell cycle arrest and cell death pathways.
Combined with the inhibition of pro-proliferative signalling pathways, this results in a

reduction in tumour burden.
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rnpc3 heterozygosity disrupts the U12-dependent splicing pathway
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Figure 4.15 Schematic explaining the mechanism by which rnpc3 heterozygosity reduces
tumour burden

rnpc3 heterozygosity disrupts the Ul2-dependent splicing pathway resulting in impaired
splicing of U12-dependent intron containing genes. This causes an accumulation of aberrant
pre-mRNA transcripts containing retained introns or skipped exons. Such transcripts often
encode frameshift mutations and premature stop codons in positions likely to trigger
nonsense mediated decay (NMD) causing downregulation of U1l2-dependent intron
containing genes. As U12-dependent introns are enriched in genes that are components of
DNA repair, cell cycle and DNA replication pathways this leads to heightened oncogenic stress
and the accumulation of DNA damage. This activates Tp53 which induces cell cycle arrest and
cell death pathways. Additionally, as many MAPK signalling pathway components contain
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U12-dependent introns, disrupted U1l2-dependent splicing also inhibits pro-proliferative
signalling. Together, these molecular and cellular events combine to ultimately reduce
tumour burden.
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The previous demonstration by the Heath lab that rnpc3 is critical for rapid cell growth and
proliferation during both zebrafish?'?2 and mouse development3%®, in conjunction with the
favourable results reported here, prompted a colleague Dr. Karen Doggett to examine if
impaired U12-dependent splicing was effective at restricting tumourigenesis in several mouse
models of cancer. Tumour formation in a Kras®?’-driven mouse model of lung
adenocarcinoma was significantly reduced by heterozygous loss of Rnpc3. This vulnerability
of cancer cells to impaired U12-dependent splicing was also upheld in mouse cancer models
driven by signalling pathways other than RAS/MAPK. In particular heterozygous loss of Rnpc3
reduced tumour burden in a STAT3-driven gastric cancer model and extended survival of
tumour prone heterozygous Pten mice. Moreover, disruption of the Rnpc3 locus in
established acute myeloid leukemia (AML) cells caused impaired U12-dependent splicing and
cell death. Collectively, these data show that reducing Rnpc3 gene dosage by 50% can reduce
the growth of a broad spectrum of cancers, without impacting on healthy tissues, suggesting
that Ul2-dependent splicing represents an effective, therapeutically viable treatment for
cancer.

In particular, as outlined in section 4.1.3, U12-dependent introns are often found in genes
that are downstream of KRAS in mitogenic pathways, including in the proto-oncogenes, BRAF,
RAF1, all conventional MAPK family genes (encoding ERK, INK and p38) and PDPK1. Therefore,
targeting Ul2-dependent splicing may be particularly promising therapeutic target for
RAS/MAPK driven cancers, for which effective treatments remain an unmet clinical need.
Almost all pancreatic ductal adenocarcinomas (¥98%) harbour mutations in the KRAS gene,
while 52% of colon and 32% of lung adenocarcinomas carry KRAS or NRAS mutations*?2. Direct
targeting of KRAS oncoproteins in such tumours has proven extremely challenging, thus
inhibiting U12-dependent splicing may prove a valuable strategy for difficult to treat tumours.

The therapeutic targeting of splicing in cancer is an area of growing interest, due to the
identification in cancer genomes of frequent heterozygous point mutations in the general
splicing factor genes, SF3B1, U2AF1 and SRSF2%?3-42>_ For example, recurrent mutations in
SF3B1 occur in 20-30% patients with myelodysplastic syndrome, which frequently develops
into haematological malignancies such as chronic lymphocytic leukemia, chronic
myelomonocytic leukemia and acute myeloid leukemia®?®4?’, Notably, these mutations
usually confer an alteration of function, creating a preferential sensitivity to further disruption
of splicing??>4?8, Consistent with this, SF3B1 and SRSF2 are synthetic lethal partners, with
mutations in both genes not viable in human myeloid and leukemia cells*?°. Additionally,
other synthetic lethal screens against the KRAS oncogene have identified splicing as a
targetable cancer-specific vulnerability’®43°, Together, these data support the potential
usefulness of splicing inhibitors in the clinic, providing motivation for the development of
compounds that disrupt splicing in particular cancer contexts. One particularly promising
pharmacological splicing modulator is H3B-8800, which potently inhibits splicing and
preferentially kills epithelial and haematological cancer cells with SFB1%7%% mutations
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through direct interaction with the SF3b complex*3!. As a result, H3B-8800 has entered clinical
trials for patients with refractory leukemias (NCT02841540). Although splicing is a
fundamental step in gene expression, the capacity of H3B-8800 to selectively kill malignant
cells without causing toxicity to normal cells, suggests that a U12-dependent splicing inhibitor
could be useful in similar cancer contexts.

For RNPC3/65K or U12-dependent splicing more broadly, to be a target for cancer therapy it
is necessary to examine the safety implications. U12-dependent splicing is indispensable for
normal human development as revealed by the identification of patients carrying two copies
of a pathogenic single nucleotide variant in U4ATAC, one of the Ul2-dependent specific
snRNAs. These patients exhibit a collection of severe and closely related human
developmental syndromes (microcephalic osteodysplastic primordial dwarfism type 1
(MOPD1), Roifman and Lowry-Wood syndromes)**2-43>, Pathogenic variants in another U12-
dependent specific snRNA, RNU12, have been linked to early-onset congenital cerebral ataxia
in a large consanguineous family*3®. Disrupted U12-dependent splicing, predominantly in the
nervous system, is a prevalent characteristic in these Mendelian disorders**’. One possible
interpretation of these disease associations is that inhibiting 65K function for cancer
treatment should be approached with caution. On the other hand, encouragement for such
a strategy comes from the recent report of a family with RNPC3 mutations. Whilst both
parents are healthy, the father of this family is heterozygous for a nonsense mutation in
RNPC3 and the mother is heterozygous for a disabling nonsense mutation in RNPC3.
Remarkably, three out of four female offspring are compound heterozygotes, yet only exhibit
isolated growth hormone deficiency due to pituitary hypoplasia that is readily treatable*343°,
This case demonstrates that despite a ubiquitous requirement for U12-dependent splicing,
severe genetic disruption of an individual U12-dependent spliceosome specific component
results in a mild clinical phenotype. Therefore, it is tempting to speculate that it may be
possible to inhibit RNPC3/65K beyond the 50% reduction in gene dosage examined in this
thesis, to achieve greater anti-cancer activity without having detrimental effects on healthy
tissues.

The potential clinical utility of therapeutic strategies targeting U12-dependent splicing is
further supported by interrogation of mutation data in The Cancer Genome Atlas (TCGA).
Genes encoding the unique components of the U11-U12 di-snRNP were found to be rarely
mutated (<1%) across a broad spectrum of cancers. Moreover, CRISPR screens have revealed
that genes encoding the protein components of the U11-U12 di-snRNP are essential for the
proliferation of cancer cell lines. Together these observations suggest that U12-dependent
splicing is necessary for sustaining malignant growth and that this dependency may extend to
diverse cancer types. Cancer cells are unlikely to develop resistance against compounds
targeting the U12-dependent spliceosome as it is a unique multiprotein complex that does
not contain redundant components, such as those found in signalling cascades. Therefore, |
strongly believe that U12-dependent splicing inhibitors could be extremely useful in the clinic
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to treat a range of cancers with a viable therapeutic window and the potential to evade the
emergence of resistance. One potential small molecule inhibitor, which is selective for U12-
dependent splicing, and is at a very early stage of drug development, is evaluated in Chapter
5 of this thesis.
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5 Testing novel therapeutics in a zebrafish hepatocellular carcinoma
model

5.1 Defining a cancer dependency map

Extensive studies of cancer genomes have revealed striking complexity in the array of
mutations identified, even within the same tumour type*#. Cancers typically contain
thousands of somatic mutations which may be classified as driver or passenger mutations. A
relatively small number of driver mutations confer a selective growth advantage to cells and
are responsible for malignant transformation and progression. These are outnumbered by

passenger mutations which do not contribute to oncogenesis**!

. Thus, only a small
percentage of cancer mutations are clinically actionable and not all of these are druggable
with conventional approaches. Consequently, numerous genome-scale RNAi and CRISPR
screens have sought to establish cancer dependencies and synthetic lethal relationships to
expand the range of drug targets and identify novel therapeutic strategies. Using short hairpin
RNA (shRNA) technology, Project DRIVE characterised the viability effects of knockdown of
7,837 genes using an average of 20 shRNAs per gene in 398 cancer cell lines*?2. Similarly,
Project Achilles assessed the impact of knockdown of 17,098 genes in 501 cell lines with a
median coverage of 5 shRNAs per gene*®, In addition, genome-wide viability screens have
also been performed via CRISPR-Cas9 mediated gene inactivation in diverse human cancer
cell lines, enabling systematic discovery of cancer dependencies. The largest screens were
performed independently at the Broad and Sanger institutes, profiling a total of 17,486 genes
across 908 cell lines®”>44, As part of the Cancer Dependency Map initiative, these screens
have established a comprehensive database of genetic and pharmacologic vulnerabilities of
specific cancer types, identifying novel therapeutic targets which may be exploited for
precision cancer therapy (Figure 5.1)3’4443, The 769 gene dependencies identified were
distributed throughout a variety of protein classes including mRNA splicing factors, kinases
and transcription factors. Approximately 10% of dependencies were shared across multiple
cancer contexts, suggesting that a modest number of therapeutic targets may be relevant for
combating several tumour types. Significantly, 20% of genetic dependencies identified were
annotated as readily druggable targets**3.

One of the most robust synthetic lethal interactions identified in large-scale screens is PRMT5
(protein arginine methyltransferase 5) dependence in cells with MTAP (methylthioadenosine
phosphorylase) deletions***4’, The genomic position of MTAP at chromosome 9p21.3 is
adjacent to that of the tumour suppressor gene, CDKN2A (cyclin-dependent kinase inhibitor
2A, encoding p16Nf4A and p144Fff). As a consequence of this proximity, MTAP is often co-
deleted with the CDKN2A locus in cancer, including in 41% of glioblastomas and 21% of
pancreatic adenocarcinomas3’®3”7. MTAP-null cells accumulate high levels of the substrate
MTA, which partially inhibits the essential arginine methyltransferase activity of PRMT5
(Figure 5.2). Thus, in comparison to normal cells, cancer cells harbouring MTAP deletions
exhibit a heightened dependency on PRMTS and are more susceptible to PRMTS5 inhibition**>
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447 This dependency constitutes a type of synthetic lethality termed collateral lethality, where
co-deletion of genes adjacent to tumour suppressors results in cancer-specific therapeutic
vulnerabilities**.

Whilst the identification of essential genes in cancer cell lines can help inform therapeutic
approaches and identify novel targets, significant challenges remain to translate discoveries
and maximise clinical benefits. For instance, currently available PRMT5 inhibitors do not
recapitulate the impact of PRMT5 genetic knockdown, with pharmacological inhibition of
PRMTS not selective for MTAP-null cell lines**#4”. However, this discrepancy is due to the
SAM cooperative mechanism of action of the PRMTS5 inhibitors tested, resulting in limited
PRMTS5 inhibition in the presence of excess MTA, rather than a failure to recapitulate the
collateral synthetic lethal interaction between PRMT5 and MTAP*4>44% Consequently, it is of
utmost importance to validate synthetic lethal drug targets to fully realise the potential of
such therapies.
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Figure 5.1 Genome-wide screens to identify cancer cell dependencies

A. Genome-scale screens utilising RNAi or CRISPR technology have enabled systematic
assessment of the impact of single gene knockdown across a diverse range of cancer cell lines,
revealing genes that are essential for cancer cell proliferation and survival. B. AHCTF1 is
classified as a common essential gene ranking amongst the topmost dependent genes in at
least 90% of cell lines. The graph shown plots the calculated gene effect scores for AHCTF1
across different cell lines in CRISPR screens (blue) and RNAi screens (purple). A lower gene
effect score indicates that a gene is more likely to be indispensable in a given cell line. A score
of -1 is equivalent to the median of all common essential genes whereas a score of 0
corresponds to a gene that is not essential. C. Integrated analyses have facilitated
development of a comprehensive map of the genetic vulnerabilities of cancer that classifies
the distribution of genetic dependencies by protein classes, which can be represented in a
sunburst tree were the different colours correspond to distinct classes of proteins. Of the over
760 dependencies identified, a majority correspond to nucleic acid binding proteins, which
may be further divided into RNA-binding proteins, DNA binding proteins, helicases and
nucleases. Together, these data may be utilised to identify and prioritise novel cancer
therapeutic targets. Data retrieved from DepMap Portal on 2021-02-12(https://depmap.org).

CRISPR: clustered regularly interspaced short palindromic repeats, RNAi: RNA interference.
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Figure 5.2 MTAP deletion confers an enhanced dependency on PRMT5 in tumour cells

A. The 9p21.3 region of chromosome 9 containing the tumour suppressor CDKN2A is often
deleted in cancer, along with flanking genes including CDKN2B and MTAP. B. In normal cells,
MTAP converts MTA to Met. PRMTS5 functions as an essential methyltransferase, transferring
a methyl group from the cofactor SAM to produce methylated substrates and SAH. In tumour
cells with CDKN2A deletion and collateral loss of the MTAP gene the metabolite MTA
accumulates. MTA partially inhibits PRMT5 via competing with SAM, conferring heightened
sensitivity to further depletion of PRMTS5 function. This vulnerability can be exploited
therapeutically via treatment with PRMT5 inhibitors to selectively kill MTAP-null tumour cells
while sparing normal cells. Figure adapted from Huang et al., 2020%>°

CDKN2A: cyclin-dependent kinase inhibitor 2A, CDKN2B: cycling-dependent kinase inhibitor
2B, Me: methyl, Met: methionine, MTA: methylthioadenosine, MTAP: methylthioadenosine
phosphorylase, PRMT5: protein arginine methyltransferase 5, SAM: S-adenosylmethionine,
SAH: S-adenosylhomocysteine.
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5.2 Drug discovery and testing in zebrafish

Zebrafish provide an ideal vertebrate system for identifying and validating novel therapeutics
in vivo as they are amenable to high-throughput screening and share genetic and
physiological similarities to humans4°-151, As versatile tools for drug discovery, zebrafish can
contribute to several stages of the drug development process, including target identification,
pharmacology and toxicology studies. Moreover, chemical screens performed in zebrafish
have the capacity to accelerate the drug development pipeline by enabling drug discovery at
the same time as assessment of toxicity??%4°1, Screens may be performed in zebrafish
embryos or in adults and drugs may be administered via aqueous exposure, intraperitoneal
injection or oral gavage (Figure 5.3)%24%3,

Several studies have demonstrated the value of drugs screens in zebrafish embryos for
identifying molecules that specifically inhibit malignant transformation, growth or
progression and for evaluating the efficacy of novel cancer therapeutics. For example, a
screen of more than 16,000 compounds performed in zebrafish embryos and using
phosphorylated-histone H3 as a read out, identified 14 novel cell cycle inhibitors, yet these
were not detected in screens of the same library previously performed in mammalian cell
lines, demonstrating the power of zebrafish in vivo drug discovery*®. Another successful
chemical genetic screen was performed in transgenic Tg(hsp70:AML1-ETO) zebrafish embryos
to identify modifiers of normal and malignant haematopoiesis**’. Among the 2,000 bioactive
compounds screened, the COX-2 inhibitor nimesulide was found to suppress AML-ETO driven
oncogenic cell fate transformation via inhibiting prostaglandin E2 synthesis, a strategy which
may be of clinical benefit for patients with acute myeloid leukemia®’.

Based on the shared characteristics between cells in developing tissues and cancer cells, as
well as the observation that embryonic developmental pathways are often reactivated during
malignant transformation, multiple screens have been designed in zebrafish to find inhibitors
of embryonic development phenotypes that could also be efficacious against cancer. One
such screen sought to uncover inhibitors of T cell lymphoblast development with the aim of

identifying targeted anti-leukemia agents*®

. In this screen, performed in the transgenic
Tg(Ick:EGFP) zebrafish line, over 26,000 compounds were evaluated for activity that
suppressed EGFP expression in the thymus, indicating a reduction in the number of immature
T cells. Of the 21 strong hits identified, lenaldekar was subsequently shown to induce long-
term remission in a zebrafish model of T-ALL and drug efficacy was further confirmed in a
human T-ALL mouse xenograft model*®. Similarly, a screen to identify compounds that
blocked embryonic development of zebrafish neural crest lineage cells, posited to also
identify suppressors of melanoma, led to the discovery of leflunomide which has now entered
phase I/l human clinical trials for melanoma®®>. Zebrafish models of HCC have also been used
as a tool for in vivo drug discovery. Screening of compounds in a mifepristone-inducible
TO(kras®'?V) zebrafish model of HCC showed that inhibitors targeting the RAF-MEK-ERK

pathway prevented liver tumourigenesis'’4. In addition, a chemical screen performed in
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Tg(fabpl0a:pt-B-cat) zebrafish to identify compounds that mediated PB-catenin driven
hepatocarcinogenesis, found two c-Jun N-terminal kinase (JNK) inhibitors and two

antidepressants that suppressed the HCC phenotype®°.

Numerous drug screens performed in zebrafish have taken advantage of transgenic
fluorescent reporter lines, such as Tg(fli:EGFP) which expresses EGFP in the blood vascular
network, to facilitate identification of anti-angiogenic drugs'*#*>°. Among the compounds
uncovered in such screens, rosuvastatin (an FDA approved cholesterol lowering agent) was
demonstrated to inhibit tumour angiogenesis and suppress tumour growth in a prostate
cancer xenograft mouse model*°, In addition, zebrafish xenograft models that enable real-
time observation of tumour angiogenesis and migration, have become increasingly utilised as
a platform to identify anti-angiogenic and anti-metastasis drugs*¢'4¢2,  Several
transplantation-based zebrafish models have been developed via engraftment of human,
murine or zebrafish tumour cells, providing a powerful tool for investigating and validating
therapeutic compounds in vivo. For example, a pioneering study established zebrafish
patient-derived xenografts (zPDX) of colorectal cancer and found that zPDX treatment

144 7PDXs have since been used

response was strongly predictive of patient clinical outcomes
to evaluate outcomes of bevacizumab treatment in breast and colorectal cancer, revealing
differential responses in just 4 days which could be used to rapidly inform individualised
therapeutic strategies*®. Consequently, the use of zPDXs as in vivo screening platforms for

152 In addition, recent

personalised medicine applications is an area of great promise
development of immunodeficient zebrafish has further expanded the possibilities of

transplantation studies, enabling transplant of human tumour cells into adult zebrafish4®,

As the identification and validation of novel drug targets remains a major bottleneck in drug
discovery, the rapid and efficient evaluation of drug responses and kinetics in vivo utilising
zebrafish has remarkable potential to speed up drug development and contribute to new
applications in precision oncology and optimisation of combination therapy!?%149152 |n this
chapter, | set out to establish whether the TO(kras®??Y) model of HCC, which exhibits robust
hepatocyte hyperplasia that is highly amenable to genetic manipulation, was similarly
responsive to pharmacological inhibition and could be used as a chemical screening tool.
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Figure 5.3 Methodologies for zebrafish cancer drug screens

Phenotype-based chemical screens for in vivo drug discovery may be performed in zebrafish
larvae or adult fish. Screens may examine modulation of specific embryonic developmental
pathways that are also relevant to tumourigenesis or utilise transgenic or transplantation-
based zebrafish cancer models. A. Zebrafish may be treated by dissolving drugs directly in
water. Such administration facilitates large-scale screening of zebrafish larvae in a 96-well
plate format with relative ease. B. Alternatively drugs may be delivered to adult zebrafish via
oral gavage or intraperitoneal injection after anaesthesia and immobilisation.
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5.3 Inhibitors of protein kinases MEK1/2

The RAS-RAF-MEK-ERK signalling pathway is aberrantly activated in more than 30% of
tumours?®*. Oncogenic RAS mutations cause unchecked activation of the MAPK signalling
cascade via the sequential phosphorylation and activation of MEK1/2 and ERK1/2 (Figure 5.4).
Activated ERK1/2 phosphorylates other protein kinases and transcription factors such as FOS,
ETS and MYC, which regulate cell cycle progression by inducing expression of target genes,
such as CCND1 (encoding cyclin D1) which in turn stimulates the activity of G1 phase cyclin-
dependent kinases (CDKs). In addition, ERK1/2 also regulates cell survival via phosphorylation
of BCL-2 family proteins, including BIM and MCL146>46¢_ Thus, the RAS-RAF-MEK-ERK signalling
cascade is a crucial mediator of several hallmark characteristics of cancer cells and much
attention has been focused on developing inhibitors against components of the pathway.
Targeting mutant RAS proteins directly has proven challenging due to its unremarkable
molecular structure, however, novel strategies have recently emerged with the development
of covalent, allele-specific KRAS®'?C covalent inhibitors with potential therapeutic efficacy in
a subset of RAS driven cancers®®®l, A more promising approach has been therapeutic
targeting of RAF and MEK. In particular, BRAF inhibitors are a validated, clinically effective
therapeutic strategy in a range of cancers, especially melanomas®*¢’-4%°, MEK1/2 also holds
considerable value as a therapeutic target due to its narrow substrate specificity. Unlike ERK,
which phosphorylates numerous cytoplasmic and nuclear substrates, ERK1/2 are the only
known physiological substrates of MEK1/2479472, Thus, MEK1/2 functions as a gatekeeper to
the activation of diverse cellular responses, many of which contribute to tumourigenesis,
fuelling interest in the development of pharmacological inhibitors of MEK.

In 1995, the first MEK inhibitor, PD098059 was reported and since then several MEK inhibitors
have been developed and progressed through clinical trials for a diverse array of tumours*’3.
Trametinib was the first MEK inhibitor to receive FDA approval in 2013 for the treatment of
patients with BRAF-mutant melanoma*’4. Subsequently, MEK162 (binimetinib) a potent,
selective non-ATP-competitive allosteric inhibitor of MEK1/2 was developed (Figure 5.4). In
phase Il clinical trials, 20% of patients with NRAS and BRAF-mutant melanoma showed partial
responses to MEK162%7>. MEK162 is now in clinical use for the treatment of unresectable
metastatic melanoma. In addition, clinical trials are ongoing for MEK162 in BRAF-mutant
metastatic colorectal cancer in combination with encorafenib (a BRAF inhibitor) and
cetuximab (an EGFR inhibitor)*’®. Given the clinical relevance of MEK inhibition in RAS/RAF
mutant cancers, MEK162 was selected for proof-of-principle experiments designed to explore
the usefulness of the TO(kras®'?V) zebrafish HCC model for pharmacological and drug
discovery studies.
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Figure 5.4 Targeting MEK1/2 for cancer therapy

The RAS/RAF/MEK/ERK pathway which is normally activated in response to growth factor
signalling is aberrantly activated in many diverse cancer types, thereby driving malignant
transformation and progression. As part of this signalling cascade, MEK1/2 activates ERK1/2
by phosphorylation, which contributes to the activation of many processes critical for
tumourigenesis. Activated ERK1/2 catalyses the phosphorylation of several cytoplasmic and
nuclear substrates. These include BCL-2 family proteins, BIM and MCL1 that regulate
apoptosis and other protein kinases such as RSK and MNK. In the nucleus, ERK1/2
phosphorylates transcription factors including FOS, ETS and MYC which regulate the
expression of target genes, such as CCND1 (encoding cyclin D1) that promote cell cycle
progression. As MEK1/2 has narrow substrate specificities and is crucial for activating diverse
cellular responses integral for tumour growth and progression, it represents an attractive
target for cancer therapy. Amongst the many MEK1/2 inhibitors developed, MEK162 has
gained FDA approval for clinical use in melanoma patients. Figure adapted from Caunt et al.,
2015477,

CCND1: cyclin D1, GTP: guanosine triphosphate, MNK: MAPK interacting protein kinase, RSK:
ribosomal s6 kinase.
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5.4 Results

5.4.1 MEK162 reduces kras®'?’-driven hepatocyte hyperplasia

In control 2-CLiP larvae, treatment with 1.0-20 uM MEK162 from 5 to 7 dpf did not affect
normal liver development (Figure 5.5A, B). No reduction in liver volume was observed after
MEK162 exposure, even at the highest concentration tested of 20 uM. In contrast, a dose-
dependent reduction in liver volume was observed in TO(kras®'2V)"/* larvae (Figure 5.5C).
Whilst kras®12V-driven hepatocyte hyperplasia was significantly reduced by 81% in response
to treatment with 20 uM MEK162, liver volume remained slightly greater than that of livers
in 2-CLiP larvae (Figure 5.5D). These data are consistent with the demonstrated clinical
effectiveness of inhibiting the MAPK pathway via MEK162 treatment in RAS/RAF mutant
cancers. Moreover, they validate the use of the TO(kras®'2V)"/* zebrafish HCC model as a highly
efficient platform for evaluating impacts of drug treatment on tumourigenesis.
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Figure 5.5 MEK162 markedly reduces kras®?V-driven hepatocyte hyperplasia and liver
enlargement

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®*2V)™* livers
treated with DMSO or the indicated concentration of MEK162. Scale bar 25 um. B. Liver
volume in 2-CLiP larvae was not impacted by MEK162 treatment. C. Liver volume in
TO(kras®'2)"* larvae was reduced in a dose-dependent manner by MEK162 treatment. D.
Graphical representation of the results shown in panels B-C. 20 uM MEK-162 treatment
caused a 81% inhibition in kras®?'-driven liver volume, such that liver volume was only
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slightly greater than that of control 2-CLiP livers. Data are expressed as mean + SEM, n=20.
Significance was calculated by linear regression analysis.
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5.5 Selective inhibitors of nuclear export

The effectiveness of another clinically approved compound, selinexor, a selective inhibitor of
nuclear export (SINE), was also assessed in the TO(kras®’?Y) model. Dysregulation of
nucleocytoplasmic transport is a common feature in a broad spectrum of diseases, including
cancer*’®47°_ Owing to their elevated rate of proliferation and cellular metabolism, malignant
cells are hypothesised to be more dependent on nuclear transport in comparison to normal
cells. Thus, inhibition of nuclear export has emerged as an important therapeutic target in
cancer (Figure 5.6). Nuclear export is almost exclusively mediated by Exportin 1 (XPO1) also
known as chromosome maintenance region 1 (CRM1). XPO1 is responsible for the nuclear
export of over 220 proteins, including the vast majority of tumour suppressors such as pRB,
tp53, APC, p27 (encoded by CDKN1B) and NF-kB#’848 |n addition, XPO1 also mediates the
export of several RNA species including small nuclear RNAs, ribosomal RNAs and a subset of
messenger RNAs*142 XPO1 overexpression is a frequent occurrence in diverse tumour
types, including ovarian, pancreatic, gastric, brain and cervical cancer, as well as
osteosarcoma, melanoma and haematological malignancies*3484, Significantly, elevated
XPO1 is associated with disease progression, resistance to treatment and reduced survival
rates?®>48  These observations indicate that XPO1 is a promising target for therapeutic
intervention, prompting the development of inhibitors of XPO1.

The first specific XPO1 inhibitor discovered was the antibiotic Leptomycin B in the 1990s%8°,
which binds irreversibly to the cysteine 528 residue of XPO1%%°, However, systemic toxicities
were observed in phase | trials in patients with treatment-refractory cancer, as leptomycin B
treatment permanently blocked nuclear export in both cancerous and normal cells**1. The
next generation of compounds developed, known collectively as SINEs (selective inhibitors of
nuclear export), slowly and reversibly bind XPO1 and exhibit an improved toxicity profile in
vivo*%4%% These compounds bind to XPO1 for a sufficient length of time to allow tumour
suppressor proteins to accumulate in the nucleus whilst also enabling a level of nuclear export
that permits survival of normal cells*’°. The most prominent SINE compound, selinexor (also
known as KPT-330), induces cell death in T-ALL and AML cell lines and is also effective in
mouse xenograft models of leukemia®®34%>, As a result, selinexor has received FDA approval
for the treatment of relapsed or refractory multiple myeloma and diffuse large B-cell
lymphoma?°®4%7_ XPO1 is also a therapeutic vulnerability of KRAS-mutant non-small cell lung
cancer. Selinexor causes nuclear accumulation of IkBa and associated inhibition of NF-kB
specifically in lung cancer cell lines and this efficacy and selectivity was conserved in vivo in
patient-derived mouse xenograft models*®. In HCC-derived cell lines, selinexor has an anti-
proliferative impact, inducing cell cycle arrest and apoptosis via upregulating protein
expression of Tp53 and p27 and downregulating c-Myc and c-Met. Similarly, in HCC xenograft
models, selinexor treatment significantly inhibited tumour growth*?®. Consequently,
selinexor holds considerable value as a targeted cancer therapy.
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Figure 5.6 Targeting XPO1 for cancer therapy

XPO1 forms a complex with RanGTP to mediate nuclear export of a diverse array of protein
and RNA cargoes. XPOl-mediated export of several cargoes has been linked to
tumourigenesis. Specifically, export of NPM1 and the associated transcription factor PU.1
inhibits monocyte differentiation which contributes to the development of leukemia®®°. XPO1
also mediates export of numerous tumour suppressor proteins, including RB1, TP53 and APC
amongst others, which mediate evasion of apoptosis, a hallmark characteristic of a range of
cancer types. The export of growth cargoes, such as p21 and p27 by XPO1 drives cell cycle
progression. In addition, XPO1 along with STK38, mediates export of the autophagy cargoes
Beclin 1, Yap and centrin which promote cell survival®®!. Similarly, export of IGBP1, inhibits
accumulation of elF5a in the mitochondria, resulting in cell survival. Figure adapted from Azmi
et al., 2020%8.

APC: adenomatous polyposis coli, elF5a: eukaryotic translation initiation factor 5a, FOXO:
forkhead box, IGFBP1: insulin-like growth factor binding protein 1, NPM1: nucleophosmin,
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RanGTP: Ran guanosine triphosphate, STK38: serine/threonine-protein kinase 38, XPO1:
exportin 1, YAP: yes-associated protein.
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5.6 Results

5.6.1 Selinexor reduces kras®?'-driven hepatocyte hyperplasia

Treatment with 0.1-2.0 uM selinexor from 5 to 7 dpf did not affect normal liver development
in control 2-CLiP larvae and had no overt visible signs of toxicity or developmental defects
(Figure 5.7A, B). No reduction in liver volume was observed after selinexor exposure, even at
the highest concentration tested (2.0 uM). In contrast, selinexor produced a dose-dependent
reduction in liver volume in TO(kras®*2")™* larvae (Figure 5.7C). Whilst kras®*?V-driven liver
volume was significantly reduced 56% in response to treatment with 2.0 uM selinexor, liver
volume remained higher compared to 2-CLiP larvae treated with the same dose (Figure 5.7D).
These data suggest that a higher dose of selinexor may have proved to be more effective
without eliciting non-specific toxicity. These results demonstrate that XPO1 inhibition
suppresses tumourigenesis induced by mutant Kras and together with the MEK162 data
shown in Figure 5.5, reinforce the potential usefulness of the TO(kras®?V)"* zebrafish HCC
model as a system for testing inhibitors including novel compounds.
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Figure 5.7 Selinexor reduces kras®?V-driven hepatocyte hyperplasia and liver enlargement

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®*2V)™* livers
treated with DMSO or the indicated concentration of selinexor. Scale bar 25 um. B. Liver
volume in 2-CLiP larvae was not impacted by selinexor treatment, irrespective of dose. C. Liver
volume in TO(kras®*2V)™* larvae was reduced in a dose-dependent manner by selinexor
treatment. D. Graphical representation of the results shown in panels B-C. Treatment with
2.00 uM selinexor caused a 56 % reduction in excess kras®'?V-driven liver volume. Data are
expressed as mean + SEM, n=20. Significance was calculated by linear regression analysis.
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After demonstrating the effectiveness of the aforementioned clinically relevant compounds
in the TO(kras®'?V) zebrafish HCC model, collaborators at WEHI provided inhibitors under
development for in vivo evaluation of efficacy. These include EPZ015666 an inhibitor of
protein arginine methyltransferase 5 (PRMT5), and WM-8014 an inhibitor of histone
acetyltransferases KAT6A/B (also known as MOZ/QUERKOPF).

5.7 Inhibitors of protein arginine methyltransferase 5

Protein arginine methylation of histone and non-histone substrates has emerged as a
frequent post-transcriptional modification that crucially regulates cell signalling and function
in normal physiological and pathological states®®. The methylation of arginine residues is
catalysed by a family of nine protein arginine methyltransferases (PRMTs)>°3, PRMTs transfer
a methyl group from the donor substrate, S-adenosylmethionine (SAM), to the guanidino
nitrogen atoms of arginine, producing S-adenosylhomocysteine (SAH) and methylarginine
(Figure 5.8)°%. PRMTs are classified as type |, Il or Il depending on their catalytic activity. Type
I and Il PRMTs form a mono-methylarginine (MMA) intermediate before the establishment of
asymmetric dimethylarginine (aDMA) or symmetric dimethylarginine (sDMA) respectively.
Type Ill PRMTs only generate MMA>%*, PRMTS is the primary type |l enzyme, responsible for
forming sDMA. PRMT5 enzymatic activity requires its binding partner and co-activator
methylosome protein 50 (MEP50/WDR77) to form a hetero-octameric complex®®.

PRMTS5 has integral roles in a diverse range of cellular signalling processes, methylating both
nuclear and cytoplasmic targets that harbour glycine and arginine rich (GAR) motifs>04°06
(Figure 5.9). PRMTS5 functions in general as a transcriptional corepressor, depositing
repressive H2AR3me2s, H3R2me2s, H3R8me2s and H4R3me2s histone methylation marks in
association with the SWI/SNF complex. In particular, H2AR3me2s has been implicated in
repression of differentiation genes in embryonic stem cells, indicating a role in maintaining
pluripotency”®’. In the cytoplasm, PRMTS5 forms part of the methylosome which methylates
Sm proteins, facilitating the efficient assembly of mature small nuclear ribonucleoprotein
(snRNPs) into the spliceosome and thus enabling mRNA splicing. Consequently, inhibition of
PRMT5 through knockdown or genetic knockout in cells causes numerous splicing
defects®98°99 Additionally, PRMT5 modulates RAS signalling via methylation of RAF proteins
and plays a crucial role in apoptosis via methylation of TP53 at multiple arginine sites>.
Importantly, deregulation of PRMT5 has been implicated in the pathogenesis of several
different diseases, including cancer and metabolic, neurodegenerative and muscular
disorders®%3>10, PRMTS5, is overexpressed in a diverse range of cancers, including melanoma,
lymphoma, glioma, lung, prostate, ovarian and breast cancer®®>11-514 |n the context of HCC
specifically, PRMT5 expression is upregulated and correlated inversely with overall patient
survival®®. Moreover, knockdown of PRMT5 in HCC cell lines has been shown to inhibit
growth via the downregulation of b B-catenin and cyclinD1°!®. These reports stimulated the
development of potent and selective inhibitors of PRMTS5, including EPZ015666%%°.
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EPZ015666 is a substrate competitive inhibitor of PRMT5 that binds within the peptide-
binding site, including the pocket occupied by the substrate arginine side chain**°. EPZ015666
treatment had an antiproliferative effect in both in vitro and in vivo xenograft models of
mantle cell ymphoma (MCL), with more than 93% tumour growth inhibition observed in MCL
tumours, corresponding with decreased levels of SDMA substrates**°. This demonstrated
target engagement and efficacy of EPZ015666, prompted further studies to evaluate the
therapeutic potential of pharmacological inhibition of PRMTS in different cancer types. In
triple-negative breast cancer (TNBC) cell lines, EPZ015666 was similarly found to impair
proliferation via inducing apoptosis and G2/M cell cycle arrest. In a patient-derived xenograft
model of TNBC, EPZ015666 treatment reduced tumour growth by 39%°Y. In glioblastoma
models, PRMT5 activity was shown to be enhanced by mTOR inhibition, conferring
therapeutic resistance®8. Following on from this, PRMTS5 inhibition by EPZ015666 was shown
to sensitize glioblastoma cells to mTOR inhibitors, inducing apoptosis in glioblastoma
xenografts. These studies suggest that PRMTS5 is a promising therapeutic target in many
tumour types. To determine whether these observations may extend to HCC, the potential of
EPZ015666 to inhibit hepatocyte hyperplasia and liver enlargement through pharmacological
inhibition of PRMTS5 was evaluated in the TO(kras®?V) zebrafish HCC model.
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Figure 5.8 Types of protein arginine methylation

Type |, Il and Il protein arginine methyltransferases (PRMTs) catalyse monomethylarginine
(MMA) of nitrogen atoms. Type | PRMTs also catalyse subsequent asymmetric
dimethylarginine (aDMA) whereas type Il PRMTs catalyse symmetric dimethylarginine
(sDMA). PRMTS is the main type Il PRMT. Figure adapted from Yang et al., 2013°%4,

SAM: S-adenosyl methionine, SAH: S-adenosyl homocysteine.
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Figure 5.9 PRMTS5 has integral roles in regulating diverse cellular processes

PRMT5 plays a pivotal role in mediating diverse cellular processes by methylating a wide
spectrum of substrates. At the plasma membrane, PRMT5 can methylate interferon-a
receptor 1 (INFR1), epidermal growth factor receptor (EGFR) and the tumour necrosis factor-
related apoptosis-inducing ligand (TRAIL) receptors, death receptor 4 (DR4) and DR5.

PRMT5 can also methylate spliceosomal proteins facilitating spliceosome assembly and
correct splicing. Additionally, PRMT5 modulates signal transduction pathways, such as
attenuating MAPK signalling via methylation of CRAF. Within the nucleus, PRMT5 functions
mainly as a transcriptional repressor by methylating histone tails H4R3me2s, H3R2me2s and
H3R8me2s. It also directly regulates gene expression by methylation of transcription factors
including E2F1, HOXA9 and TP53. Finally, PRMTS5 also facilitates DNA repair via methylation
of RAD9. Figure adapted from Yang et al., 2013°%4,
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5.8 Results

5.8.1 EPZ015666 reduces kras®?V-driven hepatocyte hyperplasia

Treatment of control 2-CLiP larvae with 0.01-10.00 uM EPZ015666 from 5 to 7 dpf did not
affect normal liver development (Figure 5.10A, B). No reduction in liver volume was observed
after EPZ015666 exposure, even at the highest concentration tested (10.00 uM). In contrast,
a dose-dependent reduction in liver volume was observed in TO(kras®'2")"* larvae (Figure
5.10C). Whilst kras®!?V-driven hepatocyte hyperplasia was markedly reduced by 78% by
treatment with 10.00 uM EPZ015666, liver volume remained slightly larger than that of
unaffected livers in 2-CLiP larvae (Figure 5.10D). This suggests that it may be possible to use
still higher doses of EPZ015666 to achieve a complete therapeutic effect without disturbing
normal tissues. These results demonstrate that EPZ015666 restricts liver volume selectively
in TO(kras®12V)™* larvae, suggesting that PRMTS5 inhibition could prove to be an effective
therapeutic target in HCC.
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Figure 5.10 EPZ015666 reduces kras®?V-driven hepatocyte hyperplasia and liver
enlargement

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®*2V)™* livers
treated with DMSO or the indicated concentration of EPZ015666. Scale bar 25 um. B. Liver
volume in 2-CLiP larvae was not impacted by EPZ015666 treatment. C. Expression of
TO(kras®2)"* significantly increased liver volume compared to 2-CLiP larvae in the presence
of DMSO vehicle. The elevated liver volume was reduced in a dose-dependent manner by
EPZ015666 treatment. D. Graphical representation of the results shown in panels B-C. Whilst
the highest EPZ015666 dose (10.0 uM) markedly reduced kras®??V-driven liver enlargement,
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liver volume did not quite return to the volume found in 2-CLiP larvae treated with the same
dose of EPZ015666. Data are expressed as mean + SEM, n=20. Significance was calculated by
linear regression analysis.
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5.8.2 [EPZ015666 restricts DNA replication in TO(kras®?Y)"/* hepatocytes

To explore the cause of the reduced liver volume in TO(kras®'2)™* larvae upon treatment
with EPZ015666, cell cycle progression was examined using an EdU incorporation assay to
identify cells in S phase (Figure 5.11). Abundant EdU positive cells were observed in the livers
of TO(kras®?¥)"* larvae treated with DMSO vehicle control. Treatment with 0.01-10.0 pM
EPZ015666 resulted in a dose-dependent reduction in the percentage of EdU positive
hepatocytes, with a 67% reduction in S phase cells apparent in larvae treated with 10.0 uM
EPZ015666. This suggests that the reduction in liver tumour burden observed in response to
EPZ015666 treatment is due, at least in part, to a decrease in the number of cycling cells.

To investigate this mechanism further, mRNA expression levels of the negative cell cycle
regulators, cdkn2a and cdknla, were analysed by RT-gPCR analysis on pools of micro-
dissected livers (Figure 5.12A,B). In TO(kras®'2V)*/* larvae, treatment with 10 uM EPZ015666
did not have an impact on the levels of cdkn2a/b and cdknla expression, which were
indistinguishable from the DMSO vehicle controls. In TO(kras®®2V)* larvae, cdkn2a/b
expression was increased by 1.4-fold, and this was further enhanced by EPZ015666
treatment. Whilst cdknla transcript levels were not upregulated by oncogenic kras®?V
expression, EPZ015666 treatment did increase cdknla levels by 1.8 fold in TO(kras®2V)™/*
larvae. Upregulation of these negative cell cycle regulators further supports a mechanism
whereby PRMTS5 inhibition reduces hepatocyte hyperplasia by decreasing the number of cells

in S phase of the cell cycle.

As cdkn2a and cdknla are both direct transcriptional targets of Tp53 and Tp53 plays a central
role in the regulation of cell cycle arrest and senescence, mRNA expression levels of tp53 and
the tp53 isoform A113tp53 were also measured (Figure 5.12C,D). Treatment with 10 uM
EPZ015666 did not upregulate expression of tp53 or A113tp53 in TO(kras®'2V)*/* larvae. In
contrast, induced expression of TO(kras®'2V)"/* increased mRNA transcript levels of both tp53
and A113tp53 by 2.4-fold and 2.9-fold, respectively. EPZ015666 treatment further
augmented expression of A113tp53 in TO(kras®®?V)™* larvae indicating an increase in the
transcriptional activity of the Tp53 protein in response to PRMTS5 inhibition.

MRNA expression of mdm2, the negative regulator and direct transcriptional target of Tp53,
was not upregulated by EPZ015666 treatment in TO(kras®?¥)** larvae (Figure 5.12E),
consistent with the observation above that 10 uM of EPZ015666 did not upregulate
expression of A113tp53 mRNA in TO(kras®2)™* larvae. In contrast, mdm2 mRNA expression
was increased by 1.4-fold in TO(kras®2V)™* larvae and this was further elevated by EPZ015666
treatment. Taken together, these data indicate that PRMTS inhibition induces expression of
tp53 and Tp53 target genes, but only in the context of oncogenic stress. This may mean that
the restriction in hepatocyte hyperplasia and liver enlargement in TO(kras®2¥)"/* larvae as a
result of impaired PRMTS5 function elicits a Tp53-mediated DNA damage response. This would
be along the same lines as the mechanism proposed for the genetic effect of ahctf1 and rnpc3
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heterozygosity in this model, whereby in oncogene-expressing cells, DNA damage induces
elevated levels of Tp53 protein and expression of its target genes, including cdknla and
cdkn2a/b which together promote cell cycle arrest.
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Figure 5.11 EPZ015666 treatment restricts the percentage of TO(kras®*?V)"/* hepatocytes in
S phase of the cell cycle

A. Representative maximum intensity projection images of EdU incorporation throughout
TO(kras®2V)™* livers treated with DMSO or the indicated concentration of EPZ015666. Scale
bar 25 um. B. Quantification of the percentage of Hoechst 33342 positive nuclei containing
fluorescent EdU puncta showing DNA replication. EPZ015666 treatment significantly reduces
the percentage of EdU positive nuclei. Data are expressed as mean + SEM, n=10. Significance
was calculated by linear regression analysis.
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Figure 5.12 EPZ015666 treatment induces expression of Tp53 target genes in TO(kras®2V)"/+
larvae

RT-gPCR analysis of pooled micro-dissected livers from TO(kras®'2V)** and TO(kras®2V)"/*
larvae treated with DMSO or 10 uM EPZ015666 from 5 to 7 dpf. A,B. Expression of cdkn2a/b,
and cdknla was not affected by EPZ015666 treatment in TO(kras®'2V)*/* larvae. In contrast,
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the transcript levels of cdkn2a/b in TO(kras®'2V)"/* larvae were upregulated compared to
those in TO(kras®’2V)** larvae treated with DMSO and this was further augmented by
EPZ015666 treatment. cdknla expression was also elevated by EPZ015666 treatment in
TO(kras®'?Y)"/* larvae. C,D. Expression of tp53 and A113tp53 were not affected by EPZ015666
treatment in TO(kras®'?V)*/* larvae. Induced TO(kras®'?V)"/* expression resulted in
upregulation of both tp53 and A113tp53 levels. A113tp53 expression was further increased
by EPZ015666 treatment. E. Similarly, mdm2 expression was not altered by EPZ015666
treatment in TO(kras®'2")** larvae. mdm2 transcript levels were increased in TO(kras®2")"/*
larvae and this was further augmented by EPZ015666 treatment. Data are expressed as mean
+ SEM, n=3 biological replicates. Significance was calculated using a one-way ANOVA with
Tukey’s multiple comparisons test.
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5.9 Novel inhibitors of histone acetyltransferases KAT6A/B

KAT6A/B (lysine acetyltransferase 6A/B) are members of the MYST family of histone
acetyltransferases which catalyse the transfer of acetyl groups onto lysine residues of
histones. Acetylation of histones regulates chromatin structure and assembly, which in turn
impacts gene expression (Figure 5.13)°°. KAT6A/B is found in a histone acetylation complex
with ING5 (inhibitor of growth 5), one of BRPF1/2/3 (bromodomain and PHD finger containing
1/2/3) and EAF6 (Esal-associated factor 6)°2°. KAT6A was originally discovered as part of an
oncogenic fusion protein with the CREB-binding protein (CBP), which was generated by a
chromosomal translocation that frequently occurs in AML>?L. Subsequently, KAT6B was
identified on the basis of its structural and functional homology to KAT6A and found to occur
in chromosomal translocations in a range of tumour types>?2°23, KAT6A is essential for the
maintenance of hematopoietic stem cells>?4>2¢, inhibiting senescence through repression of
the CDKN2A locus to preserve stem cell proliferation®?”°2, Kat6a heterozygosity dramatically
extends survival in a mouse model of lymphoma by 3.9-fold (from 105 days to 413 days)>?°.
These studies, which suggest that inhibition of KAT6A/B represents a promising therapeutic
target for cancer treatment, motivated a high-throughput chemical screen to identify
pharmacological inhibitors of KAT6A/B performed by collaborators, Professor Anne Voss and
Assoc Prof Tim Thomas, at WEHI. From a screen of 243,000 compounds and subsequent
medicinal chemistry optimisation, WM-8014 was identified as a highly potent inhibitor of
KAT6A/B that induces senescence in vitro and in vivo in a mouse model of lymphoma?®8. As
part of this publication in Nature, | investigated the effects of WM-8014 in the TO(kras®*?V)
zebrafish HCC model.
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Figure 5.13 KAT6A/B catalyses histone acetylation

A. Histone acetyltransferases, such as KAT6A/B catalyse the transfer of an acetyl group to
histone lysine residues. This impacts chromatin organisation and structure, generally resulting
in a more open chromatin conformation and increased expression of corresponding gene loci.
B. Schematic representation of the KAT6A/B histone acetylation complex consisting of
KAT6A/B (lysine acetyl transferase 6A/B), ING5 (inhibitor of growth 5), BRPF1/2/3
(bromodomain and PHD finger containing 1/2/3) and EAF6 (Esal-associated factor 6). C.
Structure of WM-8014 a potent inhibitor of KAT6A/B discovered in a high-throughput
chemical screen?18,
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5.10 Results

5.10.1 WM-8014 reduces kras®?V-driven hepatocyte hyperplasia

Treatment of control 2-CLiP larvae with 10 uM WM-2474, an inactive analogue compound of
WM-8014, from 5 to 7 dpf did not affect normal liver development compared with DMSO
vehicle controls (Figure 5.14A, B). Similarly, treatment with 1.0-10 uM WM-8014 did not
impact on liver volume in 2-CLiP larvae. In contrast, a dose-dependent reduction in liver
volume was observed in TO(kras®*?V)™* larvae (Figure 5.14C). Whilst kras®%?V-driven
hepatocyte hyperplasia was significantly reduced by 50% in response to treatment with 10
UM WM-8014, liver volume remained greater than that observed in 2-CLiP larvae (Figure
5.14D). To determine whether an improved therapeutic effect could be achieved without
causing toxicity, the response to higher concentrations of WM-8014 should be investigated.
These results demonstrate that WM-8014 restricts liver volume specifically in TO(kras®2Y)"/*
larvae, suggesting that KAT6A/B inhibition may be an effective therapeutic target in HCC.
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Figure 5.14 WM-8014 reduces kras®'?V-driven hepatocyte hyperplasia

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®*2V)™* livers
treated with 10 uM inactive compound WM-2474, DMSO or the indicated concentration of
WM-8014. Scale bar 25 um. B. Liver volume in 2-CLiP larvae was not impacted by WM-2474
or WM-8014 treatment. C. Liver volume in TO(kras®?¥)"”/* larvae was reduced in a dose-
dependent manner by WM-8014 treatment. D. Graphical representation of the results shown
in panels B-C. Expression of TO(kras®'2Y)"/* significantly increased liver volume compared to
2-CLiP larvae in the presence of DMSO vehicle. Whilst 10 uM WM-8014 treatment reduced
kras®?V-driven hepatocyte hyperplasia, liver volume was not restored to that in 2-CLiP larvae
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at a 10 uM dose of WM-8014. Data are expressed as mean + SEM, n=20. Significance was
calculated by linear regression analysis or by one-way ANOVA with Tukey’s multiple
comparisons test.
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5.10.2 WM-8014 potentiates oncogene-induced senescence

As KAT6A functions to inhibit senescence®?’?8, the ability of WM-8014 to induce cell cycle
arrest in TO(kras®?¥)"/* hepatocytes was assessed using EdU incorporation to identify cells
undergoing DNA replication in S phase (Figure 5.15A,B). In the absence of doxycycline, when
no oncogenic Kras®'?V is expressed, ~4% of hepatocytes were positive for EAU and this was
not impacted by WM-8014 treatment. Meanwhile, the percentage of S phase cells increased
over 10-fold in Kras®'?V-driven livers, and this was maintained when Kras®?V-driven livers
were treated with the inactive analogue compound WM-2474. Treatment with WM-8014
substantially reduced the number of cycling cells by 54%. These results suggest a mechanism
whereby KAT6A/B inhibition reduces hepatocyte hyperplasia and liver volume by inducing cell
cycle arrest.

To investigate this further, the transcript expression levels of cell cycle regulators cdkn2a/b
and cdknla were analysed by RT-gPCR analysis on pools of micro-dissected livers (Figure
5.16). In comparison to treatment with the inactive compound WM-2474, treatment with
WM-8014 robustly upregulated cdkn2a/b and cdknla expression by 5.9-fold and 4.8-fold
respectively, in TO(kras®?Y)"/* larvae exposed to doxycycline. Importantly, this increased
expression was specific to hepatocytes expressing oncogenic Kras®!2¥ and not TO(kras®2V)™/*
hepatocytes that did not receive doxycycline. These data demonstrate that WM-8014
potentiates oncogene-induced senescence but does not impact on normal hepatocyte
growth. Therefore, KAT6A/B inhibition holds great potential as an effective treatment for
cancer.
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Figure 5.15 WM-8014 treatment reduces the percentage of TO(kras®*?)"/* hepatocytes in S
phase of the cell cycle

A. Representative maximum intensity projection images of EdU incorporation throughout
TO(kras®'2V)™* livers treated with 10 uM inactive compound WM-2474 or active compound
WM-8014 in the absence or presence of doxycycline as indicated. Scale bar 25 um. B.
Quantification of the percentage of Hoechst 33342 positive nuclei containing fluorescent EdU
puncta showing cells in S phase undertaking DNA replication. Doxycycline-induced expression
of oncogenic Kras®'?V substantially increased the abundance of cycling cells. However, this
was markedly mitigated by WM-8014 treatment, which significantly reduced the percentage
of EdU positive nuclei. Data are expressed as mean + SEM, n>10. Significance was calculated
by one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 5.16 WM-8014 treatment induces expression of cell cycle regulators in TO(kras®2V)"/*
larvae

RT-gPCR analysis of pooled micro-dissected livers from TO(kras®*2")™* larvae treated with 10
UM active compound WM-8014 or inactive compound WM-2474 in the absence or presence
of doxycycline as indicated. A,B. In TO(kras®?V)™* larvae exposed to doxycycline, treatment
with 10 uM WM-8014 significantly upregulated expression of cdkn2a/b and cdknla compared
to the inactive control compound, WM-2474. Notably, increased expression of cdkn2a/b and
cdknla transcripts was not observed upon WM-8014 treatment in larvae not exposed to
doxycycline and is therefore dependent on hepatocyte expression of oncogenic Kras®*?V, Data
are expressed as mean + SEM, n=4-5 biological replicates. Significance was calculated using a
one-way ANOVA with Tukey’s multiple comparisons test.
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5.11 A novel inhibitor of U12-dependent splicing

As discussed in chapter 4 of this thesis, U12-dependent splicing represents a promising target
for therapeutic inhibition of many cancers. Using a variety of genetically engineered mouse
models of cancer, the Heath lab has demonstrated that reducing rnpc3 expression genetically
is effective at inhibiting tumour growth in lung and gastric adenocarcinoma, lymphoma and
acute myeloid leukemia, without causing toxicity in normal tissues (Doggett et al., manuscript
submitted). These in vivo genetic data provided the impetus to identify a small molecule
inhibitor of U12-dependent splicing that could be used in a therapeutic context for a broad
spectrum of malignancies.

To achieve this, a cell-based splicing reporter assay was developed by Dr. Stephen
Mieruszynski in the Heath lab for the purpose of conducting a high-throughput chemical
screen. He designed a luciferase splicing reporter construct, which was stably installed in
HEK293 (Human Embryonic Kidney) cells, capable of distinguishing inhibitors of U2-
dependent and U12-dependent splicing or pan-splicing inhibitors (Figure 5.17). A primary
chemical screen of 270,000 compounds initially yielded ~3,400 potentially promising
compounds, which were tested for their selectivity for U12-dependent splicing in a counter
screen designed to eliminate false positives. This secondary screen was based on a different
HEK293 cell line, which harboured a similar DNA construct except that the U2-dependent and
U12-dependent introns were inserted in the opposite luciferase genes. In particular, this
strategy eliminated compounds that interacted with the luciferase enzymes directly. This was
a very important control, since the screen ultimately yielded only one bona fide hit compound
(Hit 1) that selectively inhibited U12-dependent splicing in vitro. The structure of Hit 1 is not
provided in this thesis for intellectual property reasons. Whilst target validation and medicinal
chemistry studies are ongoing, the impact of the Hit 1 compound was evaluated in the
TO(kras®?V) zebrafish HCC model.
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Figure 5.17 Design of a high-throughput chemical screen to identify inhibitors of U12-
dependent splicing

A dynamic luciferase splicing reporter assay was designed with the purpose of identifying and
distinguishing between small molecule inhibitors of U2-dependent and Ul2-dependent
splicing. A DNA construct was created comprising a bidirectional CMV promoter driving
expression of NanolLuc and FireflyLuc cDNAs interrupted by similarly sized (~750 bp) U2-
dependent and U12-dependent introns from the BRAF gene. Regulatory elements (CL1, ARE
and PEST) were introduced after the luciferase coding sequences to ensure rapid turnover of
the encoded mRNAs and protein. This construct was stably installed in HEK293 cells which
were then screened against more than 270,000 compounds. A decrease in the ratio of the
FireflyLuc:NanoLuc signal (red arrow) indicated potential selective inhibitors of U12-
dependent splicing, which were then re-tested in a counter screen where the U2-dependent
and U12-dependent introns were placed in the opposite luciferase genes. Other luciferase
signal readouts indicated that the compounds had either no effect on splicing or were
selective inhibitors of U2-dependent splicing or pan-splicing inhibitors.

Figure courtesy of Dr Stephen Mieruszynski, Heath lab.

ARE: AU-rich elements, CL1: CL1 degron, CMV: cytomegalovirus, Luc: luciferase, PEST: proline,
glutamic acid, serine and threonine.
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5.12 Results

5.12.1 Hit 1 reduces kras®?V-driven hepatocyte hyperplasia

Treatment of control 2-CLiP larvae with 0.5-5.0 uM Hit 1 from 5 to 7 dpf did not affect normal
liver development (Figure 5.18A, B). No reduction in liver volume was observed after Hit 1
exposure, even at the highest concentration tested (5.0 uM). In contrast, a dose-dependent
reduction in liver volume was observed in TO(kras®?V)"* larvae (Figure 5.18C). Whilst
kras®?V-driven hepatocyte hyperplasia and excess liver volume was significantly reduced by
62% by treatment with 5.0 uM Hit 1, liver volume at the end of the experiment was
significantly greater than the volume of the livers in 2-CLiP larvae at 7 dpf (Figure 5.18D).
These results demonstrate that Hit 1 restricts liver volume selectively in TO(kras®'2")™* larvae,
suggesting that U12-dependent splicing inhibition may be an effective therapeutic target in
HCC.
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Figure 5.18 Hit 1 reduces kras®?"-driven hepatocyte hyperplasia

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®*2V)™* livers
treated with DMSO or the indicated concentration of Hit 1. Scale bar 25 um. B. Liver volume
in 2-CLiP larvae was not impacted by Hit 1 treatment. C. Liver volume in TO(kras®*?")™* |larvae
was reduced in a dose-dependent manner by Hit 1 treatment. D. Graphical representation of
the results shown in panels B-C. Expression of TO(kras®2V)"* significantly increased liver
volume compared to 2-CLiP larvae in the presence of DMSO vehicle. Whilst Hit 1 treatment
reduced kras®?V-driven hepatocyte hyperplasia, liver volume was significantly higher than
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that in 2-CLiP larvae receiving a 5.0 uM dose of Hit 1. Data are expressed as mean + SEM,
n=25. Significance was calculated by linear regression analysis.
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5.12.2 Hit 1 does not impact transcription of the EGFP-kras®?V construct in TO(kras®?")"*
hepatocytes

One possibility that could account for the reduction in hepatocyte hyperplasia and liver
volume observed in Hit 1 treated TO(kras®'2V)"* larvae is that the Hit 1 compound interferes
with the transcription of the oncogenic EGFP-kras®'?V transgene construct, for instance by
inhibiting the action of doxycycline. To examine if this was occurring, RT-gPCR analysis using
primers designed to amplify EGFP was performed on pools of micro-dissected livers.
Treatment of TO(kras®2¥)"/* larvae with 0.5-5.0 pM Hit 1 from 5-7 dpf did not impact EGFP-
kras®2¥ mRNA expression compared to that of DMSO treated TO(kras®*2V)™* larvae (Figure
5.19). This suggests that treatment with Hit 1 does not impact transcription of the EGFP-
kras®? transgene and that restricted liver enlargement is not due to decreased oncogene
transcription.
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Figure 5.19 Treatment with Hit 1 does not impact transcription of the EGFP-kras®?V
construct in TO(kras®2V)"/* hepatocytes

RT-gPCR analysis of pooled micro-dissected liver from TO(kras®?V)"* larvae treated with
DMSO or 0.5-5.0 uM Hit 1 from 5 to 7 dpf. Primers were designed to amplify the EGFP portion
of the EGFP-kras®'?V construct. Expression of EGFP-kras®?V was not affected by Hit 1
treatment in TO(kras®'2V)"/* larvae. Data are expressed as mean * SEM, n=2 biological
replicates. Significance was calculated using a one-way ANOVA with Tukey’s multiple
comparisons test.
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5.12.3 RNA-sequencing of Hit 1 treated TO(kras®?) hepatocytes

To further investigate the mechanism by which Hit 1 reduced hepatocyte hyperplasia, |
performed RNA-sequencing on individual 7 dpf micro-dissected livers to profile
transcriptome-wide differences in mRNA levels between TO(kras®'2V)"/* hepatocytes treated
with 5 pM Hit 1 from 5-7 dpf and TO(kras®?¥)"/* hepatocytes treated with a structurally
similar but inactive compound. | extracted total RNA from individual livers and used 100 ng
per sample to generate sequencing libraries using the TruSeq RNA Sample Prep Kit with Ribo-
Zero depletion (lllumina). For further details, refer to Chapter 2.5.5. Following Next Seq
sequencing, differential expression analysis was performed by Dr. Alexandra Garnham of the
WEHI Bioinformatics Support Unit (Figure 5.20). Using a false discovery rate of (FDR) cut off
of less than 0.05, treatment with Hit 1 resulted in upregulation of 478 genes and
downregulation of 551 genes compared to Inactive compound treated hepatocytes. In a
multi-dimension scaling plot, the samples segregated by treatment, indicating similarities
between samples of the same treatment group. The top 20 upregulated and downregulated
genes, ranked by significance, are shown in Table 5.1 and Table 5.2, respectively.
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Figure 5.20 RNA-sequencing of TO(kras®!?") hepatocytes to understand the effects of Hit 1
treatment on transcriptome-wide mRNA levels in TO(kras®*?V)"/* hepatocytes

A. Mean difference plot of differentially expressed genes between TO(kras®'2V)"”/* 5 uM Hit 1
treated vs. TO(kras®'2V)"/* 5 uM Inactive compound treated samples. Each point represents
the average expression of a gene (x axis) against its log-fold change (y-axis). Red dots indicate
genes that are significantly upregulated in Hit 1 treated TO(kras®?2)™* hepatocytes and blue
dots represent genes that are significantly downregulated in Hit 1 treated TO(kras®2V)™/*
hepatocytes based on FDR<0.05. Black dots represent expression levels of genes that are not
statistically different between Hit 1 treated and Inactive compound controls. B. Multi-
dimensional scaling plot showing segregation of Hit 1 treated TO(kras®?¥)"* and Inactive
compound treated TO(kras®?¥)"* samples, n=3.
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Table 5.1 Top 20 upregulated genes in Hit 1 treated TO(kras®'?Y)"/* hepatocytes compared
to Inactive compound treated TO(kras®*?V)"/* hepatocytes

Gene Log fold change | Average expression | False discovery rate
si:ch73-11216.1 1.50 3.98 3.80E-09
kib 1.26 3.76 1.80E-06
abcg5 1.36 3.80 2.89E-06
si:dkey-22i16.7 3.00 1.91 3.06E-06
scepdha. 1 1.35 2.25 3.28E-06
CABZ01088484.1 1.70 4.01 5.29E-06
il20ra 1.46 3.24 8.50E-06
rps27/ 0.84 5.33 1.44E-05
zgc:175280 2.53 0.42 2.26E-05
pde6b 2.46 0.39 2.44E-05
abcg8 1.45 2.98 3.59E-05
cdhr5b 2.15 1.72 4.36E-05
tmcc3 0.81 4.94 4.39E-05
zgc:92380 1.59 1.98 6.07E-05
BX248515.1 1.35 2.31 6.17E-05
tsku 0.81 3.75 6.83E-05
FADS6 1.11 3.63 9.28E-05
FP016106.1 1.74 1.46 9.28E-05
dapk2a 1.23 2.43 9.52E-05
polr2m 0.86 3.32 0.000122
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Table 5.2 Top 20 downregulated genes in Hit 1 treated TO(kras®'?V)"/* hepatocytes
compared to Inactive compound treated TO(kras®?V)"/* hepatocytes

Gene Log fold change | Average expression | False discovery rate
hist1h2ba -1.51 5.59 3.80E-09
zgc:114046 -1.59 5.42 3.83E-08
zgc:112234 -1.40 4.60 4.85E-08
FP236812.1 -1.77 5.19 1.59E-07
CR354435.1 -1.32 3.96 5.76E-07
zgc:112234 -1.16 5.40 5.76E-07
gadd45ba -2.09 5.07 1.31E-06
zgc:173587 -1.66 4.75 1.63E-06
ier2a -1.33 6.89 1.81E-06
zgc:112234 -1.68 3.94 3.06E-06
FP236812.2 -1.51 4.61 3.06E-06
csrnplb -1.44 5.79 3.06E-06
si:dkey-23a13.22 -1.29 4.36 3.06E-06
zgc:112234 -1.23 5.29 3.06E-06
si:dkey-261m9.6 -1.05 4.92 3.06E-06
zgc:112234 -0.93 5.97 3.28E-06
zgc:171759 -1.50 4.62 3.94E-06
sema3ga -2.53 3.58 5.29E-06
arldab -1.64 4.32 5.29E-06
zgc:112234 -1.17 3.86 5.29E-06
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To understand if the differentially expressed genes (DEGs) shared common functions, KEGG
pathway analysis was performed. The significantly upregulated and downregulated KEGG
pathways, ranked by significance, are shown in Table 5.3 and Table 5.4, respectively. ABC
transporters were the most upregulated pathway in Hit 1 treated TO(kras®'2)"* hepatocytes,
which may suggest a drug export response. Multiple components of DNA replication and cell
cycle pathways were significantly downregulated (Figure 5.21-5.22), suggesting that
treatment with Hit 1 restricts proliferation. Notably, MAPK signalling was also downregulated,
indicating that Hit 1 treatment is effective at suppressing oncogenic Kras®?V signalling
cascades (Figure 5.23). Of particular interest, expression of kras itself is significantly
downregulated by log -1.53 fold. In addition, other pro-proliferation genes mycb, juna and
junb are also significantly downregulated in Hit 1 treated TO(kras®2V)"* hepatocytes,
compared to Inactive compound treated TO(kras®'2)"* hepatocytes. Moreover, several dusp
genes, encoding dual-specificity phosphatases including duspl, dusp2 and dusp5, which are
targets of MAPK signalling, are also downregulated. Collectively, these alterations in gene
expression suggest that Hit 1 has a robust anti-proliferative effect.

Further analysis of these RNA-sequencing data is required to determine the impact and
selectivity of Hit 1 treatment on the expression of genes containing U12-dependent introns.
These analyses are being undertaken by our collaborators, Dr. Anouk Olthof and Assoc Prof.
Rahul Kanadia at the University of Connecticut. These collaborators are experts in U12-
dependent splicing analysis and have developed pipelines to detect different types of
aberrant splicing such as intron retention, exon skipping and alternative 5’ and 3’ splice site
usage>30>31 Such analysis will determine whether the beneficial effects of reducing tumour
burden observed in my zebrafish HCC model were achieved by Hit 1 acting as a selective U12-
dependent splicing inhibitor.

Collectively, the data assembled so far strongly support ongoing investigation of the Hit 1
compound with the goal of determining its suitability for drug development.

208



Table 5.3 Upregulated KEGG pathways in Hit 1 treated TO(kras®'?V)"/* hepatocytes
compared to Inactive compound treated TO(kras®2V)"/* hepatocytes

KEGG pathway P-value

ABC transporters 5.04E-05

Glycosphingolipid biosynthesis - lacto and neolacto series 1.32E-03
Lysosome 5.02E-03

Glycosaminoglycan biosynthesis - keratan sulfate 9.69E-03
N-Glycan biosynthesis 3.16E-02
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Table 5.4 Downregulated KEGG pathways in Hit 1 treated TO(kras®'?Y)"/* hepatocytes
compared to Inactive compound treated TO(kras®2V)"/* hepatocytes

KEGG pathway P-value
Necroptosis 4.12E-09

DNA replication 1.64E-06

Cell cycle 1.32E-04

Base excision repair 1.35E-03
Mismatch repair 1.48E-03
Apoptosis 1.87E-03
Ferroptosis 8.06E-03
Glutathione metabolism 9.38E-03
Arginine and proline metabolism 1.51E-02
MAPK signaling pathway 1.67E-02
Regulation of actin cytoskeleton 2.14E-02
Purine metabolism 2.43E-02
Cellular senescence 2.44E-02
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Figure 5.21 DNA replication is downregulated in Hit 1 treated TO(kras®*?V)"/* hepatocytes

A. Schematic of DNA replication machinery showing the multiple protein complexes involved.
B. In Hit 1 treated TO(kras®'?V)"/* hepatocytes several components of the DNA replication
pathway, shown in blue, are significantly downregulated (False discovery rate <0.05). Of
particular interest is the finding that 5 out of 6 components of the Mcm2-7 complex (green
pore-like structure in panel A), which is responsible for DNA replication fork licensing, are
down-regulated.
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Figure 5.22 The cell cycle pathway is downregulated in Hit 1 treated TO(kras®'?V)"/*

hepatocytes

In Hit 1 treated TO(kras®?¥)"/* hepatocytes several components of the cell cycle pathway,

shown in blue, are significantly downregulated (False discovery rate <0.05). Whilst a few

components are upregulated, as shown in red, overall the pathway is significantly

downregulated resulting in reduced cell cycle progression.
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Figure 5.23 MAPK signalling pathway genes are downregulated in Hit 1 treated
TO(kras®*?V)"/* hepatocytes compared to Inactive compound treated TO(kras®'2V)™/*

hepatocytes
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In Hit 1 treated TO(kras®'2¥)"/* hepatocytes several components of the MAPK pathway, shown
in blue, are significantly downregulated (False discovery rate <0.05). Whilst a few components
are upregulated, as shown in red, overall the pathway is significantly downregulated resulting
in reduced proliferation, differentiation and cell cycle progression.
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Table 5.5 MAPK signalling pathway genes are downregulated in Hit 1 treated TO(kras®*?V)"/*

hepatocytes compared to Inactive compound treated TO(kras®2V)"/* hepatocytes

Gene Log fold change | Average expression | False discovery rate
gadd45ba -2.09 5.07 1.3E-06
mych -1.39 4.39 8.5E-06
duspl -1.35 7.06 7.3E-05
junbb -1.68 7.59 7.7E-05
dusp2 -1.76 5.19 2.6E-04
fosaa -2.86 0.82 2.7E-04
stmnla -1.11 3.71 1.0E-03
fosab -3.29 6.15 1.0E-03
jun -0.57 7.21 1.5E-03
hspal2a -0.90 3.75 2.0E-03
faf4 -2.16 1.80 5.3E-03
fosb -1.83 2.28 7.2E-03
fafi8a -0.71 3.55 9.0E-03
nrdal -2.62 3.12 1.7E-02
fafria -0.97 3.86 2.5E-02
dusp5 -0.73 3.04 3.3E-02
kras -1.53 8.95 3.3E-02
junba -1.09 491 4.8E-02
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5.13 Overcoming drug resistance by combination therapy

As outlined in Chapter 1 of this thesis, the development of drug resistance is a major barrier
to preventing complete remission in patients with cancer. After a clinical response following
treatment, resistance often emerges resulting in local or distant reoccurrence of the
malignancy (Figure 5.24). Therapeutic resistance in cancer is mediated through diverse
mechanisms including alterations of drug targets, upregulation of drug efflux and changes in
the tumour microenvironment>32->34, Beginning in the 1960s, drug combination therapy has
been a central strategy for providing maximal benefit to patients and minimising the
evolution of resistance®3. In 1965, simultaneous administration of methotrexate, vincristine,
6-MP and prednisone was demonstrated to induce long-term remission of childhood acute
lymphoblastic leukemia (ALL)3®. This clinical success was subsequently extended to Hodgkin’s
lymphoma and non-Hodgkin’s lymphoma, with combination of four chemotherapeutic drugs
shown to produce cures in patients®3”>3, Numerous combination strategies have since been
developed that are capable of inducing robust treatment responses and limiting the
development of drug resistance. More recently combined treatment modalities have
expanded to include molecularly targeted agents. For example, the combination of HER2
inhibitors pertuzumab and trastuzumab, together with the chemotherapy agent docetaxel
extends progression-free survival in patients with metastatic HER2-positive breast cancer by
6.1 months®3. Therefore, rational combinatorial therapy has immense potential to improve
clinical outcomes, even in patients at advanced disease stages. Having previously determined
that heterozygous rnpc3 and ahctf1 mutation were effective in restricting kras®?V-driven liver
hyperplasia, | decided to explore the benefit, if any, of combining chemical inhibitors with
genetic manipulation in the TO(kras®'?V) zebrafish HCC model.
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Figure 5.24 Schematic of the emergence of cancer drug resistance

During malignant transformation and tumour growth, the progressive accumulation of
mutations and selective pressures including hypoxia and metabolic limitations lead to the
development of intratumoural heterogeneity as indicated by the different colour tumour
cells. In response to treatment, an initial reduction in tumour burden is observed. However,
subpopulations of tumour cells may emerge that exhibit intrinsic resistance (purple tumour
cells) or develop acquired resistance (pink tumour cells) which eventually results in disease
relapse.
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5.14 Results

5.14.1 rnpc3 heterozygosity combines with MEK inhibition to completely block kras®??V-
driven hepatocyte hyperplasia

Consistent with previous results, in control 2-CLiP larvae treatment with 1.0-20 uM MEK162
from 5 to 7 dpf did not affect normal liver development (Figure 5.25A, B). No reduction in
liver volume was observed after MEK162 exposure, even at the highest concentration tested
of 20 uM. In contrast, a dose-dependent reduction in liver volume was observed in rnpc3*/*;
TO(kras®'2V)"* |arvae (Figure 5.25C). When MEK162 treatment was combined with rnpc3
heterozygosity, liver hyperplasia was further reduced (Figure 5.25D). Strikingly, liver volume
in rnpc3*/; TO(kras®™2Y)™* larvae treated with 20 pM MEK162 was indistinguishable from that
of control, non-hyperplastic livers in 2-CLiP larvae (Figure 5.25E). This demonstrates that
rnpc3 heterozygosity combines with MEK inhibition to completely block kras®*?V-driven
hepatocyte hyperplasia.

5.14.2 rnpc3 heterozygosity combines with MEK inhibition to reduce pERK1/2 expression in
TO(kras®2V)™* |arvae

To demonstrate that the reduction in liver volume observed upon MEK162 treatment was
achieved through on-target inhibition of the RAS/RAF/MEK/ERK signalling cascade the
abundance of pERK1/2 proteins was quantified in pools of micro-dissected livers (Figure 5.26).
MEK162 treatment resulted in a dose-dependent reduction in pERK1/2 levels, reducing
protein expression by 90% in rnpc3**; TO(kras®*?)™* larvae at a 20 uM dose, an effect that
was enhanced in rnpc3*"; TO(kras®'2V)* larvae. Strikingly, rnpc3 heterozygosity alone
resulted in a 17% reduction in pERK1/2 proteins.

217



A MEK162
DMSO 1.0 uM

mpc3*;
TO(kras)™

mpc3*;
TO(kras)™

B 2-CLiP
3 p=0.4469
R?=0.0069
T 4
=
e 24 =
= o
x [J
o [ J
£
3
$ 14
S
[
2
|
0 T T T T
DMSO 1.0 10 20
MEK162 [uM]
D
15 rnpc3*; TO(kras)™
15
=
& 104 p<0.0001
=
x R2=0.7151
()
£
=]
° —==
> 5 # [ )
a \ 4
2 ® t
-l
(]
0

T L] T
DMSO 1.0 10 20
MEK162 [uM]

MEK162
10 pM

Liver volume x 108 [um?]

Liver volume x 10° [um?]

15+

104

MEK162
20 pM

rnpc3+*; TO(kras)™

p<0.0001
R2=0.8023

-+
—X=

15+

=N
o
1

a
1

1 T T
DMSO 1.0 10 20
MEK162 [uM]

~@- mpc3™”; TO(kras)™*
-@- mpc3”; TO(kras)™
-@- 2-CLiP

p<0.0001

p=0.9675

L] L]
DMSO 1.0 10 20
MEK162 [uM]

Figure 5.25 rnpc3 heterozygosity combined with MEK162 completely restricts kras®?V-

driven hepatocyte hyperplasia and liver enlargement

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®'2V)"* livers of
the indicated rnpc3 genotype treated with DMSO or the indicated concentration of MEK162.
Scale bar 25 um. B. Liver volume in 2-CLiP larvae was not impacted by MEK162 treatment. C.
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Liver volume in rnpc3**; TO(kras®*2V)™* larvae was reduced in a dose-dependent manner by
MEK162 treatment. D. Similarly, MEK162 restricted liver hyperplasia in rnpc3*/;
TO(kras®'2V)"* larvae in a dose-dependent fashion. E. Graphical representation of the results
shown in panels B-D. Expression of TO(kras®2V)"/* significantly increased liver volume
compared to 2-CLiP larvae in the presence of DMSO vehicle and this was partially reduced by
rnpc3 heterozygosity. At a 20 pM dose of MEK162, liver volume in rnpc3*"; TO(kras®?V)™/*
larvae was reduced to that of normal 2-CLiP larvae. Data are expressed as mean * SEM, n>9.
Significance was calculated by linear regression analysis or by two-way ANOVA with Tukey’s
multiple comparisons test.
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Figure 5.26 rnpc3 heterozygosity combined with MEK162 reduces expression of pERK1/2
proteins in TO(kras®*?V)"/* larvae

A. Western blot of pERK1/2 (42 and 44 kDa) protein levels in lysates of pooled micro-dissected
TO(kras®'2)™* livers of the indicated rnpc3 genotype treated with DMSO or the indicated
concentration of MEK162. B. Quantification of pERK1/2 protein levels normalised to the a-
tubulin loading control in DMSO treated rnpc3*/*; TO(kras®*?V)™* larvae. pERK1/2 protein
expression was reduced in a dose-dependent manner by MEK162 treatment and this was
augmented by rnpc3 heterozygosity.
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5.14.3 rnpc3 heterozygosity combines with MEK inhibition to induce a Tp53-mediated

GlZV)T/+ larvae

response in TO(kras
As previously shown in chapter 4 rnpc3 heterozygosity reduces liver volume via decreasing
the number of cycling cells and increasing cell death. As these key tumour suppressive
functions can be mediated by Tp53, whether a Tp53 response was induced by rnpc3
heterozygosity and the impact of MEK162 treatment was assessed by RT-gPCR analysis on
pools of micro-dissected livers. mRNA expression levels of rnpc3 were not affected by 20 uM
MEK162 treatment, however, they were reduced 50% by rnpc3 heterozygosity as expected
(Figure 5.27A). Neither MEK162 exposure, nor rnpc3 heterozygosity, alone or in combination
altered tp53 transcript levels (Figure 5.27B). However, A113tp53 expression was elevated in
response to MEK162 treatment and rnpc3 heterozygosity, indicating the presence of
stabilised, transcriptionally active Tp53 protein (Figure 5.27C). Notably, in rnpc3*;

TO(kras®'2)"* larvae treated with MEK162, A113tp53 levels were upregulated >7-fold.

Consistent with the activation of a Tp53-mediated response, expression of the direct Tp53
transcriptional target mdm2 was increased by MEK162 treatment and further elevated by
rnpc3 heterozygosity (Figure 5.28A). In addition, significant upregulation of cell cycle
regulators cdkn2a/b and cdknla was observed in rnpc3*/*; TO(kras®'2)"* larvae treated with
MEK162 (Figure 5.28B,C). MEK162 exposure in combination with rnpc3 heterozygosity had an
approximately additive effect, increasing cdkn2a/b and cdknla expression by 4.4-fold and
3.5-fold, respectively. Similarly, transcript levels of the pro-apoptosis genes, bbc3 and pmaip1
were elevated by MEK162 treatment (Figure 5.28D,E). Combined MEK162 treatment and
rnpc3 heterozygosity resulted in upregulation of bbc3 and pmaip1 by 4.6-fold and 3.0-fold,
respectively. Collectively, these data indicate that rnpc3 heterozygosity combines with MEK
inhibition to restrict kras®*?V-driven liver hyperplasia via activation of a Tp53 transcriptional
program that increases expression of both pro-senescence and pro-apoptosis genes.
Moreover, the anti-tumour growth effect of rnpc3 heterozygosity can be enhanced by
treatment with MEK162, indicating that an inhibitor of U12-dependent splicing in
combination with MEK162 could provide a combination therapy of clinical benefit to cancer
patients.

221



mRNA expression relative to

0.0

rnpc3

p<0.0001 p=0.9876
p=0.9872 p<0.0001

—_

— =

H

rnpc3** DMSO
T Q>

mRNA expression relative to
N
L

T 1 T
DMSO 20 uM : DMSO 20 uM
mpc3** : npc3*

A113tp53
p=0.0002 p<0.0001
p<0.0001 p=0.0001

H

-

T T T
DMSO 20 uM : DMSO 20 uM
mpc3+* H rnpc3*-

1.5+

rnpc3** DMSO
°

mRNA expression relative to
o
(8]
L

0.0

tp53

p=0.9998 p=0.9982
p=0.9717 p=0.9974

T T
P i

T " T
DMSO 20 pM i DMSO 20 uM
rnpc3** : mpc3*

[“1mpe3+; TO(kras)™ DMSO
B mpc3; TO(kras)™ 20 uM MEK162
[[1mpc3*; TO(kras)™ DMSO
B mpc3+; TO(kras)™ 20 M MEK162

Figure 5.27 rnpc3 heterozygosity combined with MEK162 induces expression of a Tp53
transcriptional program in the livers of TO(kras®2")™/* larvae

RT-gPCR analysis of pooled micro-dissected livers from TO(kras®'2)™* larvae of the indicated
rnpc3 genotype treated with DMSO or 20 uM MEK162. A. rnpc3 transcript levels were not
impacted by MEK162 treatment but were reduced by 50% in rnpc3 heterozygous larvae. B.
tp53 mRNA expression was not altered by MEK162 exposure or rnpc3 heterozygosity. C.
A113tp53 expression was upregulated by MEK162 treatment and this effect was enhanced in
rnpc3*; TO(kras®'2V)™* larvae. Data are expressed as mean + SEM, n=3 biological replicates.
Significance was calculated using a one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 5.28 rnpc3 heterozygosity combined with MEK162 induces expression of Tp53 target
genes in TO(kras®?V)™/* larvae

RT-qPCR analysis of pooled micro-dissected livers from TO(kras®'?Y)"* larvae of the indicated
rnpc3 genotype treated with DMSO or 20 uM MEK162. A. mdm2 transcripts were upregulated
by MEK162 treatment and this was augmented by rnpc3 heterozygosity. B,C. Expression of
cell cycle regulators cdkn2a/b and cdknla were similarly increased by MEK162 treatment and
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this effect was further enhanced in rnpc3*/~; TO(kras®*2V)™* larvae. D,E. mRNA levels of bbc3
and pmaip1, encoding puma and noxa, respectively, were increased by MEK162 exposure and
this effect was augmented by rnpc3 heterozygosity. Data are expressed as mean + SEM, n=3

biological replicates. Significance was calculated using a one-way ANOVA with Tukey’s
multiple comparisons test.
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5.14.4 rnpc3 heterozygosity combines with Hit 1 treatment to completely block kras®??V-

driven hepatocyte hyperplasia
Having established the efficacy of rnpc3 heterozygosity combined with MEK162 treatment at
restricting kras®??V-driven hepatocyte hyperplasia, | next investigated the impact of rnpc3
heterozygosity combined with Hit 1 treatment. Consistent with previous results, treatment
of control 2-CLiP larvae with 0.5-5.0 uM Hit 1 from 5 to 7 dpf did not affect normal liver
development (Figure 5.29A, B). No reduction in liver volume was observed after Hit 1
exposure, even at the highest concentration tested (5.0 uM). In contrast, a dose-dependent
reduction in liver volume was observed in rnpc3*/*; TO(kras®2¥)"/* larvae (Figure 5.29C). When
Hit 1 treatment was combined with rnpc3 heterozygosity, liver hyperplasia was further
reduced (Figure 5.29D). Significantly, liver volume in rnpc3*-; TO(kras®'2V)"* larvae treated
with 5.0 uM Hit 1 was indistinguishable from that of control, non-hyperplastic livers in 2-CLiP
larvae (Figure 5.29E). This demonstrates that rnpc3 heterozygosity combines with Hit 1
treatment to completely block kras®*?V-driven hepatocyte hyperplasia and liver enlargement.
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Figure 5.29 rnpc3 heterozygosity combined with Hit 1 completely restricts kras®’?V-driven
liver hyperplasia

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®'2V)"* livers of
the indicated rnpc3 genotype treated with DMSO or the indicated concentration of Hit 1, a
putative inhibitor of U12-dependent splicing. Scale bar 25 um. B. Liver volume in 2-CLiP larvae
was not impacted by Hit 1 treatment. C. Liver volume in rnpc3**; TO(kras®*?")™* larvae was
reduced in a dose-dependent manner by Hit 1 treatment. D. Similarly, in rnpc3*/;
TO(kras®'2V)"* larvae, Hit 1 restricted hepatocyte hyperplasia and liver enlargement. E.
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Graphical representation of the results shown in panels B-D. Expression of TO(kras®2V)™/*
significantly increased liver volume compared to 2-CLiP larvae in the presence of DMSO
vehicle and this was partially reduced by rnpc3 heterozygosity. At a 5.0 uM dose of Hit 1, liver
volume in rnpc3*/; TO(kras®'2V)™* larvae was returned to that of normal livers in 2-CLiP larvae.
Data are expressed as mean * SEM, n211. Significance was calculated by linear regression
analysis or by two-way ANOVA with Tukey’s multiple comparisons test.
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5.14.5 ahctfl heterozygosity combines with XPO1 inhibition to completely block kras®??V-
driven hepatocyte hyperplasia

The next combination treatment | examined was ahctfl heterozygosity together with XPO1
inhibition. Consistent with previous results, treatment of control 2-CLiP larvae with 0.10-2.00
UM selinexor from 5 to 7 dpf did not affect normal liver development (Figure 5.30A, B). No
reduction in liver volume was observed after selinexor exposure, even at the highest
concentration tested of 2.00 uM. In contrast, there was a dose-dependent reduction in liver
volume in response to selinexor in ahctf1*/*; TO(kras®'?)"* larvae (Figure 5.30C). When
selinexor treatment was combined with ahctfl heterozygosity, liver volume was further
reduced (Figure 5.30D). Importantly, liver volume in ahctf1*"; TO(kras®?¥)"/* larvae treated
with 1.00 uM or 2.00 uM selinexor was indistinguishable from that of control, non-
hyperplastic livers in 2-CLiP larvae (Figure 5.30E). This demonstrates that ahctfl
heterozygosity combines with XPO1 inhibition to completely block kras®'?V-driven hepatocyte
hyperplasia and liver enlargement.
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Figure 5.30 ahctfl heterozygosity combined with selinexor treatment completely restricts
kras®?V-driven hepatocyte hyperplasia and liver enlargement

A. Representative three-dimensional reconstructions of 2-CLiP and TO(kras®'2)"* livers of
the indicated ahctf1 genotype treated with DMSO or the indicated concentration of selinexor.
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Scale bar 25 um. B. Liver volume in 2-CLiP larvae was not impacted by selinexor treatment. C.
Liver volume in ahctf1*/*; TO(kras®*2V)™* larvae was reduced in a dose-dependent manner by
selinexor treatment. D. Selinexor restricted liver enlargement even further in ahctf1*;
TO(kras®'2V)"* larvae E. Graphical representation of the results shown in panels B-D.
Expression of TO(kras®2V)™* significantly increased liver volume compared to 2-CLiP larvae in
the presence of DMSO vehicle and this was partially reduced by ahctf1 heterozygosity. At a
1.00 pM and 2.00 uM dose of selinexor, liver volume in ahctf1*; TO(kras®*?V)™/* larvae was
indistinguishable from that of livers in 2-CLiP larvae. Data are expressed as mean + SEM, n>20.
Significance was calculated by linear regression analysis or by two-way ANOVA with Tukey’s
multiple comparisons test.
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5.15 Discussion

The current success rate of cancer drug discovery and development is insufficient to meet
growing clinical demands. Moreover, the almost inevitable emergence of drug resistance to
targeted therapies poses a major barrier to achieving complete cures in patients. Zebrafish
provide a powerful vertebrate platform for in vivo drug discovery, to help overcome these
obstacles and improve clinical outcomes. Due to their capacity for high-throughput
applications as well as their genetic and physiological similarity to humans, zebrafish facilitate
the efficient screening of novel compounds and validation of drug targets. By contributing to
simultaneous target identification, pharmacology and toxicology analysis, studies in zebrafish
have immense capacity to accelerate the drug development pipeline, offering a rapid path to
the development of novel cancer therapies.

The efficacy of zebrafish as a tool for drug discovery is supported by the results presented in
this chapter which establish that the TO(kras®?V)"”/* HCC model is highly amenable to
pharmacological inhibition, thus representing a valuable system for the pre-clinical
examination of drug treatments in vivo. Using this transgenic model alongside the 2-CLiP
zebrafish line as a control, provides early insights into toxicity, enables optimisation of drug
efficacy and allows identification of compounds that selectively inhibit kras®??V-driven
hepatocyte hyperplasia without impacting normal liver growth and development.
Significantly, treatment with all the drug compounds tested - MEK162, selinexor, EPZ015666,
WM-8014 and Hit 1 — did not impair normal liver growth in 2-CLiP larvae; instead anti-tumour
effects were observed only in hepatocytes expressing oncogenic Kras®'?V. These observations
suggest that a viable therapeutic window exists for these drug treatments that can be
exploited for HCC treatment.

Treatment with MEK162, a clinically approved MAPK pathway inhibitor reduced kras®?'-
driven liver hyperplasia by 81%. This promising therapeutic activity was further enhanced by
rnpc3 heterozygosity which combined with MEK inhibition to reduce pERK1/2 protein
expression and activate a Tp53-mediated transcriptional program. Mechanistically, this
resulted in increased expression of pro-senescence and pro-apoptosis genes which reduced
liver volume to non-hyperplastic 2-CLiP levels. The efficacy of MEK162 in the TO(kras®2V)"*
model is consistent with multiple studies which have demonstrated that MEK inhibition
improves clinical outcomes in RAS/RAF mutant cancers, such as NRAS and BRAF-mutant
melanoma?*’>. Moreover, the capacity of rnpc3 heterozygosity to augment the effects of
MEK162 treatment further advance Ul2-dependent splicing disruption as a promising
mechanism by which cancer growth may be restricted.

The potential of U12-dependent splicing as an effective target for cancer therapy is also
supported by the ability of the Hit 1 compound, identified in a high-throughput screen for
U12-dependent splicing inhibitors, to restrict kras®'?V-driven liver hyperplasia. Treatment
with 5.0 uM Hit 1 treatment significantly reduced excess liver volume by 62% in

231



TO(kras®'2)™* larvae and no toxicity was observed on the 2-CLiP background. Furthermore,
combination of Hit 1 exposure and rnpc3 heterozygosity was able to completely block liver
hyperplasia, reducing liver volume to that of 2-CLiP larvae. The compound is currently the
focus of medicinal chemistry efforts to improve its potency and drug-like properties. Whilst
further experiments are necessary to demonstrate that U12-dependent splicing is selectively
disrupted by Hit 1 treatment in this in vivo model system, in vitro experiments using HEK273,
Hela and A549 lung adenocarcinoma cells, have shown that U12 intron-containing genes are
aberrantly spliced in response to Hit 1 treatment (Dr. Stephen Mieruszynski, personal
communication). Together, these preliminary results support the potential clinical utility of
inhibiting U12-dependent splicing as a hitherto unexplored cancer treatment.

The modulation of splicing more broadly through PRMT5 inhibition has also recently emerged
as a promising therapeutic target in diverse cancer types including glioblastoma, lymphoma
and leukemia®®>%°, Treatment with the PRMTS inhibitor, EPZ015666 substantially reduced
kras®?V-driven liver hyperplasia in a concentration-dependent manner, with excess liver
volume reduced by 78% in response to a 10.00 uM dose. Consistent with previous reports
that the enzymatic activity of PRMTS5 is required for cell proliferation in vitro and genetic
suppression of PRMT5 impairs cancer cell growth by inducing senescence®#%>*!, EPZ015666
treatment restricted DNA replication in TO(kras®'?V)* hepatocytes and upregulated
expression of pro-senescence genes. These data demonstrate that EPZ015666 is efficacious
at limiting liver tumour burden by inducing senescence, providing a rationale for further
development of PRMTS5 inhibitors for treatment of HCC patients.

Treatment with the clinically validated XPO1 inhibitor selinexor was also investigated in the
TO(kras®'2V)* model. Like the previous compounds analysed, selinexor treatment produced
a dose-dependent reduction in tumour burden. Moreover, this therapeutic effect was
strongly augmented by ahctf1 heterozygosity, suggesting that new drugs targeting the ELYS
protein could be combined effectively with drugs that target nucleocytoplasmic transport.
Overexpression of XPO1 in many cancers is associated with a poor prognosis and drug
resistance through excessive export of the drug from the nucleus. By reducing drug efflux,
treatment with SINE compounds may indirectly sensitise cancer cells to treatment and
overcome drug resistance. This approach has been shown to be successful in multiple
myeloma, with selinexor treatment capable of overcoming acquired multi-drug resistance
and restoring sensitivity to doxorubicin both in vitro and in vivo>*?. Therefore, XPO1 inhibition
represents a promising therapeutic strategy to reverse de novo drug resistance and greatly
improve patient outcomes.

Similarly, combination therapy is a well-established strategy to reduce the likelihood of drug
resistance emerging and improve the magnitude of therapeutic responses through additive
or synergistic interactions between compounds. Collectively the data presented in this
chapter strongly support the use of combination therapies to maximise treatment responses.
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Whilst treatment with MEK162, Hit 1 and selinexor were effective in reducing liver
enlargementin a dose-dependent manner, some degree of hepatocyte hyperplasia remained,
even at the highest concentrations tested. However, combining these treatment modalities
with heterozygosity of rnpc3 or ahctfl had a substantial impact, completely restricting
kras®?V-driven liver enlargement. Therefore, these inhibitors are likely to be most effective
clinically when used in combination with other treatments rather than as single-agent
therapies. Such combination therapy has been widely successful in the clinic, with treatment
regimens established that are capable of inducing robust treatment responses for a diverse
array of cancers, limiting the development of drug resistance. For example, multiple
traditional chemotherapeutic agents are routinely used together to curatively treat leukemia
and lymphoma®3°. Combination therapy has also recently been shown to be effective for HCC.
Phase Il trials of atezolizumab (an immune checkpoint inhibitor) plus bevacizumab (an anti-
VEGFA antibody), prolonged overall survival and extended median progression-free survival
by a further 2.5 months compared to sorafenib treatment>*3. Determining which dose, dosage
schedule and combination of pharmacological agents will confer the greatest therapeutic
outcome in patients poses a formidable challenge that could potentially be advanced by more
extensive use of zebrafish cancer models such as the TO(kras®'2Y)”/* HCC model at the heart
of this thesis.

Notwithstanding all the observations discussed above, it is important to recognise the
potential limitations of the HCC model. Cancer usually develops over decades in humans
during which time there is a steady accumulation of mutations that together contribute to
the malignant state. The TO(kras®'?V) zebrafish HCC model is solely dependent on the

continuous induced expression of oncogenic Kras®'?V

and in my doxycycline treatment regime
(5 days) there is not enough time for secondary mutations to occur. Thus, the model does not

fully recapitulate the complex genetic landscape of HCC tumours in patients.

In addition, despite increased recognition of the usefulness and relevance of zebrafish models
to cancer research, many clinicians and biomedical scientists do not accept findings made in
zebrafish until they have been recapitulated in mammalian models. For instance, in the first
submission of our paper to Nature describing the discovery of the KAT6A/B inhibitor, WM-
8014, | provided the first in vivo evidence of its anti-tumour potency in the TO(kras®'?¥) model.
However, before accepting this paper, the editors at Nature required evidence that
senescence was also induced upon WM-8014 treatment in a mouse xenograft model of
human lymphoma.

A further limitation of testing drug compounds in zebrafish is the difficulty in accurately
estimating drug exposure concentrations. Whilst direct submersion of zebrafish in drug
compounds dissolved in water permits high-throughput screening, determining drug dose,
pharmacokinetics and pharmacodynamics is challenging'#®'>2, However, alternative drug
administration routes such as intraperitoneal injection and oral gavage can enable more
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precise determination of drug doses*?%>. In addition, the development of mass
spectrometry techniques to analyse pooled blood plasma samples from zebrafish, allows
evaluation of drug absorption, clearance and distribution, even in larval zebrafish, further

advancing the use of zebrafish in drug discovery and validation>**>4>

In summary, zebrafish cancer models offer unique opportunities to rapidly assess and identify
optimal combinatorial drug strategies. Recent technological developments facilitating
generation of transgenic and transplantation-based zebrafish cancer avatars, has further
broadened the potential use of zebrafish as clinical prediction tools!3®144146,152 Thys, drug
screens in zebrafish may be utilised for precision oncology to inform individualised
therapeutic strategies. The validity of this approach is currently being assessed in an ongoing
co-clinical trial (NCT03668418) based on phenotypic testing of chemotherapeutic drug
responses in zebrafish larval xenografts of human gastrointestinal cancers*. Additionally,
zebrafish cancer avatars have the potential to be useful predictors of drug resistance. In
particular, only short durations of drug exposure are necessary to identify primary resistance,
so both larval and adult zPDXs can be used to evaluate chemosensitivity and inform clinical

treatment#4463,
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6 Conclusions and general discussion

In this thesis, | report the results of experiments designed to test the paradigm that genes
that are indispensable for rapid rates of cell proliferation during development may provide
novel molecular targets for cancer treatment. Additionally, | evaluate the efficacy of several
drug treatments in vivo.

Utilising advanced imaging techniques, | show that both ahctfl heterozygosity and rnpc3
heterozygosity markedly reduce kras®?V-driven hepatocyte hyperplasia and liver
enlargement, while leaving non-cancerous tissues unaffected (Figure 6.1). In heterozygous
ahctfl larvae this therapeutic effect is achieved by disrupting nuclear pore formation and
impairing mitotic spindle assembly and chromosome segregation. Together these defects

G12v

augment the mild oncogene-induced stress caused by expression of kras®*<" alone, ultimately

producing DNA damage and a 3.5-fold activation of Tp53-dependent and independent cell

612V expression and impairment of

death pathways. A similar interaction occurs between kras
Ul12-dependent splicing in heterozygous rnpc3 larvae. However, in this instance, the
reduction in tumour burden was produced by a less pronounced (1.5-fold) increase in
apoptosis. Instead, there was a marked reduction in DNA replication and cell cycle
progression, consistent with growth arrest. Thus, it is tempting to think that the precise
mechanisms that produced cell death and growth arrest in ahctf17- and rnpc3” larvae,
respectively, during development (as introduced in section 1.4.6) were employed again to
reduce hepatocyte hyperplasia and tumour burden in the TO(kras®*?Y) model of HCC. If this
observation holds true, then one might infer from this that Elys may represent a superior
molecular target for cancer therapy than the 65K protein encoded by rnpc3, since impairment
of its function is more likely to kill cancer cells. Killing malignant cells is the ultimate goal of
cancer treatment, potentially enabling elimination of tumours and complete patient

remission rather than arresting tumour growth and producing stable disease.

Developmental signalling pathways are recapitulated during tumourigenesis and key
characteristics of cells in developing tissues are shared with cancer cells. Given ahctfl and
rnpc3 were identified in an ENU mutagenesis screen for genes that are essential for high rates
of cell proliferation during endodermal organ development, it is not surprising that they are
also necessary to support the rapid proliferation of hepatocytes expressing oncogenic
kras®®?V. During my Honours project | investigated the impact of another LiverP¥s screen
mutant, setebos, which harbours a mutation in the ribosomal RNA processing gene nol8.
Consistent with the other mutants examined, heterozygous loss of nol8 was also effective at
restricting kras®?V-driven hepatocyte hyperplasia and liver enlargement. Collectively this
data supports the concept that processes essential for development are also necessary for
tumourigenesis, revealing potential targets that may be of therapeutic benefit for improved
cancer treatments.
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Figure 6.1 Mechanism underlying genetic mutant and drug treatment induced reduction of
kras®?V-driven hepatocyte hyperplasia

ahctfl heterozygosity, rnpc3 heterozygosity and drug treatments can both inhibit genes or
pathways that are required for vigorously proliferating cells and inhibit expression of MAPK
pathway components downstream of mutant RAS. Together, this results in synthetic lethal
interactions in cells undergoing oncogene-induced stress leading to the accumulation of
DNA damage. In turn, this activates TP53, which modulates diverse cellular processes such
as senescence, cell cycle arrest and cell death that ultimately reduce tumour burden.
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The recent success of molecularly targeted cancer therapies focused on inhibiting oncogenic
pathways required for growth and/or survival has greatly improved patient outcomes.
However, the relatively smooth topography of some frequently mutated oncogenes such as
KRAS renders them not easily druggable by conventional approaches. In addition, the
emergence of drug resistance remains a formidable challenge in improving patient outcomes.
Consequently, synthetic lethality has emerged as a promising paradigm for cancer drug
development with broad potential to uncover novel drug targets and rational combination
therapies®4°0,

In this thesis, | present data consistent with the idea that ahctfl and rnpc3 participate in
synthetic lethal interactions with mutant kras in the TO(kras®?Y) model of HCC. Moreover,
these data strongly support targeting Elys and the 65K component of the Ul2-dependent
spliceosome as promising strategies for cancer treatment. Indeed, targeting these proteins
may be effective against a wide range of tumours that are driven by oncogenes that fuel high
rates of cell proliferation. However, my research also raised another important issue: the role
of Tp53 in executing the synthetic lethal response. My experiments clearly demonstrated that
although there was a mild beneficial Tp53-independent response to ahctfl heterozygosity,
the reduction in tumour burden was much more impressive in the presence of wildtype Tp53.
This has very important implications in the stratification of patients selected for treatment
with drugs designed to disable ELYS function. My data suggest that such treatments are more
likely to be successful in patients carrying an intact TP53 gene. Moreover, in this example,
further beneficial outcomes would most likely be derived from selecting patients with higher
levels of ELYS (and other nucleoporin) expression.

Ultimately, if such targeted therapies were developed, they would likely be utilised as part of
combination treatments rather than as single agents. Such combined treatment modalities
can increase the magnitude of therapeutic responses and reduce the emergence of drug
resistance to achieve long term cures. This is supported by the data presented in Chapter 5
that show that combining ahctfl heterozygosity with selinexor, an inhibitor of
nucleocytoplasmic transport, and combining rnpc3 heterozygosity with either a MEK inhibitor
or a Ul2-dependent splicing inhibitor produces a more robust effect, completely blocking
kras®?V-driven hepatocyte hyperplasia without impacting normal hepatocytes. These data
exemplify the usefulness of combination strategies in improving therapeutic outcomes and
highlight the strength of TO(kras®?V)™* zebrafish as a preclinical model that can be utilised
for novel drug discovery and validation.

Whilst all the chemical interventions examined in this thesis were effective at reducing
tumour burden driven by oncogenic kras®??V, the utility of such treatments in the setting of
established tumours harbouring multiple genetic aberrations remains to be investigated. RAS
mutant tumours early in their development may exhibit an increased reliance on major cell
growth, proliferation and cell death pathways and these vulnerabilities may decrease as
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tumourigenesis progresses and cancer cells acquire plasticity to evade targeted treatments.
Therefore, early diagnosis and treatment is of critical importance to maximise clinical
responses, in addition to expanded anti-cancer strategies.

Traditionally, drug discovery efforts have focused on the development of small molecule
drugs that target proteins. However, many globular proteins have characteristic low
ligandability, lacking enzymatic active sites or deep binding pockets where compounds can
bind with high affinity. Consequently, over 80% of the proteome is considered “undruggable”
and is exceedingly difficult to target with conventional approaches®*’. Nevertheless,
encouraging progress has been made with the development of proteolysis targeting chimeras
(PROTACs) that are capable of inducing proteasome-mediated selective degradation of target
proteins. This has greatly expanded the range of viable targets for cancer therapy, offering a
promising strategy to target previously intractable proteins38¢387, Currently, phase | clinical
trials (NCT03888612) are ongoing for the first-in-class compound ARV-110, an orally
bioavailable PROTAC that selectively targets the androgen receptor (AR) for degradation in
patients with metastatic castration-resistant prostate cancer.

Another emerging strategy with immense potential to transform drug development and
provide a new modality for the treatment of disease is targeting RNA directly. Consistent with
the idea that more than 80% of the proteome is undruggable, only 0.05% of the human
genome encodes proteins that are targeted by currently FDA-approved drugs®*®°%, In
contrast, utilising small molecules to modulate RNA transcripts or specific RNA isoforms offers
nearly unlimited therapeutic opportunities. Targeting RNA with antisense oligonucleotides
(ASOs) and short interfering RNAs (siRNAs) that are designed to hybridise to specific mRNAs
via base-pairing, has proven to be a successful approach to modulating expression of disease-
related mRNAs>>%>>1 Whilst such treatments have received regulatory approval for the
treatment of Duchenne muscular dystrophy (DMD) and spinal muscular atrophy (SMA), the
requirement for local delivery approaches has proven challenging®>?. Targeting RNA with
small molecules that may be administered systemically would therefore help overcome these
limitations. One emerging strategy is to develop small molecules that specifically interact with
highly structured RNA regions>>>>>%, In 2020, the first small molecule drug targeting RNA,
Evrysdi (risdiplam) received FDA approval for the treatment of SMA>>. In the context of
cancer, RNA therapeutics hold immense promise, enabling the direct targeting of hitherto
inaccessible oncogenes and tumour suppressors>>®°>’, Moreover, growing recognition of the
contribution of long non-coding RNAs (IncRNAs), small non-coding RNAs (sncRNAs),
microRNAs (miRNAs) to tumourigenesis, metastasis and drug resistance, has further
broadened the potential therapeutic applications of targeting RNA>>8°%0, Such possibilities
are particularly relevant to my research demonstrating that the 65K protein of the U12-
dependent splicing machinery is a potential cancer therapeutic target. This is because as well
as containing several unique protein components, the Ul12-dependent spliceosome also
contains 4 unique snRNAs (as outlined in section 4.1.2) that are also indispensable for its
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function®32-43¢_ Accordingly, one future direction for this aspect of my work would be to
explore the possibility of directly targeting the unique snRNA components of the U12-
dependent spliceosome with rationally designed small molecules®®'. Notwithstanding that
small molecule RNA-targeting technology remains in its infancy, likely with a myriad of
unknown challenges ahead, | believe it holds immense promise as a new frontier in drug
development that is highly relevant to my pre-clinical research.
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