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Abstract

Polycomb repressive complex 2 (PRC2) has a well characterised role in maintaining gene
silencing and is essential for normal development, tissue homeostasis and is frequently
dysregulated in cancer. The classical role of PRC2 is to catalyse post-translational
modification of histone tails, with tri-methylation of Histone 3 lysine 27 strongly associated
with gene silencing. Recent studies have highlighted additional non-classical roles for PRC2
including methylation of non-histone substrates, direct transcriptional activation and
association with cell signalling cascades. Here | show that loss of core PRC2 components
results in reduced Wnt signalling in embryonic stem cells (ESCs). Mouse ESCs that lack Suz12
show virtually undetectable canonical Wnt signalling. ESCs lacking Suz12 fail to differentiate.
Intriguingly, efficient downregulation of pluripotency genes, but failure of induction of
lineage specific genes is observed. In addition to the contribution to canonical Wnt signalling,
[-catenin also complexes with E-cadherin at cell surface adherens junctions. Importantly,
altered E-cadherin localisation is observed in PRC2 null ES cells. E-cadherin localisation is
normalised at cell-cell contacts between PRC2 mutant and wild type ES cells when grown
together. Normalisation of E-cadherin localisation occurs concomitant to reestablishment of
canonical Wnt signalling, and rescue of neuronal differentiation.

The dual residency protein Afadin, a constituent of the intracellular adherens junction
complex is also shown to have altered subcellular localisation in the absence of Jarid2 or
Suz12. Taken together these results suggests a potential non-classical role for PRC2 in
regulation of the adherens junctions, which in turn modifies the contribution of cadherin

associated B-catenin to Wnt signalling, and differentiation.
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1. Introduction

The body is composed of integrated organ systems, which are themselves composed of
multiple specialized cell types. Estimates of the total number of different cell types in the
human body range from 200 to many thousands depending the interpretation of cell type
boundaries, and the specific methodologies used (Roy and Conroy 2018). Each of these cell
types must arise from a single fertilised cell, and acquire and maintain exquisitely controlled
gene expression profiles during lineage commitment. That multicellular organisms are able to
generate these varied cell types from an essentially invariant genome relies in part, on the
capacity of cells to segregate the genome into active and repressed domains. Epigenetic
mechanisms, heritable changes in gene expression which do not alter primary DNA sequence,
contribute to the development and stability of cell type-specific gene expression programs,
and permit these programs to be faithfully transmitted over multiple cell divisions (Fisher,
Stumpf, and Merkenschlager 2017). In eukaryotes modifications such as methylation of
cytosine residues (Bird 2002), post-translational modifications of histones, (Turner 2002),
alterations to nucleosome spacing (Baldi 2019), and the organisation of genome folding in 3D
space (Pombo and Dillon 2015) contribute to the development and maintenance of cell-type
gene specific expression programmes. Furthermore, these modifications are not only critical
to cell-fate decisions, differentiation and tissue homeostasis, but are also implicated in

numerous disease states, and in the development of many malignancies (Virani et al. 2012).
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1.1 The Polycomb Repressive Group

The Polycomb group (PcG) are a large family of evolutionarily conserved proteins which
contribute to the maintenance of transcriptional repression in a cell-type specific manner
catalysing post-translational modification to histone tails (Scelfo, Piunti, and Pasini 2015;
Schuettengruber et al. 2017). The activity of PcG was first reported in Drosophila
melanogaster, along with its antagonistic complex, trithorax, as regulating segmentation
during early development by temporal and spatial silencing of the homeotic gene cluster
(Lewis 1978; Paro 1995). The PcG has subsequently been identified in plants, insects and
vertebrates (Schwartz and Pirrotta 2013). In metazoans the polycomb proteins form two
distinct multiprotein complexes, Polycomb repressive complex (PRC) 1 and 2, each of which
can be further subdivided on the basis of interactions with additional ancillary proteins,
which are increasingly recognised to play important and distinct roles in polycomb function

(Figure 1.1)

PRC2
PRCL Core

cPRC1 ncPRC1

- PRC2.2

Ringl ’

AB
Pegf
Kdm2b y* 3356

Ryb2

Jarid2

-

Aepb2

Figure 1.1. Polycomb repressive complex 1 and 2 with associated non-core sub units

Schematic representation of PRC 1, subdivided into canonical (cPRC1) and non-canonical (ncPRC1). The PRC1 E3 ubiquitin ligase core
component Ringla or Ring1B catalyses monoubiquitylation of Histone 2A, lysine 119. ncPRC1.1 shown with interacting Kdm2b, absent
from other ncPRC1 complexes (i.e., ncPRC1.2, 1.5 and 1.6)

Schematic representation of core components of PRC2 with associated non-core sub units which make up PRC2.1 and PRC2.2
respectively. The PRC2 histone methylase component (Ezh1 or Ezh2), is responsible for mono-, di- and tri-methylation of Histone 3,
lysine 27.

Abbreviations; Adipocyte enhancer binding protein 2 (Aebp2), Chromobox protein homologue (Cbx), embryonic ectoderm
development protein (Eed), elongin BC and polycomb repressive complex 2 associated protein (Epop), enhancer of zeste1/2 (Ezh1/2),
lysine demethylase 2b (Kdm2b), Jumoniji and AT-rich interacting domain 2 (Jarid2), polycomb group ring finger (Pcgf), polyhomeotic-
like protein (Phc), polycomb-like protein (Plc), RB-binding protein (Rbbp), Ringl and YY1-binding protein (Ryb), Ring finger protein
(Ring), Suppressor of zeste (Suz12), YY1-associated factor 2 Yaf2



Polycomb repressive complex 1 can broadly be divided into canonical (cPRC1) and non-
canonical (ncPRC1) groups. All PRC1 complexes contain either Ringla or Ringlb, the core
catalytic E3 ubiquitin ligase, which catalyses ubiquitination of histone 2A at lysine 119
(H2A119ub) (Chittock et al. 2017). Canonical PRC1 complexes encompass a Cbx
chromodomain containing sub-unit (either Cbx2/4/6/7/8), in addition to Pcgf2/4 and a
polyhomeotic homologous protein (Phcl1-3) (Gao et al. 2012; Schuettengruber et al. 2017). In
contrast, Non-canonical PRC1 consists of Ring 1A or 1B, complexed with Ryb2, its paralogue
Yaf2, and either Pgcfl, 3, 5 or 6 to form ncPRC1.1, 1.3, 1.5 and 1.6 respectively (Vidal and
Starowicz 2017). ncPRC1.1 complexes with the histone demethylase Kdm2b in place of the
Cbx subunit seen in cPRC1, resulting in altered chromatin targeting (Farcas et al. 2012).
Furthermore, ncPRC1 complexes interact with additional proteins in substoichomtertic ratios,

further adding complexity (Schuettengruber et al. 2017; Kang and Chun 2020).

The core components of PRC2 are conserved from Drosophila to mammals, and comprise
enhancer of zeste homologue 1 or 2 (Ezh1/2), suppressor of zeste 12 (Suz12), embryonic
ectoderm development protein 1 (Eed) and retinoblastoma binding protein 46 or 48
(Rbbp4/7) (Schuettengruber et al. 2017). The conserved SET (Su(var)3-9, Enhancer of zeste,
Trithorax) domain of Ezh1/2 is the catalytic core of the PRC2 complex, functioning as a lysine
methyl-transferase, which methylates histone 3 at lysine 27 (H3K27me) (Cao et al. 2002). The
catalytic activity of Ezh2 is autoinhibited, and requires interaction with Eed and Suz12 in vivo
for stabilisation and catalytic activity (Wu et al. 2013; Antonysamy et al. 2013). Additionally,
the core PRC2 complex associates with additional accessory proteins at sub-stoichiometric
ratios. Comprehensive proteomic analysis of PRC2 has identified two mutually exclusive PRC2
assemblies; PRC2.1 associated with one of three polycomb-like homologues (Pcl1-3, also

referred to as PHF1, MTF2 and PHF19 respectively) together with Epop or Palil, and PRC2.2
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associated with both Jarid2 and Aebp2 (Hauri et al. 2016). Recent studies have contributed
to the understanding of the role of PRC2 subcomplexes in the regulation of PRC2 chromatin
targeting and regulation of catalytic activity (van Mierlo et al. 2019).

The most intensively characterised role of polycomb complexes are to catalyse post
translational modifications to exposed histone tails. Post-translational modifications to
histone tails correlate with transcriptional activity; specifically, ubiquitination of histone 2A
lysine 119 (H2A119ub) catalysed by PRC1, and trimethylation of Histone 3 lysine 27
(H3K27Me3) catalysed by PRC2, are strongly associated with maintaining gene silencing
(Jones and Wang 2010; Blackledge, Rose, and Klose 2015; Schuettengruber et al. 2017).
PRC2 is the only known methyltransferase with activity at lysine 27 of histone 3, and
disruption of PRC2 results in total ablation of H3K27 adornments (Hojfeldt et al. 2018; Oksuz
et al. 2018). PRC2 can catalyse mono-, di- and tri-methylation (H3Kme1/2/3) in a stepwise
fashion at H3K27 (Laugesen, Hgjfeldt, and Helin 2019). PRC2 shows greatest efficiency for
mono- and di-methylation steps, with the trimethylation step requiring a greater chromatin
occupancy time (Sneeringer et al. 2010). Additionally, the different methylation levels
(H3Kme1/2/3) show characteristic genomic distributions (Laugesen, Hgjfeldt, and Helin
2019). Mono-methylation at lysine 27 is enriched within gene bodies of actively transcribed
genes, and is present on 5-10% of all histone 3 proteins in mouse embryonic stem cells.
Lysine 27 di-methylation is most broadly distributed, adorning at least 50% of histone 3
proteins, and enriched throughout intra- and intergenic regions. Trimethylation of histone 3,
lysine 27 overlaps with genomic PRC2 binding sites, and is strongly associated with
maintenance of PRC2 mediated gene repression. Given the critical role of gene silencing in
development, significant efforts have focussed on elucidating the role of alternate Polycomb

subcomplexes and the mechanisms that govern polycomb recruitment and enzymatic
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activity. Recently, additional novel roles for polycomb complexes in development and cancer
have been proposed (Chan and Morey 2019). This study focusses predominantly on PRC2 and
its interacting partner Jarid2, and examines their role in ESC differentiation and early

development.

1.1.1. PRC2.2 and Jarid2

Multiple PRC2 interacting proteins have been identified, that occur in sub-stoichiometric
ratios (Hauri et al. 2016). The PRC2.2 component Jarid2 is of particular interest to our group,
not least because our group were among the first to report the interaction between Jarid2
and PRC2 (Landeira et al. 2010). Jarid2 was first reported as a regulator of neural tube
formation in mice (Takeuchi et al. 1995). It shares homology with the Jumonji family of
histone demethylases, however amino acid changes to the catalytic domain of Jarid2 are
predicted to ablate the demethylase activity (Klose, Kallin, and Zhang 2006). Jarid2 deficiency
is embryonically lethal with developmental defects of the heart, neural tube, liver and spleen
(Jung, Mysliwiec, and Lee 2005). An interaction between Jarid2 and PRC2 in mESCs was
reported by several groups independently around a decade ago (Landeira et al. 2010; Pasini
et al. 2010; Shen et al. 2009; Li et al. 2010; Peng et al. 2009). Jarid2 is highly expressed in
mESCs, with a reported down-regulation in lineage committed cells (Zhang et al. 2011).
However, a recent study has implicated a novel truncated form of Jarid2 in lineage
committed keratinocytes, with a reported role in activation of polycomb target genes during

differentiation (Al-Raawi et al. 2019).

Jarid2 was implicated in PRC2 recruitment to chromatin, as mESCs lacking Jarid2 demonstrate

reduced occupancy of PRC2 on chromatin (van Mierlo et al. 2019). Jarid2 has weak non-
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sequence-specific DNA binding properties in vitro, however the importance of this in vivo is
yet to be determined (Patsialou, Wilsker, and Moran 2005). Additionally, Jarid2 can bind
H2AK119ub through its ubiquitin interacting motif (UIM) domain, suggesting that Jarid2 may
have a role in recruitment of PRC2 targeted by PRC1 (Cooper et al. 2016). This is supported
by the observation that PRC2 recruitment in X inactivation is preceded by PRC1 deposition of
H2AK119ub (Zylicz et al. 2019). Furthermore, recent crystallographic structures of PRC2
complexed with Jarid2 indicate that methylated Jarid2 activates Ezh2 via the WD40 domain
of Eed (Kasinath et al. 2018). It has been suggested that this binding results in activation of
PRC2 activity, in a mechanism analogous to H3K27me3 binding by EED WD40 domain (Chen,
Jiao, et al. 2018). Intriguingly however, loss of Jarid2 from mESCs results in mild and
inconsistent changes in H3K27me3 deposition (Landeira and Fisher 2011). Notably, while
some reports have shown depleted H3K27me3 deposition (Landeira et al. 2010; Pasini et al.
2010), other reports show increased deposition (Shen et al. 2009) and one report shows
unchanged global levels but altered targeting of H3K27me3 deposition (Peng et al. 2009).
Furthermore, PRC2 components can still be recruited their genomic targets in Jarid2-null
mMESCs (Landeira and Fisher 2011). This has led to the suggestion that Jarid2 may have a role
outside the context of PRC2-mediated methylation of histones. Recent studies have also
shown potential redundancy between PRC2.1 and PRC 2.2. The loss of either Jarid2 or Mtf2
results in only mild changes to H3K27me3, but double knockout of Jarid2 and Mtf2 resulted
in ablated PRC2 recruitment to target genes (Oksuz et al. 2018). It has been suggested that
Mtf2 and Jarid2 are responsible for targeting PRC2.1 and PRC2.2 to chromatin respectively

(van Mierlo et al. 2019).

A recent report from our group has also implicated Jarid2 in co-ordination of Nanog and

canonical Wnt signalling in mESCs (Landeira et al. 2015). Jarid2-null cells readily able to self-
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renew, but are severely compromised in their ability to differentiate, with extensive cell
death induced by withdrawal of leukaemia inhibitory factor (LIF). Jarid2-null mESCs were
shown to express uniformly elevated levels of Nanog, with markedly supressed canonical Wnt
signalling and defective E-cadherin localisation (Landeira et al. 2015). Unusually Jarid2 null
mESCs generate multiple inner cell masses (ICMs) when injected into E3.5 mouse blastocysts
(Landeira et al. 2015). Co-culture of Jarid2 null mESCs with wild type mESCs rescues canonical
Wnt signalling activity, enabling Jarid2 null cells to overcome their differentiation block. This
highlights a role for Jarid2 in regulating a core pluripotency and Wnt signalling circuits,
important for mESC differentiation and pre-implantation development. Additionally, the
ability of Jarid2 null mESCs to generate independent ICMs suggests that perturbation of
epigenetic machinery results in altered integration of cell surface signals, and altered cellular
behaviours in this context. The mechanism by which Jarid2 is associated with supressed
canonical Wnt signalling, and altered cell-cell interactions however, remains to be elucidated,

and represents a significant area of investigation for this study.

1.2. Polycomb Recruitment to genomic targets

The recruitment and regulation of the polycomb group has been intensively investigated
(Laugesen, Hgjfeldt, and Helin 2019; Schuettengruber et al. 2017). Initially a hierarchical
model for the sequential recruitment PRC2, followed by PRC1, was proposed based on the
observations that PRC1 and PRC2 largely co-localise across the genome, and the cPRC1 Cbx
subunit has high affinity for H3K27me3 (Cao et al. 2002). This model suggested that PRC2 was
targeted to specific loci, deposits H3K27Me3, which in turn acts as a signal for PRC1.1

recruitment via the Cbx subunit, resulting in chromatin compaction as a consequence of
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ubiquitination of histone 2A at lysine 119 (H2AK119ub) (Wang et al. 2004). However, as
ablation of PRC2 components only modestly depletes mESCs of the H2AK119ub mark (Leeb
et al. 2010), at least a subset of PRC1 can be recruited to chromatin in the absence of PRC2
(Tavares et al. 2012). Furthermore, PRC1 can deposit H2AK119ub in the absence of either
PRC2 or H3K27me3 (Blackledge et al. 2014); specifically the ncPRC1.1 complex, which lacks
the Cbx subunit, can be targeted to unmethylated CGls via the CXXC domain of Kdm2b
(Farcas et al. 2012; He et al. 2013; Wu, Johansen, and Helin 2013), depositing the
H2AK119ub1 mark. Additionally, PRC2.2 encompassing Jarid2 has been reported to be
recruited to H2AK119ub1 marked histones via the Jarid2 UIM, promoting deposition of
H3K27me3 (Kalb et al. 2014, Blackledge et al. 2014; Cooper et al. 2014). These observations
suggest a more complex interplay between PRC1 and PRC2 than the initial hierarchical model
would suggest (Cooper et al. 2016). Although the mechanism by which polycomb proteins
are recruited to chromatin targets remains only partially understood, DNA sequence,
chromatin context and non-coding RNA's are all reported to contribute (van Kruijsbergen,

Hontelez, and Veenstra 2015).

1.2.1. Features of Polycomb bound DNA elements

In Drosophila polycomb group are targeted to specific cis-acting regulatory elements termed
polycomb response elements (PREs), lengthy DNA sequences with binding sites for
transcription factors which recruit PcG proteins (Kassis and Brown 2013). Mammalian PRC1
and PRC2 display widespread and largely overlapping genomic binding patterns, but
mammalian elements analogous to the Drosophila PREs have proven difficult to identify

(Bauer, Trupke, and Ringrose 2016). Chromatin immunoprecipitation studies of polycomb
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group proteins have however shown a strong preference for GC rich elements (Boyer et al.
2006), and ectopic sequences with high CpG content will recruit polycomb group proteins in
vivo (Mendenhall et al. 2010). This has led to the proposal that CpG Islands (CGls) are the
mammalian cis elements targeted for polycomb recruitment (Blackledge, Rose, and Klose
2015). CpG islands are small genomic elements, usually 1-2-kb in length, with high density of
CpG residues, typically >50%, which are located close to transcriptional start sites (Deaton
and Bird 2011). Unmethylated CGls are bound by the PRC1.1 interacting partner Kdm?2b,
which may contribute to PcG targeting (Farcas et al. 2012). This mechanism does not
however fully explain PRC1 recruitment to CGls as ablation of Kdm2b does not result in
complete loss of PRC2 recruitment (Blackledge, Rose, and Klose 2015). PRC2 is also recruited
to CGls. Experimentally, PRC2 is recruited to inactivated promoters of active genes, either
following excision of activating motifs (Hosogane et al. 2016), or after drug induced
transcriptional arrest (Riising et al. 2014). Recently, ‘nucleation’ sites for PRC2 within CpG rich
elements have been identified using a model whereby Eed is re-expressed in Eed null mESCs
(Oksuz et al. 2018). Embryonic stem cells lacking Eed are without PRC2 mediated histone
adornments, but these are recapitulated upon expression of Eed. Expression of an Eed
mutant with disruption of the WD40 domain, which will target PRC2 but is deficient in the
‘spreading” of H3K27me3, has identified the initial genomic sites targeted in de-novo histone
methylation, termed nucleation sites (Oksuz et al. 2018). These nucleation sites were
reported to be enriched for GA rich regions, and GCN tandem repeats, and correspond to
bivalent promoters. It has been proposed that nucleation sites act as cis-acting elements
which are key to PRC2 de-novo targeting (Yu, Lee, et al. 2019). Additionally, the PRC2.2
interacting protein Jarid2 has a low affinity DNA binding domain, which preferentially

interacts with GC rich DNA motifs, and this may also contribute to PcG chromatin targeting (Li

25



et al. 2010). An important feature of PRC2 CGl targets is that they are hypomethylated, and
hypermethylation of CGls interrupts PRC2 binding (Holoch and Margueron 2017). Disruption
of DNA methylation patterns at pre-existing methylated CGls results in de novo deposition of
the H3K27me3 mark (Reddington et al. 2013), although the mechanism by which DNA
methylation restricts PRC2 activity is yet to be fully elucidated. Intriguingly, DNA methylation
per se, does not necessarily preclude PRC2 recruitment and H3K27me3 deposition, as PRC2
can be recruited during X-inactivation (Brockdorff 2017), or imprinted genes (Wang et al.

2015), and the PRC2.2 component Aepb2 binds methylated DNA in vitro (Wang et al. 2017).

1.2.2. Chromatin landscapes of Polycomb recruitment

In addition to DNA features, polycomb recruitment is influenced by chromatin context and
pre-existing histone tail modifications (Laugesen, Hgjfeldt, and Helin 2019). It is well
recognised that cPRC1 recognises pre-existing H3K27me3 through the Cbx subunit, discussed
in the hierarchical polycomb recruitment model (Comet and Helin 2014). Additionally, PRC2
complexes bind H3k27me3 through the WD40 domain of Eed and results in stabilisation, and
potentiates the catalytic activity of Ezh2 (Margueron et al. 2009). PRC2 is therefore able to
‘read’ pre-existing histone modifications, and ‘write’ histone modifications (Hyun et al. 2017).
This could enable repressive histone marks to be conserved following DNA synthesis, with
pre-existing H3K27me3 deposition guiding PRC2 to methylate newly-incorporated
nucleosomes (Zhang, Cooper, and Brockdorff 2015; Hansen et al. 2008). In contrast to this,
pre-existing methylation at lysine 36 of histone 3 (H3K36), a histone modification present at
actively transcribed genes, is reported to constrain PRC2 activity (Holoch and Margueron

2017). H3K27me3 is rarely observed on the same histone as H3K36me2/3, and PRC2 activity
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is inhibited by the H3K36me2/3 mark (Yuan et al. 2011). Furthermore, overexpression of
histone H3K36 methylase has been reported in multiple myeloma cells which exhibit globally
reduced H3K27me3 deposition (Popovic et al. 2014). Pre-existing histone marks seemingly
play an important role in conservation and transmission histone modifications to daughter
cells in cell division, however recent studies have shown that pre-existing H3K27 methylation
is not required for de novo PRC2 targeting to repressed genes in mESCs. It is well recognised
that mESCs lacking core PRC2 components (Suz12, Eed or Ezh1/Ezh2 double knockout)
demonstrate globally ablated H3K27 methylation patterns (Pasini et al. 2007; Oksuz et al.
2018; Lavarone, Barbieri, and Pasini 2019). Two separate studies have shown rescue of PRC2
components Suz12 and Eed in mESCs lacking these components rapidly and accurately re-
establishes de novo global H3K27 methylation patterns (Hojfeldt et al. 2018; Oksuz et al.
2018). This highlights that PRC2 binding and deposition of H3K27 methylation can occur
independently of pre-existing H3K27 methylated nucleosomes, and demonstrates cells

lacking H3K27 methylation retain the mechanisms to accurately target PRC2.

1.2.3. The role of RNA in PRC recruitment

Long non-coding RNA's (IncRNA) have also been implicated in targeting PRC2 to genomic loci.
Specifically, IncRNA XIST has been reported to target PRC2 during X-inactivation (Zhao et al.
2008; Brockdorff 2017). Additionally, the IncRNA HOTAIR has been implicated in the
recruitment of PRC2 and deposition of H3K27Me3 marks at the HOXD locus (Rinn et al. 2007)
and Kcnglotl has been reported to recruit PRC2 via interaction with Ezh2, to maintain allelic
repression of the KCNQ1 locus (Zhang, Zeitz, et al. 2014). However, in addition to evidence of

IncRNAs targeting PRC to specific genomic sites, evidence of widespread promiscuous and
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apparent non-specific PRC2:RNA interactions have been reported (Yan et al. 2019).
Specifically, RNA immunoprecipitation studies have revealed that PRC2 components Ezh2 and
Suz12 interact with many actively transcribed and housekeeping mRNAs (Kaneko et al. 2014;
Davidovich et al. 2013; Zhao et al. 2010). Previous studies have shown that RNA interaction
with PRC2 can reduce its methyltransferase activity (Kanhere et al. 2010; Herzog et al. 2014).
However, a recent study has shown Ezh2 autocatalytic activity is unaffected by RNA binding
(Wang et al. 2017). As a result of these findings a more general model of promiscuous PRC2:
RNA interaction, rather than targeted IncRNA mediated chromatic targeting has been
proposed. Specifically, antagonistic RNA and chromatin binding at PRC2, with mRNA
completing for PRC2 binding at actively transcribed genes, may contribute to PRC2
recognition of transcriptional activity (Beltran et al. 2016; Almeida, Bowness, and Brockdorff
2020). Recent studies have highlighted an essential role for ncPRC1 targeting of PRC2 in X-
inactivation. It has been reported that PRC2 recruitment by XIST to the inactive X-
chromosome (Xi) is entirely dependent on prior H2AK119ub deposition by XIST targeted
ncPRC1 (Almeida et al. 2017) PRC2.2 has been shown to be targeted to XIST ncPRC1
deposition sites through the UIM motif of Jarid2, and PRC2 recruitment to Xi is strongly
abrogated by Jarid2 knockout (Brockdorff, 2017). These studies highlight the complex

interplay between polycomb complexes and RNA species.

1.2.4. 3D genomic architecture and polycomb boundaries
Recent studies have shown that 3D architecture of the genome plays a critical role in
transcriptional regulation and development (Rowley and Corces 2018). Chromosome folding

within the nucleus can permit intra- and interchromosomal contacts over large distances of
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the linear genome in mMESCs, resulting in events such as enhancer: promotor interactions
(Denholtz et al. 2013; Joshi et al. 2015). Chromosome folding is envisaged as partitioning the
genome into associated domains, the largest of these being chromosomal territories (Sexton
and Cavalli 2015), with each of these further divided into topologically associated domains
(TADs), typically megabase in size and bounded by structural proteins such as CTCF (Gibcus
and Dekker 2013). At the sub-TAD scale, recently described Polycomb domains can be viewed
as looped 3D structures typically containing only one or two genes (approximately 110 kb
size) (Dowen et al. 2014; Pachano, Crispatzu, and Rada-Iglesias 2019). Polycomb domains are
abundant in embryonic stem cells, with 350 such domains identified in mESCs (Dowen et al.
2014). These 3D multilooped structures are enriched for both polycomb proteins and
H3K27me3, bounded by CTCF and cohesion, and contain at least one developmentally
repressed lineage-specific gene (Mas and Di Croce 2016). Furthermore, clusters of polycomb
domains may localise within the nucleus to form PcG foci (Vieux-Rochas et al. 2015).
Importantly, these long-range interactions are not H3K27 methylation dependent, as they are
maintained in Eed deficient mESCs, however PRC1 is essential to their formation, as double
knockout of Ring1A and Ring1B results in loss of these long-range interactions in mESCs
(Schoenfelder et al. 2015). Additionally, spreading of polycomb repressive marks over large
genomic distance has also been reported from the recently described PRC2 nucleation sites
(Oksuz et al. 2018; Yu, Lee, et al. 2019). The function of polycomb proteins in the regulation
of 3D genomic organisation remains an active area of research. Recent studies have
demonstrated the importance of insulating boundaries between active and repressed
polycomb regions (Yu, Lee, et al. 2019). Specifically, the HOX gene cluster is developmentally
repressed with H3K27me3 adornment. Upon differentiation, Hoxal-6 are expressed, lose

H3K27me3 and gain histone marks of active transcription (H3K4me3), with Hoxa7 insulated
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by a CTCF binding site, and retaining gene repression and H3K27me3 adornment. Deletion of
this CTCF binding site results in activation of Hoxa7, and replacement of H3K27me3 with
active H3K4me3, suggesting active chromatin can spread into repressed domains, unless they

are insulated by CTCF binding (Narendra et al. 2015).

1.2.5. Non-classical roles of PRC2

The methyltransferase activity of PRC2 at histone 3 lysine 27 is increasingly well understood
(Bracken, Brien, and Verrijzer 2019). In addition, a number of recent reports have implicated
PRC2 in the methylation of non-histone substrates (summarised in table 1.1) (Chan and
Morey 2019). A putative target recognition peptide sequence for PRC2 on the basis of the
H3K27 site has been reported and 339 potential non-histone PRC2 methylation targets were
reported (Ardehali et al. 2017). Furthermore, using an Ezh2-affinity mass spectrometry
approach, a number if interesting Ezh2 non-histone methylation targets were recently
reported (Sbirkov et al. 2017). Importantly this study identified methylation of known Ezh2
targets histone 3 and automethylation of Ezh2, validating the approach as robust. Additional
non-histone substrates included Suz12, Cbx3, Adt2, eEF1A1 and AlyRef (Shirkov et al. 2017)
Methylation of non-histone targets plays a critical role in PRC2 function itself. Ezh2
automethylates at lysine residues K510, K514 and K515, on an evolutionarily conserved
flexible loop of Ezh2. These post translational modifications have been convincingly detected
by both biochemical and mass spectrometry studies (Wang et al. 2019; Lee et al. 2019).
Importantly, mutation of K510, K514 and K515 to alanine residues results in significant
impairment of de novo histone methyltransferase activity of PRC2, suggesting Ezh2

automethylation is important for PRC2 activity.
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Target  Residue Moiety Cell type Evidence Reference
RORa Lysine 38 Monomethylation Human RORa co-Immunoprecipitates with (Lee et al. 2012)
embryonic EZH2, Mass spectrometry in vitro
kidney (HEK293)  methylated RORa K 38 fragment,
custom antibody to methylated RORa
Gatad Lysine 299 Monomethylation Mouse heart Antibody to methylated lysine stains (He et al. 2012)
extracts immunoprecipitated flag-bio-epitope
tagged Gata4, confirmed
monomethylation of K299 by mass
spectrometry, in vitro methylation
STAT3 Lysine 180 Not specified Glioblastoma STAT3 co-Immunoprecipitates with (Kim, Kim, et al.
stem cells EZH2. Antibody to pan-methylated 2013)
lysine stains immunoprecipitated
STAT3
STAT3 Lysine 49 Dimethylation Colorectal Mass spectrometry of flag-tagged (Dasgupta et al.
adenocarcinoma  immunoprecipitated STAT3 2015)
cell line (DLD1)
Jarid2 Lysine 116 Dimethylation mESC (E14) In vitro methylation, custom antibody (Sanulli et al.
to di and trimethylated Jarid2 peptides 2015b)
B-catenin  Lysine 49 Trimethylation Liver cancer EZH2 co-Immunoprecipitates with B- (Zhu et al. 2016)
stem cells catenin and Inc-B-Catm. Antibody to
(Hep3B) tri-methylated lysine stains
immunoprecipitated B-catenin; in vitro
methylation assay
B-catenin  Lysine 49 Trimethylation mESCs (W) PRC2 core components/ Jarid2 co- (Hoffmeyer et al.
Immunoprecipitates with B-catenin. 2017)
Custom monoclonal antibody to in vitro
methylated B-catenin K49me3 peptide
Elongin-A  Lysine 754 Monomethylation mESC (CJ57) In vitro methylation assay, custom (Ardehali et al.
antibody to monomethylated Elongin A 2017)
PLZF Lysine 430 Not specified Mouse NK cells PLZF co-Immunoprecipitates with (Vasanthakumar et
+ HEK293 cells EZH2. Antibody to pan-methylated al. 2017)
lysine stains immunoprecipitated PLZF
ADT2 Lysine 52 Trimethylation FAB-M2 HL-60 EZH2 affinity-purification mass (Sbirkov et al. 2017)
Human AMLcell  spectrometry and confirmation with
line pan-methyl-K immunostaining
eEF1A1 Lysine 55 Dimethylation for FAB-M2 HL-60 EZH?2 affinity-purification mass (Sbirkov et al. 2017)
both sites Human AML cell  spectrometry and confirmation with
Lysine 165 line pan-methyl-K immunostaining
Ezh2 Lysine 510 Monomethylation mESCs (strain Mass spectrometry of purified PRC2 (Wang et al. 2019;
reported for all not given) from mESCs. In vitro methylation Lee et al. 2019)
Lysine 514 sites assays. Mass spectrometry of human
. recombinant PRC2.
Lysin 515
Talin Lysine 2454 Trimethylation HEK293T EZH2 co-Immunoprecipitates with Vavl  (Gunawan et al.

and Talin. Antibody to trimethylated
lysine stains immunoprecipitated Talin.
In vitro methylation assay, confirmed
by MS

2015; Venkatesan,
Wong, Tan, Chung,
Yau, Cukuroglu,
Allahverdi,

Nordenskiold, et al.

2018)

Table 1.1. Reported non-histone substrates of polycomb repressive complex 2

Table summarises reported non-histone targets of PRC2 showing methylated residues, degree of methylation reported, origin of

samples and techniques used to identify methylation of substrate and supporting literature.
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Ezh2 has been shown to catalyse monomethylation of lysine residue 116 of the PRC2.2
component Jarid2 (Sanulli et al. 2015b). Methylation of lysine 116 mimics the methylated
H3K27 histone tail, with binding by the Eed aromatic cage resulting in allosteric activation of
PRC2 (Kasinath et al. 2018).

Intriguingly, PRC2 has been reported to methylate a number of important cell signalling
proteins and transcription factors. This suggests a possible, but unappreciated regulatory role
of PRC2 in control of cell signalling and transcription. Importantly, Ezh2-mediated
methylation of transcription factors has been shown to either enhance or diminish
transcriptional activity (Chan and Morey 2019). Stat3 has been reported to be trimethylated
at lysine 180 (Kim, Kim, et al. 2013), and dimethylated at lysine 49 (Dasgupta et al. 2015), by
Ezh2. Both these PTMs have been reported to potentiate Stat3 activity, and increase
expression of Stat3 target genes. In contrast reduced expression of retinoic acid related
orphan receptor alpha (RORa) target genes is observed after Ezh2 methylation of RORa at
lysine 38. This methylation results in RORa being recognised by a DCAF-1-containing E3-
ubiquitin ligase complex resulting in degradation of RORa and loss of expression of RORa
target genes (Lee et al. 2012). Additional PRC2 substrates include Gata4 lysine 229 (He et al.
2012), Elongin-A lysine 754 (Ardehali et al. 2017), Talin lysine 2454 (Gunawan et al. 2015;
Venkatesan, Wong, Tan, Chung, Yau, Cukuroglu, Allahverdi, Nordenskiold, et al. 2018),
promyelocytic leukaemia zing finger protein (Plzf) lysine 430 (Vasanthakumar et al. 2017),
androgen receptor (AR) lysine 600/632 (Xu et al. 2012) and B-catenin lysine 49 (Hoffmeyer et
al. 2017; Zhu et al. 2016). Methylation of B-catenin at lysine 49 is of particular interest to our
group, as we have previously reported repressed canonical Wnt signalling in mESCs lacking
the PRC2.2 component Jarid2. B-catenin is the transcriptional effector of the canonical Wnt

signalling pathway, discussed later in detail (MacDonald, Tamai, and He 2009). Several
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previous studies have implicated Ezh2 in the positive regulation of canonical Wnt signalling,
and although the mechanism of regulation was undetermined, direct interaction between
Ezh2 and B-catenin was reported in several studies (Li et al. 2009; Shi et al. 2007; Jung et al.
2013; Zhang and He 2013). Notably, two recent studies have highlighted the possibility of
direct methylation of B-catenin at the lysine 49 by Ezh2 may regulate B-catenin stability and
function (Hoffmeyer et al. 2017; Zhu et al. 2016). Zhu et al report that the long non-coding
RNA Inc-f-Catm co-immunoprecipitates with both B-catenin and Ezh2 in liver cancer stem
cells, and Ezh2 methylates B-catenin at lysine 49. This methylation event promotes B-catenin
stability and potentiates canonical Wnt signalling, and expression of Inc--Catm is associated
with cancer progression and poor prognosis. Hoffmeyer et al demonstrated that 3-catenin is
methylated again at lysine 49 in mESCs. It was also reported that methylated B-catenin co-
Immunoprecipitates with all PRC2 core components and Jarid2 and is enriched at repressed
developmental genes (Hoffmeyer at al. 2017). A further study suggested a role for the lysine
demethylases Kdm2a/b in regulation of B-catenin stability, highlighting the possibility that
methylation of B-catenin may impair ubiquitination, resulting in increased stability and

potentiating canonical Wnt signalling (Lu et al. 2015).

Ezh2 has been reported to act as a direct activator of transcription when phosphorylated at
tyrosine residue 244 by Jak3, suggesting that PRC2 components may have an additional non-
classical role in activating gene expression in addition to the well characterised role in
maintenance of transcriptional repression (Yan et al. 2016; Burmeister 2016). The recent
description of additional polycomb substrates and non-classical polycomb activity suggests

that PcG might have a broader role than previously appreciated (Chan and Morey 2019),
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notably in the co-ordination of cell signalling cascades and potentiation of gene expression

(Kim et al. 2018; Aubert, Egolf, and Capell 2019) (Figure 1.2).
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Figure 1.2. Polycomb repressive complex 2; classical and non-classical roles

Schematic representation of reported classical and non-classical roles of PRC2. The canonical role for PRC2 is well established, and
involves recruitment to polycomb sites, typically GC rich domains including CpG islands, and maintenance of transcriptional
repression through trimethylation of Histone3 lysine 27.

Polycomb proteins are involved in regulation of genomic architecture, mediating looping cis-interactions of regulatory elements,
and also accumulating in PcG foci within the nucleus to regulate long-range interactions between repressed polycomb domains.
Non-classical roles of PRC2 have recently been delineated. PRC2 has been reported to methylate non-histone substrates to
modulate their function and/or stability. Three examples of such non-histone methylation events include Stat3, Talin and -catenin
are shown. Ezh2 has also been reported to act as a direct transcriptional activator, either in complex with other proteins (e.g., PAZ

and B-catenin), or individually as shown in the schematic when phosphorylated at serine residue Y244 by Jak.
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1.2 Role of PRC2 in pluripotency and differentiation

The Polycomb group are essential to mammalian embryonic development. Loss of any PRC2
core component (Faust et al. 1995; O'Carroll et al. 2001; Pasini et al. 2004) or Ring1B of PRC1
is embryonically lethal in mice (de Napoles et al. 2004; Voncken et al. 2003). Additionally, loss
of the ncPRC1 component Kdm2b (Fukuda et al. 2011), the PRC2.1 component Mtf2
(Rothberg et al. 2018) and the PRC2.2 components Jarid2 or Aepb2 (Takeuchi et al. 1995;
Grijzenhout et al. 2016) also result in embryonic lethality.

Embryonic stem cells represent an important model for early development, derived from
cells of the inner cell mass of mouse blastocysts. They are characterised by indefinite self-
renewal in vitro, and pluripotency; the ability to generate cells of all three germ layers, both
in vitro and in vivo (Davidson, Mason, and Pera 2015). Pluripotency is governed by the
network of a triad of core transcription factors, Oct4, Sox2 and Nanog (Niwa 2007), with low
levels of Nanog associated with differentiation, i.e. exit from pluripotency (Chambers et al.
2007). Embryonic stem cells can be further divided into naive and primed pluripotency, with
altered functional and molecular characteristics and growth requirements (Nichols and Smith
2009). Naive stem cells were first derived from the inner cell mass of the pre-implantation
blastocyst of mouse strain 129 (Martin 1981; Evans and Kaufman 1981), and retain
characteristics of the pre-implantation inner cell mass cells. Specifically, they require the
presence of leukaemia inhibitory factor in growth media (LIF, a JAK/Stat3 pathway activator),
retain hypomethylated DNA, do not exhibit X-inactivation, express naive markers Rex1,
NrOb1 and Fgf4, express surface E-cadherin, and will contribute to ICM formation upon
injection into blastocysts (Weinberger et al. 2016; Nichols and Smith 2009). In contrast
primed pluripotent stem cells represent an alternative pluripotency state, with characteristics

of the post-implantation EpiSC cells. Primed pluripotent stem cells are dependent on Fgf/Erk
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and TGF-f or activin A signalling, but not LIF/Stat3, demonstrate DNA hypermethylation and
X-inactivation, do not express naive markers but instead express primed markers Otx2 and
Zicl, express surface N-cadherin, and do not contribute to ICM formation on blastocyst
injection (Weinberger et al. 2016; Nichols and Smith 2009). The epigenetic landscape of
embryonic stem cells is vital to pluripotency and differentiation (Tee and Reinberg 2014).
Mouse embryonic stem cells lacking any individual core PRC2 component can be generated
and PRC2 is not essential for stem cell self-renewal, however these cells exhibit defective
differentiation (Azuara et al. 2006; Aloia, Di Stefano, and Di Croce 2013; Pasini et al. 2007;
Lee et al. 2006; Chamberlain, Yee, and Magnuson 2008).

Many key developmental regulators are targets of PRC2 in embryonic stem cells, with Ezh2
occupying 95% of developmentally regulated genes (Yu, Lee, et al. 2019). Repressive
H3K27me3 modification are often found in combined with the activating histone
modification, trimethylation of Histone 3 lysine 4 (H3K4me3), a histone modification
catalysed by the COMPASS family member MII2 (Hu et al. 2013; Denissov et al. 2014). This
characteristic histone signature is termed bivalency (Bernstein et al. 2006; Azuara et al.
2006). Embryonic stem cells are enriched for bivalent domains (Mas et al. 2018). Bivalent
domains are associated with the initiating (RNA Pol Il Ser5P), but not elongating form of RNA
polymerase Il (RNA Pol Il Ser2P) (Stock et al. 2007). Initial evidence of bivalent domains relied
on bulk population data and as such the presence of opposing histone marks may represent
cellular heterogeneity, however recent sequential ChIP experiments have recently
catalogued 3868 bivalent domains in mESCs (Mas et al. 2018). Furthermore, visualisation of
bivalent domains in single live cells using genetically encoded chromatin sensing multivalent
probes, specific to H3K4me3 and H3K27me3 marked histones has recently been reported

(Delachat et al. 2018). It was shown that ~35% of all mouse genes in mESCs demonstrate
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bivalent chromatin, which were found to cluster together within the mouse nucleus.
Furthermore, bivalent domains were minimally detected in differentiated cells, and
treatment of mESCs with the polycomb inhibitor UNC1999 largely ablated bivalency
(Delachat et al. 2018).

Bivalent domains are often located at promotors poised for activation upon differentiation
cues, with CG rich regions commonly associated (Blanco et al. 2020). Additionally, bivalent
histone marks have also recently been reported at enhancer regions in mESCs, termed poised
enhancers (Caglio, Torlai Triglia, and Pombo 2017). It has been proposed that genes with
bivalent promotors are poised either for activation or repression upon differentiation cues
(Voigt et al. 2012). This is reflected by the high frequency of bivalent domains in stem cells
compared to their scarcity in differentiated cells (Voigt, Tee, and Reinberg 2013; Delachat et
al. 2018). Bivalency can be stably resolved into silenced domains with propagation of
repressive histone modifications and CpG island DNA methylation, or remain active with
removal of repressive histone marks, during lineage commitment (Voigt, Tee, and Reinberg
2013; Piunti and Shilatifard 2016). Bivalent domains have recently been reported in vivo in
pre- and post-implantation stage mouse blastocysts (Liu et al. 2016; Zheng et al. 2016).
Intriguingly, bivalency is not exclusive to early development and embryonic stem cells, with
several reports of adult stem cells and to a lesser extent adult tissues retaining bivalency
(Weiner et al. 2016; Mazzarella et al. 2011). Persistent bivalency has been observed in
haematopoietic lineage committed cells, suggesting that lineage committed cells retain some
epigenetic plasticity (Mazzarella et al. 2011; Cui et al. 2009), and sequential ChIP experiments
have shown bivalency in adult human CD4* T Cells (Kinkley et al. 2016). These recent findings

have led to the suggestion that bivalency is a mechanism that distinguishes between cell
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types rather than a gene expression programme established exclusively in early development
and stem cells (Blanco et al. 2020).

Recent studies have implicated genomic architecture as having a role in the regulation of
bivalent domains (Pachano, Crispatzu, and Rada-Iglesias 2019). Genomic contacts have been
shown to occur preferentially between regions of chromatin with similar features (Denholtz
et al. 2013). Bivalent domains are located in regions of open chromatin, and have been
demonstrated to participate in both intra- and inter-chromosomal interactions, and have
been shown to dynamically change between naive and primed pluripotency (Joshi et al.
2015). Embryonic stem cells lacking either core polycomb components or MlI2 have altered
interactions between bivalent regions, but maintained genome organisation at TAD and
chromosomal levels (Blanco et al. 2020). It has been proposed that bivalency has a role in the
regulation of long-range genomic interactions, and modulation of developmental gene
expression, in addition to the recognised role in poising genes for either expression or
repression (Mas et al. 2018).

A recent intriguing study has implicated a non-classical role for PRC2 in differentiation.
Hoffmeyer et al reported non-histone methylation of the lysine 49 (K49) residue of B-catenin
by PRC2, and were able to generate a custom monoclonal antibody to this PTM. The authors
reported that methylated -catenin co-immunoprecipitates with all core PRC2 components
and Jarid2 in mESCs. Lysine 49 is also a target of CREB-binding protein (CBP), which mediates
acetylation of K49 (Wolf et al. 2002). Methylated B-catenin has a distinct set of genomic
targets, mutually exclusive to those acetylated B-catenin, with methylated B-catenin enriched
at repressed genes, and acetylated B-catenin enriched at activated genes during mesodermal
differentiation. The authors suggest that post translational modification of K49 of B-catenin

represents a switch to regulate either gene repression or activation during differentiation
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(Hoffmeyer et al. 2017). This study highlights a non-classical role for PRC2 in mESCs and
differentiation, suggesting a broader role of polycomb group in development than previously

thought.

1.3 The role of PRC2 in cancer

Malignancies are characterised by extensive global epigenetic aberrations including changes
to DNA methylation patterns (Ehrlich 2002), altered histone modifications (Plass et al. 2013)
and disrupted genome architecture (Corces and Corces 2016). The application of massive
parallel sequencing technologies to cancer cells has revealed that epigenetic modifiers are
among the most frequently mutated classes of genes observed in cancer, with a reported
50% of cancer harbouring mutations to chromatin modifiers, and epigenetic modifiers
representing a significant proportion of driver mutations (Flavahan, Gaskell, and Bernstein
2017; Vogelstein et al. 2013). Solid tumours exhibit marked tumour heterogeneity, with a
small sub-population of cancer stem cells (CSCs) which demonstrate stem-like qualities and
have been implicated in chemo-resistance, recurrence and metastasis (Visvader and
Lindeman 2012). It has been reported that polycomb group are essential to maintain stem-
like characteristics in adult stem cells, and EZH2 is reported to be highly expressed in CSCs
derived from multiple tumour types including colorectal, breast, pancreatic, ovarian and liver
cancers (Comet et al. 2016). EZH2 overexpression has also been reported to increase the
proliferation rate of tumour cells, and promote tumour growth and metastasis in malignant
tumour models (Gan et al. 2018). Indeed, numerous studies have shown overexpression of
PRC2 components in multiple human cancers, including breast, prostate, endometrial,

hepatocellular, ovarian and melanoma (Varambally et al. 2002; Bachmann et al. 2006; Jia et
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al. 2014; Sudo et al. 2005; Zingg et al. 2015; Lu et al. 2010; Chen, Yang, et al. 2018).
However, PRC2 expression is coupled to the cell cycle, and cancer cells typically have an
increased proliferative potential, so it remains unclear whether overexpression of polycomb
components is a cause, or consequence of malignancy (Comet et al. 2016; Laugesen,
Hgjfeldt, and Helin 2016; Wassef and Margueron 2017). Increased copy number of Ezh2 has
been reported in several cancers, including breast, prostate, non-small cell lung cancer and
melanoma ('AACR Project GENIE: Powering Precision Medicine through an International
Consortium' 2017; Saramaki et al. 2006). Additionally, Ezh2 and Eed have been shown to give
a proliferation advantage when overexpressed in vitro (Bracken et al. 2003) and in vivo
(Béguelin et al. 2013). Taken together these findings suggest that EZH2 overexpression may
be indeed be advantageous to malignant cells. Massively parallel sequencing studies have
revealed multiple mutations affecting Ezh2 and other PRC2 core and ancillary components,
notably Jarid2 and Aebp2 (Comet et al. 2016; Olsson et al. 2016; Puda et al. 2012). However,
the role of PRC2, has proven to be complex as both hyperactivating, and loss of function
mutations as well as PRC2 substrate mutations have been identified. This highlights a
multifaceted, context-dependent role for PRC2 in malignancy, and PRC2 cannot readily be
classified as either an oncogene or tumour suppressor gene (Pasini and Di Croce 2016). Both
loss of (Bohm et al. 2019), and hyperactivating EZH2 mutations have been reported to
correlate to adverse prognosis in several cancer types. The mechanisms by which PRC2 is

understood to contribute to malignancy are outlined in figure 1.3.
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Figure 1.3. Polycomb repressor complex 2 and caner

Schematic representation of reported PRC2 activity in cancer. Aberrations in canonical PRC2 activity have been reported in multiple
malignancies, with both loss of function and hyperactivating events reported. Inactivating mutations and deletions have been
reported in multiple malignancies. Recurrent hyperactivating mutations have been reported, notably in haematological
malignancies, and melanoma. EZH2 overexpression is also reported in many solid malignancies, however there remains debate over
whether EZH2 overexpression is a cause or effect of malignancy (dashed circle to reflect this).

EZH2 has been reported to act as a direct transcriptional activator when phosphorylated by JAK3 in acute lymphomas.

Multiple reports have also implicated non-histone PRC2 mediated methylation in various malignancies, notably the methylation of
B-catenin in hepatocellular carcinoma shown above, which is associated with potentiated Wnt signalling and adverse prognosis.

Abbreviation used; diffuse intrinsic pontine glioma (DIPG), malignant peripheral nerve sheath tumour (MPNST), natural killer cell/ T-

cell acute lymphoblastic leukaemia (NK/T-ALL)
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1.3.1 Hyperactivating Ezh2 mutations

Recurrent missense mutations in the catalytic SET domain of EZH2 have been reported in
haematological malignancies. Specifically, missense mutations affecting tyrosine residue 646
(Y646F/N/S/H/C) of EZH2 have been reported in up to 25% of cases of diffuse large B-cell
lymphoma (DLBCL) and 25% of follicular lymphomas (FL) (Morin et al. 2011; Okosun et al.
2014; Bodor et al. 2011). This substitution results in greatly increased efficiency of conversion
of H3K27me?2 to the trimethylated form, and occurs exclusively as a heterozygous mutation
with a wild-type copy of EZH2. The wild type EZH2 catalyses mono and di-methylation of
histone 3, with the mutant Ezh2 catalysing extensive conversion to the trimethylated form,
resulting in greatly increased deposition of H3K27me3 (Sneeringer et al. 2010; Yap et al.
2011; McCabe, Graves, et al. 2012). Hyperactivating mutations affecting tyrosine 646
(Y646N/F/S) have also been identified in melanoma, but no other solid tumour (Zingg et al.
2015). Additional hyperactivating missense mutations affecting residues alanine 686 (A682G)
(McCabe, Graves, et al. 2012) alanine 692 (A692V) have also been reported, although less
frequently in DLBCL and FL, with the A692V mutation also seen in non-Hodgkin’s lymphoma
and acute B-cell lymphoblastic leukaemia (Majer et al. 2012; Ott et al. 2014). The mechanism
by which enhanced Ezh2 catalytic activity, and deposition of H3K27me3 contributes to
malignancy is unclear. Indeed, knockin of the Ezh2-Y646N allele into mice does not give rise
to lymphoma, however in conjunction with sustained Bcl activation results in the
development of germinal centre lymphomas (Béguelin et al. 2013). Additionally, expression
of this allele in Ep-Myc mice results in an observed increased lymphoma rate (Berg et al.
2014). This is in keeping with the multi-hit cancer model, where several driver mutations
collaborate in the development of cancer (Tomasetti et al. 2015). It has been postulated that

the hypermethylated state maintains cells in a more stem-like state, resulting in a more
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anaplastic state favouring proliferation, with PRC2 functioning physiologically to balance
differentiation and self-renewal in the stem cell compartment (Laugesen, Hgjfeldt, and Helin

2016).

1.3.2. Loss of function PRC2 mutations

The findings of Ezh2 overexpression, Ezh2 amplification and hyperactivating missense
mutations are associated with haematological malignancies and melanomas would be
consistent with PRC2 acting as an oncogene. However, multiple examples of loss of functions
mutations, including deletions, frame shift mutations and inactivating missense mutations
affecting core PRC2 components and PRC2.2 interacting protein Jarid2 have been
documented, implicating PRC2 as having a tumour suppressive role. Specifically, inactivating
Ezh2 mutations have been reported in myeloid malignancies including chronic
myelomonocytic leukaemia (CML) and acute myeloid leukaemia (AML) (Lindsley et al. 2015;
Score et al. 2012; Jankowska et al. 2011). Additionally, inactivating Eed mutations have been
reported in haematological malignancies including T-cell acute lymphoblastic leukaemia and
myeloproliferative neoplasia (Zhang et al. 2012; Score et al. 2012), as well as solid tumours
including melanoma, glioblastoma multiforme and malignant peripheral nerve sheath
tumours (MPNST) (De Raedt et al. 2014; Lee et al. 2014). Similarly, Suz12 inactivating
mutations have been reported in haematological malignancies including acute T-cell
lymphoblastic leukaemia (ATLL) and myeloproliferative neoplasia (Ntziachristos et al. 2012;
Score et al. 2012; Zhang et al. 2012), as well as solid tumours including melanoma,
glioblastoma multiforme and MPNST (De Raedt et al. 2014; Lee et al. 2014; Zhang, Wang, et

al. 2014). Jarid2 mutations are also reported in myeloproliferative neoplasia and ATLL (Celik
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et al. 2018; Puda et al. 2012). Intriguingly, there are reports of both monoallelic, and biallelic
PRC2 component mutations, which entirely abrogate PRC2 function. In the case of MPNST
79% of cancers with NF1 microdeletions are homozygous for loss of either Suz12 or Eed, and
in the Nf1*; Trp53*- MPNST mouse model, loss of Suz12 results in accelerated tumour
development (De Raedt et al. 2014). Additionally, heterozygous deletion of Suz12 in Ep-Myc
mice results in an observed increased lymphoma rate (Lee et al. 2014). The mechanism by
which compromise of PRC2 activity contributes to malignancy remains unclear, however a
model whereby PRC2 acts as a tumour suppressor gene by negatively regulating expression
of proliferative pathways such as the NOTCH1 pathway has been proposed (Dorfman and
Tian 2016), although efforts to identify common gene expression profiles in PRC2 inactivated

tumours have not yielded consistent results (Laugesen, Hgjfeldt, and Helin 2016).

1.3.3 PRC2 substrate mutation

Missense mutations affecting the Histones H3.3 and H3.1 resulting in a lysine to methionine
substitution at the PRC2 target residue (K27M) have been reported in the 30% of paediatric
glioblastomas and 60% of diffuse intrinsic pontine gliomas (DIPG), and have been termed
oncohistones (Wan, Liu, and Chan 2018; Schwartzentruber et al. 2012; Wu et al. 2012).
H3K27M is present in only 3-17% of nucleosomes in affected cells (Lewis et al. 2013).
However, presence of the H3K27M mutation exerts a dominant-negative effect on PRC2,
with globally reduced H3K27me3 deposition, and these mutations have been suggested to
primarily contribute to cancer development through repression of PRC2 activity (Laugesen,
Hgjfeldt, and Helin 2016). Reduced DNA methylation and perturbation of the chromatin

landscape has been reported in cells harbouring the H3K27M substitution and is postulated
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to result in aberrant transcriptional activation which may contribute to tumourigenesis.
Additionally, these mutations have been reported to arrest cells in a primitive state,
refractory to differentiation cues (Weinberg, Allis, and Lu 2017). Additional oncohistone
mutations have also been reported affecting Histone 3.1 (K36M) and Histone 3.3 (K36M) in
primary bone malignancies (Behjati et al. 2013; Sarungbam et al. 2016), and Histone 1 in

haematological malignancies (Okosun et al. 2014).

1.3.4. Non-classical PRC2 activity and cancer

In addition to the contribution of PRC2 to malignancy through alterations in histone
methylation described above, novel roles for PRC2 components in cancer have been
described. Recent studies have implicated methylation of non-histone targets, and a direct
transcriptional activator activity of Ezh2 as contributing to cancer development (Dorfman and
Tian 2016). Several recent studies have highlighted the role of PRC2 mediated methylation of
non-histone substrates in contributing to the development of cancer. Co-
immunoprecipitation studies have shown that Ezh2 interacts with STAT3 in glioblastoma
cells, resulting in methylation at lysine residue 180 of STAT3 (STAT3-K180me). Methylation of
STAT3 is reported to result in increased STAT3 target gene expression and contribute to
glioblastoma malignancy (Kim, Kim, et al. 2013). A further non-histone PRC2 methylation
target, Talin has also been implicated in the development of neoplastic transformation and
metastasis through elevated focal adhesion remodelling (Venkatesan, Wong, Tan, Chung,
Yau, Cukuroglu, Allahverdi, Nordenskiold, et al. 2018; Gunawan et al. 2015)

Importantly, B-catenin has also been identified as a non-histone target of Ezh2 methylation
mediated by the long non-coding RNA Inc-B-Catm in hepatocellular malignancy. Ezh2 and B-

catenin both co-immunoprecipitate with Inc-B-Catm, and B-catenin methylation has been

45



shown in liver cancer stem cells and primary hepatocellular cancer tissues. Methylation at
lysine 49 was shown by in vitro methylation, and methylation efficiency of B-catenin is
enhanced by the presence of Inc-B-Catm. The methylated form of B-catenin shows increased
stability, as a result of reduced ubiquitination, and results in potentiated canonical Wnt
signalling. Both expression of Inc-B-Catm and elevated canonical Wnt signalling are
associated with disease progression, and correlate to adverse prognosis in hepatocellular
cancer (Zhu et al. 2016; Mai et al. 2019). In a separate study elevated levels of Ezh2 protein
in hepatocellular carcinoma are associated with elevated active-B-catenin and are correlated
with disease progression and adverse prognosis (Song et al. 2018). A number of additional
lines of evidence implicate a non-classical role for PRC2 in the regulation of canonical Wnt
signalling. Interrogation of the cancer genome atlas reveals Ezh2 expression levels positively
correlate with the expression of Wnt target genes in colorectal cancer samples (Weinstein et
al. 2013). Also, overexpression of Ezh2 correlates with elevated expression of canonical Wnt
signalling targets in tumour derived cell lines, and conversely Ezh2 knockdown inactivates the
Whnt signalling pathway in these cell lines (Wen et al. 2017). Ezh2 has been shown to interact
directly with oestrogen receptor a and B-catenin to activate expression of validated Wnt
target genes c-Myc and Cyclin D1 (Shi et al. 2007; Ramakrishnan and Cadigan 2017). A
complex of proliferating cell nuclear antigen associated factor (PAF), Ezh2 and B-catenin, has
been shown to potentiate canonical Wnt signalling and drive tumourigenesis in colorectal
cancer cells, in a methyltransferase independent fashion (Jung et al. 2013; Zhang and He
2013). Further evidence for a non-classical role for PRC2 in co-ordination of canonical Wnt
signalling has been shown by treatment of human gastric cancer cells in vitro with the Ezh2
inhibitor DZNep. Drug treatment results in reduced total B-catenin, and supressed canonical

Whnt signalling in gastric cancer cell lines (Huang, Jin, et al. 2019). Taken together, this
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evidence demonstrates an overlap between a non-classical role of PRC2 and canonical Wnt
signalling, a pathway critical to development and recognised to play a role in multiple
malignancies, notably colorectal cancer. Given our groups previous publication implicating
the PRC2.2 component Jarid2 in the co-ordination of canonical Wnt signalling, the interface
between PRC2 and canonical Wnt signalling represents a significant area of interest to this
study. As such the role of B-catenin and canonical Wnt signalling in mESCs and cancer is
discussed in greater detail in section 1.4.

Further to the role for methylation of non-histone substrates, a potential role for Ezh2 as a
direct activator of transcription has also been reported to contribute to malignancy (Dorfman
and Tian 2016; Chan and Morey 2019). Further to the methyltransferase independent
transcriptional activator role as part of the PAF-EZH2-B-catenin complex outlined above,
EZH2 has been shown to form ternary complex with RelA and RelB to promote expression of
NF-kB targets, independent of methyltransferase activity in triple negative breast cancer (Lee
et al. 2011). An additional study has implicated the long non-coding RNA TELNEC2 as
scaffolding an interaction between EZH2 and P57XP? resulting in potentiation expression of p-
P38 and NF-kB target genes breast cancer cells (Qiao et al. 2019). Expression of EZH2 with
ablated methyltransferase activity confers a growth advantage, implicating a methyl-
transferase independent role for EZH2 (Yan et al. 2013). A further study by the same authors
has shown that Jak3 mediated phosphorylation of Ezh2 at tyrosine residue 244 results in
dissociation from PRC2, with EZH2 acting independently as a transcriptional activator. This
results in upregulation of multiple gene targets including genes associated with cell cycle
progression, DNA replication, ‘stemness’ and invasive behaviours in NK/T-cell ymphomas
(Yan et al. 2016; Burmeister 2016). Treatment of these cells with Jak3 kinase inhibitors, but

not EZH2 methyltransferase inhibitors results in loss of expression of these target genes,

47



suggesting the role of transcriptional activator is independent of methyltransferase activity.
In prostate cancers phosphorylation of EZH2 at the serine 21 (Ser21) residue by AKT kinase
results in recruitment to active chromatin, devoid of both Eed and Suz12, but enriched for
active histones marks and RNA polymerase Il (Xu et al. 2012). Also, a very recent study has
identified a partially disordered transactivation domain of EZH2 that resembles the protypical
acidic transactivation domain of p53 and VP16. This domain is sufficient to activate
transcription using a GAL4 reporter gene assay, interacts with components of active
transcription machinery, and recruits and activates gene expression in a p300 dependent

manner (Jiao et al. 2020).

1.3.5. Exploiting PRC2 in the treatment of cancer

Research efforts showing upregulation, amplification, and hyperactivating mutations, along
with studies reporting that cancer cells frequently rely on PRC2 activity for proliferation
(Albert and Helin 2010) has driven the development of specific PRC2 inhibitors with the
objective of treating various cancers (Kim and Roberts 2016). In January 2020 a first in class
approval for the use of EZH2 inhibitors in the treatment of cancer was granted by the United
States Food and Drug Administration (FDA). Specifically, tazemetostat was licenced for
treatment of adults with locally advanced or metastatic epithelioid sarcoma harbouring an
hyperactivating EZH2 mutation, not amenable to total resection (Hoy 2020). This decision
followed the results of the EZH-202 study, which demonstrated complete response in 1.6%,
and partial sustained response in 13% patients (Italiano 2020) according to RECISTv1.1
criteria (Schwartz et al. 2016). Subsequently in June 2020, the FDA granted accelerated

approval for tazemetostat in the treatment of relapsed or refractory follicular lymphoma in
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patients with or without hyperactivating EZH2 mutation. This followed the publication of the
follicular lymphoma cohort of the E7438-G000-101 study, which demonstrated overall
response in refractory or relapsed lymphoma of 69%, with complete response of 12% and
partial response of 57%, and a mean duration of response of 11 months in patients with EZH2
mutation, and an overall response rate of 34% with complete response in 4% and partial
response in 30% and mean duration of response of 13 months in patients without EZH2
mutation (ltaliano et al. 2018). Additionally promising interim results have been reported for
the treatment of DLBCL (Morschhauser et al. 2017). In the United Kingdom the national
institute of care excellence (NICE) is currently undertaking a technology assessment for this
medication, however at the time of writing this medication is not funded by the national
health service (NHS). Additional phase | and Il trials into the use of tazemetostat in paediatric
haematological malignancies, adult DLBCL and solid tumours are ongoing (Gulati, Béguelin,
and Giulino-Roth 2018). Also, phase | studies are ongoing for the small molecule EZH2
inhibitors CPI-1205 in the treatment of non-Hodgkin’s lymphoma (Vaswani et al. 2016) and
GSK126 in the treatment of non-Hodgkin’s lymphoma, multiple myeloma and DLBCL
(McCabe, Ott, et al. 2012; Huang, Wang, et al. 2019). Furthermore, multiple additional small
molecule EZH2 inhibitors (Stazi et al. 2017) , simultaneous inhibitors of both EZH1 and EZH2
(Yamagishi et al. 2016; Xu, On, et al. 2015) and inhibitors of PRC2 stability (Kim, Bird, et al.
2013; Qi et al. 2017) are in preclinical development. Therapeutic targeting of PRC2 in cancer
yielded a new class of drug therapy, with the potential to improve the outcomes in numerous
cancers, particularly haematological malignancies. Current treatments and promising agents
under investigation are EZH2 inhibitors and are most effective in cancer with hyperactivating
EZH2 mutations, although activity is also seen in cancers with wild type EZH2. However, as

PRC2 has a tumour suppressor function in some malignancies the use of EZH2 inhibition must
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be carefully interrogated for appropriate cancer types and populations. The possibility of
PRC2 related treatment strategies in patients with inactivating PRC2 mutations, or the

targeting of non-classical roles of PRC2 remains as yet unexploited.

1.4 Canonical Wnt signalling and PRC2

As discussed above, a number of lines of evidence suggest a correlation between PRC2, and
[-catenin activity. Specifically, our group has shown that the PRC2.2 component Jarid2 co-
ordinates canonical Wnt signalling and core pluripotency circuits and mESCs lacking Jarid2
demonstrate supressed canonical Wnt signalling (Landeira et al. 2015). Additionally, two
recent reports have highlighted direct non-histone methylation of B-catenin by Ezh2, in both
embryonic stem cells and cancer stem cells, with this methylation event acting as a switch for
gene activation or repression, or a mechanism for increasing 3-catenin stability respectively
(Hoffmeyer et al. 2017; Zhu et al. 2016).Furthermore, Ezh2 activity correlates to expression
of Wnt targets in various malignancies (Wen et al. 2017), and treatment of cells with targeted
Ezh2 inhibition results in supressed canonical Wnt signalling (Huang, Jin, et al. 2019). The
interplay between PRC2, Jarid2 and [-catenin represents a major focus of investigation in this
study, and therefore a more detailed review of Wnt signalling and B-catenin is warranted.
The canonical Wnt signal pathway is a well characterised signal transduction cascade, critical
to development, and also closely associated with cancer (Clevers and Nusse 2012; Nusse and
Clevers 2017b; Zhan, Rindtorff, and Boutros 2017). The first report of a component of the
Wnt signalling pathway was Wingless, which was identified in a mutagenesis screen for
phenotypes affecting developmental pattering in Drosophila (Nusse and Varmus 1982).

Subsequently studies have identified many components of the Wnt family of signalling
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proteins, which are evolutionarily conserved in animals (Nusse and Varmus 2012; Verkaar,
Cadigan, and van Amerongen 2012). Wnt signalling can be activated through the B-catenin
dependent ‘canonical’ pathway, or the B-catenin independent planar cell polarity and
calcium dependent pathways (Komiya and Habas 2008).

Beta-catenin has dual function, and is a constituent of the adherens junctions at the cell
surface, a role discussed in greater detail later. Canonical Wnt signalling is initiated by binding
of a secreted Wnt ligand to the cell surface receptor Frizzled (Frz) and the co-receptor low-
density lipoprotein receptor-related proteins 5/6 (Lrp5/6). Receptor occupancy results in
recruitment of Dishevelled (Dvl1), which interacts directly with Axin of the B-catenin
destruction complex, inhibiting phosphorylation of B-catenin by casein kinase 1 (Ck1) and
glycogen synthase kinase 3B (Gsk3pB). This results in stabilisation of active B-catenin, which
then translocates to the nucleus and binds transcription factors T-cell specific transcription
factor (Tcf), and lymphoid enhancer biding factor (Lef), to drive Wnt responsive gene
expression patterns (Nusse and Clevers 2017a) (Figure 1.4). Non-canonical Wnt signalling is
defined by B-catenin independent signal transduction, either via Wnt/PCP signalling through
Whnt activation of ROR-frizzled receptor complex and signal transduction via Dvl or Vang|
mediated activation of Rho kinase and Janus Kinase; or through the calcium dependent
pathway in which G-protein coupled phospholipase C activity drive intracellular calcium
fluxes which result in transcriptional and cytoskeletal responses (Zhan, Rindtorff, and Boutros

2017).
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Figure 1.4. Canonical Wnt/B-catenin signalling pathway in vertebrates

Schematic representation of canonical Wnt signalling pathway. In the absence of Wnt ligand, the B-catenin destruction complex
comprised of the scaffolding protein Axin1, APC, GSK3f an CK-1a phosphorylate 3-catenin, which permits subsequent
ubiquitination by B-TrCP and proteasomal degradation. In the absence of nuclear B-catenin a repressive complex of Tcf/Lef and
TLE/Groucho recruits HDACs to repress target genes. In the presence of Wnt ligand (such as Wnt3a or Wnt1) at the Frizzled/LRP co-
receptor results in LRP phosphorylation by GSK3[3 and CK-1a., and Dvl recruitment to the cell surface membrane. Active Dvl disables
the B-catenin destruction complex, allowing accumulation of cytoplasmic -catenin. Nuclear translocation of -catenin allows
formation of the Tcf/Lef-B-catenin transcriptional activator, also allowing recruitment of active histone modifiers such as CBP/p300,
BRG1 and BCL9. Transcription of downstream Wnt targets governs multiple cell processes. DKK-1 is a secreted Wnt antagonist,
which sequesters the LRP6 co-receptor, preventing Wnt ligand signal transduction.

Abbreviation used; adenomatous polyposis coli (APC), B-cell CLL/Lymphoma protein 9 (BCL9), Brahma related gene 1 (BRG1), casein
kinase 2-alpha (CK2a), CREB-binding protein (CBP), dickkopf 1 (DKK-1) dishevelled (Dvl) glycogen synthase kinase 3-beta (GSK3p),

Histone deacetylase (HDAC), low density lipoprotein related protein (Lrp), lymphoid enhancer factor (LEF), T-cell factor (Tcf)
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1.4.1. Wnt signalling in stem cells and development

The role of canonical Wnt signalling in mESC pluripotency and differentiation remains
contentious (Sokol 2011; Serio 2014; de Jaime-Soguero, Abreu de Oliveira, and Lluis 2018).
Wnt signalling has been implicated in the seemingly opposing processes of stem cell self-
renewal and differentiation (Sineva and Pospelov 2014). Initially, activation of Wnt signalling
through suppression of Gsk3B was reported to maintain mESC pluripotency in the absence of
leukaemia inhibitory factor (LIF) (Sato et al. 2004), and Wnt signalling was proposed as being
necessary for stem cell self-renewal. Multiple subsequent studies have implicated canonical
Whnt signalling in ESC self-renewal (Hao et al. 2006; Miyabayashi et al. 2007; Wagner et al.
2010; ten Berge et al. 2011). However, the prevailing view that canonical Wnt signalling is
essential to self-renewal has been challenged by the generation of mESCs lacking B-catenin
(Okumura et al. 2013; Lyashenko et al. 2011; Wray et al. 2011) . Furthermore, dominant
interfering TCF proteins which block expression of Wnt target genes do not inhibit the ability
of mESCs to self-renew (Kelly et al. 2011), and mESCs lacking porcupine, a protein essential to
secretion of all Wnt ligands, also display normal self-renewal properties (Biechele et al. 2013).
In keeping with this view, mESCs lacking Jarid2 have supressed canonical Wnt signalling, will
readily self-renew but fail to differentiate. Canonical Wnt signalling has also been implicated
in differentiation, both in mouse embryos in vivo, and in mESCs Wnt signalling has been
reported to be required for commitment to mesodermal differentiation (Lindsley et al. 2006;
Bakre et al. 2007; Atlasi et al. 2013). The contradictory role of B-catenin in both self-renewal
and differentiation has been suggested to be reconciled by the interrogation of the role of
canonical Wnt signalling in naive and primed state (Steinhart and Angers 2018). Studies in

naive embryonic stem cells show a role in self renewal and pluripotency (Xu et al. 2016; ten
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Berge et al. 2011), with canonical Wnt signalling preventing transition in primed ES cells
(Davidson et al. 2012; Kurek et al. 2015).

It is clear that canonical Wnt signalling is essential to early development and is instrumental
for development of dorsoventral and anteroposterior body axes patterning in multiple animal
species (Niehrs 2010). Spatiotemporal activation of Wnt signalling is critical to body
patterning, with anterior repression of Wnt signalling resulting in development of the head,
and active Wnt signalling posteriorly driving development of tail structures (Green et al.
2015). These studies have highlighted that effects of Wnt activity depend on the cellular
context during development, and complex downstream consequences result from this
interplay. Additionally, canonical Wnt signalling is also essential to normal tissue homeostasis
(Steinhart and Angers 2018). In adult tissues Wnt signalling is essential to maintenance of the
stem cell niche in multiple tissues, where Wnt signalling promotes self-renewal of tissue
specific progenitor stem cells, notably in gut epithelia (Clevers 2013), bone (Baron and
Kneissel 2013), and skin (Veltri, Lang, and Lien 2018). Importantly, as canonical Wnt signalling
is required for normal tissue homeostasis, aberrant canonical Wnt signalling is observed in
many malignancies, although the precise mechanism and frequency of dysregulation has

been found to be tissue specific (Jackstadt, Hodder, and Sansom 2020) .

1.4.2. Canonical Wnt signalling in cancer

Colorectal cancer is the most extensively investigated cancer with respect to dysregulation of
Whnt signalling, as dysregulation of canonical Wnt signalling was first identified in the
hereditary cancer syndrome familial adenomatous polyposis (FAP), with patients

heterozygous for an APC mutation (Kinzler et al. 1991; Nishisho et al. 1991). Subsequent
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studies have shown APC mutations to be widespread in sporadic colorectal cancer with up to
80% cancers harbouring biallelic APC loss (Sanchez-Vega et al. 2018; Wood et al. 2007).
Additionally, a small number of cancers harbour activating B-catenin mutations (Segditsas
and Tomlinson 2006), or mutations to the degradation complex scaffold protein Axin2 (Liu et
al. 2000), in colorectal cancers with normal APC alleles, further implicating Wnt signalling in
neoplastic transformation. Deleterious mutation of APC results in reduced degradation of -
catenin, increased B-catenin stability, and formation of constitutive complexes with TCF
resulting in constitutively activated Wnt signalling (Korinek et al. 1997; Rubinfeld et al. 1996).
The development of colorectal cancer from adenomatous polyps provides a conceptual
framework for the multistep model of malignancy, with multiple adenomas forming in
patient with FAP as a result of a second hit to the non-mutated APC allele. Subsequent
accumulation of additional mutations in adenomas affecting genes such as K-ras, p53 and
Smad4 result in neoplastic transformation of adenomas to adenocarcinomas, and the
development of invasive disease (Reya and Clevers 2005). In addition to colorectal cancer,
dysregulated Wnt signalling is also seen in hepatocellular (Longerich et al. 2019), gastric
(Radulescu et al. 2013), pancreatic (Sano et al. 2016), endometrial cancer (Liu et al. 2014),
acute and chronic leukaemias (Staal et al. 2016) and childhood neuroblastomas (Szemes et al.
2018; Becker and Wilting 2019). In view of the broad range of malignancies with dysregulated
Wnt signalling, targeting 3-catenin, or other components of the canonical Wnt signalling
pathway has been intensively investigated for the possible treatment of numerous cancers.
Initial safety concerns seem unfounded (Kahn 2014) and a large number of pre-clinical and
phase | trials are ongoing targeting Wnt signalling in malignancy, with two phase Il of
WNT947, targeting Porcupine in metastatic head and neck squamous cell carcinoma, and PRI-

724, a direct B-catenin antagonist in acute and chronic myeloid leukaemias (Jung and Park
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2020). At the time of writing, no drug targeting the Wnt signalling pathway has been licenced
for use worldwide, however encouraging animal model and safety profiles have been
reported (Harb, Lin, and Hao 2019).

In addition to the role as the end effector of canonical Wnt signalling, B-catenin also has a

fundamental role at the cell surface linking adherens junctions to the cytoskeleton.

1.4.3. The role of B-catenin at Adherens junctions

In addition to the critical role in canonical Wnt signalling transduction, B-catenin is also an
essential component of cell surface adherens junctions (Shapiro and Weis 2009). Cell-cell
junctions are critical to the morphogenesis and maintenance of tissues, cell polarity, and cell-
cell communication (Green et al. 2010). Vertebrates possess three classes of intercellular
junction systems; Gap junctions, forming intercellular channels allowing direct cell-cell
communication by passage of small molecules and metabolites; tight junctions which act as
the primary cellular determinant of the epithelial barrier; anchoring junctions, including
adherens junctions and adherens junctions which link the cell surface to the cytoskeleton and
mediate cell behaviours (Tian et al. 2011). Ultrastructural studies show that cells are linked by
multiple junctional complexes, with tight junctions located most apically, adherens junctions
immediately posteriorly to tight junctions, and desmosomes and gap junctions located more
basally (Campbell, Maiers, and DeMali 2017). Adherens junctions are composed of two
families of transmembrane adhesive receptors, Cadherins and Nectins (Harris and Tepass
2010). The extracellular domains of both Nectins and cadherins homodimerise with adjacent
cells, mediating cell-cell adhesion, with the intracellular domains of both cadherins and

recruiting additional proteins. Intracellularly Nectin interacts with the dual residency protein
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Afadin, whereas Cadherins interact with a-, B-, y-catenin and P120, which link cadherins to

the actin cytoskeleton (Campbell, Maiers, and DeMali 2017; Ozawa, Baribault, and Kemler

1989) (Figure 1.5).
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Figure 1.4. The adherens junction
Schematic representation of the adherens junction. Adherens junction are formed of both Nectin based adhesions and Cadherin

based adhesions. The extracellular domain of Cadherins homodimerize in a calcium dependent fashion. The internal domain of
Cadherin recruits -catenin which binds to o-catenin, which links the cell surface complex to the F-actin skeleton. Similarly, the
extracellular domain of Nectins homodimerize, with the intracellular tail interacting with Afadin, which links to the F-actin skeleton.
The Nectin and Cadherin components are liked intracellularly by the linking proteins Ponsin and Vinculin (Mandai et al. 1999). Both

Afadin and f-catenin can localise to the nucleus upon dissociation of the adherens complex.
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The classical Cadherins constitute a large family of cell surface proteins, with a single
transmembrane domain, which participate in calcium dependent cell-adhesion (Oda and
Takeichi 2011). E-cadherin is the core transmembrane protein of adherens junctions. Protein
interactions at the C-terminal intracellular domain of E-cadherin are regulated by
phosphorylation of both E-cadherin and B-catenin. Phosphorylation of E-cadherin at serine
residues (residues S684, S686 and S692) increases [3-catenin binding, whereas
phosphorylation of tyrosine residues of B-catenin disrupts E-cadherin (residues Y489 and

Y654) and a-cadherin (Y142) interactions (Hartsock and Nelson 2008).

E-cadherin is essential to the formation of polarised epithelia, and is the major cadherin
expressed in embryonic stem cell (Pieters and van Roy 2014). Furthermore, E-cadherin is
essential to preimplantation development, mediating compaction of the pre-implantation
blastocyst (Larue et al. 1994). Embryonic stem cell lacking E-cadherin have been generated,
and demonstrate LIF independent self-renewal, with B-catenin essential to reversal of this
phenotype (Soncin et al. 2009). Additionally, E-cadherin expression is frequently lost in
multiple cancer types by both mutation and promotor hypermethylation (Yu, Yang, et al.
2019), although E-cadherin expression has been reported to be maintained in metastatic

deposits (Petrova, Schecterson, and Gumbiner 2016; Canel et al. 2013).

Emerging evidence is showing interplay between the Wnt associated and cadherin associated
pools of B-catenin (Nelson and Nusse 2004). It has been suggested that the presence of -
catenin in both these pathways suggests a mechanistic link, integrating spatial organisation of
cells with gene expression through Wnt signalling. Evidence for the intersection of these
fundamental cellular processes has been demonstrated by time-lapse microscopy of GFP-

tagged B-catenin showing that cadherin bound B-catenin is internalised with E-cadherin upon
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adherens junction dissociation, and can be translocated to the nucleus on Wnt stimulation
(Kam and Quaranta 2009). Additionally, E-cadherin associated -catenin has been shown to
be internalised upon epithelial-mesenchymal transition, a process that results in dissociation
of adherens junctions, and contributes to activation of Wnt signalling independently of
cytoplasmic B-catenin. Additionally, Cadherins have also been shown to be required for

augmentation of Wnt signalling in vivo (Howard et al. 2011).

Intriguingly, PRC2 has been implicated in transcriptional repression of E-cadherin in cancer
(Cao et al. 2008). Additionally, mESCs lacking the PRC2.2 component Jarid2 demonstrate both
aberrant E-cadherin expression and localisation, and reduced canonical Wnt signalling
(Landeira et al. 2015), perhaps suggesting a mechanistic link between non-classical polycomb

activity, cadherin associated B-catenin and Wnt signalling.
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1.5. Aims of this study

The critical importance of PRC2 in tissue homeostasis, development and cancer is widely
recognised. The polycomb group regulate chromatin and maintenance of gene silencing
through covalent modification of histone tails and are implicated in the regulation genomic
architecture. The PcG also have non-classical activities as a methylase of non-histone
substrates and as a direct transcriptional activator. Multiple lines of evidence suggest an
intersection between PRC2 activity and several key cell signalling pathways. Of particular
interest is the relationship between PRC2 and canonical Wnt signalling that we have reported
in vitro, and may be important in both development and in neoplasia. This study aims to
interrogate the role of PRC2 in regulation of Wnt signalling in differentiation, by broadening
our previous studies on Jarid2 null mESCs to investigate if mESCs lacking core PRC2
components show dysregulated Wnt signalling. Furthermore, this study aims to delineate the
mechanism by which canonical Wnt signalling and differentiation can be rescued by co-

culture with wild type mESCs.
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2. Materials and Methods

2.1 Cell Lines

El14

El4eGFP

IM8

E8

Jarid2™f/jarid27-

Jarid2CRISPR

Mouse ESC line deficient for Hprt derived from Lesch-Nyhan
mouse embryos (Smith and Hooper 1987).

Mouse ESC line generated by lentiviral transformation of E14
mMESC line with the PL-SIN-PGK-eGFP plasmid (Adgene plasmid
#21316 (Hotta et al. 2009)). Generated in house by Ceris Owen
as part of this study.

Mouse embryonic stem cell line derived from C57BL6/N mouse
embryo.

Jarid2 null mESC line generated using targeted gene-trap
strategy, MRC London Institute for Medical Sciences (Landeira et
al., 2010).

Jarid2™f mESC line was derived from fl/fl chimeric mice (Jarid2
floxed 129/Sv mESCs x C57BL/C6). Jarid2/- mESC line was
generated by Cre-recombinase treatment (Shen et al. 2009).
Kindly provided by S. Orkin (Boston, USA)

Mouse ESC Jarid2-null line generated using CRISPR-Cas9
targeting in E14tg2A mESCs, in house by Hackan Bagci (Landeira

et al. 2015).
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B1.3 Eed”

Suz12”

Suz127/eGFP

Ezh2f/f/EZH2-

C1 (E-cadherin”)

E14 H2AmCherry

Mouse ESC line, derived from an eed3354SB mutant mouse
(C5BI/6) obtained from the Oak Ridge National Laboratory
(Azuara et al. 2006)

Mouse ESC line, derived from a superovulated Suz12*- mutant
mouse (C5BI/6), kindly gifted by D. Pasini, Centre for
Epigenetics and BRIC, University of Copenhagen (Pasini et al.

2007)

Mouse ESC line generated by transformation of Suz127/-mESC
line with the PL-SIN-PGK-eGFP plasmid (Adgene plasmid
#21316 (Hotta et al. 2009)). Generated in house by Ceris Owen

as part of this study.

Mouse ESC line, derived from Ezh2/*Mx-Cre mice (Su et al.
2003). Kindly gifted by J. Pereira, Gurton Institute, University of

Cambridge (Pereira et al. 2010).

Mouse ESC E-cadherin-null line generated using CRISPR-Cas9

targeting in E14tg2A mESCs in house by Andy Malinowski.

Mouse ESC line with mCherry embedded in Histone 2A
generated by lentiviral transformation with the mCherry_H2A
plasmid (Adgene plasmid #55024) into E14 mESC line.

Generated in house by Hackan Bagki.
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HEK293 Human embryonic kidney cell line transformed using
Adenovirus 5 DNA, obtained from ATCC (CRL-1573) (Graham et

al., 1977).

Hep3B Human hepatoma cell line transformed using human hepatitis
B virus. Kindly gifted by Angela Woods, Cellular Stress Group,

London Institute for Medical Sciences (Aden et al. 1979).

The cell lines used in this study were free from Mycoplasma infection.
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2.2 Antibodies

2.2.1 Primary Antibodies

a-tubulin

Active B-catenin
B-catenin

Connexin 45
E-cadherin

GATA-6

Green fluorescent protein
Histone-3
Histone3-lysine27-Me?
L-Afadin

Lamin-B

Nanog

Nestin

Oct 4
Pan-methylated-lysine

Tuj 1l

2.2.2 Secondary Antibodies

Alexa488-conjugated donkey-anti-Rabbit

Alexa568-conjugated donkey-anti-mouse
Alex680-conjugated Goat-anti-mouse

Alexa680-conjugated goat-anti-rabbit

Sigma 179026

Millipore 05-665

BD biosciences BD61054; Abcam AB32572
EMD Millipore AB1745

BD biosciences BD61081

R+D Systems AF1700-SP

Life technologies A11122; Abcam AB5450
Abcam AB1791

Millipore 07-449

Abcam AB11337

Santa Cruz SC6216

ReproCELL ABOO1P

Abcam AB6142

Abcam AB27985

Novus NB600-824

Biolegend 801202

Life technologies A21206

Life technologies A11057
Life technologies A21057

Life technologies A21109
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2.3 Tissue culture

2.3.1 Mouse embryonic stem cell line tissue culture

mMESCs were grown on 0.1% gelatine treated 10cm plates, to 60-75% confluence, and
typically passaged 1:10-1:15 every 48 hours, with daily media change. JM8, E8 Jarid2 -/-
(Landeira et al. 2010), E14 and C1 E-cadherin -/- mESCs were maintained in knockout
Dulbecco’s Modified Eagles Media (DMEM, Gibco #10829-018) supplemented with 10%
Embryonic stem cell fetal calf serum (ES-FCS, Gibco #10439-024), 2mM L-glutamine (Gibco
#25030-024), 100 U/ml penicillin + 100pg/ml streptomycin (Gibco #15140-122), non-
essential amino acids (Gibco #11140-035), 50uM 2-mercaptoethanol (Gibco #31350-010) and
1000 IU/ml leukaemia inhibitory factor (LIF).

Suz12 -/- mESCs (Pasini et al. 2007) were maintained in Glasgow’s minimal essential media
(GMEM) BHK21 (Gibco #21710-025) supplemented with 10% ES-FCS, ImM sodium pyruvate
(Gibco #11360-039), 100 U/ml penicillin + 100ug/ml streptomycin, non-essential amino acids,
50uM 2-mercaptoethanol and 1000 IU/ml LIF.

Eed -/- mESCs (Azuara et al. 2006) were maintained in GMEM-BHK21 media supplemented
with 10% ES-FCS, 100 U/ml penicillin + 100ug/ml streptomycin, non-essential amino acids,
1mM sodium pyruvate, 0.2% Sodium Bicarbonate (Gibco 25080-060), 50uM 2-
mercaptoethanol and 1000 IU/ml LIF.

Ezh2-/- mESCs (Pereira et al. 2010) were maintained in knockout DMEM supplemented with
10% ES-FCS, 5% knockout serum replacement (Gibco #10828-028), 2mM L-glutamine, 100
U/ml penicillin + 100pg/ml streptomycin, non-essential amino acids, 1mM sodium pyruvate,

50uM 2-mercaptoethanol and 1000 IU/ml LIF.
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2.3.2 Human cell line tissue culture

Human HEK293T cells were maintained in Iscove’s modified Dulbecco’s media (IMDM, Gibco
#21980-032), supplemented with 10% FCS, 2mM L-glutamine, 50uM 2-mercaptoethanol and
100 U/ml penicillin + 100ug/ml streptomycin.

Hep3B cells were maintained in complete DMEM supplemented with 10% FCS, 50uM 2-

mercaptoethanol and 100 U/ml penicillin/100ug/ml streptomycin.

2.3.3 Hep3B Tissue culture and oncosphere formation

Hep3B cells (ATCC Hb-8064) cells were maintained in complete DMEM supplemented with
10% FCS, 50uM 2-mercaptoethanol and 100 U/ml penicillin/100ug/ml streptomycin. To form
oncospheres, 500,000 Hep3B cells were seeded into 50ml Oncosphere media (complete
DMEM supplemented with N2B27, 50uM 2-mercaptoethanol, 100 U/ml penicillin/100ug/ml
streptomycin, 20ng/ml bFGF and 20ng/ml EGF) on Corning ultralow® adherence T75 flasks
(Sigma #CLS3814). Oncospheres were incubated at 379C, 5% CO3, 3% O3 for 10 days.

Oncosphere formation was confirmed by phase contrast microscopy.

2.3.4 Embryonic stem cell co-culture protocol

Exponentially growing cultures of E8 -/- and JM8 +/+ mESCs, or Suz12-I- and E14 mESCs were
harvested, mixed 1:4 (wild-type to knockout), and grown in DMEM supplemented with 10%
ES-FCS, 2mM L-glutamine, 100 U/ml penicillin + 100ug/ml streptomycin, non-essential amino
acids, 50uM 2-mercaptoethanol and 1000 IU/ml LIF, on 0.1% gelatine treated nunclon T75cm
flasks. Co-cultured cells were grown for 24 hours before FACS for neuronal differentiation and

24 or 72 hours prior to FACS for TOPFLASH assay.
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In addition, co-culture experiments were undertaken in the presence of the gap-junction
inhibitor carbenoxolone (Sagar and Larson 2006). Cells were grown in media as above
supplemented with 100uM carbenoxolone for 24 hours prior to FACS sorting, and subsequent

neuronal differentiation.

2.3.5. Alkaline phosphatase studies
Triplicates of 200 or 400 cells were plated onto 0.1% gelatinised 6-well plates and grown for
seven days prior to alkaline phosphatase staining using the Sigma-Aldrich alkaline

phosphatase staining kit (#86R 1KT), as per manufacturer’s instructions.

2.4 Lentiviral transformation of mESCs

Human HEK293T cells (ATCC CRL-3216) were plated to a density of 1x10° cell/cm?, and grown
for 24 hours in Iscove’s modified Dulbecco’s media (IMDM, Gibco #21980-032),
supplemented with 10% FCS, 2mM L-glutamine, 50uM 2-mercaptoethanol and 100 U/ml
penicillin + 100ug/ml streptomycin. Two hours prior to transfection cells were switched to
media without antibiotic. Cells were transfected with PL_SIN_PGK_eGFP (Veeman et al.
2003), PAX2 (Pfisterer et al. 2011) and VZVg plasmids (Stewart et al. 2003) (5:2:1 ratio), using
Lipofectamine® 2000 reagent (Invitrogen #11668-019). Cells were grown for 24 hours before
changing to mESC media. Virus was harvested at +24 and +48 hours after switch to ES media,
centrifuged 1200rpm for 5 minutes and passed through a 45uM filter. Viral suspensions were
then added directly to mESCs plated at 1x10° cell/cm?, in the presence of 8ug/ml Polybrene

(hexadimethrine bromide, Sigma #107689), following each lentivirus harvest. Infected mESCs
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were grown for 96 hours with daily media changes prior to selection by fluorescent activated
cell sorting to obtain homogeneous levels of enhanced green fluorescent protein (eGFP)
expression.

Lentiviral infected mESCs were trypsin harvested, washed in phosphate buffered saline (PBS,
Gibco #14190-094), and Resuspended in FACS sorting buffer (PBS supplemented with 1%
FCS, 1ImM EDTA (Invitrogen #15575-038) and 25mM HEPES buffer pH 7.6 (Sigma #H0887)) at
3x10° cells/ml. Cells were then sorted on the basis of enhance green fluorescent protein
(eGFP) signal by the MRC London Institute for Medical Sciences flow cytometry facility (BD
FACSAria Il and BD FACSAria Il cell sorting machines). Cells were sorted into collection buffer
(45uM filtered PBS supplemented with 10% FCS), centrifuged at 1200 rpm for 5 minutes, and
seeded onto 0.1% gelatine treated plates, in appropriate mESC media. Enhanced GFP

expression was confirmed by confocal microscopy.

2.5 Blastocyst injections

Blastocyst injections were undertaken by the MRC London Institute for Medical Sciences
transgenic facility. Day 2.5 C57BI/6 embryos were thawed, and grown for 24 hours in KSOM
Media (Merck #MR-121-D). 10-15 eGFP expressing mESCs were injected into the inner cell
mass (ICM) of day 3.5 blastocysts (separate injections in triplicate for Suz12-/-eGFP mESCs,
and in duplicate for E14eGFP and C1eGFP E-cadherin -/- cell lines). Injected blastocysts were
grown for 18 hours in KSOM media prior to fixation with 2% w/v paraformaldehyde and

immunofluorescence analysis.
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2.6 Neuronal differentiation

mMESCs were suspended in neuronal differentiation media (1:1 mix Neurobasal media (Gibco
#21103-049) and DMEM/F12 media (Gibco #21331-020), supplemented with N2 (Gibco
#17502-048), B27(Gibco #17504-044), 2mM L-glutamine, 100 U/ml penicillin + 100pug/ml
streptomycin, non-essential amino acids and 50uM 2-mercaptoethanol, at 25,000 cells/ml and
grown in non-adherent conditions (Corning ultralow® adherence T75 flasks (Sigma #CLS3814))
for 5 days.

Cell aggregates were harvested by gravity for 15 minutes and plated on 0.1% gelatine treated
nunclon T75 flasks (Fisher scientific #10538931) in neuronal differentiation media
supplemented with 10ng/ml epidermal growth factor (EGF, Peprotech #315_09) and 10ng/ml
basic fibroblast growth factor (h-bFGF, Peprotech #450 33) for a further three days. Cells were
then plated as a monolayer in neuronal differentiation media supplemented with hFGF-2 and
hEGF, on 0.1% gelatine plates/cover slips for a further 48 hours prior to processing for either

RNA harvest, western analysis of immunofluorescence.

2.7 TOPFlash reporter assay

mMESCs were grown to 80-90% confluence on 0.15 gelatine treated nunclon 6-well plates
(ThermoFisher #140675). Cells were co-transfected with 4 pug of TOPFlash (M50 Super 8x
TOPFlash, Addgene plasmid #12456, gift from R. Moon (Veeman et al. 2003)) and 0.4 g
constitutive Renilla luciferase (pRL-TK, Promega #E2231) plasmids using Lipofectamine 2000
reagent (ThermoFisher #11668019), in antibiotic free media. Transfected cells were grown for
48 hours prior to cell lysis. Canonical Wnt signalling activity was assessed as relative

Firefly/Renilla luciferase enzymatic activity using the Dual Luciferase Reporter Assay System
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(Promega #E1910), according to the manufacturer’s instruction. For co-culture experiments,
Suz12-1-eGFP mESCs were co-cultured with E14 mESCs (1:4 ratio) for 24 and 72 hours prior to
FACS-on the basis of eGFP expression. Cells were then seeded onto 0.1% gelatine treated
nunclon 6-well plates for plasmid transfection and TOPFlash assay as above. For drug inhibition
experiments, 50,000 E14 mESCs were seeded onto 0.1% gelatine treated nunclon 6-well plates,
and treated with 100 nM GSK 343, (Ezh2 inhibition, kindly provided by Andrew Diamond,
Lymphocyte Development Group, MRC London Institute for Medical Sciences), UNC1999
(Ezh1/Ezh2 co-inhibition, 100nM, Tocris biosciences #4904) and 100nM Daminozide
(KDM2A/B inhibition, Tocris biosciences #4684) for 48 hours prior to plasmid transfection and

TOPFlash assay.

2.8 Nuclear/Cytoplasmic fractionation

Mouse embryonic stem cells were trypsin harvested and washed in PBS, then resuspended in
ice cold fractionation buffer (10mM HEPES, 10mM KCl, 1.5 mM MgCl2, 0.34M sucrose,
10%v/v glycerol, ImM DTT, 0.1%v/v Triton X-100 and cOmplete protease inhibitor cocktail),
and incubated on ice for eight minutes. Samples were then centrifuged at 1200g for 5
minutes, cytoplasmic supernatant was retained and spun 12,000g for 5 minutes. Nuclear
pellets were washed in fractionation buffer. For mass spectrometry, samples were flash
frozen in liquid nitrogen, and couriered on dry ice to the mass spectrometry facility (Lamond
Group, University of Dundee). Samples for western blot analysis were diluted in Laemmli
buffer (2% w/v sodium dodecyl sulphate (SDS), 10% v/v glycerol, 0.002% bromophenol blue,

0.06M TRIS HCI pH 6.8, 5%v/v 2-mercaptoethanol), incubated at 952C for 5 minutes prior to
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prior to SDS polyacrylamide gel electrophoresis (PAGE). Nuclear samples were probed for

lamin-B, and cytoplasmic samples for a-tubulin to confirm effective fractionation.

2.9 Immunofluorescence analysis

For mESCs; 100,000 cells were seeded onto 0.1% gelatine treated glass coverslips and grown
for 24-48 hours, prior to fixation with 2% w/v paraformaldehyde for twenty minutes,
followed by a five-minute incubation in permeabilization buffer (PBS + 0.4% Triton X-100).
Cells were then incubated for 30 minutes in blocking buffer (PBS supplemented with 2.5%w/v
BSA Fraction V, 0.05% TWEEN 20 and 10% FCS), prior to primary antibody incubation
(typically diluted 1:50 to 1:500 depending on primary antibody, diluted in blocking buffer) for
90 minutes in a humidified chamber. Secondary antibodies were diluted 1:400 in blocking
buffer and centrifuged at 12,000g for 10 minutes at 42C prior to incubation in a dark
humidified chamber for 60 minutes. Slides were mounted using Vectasheld (Vector
laboratories #H-1200) with 4’, 6-diamidino-2-phenylindole (DAPI).

Blastocysts were fixed in 2% w/v paraformaldehyde for 15 minutes, then incubated in
blastocyst permiabilisation buffer for five minutes prior to incubation in blocking buffer for 45
minutes. Blastocysts were incubated in primary antibody diluted in blocking buffer for 2
hours in a humidified chamber. Secondary antibodies were diluted 1:400 in blocking buffer
and centrifuged at 12,000g for 10 minutes at 49C prior to incubation in a dark humidified
chamber for 60 minutes. Blastocysts were mounted using Vectasheld with DAPI.

Immunofluorescence images were obtained using Leica TCS SP5-1l confocal microscope.
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2.10 Western blot analysis

Protein extracts were quantified using the Qubit® system as per manufacturer’s instructions.
Typically, 15ug protein were run per lane on 10% 15 well mini-protean TGX™ polyacrylamide
gels (Biorad #456-1036). Samples were run for 60 minutes at 180V, 25mA. Gels were
transferred to Immobilon®-FL transfer membrane (Merck #IPFLO0010), using the semi dry
method and blocked with 5% milk in TRIS buffered Saline + 0.1% TWEEN 20 (TBST).

Primary antibody was diluted in 5% milk/TBST and incubated overnight at 4C on rocking
platform. Membranes were then washed in TBST, prior to secondary incubation at room
temperature for 45 minutes. Fluorescent western blots were imaged using Studiolite®

software.

2.11 Quantitative polymerase chain reaction

Cells were counted and 5x10° cells were washed in PBS and pelleted. RNA was extracted
from mESC pellets using the Qiagen RNA Easy mini kit (Qiagen #74106) according to
manufacturer’s instructions. RNA was quantified using the ThermoFisher NanoDrop system.
1.5ug RNA was DNAse treated using the Ambion TURBO-DNA free kit, (#AM1907) according
to manufacturer’s instructions. RNAs were reverse transcribed using the Invitrogen
SuperScript |1l kit (#18080051).

Primers (Table 2.1) were designed using the NCBI primer BLAST tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Amplification efficiencies of primers
were calculated on serial dilutions of positive control cDNA and primers with amplification
efficiencies close to 2 were used. gPCR analysis was carried out on Opticon DNA engine using

Biorad CFX manager software. PCR reactions contained Quantitech ® SYBR®Green PCR
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Mastermix (Qiagen #1020722), 300 nM primers and 2 pul of template in a 12 pl reaction
volume. Cycling conditions were as follows: 95°C for 15 min, then 40 cycles of 94°C for 15
sec, 60°C for 30 sec, 72°C for 30 sec. A reaction without DNA template was included to
control for formation of primer-dimers. Reactions were performed as technical duplicates
and data was normalised to mUBC expression. The relative abundance of transcripts was

calculated using AAC(T) method.

2.12 Mass spectrometry

2.12.1 Crude cellular extract proteomic analysis

Monolayer mESCs (JM8 and E8), cells were grown to 75% confluence on 0.1% gelatine
treated 14cm nunclon plates. Cells were washed in PBS, and collected by cell scraper in 2ml
ice cold PBS supplemented with cOmplete® EDTA free protease inhibitor cocktail (Roche
#19543200), and pooled and pelleted by centrifugation at 1200 rpm for 5 minutes. Hep3B
oncospheres were harvested by gravity over 15 minutes, washed in PBS supplemented with
protease inhibitor and pelleted by centrifugation at 1200 rpm for 5 minutes. Pellets were
resuspended in 3x volumes Pierce IP cell lysis buffer (Thermo-Fisher #87787, composed of
25mM Tris-HCl pH 7.4, 150nM NaCl, ImM EDTA, 1% NP40 and 5% glycerol) supplemented
with 251U/ml universal nuclease for cell lysates (Pierce #88701), 1x cOmplete protease
inhibitor cocktail and 1x PhosSTOP phosphatase inhibitor cocktail (Roche #04-906-837-001).
Samples were crushed with ten passes of the tight Dounce homogeniser and then incubated
on rotating platform for 90 minutes at 42C. Cellular debris removed by centrifugation at
12,000g for 15 minutes at 42C. Protein concentrations were quantified using the Qubit®

system. Lysate samples were flash frozen in liquid nitrogen and stored at -80°C prior to use.
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2.12.2 Immunoprecipitation of target proteins

Immunoprecipitating antibody was bound to Protein-G dynabeads (Novex #1400G), for 30
minutes at room temperature on rotating wheel. Antibody cross linking using BS> cross-
linking reagent (Thermo-Fisher #21580) was undertaken according to manufacturer’s
instructions if stated. Cross linking was quenched with 50mM TRIS buffer.

Antibody bound beads were incubated with whole cell lysates for 90 minutes at 42Con a
rotating wheel. The beads were then washed five times in 500pl ice cold IP wash buffer
(20mM HEPES pH7.6, 150mmol NaCl, 1.5mM MgCl, 0.2mM EDTA, 0.02% NP40 alternate)
prior to elution. For Mass spectrometry samples, bound proteins were eluted in 100mM
Glycine pH 2.3 for 15 minutes at room temperature. Immunoprecipitates were flash frozen in
liquid nitrogen and stored at -802C prior to clean up and mass spectrometry. For
immunoblotting, proteins were eluted into 1x Laemmli buffer and incubated at 952C for 5

minutes, prior to SDS PAGE and western blot analysis.

2.12.3 Immunoprecipitation clean up

Alternate clean-up methodologies were trialled and optimised;

2.12.3.1 SP3 bead clean-up

Eluates were defrosted on ice, mixed with Sera-mag® beads, and acidified to pH <2.0 with

formic acid. Samples were then incubated at 252C for 8 minutes, then sequentially washed
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with 70% ethanol and 100% acetonitrile before being eluted in 100mM triethylammonium

bicarbonate (TEAB) prior to endopeptidase digestion

2.12.3.2 Trichloroacetic acid/acetone precipitation
Eluates were defrosted on ice, and mixed 1:1 with trichloroacetic acid (TCA) and incubated
on ice for 5 minutes. Samples were centrifuged at 17,000g for 15 minutes at 42C. The pellet

was washed twice in ice cold 100% acetone, then resuspended in 100mM TEAB.

2.12.3.3 In-gel digest

Eluates were defrosted on ice. NuPage LDS buffer (4:1 dilution, ThermoFisher #NP0O008) was
added, and samples were incubated at 652C for 10 minutes. Samples were then loaded onto
a pre-set 10% NuPage gel with 3-(N-Morpholino)propanesulfonic acid (MOPS) buffer (Sigma-
Aldrich #NP0302) for electrophoresis. Bands corresponding to expected size of B-catenin
were visualised on a light box and cut out using a scalpel. The gel fragments were dehydrated

in 100% acetone for 5 minutes at room temperature, before resuspension in 100mM TEAB.

2.12.4 Endopeptidase Digest

Endopeptidases used for these analyses; Trypsin endopeptidase (Pierce #90307), GluC (Pierce
#90054), AspN (Pierce #90053). Following clean-up Immunoprecipitates were sequentially
digested for 4 hours at 379C as per manufacturer’s instructions, prior to TCA precipitation,

and vacuum drying.
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2.12.5 Mass Spectrometry

Mass spectrometry (MS) was kindly undertaken by two independent MS facilities (MS Facility,
MRC London Institute for Medical Sciences and the Lamond Group, School of Life Sciences,
University of Dundee). High pressure liquid chromatography and MS was undertaken using a
2-hour gradient on Q-Exactive prior to MS. Both MaxQuant (Tyanova et al. 2015) and
MASCOT (Brosch et al. 2009) algorithms were used for lysine methylation searches, with the
kind assistance of both the MRC MS facility, and the Lamond group. MaxQuant analysis alone
was undertaken for co-immunoprecipitation studies. The proteomic method used in this
study is termed ‘bottom up proteomics’, whereby peptide digest fragments are identified by a
database search algorithm, then assembled into proteins through protein inference (Huang
et al. 2012). Both MASCOT and MaxQuant use such a database search strategy, with a
probabilistic peptide scoring model for the analysis of tandem mass spectrometry data
(Perkins et al. 1999; Cox and Mann 2008). This study utilises ‘label free quantification’, a
technique that allows for quantification of protein levels between sample conditions (for
example jarid2 WT vs. Jarid2 null mESCs), without peptide labelling (Cox et al. 2014). Briefly
this technique normalises paired datasets to each other based on the abundance of peptides
that do not change in expression levels between samples, and a normalisation algorithm
controls for systematic artefacts in peptide intensity values between samples. Peptides with
significant differences in abundance between the samples can then be identified. Both
MASCOT and MaxQuant utilise a false discovery rate (FDR) control, employing a target-decoy
database search strategy (Wang et al. 2009).This process provides a means for controlling the
numbers of expected false positive identifications in a given dataset. Data analysis and figure

preparation was undertaken by myself using Perseus version 1.6.14.0 (Tyanova et al. 2016).
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Table 2.1 Primers used in this study

Mouse target

Nanog

Gatab

Rex1

Gatad

Ubiquitin C

Connexin 43

Connexin 45

Connexin 31

Sox2

Pax6

Nestin

Oct4

Primer name

Nanog_ F
Nanog_R

Gatab_F
Gatab_R

Rex1 F
Rex1 R

Gatad_1F
Gatad_1R

Ubc F
Ubc R

Cx43 _F2
Cx43_R2

Cx45_F1
Cx45_R1

Cx31_F3
Cx31_R3

Sox2_Mus_F
Sox2_Mus_R

Pax6_Mus_F
Pax6_Mus_ R

Nestin_Mus_F
Nestin_Mus_R

Oct4 _Mus_F
Oct4d _Mus_r

Sequence 5'-3'

GAACTATTCTTGCTTACAAGGGTCTGC
GCATCTTCTGCTTCCTGGCAA

GGTCTCTACAGCAAGATGAATGG
TGGCACAGGACAGTCCAAG

CTCCTAGCCGCCTAGATTTCC
CGTGTCCCAGCTCTTAGTCCATT

TCTAAGACGCCAGCAGGTC
TGCTGCTGCTGCTAGTGG

AGGAGGCTGATGAAGGAGCTTGA
TGGTTTGAATGGATACTCTGCTGGA

CTTTCATTGGGGGAAAGGCG
CTGGGCACCTCTCTTTCACTT

GAGTTCTGGTGAACAGGGCA
ACAATCAGCACAGTGAGCCA

CTGCTGTTCCCTAGTCAGCG
GTGCCCACAGTCAGCGG

CACAACTCGGAGATCAGCAA
CTCCGGGAAGCGTGTACTTA

AGGGGGAGAGAACACCAACT
TTTGGCCCTTCGATTAGA

AGGCTGAGAACTCTCGCTTG
ATTAGGCAAGGGGGAAGAGA

CGTGGAGACTTTGCAGCCTG
GCTTGGCAAACTGTTCTAGCTCCT
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AXin

Lefl

Tcf

Sp5

Axin_1 F
Axin_1 R

lefl 1 F
Lef 1 R

Tefl 1 F
Tefl 1 R

Sp5_1 F
Sp5_ 1 R

GAGAGTGAGCGGCAGAGC
CGGCTGACTCGTTCTCCT

TGGTTAACGAGTCCGAAATCA
AGAGGACGGGGCTTGTCT

GCTGCCTGAGGTCAGAGAAT
CCCCAGCTTTCTCCACTCTA

ACCGGGACACTTTCGAGGCCACTCC
CAGCAGCGACTCCCACAAGCAAGG
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Chapter 3. Characterising altered Wnt

signalling in mESCs lacking PRC2 activity



PRC2 has been shown to interact with Jarid2 in embryonic stem cells (Landeira et al. 2010;
Shen et al. 2009; Li et al. 2010; Peng et al. 2009; Pasini et al. 2010). The roles of Jarid2 for
regulating PRC2 remain uncertain and are an active area of research. Jarid2 also has a role
beyond PRC2 mediated histone methylation and has been implicated in the regulation of
canonical Wnt signalling in mouse embryonic stem cells (Landeira et al. 2015). ESCs lacking
Jarid2 demonstrate supressed canonical Wnt signalling as assessed by both TOPflash assays,
and western blot analysis using antibodies specific to the unphosphorylated, active form of
beta-catenin (Landeira et al. 2015). In addition, reduced expression of validated Wnt targets
was also reported in Jarid2-deficient mESCs. These cells can readily self-renew, but have
altered cell and colony morphology, and show a severe differentiation block, so that
exposure to differentiation cues results in widespread cell death. ESCs lacking Jarid2
displayed reduced and patchy E-cadherin expression. Interestingly, upon injection into E3.5
blastocysts initiate formation of multiple inner cell masses. This unusual phenotype suggests
that perturbation of the core epigenetic machinery results in changes in cell-cell
communication so that individual mESCs seed ICMs independently, rather than contributing

to a single ICM.

3.1. Mouse embryonic stem cells lacking core PRC2 components show
reduced canonical Wnt signalling

As reduced canonical Wnt signalling has previously been demonstrated in mESCs lacking
Jarid2 (Landeira et al. 2015), it is important to ask whether this is a property unique to Jarid2,
or whether other PRC2 complex components also contribute to suppression of canonical Wnt
signalling. To investigate this a panel of mESC lines lacking core PRC2 components (Ezh2-/-

(Pereira et al. 2010), Eed deficient B1.3 (Azuara et al. 2006) and Suz12-/- (Pasini et al. 2007)),
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were interrogated for canonical Wnt signalling activity using the TOPFlash assay (Korinek et
al. 1997) (experiment undertaken with Dr Andy Malinowski, Lymphocyte Development
Group, MRC London Institute for Medical Sciences, Figure 3.1.a.). Briefly, PRC2 null and
matched parental mESCs were transiently co-transfected with a TOPFlash reporter plasmid
(where the firefly luciferase lies downstream of seven tandem Wnt target TCF/LEF elements),
and a constitutive expressing Renilla luciferase plasmid to control for variability in cell
numbers and transfection efficiency. ESCs lacking each of the individual core PRC2
components demonstrated reduced canonical Wnt signalling, but to a variable degree. ESCs
lacking Suz12 showed dramatically reduced Wnt signalling similar to that observed in Jarid2 -
/- mESCs, whereas mESCs lacking EED or EZH2 showed reduced canonical Wnt signalling but
to a lesser extent.

To validate that reduced canonical Wnt signalling is a feature of PRC2-defficient mESCs
expression of a panel of validated, positively regulated Wnt target genes (Sp5 (Huggins et al.
2017), Tcfl (Roose et al. 1999), Lefl (Filali et al. 2002) and Brachyury (Arnold et al. 2000))
was examined using quantitative rtPCR. In these experiments Suz12 null and parental mESC
cultures were compared for target gene expression normalised to expression of Ubiquitin C
expression (Figure 3.1.b). Reduced expression of each of the panel of Wnt targets was
observed, consistent with the supressed canonical Wnt signalling observed in Suz12-/-
mESCs.

To further investigate the relevance of PRC2 activity for Wnt signalling, wild type E14 mESCs
were treated with small molecule inhibitors to Ezh2 (GSK-343 (Verma et al. 2012)), Ezh1 and
Ezh2 (UNC1999 (Konze et al. 2013)), and to the lysine demethylase Kdm2a (Daminozide
(DZD) (Rose et al. 2012)), which has previously been reported to stabilise nuclear B-catenin

(Lu et al. 2015). Cell cultures were drug treated for 48 hours prior to assessment of canonical
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Whnt signalling activity by TOPFlash assay. To confirm that treatment with these drugs did not
induce differentiation, mMRNA expression of pluripotency markers (Nanog, Sox2, Oct4) were
compared with untreated cells, along with immunostaining for Oct4 expression (Figure 3.1.c-
d). Drug treated cells continued to express pluripotency markers, at both the mRNA and
protein level, showing that changes in Wnt signalling were not due to drug treatment driving
differentiation. Drug treated cells were interrogated for canonical Wnt signalling activity
using TOPFlash assay (Figure 3.1.e). mESCs treated with Ezh2 inhibitors showed significantly
reduced canonical Wnt signalling activity, and the reverse was true of cells treated with lysine
demethylase inhibitor which showed elevated canonical Wnt signalling. Drug inhibition of the
methyltransferase activity of PRC2 supressed canonical Wnt signalling, providing additional

evidence of a role for PRC2 in the activity of canonical Wnt signalling.
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Figure 3.1. mESCs lacking core PRC2 components show reduced canonical Wnt signalling

a.

B-catenin activity, evaluated by luciferase-based TOPFlash assays comparing matched wild type (black bars) and PRC2 null
(white bars) mESCs: Ezh2 fl/fl:Ezh2-/- (left), Eed+/+:Eed deficient B1.3 (labelled -/-, middle), Suz12+/+:Suz12-/- (right).
Activity relative to WT. Mean % SE of three experiments shown; asterisks denote p<0.05 (students t-test). Experiment
undertaken with Dr Andy Malinowski.

Quantitive-PCR analysis of validated positively regulated canonical Wnt target genes expressed by wild type (Suz12+/+,
black bars) and Suz12 null (Suz12-/-, light grey bars). Expression normalised to Ubiquitin C; Expression relative to wild
type. Mean  SE of three experiments shown; asterisks denote p<0.05 (students t-test).

RT-PCR analysis of pluripotency genes (Nanog, Oct4 and Sox2 (Orkin et al. 2008)) expressed by wild type (E14) mESCs
treated with 48 hours DMSO control (black bars) and 100 uM GSK-343 (light grey bars), 100uM UNC1999 (dark grey bars)
of daminozide (DZD, white bars). Expression normalised to Ubiquitin C; Expression relative to DMSO control. Mean + SE of
three experiments shown; asterisks denote p<0.05 (students t-test).

Confocal images showing Nanog (Red) immunolabelling of E14 mESCs treated with 48 hours DMSO control (top left) and
100 uM GSK-343 (top right), 100nM UNC1999 (bottom left) of daminozide (DZD, bottom right). Counterstained with 4’,6-
diamidino-2-phenylindole (DAPI). Scale bar 20um.

B-catenin activity, evaluated by luciferase-based TOPFlash assays comparing wild type (E14) mESCs treated with 48 hours
DMSO control (black bar) and 100 uM GSK-343 (light grey bar), 1001M UNC1999 (white bar) of daminozide (DZD, dark

grey bar). Activity relative to WT. Mean + SE of three experiments shown; asterisks denote p<0.05 (students t-test).
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3.2. Mouse ESCs lacking Suz12 fail to execute neuronal differentiation
As canonical Wnt signalling was drastically impaired in Suz12 null mESCs, these ES cells were
selected for further functional studies. mESCs lacking Suz12 were initially generated from
Suz12-/- inner cell mass outgrowth isolated from E3.5 blastocysts from heterozygote
Suz12+/- crosses (Pasini et al. 2007). Suz12-/- mESCs were reported to have a global loss of
H3K27me3. These ES cells self-renew in media containing serum + LIF but fail to execute
lineage specification, when treated with all-trans-retinoic acid (ATRA) to induce
differentiation into neural precursors (Fraichard et al. 1995). When treated with ATRA Suz12-
/- mESCs demonstrated inefficient repression of pluripotency gene expression and failed to
activate neuronal lineage specific genes (Pasini et al. 2007).

Suz12-/- ES cells were kindly provided to us by the Centre for Epigenetics and BRIC, University
of Copenhagen. Initially | confirmed that the Suz12-/- mESCs did not express Suz12 by
western blot analysis (figure 3.2.a — upper panel). Additionally, the H3K27me3 modification
was also undetectable (figure 3.2.a — middle panel), as compared to robust detection in
Suz12+/+ wild-type controls. In order that mutant Suz12-/- cells could be tracked in co-
culture experiments and in blastocyst injection experiments, Suz12-/- mESC and matched
parental controls were transfected to stably express enhanced green fluorescent protein
(eGFP) under the constitutive PGK promotor (Hotta et al. 2009), using a lentiviral infection
strategy (Dull et al. 1998). Stable expression of eGFP was confirmed by immunofluorescent
confocal microscopy (Figure 3.2.b). To test the capacity of Suz12-/- mESCs to give rise to

neuronal precursors, a monolayer differentiation approach was used (Ying et al. 2003).
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Figure 3.2. mESCs lacking Suz12 lose PRC2 mediated H3K27Me3, and will express eGFP after lentiviral transfection

a.

Western blot analysis of Suz12-/- and matched parental ES cell cultures. Suz12-/- confirmed to be deficient in Suz12

expression (88kDa), with robust expression seen in matched parental cells (upper panel). Suz12-/- cells lack PRC mediated

histone modification H3K27me3 (17kDa), present in matched parental cells (middle panel). Loading control Lamin B
(76kDa).

b. Confocal microscopy of immunolabelled Suz12-/- (lower panels) and matched parental samples (upper panels) following
lentiviral transfection of the PL-SIN-PGK-eGFP plasmid confirming eGFP expression (right), and non-transfected control

mMESCs (left). Scale bar 25 um.

Briefly, undifferentiated Suz12-/- and matched parental ES cultures maintained in media
supplemented with serum and LIF were detached and grown in non-adherent conditions in
media supplemented with N2B27, prior to harvesting, and expansion as a monolayer on
gelatine plates in media supplemented with N2B27, basic fibroblast growth factor (bFGF),
and epidermal growth factor (EGF) as outlined in figure 3.3.a.

To track differentiation, the expression of pluripotency markers and neural precursor
markers was assessed by quantitative rt-PCR (figure 3.3.b) and immunofluorescence confocal
microscopy (figure 3.3.c). In wild-type (Suz12+/+) mESCs, Oct4, Sox2, Rex1 and Nanog
expression was extinguished over time. In Suz12-/- mESCs a similar loss of pluripotency
markers was seen (figure 3.3.b, upper panels). Indeed, accelerated dynamics of repression of
pluripotency markers was identified for Nanog and Sox2 by quantitative rt-PCR, with

repression of Oct4 and Rex1 comparable to wild type also observed. Immunofluorescence
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confocal microscopy revealed that both Suz12 deficient and wild type ES cells demonstrate
undetectable Oct4 expression following 12 days of neural differentiation protocol, compared
to robust expression observed in undifferentiated controls (figure 3.2.b,c,d). However, mESCs
lacking Suz12 failed to express markers of neural precursors, such as Nestin and Tuj1,
compared to robust expression observed in matched parental controls (figure 3.2.c,d).
Immunofluorescence analysis did not detect Nestin or Tujl expression by Suz12-/- cells
following monolayer neural differentiation (figure 3.2.c,d). Additionally, | also noted that
inactivation of eGFP expression occurred in a proportion of wild type and Suz12-/- ES cells
following the differentiation protocol (figure 3.3.c,d lower panels). Loss of expression of PGK
promotor driven GFP following neural differentiation of lentiviral transfected GFP expressing
mMESCs has previously been reported (Wang et al. 2008) and is not unexpected, but is relevant

to co-culture experiments described later in this chapter.
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(Figure continued on next page)
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| also examined B-catenin and E-cadherin gene expression in monolayer neural
differentiation cultures; expression of E-cadherin by Suz12-/- cells was similar to parental
controls, however expression of 3-catenin remained stable in Suz12-/- ES cells over time
course without a burst of expression between 5-8 days that was observed in parental control
mMESCs.

In summary, Suz12-/- mESCs failed to execute neural differentiation when exposed to a
monolayer neural differentiation protocol. In contrast to the results of pluripotency gene
expression previously reported for ATRA neural differentiation (Pasini et al. 2007), efficient
downregulation of pluripotency genes was observed. Failure to express neural lineage
markers was observed in keeping with previous reports, and a failure of a burst of B-catenin
MRNA expression observed in wild type cells was also seen. Additionally, dropout of PGK

driven eGFP expression was observed in a proportion of both Suz12-/- and wild type cells.

Figure 3.3. Suz12-/- mESCs fail to execute monolayer neural differentiation (Continued)

a. Schematic of monolayer neural differentiation protocol; undifferentiated meESCs are grown in non-adherent conditions in
N2B27 media for five days to form aggregates, before seeding in neural expansion media, and plating into a monolayer
after 72 hours. Neural progenitors were confirmed by expression of neural markers Nestin and Tuj1.

b.  RT-PCR analysis of pluripotency (Oct4, Nanog, Sox2, Rex1 (Son et al. 2013)), Neural progenitor (Nestin, Pax6), and E-
cadherin and B-catenin expression at timepoint 0, 5, 8, 10 and 12 days of monolayer neural differentiation protocol.
Expression normalised to Ubiquitin C; Expression relative to wild type. Mean * SE of three experiments shown.

c. Confocal images showing immunolabelling for Oct4 (red, left panels), Nestin (red, middle panels) or Tuj (red, right panels)
and GFP (green), of undifferentiated Suz12+/+ ES cells (upper panels) and Suz12+/+ ES cells following 12 days of
monolayer neural differentiation (lower panels). Counterstained with 4',6-diamidino-2-phenylindole (DAPI); Scale bar
25um. Loss of expression of the pluripotency marker Oct 4, with concomitant robust expression of neural progenitor
markers Nestin and Tuj 1 was observed.

d. Confocal images showing immunolabelling for Oct4 (red, left panels), Nestin (red, middle panels) or Tuj (red, right panels)
and GFP (green), of undifferentiated Suz12-/- ES cells (upper panels) and Suz12-/- ES cells following 12 days of monolayer
neural differentiation (lower panels). Counterstained with 4',6-diamidino-2-phenylindole (DAPI); Scale bar 25um. Loss of
expression of the pluripotency marker Oct 4, with concomitant failure to express neural progenitor markers Nestin and

Tuj 1 was observed.
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3.3. Co-culture of Suz12-/- mESCs with wild type cells partially
restores canonical Wnt signalling and rescues neuronal differentiation

Previous experiments using Jarid2 null mESCs have shown constitutively supressed canonical
Whnt signalling, and a severe differentiation block (Landeira et al. 2015). Intriguingly, however
both canonical Wnt signalling (figure 3.4.c, experiment undertaken by Dr Andy Malinowski)
and neural differentiation could be partially rescued following co-culture with the matched
parental wild type ES cultures. The mechanism underlying this observation have yet to be
elucidated. Given the differentiation block and supressed canonical Wnt signalling observed
in Suz12-/- ES cells, co-culture experiments were undertaken to investigate whether rescue
of canonical Wnt signalling and neural differentiation is a feature of both Jarid2-/- and Suz12-
/- mESCs following co-culture with matched parental mESC cultures.

Initially Suz12-/- mESCs expressing eGFP under the PGK promotor (eGFP+, figure 3.2.b) were
co-cultured in a 1:4 ratio with matched parental wild type cells (eGFP-) for 24 hours prior to
fixation and immunostaining for GFP expression (figure 3.4.a). Clusters of eGFP+ and eGFP-
cells were readily detected demonstrating interacting cells as previously observed in the
Jarid2 co-culture experiments. Co-culture experiments were then undertaken to assess
rescue of canonical Wnt signalling and neural differentiation. Briefly, Suz12-/-eGFP+ cells
were cultured in a 1:4 ratio with parental Suz12+/+eGFP- cells, and grown in media
containing fetal bovine serum and LIF. Following co-culture cells were isolated by fluorescent
activated cell sorting (FACS) on the basis of GFP expression, with only GFP+ cells retained
(schematic figure 3.4.b). GFP+ cells were then interrogated for B-catenin activity using
TOPFlash assay (Figure 3.4.d), and for capacity to differentiate by subjecting to monolayer
neural differentiation conditions. Neural precursor cells were confirmed by immunostaining

for Nestin and Tuj1l (figure 3.4.e,f).
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Following co-culture canonical Wnt signalling activity was partially restored to Suz12-null
mESCs, although to a lesser extent than had been observed in Jarid2-/- co-cultured ES cells
(figure 3.4.c,d). In addition, competency of neural differentiation in monolayer neural
differentiation conditions was also partially restored. However, as observed with the wild-
type neural differentiation (figure 3.3.c), inactivation of eGFP expression is widely observed,
although clear examples of Suz12-/- mutant eGFP+ ES cells expressing Nestin and Tujl were

seen (inset figure 3.4.d,e). However, an alternative explanation for the observed eGFP- cells

following differentiation could also be that a small population of GFP- cells evade FACS

sorting (in cell doublets for example, although doublet discrimination is routinely

undertaken), resulting in mixed colonies. Due to the prolonged neural differentiation

protocol a small population of wild type cells could conceivably expand into a significant

proportion of the cell culture, particularly if they have a growth advantage in neural

differentiation conditions.

Figure 3.4. Canonical Wnt signalling and neural differentiation is restored in Suz12-/- mESCs following co-culture with wild type

parental mESCs

a.

Confocal images showing immunolabelling for GFP (green) in mixed Suz12-/-:Suz12+/+ cultures. Counterstained with 4',6-
diamidino-2-phenylindole (DAPI); Scale bar 25um. Imaging demonstrates interaction between GFP+ and GFP- cells.
Schematic of experimental design; GFP + suz12-/- cells are grown in mixed cultures with GFP- WT cells (ratio 1:4), sorted
for eGFP expression by FACS, for downstream analysis with either TOPFlash assay to assess f-catenin activity, or
monolayer neural differentiation and immunostaining for markers of neural differentiation.

B-catenin activity, evaluated by luciferase-based TOPFlash assays comparing matched wild type (black bars) and Jarid2 null
ES cell cultures, at baseline and after 24 or 72 hours of co-culture with wild-type parental ES cultures and FACS sorting.
Activity relative to wild-type. Mean + SE of three experiments shown; asterisks denote p<0.05 (students t-test).
Experiment undertaken by Dr Andy Malinowski, data used with permission

B-catenin activity, evaluated by luciferase-based TOPFlash assays comparing matched wild type (black bars) and Suz12 null
ES cell cultures, at baseline and after 24 or 72 hours of co-culture with wild-type parental ES cultures and FACS sorting.
Activity relative to wild-type. Mean + SE of three experiments shown; asterisks denote p<0.05 (students t-test).

Confocal images showing immunolabelling for Nestin (Red, bottom left) and GFP (green, top right), Suz12-/- ES cells
following 24-hour co-culture with wild-type ES cells, and 12 days of monolayer neural differentiation. Counterstained with
4’ 6-diamidino-2-phenylindole (DAPI); Scale bar 25um. Inset; magnified confocal imaging of GFP+ cell expressing Nestin
Confocal images showing immunolabelling for Tujl (Red, bottom left) and GFP (green, top right), Suz12-/- ES cells
following 24-hour co-culture with wild-type ES cells, and 12 days of monolayer neural differentiation. Counterstained with

4',6-diamidino-2-phenylindole (DAPI); Scale bar 25um. Inset; magnified confocal imaging of GFP+ cell expressing Tujl



To exclude this possibility, | designed an alternative strategy to distinguish Suz12-/- ES cells.
Co-culture experiments were undertaken using modified E14 cells, which express mCherry
embedded in histone H2A (kindly provided by Dr Hakan Bagci, Lymphocyte development
group, MRC London Institute for Medical Sciences). In principle the modified H2AmCherry
should remain resident in the E14 cells during differentiation, allowing discrimination of
E14mCherry and Suz12-/-eGFP cells, and controlling for inactivation of eGFP expression in the
Suz12-/- ES cells. Initially E14mCherry ES cell cultures were interrogated for mCherry
expression both in the undifferentiated state and following monolayer neural differentiation,
confirmed by Nestin expression (Figure 3.5.a). Robust mCherry signal overlying DAPI was
detected in both conditions.

Subsequently repeat co-culture experiments were undertaken using E14 H2AmCherry in
place of parental wild type ES cells. Briefly Suz12-/-eGFP+ cells were cultured in a 1:4 ratio
with E14H2AmCherry ES cells in place of matched parental ES cells, and grown in media
containing FCS and LIF. Following co-culture cells were isolated by multicolour FACS, sorting
GFP+/mCherry- ES cells. Sorted ES cells then underwent monolayer neural differentiation,
and neural differentiation was confirmed by immunostaining and confocal microscopy for
Nestin and Tujl (experimental design schematic figure 3.5.b). Additionally, immunostaining
was undertaken for Suz12, with secondary staining with Alexa Fluor 568nm, corresponding to
mCherry excitation spectrum, i.e., cells without excitation in this spectrum are negative for
both mCherry and Suz12, confirming the identity as Suz12-/- cells. This evidence suggests
that co-culture of both Suz12 and Jarid2 null mESCs with parental wild type controls can
partially rescue both canonical Wnt signalling and overcome differentiation block.
Subsequent experiments focus on understanding the mechanism underlying this intriguing

observation.
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Figure 3.5 Coculture of Suz12-/-eGFP cells with H2AmCherry expressing wild type cells confirms identity of neural precursors as
Suz12-/- after neural differentiation
a. Confocal images showing excitation for mCherry (Red) and immunolabelling for Nestin (cyan, right panel) in
undifferentiated (Left panel), and monolayer neural differentiation day 12 E14H2AmCherry cells (right panel).
Counterstained with 4',6-diamidino-2-phenylindole (DAPI); Scale bar 25um. Imaging demonstrates mCherry signal readily
detectable in both undifferentiated and in Nestin expressing neural precursor cells.
b. Schematic of experimental design; GFP + Suz12-/- cells were grown in mixed cultures with E14H2AmCherry ES cells (ratio
1:4) for 24 hours, sorted for eGFP expression by FACS, for downstream monolayer neural differentiation and
immunostaining for markers of neural differentiation.
c. Confocal images showing excitation for DAPI (blue, upper left panel), mCherry/immunolabelling for Suz12 (Red, lower left),
immunolabelling for Nestin (cyan, upper right panel) in Suz12-/- ES cells following co-culture with E14H2mCherry cells,

subsequent FACS sorting for eGFP expression, and monolayer neural differentiation (images taken at +day 12). Scale bar

25Um. Imaging demonstrates expression of neural lineage marker Nestin in cells lacking mCherry/Suz12 immunostaining.

(Legend continued next page)
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3.4. Growth of Suz12-/- ES cultures in wild type conditioned media
does not rescue neural differentiation

To investigate whether a diffusible factor may be responsible for rescuing differentiation of
Suz12-/- mESCs, experiments using conditioned media were undertaken. Suz12-/- ESCs were
grown in conditioned media (i.e., media taken from wild type parental ES cultures after 24
hours growth), for 24 hours prior to neural differentiation. | observed no rescue of neural
differentiation using conditioned media (Figure 3.6.a, figure shown on next page), suggesting

that physical interaction of cells may be required for rescue of differentiation.

.

Figure 3.6. Growth of Suz12-/- ES cell cultures in wild type conditioned media does not rescue neural differentiation

a. Confocal images showing immunolabelling for Nestin (red, upper right), GFP (green, lower left panel), DAPI (blue, upper
left panel) and merged images (lower right panel) of conditioned media treated Suz12-/- ES cells following monolayer
neural differentiation. Scale bar 25um. Imaging demonstrates failure to express neural lineage marker Nestin in cells with

conditioned media treatment

Figure 3.5. Coculture of Suz12-/-eGFP cells with H2AmCherry expressing wild type cells confirms identity of neural precursors as
Suz12-/- after neural differentiation (continued)
d. Confocal images showing excitation for DAPI (blue, upper left panel), mCherry/immunolabelling for Suz12 (Red, lower
left), immunolabelling for Tuj1 (cyan, upper right panel) in Suz12-/- ES cells following co-culture with E14H2mCherry cells,

subsequent FACS sorting for eGFP expression, and monolayer neural differentiation (images taken at +day 12). Scale bar

25[lm. Imaging demonstrates expression of neural lineage marker Tuj1 in cells lacking mCherry/Suz12 immunostaining.
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3.5. Co-culture in the presence of Gap junction inhibition does not
affect rescue of neural differentiation following co-culture of Suz12-/-
ES cells

Mouse ES cells have previously been demonstrated to express gap junctions, composed of
Connexin proteins (Worsdorfer et al. 2008). Gap junctions form agueous pores between the
cytosol of adjacent cells allowing passage of small metabolites, conventionally thought to
range up to 1.5kDa in size (Krysko et al. 2005), however recent reports have implicated gap
junctions in the passage of larger molecules including small RNA species (Lemcke, Steinhoff,
and David 2015). Gap junction expression was first confirmed in Suz12-/- and parental ES cell
cultures by immunostaining for Connexin 43 (figure 3.7.a,b). Initially Suz12-/- and parental ES
cell cultures underwent monolayer neural differentiation in the presence of 100uM
carbenoxolone, a widely used non-selective gap junction inhibitor (Davidson, Baumgarten,
and Harley 1986). This indicates that drug treatment does not alter neural differentiation in
these ES cell cultures (i.e., drug treatment alone does not rescue neural differentiation in
Suz12-/- deficient mESCs (figure 3.7.b)). Subsequently, co-culture experiments as outlined in
the schematic figure 3.4.b were undertaken, with the addition of 100uM carbenoxolone
during the 24-hour period of co-cultured growth. Neural differentiation was assessed by
immunostaining for neural lineage markers Nestin and Tuj1 (figure 3.7.c). Importantly, neural
differentiation of Suz12-/- ES cell cultures was not prevented by co-culture in the presence of
the non-selective gap junction inhibitor carbenoxolone, suggesting that transfer of small
molecular weight species between cells via gap junction communication is not essential for

rescue of neural differentiation.
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3.7. Embryonic stem cells lacking core PRC components Eed and
Suz12 show aberrant E-cadherin expression

Previous studies have suggested that E-cadherin, a protein which complexes with B-catenin
at cell surface adherens junctions (Niessen and Gottardi 2008), is aberrantly localised in
Jarid2-null mESCs. (Landeira et al. 2015) To see whether aberrant E-cadherin expression and
localisation is unique to Jarid2 null ESCs, or is common to ES cells lacking other core PRC2
components | examined a panel of ES cells lacking other core PRC2 components; Ezh2-/-
(Pereira et al. 2010), Eed deficient B1.3 (Azuara et al. 2006) and Suz12-/- (Pasini et al. 2007)
alongside Jarid2-/- mESCs (Landeira et al. 2010), by immunostaining for E-cadherin (Figure
3.6.a-d). ES cells lacking Suz12 or Eed show much reduced E-cadherin labelling and a patchy

distribution, compared to matched wild type controls.

Figure 3.7. Co-culture of Suz12-/- ES cells with parental wild type ES cells in the presence of gap junction inhibition does not
preclude rescue of neural differentiation

a. Confocal images showing immunolabelling for Connexin43 (red, left panels), DAPI (blue, middle panels) and merged images

(right panels) in undifferentiated Suz12+/+ (upper panels) and Suz12-/- (lower panels) ES cell cultures; scale bar 25[Lm.
Imaging demonstrates expression of Connexin 43 in both ES cell cultures

b. Confocal images showing immunolabelling of neural lineage markers Nestin and Tujl (red, upper right panels respectively),
DAPI (blue, upper left panels), GFP (green, lower left panels) and merged images (lower right panels) following monolayer
neural differentiation of Suz12-/- ES cultures in the presence of 100uM carbenoxolone; scale 25um. Images shows failure to
induce neural lineage markers, showing carbenoxolone treatment alone does not induce neural differentiation.

c. Confocal images showing immunolabelling of neural lineage markers Nestin and Tuj1 (red, upper right panels respectively),
DAPI (blue, upper left panels), GFP (green, lower left panels) and merged images (lower right panels) following monolayer
neural differentiation of Suz12-/- following co-culturing with parental ES cells in the presence of 100uM carbenoxolone;
scale 25um. Images shows expression of neural lineage markers, showing carbenoxolone treatment does not prevent

rescue of neural differentiation.
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Figure 3.8. Jarid2 -/-, Suz12-/- and Eed-/- mESCs exhibit aberrant E-cadherin localisation
a. Confocal images showing immunolabelling for E-cadherin (red, left panels), DAPI (blue, middle panels) and merged images
(right panels) ES cell cultures grown in media with serum and LIF, comparing Jarid2 null ES cells (lower panels) with
matched parental wild type ES cells (upper panels) Scale bar 25[Lm. Imaging demonstrates reduced and patchy E-cadherin

staining in Jarid2 null cells compared to wild type.
b. Confocal images showing immunolabelling for E-cadherin (red, left panels), DAPI (blue, middle panels) and merged images

(right panels) ES cell cultures grown in media with serum and LIF, comparing Suz12 null ES cells (lower panels) with

matched parental wild type ES cells (upper panels) Scale bar 25[Lm. Imaging demonstrates reduced and patchy E-cadherin

staining in Suz12 null cells compared to wild type.

98



Eed+/+

Eed-/-

Ezh2 fl/fl

Ezh2 -/-

. Merge

Figure 3.8. Jarid2, Suz12 and Eed null ES cell cultures exhibit aberrant E-cadherin staining

C.

Confocal images showing immunolabelling for E-cadherin (red, left panels), DAPI (blue, middle panels) and merged images
(right panels) ES cell cultures grown in media with serum and LIF, comparing Eed null ES cells (lower panels) with matched
parental wild type ES cells (upper panels) Scale bar 25[Lm. Imaging demonstrates reduced and patchy E-cadherin staining
in Eed null cells compared to wild type.

Confocal images showing immunolabelling for E-cadherin (red, left panels), DAPI (blue, middle panels) and merged images
(right panels) ES cell cultures grown in media with serum and LIF, comparing Ezh2 null ES cells (lower panels) with
matched parental wild type ES cells (upper panels) Scale bar 25[Lm. Imaging demonstrates essentially normal E-cadherin

staining in Ezh2 null cells compared to wild type.
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Interestingly ES cells lacking the enzymatic component of PRC2 Ezh2, had a distribution of E-
cadherin proteins that were much more similar to wild-type controls (Ezh2 fl/fl, Figure 3.8.d).
Ezh1 has previously been reported to compensate for loss of Ezh2 function, and this finding
may reflect functional redundancy of Ezh1 in mESCs. It is also possible that these results
indicate that the mechanism by which E-cadherin is altered is Ezh2 independent. To address
this question, it would be of interest to perform E-cadherin analysis in Ezh1/Ezh2 double

knockouts.

3.8. Expression of E-cadherin by co-culture partner cells is essential to
rescue of both canonical Wnt signalling and neural differentiation in
Suz12-/- mESCs

Landeira et al reported co-culture of Jarid2 null ES cells with parental wild type cells restores
coherent colony formation, with normal E-cadherin staining observed at Jarid2 null: wild type
ES cell interfaces (Figure 3.9a, experiment undertaken by Dr Andy Malinowski, figure used
with permission (Landeira et al. 2015)). In view of the suggestion that cell interactions are
required for rescue of neural differentiation, further investigation of whether E-cadherin is
essential for coherent colony formation and properties was undertaken.

E-cadherin null mESCs were generated (Cell line termed C1, was generated using
CRISPR/Cas9 targeting exon 5 of E-cadherin gene, by Dr Andy Malinowski (figure 3.9.b), and
ES cells used with his kind permission). Initially the E-cadherin targeted cells were examined
for E-cadherin protein expression by western blot analysis. This confirmed loss of E-cadherin
expression (Figure 3.9.b, upper panel), with normal pluripotency gene expression being

retained (Nanog, figure 3.9.b, middle panel). E-cadherin null mESCs were characterised in
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terms of growth rate and alkaline phosphatase positive colony unit formation efficiency
(Figure 3.9.c,d). This showed similar characteristics to the parental E14 ES cell line.

To assess whether E-cadherin is required to rescue of neuronal differentiation, co-culture
experiments as outlined in the schematic figure 3.4.b were undertaken using E-cadherin null
(C1) ES cells, in place of the wild type cells used in the original experiment. Neural
differentiation was assessed by immunostaining for neural lineage markers Nestin and Tujl
(figure 3.10.a.b).

Co-culture with E-cadherin null mESCs fails to rescue neural differentiation in Suz12-/- ES
cells (Figure 3.10.a,b, matched positive controls using E14 WT cells demonstrated rescue of
monolayer neural differentiation, data not shown). This confirms an essential role for E-
cadherin in rescue of neural differentiation.

Landeira et al. previously proposed that, as B-catenin activity has been reported as necessary
for ES cell differentiation (Atlasi et al. 2013; Lyashenko et al. 2011), Jarid2 null ES cells may be
unable to differentiate due to low B-catenin activity (Landeira et al. 2015). E-cadherin is an
interacting partner of B-catenin, and it is conceivable that E-cadherin interaction may
contribute to the partial normalisation of B-catenin activity observed following co-culture,
which permits ES differentiation. To investigate this possibility, B-catenin activity was
assessed by TOPFlash assay, following co-culture with mESCs lacking E-cadherin for both
Jarid2-/- (E8), and Suz12-/- ES cells (figure 3.10.c,d). Importantly, B-catenin activity was not
restored following co-culture with E-cadherin null mESCs, showing that E-cadherin
interaction may be essential to rescue of canonical Wnt signalling. These findings suggest a
new model whereby E-cadherin interaction between mutant and wild type cells overrides a
block in B-catenin activity, and enables Jarid2-null or Suz12-null mutant ES cells to overcome

differentiation block.
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Figure 3.9. Generation and characterisation of E-cadherin null ES cells

a. Confocal images showing immunolabelling for E-cadherin (red, upper right), DAPI (blue, upper left), GFP (lower left) and
merged images (lower right panels) of mixed cultures of JM8 (unlabelled) and Jarid2-/- (E8, GFP expressing). Imaging
demonstrates reduced and patchy E-cadherin staining in E8I cells, with normal E-cadherin staining observed at interface
with the wild type cell. Experiment undertaken by Dr Andy Malinowski, figure used with permission

b. Schematic representation of CRISPR/Cas9 targeting to E-cadherin gene at exon 5; nucleotides in red represent the PAM
sequence for Cas9; nucleotides in blue depict sgRNA binding sites; red arrow shows site of double strand cleavage on
CRISPR/Cas9 activation.

c. Western blot of CRISPR/Cas9 generated E-cadherin null (C1) mESCs and, matched parental cell line (E14) for E-cadherin,
and Nanog expression; Lamin B loading control. Confirms loss of expression of E-cadherin, with maintain expression of
pluripotency gene Nanog in C1 cell line.

d. Logarithmic scale growth curve of E14 and C1 ES cell lines over 96 hours. Samples repeated in triplicate; standard error
bars shown.

e. Efficiency of alkaline phosphatase positive colony formation in E14 and C1. Samples repeated in triplicate; standard error

bars shown. Example plates shown in lower panels.
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Figure 3.10. Co-culture of Jarid2-/- or Suz12-/- ES cells with mESCs lacking E-cadherin fails to rescue monolayer neural
differentiation or canonical Wnt signalling

a. Confocal images showing immunolabelling of neural lineage markers Nestin (red, upper right panels), DAPI (blue, upper
left panels), GFP (green, lower left panels) and merged images (lower right panels) following monolayer neural
differentiation of Suz12-/- ES cultures after 24 hours co-culture with E-cadherin null ES cells; scale 25um.

b. Confocal images showing immunolabelling of neural lineage markers Tuj1 (red, upper right panels), DAPI (blue, upper left
panels), GFP (green, lower left panels) and merged images (lower right panels) following monolayer neural differentiation
of Suz12-/- ES cultures after 24 hours co-culture with E-cadherin null ES cells; scale 25um. Images shows failure to induce
neural lineage markers, suggesting E-cadherin expression is essential to rescue of neural differentiation.

c. PB-catenin activity, evaluated by luciferase-based TOPFlash assays comparing matched wild type (black bars) and Jarid2 null
ES cell cultures, at baseline and after 24 and 72 hours of co-culture with E-cadherin null ES cultures and FACS sorting.
Activity relative to wild-type. Mean + SE of three experiments shown;

d. B-catenin activity, evaluated by luciferase-based TOPFlash assays comparing matched wild type (black bars) and Suz12 null
ES cell cultures, at baseline and after 24 and 72 hours of co-culture with E-cadherin null ES cultures and FACS sorting.

Activity relative to wild-type. Mean + SE of three experiments shown; 103



3.9. mESCs lacking Suz12 form greater than one inner cell masses
upon injection into mouse blastocysts

It has been previously shown that mESCs lacking Jarid2 have the capacity to generate
multiple ICMs following injection into Black 57 E3.5 blastocysts (Landeira et al. 2015).
Additionally, expression of the early primitive endoderm marker Gata6 (Schrode et al. 2014)
is seen in cells surrounding each individual ICM, implying interplay between chromatin
regulation and cell signalling. Multiple ICM formation is a rare phenotype, and was not
observed in 90 control injections using matched parental mESCs. Furthermore, single ICMs
were observed following blastocyst injection ES cells lacking the core PRC2 component Eed.
Importantly Landeira et al. highlighted that regulation of canonical Wnt signalling is critical
for pre-implantation development, as it appears to permit discrimination of developing
blastocysts resulting in a single inner cell mass. Importantly, mESCs lacking Eed retain
moderate canonical Wnt signalling activity.

To investigate whether multiple ICM formation is unique to ES cells lacking Jarid2, BI57 E3.5
blastocysts were injected with ES cells lacking Suz12, which also demonstrate supressed
canonical Wnt signalling and aberrant E-cadherin expression. Initially uninjected control
blastocysts were fixed and immunostained for Gata6é and Nanog, to highlight the native inner
cell mass, to demonstrate the normal appearance of an E4.5 blastocyst (Figure 3.11.a).
Mouse ES cells lacking Suz12, but expressing eGFP were injected into BI57 E3.5 blastocysts
(10-15 cell per blastocyst, injections kindly undertaken by LMS Transgenic Facility). Injected
blastocysts were grown for 24 hours in KSOM media, prior to fixation and immunostaining for
GFP to highlight injected ES cells, and Gatab (figure 3.11.b, additionally a blastocyst injected
with ES cells lacking Jarid2 is also shown for comparison, taken from Landeira et al. 2015 with

permission). Notably, ES cells lacking Suz12 are also capable of forming multiple ICMs on
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blastocyst injection, although with reduced efficiency when compared to blastocysts injected

with ES cells lacking Jarid2 (Table 3.1). Importantly, ES cells lacking E-cadherin expression

with intact PRC2 machinery, do not form multiple ICMs on blastocyst injection (figure 3.11.c),

although these cells do have an increased failure rate of contribution to ICM of E-cadherin

null mESCs was observed compared to parental mESC injections (Table 3.2). In addition to the

observed failure of Eed deficient cells to form multiple ICMs, this suggests that aberrant E-

cadherin expression is not sufficient to induce multiple ICM formation.

mESC Number of Blastocysts analysed Number blastocysts with >1 ICM
Jarid2+/+ 90 0

Jarid2-/- 39 16 (41%)

E14 WT 110 0

Suz12-/- 78 11 (14%)

Eed deficient BI3 27 0

E-cadherin -/- 44 0

Table 3.1. Multiple ICMs are induced in E3.5 BI57 mouse blastocysts injected with mESCs lacking Jarid2 or Suz12, but not paired

WT parental cells, or mESCs lacking Eed or E-cadherin

Data from three biological replicates for injections using Suz12-/- and E14 WT mESCs, and 2 biological replicates for injections using

either Jarid2-/-, Eed deficient B1.3 or E-cadherin-/- mESCs. Data from Suz12-/- and E-cadherin-/- and matched parental controls (E14

cell line parental control for both Suz12-/- and E cadherin-/- lines) combined with previously published data of Jarid2-/- and Eed

deficient B1.3 injections (Landeira et al. 2015)

Total blastocysts injections

Failure to induce ICM formation

E14 WT

110 12 (11%)
E-cadherin -/- 44 34 (77%)
Suz12 -/- 78 13 (17%)

Table 3.2. Rate of failure to form inner cell mass following injection of E3.5 BI57 mouse blastocysts with mESCs

Data from three biological replicates for injections using Suz12-/- and E14 WT mESCs, and two replicates using E-cadherin-/- mESCs.

Data for Jarid2 wild-type (JM8) and Jarid2-/- (E8) and Eed deficient B1.3 injection unavailable.
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Figure 3.11. mESCs lacking either Jarid2 or Suz12 induce formation of multiple inner cell masses upon injection into E3.5 BI57

mouse blastocysts

a.

Confocal immunofluorescence image showing and uninjected E4.5 BI57 mouse blastocyst stained for Nanog (Green) and
Gatab (Red), counterstained with 4',6-diamidino-2-phenylindole (DAPI); Scale bar 25um. Dashed white line highlights the
inner cell mass (ICM), showing a normal distribution of Nanog high expressing ICM cells, surrounded by the primitive
endoderm as defined by high Gata6 expression

Confocal immunofluorescence image showing E4.5 BI57 mouse blastocyst following injection of either Suz12-/- and
matched parental controls, or Jarid2-/- and matched parental controls, stained for eGFP (Green) to highlight injected cells
and Gatab6 (Red) to define the primitive endoderm surrounding the ICM(s). Counterstained with 4',6-diamidino-2-
phenylindole (DAPI); Scale bar 25um. Dashed white line highlights the injected ICM(s). Representative images
demonstrating that mESCs lacking either Jarid2 or Suz12 are capable of inducing multiple ICM formation. Jarid2
experiments images taken from Landeira et al. 2015, with kind permission.

Confocal immunofluorescence image showing E4.5 BI57 mouse blastocyst following injection mESCs lacking E-cadherin,
stained for eGFP (Green) to highlight injected cells and Gata6 (Red) to define the primitive endoderm surrounding the
ICM. Counterstained with 4',6-diamidino-2-phenylindole (DAPI); Scale bar 25um. Dashed white line highlights the injected
ICM(s). The left image demonstrates successful ICM formation, with the image on the right representative of failed ICM
formation which was noted to occur at higher frequency than either matched parental controls, or injections using mESCs
lacking PRC2.2 machinery (table 3.2)
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3.10. Discussion and future perspectives

Previous studies have suggested that the PRC2.2 component Jarid2 has a role outside the
context of canonical histone modification (Landeira and Fisher 2011). Specifically Jarid2 has
been implicated in the co-ordination of Nanog expression, canonical Wnt signalling, and E-
cadherin localisation, with Jarid2 null mESCs capable of inducing multiple ICM formation on
blastocyst injection (Landeira et al. 2015). Here | show that, in addition to Jarid2 null mESCs,
mMESCs lacking core PRC2 components Ezh2, Eed or Suz12 demonstrate reduced canonical
Whnt signalling acticity, with Suz12 null mESCs showing constitutivey low canonical Wnt
signalling analogous to that seen in Jarid2 null mESCs. Further, Suz12 null mESCs also
demonstrate a block in differentiation, but in contrast to previous reports, are able to
efficiently downregulate expression of pluripotency genes (Oct4, Nanog, Sox2 and Rex1)
albeit under different differentiation conditions. However, Suz12-/- mESCs were unable to
upregulate the expression of neuronal-lineage specific markers as has been previosuly
reported (Pasini et al. 2007). Importantly co-culture of Suz12-/- mESCs with parental wild-
type mESCs can partially rescue both canonical Wnt activity and neuronal differentiation. The
role of canonical Wnt signalling in pluripotency and differentiation remains controversial
(Sokol 2011; Serio 2014; de Jaime-Soguero, Abreu de Oliveira, and Lluis 2018), with seemingly
contradictory reports suggesting that Canonical Wnt signalling is essential to pluripotency
and ESC self renewal (Miyabayashi et al. 2007; Anton, Kestler, and Kiihl 2007; ten Berge et al.
2011) while other reports implicate canonical Wnt signalling in lineage commitment and
differentiation (Bakre et al. 2007; Lindsley et al. 2006). This study is in keeping with the latter,
with activation of canonical Wnt signalling observed coincident with rescue of neuronal
lineage commitment. My experiments also begin to elucidate the mechanism by which

canonical Wnt signalling and neuronal lineage commitment are, to some extent restored
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following co-culture with parental wild-type cells. Failure of Suz12 null mECSs exposed to
wild-type ESC conditioned media to differentiate, along with succesful differentiation in the
presence of a non-selective gap junction inhibitor suggests that neither endocrine nor
paracrine secretion of small molecules is responsible for the observed restoration of
canonical Wnt signalling and neuronal lineage commitment. Intruigingly however, co-culture
with parental mESCs modified to ablate E-cadherin expression results in a failure to induce
canonical Wnt signalling and neuronal lineage commitment. Furthermore, aberrant
expression and localisation of E-cadherin is observed in mESC lacking either Jarid2 or Suz12,
and co-ordination of E-cadherin at the WT:Jarid-/- cell interface has been reported in co-
cultured colonies (Landeira et al. 2015). Cytoplasmic B-catenin binds to the intracellular
domain of E-cadherin in mESCs, linking adherens junctions to the cytoskeleton (Niessen and
Gottardi 2008). Loss of E-cadherin mESCs by genetic knockout results in mESCs which retain
self renewal in absence of LIF, and maintain an undifferentiated phenotype when exposed to
differentiation inducing conditions (Soncin et al. 2009). Additionally, Soncin et al. reported
that the E-cadherin:B-catenin interaction is essential to lineage commitment as reversal of
the E-cadherin null phenotype is dependent on the presence of the cytoplamic B-catenin
binding domain of E-cadherin in ectopically expressed E-cadherin. Additionally, the authors
report that 3-catenin null mESCs also demonstrate the same phenotype of maintainance of
pluripotency in the absence of LIF. E-cadherin has been reported as required for the increase
in cytosolic B-catenin and play an instructive role in providing a pool of B-catenin for
canonical Wnt signalling (Howard et al. 2011). Our observation are in keeping with the finding
that E-cadherin is essential to rescue of canonical Wnt signalling and differentiation. A model
whereby an inteaction between WT and Suz12-/- mESCs results in restoration of E-cadherin

architecture, allowing replenishment of the pool of available B-catenin and rescue of active
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Whnt signalling, requisite for lineage commitment, could potentially explain the observed
restoration of lineage commitment in mESCs lacking either Suz12 or Jarid2.

Perhaps most intriguingly, rescue of neuronal lineage in Suz12-/- mESCs suggests that
transition from pluripotency to early neuronal lineage commitment, and perhaps lineage
commitment generally, may occur in the absence of PRC2 mediated histone H3K27me
modifications. It is well recognized that mESCs lacking Suz12 demonstrate global loss of
H3K27 methylation (Pasini et al. 2007; Hojfeldt et al. 2018). A recent study has shown that
ectopic expression of Suz12 in mESCs lacking Suz12 will accurately and rapidly establish de
novo H3K27 methylation (Hojfeldt et al. 2018), and it is possible but very unlikely that PRC2
mediated histone methylation occurs following co-culture, through an as yet unknown
mechanism, perhaps with an alternative histone methyltransferase. To exclude this possibility
a future avenue of research would be to isolate the nuclei of Suz12 null cells driven to
neuronal differentiation following co-culture, to interogate for PRC2 mediated histone
modifications, as this would elucidate whether PRC2 mediated histone methylation is in itself

requisite for lineage commitment.
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Chapter 4. Proteomic analysis of Jarid2 null

mMESCs



4.1. Whole cell extract proteomic analysis of Jarid2 null mESCs

Jarid2-deficient ESCs have altered Wnt-signalling and altered expression on non-canonical
Whnt signalling pathways (Landeira et al. 2010, Landeira at al. 2015). To assess changes in the
ES cell proteome that are associated with Jarid2 loss, we performed Mass Spectrometry (MS)
analysis of Jarid2-null versus wild-type mESCs. Whole cell extracts were obtained in triplicate
for Jarid2-/- (E8 cell line) and matched parental mESCs (JM8 cell line), during log phase
growth, maintained in media supplemented with serum and leukaemia inhibitory factor (LIF)
(performed by Andy Malinowski, Lymphocyte Development group, MRC LMS). A standard
TCA precipitation and trypsin digest followed by high pressure liquid chromatography and
mass spectrometry using a 2-hour gradient on Q-exactive prior to MS was performed (in
collaboration with Dr Tony Ly, Lamond Group, University of Dundee). Overall label-free-
quantification (LFQ) were obtained for 6168 proteins. 3061 proteins were detected
sufficiently (>2 replicates in each sample), to allow comparison of relative abundancies.
Scatter plot and principle component analysis demonstrate good reproducibility between
biological replicates (Figure 4.1.a,b). Unsupervised hierarchical clustering separates Jarid2-/-
and parental mESC cell line, although there was significant overlap between these two mESC

lines (Figure 4.1.c).
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Figure 4.1. Proteins identified as having significantly increased or decreased abundance in Jarid2 null mESCs relative to wild type

mESCs

a.

Scatterplot analysis of proteomic data comparing biological replicates of Jarid2-null (E8) mESC vs. matched Jarid2 +/+

parental control mESC whole cell extract. Pearson rank co-efficient shows significant correlation (range +0.875-0.932)

Principle component analysis of Jarid2 -/- (E8) and matched parental controls (JM8), showing discrete clustering of each

cell type

Heatmap showing intensity of biological replicates of Jarid2-/- mESCs and WT mESCs for each protein. Unsupervised

hierarchical clustering separates Jarid2-/- and matched parental replicates.
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Volcano plot analysis with a crude cut off (ANOVA p<0.5 and fold change >2 change)

demonstrates 42 proteins with reduced relative abundance and 25 proteins with increased
relative abundance in Jarid2-/- mESCs relative to matched parental controls. This is further
reduced to 17 proteins with reduced abundancy and 11 with increased abundancy when a

false discovery rate of 0.05 is applied (Elias and Gygi 2007) (Figure 4.2.a,b; Table 4.1).

Log2 mean Jarid WT LFQ intensity

Log2 mean Jarid-/- LFQ intensity
A Log2 LFQintensity Jarid-/-:WT

£ =

a O a

Alpha-internexin Ina 30.11 27.57 2.55 0.0093
Coactosin-like protein Cotll 29.70 28.12 1.57 0.0212
Fatty acid-binding protein, heart Fabp3 32.33 3094 139 0.0111
Equilibrative nucleoside transporter 1 Slc29al 2961 2841 1.19 0.0006
E3 ubiquitin-protein ligase NEDD4-like Nedd4l 29.41 2839 1.03 0.0109
RNA-binding motif protein, X-linked like 2 RbmxI2 30.79 29.79 1.00 0.0018
Adenylate kinase 4, mitochondrial Ak4 2994 2897 097 0.0085
Centromere protein V Cenpv 29.70 28.73 0.97 0.0359
Glutathione S-transferase A4 Gstad 3356 32.65 092 0.0034
Core histone macro-H2A.2 H2afy2 29.83 2898 0.84 0.0170
Heterogenous nuclear ribonucleoprotein H3 Hnrnph3 29.45 2874 0.72 0.0143
Ubiquitin-conjugating enzyme E2 Z Ube2z 2796 28.69 -0.73 0.0105
NIF3-like protein 1 Nif311 28.85 29.66 -0.81 0.0189
Protein lin-28 homolog A Lin28a 2935 30.24 -0.88 0.0157
Myosin light polypeptide 6 Myl6 30.47 31.38 -0.90 0.0020
Annexin;Annexin A7 Anxa7 28.01 2894 -093 0.0020
Asparagine--tRNA ligase, cytoplasmic Nars 30.68 31.68 -0.99 0.0281
D-3-phosphoglycerate dehydrogenase Phgdh 31.17 32.22 -1.06 0.0130
Tubulin beta-3 chain Tubb3 28.77 2991 -1.14 0.0363
Glycine dehydrogenase, mitochondrial Gldc 28.64 2995 -1.32 0.0182
Septin-9 Sep-09 28.73 30.08 -1.35 0.0426
Phosphoserine aminotransferase Psatl 31.70 33.11 -1.41 0.0329
DNA (cytosine-5)-methyltransferase 3B Dnmt3b  28.89 30.31 -1.42 0.0079
Laminin subunit beta-1 Lamb1l 26.15 2759 -1.44 0.0298
Synaptosomal-associated protein 47 Snap47 26.94 28.60 -1.65 0.0328
Transgelin-2 TagIn2 2948 31.29 -1.81 0.0110
DNA (cytosine-5)-methyltransferase 3-like Dnmt3l 28.58 30.89 -2.31 0.0350
Catenin beta-1 Ctnnbl 28.15 30.88 -2.72 0.0046

Table 4.1. Proteins identified as having significantly increased or reduced abundance by LFQ proteomic analysis of whole cell
extracts of Jarid2 null mESCs vs. wild type mESCs
Listed in descending order from protein with greatest relative abundance (a-internexin), to least relative abundance (-catenin). P-

value by one-way ANOVA.
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Figure 4.2. Proteins identified as having significantly increased or decreased abundance in Jarid2 null mESCs relative to wild type

mESCs

Volcano plot showing log2 difference in mean LFQ abundance in Jarid2-/- mESCs (E8) versus WT (JM8) (x-axis),

against -log10 p-value (y-axis). Proteins with FDR>0.05 highlighted in red, non-significant proteins in grey. Reduced

relative abundance to left of zero, increased relative abundance to right of zero. Twenty-eight proteins identified,

with 17 with reduced relative abundance, and 11 with increased relative abundancy.

Multi-colour heatmap showing intensity of biological replicates of Jarid2-/- mESCs and WT mESCs for each protein

with FDR<0.05
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A striking observation from the whole cell extract MS data is that B-catenin is the protein
demonstrating the greatest reduction in relative abundance in Jarid2-/- mESCs relative to
matched parental controls (Alog mean intensity -2.72, p=0.0046) (Figure 4.3.a). This result
was reproducible across all three biological replicates (Figure 4.3.b,c). Previous studies have
indicated reduced activity of B-catenin in Jarid2-/- mESCs (Landeira et al. 2015), and reduced
[3-catenin abundance would be consistent with this observation.

Two previous studies have highlighted the intriguing possibility that direct methylation of -
catenin at the lysine 49 residue can regulate B-stability and function (Hoffmeyer et al. 2017;
Zhu et al. 2016). Zhu et al reported that the long non-coding RNA Inc--Catm co-
immunoprecipitates with both B-catenin and Ezh2 in liver cancer stem cells. Using both an
anti-pan-methyl-lysine antibody-based approach and an in vitro methylation assay, it was
suggested that Ezh2 can methylate -catenin at lysine 49, and that methylation promotes B-
catenin stability. A further report demonstrated that B-catenin is methylated in mESCs
(Hoffmeyer et al. 2017). Using a custom-made rat monoclonal antibody raised against a
methylated peptide corresponding to the region surrounding -catenin lysine 49. It was also
reported that methyl-B-catenin co-Immunoprecipitates with all PRC2 core components and
Jarid2. Furthermore, methylated B-catenin was claimed to be enriched at repressed
developmental genes, and also in association with E-cadherin at the cell surface adhesion
complex (Hoffmeyer at al. 2017). A further study has also highlighted the role of the lysine
demethylases KDM2A in regulation of B-catenin stability, highlighting the possibility that
methylation of B-catenin impairs ubiquitination, resulting in stabilisation and increased
abundancy of B-catenin, potentiating canonical Wnt signalling (Lu et al. 2015). Because these
reports suggest that PRC2 could methylate B-catenin at lysine 49, and thereby stabilize

activity, it is important to verify these observations, although we have been unable to acquire
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the bespoke anti-K49me B-catenin antibody. Given the potential significance of PRC2
mediated methylation of B-catenin for developmental and cancer biology, further efforts
were made to identify endogenous B-catenin methylation using mass spectrometry

approaches.
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Figure 4.3. Beta-catenin demonstrates significantly reduced abundance in Jarid2 null mESCs compared to Jarid2 wild-type mESCs
a. Volcano plot showing log2 difference in mean LFQ abundance in Jarid2-/- mESCs (E8) versus WT (JM8) (x-axis), against -
log10 p-value (y-axis). Beta-catenin (Labelled Catenin beta-1) highlighted in red, showing reduced relative abundance in
Jarid2-/- mESCs when compared to matched parental Jarid2 WT mESCs
b. Individual heatmap showing unsupervised hierarchical clustering of intensity of biological replicates of Jarid2-/- mESCs and

WT mESCs for each B-catenin. Jarid2-/- and WT replicated form separate clusters.
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4.2 Mass spectrometry search for evidence of -catenin lysine 49

A literature search has shown no current publications in which endogenous methylation of -
catenin at lysine 49 was evident using mass spectrometry-based approaches. Hoffmeyer et al.
also reported that attempts to identify methylation by mass spectrometry were unsuccessful,
and this was attributed to a reduced trypsin digest efficiency at methylated lysine residues
(Hoffmeyer et al. 2017). Indeed, a MaxQuant search for methylated peptides from the crude
Jarid2-/- and wild type extracts did not identify methylated -catenin peptides containing
lysine 49 (representative MS fragmentation spectrum corresponding to unmethylated K49
fragment; figure 4.4.a). Following detailed discussions with the Lamond group, University of
Dundee and with the MRC LMS Mass Spectrometry group (lead by Dr Holger Kramer), an
immunoenrichment strategy to detect endogenous B-catenin was designed. This approach is
frequently employed when seeking to detect specific post-translational protein modifications
(Kim, Zhong, and Pandey 2016; Zhao and Jensen 2009). Initially lysates from wild type ES cells
were used to attempt to reproducibly identify this methylation event, before assessing any
change between wild-type and PRC2 mutant cells.

To maximise the probability of identifying methylated B-catenin fragments, B-catenin was
immunoenriched using two different antibodies so as to exclude the possibility that the
methylated form of B-catenin was not bound. Additionally, antibodies used bind the C-
terminal of B-catenin, distant to the reported lysine 49 methylation event, thus reducing the
likelihood of methylation affecting antigen binding (BD biosciences BD 61054 and Cell
Signalling Technology CST9587 antibodies used). Furthermore, as this methylation event was
reported in both mESCs and oncospheres formed from liver cancer stem cells,

immunoenrichments were generated from lysates of both wild type JM8 mESCs and liver
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cancer cell line (Hep3b) treated to form oncospheres to enrich for resident liver cancer stem
cells (as used in the study by Zhu et al., oncosphere formation shown figure 4.4.b). Finally,
because the lysine demethylase KDM2A might be responsible for demethylation of B-catenin,
lysates were prepared in the presence and absence of the KDM2A demethylase specific
inhibitor, Daminoxide (Rose et al. 2012).

To address the possibility raised by Hoffmeyer et al. that trypsin/GluC endopeptidase digests
fail to digest at methylated lysine-49, alternate AspN digests were also prepared and
analysed. In total MS experiments were undertaken on 16 different conditions in biological
and technical replicate, to comprehensively interrogate endogenous B-catenin for its
methylation profile (experimental design schematic shown Figure 4.4.c).

Beta-catenin immunoprecipitation was optimised for each antibody, with BS3? cross linking at
0.25mM for the BD 61054 antibody, and no cross linking used for the CST9587 antibody, as
this dramatically reduced of yield of target immunoprecipitate. Immunoprecipitates were
interrogated with anti-B-catenin to confirm successful immunoprecipitation, as well as anti-
pan-methyl-K antibody to confirm antibody detected methylation of B-catenin as previously
reported. Western blot analysis of Immunoprecipitates with anti-B-catenin antibody
demonstrated robust immunoprecipitation of target protein (Figure 4.4.d). Interrogation of
Immunoprecipitates with anti-pan-methyl-K antibody demonstrated a low to moderate
methylation signal in both JM8 mESC and Hepb3 oncosphere lysates (Figure 4.4.d), in
contrast to the strong signal reported using a similar technique previously reported by others
(Zhu et al. 2016, Hoffmeyer et al. 2017). Efforts were made to optimise yield of methylated -
catenin, by shortening the lysis and pulldown protocols and trialling different lysis buffers,
with little apparent effect on either yield of immunoprecipitated B-catenin, or the detection

of lysine methylation. The presence of daminoxide during the cell lysis protocol seemingly

118



had minimal effect on the strength of methylation signal (data not shown). Despite this we
decided to continue with the planned experimental design, assuming mass spectrometry may
be able to detect differences in methylation that might not be easily observed using an

antibody-based approach.

4.3.2. Optimisation of Mass Spectrometry protocol of

immunoenriched [-catenin

Initial B-catenin Immunoprecipitates using BD 61054 antibody were used to optimise the
clean-up of samples. In gel digest, trichloroacetic acid (TCA) and SP3 bead (Hughes et al.
2019) clean up technigues were compared. All techniques revealed strong enrichment,
between with mean [-catenin signal intensity greater than 30% across the three
preparations. The in-gel digest technique yielded the greatest enrichment of B-catenin (close
to 55% peptide enrichment). However, the TCA clean up approach yielded the greatest
intensity of B-catenin peptide MS signal. Subsequent MS experiments samples were prepared
in biological replicates, using the optimised immunoprecipitation protocols, and TCA clean up

prior to MS.
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Figure 4.4. Experimental design and optimisation of efforts to identify methylation at residue lysine 49 methylation of 3-catenin

a. Representative MS fragmentation spectrum corresponding to B-catenin K49 Trypsin/GluC digest fragment. No
methylation was identified in biological replicates of either Jarid2 WT mESCs or Jarid2-/- mESCs.

b.  Schematic representation of Hep3B oncosphere formation protocol, to enrich for resident liver cancer stem cells.
Successful oncosphere formation confirmed by phase contrast microscopy. Representative image of Hep3B oncosphere
on right.

c.  Schematic representation of experimental design for 3-catenin lysin 49 methylation search. Both JM8 and HepB3 lysates
prepared in the presence and absence of Daminoxide, Immunoprecipitation with two separate antibodies (BD 61054 and
CST9587), and digested with either GIuC/Trypsin or AspN. In total 16 different condition, in biological replicate.

d. Representative western blot analysis showing successful immunoprecipitation of B-catenin using BD61054 (left panel in
pairs). Counter-staining with anti-pan-methyl-lysine antibody shows modest staining in both JM8 and Hep3B oncosphere

lysates. Similar results obtained for CST9587 not shown.
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4.3.3. Mass spectrometry analysis of immunoenriched -catenin did
not reveal evidence for mono- or tri-methylation at lysine 49

Biological replicates were interrogated for immunoprecipitations using separate antibodies,
on two separate lysates, in the presence or absence of daminoxide, using two separate
endopeptidases. In total eight separate mass spectrometry experiments were repeated in
duplicate for each endopeptidase digest (i.e., JM8 lysate vs two antibodies, each +/-
daminoxide and Hep3b oncosphere lysate vs. two antibodies, each +/- daminoxide; in total
32 individual MS experiments were undertaken for this methylated peptide search).

The predicted peptide fragments containing lysine 49 following Trypsin/GluC digest are
shown figure 4.5a. MS following trypsin/GluC endopeptidase digest of immunoenriched -
catenin yielded peptide good coverage of B-catenin (typically >75% peptide coverage, Figure
4.5.b), with exceptional signal reported for the lysine 49 containing fragment. No detectable
methylation at lysine 49 was identified for either antibody using both MaxQuant and
MASCOT searches, either in the presence or absence of daminoxide (representative MS
fragmentation spectrum corresponding to unmethylated K49 Trypsin/GluC digest fragment;
figure 4.5.c). Trypsin cleavage occurs at the C-terminal side of lysine and arginine residues,
and as such the B-catenin peptide fragment containing lysine 49 is cleaved directly at the C-
terminal of lysine 49. It has been reported that trypsin digest efficiency is reduced at
methylated lysine residue (Snijders et al. 2010). If cleavage at this site is inefficient, a peptide
fragment of a predicted size of 3484Da should be generated. A search was undertaken for
this peptide fragment, but we did not find evidence of either the methylated or
unmethylated form, suggesting that either digestion was efficient, or that the generated

peptide was present but not detected by MS protocol used. It has been suggested that highly
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changed fragments may be retained on the MS column, and are then absent in the MS spray
(A. Lamond, personal communication). Quantification of the K49 fragment versus the whole
protein and remaining peptides did not identify a ‘missing peptide’ quantity, suggesting that
loss of the methylated K49 fragment by column binding is unlikely. However, to confirm that
reduced efficiency of digest at methylated lysine peptides by trypsin was not contributing to
the failed detection of methylated B-catenin, further MS was undertaken on
immunoprecipitated B-catenin treated with AspN endopeptidase (predicted lysine 49
fragment sequence given figure 4.5.d). Typically, these digests were less efficient, and yielded
peptide coverage of B-catenin of 35-50% (Figure 4.5.e), however good signal was reported
for the lysine 49 containing fragment. Again, no detectable methylation was identified using
MaxQuant or MASCOT search at lysine 49 for either antibody, either in the presence or
absence of daminoxide (representative MS fragmentation spectrum corresponding to
unmethylated K49 AspN digest fragment; figure 4.5.e). This analysis has shown that lysine 49
methylation of B-catenin is not detectable by mass spectrometry on B-catenin, either in
whole cell lysates, or endogenous immunoprecipitated B-catenin enriched from either
embryonic stem cells or enriched liver cancer stem cells, using two separate
immunoprecipitating antibodies, and in the presence or absence of specific KDM2A
demethylase inhibition. This calls into question the validity of previous claims that have been
based solely on antibody specificity (for K49-methylated B-catenin), particularly as we have

not been able to assess the antibody in question for an assessment of reproducibility.
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Figure 4.5. Comprehensive mass spectrometry analysis of immunoenriched B-catenin fails to identify methylation of lysine 49

a. Predicted Trypsin/GIluC digest of B-catenin (amino acid sequence 1-60). Fragment containing lysine 49 residue in bold,
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lysine 49 highlighted in red. Fragment has estimated molecular weight of 3484 Da in unmethylated form.

b. Representative protein sequence coverage of immunoenriched B-catenin following Trypsin/GluC digest. Matched

sequence in red. Excellent peptide abundance of lysine 49 fragment reported. Total protein coverage 77%.

c. Representative MS fragmentation spectrum corresponding to -catenin K49 Trypsin/GluC digest fragment. No

methylation was identified in any of biological replicates of eight conditions that underwent trypsin/GluC digest.

highlighted in red. Fragment has estimated molecular weight of 2342 Da in unmethylated form.

red. Satisfactory peptide abundance of lysine 49 fragment reported. Total protein coverage 44%.

Predicted AspN digest of -catenin (amino acid sequence 1-60). Fragment containing lysine 49 residue in bold, lysine 49

Representative protein sequence coverage of immunoenriched [3-catenin following AspN digest. Matched sequence in

f.  Representative MS fragmentation spectrum corresponding to -catenin K49 AspN digest fragment. No methylation was

identified in any of biological replicates of eight conditions that underwent AspN digest.
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4.3.4. Mass spectrometry analysis of immunoenriched -catenin
identifies mono- and tri-methylation at lysine 133

Lysine 133 methylation has been reported for B-catenin (Deng et al. 2017), which is SMYD2
dependent rather than PRC2 mediated. This PTM was reported to be critical for nuclear
localisation of B-catenin. In this case the authors were able to identify methylated lysine 133
using mass spectrometry, following in vitro methylation of B-catenin by recombinant SMYD?2.
This study however, did not show lysine 133 methylation of endogenous B-catenin. Clearly it
is important to validate in vitro methylation assays and identify methylated endogenous
peptides, since in vitro methylation assays are non-physiological, and high concentrations of
both enzyme and target residue may result in non-specific methylation (Zhao and Jensen
2009). Importantly | detected both mono- and tri-methylation of B-catenin at lysine residue
133 in samples digested with both trypsin and AspN digests (figure 3.6.c,f). Lysine 133
methylation was observed in nine of sixteen trypsin digests MS experiments, and six of
sixteen AspN digest MS experiments. Lysine methylation was detected in both samples with
or without the addition of daminoxide. | believe that this is the first report of the lysine 133
methylation of endogenous B-catenin, and augments the previous report by Deng et al.
Although this is an important result that warrants further investigation, unfortunately this
was beyond the timescale of this research project. Significantly, the identification of K133
methylation may explain why methylation was observed using an anti-pan-methyl-lysine
antibody on immunoprecipitated B-catenin samples. Additionally, that methylation is
detectable at lysine 133, provides reassurance that a methylation event at lysine 49 ought

also to be detected.
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Figure 4.6. Comprehensive mass spectrometry analysis of immunoenriched B-catenin identifies methylation of lysine 133

a.

Predicted Trypsin/GluC digest of B-catenin (amino acid sequence 121-180). Fragment containing lysine 49 residue in bold,
lysine 49 highlighted in red. Fragment has estimated molecular weight of 1016 Da in the unmethylated form, 1030 Da in
the lysine mono-methyl form, and 1059 Da in the lysine tri-methyl form.

Representative protein sequence coverage of immunoenriched f-catenin following Trypsin/GluC digest. Matched
sequence in red. Excellent peptide abundance of lysine 49 fragment reported. Total protein coverage 77%.
Representative MS fragmentation spectrum corresponding to B-catenin K49 Trypsin/GluC digest fragment, showing tri-
methyl lysine.

Predicted AspN digest of 3-catenin (amino acid sequence 61-121). Fragment containing lysine 49 residue in bold, lysine 49
highlighted in red. Fragment has estimated molecular weight of 3259 Da in the unmethylated form, 3273 Da in the lysine
mono-methyl form, and 3303 in the lysine tri-methyl form.

Representative protein sequence coverage of immunoenriched B-catenin following AspN digest. Matched sequence in
red. Satisfactory peptide abundance of lysine 49 fragment reported. Total protein coverage 38%.

Representative MS fragmentation spectrum corresponding to B-catenin K49 AspN digest, showing mono-methyl lysine
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3.4 Discussion and future perspectives

Here a comprehensive proteomic analysis of Jarid2 null mESCs is presented, which yields a
number of interesting results. Label free quantification allows accurate and reproducible
quantification of samples (Asara et al. 2008), permitting a direct comparison of different
samples. Comparison of Jarid2 null and wild-type mESCs shows that there is great similarity
between the Jarid2 null and wild type mESCs, with just 28 of 3026 (<1%) proteins showing
significantly increased or decreased abundance when false discovery rate of <0.05 was
applied. It is important to note that peptides which were below the detection threshold in
greater than one sample in either Jarid2-/- or wild type-mESCs were excluded from the
analysis, and as such proteins which have very low expression in either Jarid2 null or WT
mMESCs are potentially missed from this investigation. However, a number of important
candidate proteins were identified as having either increased or decreased abundancy.
Notably, both DNA methyl transferases Dnmt3b and Dnmt3| both demonstrate significant
reduction in abundance in Jarid2 null mESCs. This is an intriguing finding, as PRC2 H3K27me3
profiles often correspond to CpG islands (Blackledge and Klose 2011), and Jarid2 null mESCs
have been reported to have aberrant PRC2 targeting (either increased, reduced, or globally
similar levels with altered chromatin targeting (Landeira and Fisher 2011). Mouse embryonic
stem cells lacking Dmnt3b have been generated and are able to self-renew, and will
differentiate into all three germ layers, but progressively lose DNA methylation as the cells
are passaged. Significantly, differentially methylated regions in Dnmt3-/- mESCs show strong
enrichment for both Ezh2 and Suz12 DNA binding sites as determined by ENCODE (Liao et al.
2015). This observation may provide further insight into the complexities of PRC2 targeting in
Jarid2 null mESCs, linking DNA methylation, with observed changes in PRC2 targeting mESCs

lacking Jarid2.
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A further exciting observation was that B-catenin is the protein demonstrating the greatest
reduction in abundancy in Jarid2-/- mESCs relative to wild type, a finding in keeping with
previously reported reduced canonical Wnt signalling observed in Jarid2 null mESCs. Given
our interests in the overlap between epigenetic machinery and cell signalling this important
result was investigated further. A recently proposed mechanism whereby PRC2 regulated B-
catenin stability and Wnt signalling is through direct non-canonical lysine methylation of -
catenin at lysine 49 (Hoffmeyer et al. 2017; Zhu et al. 2016). Despite extensive efforts this
modification was not detected in endogenous -catenin, in either whole cell extracts of
following immunoenrichment, although a previously reported SMYD2 mediated lysine 133
methylation event was shown for the first time in endogenous -catenin samples. This is the
second report of failure to detect lysine 49 methylation using mass spectrometry (Hoffmeyer
et al. 2017), and is at odds with reported detection using antibody based methodologies. This
finding may support the observation that E-cadherin interaction between Jarid2 null and
wild-type mESCs results in potentiated canonical Wnt signalling, possibly through a
mechanism which increases the B-catenin pool in the Jarid2 null cells. Examination of total (-

catenin abundance and localisation following the co-culture protocol would be of great value.
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Chapter 5. Jarid2 dependent localisation of

the dual residence protein Afadin



A significant advantage of global proteomic analysis is that it allows investigation not only of
protein abundance, but also interrogation of sub-cellular location (Orre et al. 2019). There
are many examples of cell signalling cascades, where proteins are present in the cytoplasm,
until activated to translocate to the nucleus. A notable example is B-catenin, where
translocation to the nucleus enables B-catenin to complex with transcriptional activating
partners LEF and TCF to drive canonical Wnt target gene expression (Kretzschmar and Clevers
2017). We have shown that mESCs lacking Jarid2 have a reduced abundance of 3-catenin in
whole cell fractions. To investigate whether B-catenin, or indeed other cell signalling
proteins, have altered cellular localisation in Jarid2 null mESCs, proteomic analysis was

performed on isolated nuclear and cytosolic fractions from Jarid2 null and wild type mESCs.

5.1. Separation of Jarid2 null and wild type mESCs into nuclear and
cytoplasmic fractions

Jarid2-/- and matched parental mESCs were grown in media supplemented with LIF, and
separated into nuclear and cytoplasmic fractions using a standard fractionation buffer
(fractionation performed by Andy Malinowski, lymphocyte Development Group, MRC LMS).
Western blot analysis of nuclear and cytoplasmic fractions revealed good fractionation, with
robust detection of the cytosolic resident protein a-tubulin in the cytosolic fraction, absent
from the nuclear fraction, and conversely detection of the nuclear envelope protein Lamin B
in the nuclear fraction, but absent from the cytoplasmic fraction (Figure 5.1.a). This confirms
that the fractionation had enriched the cytosolic and nuclear fractions appropriately. A
standard TCA precipitation and trypsin digest followed by high pressure liquid

chromatography and mass spectrometry using a 2-hour gradient on Q-exactive prior to MS
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was undertaken in biological triplicate, and technical replicate in collaboration with Dr Tony
Ly (Lamond Group, University of Dundee). Comparison of relative abundancies of proteins in
the nuclear and cytoplasmic fractions showed anticipated enrichment of histone proteins in
the nuclear fraction in both Jarid2-/- and wild type mESCs, validating successful fractionation

(Figure 5.1.b-d).
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Figure 5.1. Validation of successful separation of cytoplasmic and nuclear fractions of Jarid2 null and wild type mESCs

a. Western blot analysis of fractionated blot analysis of Jarid2/- and matched parental wild type mESCs. Lamin B (66 kDa) is a
nuclear envelope protein and indicates nuclear fraction. Alpha-tubulin (50 kDa) is a microtubule protein indicating
cytosolic fraction.

b. Volcano plot comparing relative abundancies in nuclear and cytosolic fractions of Jarid2 null mESCs (FDR <0.5). Detected
histones highlighted in red. Increasing nuclear abundance >0

c. Volcano plot comparing relative abundancies in nuclear and cytosolic fractions of wild type mESCs (FDR <0.5).Detected
histones highlighted in red. Increasing nuclear abundance >0

d. Heatmap showing unsupervised clustering of histone abundances into cytoplasmic (left) and nuclear (right) fractions of

combined Jarid2-/- and wild type samples.



5.2 Interrogation of global nuclear and cytoplasmic fractions between
Jarid2 null and wild type mESCs

Global analysis of protein abundancies comparing nuclear fractions and cytoplasmic fractions
between Jarid2 null and WT mESCs was undertaken. This revealed overlap with the proteins
showing reduced abundancy in the whole cell extracts global proteomic analysis. This
agreement provided reassurance that the observed results in both the whole cell extract and
fractionated extract experiments are robust and reliable. The abundance of B-catenin was
reduced abundance in both the cytosolic and nuclear fractions of Jarid2-/- mESCs relative to
wild type (69.8% reduction in relative nuclear abundance p=0.051, 33.4% reduction in

relative cytosolic abundance p=0.006).

5.3. Interrogation of relative nuclear to cytoplasmic abundancies
between Jarid2 null and wild type mESCs

To assess changes in the sub-cellular localization of protein between Jarid2 null and wild type
mMESCs, the relative nuclear to cytoplasmic abundance was calculated for each protein, and
compared between Jarid2 null and matched parental wild type samples (Figure 5.2.a). Global
analysis revealed a shift predominantly from nuclear to cytosolic localization, with 1208 of
the 1746 (69.2%) comparable proteins showing greater relative cytoplasmic abundance in
Jarid2 null mESCs when compared to wild-type cells. The remaining 538 protein showing
increased nuclear abundancy in Jarid2-/- mESCs relative to wild type. Applying a cut off of >2-
fold change in relative nuclear to cytoplasmic abundance and p-value <0.5, identifies 50
proteins as having significant change in sub-cellular localization. An increased relative
cytoplasmic intensity was shown in 41 of these proteins, with nine showing increased relative

nuclear abundance in Jarid2-/- mESCs when compared to wild type mESCs (Figure 5.2.b).
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Proteins showing a significant change in sub-cellular location (fold change >2, p<0.05) are

shown in Table 5.1.
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Figure 5.2. Proteins demonstrating preferential cytosolic and nuclear localisation in Jarid2 null mESCs relative to wild-type
a. Global distribution of relative protein localisation of protein in Jarid2 mESCs compared to matched parental wild mESCs.

Greater relative cytoplasmic abundance in Jarid2-/- compared to wild type to left (<0), and greater relative nuclear

abundance to right (>0)
b. Proteins identified with greater than 2-fold change in localisation and p-value <0.05, in Jarid2 mESCs compared to
matched parental wild mESCs. Greater relative cytoplasmic abundance in Jarid2-/- compared to wild type to left (<0), and

greater relative nuclear abundance to right (>0). Vertical grey lines represent 2 fold cut off, horizontal grey line represents

p-value <0.05 (Proteins labelled with gene ID, protein IDs given in table 5.3)
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Delta-1-pyrroline-5-carboxylate synthase Aldh18al 2.23E+09 1.67E+08 13.379 5.52E+09 3.68E+07 149.895 0.089 -3.486 2.337
Thioredoxin-dependent peroxide reductase, mitochondrial Prdx3 5.53E+07 3.64E+08 0.152 3.61E+08 2.64E+08 1.370 0.111 -3.173 1.568
Ribose-phosphate pyrophosphokinase 2 Prps2 5.56E+07 3.26E+09 0.017 3.50E+08 2.70E+09 0.129 0.132 -2.923 1435
Ubiquitin thioesterase OTUB1 Otub1l 2.77E+07  2.79E+09 0.010 2.52E+08 3.59E+09 0.070 0.141 -2.826 1.624
Small subunit processome component 20 homolog Utp20 6.72E+09 2.34E+08  28.669 7.13E+09 4.03E+07 177.032 0.162 -2.626 1.412
Thimet oligopeptidase Thopl 5.06E+07 5.50E+09 0.009 2.64E+08 5.22E+09 0.051 0.182 -2.458 2.257
Polycomb protein EED Eed 2.19E+09 3.28E+08 6.667 1.89E+09 5.15E+07  36.625 0.182 -2.458 1.921
ATP synthase subunit gamma;ATP synthase subunit gamma, mitochondrial Atp5cl 435E+09 1.82E+08 23.820 5.68E+09 5.75E+07 98.641 0.241 -2.050 2.091
NEDD8-activating enzyme E1 catalytic subunit Uba3 2.35E+07 6.18E+08 0.038 1.10E+08 7.17E+08 0.153 0.249 -2.008 2.107
Ataxin-10 Atxn10 1.26E+08 2.51E+09 0.050 6.93E+08 3.77E+09 0.184 0.273 -1.870 1.772
ADP-sugar pyrophosphatase Nudt5 5.01E+07 2.25E+09 0.022 1.20E+08 1.56E+09 0.076 0.292 7S S807
Gem-associated protein 5 Gemin5 3.63E+08 2.39E+09 0.152 1.79E+09 3.47E+09 0.515 0.294 -1.765 2.214
Afadin Milt4 1.18E+0S  2.58E+09 0.458 1.61E+09 1.12E+09 1434 0.320 -1.646 3.445
26S proteasome non-ATPase regulatory subunit 13 Psmd13 2.74E+08 5.81E+09 0.047 8.99E+08 6.27E+09 0.143 0.329 -1.605 1.947
Coatomer subunit alpha;Coatomer subunit alpha;Xenin;Proxenin Copa 3.66E+08 3.83E+09 0.095 1.15E+09 3.98E+09 0.290 0.329 -1.603 1.443
Mex3 RNA binding family A Mex3a 3.29E+07 8.44E+07 0.390 3.59E+07 3.09E+07 1.163 0.335 -1.576 1.478
26S proteasome non-ATPase regulatory subunit 6 Psmd6 2.30E+08 5.56E+09 0.041 6.83E+08 5.85E+09 0.117 0.355 -1.494 3.009
Dipeptidyl peptidase 3 Dpp3 7.95E+07 3.86E+09 0.021 2.65E+08 4.74E+09 0.056 0.368 -1.441 2.028
PRA1 family protein 3 Arl6ip5S 8.20E+07 1.71E+08 0.479 1.05E+08 8.14E+07 1.296 0.369 -1.437 1.682
Phosphoglycerate mutase 1 Pgam1l 9.37E+08 2.90E+10 0.032 2.60E+09 3.07E+10 0.085 0.381 -1.391 2.567
Eukaryotic translation initiation factor 3 subunit L Eif3l 7.30E+08 8.01E+09 0.091 1.93E+09 8.35E+09 0.231 0.394 -1.345 2.113
AP-1 complex subunit mu-1 Aplml 2.34E+08 4.92E+08 0.476 5.49E+08 4.66E+08 1.179 0.404 -1.309 3.408
Glycogen synthase kinase-3 alpha Gsk3a 496E+07 1.04E+08 0.476 5.98E+07 5.12E+07 1.168 0.407 -1.296 1.798
RNA-binding protein 12 Rbm12 1.75E+08 3.62E+08 0.482 3.49E+08 2.98E+08 1.169 0.412 -1.278 1.876
COP9 signalosome complex subunit 5 Cops5 9.46E+07 1.31E+09 0.072 2.49E+08 1.43E+09 0.174 0414 -1.272 1.446
Lamina-associated polypeptide 2, isoforms alpha/zeta Tmpo 1.04E+10 3.13E+08 33.313 8.90E+09 1.11E+08 80.187 0.415 -1.267 1.697
Eukaryotic translation initiation factor 3 subunit E Eif3e 437E+08 4.23E+09 0.103 1.24E+09 5.17E+09 0.239 0.432 -1.210 1.453
Lamin-B receptor Lbr 9.58E+09 1.36E+08 70.373 1.34E+10 8.24E+07 162.616 0.433 -1.208 1.950
ADP-ribosylation factor 6 Arf6 1.02E+08 2.47E+08 0.413 9.28E+07 9.89E+07 0.939 0.440 -1.184 1.368
Clathrin heavy chain 1 Cltcl 1.21E+10 2.09E+10 0.580 1.93E+10 1.47E+10 1.309 0.443 -1.173 2514
Eukaryotic translation initiation factor 3 subunit F Eif3f 4.10E+08 5.19E+09 0.079 9.86E+08 5.66E+09 0.174 0.454 -1.139 1.752
Glucosidase 2 subunit beta Prkesh 6.61E+07 2.41E+09 0.027 1.19E+08 1.98E+09 0.060 0.456 -1.134 1526
Myosin light polypeptide 6 Myl6 5.40E+08 2.38E+09 0.227 1.66E+09 3.36E+09 0.494 0.460 -1.121 1.506
Phenylalanine--tRNA ligase alpha subunit Farsa 6.58E+08 3.32E+09 0.198 1.80E+09 4.20E+09 0.429 0.462 -1.113 1.407
Developmentally-regulated GTP-binding protein 1 Drgl 4.90E+08 1.05E+09 0.467 8.64E+08 8.95E+08 0.966 0.484 -1.047 3.472
Heat shock 70 kDa protein 14 Hspal4d 4.91E+08 1.44E+09 0.341 8.44E+08 1.21E+09 0.700 0.488 -1.035 1.979
Eukaryotic translation initiation factor 3 subunit B Eif3b 1.19E+09 9.86E+09 0.120 2.34E+09 9.52E+09 0.246 0.488 -1.035 1.385
Fanconi anemia group | protein homolog Fanci 1.61E+08 3.72E+08 0.431 3.22E+08 3.65E+08 0.882 0.489 -1.033 1.630
YTH domain-containing family protein 1 Ythdf1 1.52E+08 2.25E+08 0.676 2.39E+08 1.75E+08 1367 0.495 -1.015 1311
Ubiquitin carboxyl-terminal hydrolase 10 Usp10 7.19E+08  1.78E+09 0.403 1.38E+09 1.69E+09 0.813 0.495 -1.014 2428
Dolichol-phosphate mannosyltransferase subunit 1 Dpm1 5.80E+07 2.40E+08 0.242 8.05E+07 1.65E+08 0.487 0.497 -1.009 2.069
Ribosomal biogenesis protein LAS1L Las1l 2.76E+09 1.14E+08 24134 237E+09 2.00E+08 11.836 2.039 1.028 2.695
Fascin Fscnl 2.49E+09 2.91E+09 0.857 1.39E+09 3.52E+09 0.396 2.165 1.114 2340
Metastasis-associated protein MTA1 Mtal 5.31E+09 1.04E+08 50.948 2.44E+09 1.23E+08 19.817 2571 1362 1316
Acetyl-CoA carboxylase 1;Biotin carboxylase Acaca 2.75E+08 2.67E+09 0.103 9.88E+07 2.48E+09 0.040 2.590 1.373 2.089
U6 snRNA-associated Sm-like protein LSm6 Lsm6 7.30E+08 2.72E+08 2688 6.55E+08 6.39E+08 1.026 2621 1390 1371
Catalase Cat 1.34E+08 3.96E+09 0.034 4.26E+07 3.60E+09 0.012 2.851 1511 1.492
High mobility group protein HMG-I/HMG-Y Hmgal 1.09E+10 1.03E+08 106.146 6.84E+09 2.07E+08 33.092 3.208 1682 2676
Tumor suppressor p53-binding protein 1 Trp53bpl 2.56E+09 1.80E+07 142.130 1.91E+09 6.89E+07 27.704 5.130 2.359 1.666
Laminin subunit beta-1 Lamb1 1.70E+08 4.43E+07 3.847 1.26E+08 1.94E+08 0.648 5.936 2.570 1.867

Table 5.1. Proteins identified as having significant change in cellular localisation in Jarid2 null mESCs compared to wild-type
Proteins with greater cytoplasmic: nuclear abundance in Jarid2 null mESCs compared to wild type highlighted in green. Proteins with
greater nuclear: cytoplasmic abundance in Jarid2 null mESCs compared to wild type highlighted in blue. -log10 p-value shown
(i.e. -log10 p-value > 1.301)
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This analysis reveals a number of attractive candidate proteins that differentially localize in
the absence of Jarid2. Notably the PRC2 component Eed demonstrates a 5.5-fold increased
cytosolic abundance in Jarid2-/- mESCs relative to wild type cells, showing there is a
substantial shift in Eed localization towards the cytoplasmic compartment in the absence of
Jarid2. Jarid2 has been reported to interact directly with Eed, and is thought to promote
enzymatic activity of PRC2 (Sanulli et al. 2015a). Additionally, Eed interaction with Ezh2 is
required for H3K27 methylation, as Ezh2 is autoinhibitory in the absence of Eed (Wu et al.
2013), and Eed is implicated in maintenance of gene silencing through targeting of PRC2 to
existing H3K27me3, through recognition of H3K27me3 via its WD40 domain (Jiao and Liu
2015). It is intriguing to observe a shift away from the nuclear compartment in the absence of
Jarid2, as the targeting and activity of PRC2 in the absence of Jarid2 remains ambiguous.

An additional candidate of interest is the dual residency protein Afadin, which shows a 3.1-
fold increase in relative cytoplasmic abundance in the absence of Jarid2. The role of Afadin in
the nucleus is unclear, although a role in post translational modifications of histones has
been reported (VanLeeuwen et al. 2014; Sellers et al. 2018). In the cytoplasmic compartment
Afadin links adherens junction protein Nectin to F-actin (Harris and Tepass 2010).
Interestingly, both E-cadherin and B-catenin are adherens junction proteins, and have been
recently reported to interact with Afadin through aE-catenin at adherens junctions.
Importantly this study has identified Afadin, E-cadherin and B-catenin as all displaying altered
localization and/or abundance in mESCs lacking Jarid2, highlighting the possibility that Jarid2
may in some way regulate adherens junction activity. Additionally, altered cell morphology
and the ability to participate in multiple ICM formation on blastocyst injections is in
agreement with possible disruption of cell-cell interface in cells lacking Jarid2 or Suz12. In

view of this, Afadin was selected for further investigation.
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5.4. Afadin shows preferential cytoplasmic localization in the absence
of Jarid2

The proteomic data demonstrates Afadin has increased cytoplasmic abundance in jarid2 null
mMESCs. This is confirmed by examining Afadin abundancies in both Jarid2 null and wild type
mESCs (figure 5.3.a,b,c). Wild type mESCs show significant (FDR<0.05) nuclear enrichment, as

opposed to the significant cytoplasmic enrichment seen in Jarid2 null mESCs.
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Figure 5.3. Proteomic analysis reveals shift from nuclear to cytosolic Afadin in Jarid2 null mESCs

a. Volcano plot comparing relative protein abundancies in nuclear and cytosolic fractions of wild type mESCs (FDR <0.5).
Afadin highlighted in red, showing increased nuclear abundance relative to cytoplasmic abundance. Increasing nuclear
abundance to the right (>0).

b. Volcano plot comparing relative protein abundancies in nuclear and cytosolic fractions of jarid2 null mESCs (FDR <0.5).
Afadin highlighted in red, showing increased cytoplasmic abundance relative to nuclear abundance. Increasing
cytoplasmic abundance to the left (<0)

c. Heatmap of Afadin in wild type and jarid2 null mESCs. Unsupervised hierarchical clustering into cytosolic (left) and nuclear
(right) fractions. Wild type cells show increased nuclear abundance, conversely Jarid2 null mESCs show increased

cytoplasmic abundance.
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To validate this data, immunofluorescence microscopy and western blot analysis was
performed using antibodies to Afadin (Figure 5.4.a-f). Increased cytosolic Afadin signal
intensity was demonstrated indicated by the mean peak cytosolic Afadin intensities from 50
individual cells of either Jarid2-/- and wild type cells. A significant increase in peak (grey
value) intensity for surface Afadin staining was detected in Jarid2-/- mESCs compared to wild-
type (Figure 5.4.c, 2.46-fold greater mean peak grey value, p=1.87E (Students T-test);
representative confocal images and grey value surface plots given figure 5.4.a,b).
Furthermore, this result was replicated by examining an independently derived Jarid2
depletion ESC line (Shen et al. 2009) (Figure 5.4.c, 1.92-fold greater mean peak grey value in
Jarid27- compared to Jarid2 " mESC, p=7.20E1° (Students T-test)).

Semi-quantitative western blot analysis again shows an approximate two-fold increase in
staining signal for Afadin (normalized to a-tubulin) in the cytosolic fraction in mESCs lacking
Jarid2 compared to wild type mESCs (Representative blot shows figure 5.4.d). Quantification
of Afadin staining a 2.26-fold increase in normalized cytoplasmic staining of Afadin in Jarid2
null mESCs compared to parental control (Figure 5.4.e, p=0.0028 (Students T-test)).
Additionally, this result is also observed in Jarid2 deplete mESCs, with a 1.86-fold increase in
normalized cytoplasmic staining in Jarid2”" relative to Jarid2 "/ mESCs (figure 5.4.f, p=0.0012;
Students T-test). Nuclear Afadin staining was readily detectable in both mESCs lacking Jarid2
and wild-type cells (Figure 5.4.d). A trend towards reduced nuclear signal of Afadin
(normalized to Lamin-B) was detected but did not reach significance in either Jarid2 null or
Jarid2 deplete mESCs when compared to wild type (JM8/E8; 0.79-fold decrease in normalized
nuclear staining in E8 relative to JMS8, p=0.22; Jarid2 fl/fl, Jarid2-/-; 0.94-fold decrease in

Jarid2-/- relative to Jarid2 fl/fl, p=0.85 (Students T-test).
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These findings act to validate the proteomic data, as both the confocal microscopy, and
fractionated western blot analysis are in agreement with the altered localization of Afadin
shown in the fractionated proteomic data. Taken together, these data show robust evidence
that Afadin does indeed show preferential cytoplasmic localization in the absence of Jarid2,

and highlights a possible novel role for Jarid2 in coordinating nuclear localization of Afadin.
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Figure 5.4. Confocal microscopy and fractionated western blot confirm preferential cytoplasmic abundance of Afadin in mESCs
lacking Jarid2
a. Representative confocal microscopy image of Jarid2 null mESCs (ES8, left image) stained for Afadin (green), counterstained
with DAPI (blue). Scale bar 10uM. Greyscale image of Afadin staining an individual cell (middle), with surface mapping for
grey value scoring (yellow line). Graphical representation of highlighted grey value (right).
b. Representative confocal microscopy image of Jarid2 wild type mESCs (JM8, left image) stained for Afadin (green),
counterstained with 4’,6-diamidino-2-phenylindole (DAPI, blue), scale bar 10uM. Greyscale image of Afadin staining only
individual cell (middle), with surface mapping for grey value scoring (yellow line). Graphical representation of highlighted

grey value (right).

(Legend continues on following page)



5.4. Afadin co-Immunoprecipitates with Jarid2 and core polycomb

repressor complex 2 components

To investigate whether Jarid2 and PRC2 interact with Afadin, co-immunoprecipitation

experiments were undertaken. Initial experiments using western blot analysis showed readily

detectable Jarid2 staining following immunoprecipitation of Afadin. Additionally, weak but

detectable Afadin signal was also observed following Jarid2 immunoprecipitation (Figure

5.5.3, b). To investigate this further, Afadin immunoprecipitations were scaled up and

analyzed using mass spectrometry to identify interacting proteins. A tri[chloro]acetic acid

(TCA) ‘clean up’ and trypsin digest was undertaken, prior to high pressure liquid

chromatography using a 2-hour gradient on Q-exactive prior to mass spectrometry

(Experiment undertaken in collaboration with Dr Holger Kramer, Mass spectrometry group,

MRC LMS). Good enrichment of Afadin was achieved, and robust detection of Jarid2 as well

as core PRC2 Suz12, Ezh2, Eed and Aebp2 was detected in wild-type mESCs. In order to

identify whether loss of Jarid2 significantly changes which proteins are co-

immunoprecipitated with Afadin, immunoprecipitations using Jarid2 null mESCs were

undertaken.

Figure 5.4. Confocal microscopy and fractionated western blot confirm preferential cytoplasmic abundance of Afadin in mESCs

lacking Jarid2 (cont...)

C.

Mean peak grey value intensity of fifty individual cells stained for Afadin, comparing Jarid2 null (E8) and wild type (JM8),
and Jarid2 deplete (Orkin-/-) and parental mESCs (Orkin fl/fl). Mean + standard error bars shown. Asterix denotes
significance (p<0.05). Shows significant increase in peak Afadin grey value for mESCs lacking Jarid2, demonstrating
preferential cytosolic localisation of Afadin.

Representative western blot showing nuclear and cytosolic fractions of Jarid2 null (E8), and wild-type mESCs. Lamin-B

staining (66 kDa) shows nuclear fraction, and Ol-tubulin (50kDa) shows cytosolic fraction. Afadin (207 kDa) staining is
increased in the cytosolic fraction of Jarid2 null mESCs, when compared to wild type.

Comparison of normalised Afadin signal intensity in cytoplasmic and nuclear fractions using semi-quantitative western, in
Jarid2 null (E8) and wild type (JM8) mESCs. Mean + standard error bars shown. Asterix denotes significance (p<0.05).
Comparison of normalised Afadin signal intensity in cytoplasmic and nuclear fractions using semi-quantitative western, in
Jarid2 deplete (Orkin-/-) and Parental (fl/fl) mESCs. Mean + standard error bars shown. Asterix denotes significance

(p<0.05).



These immunoprecipitations were compared to wild type mESC Afadin immunoprecipitations
(Figure 5.6.a,b). Strikingly, all core PRC2 components show reduced abundance in the
absence of Jarid2, with Aepb2 and Suz12 showing the greatest reduction in abundance of all
detected proteins (Aebp2; 98.6% reduction (p=0.003), Suz12-/-; 96.4% reduction (p=4.5x10"
®), Ezh2; 77.2% reduction (p=0.004), Eed; 37.2% reduction (p=0.02), full list of Afadin co-
precipitants with significantly reduced abundance given in appendices)

A review of the whole cell proteomic analysis of Jarid2 null vs. wild type mESCs demonstrated
no difference in abundance of PRC2 proteins, with the exception of a modest increase in Eed
observed in Jarid2 null mESCs (Aebp2; 16.3% increased abundance (p=0.39), Suz12-/-; 10.9%
reduced abundance (p=0.55), Ezh2; 26.9% reduced abundance (p=0.77), Eed; 16.2%
increased abundance (p=0.01)). This suggests that the reduced abundance seen following
Afadin immunoprecipitation from mESCs lacking Jarid2 is not due to a reduced pool of PRC2
proteins in Jarid2 null mESCs extracts. This could suggest that PRC2 interacts with Afadin, and
Jarid2 as essential to this interaction. In view of this, a speculative methylation search was
undertaken from the wild type Afadin data, to look for a possible non-canonical PRC2
methylation targets, but no methylated Afadin peptides were identified in this search,
however this search was not optimized in a similar way to the search for methylated -
catenin peptides outlined in Chapter four. Although acceptable peptide coverage was
achieved (66.4% protein coverage overall), the majority of lysine residues were not in
peptides detected by mass spectrometry in this experiment (69 of 115 lysine residues not
detectable in this mass spectrometry experiment). As such the possibility remains that Afadin
is a non-histone target of PRC2 mediated methylation, and this may act as a nuclear
localization signal. Afadin Immunoprecipitates were interrogated with western blot analysis

using anti-pan-methyl-lysine antibody, and low but detectable staining was observed in wild-
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type mESCs (figure 5.5.d), with a possible slight reduction in staining observed in Jarid2 null
mMESCs (figure 5.5.d). However, a more robust mass spectrometry-based interrogation of
Afadin and in vitro methylation assays should be undertaken to investigate the possibility of
PRC2 mediated Afadin methylation further, and additional mechanisms (independent of

methyltransferase activity) should be considered and explored.
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Figure 5.5. Comparison of co-immunoprecipitates from Jarid2 null and wild-type input demonstrates reduced abundance of PRC
2.2 proteins
a. Volcano plot showing global Afadin Immunoprecipitates in Jarid2-/- mESCs relative to wild type
b. Volcano plot showing proteins co-immunoprecipitated with Afadin in Jarid2 mESCs relative to wild type, with cut off of >2-
fold change in abundance and p-value <0.05. Vertical Grey lines represents 2-fold cut-off limit, horizontal grey line
represents p-value <0.05 limit. Core PRC2 components highlighted, full list of proteins showing significantly reduced
abundance in Afadin co-Immunoprecipitates from Jarid2-/- extracts relative to wild type are given in Table 5.4.
c.  Western blot analysis of Afadin co-lmmunoprecipitates (upper panels) show robust Afadin immunoprecipitation, and
detectable Jarid2 staining. Conversely western blot analysis of Jarid2 co-Immunoprecipitates (lower panels) show robust
Jarid2 immunoprecipitation, and weak but detectable Afadin staining.
d. Immunoprecipitation of Afadin (207 kDa), interrogated with anti-Afadin confirms successful immunoprecipitation from
both Jarid2 null and wild type mESCs (upper panels). Interrogation of Immunoprecipitated Afadin with anti-pan-methyl-

lysine antibody (lower panels) shows low but detectable staining.



5.5 Discussion and future perspectives

A developing facet of proteomics is the global assessment of sub-cellular protein localization,
and the ability to track changes as a result of different cellular conditions (Orre et al. 2019).
Using this approach, global proteomic analysis of nuclear and cytoplasmic compartment
proteins has shown a relatively limited number of proteins with altered localization in the
absence of Jarid2. However, | have identified a group of candidate proteins that can be
investigated further. Strikingly, the core polycomb repressor complex 2 component Eed,
shows a significant shift from the nuclear compartment to the cytosolic compartment in ESCs
lacking Jarid2. Multiple studies have indicated that Jarid2 is a PRC2 interacting protein, with
both co-immunoprecipitation (Landeira et al. 2010; Peng et al. 2009; Sanulli et al. 20153;
Shen et al. 2009), and crystallographic analysis (Kasinath et al. 2018) having shown a direct
interaction between Jarid2 and Eed. Polycomb repressor complex-2 mediated H3K27me
deposition patterns are altered in embryonic stem cells lacking Jarid2, however there are
inconsistent reports about the extent and nature of this change. Significantly, the implication
of these results is that Eed nuclear localization can to some extent be conditional on the
presence of Jarid2. It has been reported that methylation of Jarid2 by PRC2 requires Eed, and
this methylation event drives PRC2 catalytic activity. The suggestion that Jarid2 may be
required for nuclear localization of Eed, but not other core PRC2 proteins is potentially
significant, and warrants further investigation.

A further protein showing altered localization in the absence of Jarid2 is Afadin. In the
absence of Jarid2, Afadin shown significant shift to the cytoplasmic compartment. Afadin is a
dual residency protein, and has both cytoplasmic and nuclear functions. Cytoplasmic Afadin is

a constituent of adherens junctions, and acts to the link calcium-independent cell surface
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adhesion protein Nectin with the F-actin cytoskeleton. Afadin has recently been shown to
interact with both E-cadherin and B-catenin at adherens junctions via aE-catenin (Sakakibara
et al. 2020). An appealing prospect is that the reduced canonical Wnt signaling in mESCs
lacking Jarid2, may in part result from elevated Afadin present at the adherens junction, that
sequesters B-catenin, reducing the available pool to drive Wnt signaling. Further, the
normalization of E-cadherin distribution observed in co-culture experiments, may alter
Afadin-B-catenin binding dynamics, allowing for the rescue of canonical Wnt signaling, and
sufficient canonical Wnt signaling to enable differentiation.

Previous studies in neurons have demonstrated that Afadin shuttles between the cytoplasm
and the nucleus upon environmental cues, and nuclear Afadin accumulation occurs co-
incident with post-translational histone modifications, specifically histone 3 phosphorylation
(Sellers et al. 2018; VanLeeuwen et al. 2014). A further possibility raised by this study is that
Afadin represents a Jarid2-dependent, non-histone target of PRC2, with methylation acting as
a nuclear localization signal. This raises the possibility of cross-talk between PRC2-mediated
histone methylation, and Afadin mediated histone phosphorylation at histone 3, coordinated
by Jarid2. Further mass spectrometry-based searches of Afadin methylation searches of
Afadin methylation will be required to explore this possibility and investigation of histone 3

phosphorylation profiles in the absence of Jarid2 may be informative.
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6. General Discussion

Although the polycomb group proteins have well characterised roles in maintenance of gene
repression, there is accumulating evidence of non-classical functions, including roles in gene
activation and a broader methylation substrate specificity. There is also a body of evidence
that highlights regulatory interplay between polycomb proteins and cell signalling cascades,
particularly canonical Wnt signalling. Alongside these developments there has also been
recent advances in our understanding of the non-classical roles of polycomb proteins in the
control of differentiation and the development of cancer. Here | show that Wnt signalling is
supressed in a panel of mESCs that lack core PRC2 components. Additionally, loss of Suz12
resulted in failure to differentiate, but | show this can be rescued by prior co-culture in the
presence of normal E-cadherin interactions; differentiation of Suz12 null mESCs occurs
concomitant with the partial restoration of Wnt signalling, and presumably in the absence of

the H3K27me3 modification.

6.1. PRC2 and differentiation

The polycomb proteins are highly expressed in embryonic stem cells. While they are not
essential for maintaining pluripotency in ESC cultures, and display normal self-renewal
properties, PRC2 has been shown to be essential to differentiation. Mouse ESCs lacking core
PRC2 components or Jarid2, fail to properly execute differentiation (Azuara et al. 2006; Aloia,
Di Stefano, and Di Croce 2013; Pasini et al. 2007; Lee et al. 2006; Chamberlain, Yee, and
Magnuson 2008; Landeira et al. 2010). Using mESCs lacking Suz12 as a model for PRC2

deficiency, shown again herein to have no detectable H3K27me3 modification (Hojfeldt et al.
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2018; Oksuz et al. 2018), | examined the link between impaired B-catenin activity and
differentiation block. A previous study had shown that these cells fail to differentiate upon
treatment with an ATRA driven neuronal differentiation protocol. Pasini et al reported that
mMESCs lacking Suz12 showed an inability to down-regulate pluripotency markers Oct4 and
Nanog, with 50-fold greater expression of pluripotency genes in Suz12-/- mESCs as compared
to wild-type ESCs at day nine of differentiation. These cells also failed to express neuronal
lineage markers including Nestin and Pax7 (Pasini et al. 2007). This study indicated that
polycomb proteins were recruited to both activated and repressed genes upon ATRA
treatment. PRC2 recruitment to repressed genes during differentiation was disturbed in the
absence of Suz12, and this recruitment failure was suggested to contribute to the failure to
differentiate. However, in my experiments using the same Suz12 null mESCs, | observed
efficient repression of pluripotency genes Sox2 and Oct4. This discrepancy is likely to be due
to the different differentiation protocols, however both studies indicate that shut-down of
pluripotency gene expression may be reduced in the absence of PRC2 mediated histone
H3K27me3. In keeping with the previous report, neuronal lineage markers were not induced
at the mRNA and protein levels after monolayer neuronal differentiation. This is intriguing
and suggests that the failure of PRC2-deficient ESCs to differentiate is the result of a failure to
turn on new gene expression programs rather than turn off pluripotency genes. In keeping
with this idea a study pending peer review has been recently published on bioRxiv, has shown
that canonical PRC2 H3K27me3 deposition is not required for early development or
differentiation (Miller, Damle, and Kingston 2020). The authors report that either treatment
with the specific EZH2 methyltransferase inhibitor GSK343 titrated to ablate H3K27me3, or
Crispr/Cas9 mediated mutation of the EZH2 SET domain leading to the R681C substitution,

which results in failure of the H3K27me2 to H3K27me3 methylation step, does not prevent
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early differentiation. Drug treated wild-type and EZH2 R681C mutant mESCs were capable of
forming embryoid bodies, and differentiation in beating cardiac myocytes was observed in
both conditions. Notably, H3K27me3 levels were persistently low during the differentiation
protocol although some, presumably EZH1 mediated H3K27me3 was observed, this was
significantly lower than observed in matched controls. Importantly, when EZH2 R681C
mutant mESCs were differentiated for eight days, then challenged with monolayer ES feeder
conditions they reverted to an ES phenotype with robust alkaline phosphatase activity, and
the ability to form embryoid bodies. A similar result was observed after withdrawal of
GSK343. This highlights the possibility that PRC2 mediated H3K27me3 might not be essential
for early differentiation, but is instead required for maintenance of a stable differentiated
state. These studies will require further corroboration, but the implication that PRC2’s role in
differentiation is for inducing gene activity as opposed to maintaining gene repression is
clearly of interest.

Intriguingly my studies have convincingly shown that differentiation can be rescued in Suz12
null mESCs, following co-culture with wild-type mESCs, but only in the presence of normal E-
cadherin expression. This suggests that differentiation can occur in the absence of

H3K27me3, and highlights the importance of a non-classical role of PRC2 in differentiation.

6.2. PRC2 and Wnt signalling

Several lines of evidence suggest an interplay between PRC2 and canonical Wnt signalling,
both in development and in malignancy. The cancer genome atlas reveals a positive
correlation between EZH2 expression and [B-catenin levels. Overexpression of EZH2 in cancer

cell lines potentiated expression of Wnt targets, whereas knockdown of EZH2, or drug
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inhibition of EZH2 methyltransferase activity results in attenuated expression of Wnt
signalling targets (Wen et al. 2017; Hosogane et al. 2016). Additionally, several reports
highlight a direct interaction between EZH2 and B-catenin, with forming a transcriptional
activation complex with either oestrogen receptor a (Shi et al. 2007), or PAF (Jung et al.
2013), or by direct non-histone methylation of B-catenin at the K49 residue (Hoffmeyer et al.
2017; Zhu et al. 2016). Conversely, a recent report has highlighted increased EZH2 stability as
a result of canonical Wnt driven expression of ubiquitin carboxyl-terminal hydrolase-1 (USP1),
which suppresses ubiquitin-proteasomal degradation of EZH2 in glioma cells (Ma et al. 2019).
This further highlights a complex interplay between PRC2 and -catenin.

Our group has previously shown that Jarid2 null mESCs demonstrate low canonical Wnt
signalling, and that these mESCs also display uniformly elevated Nanog expression indicative
of a naive pluripotent state (Landeira et al. 2015). The mass spectrometry analysis reported
here shows a reduced total B-catenin abundance in mESCs lacking Jarid2, compared to wild
type mESCs. This observation is consistent with previous data, showing reduced -catenin
activity, and suggests a possible reduced pool of B-catenin available for Wnt signalling in
Jarid2 null mESCs. | also show that reduced canonical Wnt signalling is not unique to mESCs
lacking the PRC2.2 component Jarid2, but is seen to a variable extent in mESCs lacking
different core PRC2 components. | show that EZH2 methyltransferase inhibition also reduces
canonical Wnt signalling activity as assessed by TopFlash in wild type mESCs. Notably, mESCs
lacking Suz12 had reduced Wnt signalling at levels comparable to those seen in Jarid2-null
mMESCs. An important finding reported here is that canonical Wnt signalling was partially
rescued after 72 hours of co-culture with wild-type mESCs, but only in the context of normal
E-cadherin expression. Interrogation of E-cadherin in mESCs lacking Jarid2, shows aberrant

patchy localisation, as opposed to the reticular pattern of staining at cell surfaces seen in
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wild-type mESCs. Again, this is not unique to mESCs lacking Jarid2, but was also observed in
mMESCs lacking Suz12 or Eed. Our group has previously shown normalisation of E-cadherin
contacts at the wild-type: mutant mESC interfaces (Landeira et al. 2015), and normalisation
of cell-surface E-cadherin upon co-culture is potentially important to rescue of Wnt signalling,
as B-catenin is a known interacting partner of cytosolic E-cadherin at adherens junctions.
Cadherin bound B-catenin was classically thought to represent a separate pool from
cytoplasmic B-catenin, which does not participate in Wnt signalling (Gottardi and Gumbiner
2004). However, it has subsequently been shown that cadherin bound B-cadherin is
internalised upon dissociation of adherens junction, and will translocate to the nucleus to
drive Wnt target gene expression, and it has been proposed that this may even occur in the
absence of Wnt ligands (Kam and Quaranta 2009; Howard et al. 2011). Cadherin bound -
catenin has been shown to dissociate upon epithelial-mesenchymal transition (EMT), and
accumulates within the cytoplasm, and contributes to canonical Wnt signalling. Importantly,
E-cadherin was shown to be critical for cytoplasmic accumulation of B-catenin, and
knockdown of E-cadherin by RNA interference results in loss of Wnt signalling in response to
Whnt ligands (Howard et al. 2011). The authors report that despite loss of E-cadherin, -
catenin remains localised at the cell membrane, and they suggest this is due to endogenous
Cadherin-6 expression, but upon induction of EMT, they observed failure of B-catenin
accumulation within the cytoplasm, which they attributed to loss of E-cadherin
internalisation. Here | show that E-cadherin expression and localisation is anomalous in
mMESCs lacking PRC2. Co-culture experiments show that partial rescue of Wnt signalling, and
normalisation of E-cadherin patterning occurs in Jarid2-null ES cells at cell interface with wild-

type cells.
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The role of B-catenin in ES cells is complex, and context dependent (Watanabe and Dai 2011).
Evidence that B-catenin supports self-renewal in mESCs include several Wnt ligands have
been reported to maintain an undifferentiated state in ES cells (Singla et al. 2006; Hao et al.
2006), and depletion or chemical inhibition of GSK3B of the B-catenin destruction complex
promotes self-renewal in mESCs (Doble et al. 2007; Sato et al. 2004). Subsequent studies in
contrast have shown that -catenin is dispensable for mESC formation, as several groups
have generated B-catenin null mESC lines (Wray et al. 2011; Lyashenko et al. 2011; Soncin et
al. 2009). Furthermore nuclear B-catenin has been shown to be required for differentiation
both in vitro (Atlasi et al. 2013; Lyashenko et al. 2011) and in vivo (Huelsken et al. 2000).
These opposing results have been suggested to be reconciled, as 3-catenin has been shown
to support self-renewal in naive state pluripotency, and is required to prevent transition to
primed pluripotency, but will drive differentiation in the primed pluripotent state (ten Berge
et al. 2011; Xu et al. 2016). This model supports context-dependent consequences of
canonical Wnt signalling, depending on the pluripotency landscape. However, in this study |
show that mESCs lacking Jarid2 have suppressed Wnt signalling, but remain in a naive state,
something that is not in keeping with the prevailing argument that active B-catenin prevents
a transition to primed pluripotency. Indeed, rescue of Wnt signalling in Jarid2 and Suz12 null
mESCs through co-culture occurs coincident with the partial restoration of competency of
differentiation (Landeira et al. 2015). Importantly nuclear B-catenin has been primarily
implicated in mesodermal lineage commitment (Atlasi et al. 2013; Lindsley et al. 2006; Zhang
et al. 2017; Bakre et al. 2007; Davidson et al. 2012). Here we show that rescue of Wnt
signalling occurs concomitant to neuronal lineage commitment, with the expression of early
neuronal markers readily detectable in the co-culture experiments. Intriguingly, mESCs

expressing a B-catenin variant which ablates Tcf/Lef nuclear signalling and expression of
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downstream Wnt targets, can rescue neuroectodermal lineage differentiation (Lyashenko et
al. 2011). As a result it has been suggested that cell surface cadherin bound B-catenin may
have a critical role in neuronal differentiation (Watanabe and Dai 2011). In keeping with this
observation, abrogation of E-cadherin contacts in mESCs results in LIF independent self-
renewal, and restoration of the B-catenin-E-Cadherin complex is essential to rescue of
differentiation as re-expression of E-cadherin lacking the B-catenin binding domain in E-
cadherin-/- mESCs failed to reverse the LIF independent self-renewal phenotype (Soncin et al.
2009). Taken together with results presented in this study a model whereby normalisation of
E-cadherin in restoration of normal adherens junction processing, allowing cell surface [3-

catenin to contribute to in neuroectodermal lineage commitment (Figure 6.1).
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Figure 6.1. Proposed model for mechanism of restoration of Wnt signalling and neuronal differentiation in Suz12 or Jarid2
deficient mESCs following co-culture with wild-type counterparts

Schematic model outlining proposed mechanism of restoration of E-cadherin patterning through ‘education’ by interacting wild-

type partner upon co-culturing, resulting in normalisation of adherens junction processing, internalisation of B-catenin resulting in

partial rescue of Wnt signalling, with subsequent restoration of early neuronal differentiation upon monolayer neuronal
differentiation challenge.

Two previous reports have highlighted 3-catenin non-histone methylation substrate of Ezh2,
with trimethylation reported at the lysine 49 residue (Hoffmeyer et al. 2017; Zhu et al. 2016)
This has been reported to stabilise B-catenin, via impaired ubiquitination and to potentiate
canonical Wnt signalling. In keeping with this report, the lysine demethylase Kdm2a/b was

shown to regulate nuclear B-catenin stability (Lu et al. 2015). This is an attractive theory, as it
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potentially elucidates the interplay between PRC2 and canonical Wnt signalling. Additionally,
it is potentially important to cancer, as it may shed light on the observed relationship
between EZH2 overexpression and Wnt signalling in malignancy, and it may represent a
target for intervention in cancer. It would also would explain the reduced activity and
abundance of B-catenin in mESCs lacking PRC2 as K49 methylation is proposed to stabilise [3-
catenin by reduced ubiquitination (Lu et al. 2015), and would explain the observed repression
of Wnt signalling observed in the presence of Ezh2 drug inhibition. This mechanism however
does not directly address the E-cadherin dependent rescue of canonical Wnt signalling
observed in the co-culture experiments. The reports of B-catenin methylation by Ezh2 are
based on immunoblotting and in vitro methylation assays, with one group stating they were
unable to identify this modification using mass spectrometry, which was attributed to
reduced trypsin digest efficiency at methylated lysine residues (Hoffmeyer et al. 2017).
Against the background of this expectation, it was clear that despite substantial efforts
(including alternate lysates, antibodies, digests, the presence of lysine demethylase inhibitor
and two separate algorithmic searches) mass spectrometry experiments were not been able
to confirm K49 methylated B-catenin in either crude extracts or immunoenriched B-catenin.
The reason for this discrepancy is unclear, however the approach taken was thorough, and
achieved excellent peptide coverage of the lysine 49 residue, using both the trypsin/GluC and
AspN digests. Importantly, a different SMYD2 mediated K133 methylation event was however
detected using this approach. This both suggests that the methodology applied was robust

and may provide an explanation of the K49 methylation results reported by others.

Although not the main focus of this study, the confirmation of in vivo K133 methylation of 3-

catenin is important, and to my understanding the first report of this post-translational
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modification in native B-catenin by mass spectrometry, as previous reports relied on
immunoblotting, and mass spectrometry of in vitro methylated B-catenin (Deng et al. 2017).
Methylation of B-catenin at K133 was reported to be an important nuclear localisation signal,
required for efficient nuclear translocation and expression of Wnt targets in colorectal cancer
cell lines, and was identified in liver cancer stem cells in this study. This modification has to
my understanding not been reported in ES cells, and may have an as yet unappreciated role

in stem cell function and pluripotency, and warrants further study.

6.3. Adherens junctions and PRC2

Intriguingly, several independent lines of evidence within this study highlight the adherens
junction as a nexus of PRC2 mediated regulation. Adherens junctions are key cell-cell
adhesion complexes, essential to cell polarity, cell migration, and development (Harris and
Tepass 2010). They are composed of Cadherin and Nectin transmembrane proteins which
homodimerize, and multiple cytosolic components, including a-catenin, B-catenin, P120-
catenin and Afadin (Figure 1.6). Notably, unbiased mass spectrometry analysis identifies
altered subcellular localisation of Afadin and reduced abundance of B-catenin. Additionally,
E-cadherin, the core cadherin component of adherens junction in mESCs, has been shown to
have aberrant localisation in mESCs lacking core PRC2 components or Jarid2. Strikingly,
perturbation of PRC2 by loss of Suz12, or loss of Jarid2 results in mESCs with altered cell
morphology, which form multiple ICMs on blastocyst injection. This suggests that PRC2 has a
role in co-ordinating cell surface signals, and interruption of this allows novel cell behaviours,
such as formation of independent ICMs. Adherens junctions have a well-documented role in

regulating cell-cell interactions, and regulating cell migration (Etienne-Manneville 2012).
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Additionally, Afadin has also been implicated in invasive behaviours in malignancy with both
possible tumour suppressor function reported in pancreatic cancer (Xu, Chang, et al. 2015),
and oncogene function reported in breast cancer (Tabaries et al. 2019). Specifically, loss of
nuclear Afadin in pancreatic cancer cells results in enhanced expression of Snail, which cell
proliferation and metastatic behaviour, and correlates with adverse clinical outcomes (Xu,
Chang, et al. 2015). However, expression of Afadin in conjunction with claudin-2 has been
shown to augment liver metastasis in mouse models of breast cancer. Additionally, elevated
levels of Claudin2/Afadin expression in breast cancer primaries predict liver metastases, and
are associated with adverse prognosis (Tabaries et al. 2019).

It is intriguing, that PRC2 seemingly functions to regulate adherens junction activity in some
way. Importantly, this study highlights a potential direct interaction between PRC2 and
Afadin, ostensibly mediated by Jarid2. Co-immunoprecipitation studies identify Afadin as an
interacting partner of PRC2, and this interaction is ablated in the absence of Jarid2.
Furthermore, altered localisation of Afadin is convincingly shown in mESCs lacking Jarid2. In
addition to its role as part of the adherens junction, Afadin has an as yet poorly defined role
within the nucleus. Post translational modification of Afadin has been reported to act as a
nuclear localisation signal, specifically Akt mediate phosphorylation of serine residue 1718
(S1718phos) has been shown in breast cancer cells (Elloul et al. 2014). A further study has
demonstrated insulin acts to phosphorylate Afadin at Serine 1795 (S1795Phos), resulting in
an interaction with Histone deacetylase-6 (HDAC6) in adipocytes (Lundh et al. 2019).
Furthermore, Afadin has been reported to localise to the nucleus in neurones in response to
either 17B-oestradiol or N-methyl-D-aspartate (NMDA) receptor activation, and results in
histone phosphorylation of Histone3 at the serine 10 residue (H3510p), a histone

modification associated with open chromatin and active transcription (VanLeeuwen et al.
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2014; Sellers et al. 2018). Importantly, PRC2 in conjunction with Jarid2 may have a role in
targeting Afadin to the nucleus, and loss of PRC2 or Jarid2 results in predominantly
cytoplasmic Afadin. This may highlight an important non-classical role of PRC2 in co-
ordinating nuclear localisation of a protein associated with antagonistic histone modifications

to classical PRC2 activity.
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Appendices

Buffers

FACS collection buffer;
Phosphate buffered saline supplemented with 10% fetal calf serum, 100U/m|

penicillin/100ug/ml streptomycin; filtered 45uM prior to use

FACS sort buffer;
Phosphate buffered saline supplemented with 1% fetal calf serum, ImM EDTA, 25mM HEPES

pH 7.6; filtered 45uM prior to use

Fractionation buffer;
10mM HEPES, 10mM KCI, 1.5mM MgCl2, 0.34M sucrose, 10%v/v glycerol, 1ImM DTT, 0.1%
v/v TRITON X-100, 1x cOmplete protease inhibitor cocktail

Immunofluorescence Blocking buffer;
Phosphate buffered saline supplemented with 2.5% w/v bovine serum albumin fraction V,

0.05% TWEEN20, and 10% fetal calf serum

Immunofluorescence Permiabilisation buffer;

Phosphate buffered saline supplemented with 0.2% TRITON X-100

Immunofluorescence wash buffer;

Phosphate buffered saline supplemented with 0.2%w/v BSA fraction V + 0.05%v/v TWEEN 20
Laemmli buffer;

2% w/v sodium dodecyl sulphate (SDS), 10% v/v glycerol, 0.002% bromophenol blue, 0.06M
TRIS HCl pH 6.8, 5%V/v 2-mercaptoethanol
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Mass spectrometry wash buffer;

20mM HEPES pH7.6, 150mmol NaCl, 1.5mM MgCl, 0.2mM EDTA, 0.02% NP40 alternate

Mass spectrometry elution buffer;

100mM Glycine, pH2.3 (Adjusted with 1M hydrochloric acid)

Mass spectrometry denaturing buffer;

80mM TRIS HCI (pH 6.8), 2%w/v SDS, 100mM DTT

Tris buffered saline (TBS);
50mM TRIS HCL (pH 7.5), 150mM sodium chloride

TBST;
50mM TRIS HCL (pH 7.5), 150mM sodium chloride, 0.1%v/v TWEEN20
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Zinc finger protein AEBP2 Aebp2 3.82E+06 2.68E+08 0.014 -6.133 0.033 1.483
Polycomb protein Suz12 Suzl2 4.42E+07 1.21E+09 0.036 -4.779 0.000 4.314
Doublesex- and mab-3-related transcription factor 1 Dmrtl 3.37E+07 3.25E+08 0.104 -3.271 0.043 1.367
Poly [ADP-ribose] polymerase 12 Parp12 1.82E+07 1.63E+08 0.112 -3.161 0.001 3.105
Plaktophilin 2 Pkp2 7.39E+07 5.86E+08 0.126 -2.987 0.021 1.668
Y-box-binding protein 2 Ybx2 1.20E+07 8.79E+07 0.136 -2.877 0.014 1.847
BAG family molecular chaperone regulator 5 Bag5 2.36E+07 1.57E+08 0.150 -2.735 0.043 1.370
DNA repair protein RAD50 Rad50 6.18E+07 3.43E+08 0.180 -2.474 0.034 1.465
Ubiquitin carboxyl-terminal hydrolase 22 Usp22 2.24E+07 1.22E+08 0.184 -2.444 0.015 1.821
E3 ubiquitin-protein ligase TRIM21 Trim21 2.89E+07 1.48E+08 0.195 -2.356 0.006 2.200
Ribonuclease P protein subunit p20 Pop7 6.46E+06 2.92E+07 0.222 -2.174 0.048 1.319
Histone-lysine N-methyltransferase EZH2 Ezh2 1.20E+08 5.27E+08 0.228 -2.130 0.000 3.429
Transcription elongation factor, mitochondrial Tefm 1.19E+08 4.75E+08 0.250 -1.998 0.004 2.402
39S ribosomal protein L45, mitochondrial Mrpl4d5 2.17E+07 8.30E+07 0.261 -1.936 0.045 1.348
Notchless protein homolog 1 Nlel 2.32E+07 8.74E+07 0.265 -1.915 0.047 1.329
Protein SOX-15 Sox15 1.07E+07 4.01E+07 0.267 -1.903 0.018 1.739
Coiled-coil domain-containing protein 160 Ccdcl160 8.37E+07 2.93E+08 0.286 -1.805 0.004 2.399
Pre-mRNA-splicing factor SLU7 Slu7 1.40E+08 4.85E+08 0.288 -1.794 0.017 1.769
39S ribosomal protein L12, mitochondrial Mrpl12 2.12E+08 7.25E+08 0.292 -1.777 0.006 2.250
39S ribosomal protein L10, mitochondrial Mrpl10 4.60E+07 1.57E+08 0.292 -1.774 0.007 2.149
POZ/BTB and AT hook containing zinc-finger protein Patz1l 4.21E+07 1.37E+08 0.308 -1.698 0.013 1.891
Probable ATP-dependent RNA helicase DDX10 Ddx10 2.06E+08 6.69E+08 0.309 -1.697 0.008 2.113
ATP-dependent RNA helicase DHX8 Dhx8 5.91E+08 1.86E+09 0.318 -1.651 0.016 1.795
Methenyltetrahydrofolate synthase domain-containing protein Mthfsd 8.86E+07 2.74E+08 0.323 -1.632 0.027 1.569
Receptor expression-enhancing protein Reep2 9.63E+06 2.87E+07 0.336 -1.574 0.039 1.404
Aspartate--tRNA ligase, mitochondrial Dars2 1.29E+07 3.58E+07 0.361 -1.471 0.002 2.789
Double-strand break repair protein MRE11A Mrella 2.24E+08 6.18E+08 0.363 -1.463 0.040 1.403
Complement component 1 Q subcomponent-binding protein Clgbp 4.03E+09 1.10E+10 0.367 -1.447 0.015 1.819
Envoplakin Evpl 2.07E+07 5.52E+07 0.375 -1.416 0.037 1.427
Tuftelin Tuftl 1.76E+08 4.54E+08 0.388 -1.367 0.014 1.867
Monocarboxylate transporter 4 Slci6a3 5.49E+07 1.41E+08 0.390 -1.358 0.002 2.616
ELAV-like protein 2 Elavi2 1.37E+08 3.50E+08 0.391 -1.356 0.024 1.614
U3 small nucleolar RNA-associated protein 14 homolog A Utpl4a 6.22E+08 1.58E+09 0.394 -1.345 0.006 2.228
Titin Ttn 6.59E+08 1.65E+09 0.400 -1.323 0.006 2.257
Caspase activity and apoptosis inhibitor 1 Caapl 5.65E+07 1.36E+08 0.414 -1.272 0.014 1.865
Protein lin-28 homolog A Lin28a 2.04E+09 4.91E+09 0.416 -1.264 0.002 2.814
Serine/threonine-protein phosphatase 4 regulatory subunit 3B Smek2 5.05E+06 1.21E+07 0.419 -1.255 0.003 2.501
BMS1 ribosome biogenesis protein Bms1 5.73E+08 1.36E+09 0.421 -1.248 0.036 1.449
PIN2/TERF1-interacting telomerase inhibitor 1 Pinx1 7.92E+07 1.85E+08 0.428 -1.225 0.000 3.511
39S ribosomal protein L44, mitochondrial Mrpl44 4.28E+07 9.91E+07 0.431 -1.213 0.035 1.452
Protein unc-80 homolog Unc80 2.84E+08 6.45E+08 0.441 -1.181 0.003 2.468
Peptidy|-tRNA hydrolase ICT1, mitochondrial lctl 8.58E+07 1.89E+08 0.454 -1.139 0.038 1.423
Serine/threonine-protein phosphatase 6 regulatory subunit 3 Ppp6r3 1.44E+08 3.17E+08 0.455 -1.135 0.044 1.358
AF4/FMR2 family member 4 Affa 3.39E+08 7.43E+08 0.456 -1.132 0.047 1.332
Caprin-2 Caprin2 2.34E+07 5.11E+07 0.459 -1.124 0.013 1.898
BAG family molecular chaperone regulator 4 Bag4 2.51E+07 5.42E+07 0.463 -1.110 0.038 1.426
Pre-mRNA-splicing factor CWC25 homolog Cwc25 1.09E+08 2.32E+08 0.470 -1.088 0.007 2.175
Transmembrane protein 201 Tmem201 1.48E+07 3.13E+07 0.473 -1.080 0.008 2.083
pre-rRNA processing protein FTSJ3 Ftsj3 3.09E+09 6.47E+09 0.477 -1.069 0.040 1.398
Transcription elongation factor SPT6 Supt6h 4.22E+08 8.82E+08 0.478 -1.064 0.007 2.171
Pericentriolar material 1 protein Pcm1 7.23E+08 1.48E+09 0.488 -1.036 0.004 2.357
Forkhead box K1 Foxk1 1.12E+08 2.29E+08 0.488 -1.035 0.012 1.934
Multiple myeloma tumor-associated protein 2 homolog Mmtag2 1.63E+08 3.33E+08 0.489 -1.032 0.014 1.843
Signal recognition particle 14 kDa protein Srpl4 2.79E+08 5.68E+08 0.490 -1.029 0.004 2.409
Centrosomal protein of 131 kDa Cepl31 2.32E+08 4.72E+08 0.490 -1.028 0.026 1.592
39S ribosomal protein L1, mitochondrial Mrpll 1.75E+08 3.54E+08 0.494 -1.017 0.018 1.743
Protein FAM195B Fam195b 1.01E+08 2.03E+08 0.496 -1.013 0.040 1.399
A-kinase anchor protein 1 Akapl 4.90E+08 9.88E+08 0.496 -1.011 0.030 1.530

Supplementary table 1. Proteins identified as significantly reduced in Afadin co-immunoprecipitation experiments in the
absence of Jarid2.

Afadin co-immunoprecipitates from Jarid2-null mESCs relative to immunoprecipitates from wild-type mESCs. Proteins with >2
fold decrease in abundance, and p value <0.05. 195
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