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Abstract

Epigenetic regulators are recurrently hijacked by cancer cells to enhance and
maintain their malignant properties. Remarkably, epigenetic regulators are
often co-opted by cancer cells in their wild-type unmutated form without any
discernible changes to their intrinsic properties. However, the molecular
mechanisms that underlie the co-option of these key regulators of cellular
identity remain largely unclear. To generate a mechanistic paradigm for this
phenomenon, | investigate how the Polycomb component EZH2 transitions
from its physiological role in regulating normal development and tissue
maintenance, to its pathological role as a tumour promoter. Focussing on the
role of EZH2 in the central nervous system, | show that oncogenic signalling
redistributes EZH2 on chromatin, leading to transcriptional misregulation of
key neural homeotic genes and a malighant rewiring of normal development
programmes. This is achieved by de-repression of spinal cord-specifying HOX
genes and repression of the forebrain and neural stem cell transcription factor
EMX2, an expression switch observed in both glioblastoma cell lines and
patient samples. By in vivo assays, | show that EMX2 is a potent tumour
suppressor in glioblastoma, suggesting that EMX2 repression by EZH2 is
important for glioblastoma maintenance. Beyond its chromatin distribution, |
also show that transformation alters the binding partners of EZH2, suggesting
that dynamic changes to the composition of Polycomb complexes may
promote tumour formation. Thus, by performing a detailed multi-omics
characterisation of how neoplastic transformation alters the distribution,
activity and binding partners of EZH2, | provide a unique insight into the
molecular and cellular mechanisms underlying wild-type EZH2's dynamic role

in tumourigenesis.



Impact Statement

Therapeutic targeting of epigenetic regulators is emerging as an effective
treatment strategy in many cancer types. In particular, EZH2, a transcriptional
repressor crucial in development and tissue maintenance, acts as a tumour
promoter in various malignancies and is also a clinically-relevant therapeutic
target. However, the full range of cancer types for which EZH2-targeted
therapy may be an effective option remains unclear and there exists no means
to identify the specific patients who may benefit. Moreover, by undetermined
mechanisms, EZH2 acts as both a tumour suppressor and promoter in cancer,
potentially confounding the use of EZH2-targeted therapy. To address these
important issues, | performed a detailed characterisation of molecular
mechanisms which enable EZH2 to acts as a tumour promoter in cancer,

leading to discoveries that | believe are of both academic and clinical interest.

In the first part of this study, | reveal that in glioblastoma, transformation-
induced redistribution of EZH2 causes gene expression changes at key neural
transcription factors. This finding provides a clinically-relevant insight into the
molecular mechanisms which drive glioblastoma growth, a pertinent finding
given glioblastomas poor prognosis and our limited knowledge of its underlying

mechani s ms. Further mor e, b a sok dctioro im

EZH20s

glioblastoma, | propose a stage-specific model to describe EZH2 6 s

dichotomous tumour suppressive and promoting roles, presenting a theoretical
framework which may help others research and interpret the tumour promoting
roles of more epigenetic regulators. In addition, the extensive ChiP-seq, RNA-
seq and proteomics data sets generated in this study will provide a valuable
resource to others in the epigenetics community, potentially stimulating and

complementing future research.

In the second part of this study, | describe how transformation alters the
composition of PRC2 through changing the binding of specific accessory
proteins. The role of PRC2 accessory proteins remains poorly defined, and
hence this provides an important insight to how these proteins function in both
normal and cancer cells. Moreover, | present preliminary evidence that PRC2
accessory proteins in their wild-type form can play tumour suppressive and

promoting roles in cancer, providing a starting point for future research to

me c h



characterise in greater detail the function of these proteins in cancer - research

which may have important clinical implications.

In the final part of this study, | present a detailed comparative analysis of
genetic and pharmacological loss-of-function approaches for determining the
genes regulated by EZH2. This controlled comparison will provide a reference
point for others considering on embarking on similar studies, enabling them to
make a rational and informed decision as to the experimental loss-of-function

approach to employ.
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Chapter 1. Introduction

Epigenetic regulation is indispensable for instructing and maintaining correct cellular
identity (Atlasi & Stunnenberg, 2017). Through differential modification and compaction
of chromatin, epigenetic mechanisms allow the cell to regulate gene expression
programmes in a spatially and temporally appropriate manner. These mechanisms are
a ubiquitous feature of both normal development and tissue maintenance (Atlasi &
Stunnenberg, 2017), and their essentiality is clearly demonstrated by the severe, and
often lethal phenotypes, of abrogating epigenetic modifier function (Okano et al, 1999;
Yu et al, 1995; Il € &C2001). & core feature of the epigenetic regulatory
machinery in metazoans are the Polycomb group (PcG) of proteins, which modulate
many facets of the epigenetic landscape to shape a range of physiological and

pathological processes (Schuettengruber et al, 2017).
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1.1 Architecture and mechanisms of Polycomb repressive

complexes

PcG genes were first identified nearly 70 years ago with the discovery of Polycomb in
pioneering Drosophila mutagenesis experiments (Lewis, 1947). Mutation of Polycomb
transformed anterior segments of the Drosophila embryo into more posterior ones,
demonstrating an essential role for Polycomb in mediating correct body patterning.
Ensuing genetic screens identified many others genes that exhibited similar mutant
phenotypes, becoming collectively known as PcG genes. Subsequently, disruption of a
second group of genes, the Trithorax group (TrxG), was found to transform posterior
embryo segments into more anterior ones, a phenotype opposite to that of PcG genes
(Kennison & Tamkun, 1988; Ingham, 1983). It was then established that PcG and TrxG
proteins function in an antagonistic manner to maintain the correct expression patterns
of body-plan-specifying HOX genes when the initiating transcription factors are removed,
explaining the severe defects in body patterning their disruption induced (Lewis, 1978;
Struhl & Akam, 1985; Ingham, 1983). Thus, the antagonistic activity of TrxG and PcG
proteins provides a paradigmatic mechanism by whi
prior developmental signals (Ingham, 1985). These protein families have since been
shown to be evolutionarily conserved from plants to mammals, emphasising the

fundamental role they play in regulating the genome (Schuettengruber et al, 2017).

The PcG proteins primarily act as components of two complexes: Polycomb repressive
complex 1 (PRC1) and Polycomb repressive complex 2 (PRC2) (Margueron & Reinberg,
2011). This subdivision is evolutionarily conserved, but notably the compositional
diversity of PRC1 and 2 has markedly increased in higher organisms such as mammals,
in line with their more complex gene regulatory requirements (Schuettengruber et al,
2017). For the purposes of this thesis, | will focus primarily on the mammalian Polycomb

complexes, in particular PRC2.
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1.1.1 PRC2 composition and function

1.1.1.1 PRC2 core complex

The core PRC2 complex in mammals is composed of the proteins enhancer of zeste
homologue 1 or 2 (EZH1/2), suppressor of zeste 12 (SUZ12), embryonic ectoderm
development (EED) and retinoblastoma-binding protein 4 or 7 (RBBP4/7)
(Schuettengruber et al, 2017) (Fig. 1). EZH1 and EZH2 act in a mutually exclusive
manner as the catalytic components of PRC2, transferring a methyl group from the
cofactor S-adenosyl-L-methionine to lysine 27 on Histone H3 through the activity of their
SET domains (Margueron & Reinberg, 2011). The histone methyl transferase (HMTase)
activity of PRC2 was initially identified through a combination of biochemical purification,
mutagenesis and chromatin immunoprecipitation experiments performed in Drosophila
(Muller et al, 2002; Cao et al, 2002; Czermin et al, 2002; Kuzmichev et al, 2002). By
assaying the catalytic activity of in vitro reconstituted PRC2, and E(Z) (Drosophila
EZH1/2) alone, using nucleosomal arrays, the SET domain of EZH1/2 was shown to be
a methyl transferase that specifically catalysed H3K27 methylation. Furthermore, the
importance of HMTase activity for gene repression was confirmed by the observed
upregulation of PRC2 targets, such as HOX genes, when the SET domain of E(Z) was
mutated in vivo. Subsequent studies have shown that EZH1/2 catalyse sequential mono-
(H3K27mel), di- (H3K27me2), and tri-methylation (H3K27me3) of lysine 27, with
deposition of H3K27me3 at gene bodies
mode of gene repression (Margueron & Reinberg, 2011; Pengelly et al, 2013). Removal
of these methyl marks from H3K27 is catalysed through the activity of histone
demethylases UTX and JMJD3 (Hong et al, 2007; Agger et al, 2007).

Although most research has focussed on the role of H3K27me3, recent evidence
suggests that H3K27mel and H3K27me2 are also functionally important chromatin
marks. H3K27mel is found at gene bodies and H3K27me2 covers large intergenic
regions, where they promote transcription and prevent pervasive intergenic transcription,
respectively (Lee et al, 2015; Ferrari et al, 2014). In line with their functions, the levels of
the three modifications differ greatly; with H3K27me1, H3K27me2 and H3K27me3 found
at ~4%, ~70% and ~7% of histone H3, respectively (Ferrari et al, 2014), indicating that

di-methylated is the default state for histone H3.
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It has been extensively reported that EZH1 and EZH2 are able to act in a redundant
manner to repress genes (Ezhkova et al, 2011; Lui et al, 2016; Shen et al, 2008).
However, PRC2-EZH2 has a substantially higher HMTase activity than PRC2-EZH1
(Margueron et al, 2008), and is activated by allosteric modulators and specific epigenetic
features to which PRC2-EZHL1 is not responsive (Lee et al, 2018a). In addition, PRC2-
EZH1 has a higher affinity for nucleosomes and is able to induce gene repression
independently of its catalytic activity (Margueron et al, 2008). Alongside these differing
mechanisms of action, EZH1 and EZH2 exhibit divergent expression patterns across
different tissue and cell types, and have distinct expression dynamics during cell state
transitions (Laible et al, 1997; Ogawa et al, 1998; van Lohuizen et al, 1998; Ezhkova et
al, 2011; von Schimmelmann et al, 2016). Specifically, EZH2 expression is restricted to
proliferating cells, whilst EZH1 is ubiquitously expressed irrespective of proliferation rate
in both proliferating and post-mitotic cells (Margueron et al, 2008). These expression
differences are partly due to the linkage of EZH2, but not EZH1, expression to cellular
proliferation rate through regulation of its transcription by the E2F pathway (Bracken et
al, 2003). Thus, although PRC2-EZH1 and PRC2-EZH2 can act redundantly, they also

have distinct mechanisms of action and functionalities.

SUzZz12 and EED are also essential for PRC20s HMTas
these components severely impairs PRC2 function (Pasini et al, 2004; Qi et al, 2017).
As with many PRC2 components, the role of SUZ12 in the PRC2 is remarkably multi-
factorial. SUzZz12 interacts with EZH2 to drive as
HMTase activity and enables allosteric regulation of HMTase activity by the active
histone mark H3K4me3 (Ketel et al, 2005; Cao & Zhang, 2004; Schmitges et al, 2011).
In addition, SUZ12 binds to non-coding RNAs, an interaction that regulates the
association of PRC2 with genes (KehereetadlPRC2 t ar ge
2010). EED binds to H3K27me3 via its WD40 domain, and in turn, allosterically activates
the HMTase activity of EZH2 (Margueron et al, 2009). This allosteric activation allows
the propagation of the H3K27me3 mark along chromatin, enabling maintenance of
repressive domains and transmission of the mark from mother to daughter cells (Fig. 1).
In addition to EED and SUZ12, proteins RBBP4 and 7 form a constitutive part of the
PRC2 complex. However, dissection of the specific function of these proteins has proved
challenging due to the many protein complexes they associate with (Zhang et al, 2013;

Migliori et al, 2012). Nonetheless, the ability of these proteins to bind histones appears
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to be important for recruiting PRC2 to nucleosomes and mediating allosteric interactions
with histone marks (Nowak et al, 2011; Schmitges et al, 2011; Nekrasov et al, 2005).

PRC2.1 PRC2.2
PRC2 core

EPOP/

PALI1/2 . JARID2
Suz12
Illlll) (llllll

PHF1/ EED
PHF19/ AEBP2

MTF2 \ '

K27
) (\.5 :
? = Methylation Gene OFF

Figure 1. Composition and activity of the PRC2

A schematic depicting the composition of the PRC2, including the core and accessory proteins.
Red arrow indicates methylation of lysine 27 on histone H3 by EZH1/2, black unbroken arrow
indicates an allosteric interaction between EED and H3K27me3, black broken arrows indicate
accessory proteins interacting with the PRC2 core to form the PRC2.1 and PRC2.2 sub-

complexes.

1.1.1.2 PRC2 accessory proteins and interacting RNAs

Associating with the PRC2 core are a number of accessory proteins that bind in a sub-
stoichiometric manner and are required for complex targeting and allosteric regulation
(Holoch & Margueron, 2017) (Fig. 1). A consensus has now emerged that binding of
accessory proteins categorises PRC2 into two distinct sub-complexes: PRC2.1 and
PRC2.2 (Hauri et al, 2016; Grijzenhout et al, 2016). PRC2.1 is defined by the mutually
exclusive binding of proteins MTF2, PHF19 and PHF1, highly homologous members of
the Polycomb-like (PCL) family of proteins. PCL proteins enable PRC2 to bind a number
of features of the epigenetic landscape. Through their Tudor domains, PHF1, PHF19
and MTF2 are able to bind H3K36me3, a mark of active transcription (Ballaré et al, 2012;
Musselman et al, 2012; Cai et al, 2013; Brien et al, 2012; Li et al, 2017). The interaction
with H3K36me3 is hypothesised to allow spread of repressive H3K27me3 into

transcriptionally active regions, a model supported by PHF196
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H3K36 demethylase NO66 (Brien et al, 2012). However, studi es

with H3K36me3 show it to inhibit PRC2 activity (Musselman et al, 2012), in line with the
ability of increased H3K36me3 to deplete H3K27me3 (Popovic et al, 2014). Thus, the
exact function of PCL proteins interaction with H3K36me3 still remains to be resolved.
In addition, through their winged helix domain, PHF1 and MTF2 are able to bind
unmethylated GC-rich DNA (Perino et al, 2018; Choi et al, 2017; Li et al, 2017). This
interaction is particularly important as PRC2 shows a strong preference for binding at
CpG islands (Mendenhall et al, 2010; Ku et al, 2008; Riising et al, 2014), regions of DNA
with high CpG dinucleotide content often associated with gene promoters (Deaton &
Bird, 2011). This interaction, and its significance in targeting PRC2, will be discussed in

greater depth in O6PRC2 targeting to chr

In spite of their sequence homology, PCL proteins appear to have distinctive cellular
functions and modes of action. PHF1 is highly expressed in quiescent cells, where it
binds to and stabilises p53 in a chromatin-independent manner, inducing cellular
guiescence (Brien et al, 2015). In contrast, PHF19 and MTF2 are expressed in
proliferating cells due to regulation of their transcription by the E2F pathway (Brien et al,
2015). In embryonic stem cells (ESCs), depletion of MTF2 leads to enhanced self-
renewal characteristics (Walker et al, 2010), whilst depletion of PHF19 increases
spontaneous differentiation (Hunkapiller et al, 2012). Moreover, in an in vitro model of
neural differentiation, PRC2-MTF2 is enriched in ESCs, whilst a switch to PRC2-PHF19
is initiated upon differentiation to neural progenitor cells (Kloet et al, 2016). Taken
together, this indicates striking differences in function between PCL proteins, the

mechanistic underpinnings of which still remain to be fully elucidated.

Adding additional complexity, PRC2.1 can be further sub-divided by whether it interacts
with EPOP or PALI1/2, two recently identified PRC2 interactors (Conway et al, 2018;
Beringer et al, 2016; Liefke et al, 2016). EPOP is a highly unstructured protein which
links PRC2 to elongin BC, part of the transcription elongation-promoting elongin complex
(Liefke et al, 2016; Beringer et al, 2016). This interaction is proposed to restrict PRC2
activity and maintain a basal level of transcription from PRC2-repressed genes,
potentially allowing them to escape PRC2 repression with greater ease when the
appropriate signals are received. PALI1/2 are transcribed from within the locus of the
nuclear co-repressor gene LCOR, and remain the least characterised PRC2 accessory

proteins (Conway et al, 2018). Recent work has shown that PALI1/2 are essential for
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mouse development and PRC2-PALI1/2 has an antagonistic relationship with PRC2-
AEBP2, suggesting the existence of complex interactions between sub-classes of PRC2
(Conway et al, 2018).

PRC2.2 is defined by concurrent binding of the proteins AEBP2 and JARID2 to the PRC2
core (Hauri et al, 2016; Grijzenhout et al, 2016). JARID2 is a member of the Jumonji C
family of histone demethylases, but due to a lack of key residues JARIDZ2 is catalytically
inactive (Landeira & Fisher, 2011). Through its zinc finger domain, JARID2 exhibits weak
binding affinity for GC-rich sequences of DNA, suggesting a mechanism by which PRC2
is targeted to CpG islands (Li et al, 2010). Also important for PRC2 targeting, JARID2 is
able to bind non-coding RNAs and thus serve as a major conduit for PRC2 regulation by
RNA (Kaneko et al, 2014a). Furthermore, JARID2 is tri-methylated by EZH2 at its K116
residue, a modification that is recognised by EED and is thought to stimulate EZH2
HMTase activity in a similar manner to H3K27me3 recognition by EED (Sanulli et al,
2015). This suggests a mechanism of PRC2 auto-activation that may allow de novo
deposition of H3K27me3. I n contrast to
AEBP2 appears to constrain it. This is evidenced by the increased H3K27me3 levels
upon AEBP2 knock-out in ESCs and a homeotic transformation observed in AEBP2 KO
mice that is reminiscent of those induced by loss of TrxG proteins (Grijzenhout et al,
2016). Similar to JARID2, AEBP2 is also a zinc finger-containing protein, and is
suggested to employ this DNA affinity to target PRC2 on chromatin (Kim et al, 2009),

however, convincing evidence demonstrating this is still lacking.

Compounding the complex architecture of PRC2, core and accessory proteins of the
complex are able to interact with RNA (Davidovich & Cech, 2015). However, the exact
function of RNA binding by PRC2 remains contentious. Initial studies identified
interactions between PRC2 and non-coding RNAs RepA and HOTAIR as necessary for
PRC2 targeting to the X chromosome and HOXD locus, respectively (Ogawa et al, 2008;
Rinn et al, 2007). Although an attractive model for PRC2 targeting, subsequent studies
have cast doubt on the veracity of these findings (Portoso et al, 2017; McHugh et al,
2015). Instead, PRC2 appears to be an extremely promiscuous binder of RNA (Zhao et
al, 2010; Davidovich et al, 2013). This non-specific RNA interaction is thought to prevent
PRC2 association at actively transcribing genes (Cifuentes-Rojas et al, 2014; Kaneko et
al, 2014b), a hypothesis supported by the de novo binding of PRC2 to CpG islands after
RNA depletion by ribonuclease treatment (Beltran et al, 2016).
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1.1.2 PRC1 composition and activity

Similar to PRC2, PRC1 constitutes a core complex that shows strong evolutionarily
conservation (Schuettengruber et al, 2017). The PRC1 core is formed by RING 1
proteins (RING1A and B), and one Polycomb group ring-finger domain protein (PCGF1-
6) ( Gi l & 006 L o.dg'hel E8 mbjquitid Ogas# activity of RING1A and RING1B
catalyses mono-ubiquitination of lysine 119 of histone H2A (H2AK119ub), a chromatin
mark which then mediates repression of the associated gene (Simon & Kingston, 2013).
The ubiquitin-protein transferase activity of PRC1 was first identified through
prospectively purifying the complex responsible for the then known H2AK119ub
chromatin mark (Wang et al, 2004a). The role of this catalytic activity in gene repression
was confirmed by the observation of Ubx upregulation (a known Drosophila PRC1 target
gene) when levels of the Drosophila PRC1 catalytic component dRing were depleted
using RNA interference (Wang et al, 2004a).

PRC1 has much greater compositional diversity than PRC2, and the complex can be
broadly subdivided into canonical and non-canonical forms (cPRC1 and ncPRC1,
respectively) (Gl & O6 L o g h | e.rin addRidh to4he core complex, cPRC1 contains
one Chromobox protein (CBX2, CBX4, and CBX6i CBX8) and one Polyhomeotic
homologous protein (PHC1-3). CBX proteins are able to bind H3K27me3 through their
Chromodomain, leading to deposition of H2AK119ub at PRC2-repressed domains
(Bernstein et al, 2006b). PHC proteins contain a SAM motif that allows them to self-
associate and drive clustering of polycomb repressed domains (Isono et al, 2013). In
contrast, ncPRCL1 is defined by the binding of the protein RYBP to the PRCL1 core.
Alongside RYBP, a suite of accessory proteins associate with the ncPRC1 core,
producing different versions of ncPRC1, a full description of which are outside the scope
of this thesis (Blackledge et al, 2015). A key feature of ncPRC1 complexes is the
absence of a CBX protein, meaning ncPRC1 is targeted to chromatin in a PRC2-
independent manner. Although the mechanisms underlying ncPRC1 targeting remain to
be fully defined, the discovery that ncPRC1 component KDM2B is able to bind CpG
islands suggests a possible mechanism by which ncPRC1 associates with specific loci
(Farcas et al, 2012).
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1.1.3 PRC2 targeting to chromatin

In Drosophila, PRC2 activity is targeted to chromatin through transcription factor-directed
binding of cis-regulatory sequences known as Polycomb responsive elements (PRES)
(Steffen & Ringrose, 2014). However, attempts to identify a mammalian PRE have
proved largely fruit(fly)less (Blackledge et al, 2015). Moreover, efforts to find transcription
factors that target PRC2 in a sequence specific manner have uncovered only a handful
of examples, all of which are relevant at specific genes and in restricted cellular contexts
(Arnold et al, 2013; Dietrich et al, 2012; Herranz et al, 2008; Blackledge et al, 2015).
Thus, loci-specific targeting does not appear to be a broadly relevant mechanism of
directing PRC2 to chromatin.

One of the clearest determinants of whether Polycomb complexes will bind on DNA is
the presence of a CpG island (Mendenhall et al, 2010; Ku et al, 2008), an association
thought to be mediated by PCL proteins or JARID2 on PRC2, and KDM2B on PRC1 (Li
et al, 2010, 2017; Farcas et al, 2012). Furthermore, two important studies investigating
the temporal dynamics of PRC2 binding showed that gene repression precedes the
binding of PRC2 (Hosogane et al, 2013; Riising et al, 2014). Specifically, in the work of
Hosogane et al, deposition or loss of H3K27me3 at gene bodies was demonstrated to
occur after Ras induced expression changes at these genes in mouse fibroblasts,
indicating that PRC2 responds to expression changes as opposed to initiating them. In
addition, global inhibition of transcription leads to recruitment of PRC2 to CpG islands
genome-wide (Riising et al, 2014), suggesting that PRC2 binds to CpG islands by
default, but is inhibited from doing so by transcription. This general affinity of PRC2 for
CpG islands, its ability to recognise and respond to many chromatin features, and the

paucity of evidence for sequence-s peci fi c targeting, |l ed

samplingd model of Pol yKingemebal, 20d3npn thiskmoteh r g et i

Polycomb complexes constantly sample the chromatin environment at CpG islands,
incorporating information on transcriptional activity, chromatin modification and DNA
methylation status to determine whether a site is bound and histone modification occurs.
This model is supported by the ability of RNA to inhibit PRC2 binding (Davidovich et al,
2013; Beltran et al, 2016), and allosteric regulation of PRC2 by a multitude of histone
modifications (Holoch & Margueron, 2017). Thus, PRC2 binding to chromatin is likely to
be determined by a combination of general affinity for CpG islands, and the integration

of the epigenetic features at each locus.
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Figure 2. Different modalities of PRC2 recruitment to chromatin

A schematic outlining the different mechanisms by which PRC2 HMTase activity is targeted to

chromatin. Red arrows indicate deposition of a chromatin mark and black arrows indicate binding

of a chromatin marKk. Col our ed s p hdecates she praegns e s e n't histo
PHF19, MTF2 and PHF1. Txn factor i transcription factor. Figure based on a similar schematic

from Aranda et al, 2015.

1.1.4 Synergistic activity of PRC1 and PRC2

PRC1 and PRC2, along with their repressive chromatin marks, show a highly concordant
distribution on chromatin, indicating an intimate link between their repressive activity.
Early studies exploring the interaction between PRC1 and PRC2 in Drosophila led to the
proposal of a oO6hierarchical é model of Polycomb co
on chromatin leads to recruitment of PRC1 (Wang et al, 2004b). This model was based
on initial experiments exploring PRC1 and PRC2 recruitment at the polycomb target
gene Ubx (Wang et al, 2004b). At Ubx, PRC2 was shown to be recruited to PRESs through
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an interaction with PRE-binding transcription factors, such as Pho. This recruitment led
to deposition of H3K27me3, which was bound by PRC1 via its H3K27me3-binding Pc
component (CBX proteins in mammals), in turn leading to gene repression. Although an
attractive model, recent studies have revealed that this hierarchical model is insufficient
to fully describe the complex interaction between PRC1 and PRC2 (Blackledge et al,
2015). Targeting of PRC1 to loci devoid of PRC2 and H3K27me3 drives de novo
formation of H3K27me3 domains, and depletion of PRC1 leads to a decrease in global
H3K27me3 levels, together indicating that PRC1 can also recruit PRC2 to chromatin
(Blackledge et al, 2014; Tavares et al, 2012; Cooper et al, 2014). PRC1-driven targeting
has been proposed to act as follows: 1) ncPRCL1 binds to CpG islands in a H3K27me3-
independent manner through its KDM2B component and deposits H2AK119ub (Farcas
et al, 2012); 2) PRC2.2 binds H2AK119ub via JARID2 leading to deposition of
H3K27me3 (Kalb et al, 2014); 3) cPRC1 is recruited by CBX protein binding to
H3K27me3, depositing further H2AK119ub and initiating a positive feedback loop to

expand the Polycomb repressive domain (Holoch & Margueron, 2017).

The modes by which PRC1 and PRC2 mediate gene repression are remarkably diverse
(Schuettengruber et al, 2017). Chromatin compaction by PRC1 is particularly important
in repressing gene expression (Shao et al, 1999), and this occurs through interactions
bet ween specific O6compact i ochaat ® dpridgeragjatenton CB
nucleosomes(Francis et al, 2004; Lau et al, 2017). In addition, Polycomb complexes are
able to directly disrupt transcription through either blocking the release of RNA
polymerase Il (Dellino et al, 2004; Zhou et al, 2008) or inhibition of the catalytic activity
of H3K27 acetyl transferase CBP (Tie et al, 2016). Alongside effects on local chromatin
architecture, PHC proteins of the cPRC1 form homotypic interactions that drive higher-
order clustering of Polycomb bound domains, a process crucial for enabling Polycomb
mediated gene repression (Isono et al, 2013). Thus, PRC1 and PRC2 exhibit a complex
molecular interplay which enables recruitment of both complexes to repressed loci which

then drives gene repression by diverse modalities.
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1.1.5 Complex interplay between PRC2 and DNA methylation

Of the many chromatin features PRC2 targeting has been linked to, a particularly strong
anti-correlative relationship is observed between DNA methylation and H3K27me3,
leading to the suggestion that DNA methylation may make a sequence refractory to
PRC2 binding (Rose & Klose, 2014). Supporting this, PRC2 binds primarily at CpG
islands which are largely unmethylated regions of the genome (Mendenhall et al, 2010;
Ku et al, 2008), and depletion of DNA methylation is often followed by H3K27me3
deposition at newly hypomethylated loci (Lynch et al, 2012; Reddington et al, 2013). In
addition, PHF1 and MTF2 selectively bind unmethylated CpG-containing DNA (Li et al,
2017), indicating a possible mechanism underlying DNA methylation sensitivity.
Moreover, a direct interaction exists between DNA demethylase TET1 and PRC2 in
ESCs, potentially allowing PRC2 to actively remove DNA methylation from its binding
sites (Neri et al, 2013a). However, other studies suggest that DNA methylation and PRC2
activity are by no means incompatible. Both H3K27me3 and DNA methylation co-exist
on the inactive X chromosome (Galupa & Heard, 2015), and targeting of PRC1 to
hypermethylated pericentromeric chromatin leads to binding of PRC2 and formation of
H3K27me3 domains (Cooper et al, 2014). Furthermore, a direct interaction has been
demonstrated between the PRC2 and DNA methylation machinery (Viré et al, 2006),
although subsequent work has suggested this interaction may be inhibited by
competition with DNMT3L (Neri et al, 2013b). Importantly, the majority of studies
exploring the relationship between DNA methylation and PRC2 have focussed on ESCs
where a clear anti-correlative relationship does appear to exist. However, in instances
when the relationship has been studied in the context of differentiated or cancer cells the
relationship becomes less clear (Brinkman et al, 2012; Statham et al, 2012). Thus, the
exact relationship between DNA methylation and PRC2 is complex and likely context-

dependent, with clear inconsistencies in existing data which are yet to be fully resolved.
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1.2 PRC2 in development and tissue maintenance

1.2.1 PRC2in mammalian development

Since the initial observation in Drosophila that PcG proteins are essential for correct body
patterning, subsequent research has established Polycomb complexes as a core
conserved feature of developmental programmes in metazoans. In mammals, the
importance of PRC2 function in development is exemplified by the embryonic lethality of
disrupting core PRC2 components in mice ( O 6 C aet at, 2001t Pasini et al, 2004; Faust
et al, 1998), and the severe effects of accessory components loss (Vizan et al, 2015).
Importantly, embryonic lethality occurs before gastrulation, demonstrating that PRC2 is
required from the very earliest stages of mammalian development. In addition to
mediating early development, tissue-specific roles for PRC2 have been identified in
blood (Xie et al, 2014), brain (Pereira et al, 2010), muscle (Caretti et al, 2004), skin
(Ezhkova et al, 2009) and heart development (Delgado-Olguin et al, 2012; He et al,
2012). Together, this indicates an indispensable role for PRC2 throughout mammalian

development.

1.2.1.1 PRC2 in embryonic stem cells

As a result of the crucial role PRC2 plays in early embryogenesis, many subsequent
studies have used ESCs as a model to whravel
development. In initial experiments disrupting PRC2 core components in mouse ESCs,
substantial de-repression of lineage-specific genes was observed (Boyer et al, 2006; Lee
et al, 2006), leading to the conclusion that PRC2 maintained stem cell self-renewal.
However, contradicting this assertion, ESCs depleted of core PRC2 components can be
maintained in a stable undifferentiated state, but have a severely impaired ability to
differentiate in a timely and correct manner (Pasini et al, 2007; Chamberlain et al, 2008).
This suggests that PRC2 is dispensable for maintenance of ESC self-renewal, but
necessary to mediate differentiation to specific lineages. Further supporting a role for
PRC2 in enabling differentiation, PRC2 accessory proteins PHF19, MTF2 and JARID2
are also required for differentiation in ESCs (Ballaré et al, 2012; Zhang et al, 2011; Pasini
et al, 2010). Nonetheless, a recent study investigating the effect of EZH2 knock-out (KO)

in human ESCs found severe defects in both self-renewal and differentiation ability,
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suggesting that the function of PRC2 may show a degree of species specificity (Collinson
et al, 2016).

1.2.1.2 Dynamic redistribution of PRC2 during development

In studies profiling the chromatin landscape of ESCs, a striking co-localisation was

observed between H3K27me3 and H3K4me3 (a chromatin mark associated with

transcriptional activation) at the promoters of key developmental genes (Bernstein et al,

2006a). These regi ons, t er med Obi val ent domai ns 6,
activating mark upon differentiation, an event hypothesised to enable rapid initiation of

lineage-specific transcriptional programmes (Bernstein et al, 2006a). In line with the

O6poisedd state of these genes, promoters with bi
paused RNA polymerase Il (Brookes & Pombo, 2009). However, depletion of MLL2, the

protein depositing H3K4me3 at bivalent domains, has no effect upon a cells ability to

induce transcriptional changes when differentiation is induced (Denissov et al, 2014; Hu

et al, 2013). Moreover, paused RNA polymerase Il is a ubiquitous feature of PRC2

repressed sites even after differentiation has been initiated (Ferrai et al, 2017; Brookes

et al, 2012). Thus, the exact function of bivalent chromatin domains in ESCs still remains

to be fully determined. Interestingly, in adult gut epithelium, genes marked with bivalent

domains in villus cells are those which have been repressed by PRC2 during

differentiation from crypt stem cells (Jadhav et al, 2016). This indicates that bivalent

domains are features of both embryonic and adult cell populations, with diverse functions

in regulating gene expression.

Alongside resolution of bivalent domains, redistribution of H3K27me3 is also observed
at other chromatin sites during early development (Gifford et al, 2013; Xie et al, 2013,
Hawkins et al, 2010). During differentiation from ESCs to the three germ layers
(ectoderm, mesoderm and endoderm), H3K27me3 is observed to replace DNA
methylation within many CpG poor regions (Gifford et al, 2013), once again emphasising
the intimate relationship between PRC2 and DNA methylation. In addition, comparison
of H3K27me3 distribution between human ESCs and various differentiated cell types
shows a general expansion of H3K27me3 domains induced by differentiation (Hawkins
et al, 2010). Thus, dynamic changes in H3K27me3 distribution are a recurrent feature of

early developmental processes.
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1.2.1.3 PRC2 in neural development

Beyond ESCs, one of the best studied roles of PRC2 in mammals is its regulation of
central nervous system (CNS) development. Proper development and maintenance of
the CNS is reliant upon the appropriate activity of epigenetic regulators (Lister et al,
2013), as seen in the epigenetic basis of many neurological diseases (Jakovcevski &
Akbarian, 2012). During CNS development, epigenetic mechanisms interpret external
cues to give patterned expression of region-specific transcription factors, a process
essential in forming a correctly structured CNS (Barber & Rastegar, 2010).
Concomitantly, epigenetic regulators initiate and maintain stem cell hierarchies in the
CNS, inducing spatially and temporally appropriate cellular differentiation (Juliandi et al,
2010). PRC2 is involved in both aspects of CNS development, performing crucial
functions in the developing forebrain, midbrain, hindbrain and spinal cord (Hirabayashi
et al, 2009; Zemke et al, 2015; Pereira et al, 2010; Di Meglio et al, 2013).

In the forebrain, EZH2 maintains the self-renewal ability of neural progenitor cells (NPCs)
(Pereira et al, 2010), and restricts NPC neurogenic ability to promote a transition from
neurogenesis to astrogenesis, a crucial switch during cerebral cortex development
(Hirabayashi et al, 2009). In a similar manner to ESC differentiation, NPC differentiation
to neuronal and astrocytic lineages is accompanied by H3K27me3 changes at key
lineage-specifying genes, such as transcription factors Eomes and Sox6 (Albert et al,
2017). Repression of lineage-s peci fying factors also

developing mid-brain (Zemke et al, 2015). Here, EZH2 represses forebrain-specifying

transcription factors such as Foxgl and Pax6 to maintain midbrain identity (Fig. 3).

As in Drosophila body patterning, PRC2 is an essential regulator of HOX gene
expression in neural development. In the pontine nucleus of the hindbrain, EZH2 defines
spatially restricted HOX gene expression patterns to regulate neuronal migration and
control connectivity between brain regions (Di Meglio et al, 2013). Moreover, in the spinal
cord, EZH2 contributes to motor neuron subtype specification by repressing HOX genes
in a region-specific manner and thus maintaining their distinct expression patterns
(Mazzoni et al, 2013). Together, PRC2 is essential across the developing CNS to repress

lineage-specifying factors and balance cellular self-renewal and differentiation.
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Figure 3. Aberrant expression of lineage specifying factors in the midbrain upon Ezh2 KO
Microscopy images reproduced from Fig. 4A of Zemke et al, 2015, showing upregulation of
forebrain transcription factor Foxgl upon conditional knock-out of Ezh2 in the murine midbrain.
Asterisk indicates region in schematic of the mouse brain (top left) where the microscopy images
were taken from. Scal e bars: 500¢ mi Foreprpme MBipanel ) , 40¢n

Midbrain. For additional details please see original publication.

1.2.2 PRC2in tissue maintenance

PRC2 is also required in post-natal life to mediate tissue maintenance by regulating adult
stem cells (Hwang et al, 2014; Rhodes et al, 2018; Ezhkova et al, 2011; Juan et al, 2011)
and their post-mitotic progeny (Bodega et al, 2017; Ai et al, 2017). In adult stem cells,
PRC2 acts to regulate self-renewal/differentiation and proliferation, a dual function that
can be clearly observed in neural stem cells (NSCs) (Hwang et al, 2014). In the adult
brain, NSCs constitute a small population of astrocytes, found within a region of the
cerebrum known as the sub-ventricular zone (SVZ), which retain neurogenic capacity
throughout adult life (Bond et al, 2015). EZH2 is expressed in NSCs, and its KO impairs
NSC proliferation due to upregulation of the anti-proliferative gene Cdkn2a (Hwang et al,
2014). However, although proliferation of EZH2”- NSCs can be rescued by depleting
Cdkn2a, the neurogenic capacity of NSCs remains impaired, indicating that EZH2 plays
separable roles in regulating proliferation and self-renewal/differentiation (Hwang et al,
2014). Further supporting the importance of PRC2 in regulating these two facets of adult
stem cell biology, dual EZH1 and EZH2 KO in mouse skin leads to progressive

degeneration of hair follicles due to de-repression of the Cdkn2a locus, an event that is
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also accompanied by de-repression of non-skin lineage-specific genes (Ezhkova et al,
2011). Moreover, depletion of EZH2 in skeletal muscle stem cells leads to defects in
stem cell proliferation and concomitant de-repression of genes associated with non-
muscle cell lineages (Juan et al, 2011). Thus, PRC2 is essential for ensuring tissue
homeostasis through controlling proliferation and self-renewal of adult stem cells.
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1.3 Epigenetic mechanisms and cancer

An expansive body of evidence now illustrates that epigenetic mechanisms are
frequently disrupted and hijacked in cancer (Shen & Laird, 2013; Wainwright & Scaffidi,
2017). Moreover, targeting epigenetic regulators is emerging as an attractive, and often
efficacious, approach for treating previously intractable malignancies (Dawson, 2017).
As a result, research is happening apace to gain clinically-relevant insights into how
normal epigenetic mechanisms, so crucial in mediating development and tissue

maintenance, can be disrupted or co-opted in a tumour promoting manner.

1.3.1 Mutagenic disruption of epigenetic mechanisms

The connection between epigenetics and cancer was first identified nearly 40 years ago
with the description of recurrent DNA hypomethylation in cancer versus normal cells
(Feinberg & Vogelstein, 1983). Since these initial correlative studies, extensive evidence
has accrued outlining the direct functional importance of epigenetic mechanisms in
driving all aspects of cancer biology (Flavahan et al, 2017). Particularly significant in
establishing this link has been DNA sequencing studies which have exhaustively profiled
the mutational landscape of cancer (Kandoth et al, 2013; Forbes et al, 2011),
demonstrating that epigenetic modifiers are recurrently mutated genes (Shen & Laird,
2013) (Fig. 4). The frequency with which epigenetic modifiers are mutated is strikingly
high both in individual malignancies and across cancer (Fig. 4). For example, the histone
methyltransferase MLL is mutated in ~80% of infant leukaemia cases (Aplan, 2006),
whilst components of the SWI/SNF chromatin remodelling complex are mutated in ~20%
of all cancers (Kadoch et al, 2013). Importantly, in most instances, mutations of
epigenetic regulators are loss-of-function (Shen & Laird, 2013) (Fig. 4). This indicates
that epigenetic regulators act primarily as tumour suppressors within normal cells, in line
with their normal function ensuring the faithful undertaking of development and tissue

maintenance.

Mutagenic events disrupt epigenetic modifiers and chromatin components representing
all aspects of the epigenetic landscape, including: DNA methylation (Abdel-Wahab et al,
2009), histone modification (Morin et al, 2010), nucleosome remodelling (Kadoch et al,
2013) and higher-order chromatin structures (Hnisz et al, 2016) (Fig. 4). Importantly, in

many instances, these mutagenic events are requisite for tumour formation and growth
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(Moran-Crusio et al, 2011; Souroullas et al, 2016). Probably the most compelling
evidence for the role of epigenetics in can:
exquisitely specific mutations that affect the amino acid residues on histone tails targeted
by epigenetic regulators (Nacev et al, 2019). For example, the lysine 27 and 36 residues
on histone H3 are frequently mutated to methionine in paediatric glioma and sarcoma,
respectively (Khuong-Quang et al, 2012; Behjati et al, 2013). Both mutations act in a
dominant negative manner to inhibit their respective chromatin modifiers, altering the

epigenetic landscape and driving tumour formation (Lewis et al, 2013; Lu et al, 2016).

Mutations often also affect epigenetic modulators, proteins upstream of epigenetic
modifiers which act to regulate their activity (Feinberg et al, 2016). An excellent example
of such mutations are those affecting the metabolic enzyme isocitrate dehydrogenase
1/2 (IDH1/2) in solid and haematopoietic malignancies (Waitkus et al, 2018). Mutations
to IDH1/2 are gain-of-function and lead the mutant protein to produce the oncometabolite
2-hydroxyglutarate, a molecule which causes global changes to the chromatin landscape
through competitively inhibiting the U-ketoglutarate-dependent dioxygenases required
for DNA and histone de-methylation. In glioma, 2-hydroxyglutarate produced by mutant
IDH1 potently inhibits the TET family of 5'-methylcytosine hydroxylases, inducing
hypermethylation of cohesin and CTCF binding sites. This in turn leads to disruption of
higher order chromatin structure, and enables aberrant gene-enhancer interactions
which promote tumour growth through upregulation of the glioma oncogene PDGFRA
(Flavahan et al, 2016). Taken together, it is clear that mutation of epigenetic modifiers,

chromatin components and epigenetic modulators are an essential event in many cancer

types.
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Figure 4. Mutation of epigenetic regulators in cancer

Figure 4: A heatmap illustrating the frequency and type of mutations affecting epigenetic
regulators across cancer. Cancers are grouped as epithelial, haematologic and other cancers.
Cancer types: 1-Colorectal, 2-Gastric, 3-Breast, 4-Endometrial (Endometrioid), 5-Endometrial
(Serous), 6-Ovarian (Clear Cell), Ovarian (Endometrioid), 8-Kidney (Clear Cell), 9-Bladder, 10-
Lung, 11-Liver, 12-Pancreas, 13-Prostate, 14-Head and Neck, 15-Thyroid, 16-Esophageal, 17-
NUT Midline Carcinoma, 18-Multiple Myeloma, 19-Diffuse Large B-cell Lymphoma, 20-Follicular
Lymphoma, 21-Burkitt Lymphoma, 22-T-cell Lymphoma, 23-CLL, 24-ALL, 25-ALL early T
precursor, 26-MDS, 27-MDS/MPN, 28-MPN, 29-AML, 30-Mesothelioma, 31-Melanoma, 32-
Malignant Rhabdoid, 33-Pancreatic Neuroendocrine, 34-CNS Primitive Neuroectodermal, 35-
GBM, 36-Glioma, 37-DIPG, 38-Medulloblastoma, 39-Meningioma, 40-Spinal Meningioma, 41-
Neuroblastoma. Figure adapted from Shen and Laird, 2013.
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1.3.2 Tumour promotion by wild-type epigenetic regulators

Remarkably, many epigenetic regulators can act as tumour promoting factors in the
absence of any function-altering mutation (Wainwright & Scaffidi, 2017). This tumour-
promoting role of wild-type epigenetic regulators has been recurrently observed for
different classes of regulators across a range of cancer types (Shi et al, 2013; Suva et
al, 2009; Zuber et al, 2011), and the extent of the phenomenon is likely to be
underestimated given the challenges of assigning importance to wild-type unmutated
proteins. Strikingly, many epigenetic regulators co-opted to promote tumour formation
are also frequently inactivated by loss-of-function mutations, indicating that epigenetic
regulators can play apparently antithetic roles between normal and cancer cells (e.g.
EZH2, SWI/SNF components).

An archetypal example of wild-type tumour promotion is exhibited by the chromatin

reader protein BRD4. In studies investigating MLL-rearranged acute lymphoblastic
leukaemia, BRD4 was found to be co-opted by cancer cells to drive expression of the
oncogene c-MYC. This transcriptional promotion is crucial for tumour growth and has
subsequently been shown to be important in other malignancies (Zuber et al, 2011,
Venataraman et al, 2014; Shi et al, 2014; Dawson et al, 2011). Moreover, the clinical
relevance ofwild-t y pe BRD46s tumour promoti ng-tumowurd e i s
activity that BRD4 inhibitors exhibit in patients with haematological cancers (Herait et al,

2014). However, the detailed dissection of BR
exception, as largely, our understanding of how wild-type epigenetic regulators promote

tumour formation remains incomplete. This lack of knowledge precludes rational
therapeutic targeting, and hence, there is an acute need for detailed mechanistic
characterisation of how cancer cells hijack epigenetic regulators to promote tumour

growth.
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1.4 PRC2in cancer

In recent years, an extensive body of evidence has accumulated showing that core and
individual components of the PRC2 are key players in tumour establishment and
maintenance (Comet et al, 2016). Remarkably, PRC2 has both tumour suppressive and
promoting roles in cancer, indicating that the role of PRC2 is highly context-dependent.
In this section | will survey the multitude of roles which PRC2 plays in cancer, focussing

in particular on PRC2 in neural malignancies.

1.4.1 Tumour promotion by wild-type PRC2

The link between cancer and PRC2 was first established in prostate cancer, where
expression levels of wild-type EZH2 were found to inversely correlate with patient
survival, and EZH2 disruption in cancer cell lines impaired proliferation (Varambally et al,
2002). A similar overexpression of EZH2, and a concurrent dependency upon EZH2
activity, was subsequently identified in breast cancer (Kleer et al, 2003), melanoma
(Zingg et al, 2015), ovarian cancer (Lu et al, 2010) and many other malignancies (Kim &
Roberts, 2016). Supporting the functional importance of EZH2 overexpression, ectopic
expression of EZH2 enhances cell proliferation in vitro (Bracken et al, 2003; Kleer et al,
2003) and augments tumour growth in vivo (Zingg et al, 2018; Li et al, 2009b; Gonzalez
et al, 2014). In addition, EZH2 amplification is a recurrent event in many cancer types
(Comet et al, 2016), and the EZH2-regulatory microRNA miR-101 is frequently
silenced/deleted in prostate cancer (Varambally et al, 2008), suggesting potential
mechanisms by which EZH2 overexpression might occur. Efforts to identify the key
tumour suppressors repressed by EZH2 overexpression have identified many possible
candidates, including: WNT agonist DKK1 (Hussain et al, 2009), angiogenesis factor
VASH1 (Lu et al, 2010), cell cycle regulator p16/CDKN2A (Bracken et al, 2007; Wilson
et al, 2010; Mohammad et al, 2017) and many other genes (Kim & Roberts, 2016).
Particular interest has focussed on CDKN2A given its crucial role in the cell cycle (Gil &
Peters, 2006) and repression by PRC2 in normal development (Ezhkova et al, 2009;
Hwang et al, 2014). However, EZH2 expression is regulated by cellular proliferation rate
to maintain H3K27me3 homeostasis (Bracken et al, 2003), and therefore, the observed
overexpression in many instances likely represents a response to cancer cell hyper-
proliferation (Wassef & Margueron, 2017). Further, increased EZH2 levels in cancer are

rarely accompanied by a matched growth in global H3K27me3 levels, supporting a
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homeaostatic role for EZH2 overexpression in hyper-proliferating cancer cells (Wassef &
Margueron, 2017). Together, this demonstrates that functional-dependency on wild-type
EZH2 is a recurrent feature of many cancer types, however, whether this is endowed by
EZH2 overexpression is unclear.

In many instances, PRC2 gains tumour promoting ability due to mutational events which
remove constraints on its normal activity. An excellent example of this is seen in cancers
harbouring LOF mutations in the SWI/SNF chromatin remodelling complex (Wilson et al,
2010; Bitler et al, 2015; Fillmore et al, 2015; Kim et al, 2015). Here, the functional
dependency on EZH2 is thought to arise through expansion of EZH2-mediated
repression when the antagonistic activity of the SWI/SNF complex is removed, leading
to repression of tumour suppressor genes such as PIK3IP1 and promotion of tumour
growth (Bitler et al, 2015; Wilson et al, 2010). This tumour promoting role for EZH2 has
been demonstrated to exist in malignant rhabdoid tumours (SMARCB1 LOF) (Wilson et
al, 2010), ovarian cancer (ARID1A LOF) (Bitler et al, 2015), lung cancer (SMARCA4
LOF) (Fillmore et al, 2015) and more generally for LOF mutations of multiple SWI/SNF
components in many cancer types (Kim et al, 2015). As ~20% of cancers have a mutation
in a SWI/SNF component (Kadoch et al, 2013), this represents a synthetic lethal
relationship of significant therapeutic interest. These findings are particularly striking
given the conserved antagonistic relationship between PcG and TrxG (of which
SWI/SNF is a member) in development (Schuettengruber et al, 2017), suggesting that
loss of other epigenetic regulators which antagonise normal PRC2 function may endow

similar dependencies in other cancer types.

Interestingly, the tumour promoting function of EZH2 can occur in a PRC2-independent
manner. In castration-resistant prostate cancer, EZH2 acts as a co-activator to support
transcriptional activation by the androgen receptor (Xu et al, 2012). A similar tumour

promoting co-activator function is observed in breast cancer, where EZH2 upregulates

NOTCH1 expression and signalling (Gonzalez et al, 2014), and also activa

gene targets (Lee et al, 2011). In addition to PRC2-independent functions of EZH2 on
chromatin, EZH2 also promotes tumour formation by methylating non-histone substrates
(Xu et al, 2012; Kim et al, 2013). Thus, the mechanisms by which EZH2 can promote

tumour growth are diverse and by no means restricted to its canonical chromatin function.
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1.4.2 Oncogenic PRC2 mutations

Providing further convincing evidence for the tumour promoting role of PRC2 is the
existence of oncogenic GOF mutations. Sequencing studies show that ~20% germinal
centre diffuse large cell B-cell ymphomas and ~10% of follicular lymphomas harbour a
heterozygous point mutation at residue Y641 on EZH2, a residue that forms part of the
catalytic SET domain (Morin et al, 2010). This mutation enhances the ability of EZH2 to
convert H3K27me2 to H3K27me3, but decreases methylation of H3K27meO and
H3K27me, the opposite substrate preference to wild-type EZH2 (Sneeringer et al, 2010).
In concert with the remaining wild-type copy of EZH2, mutant EZH2 acts to
hypermethylate H3K27 genome-wide (Yap et al, 2011). Similar mutations have also
been found to exist in melanoma (Hodis et al, 2012). Importantly, EZH2 GOF mutations
are sufficient to drive formation of both lymphoma and melanoma in mice, demonstrating
their oncogenic properties (Souroullas et al, 2016). Mechanistically, unrestricted H3K27
tri-methylation by EZH2 is thought to drive tumour formation through blocking B-cell
differentiation (Béguelin et al, 2013) and repressing tumour suppressors such as the
MTOR regulator SESTRIN (Oricchio et al, 2017), potentially by altering the topology of
higher order chromatin structures to manipulate gene expression programmes
(Donaldson-Collier et al, 2019). In addition to EZH2, recent sequencing studies in
autonomous thyroid adenomas, a benign tumour of the thyroid gland, identified a hotspot
Q571R mutation on EZH1 in 27% of tumour samples (Calebiro et al, 2016). Functional
investigations revealed that this mutation enhanced the levels of H3K27me3 and rate of
proliferation in cells, indicating that it is a tumour promoter in this rare neoplasm.
Together, the existence of EZH2 and EZH1 GOF mutations provides convincing

evidence that enhanced H3K27me3 levels can have oncogenic consequences.

1.4.3 Tumour suppression by PRC2

Surprisingly, alongside the expansive tumour promoting functions of PRC2, sequencing
studies have revealed that PRC2 acts as a tumour suppressor in a number of
malignancies (Kim & Roberts, 2016). In myeloid disorders, malignancies arising from
bone marrow stem or progenitor cells, core and accessory PRC2 components, most
frequently EZH2, are inactivated by heterozygous and homozygous LOF mutations
(Ueda et al, 2012; Ernst et al, 2010; Score et al, 2012; Nikoloski et al, 2010). Importantly,

patients with homozygous EZH2 LOF mutations have poorer survival than those with
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heterozygous mutations (Ernst et al, 2010), and inactivation of EZH2 in a mouse model
of myelodysplastic syndrome enhances initiation and progression of the disease
(Sashida et al, 2014), together indicating that PRC2 LOF mutations are functionally
important in this malignancy. Further corroborating the tumour suppressive role of PRC2,
EZH2 and SUZ12 LOF mutations have been identified to occur in ~40% of paediatric
and ~25% of adult T-cell acute lymphoblastic leukaemia (T-ALL) (Ntziachristos et al,
2012). Demonstrating the functional importance of this mutation, deletion of EZH2 in
p53-null hematopoietic cells leads to a differentiation block on T-cells and subsequent
formation of leukaemia (Wang et al, 2018). Interestingly, this loss of PRC2 leads to DNA
hypermethylation at key developmental genes, preventing them from being activated
during subsequent differentiation (Wang et al, 2018), a mechanism reminiscent of the
differentiation block instigated by EZH2 GOF mutations in lymphoma (Béguelin et al,
2013).

Although LOF mutations were first identified in haematological malignancies, it is
becoming increasingly apparent that inactivation of PRC2 is also relevant in solid
tumours. Loss of SUZ12 or EED occurs in ~80% of malignant peripheral sheath nerve
tumours (MPSNTSs), a rare cancer of nerve linings (Zhang et al, 2014, Lee et al, 2014,
De Raedt et al, 2014). SUZ12 and EED mutations cooperate with loss of Ras GTPase-
activating protein NF1 to amplify oncogenic Ras pathway signalling (De Raedt et al,
2014). Moreover, similar dual NF1-EED/SUZ12 LOF is also observed in melanoma and
glioblastoma (GBM) (De Raedt et al, 2014), indicating a broader relevance for PRC2
loss in promoting tumour formation. Interestingly, in MPNSTs EZH2 mutations are not
observed, a disparity attributed to the functional redundancy between EZH1 and EZH2
(Wassef et al, 2019). Alongside these cancer-specific examples of PRC2 LOF, a pan-
cancer survey of PRC2 component mutation frequency revealed that LOF mutations
occur in 23 different cancer types (Comet et al, 2016). Thus, mutagenic inactivation of
PRC2 is a recurrent and functionally relevant event in promoting tumour initiation and
maintenance, directly contrasting with the tumour promoting ability of PRC2 in other

cancer contexts.
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Figure 5. The diverse functions of PRC2 in cancer

A schematic summarising the roles for PRC2 components in different cancer types. It is important
to note that this list is not exhaustive, and only the most established examples of tumour
suppression and tumour promotion by PRC2 components have been included. GOF i gain-of-
function mutation, LOF 1 loss-of-function mutation, ATA i Autonomous Thyroid Adenomas,
DLBCL - Diffuse Large B-cell Lymphoma, DIPG i Diffuse Intrinsic Pontine Glioma, FL T Follicular
Lymphoma, MDS/MPN i Myelodysplastic syndrome/Myeloproliferative Neoplasm, MPNST i
Malignant Peripheral Nerve Sheath Tumours, T-ALL - T-cell Acute Lymphoblastic Leukaemia.

1.4.4 PRC2in neural malignancies

Neur al mal i gnancies serve as a microcosm of
PRC2 has been assigned both tumour suppressive and tumour promoting roles in neural
malignancies, with these opposing functions often observed even in the same tumour

type - a disparity that still lacks any degree of mechanistic understanding. Here, |
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describe the current state of our knowledge regarding the diverse functions which PRC2
plays in neural malignancies, focussing in particular on the role of PRC2 in GBM.

1.4.4.1 Tumour promotion by PRC2

To date, PRC2 has been implicated as a tumour promoter in the neural malignancy
neuroblastoma (Tsubota et al, 2017; Li et al, 2018a; Chen et al, 2017) and GBM
(Natsume et al, 2013; Suva et al, 2009; Kim et al, 2013a), with a particularly expansive
body of evidence supporting a role for wild-type EZH2 in GBM. GBM is the most
aggressive form (grade 1V) of malighant glioma, and the commonest type of primary
brain tumour in adults, affecting ~3.2 per 100,000 adults in the population (Davis, 2016).
GBM tumours arise primarily within the cerebrum, and generally have a very poor
prognosis, with a 5-year survival of only ~5% (Delgado-Lépez & Corrales-Garcia, 2016).
Frequently, the tumours are driven by amplification of the PDGFR or EGFR growth factor
receptor and inactivation of tumours suppressors p53 and pRB (Mao et al, 2012),
although a host of other less frequent mutations also co-occur with these primary driver
events (Brennan et al, 2013). Disruption of EZH2 activity by genetic and pharmacological
approaches within in vitro and in vivo models of GBM, leads to abrogation of cell
proliferation and tumour initiation/maintenance (Suva et al, 2009; de Vries et al, 2015;
Jin et al, 2017), demonstrating a functional dependency on EZH2 activity in GBM.
Interestingly, although short-term shRNA knock-down of wild-type EZH2 in GBM
xenografts leads to tumour regression, long-term disruption eventually leads to tumours
with a more aggressive phenotype than control tumours (de Vries et al, 2015). This
indicates that EZH2 can exhibit functional plasticity in GBM, with consequences for
targeting this protein therapeutically. In addition, as in other malignancies, a strong
correlation has been identified between the expression of PRC2 components, in
particular EZH2, and poor patient outcome in GBM (Zhang et al, 2015; Crea et al, 2010;
Orzan et al, 2011; Li et al, 2013). However, whether overexpression of PRC2

components is required for acquisition of tumour promoting function is unclear.

As a result of EZH206s c e nDiCrack & Hebnl 2013), manynh o r ma |
studies have focussed on the activity of EZH2 within glioblastoma stem cells (GSCs). In
GSCs, EZH2 has been assigned functions in blockading differentiation (Lee et al, 2008),
maintaining self-renewal (Suva et al, 2009) and endowing epigenetic plasticity (Natsume

et al, 2013) (Fig. 6B). Specifically, in contrast to normal neural stem cells, in GSCs EZH2
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uniquely represses BMPR1B, a receptor of the bone morphogenic protein pathway,
leading to a blockade on astroglial differentiation which in turn promotes tumour growth
(Lee et al, 2008). Furthermore, EZH2 mediates the inter-conversion of GSCs and non-
GSCs within tumours, endowing cancer cells with an epigenetic plasticity necessary for
adaptation to the tumour microenvironment (Natsume et al, 2013). Interestingly, EZH2
is also able to support GSCs by targeting non-histone substrates. EZH2 methylates the
signalling protein STAT3, increasing STAT3 activity and in turn promoting oncogenic
signalling (Kim et al, 2013a). Importantly, in all instances, tumour promotion by EZH2
occurs solely in its wild-type unmutated form, indicating that cancer cells co-opt the wild-
type activity of EZH2 to potentiate transformative genetic events and/or adapt to their

surrounding microenvironment.

As in GBM, wild-type EZH2 is an important tumour promoter in neuroblastoma, a
paediatric neural malignancy thought to arise from cells of the neural crest (Matthay et
al, 2016). Numerous studies have shown that genetic and pharmacological disruption of
EZH2 impairs tumour growth in both in vitro and in vivo models of neuroblastoma
(Tsubota et al, 2017; Li et al, 2018a; Chen et al, 2017) (Fig. 6A). Mechanistically, in
MYCN-driven neuroblastoma, MYCN upregulates EZH2 expression which leads to
suppression of neural differentiation through repression of pro-differentiation genes such
as IGFBP3 (Chen et al, 2017). Thus, wild-type EZH2 is an important tumour promoter in
neural malignancies, often acting through regulating the differentiation capacity of cancer
cells. However, the mechanism(s) by which wild-type EZH2 attains its tumour promoting

roles remains unclear.

44



A Neuroblastoma B Glioblastoma
Chen et al, 2018 Suva et al, 2009

-o- Vehicle

-o- EZH2i
;’E\ 3000 - Control
£ GSC
(0]
£ P <0.01
3 2000 A
(o]
>
3
£ 1000 1 EZH2 KD
~ GSC

0 ‘ 1 1 i

T 1 1 1
0 3 7 10 14 17 21

Days after starting treatment

Figure 6. Tumour promotion by wild-type EZH2 in neural malignancies

A. Datareproduced from Fig. 3H of Chen et al, 2018, showing the effect of treating neuroblastoma
xenografts with an EZH2 pharmacological inhibitor (GSK126). Xenografts generated from the SH-
SY-5Y neuroblastoma cell line. Error bars are mean SEM. N = 8 tumours for Vehicle and EZH2i.
B. Date reproduced from Fig. 4B of Suva et al, 2009, showing the effect of EZH2 siRNA knock-
down upon the ability of glioblastoma stem cells to form tumours in the brains of mice. Dark purple
region indicates the presence of a tumour. GSC i glioblastoma stem cell. For additional details

please see original publications.

1.4.4.2 Tumour suppression by PRC2

Alongside the established tumour promoting role of PRC2 in neural malignancies, many
examples have now emerged of PRC2 also acting as a tumour suppressor. The most
striking example of this tumour suppressive ability has come from the recent discovery
of K27M mutations on histone H3.1/3.3 which occur in ~80% of diffuse intrinsic pontine
gliomas (DIPG), a rare and aggressive paediatric cancer of the brainstem, and ~20% of
paediatric gliomas (Schwartzentruber et al, 2012; Wu et al, 2012). Subsequent studies
demonstrated that, although the K27M mutation only affects a fraction of the cells total
histone H3, the mutant histone drives a global decrease in H3K27me3 levels by inhibiting
EZH2 activity in a dominant negative manner (Lewis et al, 2013). Confirming the
functional importance of suppressing EZH2 activity, introduction of the K27M mutation
into a mouse model of DIPG potentiates tumour growth (Mohammad et al, 2017) (Fig.

7A). Interestingly, a recent meta-analysis of sequencing data has identified that K27M
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mutations also occur in melanoma and acute myeloid leukaemia (Nacev et al, 2019),
suggesting that dominant negative inhibition of EZH2 is a tumour promoting strategy
used in multiple cancers. In addition to H3K27 mutations, heterozygous loss of EED and
SUZ12 co-occurs with loss of Ras GTPase-activating protein NF1 in human GBM
samples, with ~14% of GBMs containing NF1 and SUZ12 mutations (De Raedt et al,
2014). Generation of mice with heterozygous mutations of Nfl, Suz12 and p53 led to
formation of GBM in 54% of mice, whilst dual Nfl/p53 heterozygous KO mice had a
penetrance of only 15%, indicating the importance of Suzl2 loss in driving GBM
formation (De Raedt et al, 2014) (Fig. 7B). Furthermore, EZH2 is also affected by LOF
mutations in ~1% of GBM patients (Brennan et al, 2013), however, the functional
significance of these mutations is yet to be determined. Thus, disruption of PRC2 in

gliomas is a general mechanism for promoting tumour initiation and maintenance.

A Diffuse intrinsic pontine glioma B Glioblastoma
Mohammad et al, 2017 De Raedt et al, 2014

3100 —— PDGFB/H3WT |,

2 —— PDGFB/H3K27M

T NFf1/p53 - 11

= |

? 504

= Nf1/p53/Suz12 — T

[0}

O

[}

o

0 T ] T 1 1 T
0 50 100 150 200 0 100 200 300

Time (days) Time (days)

Figure 7. Tumour suppression by EZH2 in neural malignancies

A. Data reproduced from Fig. 1B of Mohammad et al, 2017, showing that a H3K27M mutation
enhances the progression of tumour growth in a mouse model of diffuse intrinsic pontine glioma.
B. Data reproduced from De Raedt et al, 2014, showing that heterozygous deletion of Suz12
substantially shortens the latency of glioblastoma formation in Nf1*- p53*- mice. For further details
on figures please see original publications.

PRC2 has also been assigned a tumour suppressive function in the neural malignancy
medulloblastoma. Medulloblastoma is a paediatric malignancy that develops within the
cerebellum and is constituted by four molecularly distinct groups (Sonic hedgehog, WNT,

group 3, and group 4) (Gajjar & Robinson, 2014). Initial sequencing studies identified
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that genetic amplification of EZH2 frequently increased levels of H3K27me3 in group 3
medulloblastomas, suggesting that enhanced gene repression could be an important
event in driving tumour growth (Robinson et al, 2012). However, directly contradicting
this result, deletion of EZH2 in a mouse model of group 3 medulloblastoma led to
accelerated tumourigenesis through de-repression of the proto-oncogene Gfil,
indicating that despite its overexpression, EZH2 was acting as a tumour suppressor in
medulloblastoma (Vo et al, 2017). This example is particularly pertinent in light of the
many studies which have assigned functional importance to EZH2 based upon its

OVGI’GXpI’GSSiOI’].

1.4.5 Therapeutic targeting of PRC2 in cancer

As a result of PRC206s established tumour pr
has been great interest in developing pharmacological approaches to enable therapeutic

targeting of PRC2. As such, several groups have developed small molecule inhibitors
(EPZ-6438, GSK126 and EI1) which compete with S-adenosylmethionine (SAM), the
substrate of EZH2, t o i n(nutsdntetaE2D122McGabeteMT a s e
al, 2012; Qi et al, 2012). These compounds are able to specifically inhibit EZH2 with a
~5000-10,000-fold selectivity over other HMTases, and ~50-150-fold selectivity over

EZH1, and induce an almost complete depletion of H3K27me3. Importantly, treatment

of B-cell lymphoma cell lines and xenograft models harbouring EZH2 GOF mutations

with these inhibitors halts cell proliferation and leads to tumour regression, respectively
(Knutson et al, 2012; McCabe et al, 2012). Moreover, inhibitor treatment of xenograft

models of malignant rhabdoid tumours harbouring SWI/SNF mutations also leads to

tumour regression (Knutson et al, 2013a). In light of the success of these compounds in

treating tumour models, many are now being used in pre-clinical and clinical trials to

explore their efficacy in treating human disease (Kim & Roberts, 2016). The most
advanced of these compounds, EPZ-6438, has now completed phase | clinical trials, in

which, it induced complete and partial responses in both B-cell lymphoma and SWI/SNF

mutant malignant rhabdoid sarcoma, demonstrating the clinical efficacy of inhibiting

EZH2 (ltaliano et al, 2018).

As an alternative strategy, compounds have also been developed which disrupt the

interaction between EED and EZH2, and effectively inhibit H3K27me3 deposition as a
result (Qi et al, 2017; Kim et al, 2013). Similar to the SAM-competitive inhibitors,
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disrupting the EZH2-EED interaction inhibits proliferation of B-cell lymphoma cell lines
harbouring EZH2 GOF mutations (Qi et al, 2017). Moreover, these inhibitors are effective
at overcoming resistance mutations acquired in response to treating cells with SAM-
competitive inhibitors (Qi et al, 2017). Given that the tumour promoting role of PRC2 is
partly independent of its catalytic activity in the context of SWI/SNF mutations (Kim et al,
2015), disrupting formation of the PRC2 complex may offer a more effective approach
to treating these tumours. Thus, the generation of high quality EZH2-specific inhibitors
provides a powerful tool for therapeutic targeting of PRC2 and research into the basic
biology of PRC2.
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Chapter 2. Materials & Methods

2.1 Molecular biology techniques

2.1.1 Genomic DNA extraction

Cells (1x10°-1x10°) growing on culture dishes were harvested by trypsinisation and
subsequently collected by centrifugation at 300xg for five minutes. The supernatant was
discarded and the cell pellet was washed by resuspending in 10ml PBS followed by

further centrifugation. To extract genomic DNA from the cell pellet, a DNeasy Blood &

Tissue Kit (Qiagen - # 6 9506) was used i n accordance

instructions for cultured cells. Genomic DNA was eluted in 50l nuclease free water
(ThermoFisher - #10457884), quantified using a NanoDrop 2000 spectrophotometer and
subsequently stored at -20°C.

2.1.2 Polymerase chain reaction

Unless otherwise stated, for all amplifications of DNA by polymerase chain reaction
(PCR), PfuUltra Hotstart DNA Polymerase (Agilent - #600322) was used and all
oligonucleotides were sourced from ThermoFisher. All PCR reactions were performed
on a C1000 Touch Thermal Cycler (Bio-Rad). Specific PCR conditions were tailored to
the annealing temperature of the oligonucleotides and length of region to be amplified,

but generally the below conditions were used:

Component Amount

10x PfuUltra Hotstart DNA pol 2l

10uM Oligonucleotides (fwd and rev) 1l

DNA template 100ng (genomic DNA)
Nuclease free water Up to 20ul
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Temperature (°C) Duration Cycles
95 2 minutes 1

95 30 seconds

Primer Tm1 5 30 seconds 35-40
72 1 minute/kb

72 5 minutes 1

2.1.3 Restriction enzyme digests

To perform restriction digest of plasmids, buffers and restriction enzymes were sourced
from New England BioLabs in all instances. The below general protocol was employed

for digestion of plasmids:

Component Amount
Plasmid DNA lug

NEB restriction enzymes 1pl each
10x NEB buffer 5ul
Nuclease free water Up to 50ul

Digests were incubated at 37°C for one hour to fully digest plasmid DNA. The resulting

digestion was then separated and analysed by gel electrophoresis.

2.1.4 Gel electrophoresis

To make an agarose gel, 1% w/v agarose powder (Merck - #A9539) was combined with
Tris-Borate-EDTA buffer (100mM Tris, 100mM Boric acid, 2mM EDTA) and
subsequently microwaved to dissolve the agarose powder. The resulting molten agarose
was then mixed with SYBR safe (ThermoFisher - # S33102) to allow DNA visualisation
and poured into a mould to solidify. Samples to be run on the gel were combined with
loading dye (ThermoFisher - #R0611) and then pipetted into the solidified agarose gel
which had been placed in an electrophoresis tank containing Tris-Borate-EDTA buffer.

The samples were then run through the gel at 120V.
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2.1.5 Column purification of DNA

To purify small DNA fragments from PCR, ChIP and restriction digests, a QIAquick PCR
Purification Kit (Qiagen - # 28 10 4) was used in accordance
instructions. If extraction from an agarose gel was required, gel fragments were excised
using a clean scalpel and then DNA was extracted from the gel slices using a QIAquick

Gel Extraction Kit (Qiagen-#28115) in accordance with the n

2.1.6 DNA ligation

DNA ligation was performed using T4 DNA Ligase (NEB - #M0202) using the reaction

mixture shown below:

Component Amount

T4 DNA Ligase 0.5ul

10x T4 DNA Ligase buffer ul

Digested plasmid DNA 50ng

Insert DNA 3x molar amount of plasmid
Nuclease free water Up to 10yl

Ligations were incubated at room temperature (RT) for 15 minutes before being

transformed into competent bacteria.

2.1.7 Transforming competent bacteria

For transformation of all plasmids, One Shot Stbl3 Chemically Competent E. coli
(ThermoFisher - #C7373-03) were used. Plasmids were transformed into bacteria in
accordance with the manufacturerds instruct
overnight at 37°C on agar plates containing either 50ug/ml Ampicillin (Merck -
#10835242001) or 75pg/ml Kanamycin (Merck - #10106801001) to select for

transformed bacteria.
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2.1.8 Plasmid extraction

Bacteria harbouring the relevant plasmid were inoculated into Luria broth containing
either 50ug/ml Ampicillin or 75ug/ml Kanamycin (25ug/ml Zeocin (ThermoFisher -
#R25001) was also added for pTRIPZ constructs to prevent recombination) and then
grown at 37°C with vigorous shaking overnight. The next day, bacteria cultures were
centrifuged at 3000xg for 15 minutes to pellet bacteria and the supernatant was

discarded. To extract plasmids from the bacterial cell pellet, a QIAprep Spin Miniprep Kit

(Qiagen - #27104) wa s used in accordance with

Plasmids were eluted in 30ul nuclease free water. To remove contaminating proteins,
purified plasmids were mixed with three volumes of Phenol:Chloroform:lsoamyl alcohol
(ThermoFisher - # 15593031), vortexed for 30 seconds and then centrifuged for five
minutes at 20,000xg. The upper agueous phase was isolated and mixed with 1/10
volumes sodium acetate and subsequently three volumes of 100% ethanol. The
precipitated plasmid was placed at i 80°C for 20 minutes to enhance DNA precipitation,
and then pelleted by centrifugation at 20,000xg for 30 minutes at 4°C. To wash the
plasmid pellet, the supernatant was discarded and 150ul ice-cold ethanol was added,
followed by centrifugation at 20,000xg for two minutes at 4°C. The supernatant was then
removed and the plasmid pellet was dried at 37°C for five minutes. The dried plasmid
pellet was resuspended in nuclease free water and plasmid concentration was quantified

using a NanoDrop 2000 spectrophotometer before being stored at -20°C.

2.1.9 Generation and source of plasmid constructs

To allow inducible expression of EMX2, EMX2 cDNA (coding sequence of:
NM_004098.3) was amplified by PCR from a Precision LentiORF EMX2 plasmid
(Dharmacon - #2018) and sub-cloned into a derivative of pTRIPZ (Dharmacon) using
Agel-BstBI restriction enzyme sites. The derivative of pTRIPZ contained an SV40-poly
A signal and Blasticidin resistance gene, and had previously been generated in the
Scaffidi laboratory (see: Torres et al, 2016). To control for EMX2 overexpression, empty
pTRIPZ, expressing Puromycin resistance, mir30 cassette, rtTA3 and TurboRFP, was

used as negative control in all experiments.

For CRISPR-Cas9-mediated knock-out experiments the below sgRNAs were used:
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Target SsgRNA sequ8dfe (]|On-target Off-target
score score

EZH2 ACACGCTTCCGCCAACAAAC 42 78

eGFP GAGCTGGACGGCGACGTAAA 45 79

HRAS"? GGACCAGTACATGCGCACCG 39 90

The sgRNA sequences were selected using the MIT sgRNA design tool (crispr.mit.edu)
as the top hit against the genes first exon using default settings. On- and off-target scores
were calculated using the IDT CRISPR tool with default
(https://iwww.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM). To generate
constructs for the stable expression of sgRNAS, oligonucleotides containing the sgRNA
sequences were cloned into either pLENTI_GFP_sgRNA (EZH2 and eGFP) or pLX-
sgRNA (HRAS"*?) by golden gate assembly as previously described (Henser-Brownhill

settings

et al, 2017). To produce a construct for generate EZH2 knock-out clonal cell lines, an
oligonucleotide containing the EZH2 sgRNA was cloned into pSpCas9(BB)-2A-GFP as
previously described (Ran et al, 2013).

All other constructs used in this study were sourced as stated below:

Plasmid

Source

pTRIPZ PHF19 shRNA

Dharmacon, Clone ID: V2THS 21282

pTRIPZ PHF1 shRNA

Dharmacon, Clone ID: V3THS 357126

pTRIPZ MTF2 shRNA

Dharmacon, Clone ID: V2THS 85999

pTRIPZ AEBP2 shRNA

Dharmacon, Clone ID: V2THS 45836

pMD2.G Addgene, Plasmid number: 12259
psPAX2 Addgene, Plasmid number: 12260
pAdVAntage Promega, Catalogue number: E1711
pLENTI_GFP_sgRNA Addgene, Plasmid number: 53121
pLX-sgRNA Addgene, Plasmid number: 50662

pSpCas9(BB)-2A-GFP

Addgene, Plasmid number: 48138
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2.1.10 RNA extraction

Cells (1x10°-5x10°) growing on culture dishes were harvested by trypsinisation and
subsequently collected by centrifugation at 300xg for five minutes. The supernatant was
discarded and the cell pellet was washed by resuspending in 10ml PBS followed by
centrifugation. RNA was extracted from all cell lines using an RNeasy Plus Mini Kit
(Qiagen-#74104) in accordance with the manufacturer 06:
in 30ul nuclease free water, quantified using a NanoDrop 2000 spectrophotometer and

subsequently stored at -80°C.

2.1.11 Reverse transcription and ChIP quantitative PCR

To produce c¢cDNA, O0.5gg of RNA was reverse transcr
capacity cDNA reverse transcription kit (ThermoFisher - #4368814) as per the

manufact urer 6s i nstructions.

Both RT-gPCR and ChIP-gPCR were performed using SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad - #172-5270) on a CFX96 real-time PCR detection system

(Bio-rad). Reactions were performed using the below conditions:

Component Amount (pl)

2x SYBR Green Supermix 5

10uM Oligonucleotides (fwd and rev) 0.5

cDNA/chromatin 0.4

Nuclease free water 4.1

Temperature (°C) Duration Cycles

95 30 seconds 1

95 10 seconds 34

60 30 seconds

65-95 5 seconds +0.5 C/cycle

In all RT-gPCR experiments, the housekeeping gene Cyclophilin A (PPIA) was used as
a reference gene and all reactions were performed in technical triplicates. In all ChIP-

gPCR experiments, input chromatin was used as a reference for enrichment and all
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reactions were performed in technical triplicates. The primers used for RT-gPCR and
ChIP-gPCR in this study can be found in Appendix 1.

2.1.12 DNA methylation analysis

Genomic DNA from de novo transformed cells was bisulphite converted using an EZ
DNA Methylation-Direct kit (Zymo research 1 #D5020) in accordance with the
manufacturerés protocol. Pri me(Li Dahiya, 2002l e si g n
that would amplify a region encompassing the promoter CpG islands of the relevant
genes on bisulphite treated DNA (see Appendix 1 for primer sequences). These regions

were then amplified by PCR using ZymoTaq PreMix (Zymogen - #£2003) to the below

conditions:
Component Amount
2x ZymoTaq PreMix 10ul
10uM Oligonucleotides (fwd and rev) 1l
Bisulphite-converted genomic DNA 200ng
Nuclease free water Up to 20ul
Temperature (°C) Duration Cycles
95 10 minutes 1
95 30 seconds
Primer Tm1 5 30 seconds 35
72 1 minute/kb
72 7 minutes 1

The amplified DNA was then PCR purified and cloned into a pCR 2.1 Topo vector using
TOPO TA Cloning (ThermoFisher -# 451641) in accordance wit
instructions. Resulting plasmids were transformed into competent bacteria and grown on
agar plates. For each amplified region, plasmids isolated from individual colonies were
interrogated by sanger sequencing to ascertain the degree of DNA methylation at
individual sequences, and the resulting data was analysed with the software QUMA

(Kumaki et al, 2008) using default settings.
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2.2 Cell culture and virus production

2.2.1 Cell culturing conditions

All cell lines used in this study were cultured at 37°C in 5% CO; on cell culture dishes
(Corning) using the media conditions outlined in Appendix 2. For cell lines transduced
with pTRIPZ or inducibly expressing Cas9, tetracycline-free fetal bovine serum (Gibco -
#2023-11) was used to supplement the media to stop undesired expression from these
constructs. All cell lines were sourced as outlined in Appendix 2 and subsequently tested
by STR profiling and confirmed as mycoplasma free.

2.2.2 Production of lentivirus and transduction of cell lines

To generate Il entivirus, l entiviral packaging pl a
psPAX2(1.5¢g/6cm dish), pAdVAntage (0.4egg/ 6cm di s
(2eg/ 6cm dish) were transfectedmidsmweremddeEK293T cel |
with FugeneHD (Promega - # E23 1 1) (12¢l/ 40g -MBEM anediai d s ) i n 0 |

(ThermoFisher - # 31985070) (200pul/6cm plate), briefly vortexed and left to stand at RT
for 15 minutes, and then added to an 80% confluent dish of HEK293T cells. After 24
hour s, virus was <collected, di luted 1:1 in the
(Merck - #TR-1003-G) was added. The virus was applied to the desired cell line growing
at ~50% confluency. After an additional 24 hours, the media was changed and selection

was initiated. See below for relevant selection conditions:

Cell line Transduced construct | Method of selection

PDX cell lines pTRIPZ-shRNA leg/ ml Pur omyci
(ThermoFisher - #A1113802)

Transformed fibroblasts | pTRIPZ-shRNA O/ n treat ment

Doxycycline (Merck - #D9891)
then FACS of RFP™ cells

U-87 MG/DBTRG-05MG | pTRIPZ-EMX2 5¢g/ ml Bl astici
(ThermoFisher - #A1113902)
U-87 MG/DBTRG-05MG | pTRIPZ-empty leg/ ml Pur omyci

Transformed fibroblasts | pLENTI_GFP_sgRNA FACS of GFP-positive cells

Transformed fibroblasts | pLX-sgRNA 5¢g/ ml Bl asti ci
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For all antibiotic selections, a plate of untransduced cells was used as a positive control
for full selection.

2.2.3 Fluorescence activated cell sorting (FACS)

Cells to be sorted were harvested from culture dishes by trypsinisation and subsequently
collected by centrifugation at 300xg for five minutes. The supernatant was discarded and
the cell pellet washed by resuspending in 10ml PBS and centrifugation was repeated.
The washed cell pellet then was resuspended in ice cold sorting buffer (15mM HEPES,
1% Bovine Serum Albumin, 2mM EDTA, 100mM Penicillin/Streptomycin in PBS) at
~1x10° cells/ml and filtered through a 70um cell filter (Merck - #CLS431751) into a FACS
tube (ThermoFisher - #10585801). FACS was then performed using an Avalon cell sorter
(Propel Labs), with cells being were sorted into 1ml ice cold 1:1 MEM media (Merck -
#M2279):tetracycline-free FBS. After sorting, cells were centrifuged at 300xg for five
minutes, the supernatant was discarded and cells were plated into the relevant media.

2.2.4 Generation and assessment of polyclonal knock-out cell lines

Transformed cells expressing either an EZH2, HRAS"'? or eGFP targeting sgRNA and
i nducibly expressing Cas9, were treated
gene knock-out. To assess CRISPR-Cas9 editing efficiency, genomic DNA was
extracted from the cells and a ~500bp region surrounding the sgRNA target site was
amplified by PCR (see Appendix 1 for primer sequences). The resulting amplified region
was PCR purified and the sequence was determined by sanger sequencing. The
sequencing traces were then analysed to determine the efficiency of gene editing using
the online tool TIDE (Brinkman et al, 2014).

2.2.5 Generation of clonal EZH2 knock-out cell lines

A confluent 10cm plate of transformed fibroblast cells was harvested by trypsinisation,
and subsequently collected by centrifugation at 300xg for five minutes. The cells were
then resuspended in 100 pl of serum-free MEM medium, into which 10ug of
pSpCas9(BB)-2A-GFP containing an EZH2-targeting sgRNA and 10ug of Salmon
Sperm DNA (ThermoFisher - # 15632011) were added. The cell-plasmid mixture was
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then transferred to an electroporation cuvette (VWR - #732-1136) and electroporated
using an ECM 830 Square Wave Electroporation System (Harvard Apparatus) running
at 180mV with 5x1ms pulses and a 500ms interval. Electroporated cells were then
transferred into cell culture media and left to recover overnight. The next day, GFP
positive cells were isolated by FACS and then grown in a clonal manner to generate
EZH2 knock-out cell lines. To test for EZH2 knock-out, genomic DNA was extracted from
the clonal cell lines and a region surrounding the sgRNA cut site was amplified by PCR.
The amplified DNA was isolated by PCR purification and subsequently cloned into a
TOPO TA vector as describedfor 6 DNA met hy | a tPiasmids isotated frprsa s 6 .
minimum of six bacterial colonies were interrogated by sanger sequencing to ascertain
whether an out-of-frame deletion was present at both EZH2 alleles. Clonal cell lines
which were found to harbour appropriate mutations were then further tested by western-

blotting to ensure full depletion of EZH2 protein levels.

2.2.6 Proliferation assays

The glioblastoma cell lines U-87 MG and DBTRG-05MG, expressing RFP or EMX2 from
integrated pTRIPZ constructs in an inducible manner, were pre-treated N1 ¢ g/ ml
Doxycycline for seven days and then plated at a density of 10,000 cells/well in triplicate
on a 6-well plate (ThermoFisher - # CLS3516). After 16 hours, the plates were phase
imaged using an IncuCyte S3 (Essen bio) to allow normalisation to time zero of cell
plating.Cel | s wer e t hen ogycyolinerfor dightadays. ol quabtify the final
cell number, plates were stained with SYTOX (ThermoFisher - #57020) and cell nuclei
were counted with IncuCyte image analysis software. The endpoint cell counts were then
normalised relative to time zero based on the object count calculated from the initial

phase images.

2.3 Protein immunodetection

To extract protein from cultured cells, cells growing on culture dishes were harvested by
trypsinisation and subsequently collected by centrifugation at 300xg for five minutes. The
supernatant was discarded and the cell pellet was washed by resuspending in 10ml of
ice cold PBS. The PBS-cell suspension was centrifuged at 300xg for five minutes and

the PBS wash was repeated. The washed cell pellet was resuspended in high salt buffer
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(50mM Tris pH 7.5, 300mM NacCl, 0.5% IgePal and 1mM EDTA) containing protease
inhibitors (Cell Signalling Technologies - #5871) at ~1x10’ cells/ml and incubated on ice
for 20 minutes. This was followed by three cycles of sonication (30 secs on/off) using a
chilled Bioruptor Pico sonicator (Diagenode) and lysates were then clarified by
centrifugation at 20,000xg for 30 minutes at 4°C. Protein levels were quantified by
Bradford assay (Bio-Rad - #500-0201)i n accordance with manuf ac
and the samples were then diluted to ~2ug protein/ul in 1x LDS sample buffer
(ThermoFisher - #NP0008) containing reducing agent (ThermoFisher - #NP0004). The
samples were boiled at 95°C for seven minutes to denature the proteins. Samples (~20-
30ug protein) were then run on a 4-12% bis-tris gel (ThermoFisher - #NP0321PK2) at
200V for ~40 minutes and subsequently transferred using a iBlot2 system (Life
technologies) running programme 0. Membranes were blocked with 0.1% Tween 20
(Merck - #P9416) in PBS (PBT) + 5% milk (Marvel) for 45 minutes at RT, and then blotted
with the appropriate primary antibody at the relevant concentration in PBT + 5% milk
overnight at 4UC: -HE226321:10 T@ ) | BHIKZATMmé hg( U
#07-449, 1:5000), UHi#tab@a@®1H31(ABcaAMO), USUZ12
T #D39F6, 1:1000). The membrane was then washed three times for 10 minutes in PBT,
before being blotted with an anti-rabbit horse radish peroxidase secondary antibody
(Vector - #P1-1000, 1:5000) in PBT + 5% milk for 45 minutes at RT. The membrane was
washed again and then developed by treating with ECL western-blotting substrate
(ThermoFisher - #32106) for five minutes. The membrane was imaged using an
Amersham imager 600 (GE healthcare), and images were quantified using ImageJ

sof tware utilising the 6gel sd tool

2.4 Tumour xenograft studies
2.4.1 Tumour transplantation assays

All tumour xenograft studies were performed in male NOD.Cg-Prkdcs®? [12rg™Wil/Sz]
mice sourced from internal breeding colonies. In all instances, mice were injected at 6-8
weeks of age. Prior to injection, hair was removed from the flanks of the mice using
clippers, and injections were performed subcutaneously using Terumo 0.5ml 279 Insulin
Syringes. After tumour appearance, the size was measured weekly using digital callipers

and volume was calculated as L*W?2, in which L = longest edge of tumour and W =
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shortest edge of tumour. Animal studies were conducted in accordance with the Francis
Crick Institute project license PPL 70/8167.

For glioblastoma transplantation assays, DBTRG-05MG cells, expressing either EMX2
cDNA or RFP as a control, were trypsinised from cell culture dishes and collected by
centrifugation at 300xg for five minutes. The supernatant was discarded, and the cells
were washed by resuspending in 10ml sterile PBS and then collected by further

centrifugation. Washed cells were resupended in sterile PBS at a concentration of

7x10%ml, and 3.5x10°c el | s (50¢l ) were subsequently

flanks of each mouse.

For transplantation assays monitoring the effect of PRC2 accessory component knock-
down, cell lines transduced with pTRIPZ-shRNA const ruct s wer e

Doxycycline in culture for four days to pre-induce mRNA knock-down. Cell lines were
then prepared for injection as in glioblastoma transplantation assays, and 5x10° (PAXF
1998 and LXFL 1674 cell lines) or 1x10° (transformed fibroblasts, GXA 3067 and LXFA
677 cell l ines) cells were injected in

the duration of the experiments, mice injected with cells pre-induced for mRNA knock-
down were provided with dri nki ng water Cc 0 naxyayiclimé gl
supplemented with 1% sucrose (changed every 2-3 days) to maintain mRNA knock-

down.

2.4.2 Tumour cell isolation and derivation of cell lines

Prior to tumour extraction, tumour-bearing mice were sacrificed through cervical
dislocation followed by terminal bleeding. Immediately after sacrifice, hair was shaved
from the region surrounding the tumour to expose a site for subsequent resection. The
tumours were excised using a sterile scalpel and tweezers, then placed in a petri dish
and bathed in 1ml sterile PBS. The tumour was cut into pieces 2-3mm in diameter using
a clean scalpel, transferred to a 15ml falcon tube (Merck - #CLS430791) and then
collected by brief (<15 seconds) centrifugation at 300xg. The supernatant was discarded
and the tumour was resuspended in four volumes (relative to the tumour) of 0.5 x
Liberase (Merck - #5401020001) in warm RPMI media (ThermoFisher - #11875093).
This mixture was then transferred to a GentleMACS C tube (Miltenyi Biotec - #130-093-

237) and dissociated using human tumour programme one on a GentleMACS tumour
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dissociator (Miltenyi Biotec). The resulting mixture was then incubated at 37°C for 30
minutes with fast agitation to further dissociate the tumour. The mixture was processed
with human tumour programme two on the tumour dissociator, after which, 10,000 U
DNAse | (Merck 1 #04716728001) was added to the mixture and it was then incubated
at 37°C for 30 minutes with fast agitation. The dissociation mixture was then processed
using human tumour programme three on the tumour dissociator. To remove undigested
tumour, the dissociated mixture was filtered through a 70um cell filter (Merck -
#CLS431751) into 50ml falcon tubes. Filtered mixtures were then transferred to 15ml
falcon tubes and centrifuged at 300xg for five minutes. The supernatant was discarded
and cells were resuspended in 10ml of RPMI media. Centrifugation and RPMI media

resuspension was repeated three times to wash the cell pellet.

To derive cell lines, dissociated tumour cells were plated onto cell culture dishes in the
presence of 1mg/ml Neomycin (ThermoFisher - #N1142) to remove any contaminating

murine cells.

2.5 Chromatin immunoprecipitation sequencing experiments

2.5.1 Chromatin immunoprecipitation (ChlP)

ChIP was performed for H3K27me3 and EZH2 in the same manner for all cell lines
investigated in this study. In all instances, 2x10’ cells were fixed with 30ml 1%
formaldehyde (Merck - #252549) in cell culture media for 10 minutes at RT with slow
rotation. The fixation was quenched by adding 125mM glycine followed by slow rotation
for a further five minutes. Fixed cells were washed twice in ice-cold PBS and then
resuspended in 1.8ml IP buffer, 1:1 SDS-containing buffer (100mM NaCl, 0.2% NaNs,
5mM EDTA pH 8.0, 50mM Tris-HCI pH 8.0, 0.5% SDS): triton-containing dilution buffer
(500mM Tris-HCI pH 8.6, 100mM NacCl, 0.2% NaNs, 5mM EDTA pH 8.0, 5% Triton X-
100) containing protease inhibitors (Cell Signalling Technologies - #5871). The
suspension was incubated on ice for 20 minutes to lyse the cells. Chromatin was then
sheared to 200-400bp using a cooled Bioruptor Pico Sonicator (Diagenode), with 10-15
cycles of 30 secs on/off. The lysate was then clarified by 30 minutes of centrifugation at
20,000xg and protein concentration was quantified by Bradford assay. To perform ChlIP,
EZH2 (Cell Signalling - #5246S, 1:40), H3K27me3 (Upstate - #07-449, 1:100) or Rabbit
IgG control antibodies (Abcam - #ab46540, 1:100) were mixed with 1mg of chromatin
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lysate, then made up to 1ml with | P buffer and sl owly
generate technical replicates, all ChlPs were performed in duplicate using the same

chromatin | ysate. The f-6magoeticibeads (TherrgoFish8r0 el of pr ot
#10003D) (washed twice in IP buffer) were pipetted into the ChIP and slowly rotated at

4 C for four hours. Us i framgfibody complgxasenvere washeda c k, t he be
three times with ice-cold wash buffer one (0.1% SDS, 1% Triton X-100, 2mM EDTA pH

8.0, 150mM NacCl, 20mM Tris-HCI) and once with ice-cold wash buffer two (wash buffer

one with 500mM NacCl). Chromatin was eluted by ra
overnight i n 110:€% SOSfsolufion.ITMpraNidera@dntrol from ChiIP

enrichment, input chromatin was also de-crosslinked in parallel. Chromatin was then

i solated by performing PCR purification and el ut

resultant DNA was stored at -20°C.

2.5.2 ChIP library preparation and sequencing

For ChIP samples that were to be interrogated by next generation sequencing, a quality
control ChIP-gPCR was first performed using primers targeting a positive control region
within the promoter of the WT1 gene and a negative control region in the promoter of
housekeeping gene GAPDH (see Appendix 1 for primer sequences). Positive and
negative controls were selected based on publically available ChiP-seq datasets. Prior
to preparation of sequencing libraries, the quantity and integrity of the chromatin was
assessed using a BioAnalyser 2100 (Agilent). Library preparation was then undertaken
with 5-10ng of DNA using an lllumina TruSeq ChIP kit (lllumina - #IP-202-1012) in
accordance with manuf segtuencing (CliiRseq samples weard . Chl P
multiplexed six samples/lane and sequenced using a HiSeq 2500 sequencer (lllumina)

performing 101bp paired-end runs.

2.5.3 ChlIP-seq analysis

Sequencing run quality was assessed using the package FASTQC (Andrews S, 2010)
and all runs were determined to be of a good quality. However, replicate one of the
H3K27me3 ChIP from transformed fibroblast cells and replicate two of the EZH2 ChIP
from transformed fibroblast cells did not have sufficient reads after the first run. As a

result, these libraries were resequenced to obtain additional reads, which were then
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merged with those from the original run to make a single fastq file. Adapter trimming was
undertaken with cutadapt (version 1.9.1) (Martin, 2011) usi ng p ar--amm@aimer s 0
length=25 --qualitycutoff= 20 -a AGATCGGAAGAGC -A A GATCGGAAGAGCO. E
(version 0.6.2) (Li & Durbin, 2009) using default parameters was employed to perform
genome-wide mapping of the adapter-trimmed reads to the human hgl9 genome.
Duplicate marking was undertaken using the f
2.1.1) (Broad Institute) and duplicate reads were then excluded. Alignments were
subsequently filtered to remove reads which mapped to DAC Blacklisted Regions from

the ENCODE/DAC (ENCODE Project Consortium 2012) downloaded from the UCSC.

Further filtering was performed to exclude read pairs that mapped to different
chromosomes, ambiguously mapped, were discordant, or had a mismatch >4 in any read.

After read filtering, replicate one of the H3K27me3 ChIP from transformed fibroblast cells

did not have sufficient coverage. Hence, a third replicate for that sample was sequenced

and the BAM files of replicate one and three were merged to reach sufficient coverage.

Tiled data format (tdf) files for ChIP-s eq vi suali sation were prod

function in IGVTools (version 2.3.75) (Broad Institute) with default parameters.

To make the ChlP-seq data compatible with downstream applications, it was necessary
to convert it to a single-ended format. Thus, BAM files were first converted to BED paired-
end format using the bamtobed function in BEDTools (version 2.26 in all instances)
(Quinlan & Hall, 2010) with default parameters. The BED files were then converted to a
single-ended format by retaining only the chromosomal coordinates from the beginning
of the first read and end of the second. Using the single-ended data set, peak calling
was performed on both ChiP-seq replicates for all samples using SICER (version 1.1)
(Zang et al, 2009) running the non-d e f aul t parameter s: Airedund
window size = 200, fragment size = 110, effective genome fraction = 0.75, gap size =
400 or 600 (EZH2 and H3K27me3, respectively), FDR<0. 0001 0 . A consens
peaks for EZH2 and H3K27me3 in each cellular state was generated by merging
replicate peaks using 6mergePeaksd in the ho
(Heinz et al, 2010) and extracting the sum of overlapping peaks. Peaks separated by
0O250bp were merged into a siatalindBENTebs kithu si ng
default parameters. H3K27me3 and EZH2 consensus peak sets for each cellular state
were intersected and only EZH2 peaks which ¢
of their width were retained for further analysis. To associate EZH2 peaks with genomic

features, EZH2 peaks were mapped to gene deserts (gene depleted regions at least
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1Mb long), promoters (x3kb of transcription start site), genebodies (from end of promoter
until 1kb downstream of transcription termination site) or other intergenic regions
(regions not belonging to the other categories) using region_analysis.py (Shen
laboratory), running default parameters. As a reference to determine the genomic
features which EZH2 peaks were enriched at, a BED file containing equally spaced 10kb

windows across the entire human genome was also analysed.

Consensus EZH2 peak sets from each cellular state
(homer) using default parameters, giving cell type unique and common peaks, from

which Venn diagrams of EZH2 binding distribution were generated. To calculate tag

enrichment at these sets of unique and common peaks, tag directories were compiled

for the combined reads of both EZH2 ChIP-seq replicates from each cellular state with

O6makeTagDi r ect orgydéfault( pammeters.) Relatigei EZH2 enrichment

between cell states was then calculated at all common and unique EZH2 peaks using

6getDi fferential Peaksd {dredmard)t wiakd®mRAX rfsal IAowi ng
tagAdjust =0, -t agAdj ust BH2 peaks Gith afolB-c hange O1 .~&mlueand a p
Ole20 (defi nendagusi:t wded gki fferential peaks) relatiyv
state were then considered for further analysis. The selected peaks were annotated to

the nearest transcription start sites (TSS) of an antisense, protein-coding, or lincRNA

gene using the Refseq Hg19 TSS annotation and gene biotypes sourced from ensembl.

If a peak was equidistant from, or overlapped with, more than one TSS then all TSSs

were recorded. Only peaks +5kb of a TSS were considered for further analysis.

Overlaps between the genes associated with large-magnitude differential EZH2 peaks
(#z5kb TSS) and existing gene signatures was cal cul
the Broad Institute (software.broadinstitute.org/gsea/msigdb/annotate.jsp). To assign
genes into specific functional categories, each gene was manually investigated using the
genecards database (genecards.org) and subsequently assigned to a specific category

based on existing literature describing the proteins function.

ChIP-seq metaprofiles were generated with ngsplot (version 2.63) (Shen et al, 2014)
using the foll owing par aocoeut salirgy = glébal,dragment i sati on =
| engt h To geddabedcorrelation heatmaps, the ChlP-seq peaks called on each
replicate were compared using DiffBind (version 2.8.0) (Ross-Innes et al, 2012) within

the R programming environment (version 3.5.1) using standard analysis setting. Briefly,
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peak sets derived from each ChIP-seq mark were intersected and a consensus peak set
was generated. The enrichment of sequencing reads within each consensus peak was
compared between samples, leading to the generation of a correlation heatmap. To
compare the nucleotide content of EZH2 peaks either common or unique to
untransformed and transformed cells, the nucleotide content of each peak was
calculated wusing the 6énucd function in BEDT
peaks with CpG islands, CpG island annotations were sourced from UCSC (based on
the epigenomic predictions of Bock et al, 2007). The &6i nter sect d dlsunct i ¢

was then used to identify EZH2 peaks that had any overlap with a predicted CpG island.

2.6 RNA sequencing experiments
2.6.1 RNA library preparation and sequencing

For RNA-sequencing (RNA-seq) experiments involving EZH2 pharmacological inhibition,
cell lines were first treated with either EPZ-6438 (Selleckchem - #S7128), dissolved in
DMSO, or DMSO as a control for 12 days. To maintain repression throughout the
treatment period, drug and media was replaced every three days. For RNA-seq
experiments involving shRNA knock-down of EZH2, cell lines inducibly expressing an
EZH2 targeting shRNA were treated +1pg/ml Doxycycline for seven days to deplete
MRNA levels. To ensure mRNA knock-down throughout the treatment period,
Doxycycline was refreshed every two days. To assess the extent of EZH2 knock-down,
a test RT-gPCR and western-blot were performed to confirm a decrease in mRNA and
protein levels, respectively. For RNA-seq experiments involving EZH2 knock-out by
CRISPR-Cas9genome editing, cell | ines were prepalt
assessment of polyclonal knock-o u t cel l l i nes 6. EZRDknaeekaositur e C «

Doxycycline was refreshed every two days during the treatment period.

RNA was extracted fromcells as described in O6RNA extracHt
assessed using a TapeStation 4200 (Agilent), and all samples were found to have an
RNA i ntegri§ ipdicatingrthe ®NA w@as high quality with little degradation.
Libraries for sequencing were prepared using the KAPA Stranded RNA-Seq Kit with
RiboErase (Roche-#07962282001) in accordance with th
Library quality was confirmed using a BioAnalyser 2100 (Agilent). RNA sequencing was

carried out on an HiSeq 4000 sequencer (lllumina) and generated ~20 million 75bp
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single-end reads per sample. To reduce sequencing lane biases, the library of each
sample was divided across two lanes, generating two fastq files for each sample. These
fastq files were subsequently merged for the next analysis steps.

2.6.2 RNA-seq analysis

The reads from RNA-seq were adapter-trimmed using cutadapt as previously specified
for ChlP-seq. The RSEM package (version 1.2.29) (Li & Dewey, 2011) in combination
with the STAR alignment algorithm (version 2.5.1b) (Dobin et al, 2013) was used for
mapping and subsequent gene-level counting of sequenced reads with respect to hgl9
RefSeq genes downloaded from the UCSC Table Browser (Karolchik et al, 2004) on
14/04/2016. The non-def aul t par amet estasoutputsggendme-baer-€
forward-p r o b Oetential Expréssion analysis was performed for all comparisons
made in the study using the DESeq2 package (version 1.10.1) (Love et al, 2014) within
the R programming environment (version 3.2.3). GSEA for gene signatures identified
using RNA-seq was performed in an identi c-adq
anal ysi sbo.

To characterise transformation-induced changes to the EZH2-regulated gene set, in cells
from each stage of de novo transformation EZH2-regulated genes were first identified by
differential expression analysis of RNA-seq data from cells treated with DMSO or the
EZH2-specific inhibitor EPZ-6438 (EZH2i). A gene was defined as differentially
exor essed (DEG) i f0.01, tog.h @ d @d maxifdd RP 1. Dhe DEGs
from untransformed and transformed cells were intersected and separated into cell type-
specific and common EZH2-regulated genes. DEGs upregulated by EZH2i in a cell type-

specific manner were then intersected with genes associated with a differential EZH2

A

manner t

peak in the same ecmdiatniadry s(isee:. oGkl enes found

were retained for further analysis. To identify which of these genes had expression
changes associated with differential EZH2 binding, differential expression analysis was
performed comparing the DMSO-treated condition of untransformed and transformed

cells. DEGs were defined in the same manner as for the EZH2i analysis.
To compare the EZH2-regulated gene set identified by genetic and pharmacological LOF

approaches, differential expression analysis was first performed to identify genes

misregulated upon EZH2 disruption by each method. For all LOF approaches, genes
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were defined as dif f erentially expressed if t hey

differential expression analysis was performed comparing RNA-seq from DMSO and
EZH2i treated transformed cells. For EZH2 KO, differential expression analysis was
performed comparing RNA-seq from transformed cells with polyclonal EZH2 KO to that
from transformed cells expressing Cas9 alone and also transformed cells expressing an
eGFP-targeting sgRNA. In this instance, the final list of DEGs was generated by
intersecting the DEGs identified by comparing EZH2 KO to the two separate controls
and retaining only those genes which were identified as DEGs in both instances. For
EZH2 KD, differential expression analysis was performed comparing RNA-seq from
transformed cells with EZH2 KD induced and the same cell line in its uninduced form.
The lists of DEGs from each approach were then intersected to identify the degree of
similarity between approaches. The PRC2 target genes identified by each LOF approach
were determined by intersecting upregulated DEGs with genes that had a peak of
H3K27me3 N5kb prometgeranf@d ges:i s®Ghl P

2.7 RNA in situ hybridization

Formalin fixed paraffin embedded (FFPE) tissue sections from primary resections of
adult glioblastoma tumours were stained using an RNAscope® Multiplex Fluorescent
Reagent Kitv2 (ACDBio-#323100) in accordance with
for FFPE brain tumour samples. The following probes were used for sample staining:
Hs-EMX2 (ACDBIo - #320269-C2), Hs-HOXB9 (ACDBIo - #473521), Hs-EZH2 (ACDBIo
- #405491). As a positive control for EMX2 expression, a cell pellet containing a 1:1
mixture of HEC59 endometrial cancer cells endogenously expressing EMX2 and U-87
MG cells overexpressing EMX2 cDNA was fixed in 10% neutral buffered formalin,
subsequently paraffin embedded and sections were then stained for EMX2 in parallel to
glioblastoma samples. Similarly, as a positive control for HOXB9 expression, a cell pellet
containing a 3:1 mixture of PC9 lung adenocarcinoma cells and transformed fibroblasts
overexpressing HOXB9 was used. The cell pellet used as a positive control for HOXB9
staining was also employed as a negative control for EMX2 staining, whilst the EMX2

positive control cell pellet was used as a negative control for HOXB9 staining. Cell pellets

t

h ad

he

were stained in accordance with the manufact
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2.8 Proteomics experiments

2.8.1 Stable isotope labelling with amino acids in cell culture (SILAC)

For SILAC, the relevant cell lines were grown for nine days in DMEM for SILAC
(ThermoFisher - #88364) supplemented with light or heavy L-Arginine (147.5 mg/L) and
L-Lysine (91.25 mg/L), and 10% dialysed Fetal Bovine Serum (BioSera - # FB-1001D).
Labelling efficiency was assessed after nine days by mass spectrometry and found to
be >95% in all instances. Unlabelled L-Arginine and L-Lysine, (Sigma-Aldrich), and
heavy L-Arginine [*3Cs, 1°N4] and L-Lysine [**Cg, °N2] in their hydrochloride forms (CK
Isotopes) were used for proteome labelling.

2.8.2 Immunoprecipitation

Protein was extracted and quantified from releval

i mmunodet ecti on 6. unbpoecipitations, ttgaof unlabelledt whdlencefl

|l ysate from transformed cells was wused, whil st f o
and 6lighté | abelled Ilysates were combined for al
were then mixed with eitheran UEZH2 ( Ce |l |- #2#468,n1800) dr a tabbit

isotype control antibody (Abcam -#ab 46540, leg) and made up to a t
0.5ml with ice cold high salt buffer (50mM Tris pH 7.5, 300mM NaCl, 0.5% IgePal and

1mM EDTA) containing protease inhibitors (Cell Signalling Technologies - #5871). The

i mmunoprecipitation was then rotated overnight at
protein-G beads (ThermoFisher - #10003D) (washed twice in high salt buffer) were

added to the immunoprecipitation and rotated for four hours at 4°C. The beads were then
washed 4x withice-c ol d hi gh salt buffer and then resuspend
buffer (ThermoFisher - #NP0008) containing reducing agent (ThermoFisher - #NP0004).
Co-immunoprecipitated proteins were then eluted by boiling the beads for seven minutes

at 95 C.

2.8.3 Mass spectrometry analysis

Eluted proteins were separated by sodium dodecyl sulphate polyacrylamide gel
electrophoresis using a 4-12% bis-tris gel (ThermoFisher - #NP0321PK2). Samples were

run at 200V until the running front had migrated approximately 2cm into the gel, and the
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gel was subsequently coomassie stained with InstantBlue (Expedeon - #ISBI1L) in
accordance with the manuf ac tinedgelreight horizorgal r uct i
gel slices were excised from each lane, and the proteins in each slice were then digested
in-gel with trypsin (Promega - #V5111) using a Janus liquid handling system (Perkin
Elmer). Tryptic peptides were analysed by liquid chromatography-mass spectrometry
using an Orbitrap Velos or Orbitrap-Q exactive mass spectrometer coupled to an
Ultimate 3000 uHPLC equipped with an EASY-Spray nanosource (ThermoFisher) and
acquired in data-dependent mode. The data were searched against the human Uniprot
database using the Andromeda search engine. Raw data were processed using
MaxQuant (version 1.6.0.1) (Cox & Mann, 2008), using intensity based absolute
gquantification (iBAQ) or SILAC selected as the quantification algorithm. The
proteinGroup.txt output table was imported into Perseus software (version 1.4.0.2)
(Tyanova et al, 2016) for further statistical processing. iBAQ intensities were Logio
transformed, and missing values were imputed using default Perseus settings by
drawing from a simulated noise distribution with a down shift of 1.8 and a width of 0.3.
SILAC ratios were Log, transformed, and missing values were imputed using default

Perseus settings as described above.

2.9 Analysis of publically available datasets

The sources of publically available data used in this study are described in Appendix 3.

2.9.1 Generation of ChlP-seq correlation heatmaps

Processed BAM files containing ChiP-seq data for H3K27ac, H3K27me3 and H3K4me3
in different primary cell types, and the relevant input files, were downloaded from the
ENCODE consortium data portal (encodeproject.org/files). The specific data sets used
can be found in Appendix 4. The BAM files of ChiP-seq and input replicates were then
merged using the &édmerged f unqlieétan2009a) with AMt oo
default parameters. For all merged ChlP-seq BAM files, peak calling was performed
relative to input -sesgy desadryishesd iusi @@QhltFhe s
previously employed for H3K27me3 ChiIP-seq. To generate correlation heatmaps, peak
sets of a ChiP-seq mark in different primary cell types were compared using DiffBind as

descri bed eign an@h Iy i s 6.
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2.9.2 Analysis of DNA methylation in cancer cell lines

Processed gene level methylation data for all NCI-60 cell lines was downloaded from
National Cancer Institute via the cell miner database (discover.nci.nih.gov/cellminer/)
and genes lacking methylation data in any cell line were excluded. Data for genes with
an EZH2 peak +5kb TSS, as identified by ChIP-seq, was selected. Genes with an EZH2
peak were further subdivided into genes responsive/unresponsive to EZH2i as identified
by RNA-seq analysis. Responsive genes were defined as those upregulated with a
logcFC O1, OEFDR @nd a maximal TPM O1 wupon

2.10 Human tissue samples

GBM tissue sections were kindly provided by Prof Sebastian Brandner at University
College London Hospital with necessary ethical consent provided by BRAIN UK (Ref:
18/008).

2.11 Statistical analyses

All statistical tests used are indicated in the appropriate figure legends. Unless otherwise
stated, all error bars represent xstandard error of the mean for the number of replicates
indicated by N in the relevant figure legend. In boxplots, the top, middle and bottom box
delimiters represent the 75th, 50th and 25th percentiles of the data, respectively. Top
and bottom whiskers show the 75th percentile + 1.5*interquartile range and 25th
percentile T 1.5*interquartile range, respectively.
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Chapter 3. Wild-type EZH2 re-wires neural development

programmes to drive glioblastoma

Introduction

It is now established that an intimate link exists between mechanisms underlying normal
developmental processes and those required for cancer initiation and maintenance (Ma
et al, 2010). In particular, epigenetic mechanisms, essential for mediating normal
development and maintaining tissue homeostasis, are often found to be misregulated in
cancer (Dawson et al, 2012). Extensive sequencing studies have shown that epigenetic
regulators are frequently mutated across a range of different cancer types (Shen & Laird,
2013). Strikingly, the majority of these mutations are loss-of-function (LOF) (Shen & Laird,
2013), suggesting that many epigenetic regulators are tumour suppressors in normal
cells. Remarkably, epigenetic regulators affected by LOF mutations can often also act
as tumour promoters in their wild-type unmutated state within established tumours
(Wainwright & Scaffidi, 2017), indicating that they have dichotomous functions between
normal and cancer cells. Despite these antithetic functions of wild-type epigenetic
regulators having been independently described, very little is known about the molecular
mechanisms which enable a switch between these roles at the transition from the
physiological to pathological cell state.

An excellent example of an epigenetic regulator with a dichotomous function in normal
and cancer cells, is EZH2. Through dynamically repressing specific gene sets, EZH2
mediates both normal developmental processes and tissue maintenance (Di Croce &
Helin, 2013) - the importance of which is evidenced by the severe phenotypes of
abrogating EZH2 function in the embryo or adult ( O 6 C aet al, 2001; Ezhkova et al,
2009). Concurrently, and in direct contrast to its roles in normal cells, EZH2 in its wild-
type unmutated form also acts as a tumour promoter in a range of different cancer types
(Kim & Roberts, 2016). This dichotomous role of EZH2 is particularly evident within the
central nervous system (CNS). In the embryonic and adult CNS, EZH2 is essential for
controlling the expression of lineage specifying factors and regulating the balance
between stem cell self-renewal and differentiation (Pereira et al, 2010; Hwang et al,
2014)( see: Ol ntroduct itypenEZH2.is alsoma patemtriumoua mameter wi | d
in neural malignancies such as glioblastoma (GBM, grade IV glioma), where it provides

epigenetic plasticity and maintains the cancer stem cell population (Suva et al, 2009;
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Natsume et al, 2013). How EZH2 is able to act as both a mediator of normal
development/tissue maintenance and a tumour promoter, whilst remaining in its wild-
type unmutated state, is unclear. To shed light on this hijacking of EZH2 activity, | set
out to perform a detailed characterisation of the molecular mechanisms that enabled it
to occur (Fig. 8). In dissecting these mechanisms, | hoped to provide a paradigm for how
wild-type epigenetic regulators can be hijacked to promote and maintain neoplastic

transformation.
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Figure 8. Antithetic functions of wild-type EZH2 in neural development/tissue maintenance

and cancer
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Aims

In this chapter, | describe experiments in which | characterised the molecular
mechanisms underlying wild-t y p e EZH20s functional Sswitec
development/tissue maintenance to tumour promoter in the normal and malignant CNS.

To achieve this, | performed a comprehensive multi-omics characterisation of EZH2

activity at different stages of transformation using an established model of neoplastic
transformation. Subsequently, | validated the molecular mechanisms identified using this

discovery system with cellular GBM models and publically available cancer data sets.

Finally, | demonstrated the functional importance of these molecular mechanisms using

in vitro and in vivo models of GBM.
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Results
3.1 Modelling neural neoplastic transformation

To identify the mechani sms underl ying

development/tissue maintenance in the normal CNS to tumour promoter in GBM, |
needed to directly compare the activity of EZH2 in normal and cancer cells using a CNS-
relevant system. The ideal methodology to do this, would have entailed isolating the
normal cell-type from which GBM originates, transforming it in a controlled manner using
genetic events found in GBM, and subsequently performing a detailed dissection of how
EZH2 function differs between the untransformed and transformed states. However,
confounding this approach, the identity of the cell-of-origin in GBM currently remains
unclear (Alcantara Llaguno & Parada, 2016). In fact, studies attempting to define a single
cell-of-origin have shown that cells across the neural differentiation hierarchy can be
transformed to generate tumours (Alcantara Llaguno & Parada, 2016), suggesting there
may be no single cell-of-origin. Furthermore, expression profiling of GBM tumours has
revealed extensive inter-tumour heterogeneity, likely reflecting the diverse cell types
from which these tumours originate (Verhaak et al, 2010). Moreover, although GBM
murine models exist, | wanted to characterise EZH2 behaviour specifically in human
adult cells. | decided on this approach to avoid identifying murine-specific mechanisms,
and to enable me to use the many cell lines and datasets available for adult GBM.
Obtaining normal neural cells from adult humans is extremely challenging, and
commercially available primary neural cells are derived from foetal sources. These would
have been unsuitable for studying adult GBM as the paediatric disease has divergent
genetic, epigenetic and clinical features (Jones et al, 2016). Thus, uncertainty as to
G B M6 s -ofeorgin,la dearth of suitable human GBM models and a lack of appropriate
reagents meant | would need to employ an alternative approach to dissect the molecular

mechani sms underlying EZH26s changing f

To overcome these limitations, | chose to employ a cellular model of neoplastic
transformation which allows direct comparison of isogenic normal and malignant cells,
and has been previously shown to be relevant for discovering GBM-related mechanisms.
(Fig. 9). In this system, human adult dermal fibroblasts are first immortalised through the
expression of telomerase (henceforth: untransformed cells), overcoming issues of
cellular senescence which often hamper studies using primary cells. Subsequently, the

expression of simian virus 40 (SV40) large and small T-antigens leads to the inhibition
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of tumour suppressors p53 and pRB, and transitions the untransformed cells to a pre-
neoplastic state (henceforth: pre-neoplastic cells). Finally, expression of the oncogene
HRASV!? constitutively activates the RAS/MAPK pathway, leading to full neoplastic
transformation (henceforth: transformed cells) and enabling cells to form tumours in
immunocompromised mice (Hahn et al, 1999). This experimental system has been used
to identify epigenetic mechanisms found in GBM, most notably in the cancer stem cell
population (Son et al, 2009; Scaffidi & Misteli, 2011; Suva et al, 2014; Torres et al, 2016).
Furthermore, recent studies classifying GBM based on gene expression profiles have a
identified a major subtype defined by a mesenchymal expression profile, which includes
a range of fibroblastic markers (Verhaak et al, 2010; Holzel et al, 2010). Across all GBM
subtypes, these mesenchymal features are associated with resistance to therapy in
patients, demonstrating their clinical relevance and illustrating the functional importance
of a fibroblastic phenotype in GBM (Bhat et al, 2013; Halliday et al, 2014). Importantly,
hyper-activation of the RAS/MAPK pathway and genetic loss of TP53 and RB1 are some
of the most frequent events in GBM (Mao et al, 2012), making this model of de novo
transformation relevant for studying GBM. Thus, despite being an atypical system to
study brain-related mechanisms, this represented a tractable, validated and relevant
system in which to explore the switch in EZH2 function during neural neoplastic

transformation.

Untransformed Pre-neoplastic Transformed
(UT) (PN) (TR)
hTERT hTERT hTERT

P53pRB P53pRE
- V12
| I H-RAS
Non-tumourigenic Tumourigenic

Figure 9. The model of neoplastic transformation used in this study
Schematic depiction of the fibroblast-based model of neoplastic transformation used in this study.
Red strikethrough represents inhibition of tumour suppressors p53 and pRB by SV40 large and

small T-antigens.

To further confirm this systems relevance, | compared the epigenetic landscapes of
different primary cell types to ascertain whether similarities existed between neural and

fibroblastic cells. Using publicly available ChlP-seq data, | generated a correlation
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heatmap for three functionally distinct chromatin marks (H3K27me3, H3K27ac and
H3K4me3) to visualise the similarity of chromatin mark distribution between different cell
types (Fig. 10). For this analysis, | selected cell types from a diverse range of tissues
and functional classes (e.g. epithelial, mesenchymal) to produce an accurate picture of
how the neural cell epigenetic landscape related to other cell types. Reassuringly, in all
instances, the analysis clustered haematopoietic, epithelial and mesenchymal cell types
into distinct groups, validating the computational approach used to compare epigenetic
landscapes (Fig. 10). Importantly, the analysis also revealed that astroglia, a neural cell
type which resembles those constituting GBM, clustered with mesenchymal/fibroblastic
cell types (Fig. 10). Moreover, the epigenetic landscape of astroglia was related to that
of dermal fibroblasts (Fig. 10), the cell type used in the chosen model system. Together,
this suggests that astroglial cells share a similar epigenetic landscape to mesenchymal
cells, further justifying the use of the fibroblast-based system to study epigenetic events
in neural neoplastic transformation. Importantly, although this model represented a
suitable system in which to identify candidate molecular mechanisms, | planned to
extensively validate any mechanism in normal and malignant cells from the CNS to

confirm its relevance.
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Figure 10. The epigenetic landscapes of astroglial and fibroblastic cells are related
Correlation heatmap of ChlP-seq data from three different chromatin marks in eight primary cell types. All data sets were sourced from the encyclopaedia

of DNA elements (ENCODE). PBMC i Peripheral blood mononuclear cells, CD4-T i CD4 T-cells, Mam i Mammary epithelia cells, Ker i Keratinocytes,
Astro i Astroglial cells, Osteo i Osteoblasts, D-fib i Dermal fibroblasts, L-Fib i Lung fibroblasts.
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3.2 Neoplastic transformation alters the chromatin binding
profile of EZH2

3.2.1 Total EZH2 activity on chromatin is unaffected by transformation

To identify how EZH2 function is affected by neoplastic transformation, | first assessed
EZH2 activity at each stage of de novo transformation. Previous studies have suggested
that overexpression of EZH2, an event which often accompanies neoplastic
transformation, may drive EZH2 to act as a tumour promoter through enhanced
repression of existing target genes, such as the tumour suppressor CDKN2A/p16 (Gil &
Peters, 2006; Wilson et al, 2010; Mohammad et al, 2017). To test whether a
transformation-induced change in total EZH2 activity could underlie its role in cancer
cells, 1 quantified EZH2 and H3K27me3 protein levels at each stage of de novo
transformation. Levels of EZH2 increased upon transformation, whilst H3K27me3
remained unaltered (Fig. 11). This observation is in line with the known regulation of
EZH2 expression by proliferation rate to maintain homeostatic levels of H3K27me3
(Bracken et al, 2003). Together, this suggests that a change of total EZH2 activity on
chromatin is unlikely to underlie its gain of tumour-promoting ability. Of note,
transformation-induced changes to EZH2 activity may be affecting global levels of
H3K27mel and 2. However, the biological function of these marks remains poorly
defined, and they have no known regulatory role in either the normal CNS or neural

malignancies, thus they were not examined in this study.
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Figure 11. Total EZH2 activity is unaffected by neoplastic transformation
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Figure 11: Western-blot quantification of EZH2 and H3K27me3 levels at each stage of de novo
transformation. Histone H3 is used as a loading control. The graph (right) shows the normalised
densitometric value of the western-blot bands (left). UT: untransformed, PN: pre-neoplastic, TR:

transformed.

3.2.2 Profiling EZH2 and H3K27me3 genome-wide distribution by ChIP-

seq

Redi stribution of EZH20s repressive acti vi
transitions in both the embryo and adult (Ezhkova et al, 2009; Di Croce & Helin, 2013).
Given the functional importance of EZH2 redistribution in normal cells, | hypothesised
that similar binding changes could be essential for EZH2 to become a tumour promoter.
To characterise whether transformation induced changes in EZH2 distribution, |
performed chromatin immunoprecipitation sequencing (ChlP-seq) to map EZH2 binding
and its associated repressive mark, tri-methylated lysine 27 of histone H3 (H3K27me3),
at all stages of de novo transformation. Quantitative PCR analysis of the chromatin
isolated by ChIP showed a strong enrichment of EZH2 and H3K27me3 at the known
Polycomb target gene WT1 relative to a negative control region in the promoter of SOX11,
confirming the quality of ChlP experiments in all cellular states (Fig. 12A). Subsequently,
next generation sequencing was performed on the isolated chromatin to profile EZH2
and H3K27me3 distribution genome-wide. All sequencing runs had a high per-base
sequencing quality, low duplication level and yielded >10 million unigue reads per
sample, indicating that the sequencing was of excellent quality (Fig. 12B). Alignment and
visualisation of the data revealed a strong enrichment of EZH2 and H3K27me3 at many
conserved Polycomb binding sites, including WT1 (Fig. 13A). Furthermore, hierarchical
clustering of EZH2 and H3K27me3 ChlP-seq data sets demonstrated that technical
replicates were highly concordant (Fig. 13B). Together, | conclude that the ChIP-seq
data sets generated are of sufficient quality to interrogate the effect of transformative

eventsonEZH26s distribution on chromatin.
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Figure 12. EZH2 and H3K27me3 ChlIP-seq quality control
A. ChIP-gPCR quantification of EZH2 and H3K27me3 binding at the promoters of WT1 (positive

control) and SOX11 (negative control) in ChlP samples from de novo transformed cells. Only

data from replicate one of each cell line is shown. Values are expressed relative to input

chromatin and represent mean +SEM from three technical replicates. UT: untransformed, PN:

pre-neoplastic, TR: transformed. B. Number of unique paired-end reads generated by next

generation sequencing from each EZH2 and H3K27me3 ChIP sample. See o6 Mat eri al s &
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Figure 13. EZH2 and H3K27me3 ChlP-seq generates high quality datasets for the
neoplastic transformation model

A. ChIP-seq signal for EZH2 and H3K27me3 at known Polycomb target WT1. ChIP-seq signal
normalised to sequencing depth is shown. UT: untransformed, PN: pre-neoplastic, TR:
transformed. B. Correlation heatmap of EZH2 (left) and H3K27me3 (right) ChiP-seq duplicates
from untransformed (UT), pre-neoplastic (PN) and transformed (TR) cells. Correlation values
are calculated by comparison of EZH2/H3K27me3 read density across a set of common
EZH2/H3K27me3 peaks.
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3.2.3 Neoplastic transformation redistributes EZH2 on chromatin

To identify whether the distribution of EZH2 on chromatin was altered by transformation,

| first set out to map the binding sites of EZH2 and H3K27me3 at each stage of de novo
transformation. To do this, | first defined regions of EZH2 and H3K27me3 enrichment
(false-discovery-r at e ( FDR) OO0 . 0 Od&d replicaten usiegatie publShed P
peak caller SICER (Xu et al, 2014). By intersecting replicates and retaining the sum of
overlapping peaks, | then generated consensus sets of EZH2 binding sites and
H3K27me3 enriched regions for each cellular state (Fig. 14A) . In I'ine with EZH
canonical histone methyl transferase function, intersection of EZH2 and H3K27me3
consensus peaks revealed that >95% of EZH2 binding sites overlapped with a region of
H3K27me3 enrichment in all cellular conditions (Fig. 14B-C).

Overall, each cellular condition had ~6000-8000 H3K27me3-associated EZH2 binding
sites, a number similar to previous studies (Ku et al, 2008; Riising et al, 2014) (Fig. 15B).
Interestingly, the transformed cells had ~30% fewer EZH2 binding sites than either the
untransformed or pre-neoplastic cells (Fig. 15B). Previous work using this model has
shown that transformation generates a cell population with heterogeneous self-renewal
capacity (Scaffidi & Misteli, 2011). In part, this is explained by heterogeneous expression
of linker histone H1.0, a protein which drives considerable changes to the epigenetic
landscape and transcriptome when expressed (Torres et al, 2016). As EZH2 binding is
sensitive to changes in transcription and the epigenetic landscape, this will also induce
heterogeneity in EZH2 binding profiles, limiting EZH2 enrichment at any given site and
hence, as observed, decreasing the total number of peaks detected. Inspection of the
putative non-canonical sites (i.e. H3K27me3-independent binding) showed that most
had associated regions of H3K27me3 enrichment which had not been called as peaks
due to low ChiIP-seq signal, suggesting that these were not true non-canonical sites (Fig.
14D). This lack of non-canonical EZH2 sites contrasts with previous studies which have
shown that non-canonical functions of wild-type EZH2 on chromatin are essential for
driving forms of prostate and breast cancer (Xu et al, 2012; Gonzalez et al, 2014; Kim et
al, 2018).
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Figure 14. EZH2 genome-wide distribution in de novo transformed cells

A. A schematic outlining how consensus peak sets were derived for EZH2 and H3K27me3 in
each cellular state of the neoplastic transformation model. UT: untransformed, PN: pre-neoplastic,
TR: transformed. B. Percentage of EZH2 binding sites in each cellular state that have >25%
overlap with a region of H3K27me3 enrichment. UT: untransformed, PN: pre-neoplastic, TR:
transformed. C. ChIP-seq signal from a representative locus displaying concordant profiles of
EZH2 and H3K27me3. ChIP-seq signal is shown normalised to sequencing depth. Blue bars
indicate regions called as an EZH2 binding site. UT: untransformed, PN: pre-neoplastic, TR:

transformed. D. ChlIP-seq signal of EZH2 and H3K27me3 at two putative non-canonical EZH2
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binding sites (H3K27me3-independent). ChiP-seq signal is shown normalised to sequencing

depth. Blue bars indicate regions called as an EZH2 binding site. UT: untransformed.

To characterise the genomic features bound by EZH2, | annotated H3K27me3-
associated EZH2 binding sites to the genomic region in which they were found e.g. gene
bodies, gene deserts etc. This revealed that EZH2 binding was enriched at gene
promoter s, i n | i n el repiessihe fuBcidd ZRigs 15A). &or the next
stage of analysis, | selected only EZH2 binding sites associated with H3K27me3,
allowing me to focus on regions where EZH2 was likely to have repressive activity.

To identify EZH2 binding sites affected by transformation, | performed a comparison
between the sites present at each stage of de novo transformation. Strikingly, this
revealed that only a partial overlap existed between EZH2 binding sites (Fig. 15B). In
particular, the untransformed and transformed states had <50% of EZH2 binding sites in
common, indicating that transformationdramatical | vy al t er s E Z H21%RB).
EZH2 redistribution occurred at all stages of transformation, but was especially
pronounced at the transition from the untransformed to pre-neoplastic state,
demonstrating that inhibition of p53 and pRB was a particularly strong driver of EZH2
redistribution (Fig. 15B). Together, characterisation of EZH2 distribution during de novo
transformation shows that attainment of tumorigenic ability is accompanied by an

extensive redistribution of EZH2 binding sites.
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Figure 15. Transformation induces an extensive redistribution of EZH2 binding

A. The fraction of H3K27me3-associated EZH2 binding sites found at different genomic features.

O6Whol e genome6 i ndi c aturessacrashtiee whoie genamie bsiateferencefarf f e

enrichment of EZH2 peaks. Gene desert: gene depleted regions at least 1Mb long; Promoter:
+3kb of transcription start site (TSS); Genebody: from end of promoter until 1kb downstream of
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transcription termination site; Other intergenic: regions not belonging to the other categories. B.
Venn diagrams displaying the intersection between H3K27me3-associated EZH2 binding sites

called at each stage of de novo transformation.

3.2.4 A fraction of transformation-induced changes to EZH2 binding are

high-confidence

In spite of the extensive changes to EZH2 distribution upon transformation, it is unlikely
that all events contribute to EZH2 becoming a tumour promoter in cancer cells. Thus, |
decided to employ a multi-step filtering strategy that would identify functionally important
changes in EZH2 binding. As a first filtering step, | identified sites which undergo a major
change in EZH2 binding. To achieve this, | first merged the consensus EZH2 peak sets
from the untransformed and transformed cellular states, generating a combined set of
common and unique peaks. To find which peaks had large-magnitude changes in EZH2
binding, | calculated the relative enrichment of EZH2 at all peaks by comparing the
number of ChlP-seq tag counts intersecting the peak in each cellular state. In line with
intersection of EZH2 binding sites (Fig. 15B), a large portion of binding sites showed an
enrichment of EZH2 in either condition, further supporting an extensive genome-wide
redistribution of EZH2 (Fig. 16A). However, most of these changes were low-magnitude,
and of 11,166 binding sites tested, only 703 (6%) exhibited high-confidence differential
binding of EZH2 (defined as: fold-c hange O1v. &l weR@@Hge16A). No clear
bias was observed for high-confidence gains or losses of EZH2 upon transformation,
supporting a transformation-driven EZH2 redistribution as opposed to a change in total
repressive activity. Similar quantification of EZH2 enrichment at binding sites in
untransformed and pre-neoplastic or pre-neoplastic and transformed cells revealed
comparable patterns (Fig. 16B). Interestingly, most high-confidence changes in EZH2
binding occurred at the transition from the untransformed to pre-neoplastic state
(untransformed to pre-neoplastic i 528, pre-neoplastic to transformed - 120) (Fig. 16B),
in line with my observations from comparing EZH2 binding sites (Fig. 15B). Moreover,
this shows that attainment of full tumorigenic ability is associated with high-confidence
changes at only ~1% of EZH2 binding sites. Together, this indicates that only a minor
fraction of transformation-induced changes in EZH2 binding are of high-confidence, and

hence potentially important for EZH20s
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Figure 16. Transformation-induced changes in EZH2 binding are primarily low-magnitude
A. Volcano plot displaying the relative enrichment of EZH2 binding at all sites called in either

untransformed or transformed cells. Numbers written within the volcano plot indicate differential

binding sites that have a p-v a| u e-20@ndea fold-c hange i n
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depth. Blue bars denote regions called as an EZH2 binding site. UT: untransformed, TR:
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transformed. B. Volcano plots generated as in (A) comparing EZH2 enrichment at all sites

detected in untransformed or pre-neoplastic cells (left) and pre-neoplastic or transformed cells
(right).

3.2.5 EZH2targeting to CpG islands is altered by transformation

Having defined a high-confidence set of differential EZH2 binding sites (fold-c hange O1. 5
and p-v a | u e20,Fiy.el5A i red dots), | then set out to characterise these regions of
major EZH2 redistribution. DNA sequence and its associated chromatin features are
often key determinants of protein binding at specific genomic loci. Thus, | calculated the
nucleotide content for common, untransformed-specific and transformed-specific EZH2
binding sites. For this analysis, EZH2 binding sites present in both untransformed and
transformed cells were used as common sites (Fig. 15B), whilst those with a fold-change
O1. 5 -aat up2006eiween states were used as cell type-specific sites (Fig. 16A
T red dots). Strikingly, transformed-specific EZH2 sites had a significantly (p <0.0001)
lower guanine/cytosine (GC) content than common or untransformed-specific sites (Fig.
17A). This suggests that an altered affinity for GC rich DNA sequences, or an associated
chromatin feature, may be driving a portion of EZH2 redistribution. PRC2 binds to DNA
preferentially at CpG islands (Ku et al, 2008) ( s e e : 6l ntroductiond), regi or
dinucleotide content frequently present at gene promoters (Deaton & Bird, 2011). This
binding modality is essential in allowing EZH2 to deposit H3K27me3 at gene promoters
and maintain gene repression (Riising et al, 2014; Li et al, 2017). To understand if
disruption of EZH2 localisation at CpG islands could explain the differing nucleotide
content of EZH2 binding sites, | analysed how frequently cell-type specific/common sites
intersected with CpG islands. Interestingly, ~40% of common and untransformed-
specific sites intersected with a CpG island, but <20% of transformed-specific sites
overlapped (Fig. 17B). The frequent intersection between EZH2 binding and CpG islands
is in line with the known preferential binding of PRC2 at these sites; however, the greater
tendency for EZH2 to be lost rather than gained at CpG islands suggests a
transformation-induced alteration of EZH2 targeting to CpG islands. Inspection of
regions where EZH2 was lost from CpG islands confirmed this observation (Fig. 17C).
Together, | conclude that transformation alters EZH2 targeting to GC-rich regions such

as CpG islands, potentially affecting the expression of associated genes.
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Figure 17. EZH2 affinity for GC rich sequences, such as CpG islands, is altered by
transformation

A. Quantification of GC nucleotide content at EZH2 binding sites. Common: EZH2 binding sites
detected in both untransformed and transformed cells, UT differential: high-confidence EZH2
binding sites enriched in untransformed cells (see Fig. 15A), TR differential: high-confidence
EZH2 binding sites enriched in transformed cells (see: Fig. 15A). B. Quantification of EZH2
binding sites that intersect a CpG island.
differenti al 6 EZH2 bi ndANn@ EZHR ChPsseqasignalisimowing representative
examples of CpG islands where an EZH2 binding site is lost on transformation. ChIP-seq signal

is shown normalised to sequencing depth. UT: untransformed, TR: transformed.

3.2.6 Differential binding of EZH2 is enriched at genes essential for

neural development

To identify if EZH2 redistribution was focussed at a functionally-related gene set, |
annotated differential EZH2 binding sites to the nearest transcription start site (TSS) of

a protein coding, anti-sense or lincRNA gene. | chose these specific gene classes as
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their expression can be accurately quantified by total RNA-seq, a technique | planned to

employ as a final step in my filtering of differential binding sites. | then selected gene loci

with a differential binding site within 5kb of their TSS for gene set enrichment analysis

(GSEA) . To perform GSEA, I used the Ol nvestigat
Molecular Signatures Database (Broad Institute) to compute overlaps between my

experimental gene lists and existing genes signatures. GSEA identified a highly

significant enrichment (FDR <1e-5) of differential site-associated genes in a number of

neural-r el at ed gene signatur es, i ncluding 6centr al
meurogenesi s6 and 0 f(Big. 487y @hisrinkade beevéen EZRE Nt 6

redistribution and neural development further suggested that this model system was a

suitable selection for studying neural malignancies. To explore the specific classes of

neural gene associated with differential EZH2 binding, | functionally classified the

differential site-associated genes that were present in neural signatures. Of these genes,

>50% were transcription factors, matching the EZH2-mediated repression of lineage
specifying transcription factors i(Fig.18B)e devel opi I
This suggested the intriguing possibility that transformation-induced EZH2 redistribution

could rewire core neural development programs. Inspection of ChlP-seq data confirmed

marked changes in EZH2 levels at the promoters of many key neural transcription factors,

such as IRX5 and SIM2 (Fig. 18C). Altogether, | conclude that EZH2 redistribution upon

transformation is focussed at genes involved in mediating neural development,

potentially rewiring neural transcriptional programmes.
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Figure 18. EZH2 redistribution is focussed at neural development genes
A. Neural-related GSEA gene signatures enriched amongst genes with a high-confidence,
differential EZH2 binding site at their promoter (x5kb TSS). Gene signatures were obtained from

GSEA Curated and Gene Ontology gene sets. The following gene signature names were altered

from their original Molecular Signature Database descriptor for clear n e s s : 6CpG high p
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Functional classification of differential site-associated genes (total genes: 37) that are found in
the gene signatures 6Central Nervous CS@hiPtsegm De v e
signal from EZH2 at neural transcription factor genes differentially bound by EZH2 upon
transformation. ChIP-seq signal is shown normalised to sequencing depth. UT: untransformed,

PN: pre-neoplastic, TR: transformed.
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3.3 Transformation-induced redistribution of EZH2 affects the

expression of a small, but important group of genes

3.3.1 Transformation substantially alters the EZH2-regulated

transcriptome

Having identified that transformation redistributes EZH2 binding, | then wanted to
specifically find alterations which affect gene expression. To do this, | began by
characterising the EZH2-regulated transcriptome at each stage of de novo
transformation through treating cells with the EZH2-specific pharmacological inhibitor
EPZ-6438 (EZH2i) (Knutson et al, 2013b), or DMSO as a control. EZH2i treatment led
to an almost complete depletion of H3K27me3 in all cell types, generating cells which |
then profiled by total RNA-seq (Fig. 19A). All sequencing runs had a high per-base
sequencing quality, low ribosomal RNA contamination, acceptable levels of read
duplication and yielded >20 million reads. In addition, principle component analysis
revealed high concordance between replicates, confirming the quality of these datasets
(Fig. 19B).
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Figure 19. Profiling the EZH2-regulated transcriptome using pharmacological EZH2
inhibition

A. Western-blot analysis of H3K27me3 levels after treatment of cells with an EZH2 inhibitor
(EZH2i) or DMSO as control for 12 days. Histone H3 is used as a loading control. UT:
untransformed, PN: pre-neoplastic, TR: transformed. B. Principle component analysis of RNA-
seq data from DMSO and EZH2i-treated cells. UT: untransformed, PN: pre-neoplastic, TR:

transformed.

92



To identify genes regulated by EZH2 in each cellular state, | undertook differential
expression analysis comparing the EZH2i and DMSO treated conditions. This analysis
identified 900-1200 genes which were differentially expressed upon treatment with
EZH2i (Log: fold-c hange @1 do&rDRO O0. 01 and maxi mal tr.
( ma x T P M(Fig. 0A)) In line with the canonical repressive function of EZH2, ~90%
of genes were upregulated upon treatment with EZH2i (Fig. 20A). GSEA of EZH2-
regulated genes revealed they were significantly enriched (FDR <l1e-47) amongst
existing Polycomb gene signatures such o6Ben
promot er H3K27me3 in ES cell sb, validating th
characterise the EZH2-regulated transcriptome (Fig. 20B). Importantly, this also
indicated that many PRC2-regulated genes are shared between different cell types,
suggesting that identifying mechanisms underlying PRC2 function in one cell type could
be relevant in others. EZH2-regulated genes were also significantly enriched (FDR <le-
28) in neural-related signatures at all stages of de novo transformation, further confirming
the importance of EZH2 in regulating neural development programmes within this system
(Fig. 20B). To focus on potential direct targets of EZH2, | selected the genes upregulated
by EZH2i for further analysis. Comparison of genes upregulated by EZH?2i revealed that
a substantial portion of differentially expressed genes were unique to each cellular state
(Fig. 20C). In patrticular, only 35% of genes were commonly de-repressed by EZH2i in
untransformed and transformed cells (Fig. 20C). Together, this demonstrates that
transformation substantially alters the EZH2-regulated transcriptome, likely due to the

accompanying redistribution of EZH2 at many genomic sites.
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Figure 20. Transformation markedly alters the EZH2-regulated transcriptome

A. Quantificationofgenesd i f f er ent i al | y0.04, tquiFeCs Od d ©p B D R a® UpehEZH2i treatment in each cellular state, as detected
by RNA-seq. UT: untransformed, PN: pre-neoplastic, TR: transformed. B. PRC2 and neural GSEA gene signatures enriched amongst genes differentially
expressed upon EZH2i treatment. Gene signatures are derived from GSEA Curated and Gene Ontology gene sets. The following gene signature name
was amended from its original moleculars i gnat ure database descriptor for clearness: 06CpG
br aiicnMMEI SSNER_BRAI N_HCP_WI TH_ H3 K4 K&B/2nn didgiamstBokiBgand Bvertap between the genes EZH2i upregulates
( FDR.0IOLogoF C 10 and maly il éash célular state.
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3.3.2 DNA methylation may redundantly repress EZH2-bound genes

Surprisingly, when | overlapped genes with EZH2 bound at their promoter (within 5kb

TSS) with genes upregulated by EZH2i (Log.F C 01, FDR O00.01,land max
found that only a fraction (14-24%) of EZH2-bound genes responded to EZH2i (Fig.

21A). Interestingly, this difference was independent of EZH2 or H3K27me3 levels at a

genes promoter in all cell types (Fig. 21B). To confirm that the putative EZH2i

insensitive genes were not being upregulated below the cut off of my gene expression

filter, | calculated the expression change of these genes between DMSO and EZH2i

treated cells. EZH2i led to a median increase in expression of only ~0.05 TPM at the

genes classed as EZH2i insensitive, demonstrating that, despite being bound by EZH2,

these genes were indeed unaffected to EZH2i (Fig. 21C).
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Figure 21. A fraction of EZH2-bound genes respond to EZH2i
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Figure 21: A. Number of EZH2-bound genes that are di f f er enti al |l y 08Ixpr es s
Logo2F C 01 and bapod BZM2i t@atment (sensitive) or are unaffected (insensitive).
UT: untransformed, PN: pre-neoplastic, TR: transformed. B. Average density profile of EZH2 and
H3K27me3 at EZH2i sensitive and insensitive genes. Light red and grey areas represent the SEM
of the average profile. C. Expression change upon treatment with EZH2i of all genes classified
as EZH2i insensitive. Expression change was calculated as mean TPM EZH2i treated cells minus

mean TPM DMSO treated cells. UT: untransformed, PN: pre-neoplastic, TR: transformed.

Instead, | hypothesised that a redundant epigenetic mechanism may be acting in
conjunction with EZH2 to repress EZH2-bound genes insensitive to EZH2i. DNA
methylation at promoter-associated CpG islands is a common mechanism of gene
repression (Smith & Meissner, 2013), and previous work has shown that a direct
interaction exists between PRC2 components and the DNA methylation machinery (Viré
et al, 2006). To identify whether DNA methylation could be cooperating with EZH2 to
redundantly repress genes, | performed bisulphite sequencing in transformed cells
across the promoter-associated CpG islands of EZH2i sensitive and insensitive genes.
Genes sensitive to EZH2i had lower levels of CpG methylation than their insensitive
counterparts in all instances, suggesting that DNA methylation may cooperate with
H3K27me3 to repress a sub-group of EZH2 target genes (Fig. 22A). Inspection of these
genes showed them to have clear EZH2 and H3K27me3 peaks that intersected with the

genes promoter (Fig. 22B).
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Figure 22. EZH2 target genes insensitive to EZH2i are often marked by DNA methylation
A. Bisulphite sequencing analysis quantifying DNA methylation of promoter-associated CpG
islands at representative EZH2-bound genes sensitive or insensitive to EZH2i. Each row
represents the sequence of an individual DNA molecule. Black and white circles represent
methylated and unmethylated CpGs, respectively. For display reasons only the first 30 CpGs of
CALB2 are shown, the remaining CpGs are also unmethylated. B. ChlP-seq signal for EZH2 and
H3K27me3 at TNFRSF21 (EZH2i sensitive) and SPO11 (EZH2i insensitive). Black bars mark the
CpG islands interrogated by bisulphite sequencing in (A). ChlP-seq signal normalised to
sequencing depth is shown. TR: transformed.

To explore whether EZH2i insensitive genes were generally marked by DNA methylation,
and to extend the analysis to glioma cell lines, | obtained whole-genome bisulphite
sequencing data from glioma cell lines in the NCI60 data set and compared the promoter
methylation status at all EZH2i sensitive and insensitive genes. All six glioma cell lines
analysed showed higher levels of DNA methylation at EZH2i insensitive genes relative
to EZH2i sensitive genes (Fig. 23A). Further, the same pattern was observed in an
additional 54 cell lines from seven cancer types, suggesting this relationship was not
cancer-type specific (Fig. 23B). Together, | conclude that high levels of DNA methylation
often occur at EZH2 target genes insensitive to EZH2i, suggesting that these repressive
mechanisms may act redundantly to restrict the genes sensitive to EZH2i, potentially

limiting the transcriptional consequences of EZH2 redistribution.
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Figure 23. Redundant repression by DNA methylation may occur at alarge portion of EZH2-
bound genes

A. Average DNA methylation at the indicated sets of genes in NCI60 glioma cancer cell lines.
Data sourced from the National Cancer Institute NCI60 cancer cell line dataset. B. As in (A) but
for NCI60 non-glioma cancer cell lines. Cell lines from breast, lung, colon, leukaemia, melanoma,
ovarian and prostate cancer are shown. Whiskers were removed for clarity. The cell lines

indicated by x-axis numbers are shown in Appendix 5.
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To explore whether the presence of both EZH2 and DNA methylation affected the
degree to which a gene was repressed, | analysed the expression of EZH2i sensitive
and insensitive genes. In line with these genes being EZH2 targets, <20% were
expressed with a TPM >1 (Fig. 24); however, at all stages of de novo transformation,
EZH2i sensitive genes (repressed by EZH2 alone) showed a low, but detectable, basal
level of expression (median TPM ~0.25), whilst EZH2i insensitive genes (EZH2-DNA
methylation repressed) were generally fully silenced (median TPM <0.1) (Fig. 24). This
provides correlative evidence that redundant repression by EZH2 and DNA methylation
may more effectively repress gene expression. Interestingly, basal expression of
EZH2i-sensitive genes decreased as de novo transformation progressed (Fig. 24).
Thus, | conclude that redundant repression of EZH2-bound genes by DNA methylation
could lead to more robust repression of gene expression, although further functional

studies will be required to confirm this relationship.
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Figure 24. Redundant repression by EZH2 and DNA methylation may enhance gene
silencing

Quantification of expression by genes sensitive or insensitive to EZH2i as determined by RNA-
seq. Expression of each gene was calculated as the mean transcripts per million (TPM) from

three biological replicates. Four asterisks indicate p-value <0.0001 (One-way ANOVA followed

by Tukeyds multipl e comp aediPN:@re-seoplastis, TR: transtbiimed. unt r ansf or m
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3.3.3 A fraction of genes differentially bound by EZH2 undergo changes

In expression

To identify differential EZH2 binding sites linked to altered gene expression, | integrated

the data sets defining regions of differential EZH2 binding (Fig. 16A) and the EZH2-
regulated transcriptome (Fig. 20C) to find sites which met three criteria: 1) The differential

site was present at a genes promoter in untransformed or transformed cells (within 5kb

TSS); 2) The binding site was associated with a gene that was derepressed (Log.F C - O1
FDR 00.01 and maxTPM O1) when the relevant
EZH2 was required to maintain its repression; 3) The gene showed an appropriate
change in expression upon transformation i.e. gene de-repression accompanied loss of

EZH2 binding.

Application of the first filter showed that differential EZH2 binding sites were associated
with the promoters of 151 and 71 genes in untransformed and transformed cells,
respectively (Fig. 25A). The smaller number of promoter-associated transformed-
specific sites was in contrast to the greater number of total transformed-specific sites
(total sites: untransformed-specific 1 313, transformed-specific - 390). Given that CpG
islands are found primarily at gene promoters, this difference likely reflects the
transformation-induced loss of EZH2 from CpG islands | had observed (Fig. 15B). When
| applied the second filter, | found that only 47/222 genes required EZH2 to maintain their
repression (Fig. 25A), in agreement with the insensitivity of ~75% of EZH2-bound genes
to EZH2i (Fig. 21A). Finally, application of the third filter selected genes with an
appropriate expression change upon transformation, giving a final set of 21 genes
(untransformed i 14, transformed i 7) (Fig. 25B). Together, this demonstrates that only
a fraction of transformation-induced EZH2 redistribution alters gene expression,
suggesting that EZH2 gains tumour-promoting ability by changing the expression of only

a small gene set.
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Figure 25. EZH2 redistribution affects the expression of a small set of genes

A. Schematic representation of the multi-step filtering strategy used to detect functionally important changes in EZH2 distribution induced by neoplastic
transformation. Blue and red numbers represent the number of peaks/genes present after each filtering step in untransformed and transformed cells,
respectively. UT: untransformed, TR: transformed. B. Heatmap showing the relative expression of genes identified in (A) at each cellular stage of de novo

transformation. UT: untransformed, PN: pre-neoplastic, TR: transformed. Expression levels represent row normalised TPM values.
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In spite of its small size, the signature of 21 genes showed a remarkable enrichment for
functionally important gene categories (Fig. 25B). In line with earlier GSEA analysis (Fig.
18A), expression of neural transcription factors (EMX2, SIM2, HOXB9, NR6A1 and
HOXAL11) and regulators of normal neuronal function (CACNGS8, SLC30A3, TENM4) was
altered by EZH2 redistribution (Fig. 25B). This further supported the existence of an
EZH2-mediated rewiring of neural developmental programmes. In addition, genes with
established roles in GBM development (PREX1, BCL2) and CBX2, a component of the
polycomb repressive complex 1 that binds to H3K27me3, also had their expression
altered. Importantly, many EZH2-induced gene expression changes were specifically
associated with the cell attaining tumourigenic ability (occurring at the pre-neoplastic to
transformed cell transition), supporting their importance in tumour initiation and

maintenance.

Interestingly, the final list of genes did not include the tumour suppressor CDKN2A/p16
(Fig. 25B). This contrasts with previous work which has suggested that repression of
CDKN2A/pl16 by EZH2 is a crucial event in many different cancer types (Gil & Peters,
2006; Wilson et al, 2010; Mohammad et al, 2017). Expression of CDKN2A remained
constant across transformation, and its expression was not responsive to treatment with
EZH2i (Fig. 26A). Furthermore, neither EZH2 nor H3K27me3 were present at the
CDKN2A gene locus (Fig. 26B). Together, this indicates that wild-t y p e EZH20s
attainment of tumour-promoting ability does not require repression of CDKN2A/p16. Of
note, the SV40 large and small T-antigens expressed in this model of transformation act
to inhibit the activity of Rb, a key tumour suppressor stabilised by p16 (LaPak & Burd,
2014). Thus, the selective pressure that drives EZH2 to repress CDKN2A/p16 is likely
removed by Rb inhibition in this model of transformation, potentially explaining why no

EZH2-mediated expression is observed.
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Figure 26. EZH2 does not repress CDKN2A upon transformation

A. Expression of CDKN2A/p16 in the indicated cellular states, treated with EZH2i or DMSO, as
detected by RNA-seq. Expression values represent mean £+SEM from three biological replicates.
B. ChlIP-seq signal for EZH2 and H3K27me3 across the CDKN2A locus. ChlIP-seq signal is

shown normalised to sequencing depth. UT: untransformed, PN: pre-neoplastic, TR: transformed.
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3.4 Redistribution of EZH2 induces a transcriptional switch at

neural homeotic genes

3.4.1 EZH2 redistribution represses EMX2 and derepresses HOXB9

Amongst the final gene set, the homeotic genes empty spiracles homeobox 2 (EMX2)
and homeobox B9 (HOXB9) stood out due to their distinct, non-overlapping roles in
neural development. EMX2 is crucial for correct patterning of the forebrain (Cecchi 2002),
and is also expressed in neural stem cells (NSCs) of the sub-ventricular zone (SVZ) from
embryogenesis to adulthood (Cecchi, 2002) (Fig. 27). In NSCs, EMX2 is essential for
restricting proliferation by limiting the frequency of symmetric cell divisions, in turn
regulating the size of the NSC pool (Galli et al, 2002). Importantly, EZH2 is also
expressed in SVZ NSCs where it too controls NSC proliferation and self-renewal (Hwang
et al, 2014). In contrast, HOXB9 defines neuron identity in the developing spinal cord
(Nolte & Krumlauf 2013) (Fig. 27). Initiating and maintaining correct spatial and temporal
patterns of HOX gene expression is hecessary to form the CNS (Nolte & Krumlauf, 2013).
In the spinal cord, EZH2 maintains these pattern by depositing domains of repressive
H3K27me3 across specific HOX gene loci to endow correct cellular identity (Mazzoni et
al, 2013). Ectopic expression of HOX genes within the CNS leads to homeatic transitions
and loss of cellular identity (Zhang et al, 1994; Shah et al, 2004), emphasising the
importance of maintaining tight control on HOX gene expression. Together, the divergent
functions of EMX2 and HOXB9 in normal CNS development indicate that an EZH2-
mediated switch in their expression would lead to substantial changes in cellular identity,
potentially transitioning cells to a state more favourable to GBM initiation and

maintenance.

Midbrain _ Hindbrain

Forebrain

B EMX2
B HOXB9

Figure 27. EMX2 and HOXB9 expression in the embryonic nervous system
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Interrogation of RNA-seq expression data showed that EMX2 was specifically repressed
at the transition from the pre-neoplastic to transformed state, and silencing was
accompanied by the appearance of EZH2 and H3K27me3 peaks spanning the EMX2
promoter (Fig. 28A). Interestingly, EMX2-OS, the gene transcribed from the opposite
strand to EMX2, was also repressed by EZH2 upon transformation, suggesting that
these genes are co-ordinately regulated by EZH2 (Fig. 25B). In contrast, HOXB9 was
strongly derepressed at the pre-neoplastic to transformed transition, with an associated
loss of broad EZH2 and H3K27me3 peaks covering the whole HOXB9 locus (Fig. 28B).
In addition to HOXBY, | also observed changes in EZH2 binding and H3K27me3
enrichment at sites across all four HOX clusters, with a general loss of EZH2 and
H3K27me3 from posterior HOX genes (HOX6-13) (Fig. 29). Furthermore, my final
signature of genes misregulated by EZH2 redistribution also included HOXA11 (Fig.
25B). Thus, despite choosing to focus on HOXB9, EZH2 binding changes at HOXB9

appeared to be a symptom of a broader misregulation of repressive chromatin at HOX

clusters.
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Figure 28. EMX2 is repressed and HOXB9 derepressed by EZH2 redistribution

ChlP-seq signal for EZH2 and H3K27me3 (left) at EMX2 (A) and HOXB9 (B) loci. ChlIP-seq signal
is shown normalised to sequencing depth. mRNA expression of EMX2 and HOXB9 (right) as
detected by RNA-seq. Expression values represent mean +SEM from three biological replicates.

UT: untransformed, PN: pre-neoplastic, TR: transformed. TPM: transcripts per million.
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Figure 29. Transformation induces a general misregulation of repressive HOX chromatin
ChlIP-seq signal of EZH2 at HOX loci for all cellular stages of de novo transformation. ChliP-seq signal normalised to sequencing depth is shown. Only

protein coding HOX genes are labelled. Note the loss of EZH2 from posterior HOX genes in transformed cells. UT: untransformed, PN: pre-neoplastic,
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To investigate if HOXB9 expression and EMX2 repression was retained in tumours, |
generated cell lines from tumours initiated by injection of transformed cells into
immunocompromised mice. | chose to derive tumour cell lines, as opposed to analysing
sorted tumour cells, in order to allow a more controlled comparison with cultured de novo
transformed cells and to remove non-proliferative/differentiated cells present in the
tumour. Subsequently, | profiled gene expression in these cell lines by total RNA-seq to
compare the expression profiles of cells able to form tumours and the initial transformed
population. Importantly, EMX2 was silenced and HOXB9 expressed in all tumour-derived
cell lines, further supporting the cancer relevance of an EMX2-HOXB9 expression switch
(Fig. 30A). To independently validate that EMX2 and HOXB9 were direct targets of
EZH2, | analysed their expression by reverse-transcription quantitative PCR (RT-gPCR)
in untransformed and transformed cells treated with EZH2i. As expected, EZH2i
treatment led to significant (p <0.01) upregulation of HOXB9 in untransformed cells and
EMX2 in transformed cells, confirming them as direct EZH2 targets (Fig. 30B). As
additional validation, | performed EZH2 knock out in transformed cells using CRISPR-
Cas9 genome editing (Fig. 30C). EMX2 expression was significantly (p <0.0001)
upregulated upon EZH2 knock-out, demonstrating direct repression of EMX2 by EZH2
(Fig. 30E). To identify if EZH2 also maintained EMX2 repression in tumours, | treated
four tumour-derived cell lines with EZH2i (cell lines as Fig. 30A). In all instances, EZH2i
drove a striking upregulation of EMX2 expression, indicating that EZH2 was also
required to maintain EMX2 repression in tumours (Fig. 30F). Together, | conclude that
transformation drives a redistribution of EZH2 that leads to the repression of EMX2 and
a concomitant de-repression of HOXB9.

The initiation of EMX2 repression at the transition from pre-neoplastic to transformed
cells indicates that oncogenic signalling from HRASY? is ultimately responsible for
redistributing EZH2 to the EMX2 locus (Fig. 28A). To test whether repression of EMX2
relied on continued signals from this initiating stimulus, | used transformed cells with a
CRISPR knock-out of HRAS"*? generated by Josep Monserrat Sanchez in the Scaffidi
laboratory (Fig. 30D). Knock out of HRAS''? had no effect on EMX2 expression,
suggesting that, once instigated, repression of EMX2 by EZH2 was independent of the

initiating stimulus, confirming a stable epigenetic transition (Fig. 30E).
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Figure 30. EMX2 and HOXB9 are bona fide targets of EZH2

A. Expression of EMX2 and HOXBY9, as detected by RNA-seq, in cell lines derived from tumours
generated by de novo transformed cells. Values represent mean +SEM from two biological
replicates. TPM: transcripts per million. B. RT-qPCR showing the expression levels of EMX2 and
HOXB9 in the indicated cells treated with EZH2i or a DMSO control for 12 days. Values represent
mean +SEM from three technical replicates. Two asterisks indicate p-value <0.01 (one-tailed
unpaired $estuldTeunttadss®mdrmed, TR: transformed. C. Quantification by western-blot
of EZH2 and H3K27me3 levels after CRISPR-Cas9 knock-out of EZH2 in transformed cells. EZH2
knock-out was performed using a population of cells expressing Cas9 and an EZH2-targeting
sgRNA, as a result, not all cells had full EZH2 knock-out, leading to the residual level of EZH2
observed in the western blot (see: 6Materials & M

D. Quantification by western-blot of pan-RAS levels (no antibody is available against HRAS) after
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CRISPR-Cas9 cutting HRASY!? |ocus. Cell line and western-blot generated by Josep Monserrat
Sanchez in the Scaffidi laboratory. E. RT-gPCR analysis of EMX2 expression in transformed cells
after CRISPR-Cas9 mediated knock-out of EZH2, HRASY!'? or an eGFP control. Values represent
mean +SEM from three technical replicates. Four asterisks indicate p-value <0.0001 (one-way
ANOVA foll owed by Dunnet 6sF. RUdPCR gshdwang thecexrpession
levels of EMX2 in four tumour-derived cell lines (as in: (A)) treated with EZH2i or a DMSO control

for eight days. Values represent mean +SEM from three technical replicates.

3.4.2 Transformation-induced repression of EMX2 likely involves the loss of

enhancer activity

Expression of key developmental regulators is often tightly controlled through the activity
of enhancer elements to ensure correct temporal and spatial expression patterns (Long
et al, 2016). As such, during normal development, the expression of EMX2 and HOX
genes is frequently regulated through the activity of their associated enhancers (Theil et
al, 2002; Suda et al, 2010; Montavon & Duboule, 2013). Thus, | hypothesised that
changes to the activity of these developmental enhancers could be linked to EZH2
redistribution at EMX2 and HOX genes. Previously, others in the group had
characterised genome-wide changes to enhancers induced by transformation, also using
de novo transformed fibroblasts (unpublished data). | therefore employed these datasets
to investigate whether transformation altered enhancer activity at EMX2 and HOX genes.
Remarkably, upon transformation, | observed loss of H3K27ac (chromatin mark of active
enhancers), loss of H3K4mel (marker of poised enhancers) and chromatin closure
(assayed by FAIRE-seq) in five regions surrounding the EMX2 locus (Fig. 31A-B). This
suggested the intriguing possibility that collapse of an EMX2-associated enhancer

network may be involved in its repression upon transformation.
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Figure 31. Transformation-induced silencing of EMX2 is concurrent with collapse of
neighbouring enhancers

A. ChlP-seq signal for H3K27ac, H3K4mel and FAIRE-seq in the regions surrounding the EMX2
locus. ChIP-seq signal is shown normalised to sequencing depth. Numbers 1-5 indicate the five
putative enhancers identified around the EMX2 locus. UT: untransformed, TR: transformed. B.
Enlarged view of the five enhancers identified around the EMX2 locus. Numbers 1-5 indicate
enhancers as denoted in (A). UT: untransformed, TR: transformed. C. Relationship between the
boundaries of topologically associated domains (TADs) and the putative EMX2 enhancers. TAD
boundaries (blue bars) were determined from IMR90 human lung fibroblasts (Dixon et al, 2012).

ChiP-seq signal is shown normalised to sequencing depth. UT: untransformed, TR: transformed.

111



The ability of enhancers to regulate a gene is controlled by the relationship of gene and
enhancer within the genomes three-dimensional structure. More specifically, enhancers
can only regulate gene expression if they are present in the same topologically
associated domain (TAD), self-interacting regions that define higher-order genome
structure. To examine if these enhancers were in the same TAD as EMX2, | interrogated
previously determined TAD boundaries from a fibroblast cell line. All five putative
enhancers fell within the same TAD as the EMX2 locus, confirming their potential to
control EMX2 expression (Fig. 31C). Together, | conclude that transformation induced
changes in EMX2 expression were associated with the inactivation of a surrounding
network of enhancers. Further investigations will be required to determine which, if any,
of these enhancers are needed to drive expression of EMX2, and whether their
inactivation upon transformation is an initiating event for EZH2 recruitment to the EMX2

promoter.

3.4.3 A switch from EMX2 to HOXB9 expression occurs during transformation

in glioblastoma

To understand if the same expression switch occurs during transformation in the CNS, |
began by comparing EMX2 and HOXB9 expression between normal neural cells and
GBM cell lines. To characterise gene expression in the normal CNS, | employed
available datasets from primary neural cells of the cerebrum - a region of the brain from
which GBM commonly originates (Tamimi & Juweid, 2017). EMX2 was expressed in both
fetal and mature astroglia, whilst HOXB9 was repressed in all cell types (Fig. 32A), in
line with the expression patterns observed in untransformed cells (Fig. 28A-B). Recent
evidence has suggested that GBM may originate in the astroglia-like NSCs of the SVZ
(Lee et al, 2018b). To test expression patterns of EMX2, HOXB9 and EZH2 in this
putative cell-of-origin, | interrogated gene expression datasets from in vitro-derived
human neural progenitor cells and mouse SVZ NSCs. In both data sets, EMX2 and EZH2
were expressed, whilst HOXB9 was fully silenced (Fig. 32B-C), in line with the

expression patterns observed in untransformed cells (Fig. 28A-B).

In contrast to normal neural cells, analysis of gene expression data from a panel of 62
glioma cell lines sourced from the cancer cell line encyclopaedia (CCLE) (Barretina et
al, 2012) showed the opposite expression patterns. EMX2 was unexpressed in nearly all
cel l l ines (61/ 6 HOXBRWaK fvequently) expressadi ak lsigh levels
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(19762, R P K D).Qvay otieF HIOX genes, from all four HOX clusters were
also derepessed in glioma (Fig. 32E), in line with the general redistribution of EZH2 at
the HOX clusters which | had observed by ChiP-seq (Fig. 26A). De-repression of HOX
gene expression was especially frequent within the HOXB cluster, suggesting that this
locus may be particularly susceptible to transformation-induced de-repression (Fig. 32E).
Together, | conclude that neural neoplastic transformation induces silencing of EMX2
and de-repression of HOX genes.
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Figure 32. Neural transformation leads to repression of EMX2 and de-repression of HOXB9
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Figure 32: A. EMX2 and HOXB9 expression levels in primary human neural cells, as detected
by RNA-s e q . Data sourced from Brainseq2 (seaes
represent mean +SEM from four, twelve, one and five biological replicates of fetal astroglia,
mature astroglia, neurons and oligodendrocytes, respectively. FPKM: fragments per kilobase
million. B. Expression levels of EZH2, EMX2 and HOXB9 in neural progenitor cells, as detected
by RNA-seq. Error bars represent upper and lower bounds of 95% confidence limits. Data
sourced from ENCODE. TPM: transcripts per million. C. Expression levels of EZH2, EMX2 and
HOXB9 in SVZ active neural stem cells (aNSCs) and quiescent neural stem cells (QNSCs), as
detected by microarray. Data sourced from Codega et al, 2014. Expression values represent
mean £SEM from three biological replicates. D. EMX2 and HOXB9 expression levels in 62 glioma
cell lines. Data sourced from CCLE. Each spot represents a cell line. RPKM: reads per kilobase
million. E. HOX gene expression levels in 62 glioma cell lines as detected by RNA-seq. Data

sourced from the CCLE. Numbers above bars represent cell lines in which expression of the

6 Mat |

corresponding genes is detected (reads per kil obasel)million (RPKM) O

3.4.4 EZH2 mediates EMX2 silencing in glioblastoma

To confirm that EZH2 represses EMX2 in malighant cells, | treated a panel of six GBM
cell lines with EZH2i. In all GBM cell lines, EZH2i led to a dose-responsive upregulation
of EMX2 expression, with increases ranging from 2-250 fold (Fig. 33A). This confirmed
that EZH2 was indeed necessary to maintain EMX2 repression in GBM. To demonstrate
that EZH2 acted directly at EMX26 s pr omot er , I-gP@Rean the MQOB@Kd
GBM cell line and interrogated the EZH2 enrichment at the promoters of EMX2 and
HOXB9. As expected, EZH2 showed strong enrichment at the promoter of EMX2, but
only a slight enrichment at the promoter of HOXB9 (Fig. 33B), mirroring the binding
pattern of de novo transformed cells (Fig. 28B). The slight enrichment of EZH2 at HOXB9
was in line with the low levels of EZH2 binding observed in ChlP-seq of transformed
cells, suggesting that either a subpopulation of cells retains EZH2 repression at HOXB9
after transformation or low-level, non-repressive binding of EZH2 persists in all cells (Fig.
28B).

Although all GBM cell lines had upregulated EMX2 upon treatment with EZH2i, it was
striking that the magnitude of upregulation varied from 2-250 fold. As | had previously
observed that DNA methylation often compliments EZH2 repression, | hypothesised that
the difference in responsiveness to EZH2i could be explained by the same mechanism.

Thus, | interrogated publically available DNA methylation data from the CCLE for the
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GBM cell lines | had treated with EZH2i. As expected, the magnitude of EMX2

upregulation induced by EZH2i treatment showed a robust anti-correlation with the

average level of DNA methylation at the EMX2 locus (Fig. 33C). This suggests that

multiple epigenetic mechanisms are employed to silence EMX2, indicating the

importance of maintaining its repression in GBM.
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Figure 33. EZH2 maintains EMX2 repression in glioblastoma

A. EMX2 expression levels quantified by RT-gPCR in five different GBM cell lines upon treatment
E Zt Ha®d. Valuas represénbhé@n +8Mnt r ol f or e
from three technical replicates. B. EZH2 binding at the promoters of EMX2, HOXB9 and GAPDH
(negative control) quantified by ChIP-gPCR in MO59K GBM cells. Values represent mean +SEM

with 1e¢gM, 3¢ M

or 10e M of

from two biological replicates. C. Relationship between the magnitude of EMX2 upregulation by

EZH2i and the average DNA methylation level at the EMX2 promoter in GBM cell lines. Values

for EMX2 upregulation are

f r o nfA))t DNA anethglatiort valwes t h

are averages from CpGs across the promoter of EMX2 in GBM cell lines. All data sourced from

the CCLE.
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3.4.5 EZH2 mediates EMX2 repression in many cancer types

Having confirmed that EZH2 represses EMX2 in GBM, | then wanted to explore whether
the same interaction was relevant in other cancer types. To do this, | treated seven
patient-derived xenograft (PDX) cell lines with similar genetic backgrounds to my initial
model (p53-/- and expressing oncogenic RAS) and four established cancer cell lines with
EZH2i, and then monitored expression of EMX2 by RT-qPCR. Strikingly, EZH2i led to a
dose-responsive upregulation of EMX2 in nine cell lines from six different cancer types
(Fig. 34A). A particularly strong and consistent response was observed in lung cancer
cell lines where EMX2 was upregulated up to 190-fold, suggesting that EZH2-mediated
repression of EMX2 may be particularly important in lung cancer (Fig. 34A). ChIP-gPCR
analysis of EZH2 and H3K27me3 levels at the EMX2 promoter in a lung cancer PDX cell
line confirmed that EMX2 was directly bound by EZH2 in this cancer-type (Fig. 34B).
Together, this demonstrates that EZH2-mediated repression of EMX2 occurs across

many cancer types.
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Figure 34. EZH2 maintains EMX2 repression in many cancer types

A. Heatmap showing the Log; fold change in EMX2 expression detected by RT-qPCR after
treatment of PDX-derived (blue) and established cancer cell lines (black) with EZH2i for eight
days. Values are from three technical replicates. B. Quantification of EZH2 and H3K27me3
binding at EMX2 and GAPDH (negative control) promoters by ChIP-qPCR in LXFL 1674 PDX

cells. Values represent mean +SEM from two biological replicates.
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3.4.6 EMX2 and HOX genes are misregulated in glioblastoma patients

To investigate whether repression of EMX2 and de-repression of HOXB9 were relevant
events in a clinical setting, | interrogated publically available gene expression data from
patient GBM samples. The repository of molecular brain neoplasia data (REMBRANDT)
contains microarray expression data from 214 GBM tumours and 21 normal brain
samples, representing one of the largest data sets available for GBM. As such, | began
by exploring REMBRANDT data to compare the expression of EMX2 and HOXB9
between normal brain and GBM. As predicted, EMX2 was strongly repressed in GBM
relative to normal brain, and in many instances was almost completely silenced (53/214
patients, expression <20% normal brain mean), whilst HOXB9 showed a small, but
significant (p <0.01), upregulation (Fig. 35A). As a cautonary not e, 6normal 6 b
samples do not necessarily capture the gene expression profile of the cell type from
which the tumour originates, and thus this comparison may not reveal true
transformation-induced changes in expression. Nonetheless, EMX2 was consistently
expressed and HOXB9 was completely silenced in normal neural cell types relevant to
GBM (Fig. 32A-C). Hence, the observation that in many tumours EMX2 was robustly
silenced, and HOXB9 was derepressed, supported the occurrence of an EMX2-HOXB9

expression switch in patient tumours.

The increase of HOXB9 expression in GBM tumours, although significant (p <0.01), was
small in magnitude. To investigate the expression patterns of HOXB9 in more detail, |
obtained samples from resections of GBM tumours to perform RNA fluorescence in situ
hybridisation (RNA-FISH) against HOXB9 mRNA. As a positive control, | stained cell
pellets containing a mixture of cells either overexpressing HOXB9 or with no HOXB9
expression. As expected, the positive control showed high HOXB9 signal, but only in a
fraction of cells, whilst a negative control cell pellet had no signal (Fig. 35B). When |
stained GBM tumour samples, it revealed a high, but extremely heterogeneous,
expression of HOXB9 throughout the tumour (Fig. 35C). This suggests that the slight
upregulation of HOXB9 seen by microarray analysis of bulk tumours was the averaging
of expression from a small HOXB9" population and large numbers of HOXB9" cells.
Together, | conclude that HOXB9 is upregulated to physiologically relevant levels in a

sub-population of GBM cells.
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Figure 35: A. EMX2 and HOXB9 expression in normal brain and GBM patient samples, as
detected by microarray. Data sourced from REMBRANDT. Two asterisks indicate p-value <0.01,
four asterisks indicate p-value <0.0001 (two-tailed Mann Whitney U test). Error bars represent
mean zstandard deviation (SD). All values are shown relative to the mean of normal brain
samples. N: 21 - normal brain, 214 - GBM. B. Visualisation of HOXB9 mRNA (red) by RNA-FISH
in negative (left) and positive (right) control cell pellets. Composition of control cell pellets is
outlined in the methods section. Nuclei were counterstained with DAPI. Scale bar: 20 um. C.
Visualisation of HOXB9 mRNA (red) by RNA FISH in a human GBM tumour. White arrow (bottom
left) indicates auto fluorescence from red blood cells. Nuclei were counterstained with DAPI.

Scale bar: 100 pm.

In addition to HOXB9, | found that many other HOX genes were derepressed in GBM,
suggesting disruption of repressive chromatin at HOX clusters is also relevant in tumours
(Fig. 36B). Once again, this emphasised that the changes | had observed at HOXB9 in
fibroblasts were just an indicator of general alterations to repressive chromatin at HOX
clusters in GBM. Interestingly, the HOX genes showing the greatest upregulation in GBM
were the same genes which had the highest levels of expression in glioma cell lines (see:
HOXB1, HOXB2, HOXB7, HOXC6, HOXC10 and HOXD10 in Fig 32E and 36B),
suggesting that glioma cell lines are an excellent proxy for identifying important facets of

the tumour transcriptome.
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Figure 36. HOX genes are de-repressed in glioblastoma
Relative expression of HOX genes in normal brain and GBM patient samples, as detected by
microarray. Data sourced from REMBRANDT. Values are shown relative to the median of normal

brain samples. N: 21 - normal brain, 214 7 GBM.

3.4.7 EZH2 mediates EMX2 repression in glioblastoma tumours

To identify whether EZH2 mediates EMX2 repression in GBM, | characterised the
covariance of EZH2 and EMX2 expression in GBM tumours. This revealed a strong and
significant (p <0.0001) anti-correlative relationship between EZH2 and EMX2, in line with
EZH2 mediating EMX2 repression (Fig. 37A). To explore whether this same relationship

existed within individual tumours, | interrogated expression data from laser-
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microdissected regions of GBM tumours and adjacent normal tissue sourced from the
ivy allen glioblastoma atlas (Puchalski et al, 2018). As expected, EZH2 expression was
strongly upregulated in tumour regions vs matched adjacent normal tissue (7/8 tumours),
whilst EMX2 expression was repressed (6/8 tumours), further supporting EZH2-
mediated repression of EMX2 (Fig. 37B). Furthermore, the genetically and spatially
matched normal brain samples provided additional well controlled evidence for EMX2
repression in GBM versus normal brain. Surprisingly, HOXB9 showed no expression in
either GBM tumour or adjacent matched normal tissue (data not shown), possibly due to
the high but heterogeneous expression of HOXB9 in GBM tumours not being captured
by the restricted regions sampled by laser microdissection. However, interrogation of
expression at other HOX genes revealed that many showed a strong and significant (p
<0.0001) upregulation between normal tissue and tumour, in line with HOX cluster
misregulation in GBM (Fig. 37C).
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Figure 37. EZH2 and EMX2 expression anti-correlates in patient tumours
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Figure 37: A. Covariance between EMX2 and EZH2 expression levels in GBM patient samples,
as detected by microarray. Data sourced from REMBRANDT. Correlation coefficient (r) and p-
value of the covariance are shown (Spearman rank correlation). Every dot is a patient. N: 214. B-
C. Expression levels of EMX2 (left top), EZH2 (right top), HOXA10 (left bottom) and HOXB?7 (right
bottom) in tumour or adjacent normal regions laser microdissected from human GBM tumours,
as detected by RNA-seq. Data sourced from the Ivy Glioblastoma Atlas. FPKM: fragments per
kilobase million. The significance of the differential expression in normal and tumour regions is
indicated (two-way ANOVA). Error bars represent mean +SEM. N: 3 regions sampled for each

GBM tumour, 2, 3, 2, 3, 2, 3, 3 and 1 regions for normal tissue of patients 1-8, respectively.

To investigate the relationship between EZH2 and EMX2 expression in individual tumour
cells, | performed dual colour RNA-FISH against EMX2 and EZH2 mRNA in GBM
samples. As a positive control, | used a cell pellet containing a mix of cells either
overexpressing EMX2 or expressing EMX2 at endogenous levels. As expected, the
positive control showed mixed regions of high and moderate EMX2 expression across
the cell pellet, whilst a negative control cell pellet had no signal (Fig. 38A). Staining of
GBM samples revealed homogeneous, high EZH2 and low EMX2 expression across the
tumour (Fig. 38B), in line with observations from gene expression data (Fig. 35A).
However, in the few regions where EMX2 and EZH2 were both expressed, there was
evidence of an antithetic relationship between the expression of both genes at the single
cell level (Fig. 38C). Confirming this anti-correlative relationship will require a detailed
guantitative analysis of EZH2 and EMX2 expression in tumour cells imaged from across
a panel of patient samples, a potential future direction for this study. Together, this data
indicates that EZH2 is likely responsible for repressing EMX2 expression in GBM

tumours.
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Figure 38. EMX2 and EZH2 expression has an antithetic relationship in tumour cells

A. Visualisation of EMX2 mRNA by RNA-FISH in positive (right) and negative (left) control cell

pell ets. Composition of cel |l pell et s i s descri
counterstained with DAPI. Scale bar: 20 um. B-C. Visualisation of EZH2 (green) and EMX2

MRNA (red) in a human GBM tumour by RNA FISH. Nuclei were counterstained with DAPI. Scale

bar: 20 pm.
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Having identified that a strong anti-correlative relationship existed between EZH2 and
EMX2 in GBM, | explored whether the same was true at all glioma grades (GBM is grade
IV glioma - the most aggressive form with the poorest prognosis). To do this, | used data
from the Chinese glioma genome database which contains gene expression profiles from
grade II-1V gliomas. At all three grades, | observed a significant (p <0.01 in all instances)
inverse relationship between EZH2 and EMX2 expression, confirming that EZH2-
mediated repression of EMX2 likely occurs in all forms of glioma (Fig. 39A). Furthermore,
the expression of EMX2 significantly (p <0.0001) decreased at higher glioma grades,
whilst EZH2 expression increased, suggesting that expression of EMX2 was a clinically
relevant factor in glioma (Fig. 39B). Interrogation of HOX gene expression revealed that
many genes showed increased expression with tumour grade, indicating that a general
deregulation of HOX gene expression was a clinically relevant feature in glioma (Fig.
39C). Together, this suggests that repression of EMX2 by EZH2 occurs at all stages of
glioma progression, and expression of EMX2 and HOX genes is a clinically relevant

feature in glioma.
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Figure 39. EZH2 mediates EMX2 repression at all grades of glioma
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Figure 39: A. Covariance between EMX2 and EZH2 expression levels in glioma patient samples
as detected by RNA-seq. Data sourced from the Chinese Glioma Genome Atlas. P-value and
correlation coefficient (r) of the covariance are shown (Spearman rank correlation). Every dot is
a patient. N: 109 - grade Il, 72 - grade IIl, 144 - grade IV. Samples with EMX2 or EZH2 expression
of 0 are not shown, but are included in significance calculations. B-C. Expression of EMX2 (top
left), EZH2 (top right) and HOX genes (bottom) in glioma patient samples, grouped by tumour
grade, as detected by RNA-seq. Expression data was not available for HOXA3, HOXA9, HOXB1,
HOXC6, HOXC12 and HOXD12. Data sourced from the Chinese Glioma Genome Atlas. Four
asterisks indicate p-value <0.0001 (one-way ANOVA test). Error bars represent mean +=SD. N: as

in (A). FPKM: fragments per kilobase million.

3.4.8 Repression of EMX2 by EZH2 may be necessary for tumour

maintenance in glioblastoma

Having confirmed that EZH2-mediated silencing of EMX2 occurs in GBM, | hypothesised

that maintenance of EMX2 repression was essential for wild-t ype EZH26é6s

promoting role. One prediction of this model is that re-expression of EMX2 in GBM
should lead to impairment of tumour initiation and maintenance. To test this, | re-
expressed EMX2, or RFP as a control, in two different GBM cell lines. In both cell lines,
re-expression of EMX2 halved the number of cells over the course of the experiment,
demonstrating that repression of EMX2 was indeed important for maintaining cell growth
in GBM (Fig. 40). Interestingly, the relative decrease in cell number took eight days to
manifest, suggesting that re-expression of EMX2 was not directly affecting the cell cycle
and instead was altering the cells long-term proliferat i ve potenti al ,

ability to inhibit symmetric cell division in NSCs (Galli et al., 2002).
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Figure 40. EMX2 re-expression impairs glioblastoma cell growth

Proliferation assay quantifying the effect of EMX2 over expression in U-87 MG and DBTRG-05MG
GBM cells, RFP is used as a control. Values represent mean +SEM from three biological
replicates. The cell number fold change after eight days of proliferation with expression of EMX2
or RFP is shown relative to an uninduced control. Two asterisks indicate p-value <0.01 (one-tailed
unpaired Sestudent 6s t

As a more stringent test of the functional consequences of EMX2 re-expression, |
examined the effect of EMX2 ectopic expression in a GBM xenograft model. To ensure
the physiological relevance of this assay, | re-expressed EMX2 in the GBM cell line
DBTRG-05MG at levels comparable to those seen in the pre-neoplastic cells of the
neoplastic transformation model (Fig. 41A). | then transplanted 350k cells expressing
ectopic EMX2, or RFP as a control, into immunocompromised mice. Cells expressing
EMX2 were unable to form tumours over the time course of the experiment, whilst cells
expressing RFP initiated tumours in all instances (Fig. 41B). Corroborating this,
independently-derived RFP and EMX2 expressing cell lines showed a similar result.
Together, this shows that EMX2 is an extremely potent tumour suppressor in GBM and
its repression by EZH2 is likely to be an important event for GBM initiation and

maintenance.
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Figure 41. EMX2 is a potent tumour suppressor in glioblastoma

A. RT-gPCR quantification of relative EMX2 levels in DBTRG-05MG GBM cells, untransduced
(endogenous) or transduced with pTRIPZ-EMX2 (exogenous). Pre-neoplastic fibroblasts acted
as a standard for endogenous EMX2 levels in non-transformed cells. Note that expression of the
doxycycline-inducible pTRIPZ construct was not induced and the detected mRNA represents
leaky expression. Values represent mean *SEM from three technical replicates. B.
Transplantation assay comparing the growth kinetics of DBTRG-05MG induced tumours
expressing EMX2 at levels comparable to those expressed in normal cells, or expressing RFP as
a control. Values represent mean +SEM from six biological replicates. Three asterisks indicate p-

value <0.001 (two-t ai | ed singl e 4deathtnpl e Student ds t
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Chapter 4. PRC2 composition is altered by neoplastic

transformation

Introduction

The ability to form functionally diverse sub-complexes is an important feature of many
epigenetic regulators. Through controlling the balance between these different sub-
complexes, a cell is able to initiate changes in the epigenetic landscape that drive normal
development ( Gi | & O6Loghl en, P2, 12017; Misteue & Robefts, Shi | a
2018). In mammals, compositional diversity is particularly marked in the Polycomb
repressive complexes, PRC1 and PRC2, where an array of proteins bind in a sub-
stoichiometric manner to the core complexes and endow specific functionalities
(Blackledge et al, 2015). In particular, these proteins can bind certain histone
modifications, DNA sequences and RNA structures, in turn controlling the distribution of
the complexes catalytic activity (Blackledge et al, 2015). For example, during
differentiation of embryonic stem cells, the PRC1 component CBX7 is repressed and
other CBX homologues are upregulated, leading PRC1 to switch from repressing
lineage-specific to pluripotency genes ( O 6 L o gthal, 2012). Although previous work
has focussed primarily on the more compositionally-diverse PRC1 complex, emerging
evidence suggests that the PRC2 also undergoes alterations to its configuration during
normal development (Kloet et al, 2016).

Remarkably, components of PRC1/2 sub-complexes crucial for mediating normal
development, are also important factors in a range of malignancies ( Gi | &le@6Logh
2014; Vizdnetal,2015)( see: Ol ntroduct i ond-fjunctioSmueatonsf i c al |
and transformation-induced expression changes, can affect these components in cancer.
This indicates that hijacking or impairing the function of specific PRC1/2 sub-complexes
can be an important event in tumorigenesis. Given the importance of PRC1/2
composition changes in mediating cell-state transitions in normal development
( O6 L o cethal, 2012; Kloet et al, 2016), and the established role of sub-complex-
specific components in cancer ( Odghlen et al, 2012; Vizan et al, 2015), | hypothesised
that transformation-induced changes to the make-up of wild-type PRC1/2 may
accompany, and possibly promote, transformation (Fig. 42). The effect of transformation
on wild-type PRC2 composition is particularly pertinent in light of the tumour-promoting

redistribution of EZH2 that transformation also induces (see previous chapter). Although
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oncogenic signalling driven by HRASY?? is the upstream factor initiating EZH2
redistribution in this instance, the downstream changes this causes to alter EZH2 binding
sites remains unclear. Hence, | decided to characterise how the composition of wild-type
PRC2 is affected by transformation. In doing so, | hoped to provide insights into how
transformation is able to redistribute EZH2 activity, and potentially draw parallels to

changes in complex composition occurring during normal development.

Untransformed Transformed
Sub-stoichiometric Sub-stoichiometric
proteins proteins

¥ M Neoplastic 4 b

_ transtfmation
y )
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@¥ O

v ‘ PRC2 composition shift | Y
Maintenance of Promotion of
‘normal’ phenotype? neoplastic phenotype?

Figure 42. Effect of transformation on the composition of PRC2
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Aims

In this chapter, | describe experiments in which | characterised transformation-induced
changes to the protein composition of wild-type PRC2. To do this, | first employed
guantitative proteomic techniques to identify changes in PRC2 composition occurring
upon transformation in de novo transformed cells. Subsequently, using gene expression
and proteomic data | explored how changes to complex composition occur. Using in vivo
tumour models, | then validated the functional importance of changes to PRC2
composition, and identified context-dependent roles for sub-stoichiometric components
of the PRC2. Finally, | explored whether a link exists between the tumour-promoting

EZH2 redistribution identified in the previous chapter and changes in PRC2 composition.
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Results

4.1 Neoplastic transformation alters the composition of PRC2

4.1.1 Immunoprecipitation of endogenous EZH2 captures all known PRC2

interactors

To identify transformation-induced changes to the composition of PRC2, | decided to
perform immunoprecipitation (IP) of endogenous PRC2 from untransformed and
transformed cells followed by proteomic analysis. | chose to undertake proteomic
characterisation as it allowed unbiased identification of changes to PRC2 composition,
overcame the limited availability of high quality antibodies for PRC2 components and
offered the possibility of discovering novel interactors. To perform this analysis, | once
again employed untransformed and transformed cells from the de novo transformation
model (Fig. 9). This system recapitulates transformation-induced changes to wild-type
EZH2 function found in cancer cells (see previous chapter), making it a relevant choice
for studying the composition of PRC2, and results from the proteomic analysis could be
integrated with existing ChiP-seq and RNA-seq datasets generated for this system. To
validate whether transformation-induced changes to PRC2 composition were also
retained in tumours, | included in my workflow comparisons between untransformed cells
and two cell lines derived from tumours generated through injection of transformed cells

into immunocompromised mice.

As a first step in characterising the composition of PRC2, | began by developing a co-IP
protocol able to capture endogenous EZH2 and its binding partners. | selected EZH2 as
my bait protein as it is a core component of PRC2 essential for gene repression, and |
had previously validated an EZH2 antibody for use in co-IP (see previous chapter). In
addition, specifically characterising transformation-induced changes in the binding
partners of EZH2 could help to explain its tumour-promoting redistribution. For the IPs, |
used whole-cell lysates to enable identification of the compaosition of nucleoplasmic and
chromatin-bound PRC2. In addition, to retain the maximum number of interactors, | lysed
cells in high salt buffer, a low-stringency buffer that induces minimal disruption to protein
interactions (see: Materials & Methodsb®d
IP of endogenous EZH2 using lysates from transformed cells. Western blotting of the
resulting eluate revealed that the core PRC2 component SUZ12 was effectively co-

immunoprecipitated, indicating that my protocol was capturing known PRC2 interactors
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(Fig. 43A). To confirm that the full suite of PRC2 components was being captured, |
characterised the protein composition of the eluates from EZH2 and isotype-control IgG
IPs by mass spectrometry. Reassuringly, all known PRC2 interactors, including the
recently identified proteins EPOP and PALI (Beringer et al, 2016; Conway et al, 2018),
were detected exclusively in the EZH2 IP (Fig. 43B). As expected, the core PRC2
components SUZ12, EED and RBBP7/4 showed that highest signal intensity, whilst sub-
stoichiometric complex members such as PHF19 and MTF2 were detected with a lower
signal, in line with their relative frequency of binding to the PRC2 (Fig. 43B). Together, |
conclude that my co-IP protocol is suitable to characterise changes in PRC2 composition

occurring upon transformation.
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Figure 43. Endogenous EZH2 co-immunoprecipitation captures the PRC2 interactome

A. Western-blot quantification of SUZ12 levels in eluates from co-IPs performed with an EZH2
( {EZH2) or isotype control antibody (Ctl IgG) using transformed cell lysate. 1:150 and 1:300
represent the concentration of EZH2 antibody used in the EZH2 co-IP. Input (left) was exposed
for longer period than the co-IP samples (right). B. Quantification by mass spectrometry of
proteins present in the co-IP eluates from (A). For display reasons, proteins detected in only one
sample were assigned an arbitrary low iBAQ value based on a normal distribution for the other
sample. All PRC2 components were detected only in the EZH2 co-IP sample. iBAQ: intensity

based absolute quantification.
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4.1.2 Transformation alters the protein composition of PRC2

Tightly regulated changes to the ratios of Polycomb sub-complexes are recurrent events

during normal development, and similar mechanisms may be relevant in tumourigenesis.

However, a precise comparison of protein abundance cannot be performed for samples

which have been analysed independently on a mass-spectrometer (as in Fig. 43B) due

to confounding inter-run variability - preventing the detection of subtle transformation-

induced changes to PRC2 composition. In contrast, stable isotope labelling by amino

acids in cell culture (SILAC) is a technique which enables precise comparison of protein

abundance between samples by mass spectrometry. In SILAC, cells are cultured in

media containingonly 3C (6 hedCcy ¢ Pl bght 6) | abel ll@adingAr gi ni ne a
the cells proteome to become isotopically labelled. This labelling allows identical proteins

from 6heavyd6 and O6lighté cells to be distinguish
spectrometer. Hence, co-IP coupled with mass-spectrometry for two populations of cells

can be performed and analysed as a single sample, overcoming inter-run variability and

allowing accurate quantification of relative protein levels. Thus, | employed SILAC to

compare the composition of PRC2 in untransformed and transformed/tumour-derived

cells (Fig. 44).
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Figure 44. Workflow for quantifying transformation-induced changes in PRC2 composition
Schematic outlining the workflow for quantifying the effect of transformation on PRC2

composition. UT: untransformed, TR: transformed, m/z: ion mass.

To label the proteome of untransformed and transformed/tumour-derived cells, | cultured
cell s with 0heayv ydntaning mediafag seved dagsn8Bubrsequeatly, il d
mixed equal quantities of labelled cell lysates and performed IP of endogenous EZH2 to

compare the composition of PRC2 in untransformed and transformed/tumour-derived
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cells. To control for alterations in PRC2 composition induced by SILAC labelling, | also

i mmunoprecipitated EZH2 from a mi X of 60he
untransformed cells. All IP eluates were interrogated by mass-spectrometry to
characterise relative quantities of PRC2 components isolated from each cell type. As

expected, in the control IP, EZH2 co-immunoprecipitated with equal quantities of all
PRC2inter act ors in the dédheavyd and o6lightoé | ab
affect the composition of the PRC2 (Fig. 45A). In IPs comparing untransformed and
transformed/tumour-derived cells, the core PRC2 components SUZ12, EED and
RBBP4/7 co-immunoprecipitated with EZH2 to an equal extent in both cell types,

indicating that, as expected, the core PRC2 complex was not altered by transformation

(Fig. 45B-C). However, specific sub-stoichiometric components did show reproducible

changes in their association with EZH2 (Fig. 45B-C). In particular, relative to
untransformed cells, both transformed and tumour-derived cells exhibited a ~2-fold

decrease in PHF19 and PHF1 binding to EZH2, whilst MTF2 and AEBP2 showed a
concurrent ~2-fold increase (Fig. 45B-C). PHF1, PHF19 and MTF2 are closely related
homologues which constitute part of the PRC2 in a mutually exclusive manner (Hauri et

al, 2016), in turn enabling it to bind the chromatin mark H3K36me3 and CG-rich DNA
(Musselman et al, 2012; Li et al, 2017) ( s e e : 6l ntroductiond) .
displaying sequence and functional homology, evidence suggests that the three proteins

play divergent roles during normal development (Li et al, 2011; Brien et al, 2015; Kloet

et al, 2016), indicating that changes to their relative association with PRC2 could
substantially alters its function. AEBP2 is a zinc finger-containing protein which
stimulates the catalytic activity of PRC2 via its nucleosome binding ability (Lee et al,

2018a) ( s e e: 6l ntroductiond) . I nterestingly, AE
exclusive to PHF1 (Youmans et al, 2018), demonstrating that AEBP2 directly competes

with PHF1, PHF19 and MTF2 to be part of the PRC2. Together, | concluded that
transformation induces a shift in the ratios of functionally distinct PRC2 sub-complexes

present within a cell.
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Figure 45. Transformation induces a shift in PRC2 composition

A-B. Quantification by mass-spectrometry of proteins isolated by co-IP of endogenous EZH2 in
mixes of SILAC labelled cell lysates from untransformed (A) or untransformed and
transformed/tumour-derived (B) cells. Ratio values for all proteins are normalised to the ratio of
EZH2 to control for differences in EZH2 protein levels between cell types. Untransformedheaw:
untransfor med cell s wi t h a 6heavybo6 ami fgho
untransformed cells with a aln{Bpnbticethe aasifionsof MAE2] d
AEBP2, PHF1 and PHF19. C. Summary of changes to PRC2 composition induced by
transformation. Values represent mean + SEM from one co-IP of untransformed vs transformed

cells and two co-IPs of untransformed vs tumour-derived cells.
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4.1.3 Gene expression changes may mediate a transformation-induced

shift in PRC2 composition

Having identified a transformation-induced shift in PRC2 composition, | reasoned this
change could be attributable to either alteration of the transcription or translation of
PHF1, PHF19, MTF2 and AEBP2. Interrogation of mRNA expression data from
untransformed and transformed cells identified expression changes of PRC2
components concordant with alterations to PRC2 composition (Fig. 46). Specifically,
expression of MTF2 and AEBP2 was upregulated upon transformation, whilst PHF19
and PHF1 were repressed (Fig. 46). The magnitude of differential PHF1, MTF2 and
AEBP2 expression mirrored the degree of change in their association with PRC2,
indicating that transformation-induced gene expression changes could be leading to a
shift in PRC2 composition. However, the expression of PHF19 decreased by only 17%
upon transformation, a change insufficient to explain its ~2-fold decrease in PRC2
binding (Fig. 45). Nonetheless, this disparity could potentially be explained by increased
competition for PRC2 binding by the greater levels of MTF2 and AEBP2. Accurate
quantification of protein levels for these PRC2 components was not possible due to the
poor quality of existing antibodies, hindering western-blotting, and the low protein levels
of sub-stoichiometric components preventing the use of proteomic approaches. As a
result, this precluded confirmation that differential gene expression led to matched
alterations in protein levels. Together, | conclude that changes in the expression of sub-
stoichiometric components may contribute to

transformation.
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Figure 46. Changes in sub-stoichiometric component expression mirror the shift in PRC2
composition

Expression of sub-stoichiometric PRC2 components in the indicated cellular states, as detected

by RNA-seq. Expression values represent mean + SEM from three biological replicates.
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4.2 Sub-stoichiometric PRC2 components have distinct roles in

tumours

4.2.1 Transformation-induced changes to sub-stoichiometric component

binding match their functions in tumours

Alterations to epigenetic regulator sub-complexes are important events in promoting
malignhancies. This led me to hypothesise that the transformation-induced shift in PRC2
composition could be similarly important. Hence, | set out to deplete specific PRC2
components in transformed cells, and observe whether the effect on tumour growth
matched transformation-induced changes to PRC2 composition. To do this, | transduced
constructs into transformed cells which allowed inducible expression of shRNAs
targeting PHF1, PHF19, MTF2 and AEBP2. Induction of hairpin expression led to a
>50% depletion of MRNA levels for all PRC2 components, a level | deemed sufficient to
investigate the function of PRC2 sub-stoichiometric components (Fig. 47).

1.2, M Uninduced M shRNA induced

Relative expression

AEBP2 MTF2 PHF1 PHF19
shRNA

Figure 47. PRC2 components are depleted by shRNAs in transformed cells
RT-gPCR showing the expression levels of AEBP2, MTF2, PHF1 and PHF19 in transformed cells

+shRNA knock-down for eight days. Values represent mean +SEM from three technical replicates.

To assess the effect of depleting sub-stoichiometric components, | transplanted
transformed cells with or without knock-down into immunocompromised mice and
monitored the growth of resulting tumours. Strikingly, the effect of depleting a specific
component mirrored whether its binding to PRC2 had increased or decreased upon

transformation (Fig. 48A-B). Specifically, knock-down of MTF2 and AEBP2, which were

enriched among EZH2-intactors in transformed cells, impaired tumour growth relative to
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an uninduced control, whilst knock-down
enhanced it. PHF1 knock-down, although n

trend towards increasing tumour growth,

of PHF19, which was instead depleted,
ot reaching significance, exhibited a strong
in line with its depletion among EZH2-

interactors in transformed cells (Fig. 48A-B). Together, this indicates that a

transformation-induced shift from PHF1/PH

F19-containing to AEBP2/MTF2-containing

PRC2 complexes may promote the growth of tumours induced by de novo transformed

cells.
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Figure 48. PRC2 sub-stoichiometric components have divergent effects on tumour growth
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A. Transplantation assays comparing the growth kinetics of transformed cell-induced tumours
+shRNA knock-down of the indicated PRC2 component. Knock-down of PRC2 components was
pre-induced for eight days prior to transplantation into immunocompromised mice. Time 0
represents the day at which tumours were first visible. Outlier tumours were excluded from the
analysis and are not displayed (Grubbs test performed on final tumour volumes, tumours
excluded if alpha <0.05). Values represent mean +SEM for six (AEBP2 both conditions, MTF2
both conditions, PHF19 induced and PHF1 uninduced) or five (PHF19 uninduced, PHF1 induced)
biological replicates. One asterisk indicates p-value <0.05, two asterisks indicate p-value <0.01
(one-t ai | ed unpai r-ed). BS tFinal ¢eumoud soluntes from two independent
transplantation experiments performed as in (A). Outlier tumours excluded as in (A). Black line
represents the median value for each group of tumours. Two asterisks indicate p-value <0.01
(one-t ai l ed unpai-te#)d Student d6s t

4.2.2 Sub-stoichiometric PRC2 components have context-dependent

functions in cancer

Having identified a tumour-promoting shift in PRC2 composition within de novo
transformed cells, | wanted to explore whether the differential role of sub-stoichiometric
proteins could also be observed in patient-derived samples. To do this, | decided to focus
on MTF2 and PHF19 as they exhibited the strongest transformation-induced changes in
EZH2 binding, and their depletion induced significant (p <0.01), but opposing, effects on
tumour growth. To investigate the function of these proteins across cancer types, |
employed cell lines derived from gastric and pancreatic PDXs with similar genetic
backgrounds to the de novo transformed cells (p53-/-, expressing oncogenic RAS), and
expressing sub-stoichiometric components (Fig. 49A). | specifically selected gastric and
pancreatic PDX cell lines as these cancers originate from different cell and tissue types,
but are driven by similar genetic events to each other and the de novo transformed cells
(Kamisawa et al, 2016; Van Cutsem et al, 2016), allowing me to dissect whether
transformative events or cell-of-origin determines the function of sub-stoichiometric
components in tumours. Into these cell lines, | transduced constructs allowing inducible
expression of PHF19 or MTF2-targeting shRNAs (shRNAs as used for transformed
cells); induction of these hairpins led to a >60% knock-down of MTF2 and PHF19 in both

cell lines (Fig. 49B), a magnitude similar to that seen in transformed cells (Fig. 47).
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Figure 49. shRNA knock-down depletes PRC2 components in PDX cell lines

A. RT-gPCR quantifying the expression of sub-stoichiometric components AEBP2, MTF2, PHF1
and PHF19 in two PDX cell lines GXA 3067 (gastric cancer) and PAXF 1998 (pancreatic cancer)
relative to transformed cells. Values represent mean +SEM from two technical replicates. B. RT-
gPCR quantifying the expression levels of MTF2 and PHF19 in PDX cell lines GXA 3067 and
PAXF 1998 +shRNA knock-down for eight days. Values represent mean +SEM from three

technical replicates.

To interrogate the effect of depleting PHF19 and MTF2, | performed transplantation
assays with the PDX cell lines in a similar manner to transformed cells (Fig. 50).
Interestingly, depletion of MTF2 and PHF19 exhibited diverse effects on the growth of
PDX-derived tumours. In pancreatic xenograft tumours, depletion of MTF2 or PHF19 did
not affect tumour growth, indicating that the tumour was either agnostic to the function
of these proteins or the extent of ShRNA knock-down was insufficient (Fig. 50A). In
contrast, depletion of PHF19 in gastric xenograft tumours severely impaired growth,

whilst MTF2 depletion once again had no effect (Fig. 50A). The divergent responses to

144



PHF19 depletion in tumours generated from transformed, gastric and pancreatic cells,
in spite of their similar PHF19 expression levels (Fig. 49A) and extent of knock-down
(Fig. 47/49B), suggest that PHF19 could play a context-dependent role in cancer. To
further explore the context dependence of PHF19 activity, | performed additional
transplantation assays using two PDX cell lines derived from non-small-cell lung cancer.
Strikingly, lung xenograft tumours derived from each PDX cell line showed differential
responses to depletion of PHF19, with one (LXFA 677) unaffected and the other (LXFL
1674) exhibiting impaired growth (Fig. 50B). This indicated that the response to PHF19
depletion varies within, as well as between, cancer types. These divergent effects on
tumour growth could be attributable to cell/tissue-specific off-target effects of ShRNA
knock-down, a possibility that would need to be excluded through the use of additional
shRNAs. Alternatively, the specific set of genes repressed by the PHF19-containing
complex may differ between cell and tissue types, leading to distinct functional effects of
derepressing the PHF19 repressed gene set. Altogether, as a result of confounding
experimental factors, it was not possible to conclude whether the tumour function of
MTF2 and PHF19 identified in de novo transformed cells was conserved in patient

samples and across different cancer types.
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Figure 50. PRC2 sub-stoichiometric components have context-dependent roles in cancer
A-B. Transplantation assays comparing the growth kinetics of PDX cell line-induced tumours
+shRNA knock-down of MTF2 or PHF19. Knock-down of PRC2 components was pre-induced for
eight days prior to transplantation into immunocompromised mice. Time O represents the day at
which tumours were first visible. Outlier tumours were excluded from the analysis and are not
displayed (Grubbs test performed on final tumour volumes, tumours excluded if alpha <0.05).
Values represent mean +SEM for six (PAXF 1998 PHF19/MTF2 uninduced), four (GXA 3067 all
conditions, PAXF 1998 PHF19/MTF2 induced, LXFL 1674 PHF19 induced and LXFA 677 PHF19
induced), three (LXFL 1674 PHF19 uninduced) or two (LXFA 677 PHF19 uninduced) biological
replicates. PDX model cancer type: PAXF 1998 i pancreatic, GXA 3067 i gastric, LXFL 1674 1
non-small-cell lung, LXFA 677 i non-small-cell lung. One asterisk indicates p-value <0.05, three

asterisks indicate p-value <0.001 (one-t ai | ed unp ai-tes gerfoBred ah énalttuthsur
volumes).
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4.3 Changes to PRC2 composition do not mediate a tumour-

promoting redistribution of EZH2

Transformation induces redistribution of EZH2 binding sites, which in turn causes
transcriptional changes essential for tumour formation (see previous chapter). Thus,
given that PHF1, PHF19, MTF2 and AEBP2 are responsible for targeting PRC2 to
different chromatin locations, | hypothesised that the transformation-induced shift in
PRC2 composition is driving EZH2 redistribution. This model predicts that depletion of
the sub-stoichiometric components responsible for targeting EZH2 to new loci upon
transformation (i.e. AEBP2 and MTF2) would specifically lead to misregulation of the
relevant target genes. As a result, | interrogated how the expression of genes repressed
by EZH2 specifically in transformed cells (Fig. 25B), were affected by depletion of
different sub-stoichiometric components (Fig. 51). Specifically, | selected the genes
EMX2, LBH and PELI2 to investigate, as EMX2 repression promoted tumour growth in
GBM (see previous chapter), and LBH and PELI2 exhibited particularly strong changes
in EZH2 binding and concomitant repression. For all genes investigated, depletion of
sub-stoichiometric components led to upregulation of gene expression, in line with these
genes being PRC2 targets in transformed cells (Fig. 51). However, in all instances
upregulation of the same gene was induced by depletion of sub-stoichiometric
components with opposing functions in tumours (Fig. 51). In particular, EMX2 and LBH
were upregulated by depletion of AEBP2, MTF2, PHF1 and PHF19, whilst MTF2 and
PHF1 depletion also induced a slight upregulation of PELI2 (Fig. 51). This indicated that
repression of genes silenced by EZH2 only in transformed cells is not mediated solely
by PRC2 sub-complexes with tumour-promoting functions. As all genes repressed by
EZH2 specifically in transformed cells were not tested, | cannot exclude the possibility
that other genes may be repressed in a PRC2 sub-complex-specific manner. Together,
| concluded that the transformation-induced switch in PRC2 composition was unlikely to
maintain the tumour-promoting redistribution of EZH2 | had previously identified,
indicating that the switch in PRC2 composition promotes tumour formation by an

independent mechanism.
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Figure 51. A transformation-induced shift in PRC2 composition does not drive EZH2
redistribution

RT-gPCR showing the expression levels EMX2, LBH and PELI2 in transformed cells £shRNA
knock-down of AEBP2, MTF2. PHF1 and PHF19 for 17 days. Values represent mean + SEM from

three technical replicates.
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