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‘

‘Einmal ist keinmal.’
An old german proverb meaning ‘once doesn’t count’

‘If we only have one life to live,
we might as well not have lived at all.’
Milan Kundera ‘Unbearable lightness of being’
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Abstract
It remains unclear how cellular identities are established during developmental
programming and reprogramming and what the contributing factors are. Pluripotent
cells were shown to dominantly reprogram somatic nuclei towards pluripotency upon
experimental cell fusion, but the role of the cell cycle in determining dominance has
not been explored. I compared the reprogramming capacity of two pluripotent cell
types, epiblast stem cells (EpiSCs) and embryonic stem cells (ESCs) reported to
show different cell cycle structures. I demonstrated that compared to ESCs EpiSCs
induce lower levels of pluripotency-associated transcripts in somatic nuclei, but
activate the expression of genes associated with early differentiation programs. This
reduced pluripotent reprogramming capacity of EpiSCs is not due to differences in
the cell cycle as these cell types show similar cell cycle structures. Increasing Nanog
expression is not sufficient to enhance the pluripotent reprogramming capacity of
EpiSCs. Subsequently, I examined whether fusing S-G/2 somatic cells with G1
mESCs could reverse the dominance and reprogram mESCs towards somatic-like
identity. I show that B lymphocytes do not induce reprogramming of ESCs nuclei
towards lymphocyte-like state, regardless of cell cycle stages of these cell types.
Establishment of new cellular identities can be also examined by ESC differentiation.
Jarid2 is a member of Polycomb Repressor Complex 2 (PRC2) maintaining gene
repression via chromatin regulation. Jarid2 deficiency does not cause major
chromatin alterations, but results in impaired differentiation. In the second part of my
thesis, I investigated factors and pathways deregulated in Jarid2-null mESCs. I show
that Jarid2-null ESCs express constitutively high levels of Nanog, but reduced βcatenin activity and expression of PCP signalling components. Co-culture of Jarid2null with wild-type mESCs reinstates normal Nanog expression and β-catenin
activity, and partially restores the differentiation capacity of mutant cells. These
results reveal a role for Jarid2 in coordinating a core pluripotency and Wnt/PCP
signalling network, and facilitating ESC differentiation.
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Chapter 1. Introduction
1.1.

Pluripotency

Pluripotency is defined as a cellular state with the potential to develop into any cell
type of an adult organism (reviewed in Ng and Surani, 2011). In early mammalian
embryos pluripotent cells reside within the inner cell mass (ICM) of the blastocyst
and these cells will give rise to all tissues in an adult organism. Pluripotent cells of
the ICM exist only transiently since they progressively restrict their potential during
development (Ng and Surani, 2011). This transient pluripotent state can, however,
be captured and propagated in vitro as ICM-derived embryonic stem cells (ESCs).
ESCs can self-renew indefinitely under specific culture conditions, while retaining
their potential to differentiate into all embryonic lineages in vitro, and upon transfer
into a blastocyst in vivo. As ESCs (or pluripotent cells in the embryo) differentiate,
their lineage potential is lost as they become more specialised in cellular identity and
function, eventually reaching a terminally differentiated state (Figure 1.1). The dual
nature of ESCs that allows them to either self-renew or differentiate is ‘programmed’
into the core regulatory transcriptional circuitry of these cells (reviewed in Young,
2011).
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Figure 1.1. Pluripotent state of ESCs. Pluripotent embryonic stem cells (ESCs) can self-renew
indefinitely in culture and differentiate into all lineages of the embryo proper. As ESCs differentiate,
their lineage potential progressively diminishes (white triangle) and they become more specialised
(black triangle), eventually reaching terminally differentiated state with a ‘fixed’ cellular identity.

1.1.1. The core pluripotency transcription factors

The pluripotent state of ESCs is largely controlled and maintained by the core
transcription factors Oct4, Nanog and Sox2, which is consistent with the expression
and important roles of these factors in the ICM (Chambers and Smith, 2004; Niwa,
2007; Silva and Smith, 2008). Oct4 appears to act as centre for the other pluripotent
factors and, thus, has been proposed to play a central role among the triad (van den
Berg et al., 2010). Oct4 functions in complex with Sox2, and together with Nanog
these factors co-occupy many gene promoters in ESCs (Marson et al., 2008b).
Interestingly, overexpression of Oct4 and Sox2 in ESCs results in differentiation
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(Mitsui et al., 2003; Niwa et al., 2000), suggesting that self-renewal is supported by
specific and balanced levels of these genes. In agreement with this, the core
pluripotent transcription factors co-bind their own promoters and thus, regulate their
own expression and activity via an auto-feedback loop (Figure 1.2) (Boyer et al.,
2005; Cole et al., 2008; Kim et al., 2008; Loh et al., 2006). This interconnected
regulatory loop functions to positively regulate a plethora of other genes important for
maintaining the pluripotent state, while repressing lineage-associated genes (Young,
2011). The positive regulation involves RNA polymerase II (RNAPolII) transcriptional
activation, which is executed through recruiting multiple cofactors to corresponding
proximal gene regulatory elements - promoters (Kagey et al., 2010). Additionally,
multiple pluripotency transcription factors can bind to distal regulatory elements of
genes – enhancers that are thought to be implicated in cell type-specific expression
patterns. This association is believed to result in recruitment of coactivators
increasing RNAPolll activity at the promoters of pluripotency-associated genes
(Young, 2011). Consistently, Oct4, Nanog and Sox2 often co-occupy enhancer sites
and modulate expression of pluripotency-associated genes in ESCs (Young, 2011).
In contrast, the repressive function of the core pluripotent factors limits transcription
and is thought to be mediated mainly via interacting with chromatin modifying
complexes (Bilodeau et al., 2009; Margueron et al., 2009; Yeap et al., 2009; Yuan et
al., 2009). This activating-repressing function of the core transcription factors is
essential for pluripotency and provides an explanation, at least in part, as to why
ESCs self-renew, yet remain ‘primed’ to lineage commitment upon differentiation
stimuli (Boyer et al., 2005; Loh et al., 2006). The pluripotent core circuit is
additionally wired with microRNAs-, long non-coding RNA-networks (not discussed in
this thesis) and chromatin modifications pathways, and acts in the context of cell
signalling networks to collectively regulate the transcriptional and developmental
identity of ESCs (Figure 1.2) (Ng and Surani, 2011).
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Figure 1.2. The core regulatory circuitry of pluripotency. The core transcription factors Oct4,
Nanog and Sox2 co-regulate their own expression, forming an auto-regulatory loop. Rectangles and
ellipses represent Oct4, Nanog and Sox2 genes, and proteins, respectively. These core
transcription factors together with other ESC-associated factors, lineage-specific factors, chromatin
modifiers, microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), regulate the pluripotent
state and facilitate ESC self-renewal or differentiation in response to extracellular cues relayed by
signalling pathways.

1.1.2. Nanog heterogeneity and metastable pluripotent states in mESCs

Nanog expression is unique to the ICM and pluripotent cells in vitro (Silva and Smith,
2008). This is in line with Nanog being required for the ICM development and
establishment of the pluripotent state (Silva et al., 2009). In contrast, Nanog is not
essential for the maintenance of mouse ESCs (mESCs), yet contributes to a stable
self-renewing pluripotent state (Chambers et al., 2007). Mouse ESCs express Nanog
protein in a characteristic bimodal distribution with interconvertible Nanog-low and
18

Nanog-high expression states (Chambers et al., 2007; Kalmar et al., 2009).
Importantly, Nanog expression levels in mESCs are inversely correlated with
expression of early differentiation-associated genes such as FGF5 or GATA4, and
determine the propensity to self-renew or initiate differentiation (Chambers et al.,
2007; Kalmar et al., 2009). This was confirmed by studies showing that exit from
pluripotency requires Nanog down-regulation, and mESCs with artificially elevated
Nanog expression levels exhibit a differentiation block (Karwacki-Neisius et al., 2013;
Osorno and Chambers, 2011; Silva and Smith, 2008). These results indicated that
mESCs cultured in standard conditions are metastable, and dynamically circulate
between Nanog-states with distinct expression patterns and developmental potential.
This was further supported by the demonstration that other pluripotency-associated
transcription factors are also heterogeneously expressed in mESCs, as their
expression levels fluctuate over time. Examples include Esrrb (van den Berg 2008),
Rex1 (Toyooka et al, 2008), Stella (Hayashi et al., 2008), Klf4 and Tbx3 (Niwa et al.,
2009). Although the functional significance of transcriptional factor heterogeneity has
not been elucidated, one can speculate that it contributes to the dual state of
mESCs, equally allowing self-renewal or differentiation, depending on extracellular
cues.

1.1.3. Naïve and primed states of pluripotency

Recent studies identified a primed pluripotent state represented by the postimplantation mouse epiblast in vivo, and mouse epiblast stem cells (EpiSCs) in vitro
(Brons et al., 2007; Nichols and Smith, 2009; Tesar et al., 2007). Similar to the naïve
cells of the pre-implantation mouse epiblast and mESCs, EpiSCs are pluripotent as
defined by their ability to differentiate into all three germ layers in vitro and form
teratomas when injected into mice (Table 1.1) (Brons et al., 2007; Tesar et al.,
2007). In contrast to mESCs, EpiSCs do not efficiently contribute to chimaeras when
introduced into blastocysts, but are able to do so in post-implantation embryos
(Huang et al., 2012). Mouse ESCs and EpiSCs share expression of the core
pluripotent factors Oct4, Sox2 and Nanog, with lower levels of Sox2 and Nanog in
EpiSCs (Brons et al., 2007; Tesar et al., 2007). Nevertheless, these cell types differ
19

regarding expression of other genes, X-inactivation status and cell morphology
(Nichols and Smith, 2009). Specifically, EpiSCs lack naïve state-associated
transcripts (e.g. Rex1 and Klf4) and express genes associated with lineage
commitment such as FGF5 and Brachyury (Bry) (Bernemann et al., 2011; Brons et
al., 2007; Tesar et al., 2007). Furthermore, unlike naïve cells that preferentially use
the distal Oct4 enhancer, EpiSCs preferentially regulate Oct4 expression via the
proximal enhancer (Tesar et al., 2007). These differences indicate a more advanced
developmental state of EpiSCs, which might be regulated by distinct mechanisms. In
agreement with that, self-renewal of EpiSCs depends on different signalling
pathways than in mESCs. For example, primed pluripotent cells require activin A that
promotes Nanog expression, and FGF2 signalling that prevents de-differentiation
into mESCs and differentiation into neuroectoderm (Greber et al., 2010). In humans,
ESCs can be derived from cultured blastocysts (Thomson et al., 1998). These cells
self-renew in the presence of activin A and FGF2, and share a number of molecular
properties with EpiSCs (Brons et al., 2007; Nichols and Smith, 2009; Tesar et al.,
2007; Thomson et al., 1998). This led to the idea that human ESCs (hESCs)
represent the primed state of pluripotency (Brons et al., 2007; Rossant, 2008; Tesar
et al., 2007). More recently, however, hESCs corresponding to the mouse naïve
state were induced by using altered culture conditions (Chan et al., 2013; Gafni et
al., 2013; Takashima et al., 2014; Theunissen et al., 2014; Ware et al., 2014).
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Table 1.1. Comparison of naïve and primed pluripotent states.

Property

Naïve state

Primed state

Embryonic tissue

Pre-implantation epiblast

Post-implantation epiblast

Counterpart in vitro

mouse ESCs

mouse EpiSCs, human ESCs

Pluripotency in vitro
(teratomas)

Yes

Yes

Pluripotency in vivo
(chimaeras)

Yes (pre-implantation
blastocyst)

Yes (post-implantation
blastocyst)

Core pluripotency markers

Oct4, Nanog, Sox2

Oct4, Nanog, Sox2

Naïve pluripotency markers

Rex1, Stella, Klf2, Klf4

-

Lineage-specialisation
markers

-

Fgf5, T, Cerl, Eomes, Pax6

XX status

XaXa

XaXi

Culture requirements

Serum+LIF/2i+LIF

Activin A, FGF2

Oct4 enhancer usage

Distal element

Proximal element

Clonogenicity

High

Low

In the mouse system, transitions between the two pluripotent states can be achieved
in culture. EpiSC-like cells can be differentiated from mESCs in vitro by transferring
mESCs into EpiSC-medium containing activin A and FGF2 (Guo et al., 2009).
Conversely, EpiSCs can be reprogrammed to naïve pluripotency by an
overexpression of single pluripotency factors such as Klf4, Nanog or Esrrb or even
without genetic manipulation by culture in stringent mESC conditions (Bao et al.,
2009; Festuccia et al., 2012; Guo et al., 2009; Theunissen et al., 2011a). The
resulting cells re-acquire hallmarks of the naïve state including expression of specific
genes and X chromosome reactivation (Nichols and Smith, 2009). Although this
interconversion facilitates studying the transition towards both states of pluripotency,
we are only beginning to understand the global molecular mechanisms underlying
this change (Buecker et al., 2014). For example, upon transition from ESCs towards
EpiSC-like state Oct4 binding and enhancer activity patterns are reorganised and
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factors such as Otx2, can redirect Oct4 binding and activate transcription specific for
the primed pluripotency (Buecker et al., 2014). Similar to naïve pluripotent cells,
EpiSC cultures were shown to comprise two subpopulations with distinct
transcriptional signatures, epigenetic properties such as Oct4 enhancer usage, and
developmental potentials demonstrated by chimaera contribution (Han et al., 2010).
The two subpopulations were also shown to be able to convert into each other in
culture (Han et al., 2010). These results highlight the dynamic and metastable
properties of pluripotent cells in culture.

1.2.

Chromatin regulation in pluripotency

Eukaryotic genomes are packaged into chromatin, which organises the DNA into a
small volume and provides the means to regulate gene expression by promoting or
repressing transcription. The basic component of the chromatin is the nucleosome
which comprises 147bp of DNA wrapped around a core histone octamer consisting
of two of each of the histone proteins H2A, H2B, H3 and H4. Nucleosomes are
connected by linker DNA associated with histone H1. The pluripotent state of
mESCs is characterised by an ‘open’ or transcriptionally-permissive chromatin state
with lineage-specific genes repressed by Polycomb group proteins (reviewed in
Fisher and Fisher, 2011). Upon mESC differentiation, these lineage-specific genes
are de-repressed (Efroni et al., 2008; Mattout and Meshorer, 2010). Several major
regulators of chromatin structure in mESCs have been described and include: (i)
nucleosome-remodelling complexes, (ii) histone-modifying proteins and (iii) DNA
methytransferases.
Gene expression is influenced by nucleosome positioning. Hence, protein complexes
capable of altering nucleosome localisation at gene regulatory elements, and in turn,
increasing or decreasing accessibility of gene regulatory sequences to transcriptional
regulators, are directly implicated in regulating gene expression (Ho and Crabtree,
2010). These nucleosome-remodelling complexes use energy from ATP hydrolysis
and can be recruited to chromatin by transcription factors or existing histone
modifications (Clapier and Cairns, 2009). Several ATP-dependent nucleosome
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remodelling complexes such as esBAF (a member of SWI/SNF family) or Chd1 have
been shown to bind to promoters and enhancers of Oct4, Sox2 and Nanog target
genes and co-regulate their expression (Bilodeau et al., 2009; Gaspar-Maia et al.,
2009; Ho and Crabtree, 2010; Schnetz et al., 2010).
Secondly, gene expression is regulated by proteins that covalently modify histone
proteins at specific amino-acid residues. The major histone modifications include
acetylation of lysines, methylation of lysines or arginines, phosphorylation of serines
or threonines and ubiquitination of lysines (reviewed in Bhaumik et al., 2007). These
epigenetic marks act combinatorially to alter the physical properties of chromatin and
recruit or repel additional chromatin regulators such as heterochromatin protein 1
(HP1), resulting in establishment of active or repressed transcription domains
(Bhaumik et al., 2007). Accordingly, transcriptionally-active regions are often
associated with ‘permissive’ and de-condensed euchromatin, whereas silent
domains are embedded in repressive and compacted heterochromatin (which can be
facultative and reversible or constitutive and non-reversible) (Fisher and Fisher,
2011). In mESCs, chromatin of key pluripotent genes is decorated by histone
modifications associated with active transcription e.g. H3K9ac, H3K4me3 and
H3K36me3. In contrast, promoters of transcriptionally inactive genes are associated
with repressive histone modifications and can be divided into two categories: (i)
lineage commitment regulators that need to be activated during differentiation are
marked with increased H3K27me3, and (ii) stably repressed genes marked with
H3K9me3 (Azuara et al., 2006; Bernstein et al., 2006; Bilodeau et al., 2009; Boyer et
al., 2006; Landeira and Fisher, 2011; Yeap et al., 2009; Yuan et al., 2009). These
modifications are deposited respectively by Polycomb group (PcG) protein
complexes and SetDB1 (Bilodeau et al., 2009; Schuettengruber and Cavalli, 2009).
Finally, DNA can be directly modified on the cytosine residue, mainly in the context
of CpG dinucleotides (reviewed in Bagci and Fisher, 2013). This is mediated by de
novo DNA methyltransferases including Dnmt3a and Dnmt3b or maintenance
methyltransferases such as Dnmt1 (Li and Zhang, 2014; Suzuki and Bird, 2008).
DNA methylation was initially thought to be an epigenetic mark implicated in stable
silencing of gene expression and limiting the developmental potential as cells
specialise (Li and Zhang, 2014; Suzuki and Bird, 2008). More recently, it has been
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shown that DNA methylation can be removed in vivo and in vitro, which is achieved
by either active (replication-independent) or passive (replication-dependent)
mechanisms (Bagci and Fisher, 2013).

Figure 1.3. Polycomb repressive complexes in mammals. (A) Polycomb repressive complex 1
(PRC1) consists of PHC, RING1, BMI1 and CBX core subunits. PRC1 transcriptional repression is
executed by the deposition of H2AK119ub (via RING1 catalytic component, in yellow), chromatin
compaction and inhibiting RNAPolII transcription elongation. Additionally, PRC1 can bind to
H3K27me2/3 via CBX component. (B) Polycomb repressive complex 2 (PRC2) is comprised of
EZH2, EED and SUZ12 core components. PRC2 represses gene activity via depositing
H3K27me2/3 (by Ezh2 catalytic component, in yellow), which can recruit additional chromatin
modifiers and result in more compacted chromatin. JARID2 is a non-core component (indicated by
the dashed outline) and associates with a proportion of PRC2 complexes. JARID2 has been
suggested to regulate the targeting and the enzymatic activity of the H3K27me2/3
methyltransferase.
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1.2.1. Polycomb repressor complexes

PcG proteins were originally identified as factors silencing homeotic genes that
control body patterning in flies (Jurgens, 1985). Subsequent studies identified two
major polycomb repressive complexes, termed PRC1 and PRC2 (Margueron and
Reinberg, 2011). These multiprotein complexes have been shown to bind to, and
maintain transcriptional repression of many fly and mammalian homeotic genes and
genes implicated in development and cell fate determination (Schwartz and Pirrotta,
2008). PcG complexes function antagonistically with proteins of the trithorax group
(TrxG), which instead sustain the active status of target genes, to maintain correct
gene

expression

patterns

and

cellular

identities

throughout

development

(Schuettengruber and Cavalli, 2009). Moreover, in mESCs and other cell types, PcG
and TrxG proteins simultaneously target sets of lineage-specific developmental
genes to establish so called bivalent domains with both activating and repressive
histone marks (Azuara et al., 2006; Bernstein et al., 2006). These domains are
associated with the initiating (Serine5-phosphorylated), but not the elongating form,
of RNAPolII (Serine2-phosphorylated), thus, maintaining target genes primed for
subsequent activation (Stock et al., 2007). As mESCs commit to a specific lineage, a
subset of these ‘poised’ configurations is resolved leading to gene activation,
whereas genes associated with other lineages remain repressed (Azuara et al.,
2006; Bernstein et al., 2006). Accordingly, PcG proteins are required for maintaining
correct patterns of gene expression during lineage commitment, and their depletion
results in failure to differentiate (Leeb et al., 2010). Interestingly, PcG proteins
appear to be dispensable for mESC self-renewal as PcG-deficient mESCs can be
established. These lines, however, show instability and unscheduled differentiation
(Leeb et al., 2010), which is presumably due to de-repression of lineage specific
transcripts.
PRC-mediated repression of transcription is not fully understood, but thought to be
mediated by the regulation of chromatin structure, and inhibition of efficient
elongation by RNAPII (Margueron and Reinberg, 2011). This is mainly accomplished
by depositing silencing post-translational modifications on histones tails. In
mammals, PRC1 is comprised of four core components: RING1A/B, PHC, CBX and
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PCG (Figure 1.3A) (Schwartz and Pirrotta, 2013). PRC1 mono-ubiquitinates Lys 119
of histone H2A (H2AK119ub) via ubiquitin ligase activity of the RING1A/B subunit
(Schwartz and Pirrotta, 2013). The resulting H2AK119ub reportedly interferes with
transcription elongation by RNAPolII (Stock et al., 2007; Zhou et al., 2008). Multiple
paralogs exist for PRC1 components (and to a smaller extent for PRC2 subunits),
which results in a diversity of the complexes with shared and, likely, divergent
functions (Schwartz and Pirrotta, 2013). For example, individual PRC1 variants can
regulate chromatin compaction independently from RING1A/B enzymatic activity
(Eskeland et al., 2010).
The PRC2 core complex consists of EZH1/2, EED, SUZ12 and RBBP4/7 (Figure
1.3B) (Schwartz and Pirrotta, 2013). PRC2 deposits di- and tri- methylation marks on
lysine 27 of histone H3 (H3K27me2/3) on gene promoters through its EZH1/2
subunit (Schuettengruber and Cavalli, 2009). EED and SUZ12 components are
required for the EZH1/2 methyltransferase activity (Schwartz and Pirrotta, 2013).
Several additional proteins, including AEBP2, PHF/PHF19/MTF2 and JARID2
associate with the core components of PRC2 (Margueron and Reinberg, 2011).
These proteins are not essential for the enzymatic activity of the complexes, but
appear to be important for stability, regulation of function and recruitment to target
genes (Schwartz and Pirrotta, 2013). H3K27me3 possibly acts as an adaptor to
recruit additional regulatory factors that either contribute to repressive chromatin
environment or prevent the binding of activating factors, contributing to chromatin
compaction (Margueron and Reinberg, 2011). Since PRC1 was shown to bind
H3K27me3 through its chromodomain-containing CBX component (Fischle et al.,
2003; Min et al., 2003), it was suggested that PRC1 recruitment depends on prior
activity of PRC2. However, there is a growing evidence for PRC2-independent
recruitment of PRC1 (Blackledge N et al., 2014; Ku et al., 2008; Schoeftner et al.,
2006; Tavares et al., 2012).
It remains unclear how PRCs are recruited to their target genes in mammals as
neither of the PRCs contain DNA-binding domains (Margueron and Reinberg, 2011).
In Drosophila, specific transcription factors recruit PcG proteins to Polycomb
Responsive elements (PREs), however, similar domains have not been identified in
mammals (Bracken and Helin, 2009). Two models of PRC recruitment have been
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proposed (Klose et al., 2013; Voigt et al., 2013). The first model suggests that PRC2
is recruited via transcription factors (such as SNAIL) or lncRNAs (such as Xist or
HOTAIR) (Herranz et al., 2008; Rinn et al., 2007; Zhao et al., 2008). The second
model postulates that PRC2 recruitment is regulated by the existing chromatin
context determined by modifications such as H3K36me3 or H3K4me3 (Schmitges et
al., 2011; Voigt et al., 2013). The latter model suggests the interplay between PRCs
and other chromatin-modifying complexes in establishing chromatin domains.

1.2.2. Jarid2 in development and as a PRC2 component

Jarid2 is the founding member of the Jumonji family that comprises proteins with
histone demethylase activity (Klose et al., 2006). Interestingly, amino-acid alterations
in the cofactor binding site render it enzymatically inactive (Klose et al., 2006). Jarid2
was originally identified as a regulator of neural development in a gene trap
mutagenesis screen in mice (Takeuchi et al., 1995). Jarid2 depletion resulted in the
cruciform shape of neural grooves (jumonji meaning cruciform in Japanese)
(Takeuchi et al., 1995). In mice, Jarid2 appears to have a pleiotropic role in the
development of various tissues including the brain, heart, spinal cord, liver and
thymus (Jung et al., 2005b; Takeuchi et al., 2006). This is supported by the
observation that mice lacking Jarid2 develop a range of phenotypes (reviewed in
Landeira and Fisher, 2011). Jarid2-null mice die between E10.5 and E15.5 from
multiple developmental defects (Landeira and Fisher, 2011).
Jarid2 has been implicated in pluripotent transcriptional networks in mouse and
human ESCs, however its precise role in pluripotency had remained unclear (Boyer
et al., 2005; Kim et al., 2008; Loh et al., 2006). Several groups have reported that
Jarid2 is a component of PRC2 complex in mESCs (Landeira et al., 2010; Li et al.,
2010; Pasini et al., 2010; Peng et al., 2009; Shen et al., 2009). In agreement with
this, Jarid2 binding largely overlaps with the binding of the core PRC2 components
(Landeira et al., 2010; Li et al., 2010; Pasini et al., 2010; Peng et al., 2009; Shen et
al., 2009). Specifically, Jarid2 appears to be important for efficient guiding of PRC2
to target genes in mESCs (Landeira et al., 2010; Li et al., 2010; Pasini et al., 2010;
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Peng et al., 2009; Shen et al., 2009). Surprisingly, Jarid2 depletion carried out in a
number of independent studies showed conflicting, but rather mild effects on
H3K27me3 levels in mESCs (Landeira et al., 2010; Li et al., 2010; Pasini et al.,
2010; Peng et al., 2009; Shen et al., 2009). Furthermore, Jarid2-null mESCs are not
affected by the global de-repression of PRC2 targets, including lineage-associated
genes, which is the case for mESCs depleted of Eed, Ezh2 or Suz12 (Azuara et al.,
2006; Boyer et al., 2006; Pasini et al., 2007; Shen et al., 2008). In agreement with
this, Jarid2-null mESCs self-renew robustly in culture, but, are unable to successfully
differentiate (Landeira et al., 2010; Li et al., 2010; Pasini et al., 2010; Peng et al.,
2009; Shen et al., 2009). In this regard, Jarid2 was shown to be important for
recruiting Ser5-phosphorylated RNAPolII to a subset of PRC2 target genes in
mESCs and prime them for subsequent activation upon differentiation (Landeira et
al., 2010). Alternatively, a recent report suggested that Jarid2 is required for proper
H3K27me3 deposition during mESC differentiation (Sanulli et al., 2015). The precise
mechanism behind the differentiation defect of Jarid2-nulls remains unclear. Jarid2
has also been shown to bind to the repressive chromatin of the inactive X
chromosome independently of PRC2 (da Rocha et al., 2014). Interestingly, cell
fusion studies showed that mESCs lacking Jarid2, but not the core PRC2
components, are able to reprogram somatic cells towards pluripotency very
efficiently (Pereira et al., 2010). Collectively, these results have suggested that
Jarid2 might have a function distinct from H3K27me3 PRC2-mediated gene
repression. The differentiation defects of Jarid2-null mESCs are surprising in view of
reports showing that Jarid2-depleted mice progress up to and after gastrulation
stages in vivo. This might suggest that the effects of Jarid2-depletion are non-cell
autonomous and could be compensated by factors provided by other cells in the
embryo. In Xenopus laevis embryos depleted of Jarid2 show early, gastrulation
defects (Peng et al., 2009). Interestingly, this was demonstrated in a study using
Jarid2 morpholinos that target all Jarid2 transcripts, also including those putatively
contributed by the maternal genome. As Jarid2 is expressed in mature human
oocytes (Assou et al., 2009), this result might indicate that maternally inherited
Jarid2 transcript could contribute to the delayed manifestation of the phenotype in
mouse embryos.
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Figure 1.4. Schematic diagram of the canonical Wnt/β-catenin signalling pathway in
vertebrates. In the absence of extracellular Wnt proteins, the destruction complex consisting of
Axin, APC and GSK3, phosphorylates cytoplasmic β-catenin and targets it for degradation. Wnt
ligands activate the hetero-dimeric Frizzled-LRP5/6 receptor and, in turn, the Dishevelled (Dvl)
protein. This leads to the inactivation of the β-catenin destruction complex. As a result, nonphosporylated (active) β-catenin accumulates in the cytoplasm and eventually translocates to
the nucleus. In the nucleus, β-catenin together with Tcf/Lef factors regulates expression of
target genes.
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1.3.

Signalling in Pluripotency

Cells in vivo exist in a complex cellular and biochemical environment.
Communication between cells and their environment (or niche) is essential for
integration of cellular activities within tissues and organs. Cells derived from an
organism can be propagated in vitro in an environment determined by specific media
and culture conditions conducive to their growth. In both in vivo and in vitro settings,
the ability to send, receive and respond to environmental signals is provided by
signal transduction pathways. Extracellular stimuli are received at the cell surface by
specialised receptors, relayed by signalling cascades and in most cases ‘translated’
into altered activity of transcription factors, cofactors and chromatin regulators.
Activation or inhibition of a specific signalling pathway might lead to different effects,
for example depending on a cell type, timing of the signal and the context of other
cellular regulators (reviewed in Sokol, 2011).
The pluripotent state of mESCs can be maintained by either activating pro-selfrenewal signalling cascades or inhibiting signals promoting differentiation (Silva and
Smith, 2008). Mouse ESCs were originally maintained in ‘non-defined’ conditions in
the presence of feeders (non-dividing fibroblasts) and foetal calf serum (FCS) (Evans
and Kaufman, 1981). Subsequent studies identified the minimal components
essential for mESC maintenance as leukemia inhibitory factor (LIF) and ligands of
the TGFβ/BMP signalling pathway (Ying et al., 2003). LIF activates transcription
factor Stat3, and serum/BMP4 induces inhibitor of differentiation (Id) proteins (Silva
and Smith, 2008). More recently, Smith and colleagues demonstrated that inhibition
of specific signalling pathways is sufficient to maintain the undifferentiated state of
mESCs (Ying et al., 2008). Accordingly, mESCs cultured in defined medium with two
inhibitors CH99021 and PD0325901 (2i), blocking glycogen synthase kinase-3
(GSK3) and MAP kinase/ERK kinase (MEK), respectively, self-renew and are
pluripotent (Ying et al., 2008). MEK inhibition protects mESCs from differentiation
signals relayed through Fgf4 stimulation (Wray et al., 2010). GSK3 inhibition
stabilises β-catenin, a signalling component of the canonical Wnt pathway. In turn, βcatenin counteracts the repression of the core pluripotency factors mediated by Wnt
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signalling transcriptional effector, transcription factor 3 (Tcf3) (Wray et al., 2011).
This is consistent with downstream effectors of the LIF, BMP and Wnt signalling
cascades binding to regulatory elements of the core pluripotent factors and their
target genes (Chen et al., 2008; Cole et al., 2008; Do et al., 2013; Tam et al., 2008;
Zhang et al., 2006). This suggests that extracellular cues relayed by signalling
pathways can directly regulate the expression of pluripotency- and lineage
commitment - associated genes, and modulate the balance between self-renewal
and differentiation.

1.3.1. Wnt signalling pathways in early development

Wnt signalling pathways represent a group of signal transduction pathways
regulating primarily cell-cell (paracrine) interactions in development and adult tissue
homeostasis (reviewed in Komiya and Habas, 2008). Three major Wnt signalling
pathways have been identified to date: the canonical Wnt/β-catenin pathway, the
non-canonical planar cell polarity (PCP) pathway and the non-canonical Wnt/calcium
pathway (not discussed in detail here) (Komiya and Habas, 2008). The canonical
Wnt/β-catenin pathway has been implicated in various process including cell fate
decisions and embryonic axis specification (Sokol, 2011), while the non-canonical
PCP pathway is involved, among other, in regulating cell polarity, cell migration and
embryonic patterning (Gray et al., 2011). The defining difference between a
canonical and a non-canonical pathway is that the first involves a multi-functional
protein called β-catenin, while the latter is β-catenin-independent (Komiya and
Habas, 2008). Nevertheless, these two types of Wnt pathways share some of the
signalling components and are activated by the binding of secreted lipid-modified
Wnt ligand proteins (Devenport, 2014; Gray et al., 2011; Komiya and Habas, 2008).
Conversely, the Wnt signalling pathways can be negatively regulated by secreted
inhibitors such as Dickkopf (Dkk), secreted Frizzled-related protein (Sfrp) or by
blocking porcupine (porcn), an enzyme that catalyses modifications of Wnt ligands
(Caneparo et al., 2007; Proffitt et al., 2013; Satoh et al., 2008).
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In the canonical Wnt/β-catenin pathway, in the absence of a Wnt ligand the
destruction complex consisting of Axin, adenomatosis polyposis coli (APC), casein
kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3) is active in the cytoplasm
(Clevers and Nusse, 2012). It binds β-catenin and phosphorylates it through GSK3
and Ck1, which targets β-catenin for ubiquitination and subsequent proteasomal
degradation (Figure 1.4) (Sokol, 2011). When a Wnt ligand is present, it binds to a
heterodimeric receptor complex comprising Frizzled (Fzd) and LRP5/6 protein, which
in turn associates with dishevelled (Dvl) (Sokol, 2011). This association recruits Axin
to the receptor complex and causes the destruction complex to disintegrate (Figure
1.4) (Mao et al., 2001). As a result of this (or for example external inhibition of
GSK3), β-catenin is stabilised, accumulates in cytoplasm and translocates to the
nucleus (MacDonald et al., 2009). In the nucleus it acts as a transcriptional coregulator by engaging the Tcf/Lef group of transcription factors comprising Tcf1,
Tcf3, Tcf4 and Lef (Sokol, 2011). Tcf/Lef factors recognise a specific DNA sequence
and regulate transcription of target genes (Cadigan and Waterman, 2012). Besides
the role in the nucleus, β-catenin can be localised at cell membranes (MunozDescalzo et al., 2015). The membrane-associated β-catenin is involved in the
regulation of cell-cell adhesion, which is mediated by interaction with cadherins
(Sineva and Pospelov, 2014). It remains unclear, however, how these two cellular
pools of β-catenin are interrelated and whether they affect each other’s functions.
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Figure 1.5. Planar cell polarity (PCP) signalling. (A) Asymmetrical localisation of core PCP
components in cells in Drosophila wing. Van Gogh/Strabismus and Prickle (blue) localise to the
proximal edge, while Frizzled, Dishevelled and Diego (red) localise to the distal edge.
Flamingo/Celsr (grey) localises to both edges and forms homodimers between neighbouring cells.
(B) A simplified scheme of the PCP signalling pathway components mediating changes in the
cytoskeleton and gene expression in vertebrates. Adapted from (Landeira et al., 2015).
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Originally, genes important for establishing planar cell polarity were identified in
different tissues of Drosophila, for example the wing epithelium (Devenport, 2014).
These genes encode for main components of the PCP pathway including receptors
Fzd and Van Gogh/Strabismus 1/2 (Vangl1/2), atypical cadherin Flamingo (Clsr) and
three cytoplasmic proteins Prickle (Pk), Dvl and Diego (Dgo) (Devenport, 2014). The
PCP signalling has been defined as a coordinated change in polarity of two or more
cells as a result of cell-cell communication mediated by the planar cell polarity
proteins (Goodrich and Strutt, 2011). This polarised behaviour is thought to be
controlled through asymmetric intracellular localisation of these proteins (Devenport,
2014). In a developing fly wing, Fzd, Dvl and Dgo are segregated distally whereas
Vangl1/2 and Pk proximally (Figure 1.5A) (Axelrod, 2001; Bastock et al., 2003; Das
et al., 2004; Feiguin et al., 2001; Strutt, 2001; Tree et al., 2002). The atypical
cadherin is localised on both sides and form homodimers to coordinate polarity
between adjacent cells (Strutt and Strutt, 2008; Usui et al., 1999). PCP signalling is
activated when a ligand binds to the Fzd-Dvl complex at the membrane (Gray et al.,
2011). In turn, this activates effectors, for example Rho-associated kinase (ROCK) or
c-Jun terminal kinase (Jnk) among others, which mediate cytoskeletal or
transcriptional changes, respectively (Figure 1.5B) (Klein and Mlodzik, 2005). Many
of the proteins required for planar polarity in flies appear to be conserved and
mediating polarised cell behaviours in vertebrates (Goodrich and Strutt, 2011). For
example, epithelial cells in mouse inner ear exhibit planar polarity, which is disturbed
by mutating the orthologues of fly PCP genes (Goodrich and Strutt, 2011). These
results support the existence of a general PCP mechanism in flies and vertebrates.
However, it remains to be determined whether the core proteins in vertebrates
interact with other components of PCP pathway, such as effector proteins, similarly
as in flies.
Several PCP pathway components have been shown to play important roles in both
the pre-implantation and post-implantation mouse embryos (Tao et al., 2012; Tao et
al., 2009). Specifically, early blastomeres express Dvl proteins and perturbing Dvl
expression at the 4-cell stage leads to altered morphology and reduced adhesion in
the resulting blastocyst (Na et al., 2007). Moreover, Prickle2-deficient mouse
embryos do not form normal blastocysts or tropho-ectoderm (TE) and die at E3.0-3.5
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(Tao et al., 2012). Lastly, embryos lacking Prickle1 show gastrulation defects
followed by lethality at E5.5-6.5 (Tao et al., 2009). This requirement for PCP pathway
components suggest (but not prove) that PCP signalling might be necessary for early
embryo development in mice, in contrast to another undefined non-canonical Wnt
pathway.
Several studies demonstrated a role for the canonical Wnt/β-catenin pathway in axis
formation and germ layer specification in frog, zebrafish and mouse embryos (Sokol,
2011). In contrast to the suggested role of the PCP pathway, canonical Wnt/βcatenin signalling appears to be activated only in the post-implantation embryos (Na
et al., 2007). This is consistent with two independent studies showing that β-catenin
knockout mice develop normally until gastrulation (Haegel et al., 1995; Huelsken et
al., 2000). However, the maternal pool of β-catenin may contribute to preimplantation development (reviewed in Munoz-Descalzo et al., 2015).

1.3.2. The canonical Wnt signalling pathway in mESC pluripotency

The requirement for Wnt/β-catenin signalling in mESC self-renewal has been
debated. Several studies reported a positive effect of stimulating Wnt/β-catenin
signalling on the pluripotency of mESCs cultured in self-renewing conditions
(reviewed in Sokol, 2011). For example, blocking GSK3 increased the self-renewal
response of mESCs cultured in serum and LIF (Sato et al., 2004). Subsequent
studies showed that supplementing exogenous Wnt ligands or overexpressing a
stabilised mutant of β-catenin, sensitises mESC to reduced levels of LIF (Ogawa et
al., 2006) or partially abrogates LIF requirement for mESC self-renewal (Takao et al.,
2007). Evidence for the requirement of Wnt/β-catenin in mESC self-renewal was
provided by Nusse and colleagues who showed that activating the Wnt/β-catenin
pathway (via Wnt3a ligand) is essential to prevent EpiSC differentiation of mESCs. In
agreement, they reported that Wnt/β-catenin suppression (via PORCN inhibitor)
abrogates mESC self-renewal (ten Berge et al., 2011). These results, however, were
confounded by the fact that LIF was added to EpiSC-inducing medium and might
have contributed to the observed differentiation block by acting synergistically with
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Wnt3a (Ogawa et al., 2006). Moreover, the experiments demonstrating differentiation
towards EpiSC following Wnt inhibition were performed on mESCs maintained on
feeders. Since blocking Wnt signalling could also affect feeders that secrete
endogenous Wnt ligands, LIF and other morphogens, this could have indirectly
contributed to the effects of Wnt inhibition on mESCs. In support for Wnt/β-catenin
as an important regulator of mESC self-renewal, studies using iPSCs and cell fusion
approaches

showed

that

exogenous

Wnt

activation

promotes

pluripotent

reprogramming (Lluis et al., 2008; Marson et al., 2008a). Nevertheless, this
increased reprogramming efficiency might be also due to Wnt/β-catenin signalling
affecting the early stages of reprogramming and, thus, may not directly reflect the
role of Wnt/β-catenin in mESCs self-renewal.
In contrast, evidence for the lack of Wnt/β-catenin signalling requirement in mESC
self-renewal comes from studies which used conditional deletion of β-catenin in
mESCs (Lyashenko et al., 2011; Wray et al., 2011). These two independent reports
showed that β-catenin was not required for self-renewal in serum+LIF, 2i+LIF or
MEK inhibitor+LIF conditions as mutant cells expressed normal levels of pluripotency
genes including Oct4, Nanog or Sox2 (Lyashenko et al., 2011; Wray et al., 2011). In
agreement with a role in cell adhesion, β-catenin-null mESCs showed impaired cellcell contacts (Lyashenko et al., 2011). This adhesion defect, however, was
complemented by a related protein called plakoglobin (Lyashenko et al., 2011).
Collectively, the Wnt/β-catenin promotes pluripotency of mESCs, but appears to be
dispensable for their self-renewal. How Wnt/β-catenin signalling regulates the
pluripotent

state remains unclear.

It had been

previously assumed that

supplementation with Wnt3a, stabilised β-catenin, or GSK3 inhibition affects
pluripotency by transcriptional activation of Wnt/β-catenin target genes (Sokol,
2011). Conversely, recent evidence suggests that positive effects of β-catenin on
mESC self-renewal might be independent of its transcriptional activity (Wray et al.,
2011; Yi et al., 2011).
Unlike naïve pluripotent cells, activation of the Wnt/β-signalling pathway in the
primed cells appears to promote differentiation. In agreement, EpiSCs and hESCs
respond to Wnt activation by differentiating to mesodermal fates (Blauwkamp et al.,
2012; Davidson et al., 2012; Kurek et al., 2015; Sumi et al., 2013). Conversely,

36

inhibition of Wnt/β-catenin limits heterogeneity and spontaneous differentiation
present in EpiSC cultures (Sumi et al., 2013). Nevertheless, 2i+LIF media containing
a GSK3 inhibitor is sufficient to revert EpiSCs to a mESC-like state with a low
efficiency (Bao et al., 2009; Bernemann et al., 2011). This result might be explained
by EpiSC cultures containing a small subpopulation with properties similar to naïve
pluripotent cells (Han et al., 2010). One can speculate, that these cells are able to
initiate self-renewal, in contrast to the majority of EpiSCs that differentiate or die in
response to 2i+LIF (Nichols and Smith, 2009).
Finally, in agreement with a role in primed pluripotent cells, several studies showed
that β-catenin is required for execution of mESC differentiation (Atlasi et al., 2013;
Faunes et al., 2013; Lyashenko et al., 2011). This function in promoting mESC
differentiation is consistent with β-catenin being required for proper gastrulation of
the mouse embryos (Haegel et al., 1995; Huelsken et al., 2000).

1.3.3. Wnt signalling in the mESC cell cycle

Studies performed on somatic cells showed evidence for an interplay between Wnt
signalling and cell cycle regulation (Niehrs and Acebron, 2012). Specifically, Wnt
signalling was shown to promote G1 progression through β-catenin-mediated
transcriptional activation of Myc (He et al., 1998). Furthermore, Wnt signalling is
important in mitosis, where it regulates microtubule assembly and centrosome
segregation (Hadjihannas et al., 2010; Salinas, 2007). Both total and nuclear βcatenin levels increase during cell cycle and peak at G2/M in a variety of somatic cell
lines (Olmeda, 2003). At the same time, G2/M phase appears to be a privileged
window for Wnt signalling as G2/M CDK14/cyclin Y complex increases receptiveness
to Wnt signalling through phosphorylation of the LRP5/6 receptor (Davidson et al.,
2009). In contrast to somatic cells, the dynamics of Wnt signalling activity and its
impact on cell cycle progression has not been examined directly in pluripotent cells.
As mESCs show a truncated G1 phase and progress in the absence/low levels of
cyclin D (discussed in 1.4.3) (Savatier et al., 1994; Savatier et al., 1996; Stead et al.,
2002), one can speculate that the impact of Wnt signalling on G1/S progression
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might be limited. On the other hand, localised exogenous Wnt signals were shown to
orient the plane of cell division, distribution of centrosomes and pluripotencyassociated factors in dividing mESCs (Habib et al., 2013). These results suggest a
mitotic role for Wnt signalling in mESCs, which might be involved in controlling
pluripotency.

1.4.
Contribution of the cell cycle to cellular
reprogramming

Pluripotent cells of the epiblast or their in vitro counterparts, mESCs, can
differentiate into all embryo-derived lineages. Differentiation describes the gradual
restriction of potency and progressive acquisition of a specialised cellular identity or
fate (Fisher and Fisher, 2011). Cellular identity is not fixed however and can be
reversed in vivo, for example when two specialised cells, such as gametes, form the
totipotent zygote (reviewed in Cantone and Fisher, 2013). Specialised cellular fates
can be reversed experimentally to an earlier developmental stage (reprogramming),
or changed to another specialised cellular identity (trans-differentiation) (Figure 1.6)
(reviewed in Yamanaka and Blau, 2010). The most dramatic experimental cell fate
reversion can be achieved by reprogramming terminally differentiated somatic cells
into a pluripotent state (Blau et al., 1983; Gurdon et al., 1958; Takahashi and
Yamanaka, 2006). This conversion to an embryonic-like state involves a genomewide change in gene expression preceded by a global remodelling of epigenetic
modifications (Koche et al., 2011). Failure to reorganise the chromatin structure has
been postulated to constitute a ‘roadblock’ to efficient reprogramming (reviewed in
Vierbuchen and Wernig, 2012). Once the new pluripotent identity is established, a
cell can be re-differentiated into any lineage and give rise to an entire organism. In
contrast, trans-differentiation (or direct conversion) offers a fast, one-step change
from one somatic cell fate to another, a certain ‘shortcut’ without reverting to the
pluripotent state (reviewed in Vierbuchen and Wernig, 2011). Collectively, it was
demonstrated that even the most specialised cells are ‘plastic’ and that the genetic
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information needed to produce any cell fate in the organism is maintained in every
cell (Yamanaka and Blau, 2010).

Figure 1.6. Various types of cell fate conversions. (A) Reversion to cells representing earlier
developmental state. Examples include pluripotent reprogramming of somatic cells by OSKM
overexpression. (B) Trans-differentiation. Direct conversion of one somatic cell fate into another. It
can occur between two closely related somatic cell types (for example fibroblast-into-myocyte
conversion) (Weintraub et al., 1989) or somatic cell types derived from two different germ layers
(for example fibroblast-into-neuron conversion) (Vierbuchen et al., 2010). (C) Direct differentiation.
Recent studies suggested the possibility of a direct pluripotent-to-somatic cell fate conversion
(Pang et al., 2011; Warren et al., 2010).

There are three different experimental routes to reprogram somatic cells towards
pluripotency: (i) somatic cell nuclear transfer (SCNT), (ii) induced pluripotent stem
cells (iPSCs) generation by ectopic expression of a defined combination of
transcription factors and (iii) cell fusion with pluripotent cells (Blau et al., 1983;
Gurdon et al., 1958; Takahashi and Yamanaka, 2006). These approaches
accomplish reprogramming with distinct kinetics and efficiency, and present unique
advantages and limitations. Therefore, they offer different, but complementary
avenues of understanding pluripotent reprogramming (Yamanaka and Blau, 2010).
In mammals, SCNT involves transplanting a nucleus of a differentiated somatic cell
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into an enucleated oocyte or a zygote (Egli et al., 2007; Gurdon and Wilmut, 2011).
Exposure to oocyte factors results in a rapid reprogramming of the somatic genome
to a state reflecting zygotic identity with the potential to generate an entire organism
(Yamanaka and Blau, 2010). Overexpression of a cocktail of defined pluripotent
transcription factors Oct4, Sox2, Klf4 and Myc (OSKM) was shown to stably induce
pluripotent stem state in somatic cells (Takahashi and Yamanaka, 2006). More
recently, the same pluripotent reprogramming activity was reported for different
combinations of pluripotent factors, early-lineage specifiers (such as Gata3 or Sox7),
microRNAs or small molecules (Anokye-Danso et al., 2011; Hou et al., 2013; Liu et
al., 2014; Miyoshi et al., 2011; Shu et al., 2013). The first two reprogramming
strategies, iPSCs and SCNT, hold therapeutic potential, but are less accessible for
detailed

mechanistic

studies.

Although

modifications

leading

to

increased

reprogramming efficiency have been reported (Hanna et al., 2010; Rais et al., 2013;
Singhal et al., 2010), the standard protocols for these methods remain relatively
inefficient, and also time-consuming (reviewed in Papp and Plath, 2013). In contrast,
cell fusion with pluripotent cells induces a pluripotent gene expression program and
epigenetic landscape in somatic nuclei as early as 1 – 2 days post-fusion (reviewed
in Piccolo et al., 2011). Hence, cell fusion offers a low-cost, fast and rather simple
approach that can reveal the mechanisms important in the initiation of pluripotent
reprogramming (Piccolo et al., 2011).
Finally, trans-differentiation between two somatic cell types can be achieved by
ectopic factor overexpression (Vierbuchen and Wernig, 2011). Exposure to a single
factor such as MyoD, or a combination of factors for example Ascl1, Brn2 and Mytl1
is sufficient to convert fibroblasts into myocytes and neurons, respectively
(Vierbuchen et al., 2010; Weintraub et al., 1989). Similarly, direct conversion can be
achieved by fusing two somatic cell types, for example fusion with myocytes induces
a muscle-specific expression program in lymphocytes or amniotic cells (Blau et al.,
1983; Terranova et al., 2006).
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1.4.1. Pluripotent reprogramming by cell fusion

Experimental cell fusion originated from early studies in which it was used to localise
biological properties to specific chromosomes and to produce monoclonal antibodies
(Kohler and Milstein, 1975; Weiss and Green, 1967). More recently cell fusion
approaches have been used to study the induction of pluripotent reprogramming by
fusing terminally differentiated somatic cells with pluripotent partners such as
mESCs (Pereira et al., 2008).
Cell fusion takes place in two consecutive stages (Figure 1.7A). Initially after fusion,
the two parental nuclei remain separate, but their cytoplasm merge within a single
cell body, called heterokaryon. Heterokaryons are transient and do not divide.
Subsequently, parental nuclei in a heterokaryon fuse, which gives rise to a dividing
hybrid cell with a tetraploid chromosome content (Piccolo et al., 2011).
Heterokaryons can be generated within (intraspecies) or between cells of different
species (interspecies). Intraspecies heterokaryons often give rise to karyotypically
stable hybrids, whereas interspecies heterokaryons typically suffer from karyotypical
instability (Piccolo et al., 2013). The advantage of interspecies heterokaryons is that
they can be used to monitor nuclear events and transcriptional changes that occur in
each individual nucleus when reprogramming is initiated (Figure 1.7B) (Terranova et
al., 2006). This can be achieved using a variety of species-specific molecular
approaches, including gene expression analysis (quantitative real time PCR [RTqPCR] or transcriptome-sequencing) and chromatin/DNA modification profiling (e.g.
bisulphite sequencing) (Pereira and Fisher, 2009). In mESC-somatic fusions the
early changes include the re-expression of silent pluripotent genes, extinction of
somatic-associated expression and acquisition of pluripotent nuclear architecture
(Pereira et al., 2008). Hybrid cells resulting from a prolonged culture of intraspecies
heterokaryons can be used to evaluate the acquisition of a stable pluripotent state
(Figure 1.7C). This pluripotent state of hybrids is characterised by the formation of
undifferentiated, self-renewing colonies, expression of alkaline phosphatase,
acquisition of a cell cycle profile reminiscent of mESCs, and re-expression of
endogenous pluripotent genes (Pereira et al., 2008). Fusion experiments can take
advantage of genetically-manipulated cells in order to examine if specific
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transcription factors or chromatin re-modellers (such as PcG complexes) are
required for, or influence reprogramming in particular cellular contexts. For example,
cell fusion studies revealed that increasing the dosage of Nanog in mESCs
enhanced the reprogramming efficiency in mESC-somatic hybrids, while Oct4, but
not Sox2 was required in mESCs for the pluripotent conversion (Pereira et al., 2008;
Silva et al., 2006). Furthermore, the impact of particular biological properties (such
as specific cell cycle stage) on the reprogramming success or efficiency can be
tested by selecting for fusion partners with specific properties prior to fusion
(Tsubouchi et al., 2013).

Figure 1.7. Schematic representation of cell fusion-mediated pluripotent conversion. (A) Cell
fusion-based reprogramming occurs in two stages. First, fused cells generate a heterokaryon in which
partner nuclei share one cytoplasm, but remain discrete. Second, partner nuclei fuse and form a hybrid
cell with a tetraploid chromosome content. (B) Strategy to generate mouse ESC x human B
interspecies heterokaryons. 1 – 2 days after fusion, human B nuclei within heterokaryons initiate a
human ES-specific expression profile that can be examined by human-specific gene expression
analysis (C) Strategy to generate intraspecies hybrids by fusing mouse ESC and mouse B
lymphocytes. After approximately 3 days, mouse ESC x mouse B heterokaryons develop into selfrenewing hybrid cells that show a stable pluripotent phenotype.
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1.4.2. Cellular dominance in reprogramming by cell fusion

Henry Harris first showed that cells from different tissues, or different species, could
be fused together and that these adopt a predictable phenotype in a hybrid cell
(Harris et al., 1970). Taking advantage of this technique, researchers began to
combine cells of contrasting properties to test which of the two phenotypes prevailed
(or dominated) after fusion (Weiss and Green, 1967; Ephrussi, 1972). Interestingly,
hybrids resulting from these fusions consistently acquired a phenotype of one of the
fusion partners, but almost never an intermediate between the two (Figure 1.8). For
example, fusions between tumour and non-transformed cells revealed that
malignancy could be at times prevented by the influence of healthy cells, indicating
the existence of tumour suppressor proteins (Harris et al., 1969; Wiener et al., 1972).
Moreover, fusion with fibroblasts blocked the expression of melanin and tyrosine
aminotransferase in melanocytes or hepatocytes, respectively (Davidson et al.,
1966). These results suggested that trans-acting repressors can regulate gene
expression in the fusion partner (Davidson et al., 1966). Furthermore, using
heterokaryon fusions to track reprogramming events separately in partner nuclei it
was shown that muscle cells induced muscle-specific expression in amniocyte nuclei
(Blau et al., 1983). This result revealed that somatic cells have a high degree of
plasticity and can acquire different somatic fates. Collectively, these studies have
confirmed that, generally, one cell type is dominant over another and that codominance (a shared intermediate phenotype) rarely occurs (Fougere and Weiss,
1978; Kruglova et al., 2010; Palermo et al., 2009; Terranova et al., 2006). Pluripotent
cells including embryonic stem (ES), embryonic carcinoma (EC), and embryonic
germ (EG) cells have been shown to dominantly convert somatic cells after fusion
(Miller and Ruddle, 1976; Pereira et al., 2008; Tada et al., 2001; Tada et al., 1997). It
is still unclear, however, what molecular mechanisms underlie dominance and why
pluripotent cells are so efficient at imposing their developmental program on somatic
cells. Several explanations for the direction of conversion have been proposed
including the relative dosage of reprogramming factors in fused nuclei, the extent of
cell specialisation or the impact of specific transcription factors (so called master
regulators). An alternative explanation is that the cell cycle stage determines the
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direction of conversion and that the unusual cell cycle structure of pluripotent cells
underlies their dominant reprogramming ability (Tsubouchi et al., 2013).

Figure 1.8. Cellular dominance. Pioneering cell fusion studies showed that when two cell types with
different phenotypes were combined (A and B), resulting hybrids accommodated either A-like or B-like
phenotype, but almost never an intermediate AB-like phenotype. The molecular mechanism underlying
dominance of certain cell types remains unclear.

1.4.3. Cell cycle as an alternative mechanism behind cellular dominance

Mouse ESCs have a cell cycle structure that is remarkably distinct from somatic cells
(Figure 1.9). Mouse ESCs cycle rapidly, with a cell cycle duration of around 8 – 12h,
in contrast to approximately 25h in somatic cells (Figure 1.9) (reviewed in Hindley
and Philpott, 2013). This is mainly due to the fact that the G1 phase is considerably
shortened in mESCs (Coronado et al., 2013). Therefore, although the absolute
duration of S-phase is comparable between mESCs and somatic cells, mESCs
spend relatively more time in S-phase (35% – 50%). In contrast, only ~15% – 30% of
mESCs reside in G1-phase at any given time (Figure 1.9) (Hindley and Philpott,
2013). This cell cycle profile corresponds to a large proportion of mESCs undergoing
DNA synthesis and is consistent with the high proliferation rate of these cells (White
and Dalton, 2005). Importantly, a similar cell cycle structure has also been reported
for other pluripotent cell types including hESCs, EGs and ECs (Savatier and
Afanassieff, 2002; Singh and Dalton, 2009; Stead et al., 2002).
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The unusual cell cycle structure of pluripotent cells is underpinned by an altered
molecular regulation compared to somatic cells. Mouse ESCs express constitutively
high levels of cyclin-dependent kinases (CDKs) and substrates of the anaphasepromoting complex (APC/C), such as geminin, throughout the cell cycle (FujiiYamamoto et al., 2005; Koledova et al., 2010; Yang et al., 2011). Although these
results suggest that cyclins and CDKs do not oscillate during mESC cell cycle, a
recent study demonstrated that oscillations do occur, yet are less pronounced than in
somatic cells (Ballabeni et al., 2011). Mechanistically, this has been related to higher
expression of Emi1 which inhibits APC/C (Ballabeni et al., 2011). Moreover, the G1
checkpoint is inactive in mESCs as these cells express low levels of cyclin D and
pRB is constitutively inhibited by CDK2-cyclin E (Savatier et al., 1994; Savatier et al.,
1996; Stead et al., 2002). This lack of checkpoint activity might explain the shorter
duration of G1-phase in mESCs and is also consistent with mESCs having an
increased resistance to DNA damage (reviewed in Sperka et al., 2012). In contrast to
mESCs, hESCs express cyclin D (Neganova et al., 2009), which might suggest
distinct mechanisms regulating the G1/S transition in pluripotent cells of these two
species. One could speculate that this divergence might reflect the difference
between the naïve (mESCs) and primed (hESCs) pluripotent state (Nichols and
Smith, 2009).
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Figure 1.9. Comparison of the cell cycle in somatic and pluripotent cells. (A) Typical DNA
content of a somatic (human B cells) and pluripotent (mouse ESCs) population, assessed as
propidium iodide intensity detected by flow cytometry. Gates used to define G1-, S- and G2-stages
are indicated. (B) Average total lengths of one cell cycle and relative proportions of time spent in
each cell cycle stage for typical somatic and pluripotent cells (adapted from Hindley and Philpott,
2013).

Several lines of evidence suggest that the unusual cell cycle structure is an intrinsic
property of pluripotent cells, rather than an artefact of the in vitro culture. First, this
characteristic cell cycle profile is lost (G1-phase lengthens and proportion of S-phase
cells decreases) as ESCs are induced to differentiate (Calder et al., 2013; Coronado
et al., 2013). In agreement, prolonged arrest in G1 is sufficient to induce
differentiation of hESCs (Ruiz et al., 2011). In this regard, studies in mESCs and
hESCs showed that cells in G1 are more receptive to differentiation cues compared
to cells in the later stages of the cell cycle (Paulkin and Vallier, 2013; Sela et al.,
2012). Although elongated G1 is a hallmark of lineage commitment, there is a lack of
direct evidence to determine whether G1 elongation is a consequence of ESC
differentiation or vice versa. In this respect, a recent study indicated that G2/Sphases actively promote hESC self-renewal independently from G1-phase,
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functionally separating maintenance of pluripotent identity and lineage commitment
events (Gonzales et al., 2015). Secondly, somatic cells have been shown to acquire
the truncated G1 profile when reprogrammed to a pluripotent state (Ghule et al.,
2010, Yang et al., 2011). Finally, similar cell cycle properties are shared by
pluripotent cells of the epiblast (Singh and Dalton, 2009). Collectively, these findings
suggest that having a high proportion of cells in S-phase and a short G1-phase could
be important for the maintenance of mESC pluripotency and self-renewal.
Although a mESC-like cell cycle structure is shared with other pluripotent cell types,
a different, intermediate pluripotent-somatic cell cycle profile has been reported for
EpiSCs (Singh and Dalton, 2009). This different cell cycle structure with a more
prominent G1-phase and reduced proportion of S-phase cells (Singh and Dalton,
2009) appears to reflect the primed pluripotent state of EpiSCs. It remains unclear,
whether this distinct cell cycle structure is functionally important for the pluripotency
of these cells or for their reprogramming capacity (Han et al., 2013). By examining
the reprogramming ability of EpiSCs in fusions with somatic cells, it may be possible
to confirm whether the cell cycle structure is a factor underlying the dominance of
pluripotent cells in cell fusion assays.

1.4.4. Cell

cycle

in

reprogramming

of

somatic

cells

towards

pluripotency

SCNT studies have suggested that successful reprogramming may depend on cell
cycle synchronisation between the transferred nucleus and accepting cytoplasm
(Campbell et al., 1996; Kang et al., 2014). In addition, mouse fibroblasts exposed to
Xenopus laevis mitotic extracts show accelerated rates of DNA replication and
increased efficiency in SCNT and iPSC-based reprogramming (Ganier et al., 2011).
This suggests that cells in mitosis might be more permissive to undergo cell fate
conversion (Egli et al., 2008; Egli et al., 2007). The molecular explanation for this
might be that transcriptional regulators dissociate from chromatin upon entry into
mitosis and allow reprogramming factors to bind and alter the expression state of the
somatic cell (Egli et al., 2008). Although this so called mitotic advantage has been
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linked with the chromatin composition of M-cells (Halley-Stott et al., 2014), its precise
mechanism remains unknown.
Evidence from iPS studies shows that an increase in proliferation is amongst the first
changes observed in the reprogramming of somatic cells and occur as early as 24
hours after the overexpression of the OSKM factors (Smith et al., 2010). This change
is reflected by the re-expression of positive regulators of proliferation (Koche et al.,
2011; Mikkelsen et al., 2008). Importantly, successfully reprogrammed cells acquire
an ESC cell cycle-like profile and failure to do so might constitute a barrier to
reprogramming (Ghule et al., 2010, Yang et al., 2011). Most somatic cells fail to alter
their proliferation properties in response to OSKM overexpression, which might
explain the low efficiency and stochasticity of the process (Hanna et al., 2009). Other
iPS experiments demonstrated a correlation between proliferation and the efficiency
of conversion, indicating that reprogramming can be accelerated and enhanced by
undergoing DNA synthesis and cell division (Ruiz et al., 2011, Hanna et al., 2009).
Specifically, Smith et al., found that in cells undergoing reprogramming an increase
in proliferation precedes the re-expression of pluripotent genes (Smith et al., 2010).
These observations were elegantly explored by Lu and colleagues who compared
the duration and efficiency of iPS reprogramming between somatic cell populations
with different proliferation rates. Remarkably, the lengthy and inefficient (‘stochastic’)
iPS conversion, switches to a rapid and efficient (‘deterministic’) conversion when
using fast-cycling somatic cells as the targets of reprogramming (Guo et al., 2014).
In agreement with this, decreasing the activity of cell cycle regulators including p53,
p16 and p19 results in markedly enhanced efficiency of iPSC reprogramming (Hong
et al., 2009; Kawamura et al., 2009; Li et al., 2009a; Utikal et al., 2009). Ectopic
expression of Myc, a cell cycle progression regulator that is dispensable for iPS
conversion, enhances and accelerates reprogramming, most likely by increasing cell
proliferation (Sridharan et al., 2009). Collectively, these results indicate that the
increased number of cell divisions and rounds of DNA synthesis enhances the
success of iPS reprogramming.
In the cell fusion-based approach, in contrast to iPSCs and SCNT, the earliest
reprogramming-associated events take place before the first cell division, as
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heterokaryons do not divide. This prompted the view that DNA synthesis is not
required for cell fusion-mediated pluripotent reprogramming (Bhutani et al., 2010). In
contrast, a recent study supported the idea that DNA synthesis is required to activate
expression of key pluripotent genes, including Oct4 and Nanog, in the somatic
genome (Foshay et al., 2012). Accordingly, the reactivation kinetics of these
pluripotency-associated genes depends on DNA replication (Foshay et al., 2012).
Recently, our laboratory showed that the reprogramming of somatic nuclei to
pluripotency via cell fusion can be potentiated by enriching mESCs in S/G2-phase
(Tsubouchi et al., 2013). This was mechanistically explained by the fact that S/G2phase mESCs induce precocious (in other words earlier than according to the
normal cell cycle progression) DNA synthesis in somatic nuclei early after fusion and
failure to do so results in abrogation of pluripotent reprogramming (Tsubouchi et al.,
2013). This result is consistent with classical cell fusion experiments which
demonstrated that early DNA synthesis can be dominantly induced in G1-phase cells
upon fusion with cells in S- or G2-phase of the cell cycle (Johnson and Rao, 1970;
Rao and Johnson, 1970). Collectively, these results suggest that transition through
S-phase is required for the successful reprogramming of somatic cells into
pluripotency by iPSCs and cell fusion assays.
1.4.5. Major approaches to cell cycle stage synchronisation

There are two distinct approaches to obtain cells synchronised in a specific phase of
the cell cycle. One strategy is to arrest cells at a particular cell cycle stage by
exposing them to a chemical agent. Alternatively, cells in a specific cell cycle stage
can be purified from an asynchronous culture by associated physical/biological
properties.
The most routinely used chemical agents to synchronise cells include drugs
interfering with DNA replication (including aphidicolin, hydroxyurea, thymidine and
methotrexate) or microtubule polymerisation (such as nocodazole and colcemid)
(Jackman and O'Connor, 2001). The first group activates G1/S transition checkpoint
and G1 arrest, whereas the second induces a G2/M block. Chemical synchronisation
provides an efficient and affordable approach for most cell types, but comes with the
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disadvantage of affecting the biological functions of a cell. Due to the muted cell
cycle checkpoint activity of mESCs, arrest-inducing drugs are inefficient as
synchronising agents of mESCs. In addition, it has been shown that cell cyclesynchronising drugs induce unscheduled differentiation of mESCs (which is
associated with remodelling of the cell cycle structure) (Han et al., 2008; Neganova
and Lako, 2008; Ruiz et al., 2011). Finally, a proteome analysis revealed that
changes detected in arrested cell populations likely reflect arrest-specific responses
rather than physiological cell cycle regulation (Ly et al., 2015).
In contrast, physical/biological synchronisation methods do not directly affect the
normal cell cycle progression of cells (Davis et al., 2001). Mitotic shake-off is one of
the most widely used methods and takes advantage of the decreased attachment
properties of mitotic cells. The cell-cycle progression is associated with the activity of
specific proteins, the levels of which are tightly controlled by ubiquitination. Recently,
Miyawaki and colleagues used the cell cycle stage-specific expression of two
ubiquitin ligase targets, Cdt1 (with the highest expression in G1) and Geminin (with
the highest expression in S/G2/M) to create fluorescent ubiquitination-based cell
cycle indicators (FUCCI) (Sakaue-Sawano et al., 2008). This system allows not only
the visualisation of cell cycle progression in live cells transfected with the reporters,
but also the purification of cells in specific cell cycle stages by flow cytometry. FUCCI
reporters have been used primarily in hESCs. In mESCs expression of geminin is
not completely absent from G1-phase (Yang et al., 2011), which might possibly
contribute to a limited resolution of separation.
Centrifugal counter-flow elutriation offers a non-invasive approach to isolate
sequential cell cycle stages. This approach allows the separation of cells according
to their size and density that directly correlates to the amount of DNA that they
contain (Huber and Gerace, 2007; Maeshima et al., 2011). Centrifugal elutriation
provides an enrichment of cells in G1, early-, mid- and late- S-phase, and G2/Mphase of the cell cycle (Banfalvi, 2008). Centrifugal elutriation also does not
significantly affect cell viability or induce differentiation of mESCs (Tsubouchi et al.,
2013). Moreover, elutriated populations resume normal cell cycle progression when
re-cultured (Tsubouchi et al., 2013). In agreement with this, centrifugal elutriation has
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been used for pluripotent (including mESCs and hESCs) and somatic cell types
(Banfalvi, 2008; Ly et al., 2015; Sela et al., 2012; Tsubouchi et al., 2013). Finally, the
non-invasiveness of centrifugal elutriation renders it particularly suitable when
populations enriched in cell cycle stages are used for downstream time-dependent
assays (such as cell fusion-based reprogramming).

1.5.

Aims of this study

During development cells acquire, maintain and change their identities, however,
how exactly this is achieved on the molecular level remains unclear. These
processes can be studied using experimental programming and reprogramming,
which offer model systems to dissect mechanism and identify key factors involved.
In the first part of my thesis, I will investigate the contribution of the cell cycle to cell
fusion-based reprogramming. Different pluripotent cell types, including mouse
embryonic stem cells (mESCs), have been shown to consistently reprogram somatic
cells towards pluripotency after cell fusion. This could be due to pluripotent cells
having a cell cycle structure with shorter G1-phase and higher proportion of cells in
S-phase, when compared to somatic populations. To determine if this cell cycle
profile is important for the reprogramming ability of pluripotent cells, I will examine
the reprogramming potential of pluripotent epiblast stem cells (EpiSCs), which have
been reported to show a ‘more somatic’ cell cycle structure. I will use cell fusionbased assays to study the reprogramming induced in somatic nuclei by EpiSCs, as
compared to mESCs. Subsequently, I will test the hypothesis that the direction of
reprogramming in cell fusion assays is related to the cell cycle stages of fused cells.
To this end, I will examine whether somatic cells (B lymphocytes) at later stages of
the cell cycle are able to reprogram G1-phase pluripotent cells (mESCs) towards
somatic-like program. To purify cell cycle stages from B cell and mESC cultures I will
use centrifugal elutriation. Lymphocytes and mESCs in specific cell cycle stages will
be fused to generate heterokaryons and hybrids, in which the direction of
reprogramming will be examined. This line of research will improve our
understanding of the role of the cell cycle in determining the direction and extent of
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cell fusion-based reprogramming, and show whether it is possible to induce a direct
pluripotent-to-somatic conversion.
In the second part of my thesis, I will examine factors and pathways required for
efficient ESCs differentiation. Jarid2 is a member of Polycomb repressor complex 2
(PRC2), implicated in maintaining gene repression by regulating chromatin. Unlike
mESCs lacking other PRC2 components, Jarid2 deficiency in mESCs does not
cause major chromatin alterations, but results in impaired differentiation, altered
colony morphology and deregulated expression of specific factors. I will examine
these distinct properties of Jarid2-deficient mESCs to investigate the possible
mechanisms contributing to the differentiation block of these cells. Taken together,
this study will contribute to understanding the mechanisms and factors important for
cellular programming and reprogramming.

52

Chapter 2. Materials and methods
2.1 Cell lines

129

EpiSC line derived from an E5.75 wild-type mouse (Sv129) embryo
(Guo et al., 2009). Gift from J. Nichols (Cambridge, UK).

Nanog OE EpiSC

EpiSC line overexpressing Nanog obtained by stable transfection of
129 EpiSC with PB-CAG-mNanog-pAPGK-Hygromycin vector and
PBase vector pCAG-PBase (obtained from J. Silva, Cambridge, UK)
(Theunissen et al., 2011).

Oct4-GiP

EpiSC line derived from an E5.75 mouse embryo (129 x MF1) with
an Oct4GiP (eGFPiresPuro) transgene (Ying et al., 2002). Gift from
J. Nichols (Cambridge, UK).

Tcf-Lef

EpiSC line derived from an E5.75 mouse embryo (C5Bl/6) with a
GFP transgene under the control of six copies of a Tcf3/Lef response
element and a heat shock protein 1B minimal promoter. Gift from J.
Nichols (Cambridge, UK).

E14tg2A (E14)

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

Nanog OE mESC

Mouse ESC line overexpressing Nanog generated by a stable
transfection

of

E14

mESCs

with

PB-CAG-mNanog-pAPGK-

Hygromycin vector and PBase-expressing vector pCAG-PBase
(Theunissen et al., 2011).
TNG-A

Mouse ESC line derived from E14tg2A by an eGFP knock-in into a
single Nanog locus (Chambers et al., 2007).

AP5

Mouse ESC (129/Sv x C5Bl/6) knock-in line carrying IRES-human
CD2 reporter inserted into 3’-untranslated region of Pax5 locus (Fuxa
and Busslinger, 2007).
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JM8/A08/E4/E8

JM8 (WT) mESC line was derived from a mouse embryo
(C57BL6/N). Jarid2 mutant mESC lines (A08 +/-, E4 -/- and E8 -/-)
were generated using targeted gene-trap strategies (Landeira et al.,
2010).

fl/fl

Jarid2 /Jarid2

-/-

fl/fl

Jarid2

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). Gift from S. Orkin
(Boston, USA)
Jarid2

CRISPR

Mouse ESC Jarid2-null line generated using CRISPR-Cas9 targeting
in E14tg2A mESCs in house by H. Bagci (Landeira et al., 2015).

CRISPR

PCP

Mouse ESC Prickle1/Fzd2/Wnt9a-depleted line generated using
CRISPR-Cas9 targeting in E14tg2A mESCs in house by H. Bagci
(Landeira et al., 2015).

B1.3 Eed-/-

Mouse ESC line, derived from an eed3354SB mutant mouse
(C5Bl/6) obtained from the Oak Ridge National Laboratory (Azuara et
al., 2006).

Rex1-GFP

Mouse ESC line generated by an eGFP knock-in into the
endogenous Rex1 locus (Toyooka et al., 2008).

Stella-GFP

Mouse ESC line carrying a Stella-GFP fusion transgene (Hayashi et
al., 2008).

HL-1

Mouse

cardiomyocyte

line

derived

from

AT-1 mouse

atrial

cardiomyocyte tumor lineage (Claycomb et al., 1998).
hB

puro

Human Epstein-Barr Virus-transformed adult B cells obtained from E.
Eden (MRC CSC, London UK), transfected with a puromycin
resistance cassette.

mB Oct4-GFP

Abelson-transformed mouse pre-B cell line derived from bone
marrow of a GOF18ΔPE transgenic mouse (C5Bl/6) (Palmieri et al.,
1994), transfected with a puromycin resistance cassette.

SNL

Mouse embryonic fibroblasts (derived from the STO cell line)
expressing leukaemia Inhibitory factor (LIF) and a neomycin
resistance gene.

MEF

Mouse embryonic fibroblasts isolated from wild-type embryos (E13.5)
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Jurkat

Human leukemic T-cell line (Martin et al., 1981)

2.2. Primary antibodies

β-catenin

Mouse, BD Biosciences, WB 1:1000, 610153

active β-catenin

Mouse, Millipore, WB, 1:1000, 05-665

Jarid2

Rabbit, Abcam, WB, 1:1000 48-137

Oct4a

Goat, Santa Cruz, WB, 1:2000, sc-8635

Oct4b

Mouse, BD, IF, 1:200, 611203

Sox2

Goat, Santa Cruz, WB, 1:2000, sc-17320

Tcf3

Goat, Santa Cruz, WB, 1:1000, sc-8635

Tcf3 X

Goat, Santa Cruz, ChIP, 1:10, sc-8635X

Lamin B

Goat, Santa Cruz, WB, 1:5000 sc-6217

Human CD2

Mouse, Biolegend, FACS, 1:200, 300203

Mash1

Mouse, BD, IF, 1:100, 556604

GFP

Mouse, Invitrogen, IF, 1:100, A-1120

Nanog

Rabbit, Cosmo Bio, IF 1:200/WB 1:200/FACS 1:80, RCAB0001P

Gata6

Goat, R&D, IF, 1:20, AF1700

Nestin

Goat, Santa Cruz, IF, 1:200, sc-21248

IgG

Rabbit, Santa Cruz, ChIP, 1:10, sc-2027

55

2.3. Cell culture

All cells were maintained at 37°C and 5% (v/v) CO2.
EpiSC lines were cultured on plates coated with 20ug/ml Human Plasma Fibronectin
(HPF) (Chemicon) in N2B27 media [50% Neurobasal medium (Gibco), 50% DMEM
F12 medium (Gibco), N2 supplement (1:200, Gibco), B27 (1:100, w/o retinoic acid,
Gibco), 2mM L-glutamine (Gibco), 50 µM 2-mercaptoethanol (Gibco) and
antibiotics:10 µg/ml Penicillin and Streptomycin (Gibco)], supplemented with 20ng/ul
recombinant Activin A (Peprotech) and 12 ng/ul hFGF2 (Peprotech). Cells were
passaged as small clusters every 2 days using Accutase (Sigma).
EBV-transformed human Bpuro cells were cultured in RPMI (Gibco) supplemented
with 10% FCS (Thermofisher), 2mM L-glutamine and 10 µg/ml Penicillin and
Streptomycin.
Abelson transformed Oct4-GFP (GOF18ΔPE) mouse B cells were maintained in
RPMI supplemented with 20% FCS, 2mM L-glutamine, 50 µM 2-mercaptoethanol
and 10 µg/ml Penicillin and Streptomycin.
Mouse ESCs were grown on 0.1% gelatin (Sigma)-coated surfaces in KO-DMEM
medium (Gibco) supplemented with 10% FCS, non-essential amino acids (NEAA)
(Gibco), 2mM L-glutamine, 50 µM 2-mercaptoethanol, 10 µg/ml Penicillin and
Streptomycin, and 1000 U/ml of LIF. AP5 cells were cultured in DMEM medium
(Gibco) supplemented 15% FCS, 2mM L-glutamine, non-essential amino acids, 50
µM 2-mercaptoethanol, 10 µg/ml Penicillin and Streptomycin, and 1000 U/ml of LIF.
mESCs were routinely passaged every 2 days using 0.05% Trypsin-EDTA
(Invitrogen). Stella-GFP and Rex1-GFP were first cultured on 8 μg/ml laminin
(Sigma)-coated dishes N2B27 (B27 with retinoic acid) medium supplemented with
1μM PD03259010 (Stemgent), 3μM CHIR99021 (Stemgent) and 1000 U/ml of LIF
and passaged using Accutase. This was followed by adaptation to standard mESC
conditions described above.
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SNLs and MEFs were grown in DMEM medium supplemented with 10% FCS, 2mM
L-glutamine, 50 µM 2-mercaptoethanol, NEAA and 10 µg/ml Penicillin and
Streptomycin. For mitotic inactivation, cells were expanded for 2-3 passages,
confluent cells were trypsinised and resuspended in medium w/o antibiotics. Next,
cells were exposed to 1.04 Gy/min for 100s and frozen in 10% (v/v) DMSO
containing heat-inactivated FCS.

2.3.1. EpiSC differentiation

ESC were plated at a density of 1-2 x 104 cells per cm2 in gelatin-coated plates in
ESC medium (FCS + LIF). 12h after plating, the medium was changed to EpiSC
medium (described above). Once the confluency was reached (day 3 – 4), cells were
passaged as small clusters using Accutase (Stem Cell Technologies) and plated on
dishes coated with 20 µg/ml Human Plasma Fibronectin (Millipore). Thereafter, cells
were maintained in EpiSC culture conditions and passaged every 2 days.

2.3.2. Neuronal differentiation of co-cultured JM8/E8 mESCs
Jarid2 -/- (E8) ESCs were co-cultured with wild type (JM8) ESCs (1:4) ratio for 24
hours and isolated by FACS on the basis of GFP expression. Subsequently, cells
were resuspended in commercial N2B27 (Gibco) at 25.000 cells/ml, and transferred
to non-adherent culture dishes. After 5 days, cell aggregates were harvested and
plated on gelatin-coated dishes in N2B27 media supplemented with hEGF (10 ng/ml)
(Peprotech) and hFGF-2 (10 ng/ml) (Peprotech). On day 8, ESCs were transferred
into NS expansion media (Euromed-N from Euroclone) supplemented with hEGF (10
ng/ml) and hFGF-2 (10 ng/ml).
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2.3.3. Co-culture experiments
For routine co-culture experiments single exponentially growing cultures of E8 -/- and
A08 or JM8 +/+ cells were mixed in a 1:1, 1:3 or 1:4 ratio, plated in standard ESC
media at various densities in six well plates and cultured for 24-72 hours before
FACS or IF analysis.

2.4. Cell cycle analysis
2.4.1. Centrifugal elutriation of mES, mB and hB cells
Counter-flow centrifugal elutriation was carried out using the JE-5.0 elutriator system
(Beckman Coulter) in combination with a MasterFlex peristaltic pump (Cole-Parmer
instrument) as described by Banfalvi et al., 2008. Briefly, mESC (E14tg2A or AP5)
were trypsinized and 3-3.5x108 cells were resuspended in 10 ml of elutriation buffer
(EB) (1% FCS and 0.1% EDTA in PBS), gently passed through an 18G needle
syringe and loaded into the chamber (Sanderson elutriation chamber; Beckman
Coulter) at a flow rate of 6ml/min and rotor speed of 1800 rpm, at 4oC. EBVtransformed hB cells and Abelson transformed Oct4-GFP (GOF18ΔPE) mB cells
were washed in PBS, resuspended in 10ml of EB, passed through an 18G needle
syringe and loaded into the chamber at a flow rate of 6ml/min and rotor speed of
1800 rpm or 2000rpm, respectively. Subpopulations of cells were eluted by gradually
increasing (1ml/min) the flow rate. For mESCs, enrichment of cells at G1, S or G2
was typically achieved at 8 ml/min, 12 ml/min and 16 ml/min, respectively. For mBs,
enrichment of cells at G1, S or G2 was achieved at 9ml/min, 15 ml/min and 21
ml/min, respectively. For hB, enrichment of cells at G1, S or G2 was achieved at 7-8
ml/ml, 11 ml/ml and 15ml/ml. At least 150 ml was collected per fraction, and samples
were collected into 5% FCS to increase cell viability. For fusion experiments mB/hB
were elutriated first and fractions were released in 10ml of standard ESC media at
room temperature. Subsequently, mESCs were elutriated and fusions performed.
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2.4.2. Propidium iodide (PI) staining
106 cells were fixed in 70% ethanol overnight at 4oC, washed twice in PBS -/-(Gibco),
stained with 50µg/ml propidium iodide (PI) (Sigma-Aldrich) solution supplemented
with 20mg/ml RNase A (Invitrogen) for 10 minutes at room temperature followed by
20 minutes on ice. Cells were acquired on FACScalibur/LSRII (BD Biosciences)
using CellQuest/FACS Diva software and analysed using Flowjo software.

2.4.3. EdU incorporation analysis in ESCs and EpiSCs
EdU staining followed by immunofluorescent microscopy analysis was performed
using Click-iT® Plus EdU Imaging Kit (Thermofisher) according to the manufacturer’s
instructions. Briefly, ESCs/EpiSC cultures were grown on coverslips and incubated
with 100 μM EdU for 45 minutes in the dark, followed by fixation, permeabilisation
and EdU detection by Click-iT Alexa Fluor 488. Samples were washed and mounted
in Vectashield (Vectorlabs) containing 1 µg/ml 4',6-diamidino-2-phenylindole (DAPI).
Confocal analysis was performed using Leica SP5 systems.
Double EdU-PI staining followed by FACS was performed using Click-iT® Plus EdU
Flow Cytometry Kit (Thermofisher) according to the manufacturer’s instructions.
Briefly, cultured ESCs/EpiSCs were incubated with 100 μM EdU for 45 minutes in
the dark, harvested by trypsinisation, fixed and permeabilised, followed by EdU
detection by Click-iT Alexa Fluor 647. Subsequently, samples were incubated for 30
minute in PI staining solution, washed in PBS and analysed by FACS.
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2.5. Cell fusion assays
2.5.1. Heterokaryon assays
Heterokaryons were generated by fusing mouse pluripotent cells (mESCs
E14tg2a/mEpiSC 129 WT/mEpiSC TCF-LEF) and puromycin-resistant human B
cells in a 1:1 ratio using 50% polyethylene glycol (PEG 1500, Roche Diagnostics).
Cells were harvested, mixed in an appropriate ratio and washed twice in PBS. The
supernatant was completely removed and 350µl of PEG (37°C) was added to the
pellet of cells over 60 seconds and incubated at 37°C for 90 seconds with constant
stirring. Then, 1.4 ml of serum-free DMEM was carefully added over a period of 4
minutes, followed by 10 ml of DMEM and incubation at 37°C for 3 minutes. After
centrifugation (1350 rpm, 5 minutes), the pellet was allowed to swell in complete
mES/mEpiSC medium for 3 minutes. Cell mixtures were then resuspended and
cultured under conditions promoting the maintenance of undifferentiated mESC or
mEpiSC at 0.5x106/cm2. To eliminate unfused mESCs/EpiSCs from culture 1 μg/ml
of Puromycin (Sigma) was added 6h after fusion. Non-fused hB were eliminated by
daily washes with PBS-/-.

2.5.2. Purification of heterokaryons by FACS sorting
Briefly, directly before fusion, hB cells were resuspended in serum free RPMI at
2x106/ml and incubated with 0.625 µM of Violet dye (CellTrace™ Violet Cell
Proliferation Kit, Invitrogen) for 20 minutes at 37oC. Mouse ESCs were trypsinized,
resuspended in PBS at 106cells/ml and incubated with 0.25 µM of CFSE dye
(CellTrace™ CFSE Cell Proliferation Kit, Invitrogen) for 8 minutes at 37oC. Then,
Violet-labelled hB were fused with either GFP-expressing EpiSC (Oct4GiP) or CFSElabelled mESC at 1:1 ratio as described above. On day 2 and day 3 after fusion,
cells were trypsinized, resuspended in FACS sorting buffer [PBS -/-, 1% FCS, 25mM
HEPES (Sigma), 2mM EDTA (Life Technologies)] and sorted using the FACSAria
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cell sorter for GFP+ Violet+ (mEpiSC x hB) or CFSE+ Violet+ (mESC x hB). Purified
heterokaryons were directly collected in the RLT buffer for RNA extraction (Qiagen).

2.5.3. Hybrid assays
Hybrids between G1 or S/G2-enriched AP5 mESCs and G1 or S/G2-enriched
puromycin-resistant Oct4-GFP mB cells were generated by PEG-mediated fusion
(mESC/mB ratio 1:1) as described above. Fused cell were plated on feeder layers
(2.5 x 105/cm2) in AP5 media which was changed daily. Non-fused mESCs were
eliminated by the addition of 1 μg/ml Puromycin (Sigma) and non-fused mB were
eliminated by washes with PBS-/-. Six days after fusion, hybrids were trypsinized and
sorted for Oct4 GFP transgene-expressing cells using the FACSAria cell sorter. For
human CD2 FACS detection, hybrids were incubated (without blocking) with mouse
anti-humanCD2 primary antibody conjugated to biotin (Biolegend) for 30 minutes on
ice in the dark and washed in PBS. This was followed by incubation with AvidinTexas Red secondary antibody (Thermo Fisher Scientific) for 15 minutes in the dark
on ice, washes in PBS and resuspension in FACS buffer. Jurkat cells, human T-cell
line (Martin et al., 1981), were used as a positive control for hCD2 expression.
Alkaline phosphatase staining was performed on colonies 12 days after fusion using
Alkaline Phosphatase kit (Sigma-Aldrich) according to manufacturer’s instructions.
Dishes were scanned (Epson) and AP-positive colonies were counted.

2.6. Quantitative RT-PCR Analysis
RNA extraction was performed using the RNeasy Mini Kit (Qiagen) and residual
DNA was eliminated using the DNA-free kit (Ambion). 2-3 µg of total RNA was then
reverse transcribed using the Superscript First-Strand Synthesis system (Qiagen).
For RNA extraction from FACS-purified samples the RNeasy Micro Kit and g-DNA
Eliminator columns (Qiagen) were used and 0.2-0.6 µg of total RNA was then
reverse transcribed. Real-time PCR analysis was carried out on a Opticon DNA
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engine using Opticon Monitor software (MJ Research Inc.), running the following
program: 95°C for 15 min, then 40 cycles of 94°C for 15 sec, 60°C for 30 sec, 72°C
for 30 sec, followed by plate-read. PCR reactions contained 2× Sybr-Green PCR
Mastermix (Qiagen), 300 nM primers and 2 µl of template in a 12 µl reaction volume.
Each measurement was performed in duplicate and data normalised according to
mGapdh, mUBC, mHMBS or hGAPDH expression. A reaction without DNA template
was included to control for formation of primer-dimers. The relative abundance of
transcripts was calculated using ΔΔC(T) method. Human- or mouse-specific primers
were designed with Primer3 software. Amplification efficiencies of primers were
calculated on serial dilutions of positive control cDNA and primers with amplification
efficiencies close to 2 were used. Primer sequences used for this analysis are
indicated in Table 2.1 (human gene-specific primers) and Table 2.2 (mouse genespecific primers).

2.7. Western blot analysis
Western blots of whole cell extracts were performed by direct cell lysis (5 minutes
95°C, followed by vortexing) in protein sample buffer (50mM Tris-HCL pH 6.8, 1%
SDS, 10% Glycerol, 0.001% Bromophenol Blue, 5% β-mercaptoethanol). Typically,
1x106 cells were resuspended in 100 µl 1x sample buffer. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) was performed using the Bio-Rad
Minigel System. 20µl of protein sample and the Benchmark pre-stained protein
ladder (Invitrogen) were loaded on an acrylamide (BioRad) stacking gel (4% [w/v]
acrylamide, 0.125M Tris [ph6.8], 0.1% [w/v] SDS, [w/v] ammonium persulphate and
0.1% [v/v] N,N,N’,N’-tetramethylenediamide and separated in a 8%, 10% or 12%
acrylamide resolving gel (8%, 10% or 12% [w/v] acrylamide, 0.4M Tris [pH8.8], 0.1
[w/v] SDS, 0.1% [w/v] ammonium persulphate, and 0.1% [v/v] N,N,N’,N’tetramethylenediamide) using Tris-Glycine electrophoresis buffer (1.5% [w/v] Tris,
7.2% glycine, 0.5% [w/v] SDS). Resolved gels were blotted onto a Protran
nitrocellulose transfer membrane (Schleicher & Schuell Bioscience) in transfer buffer
(48mM Trizma base, 39mM glycine, 0.037% [w/v] SDS and 20% [v/v] methanol)
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using the trans-blot semi-dry electrophoretic transfer apparatus (Bio-Rad).
Membranes were incubated for 30 minutes with blocking buffer (5% [w/v] milk
powder [Marvel], 1.2g/L Tris pH7.4, 8.75h/L NaCl) followed by primary antibody
(diluted in blocking buffer) incubation for 2h at room temperature with agitation. Blots
were washed 3 times in washing buffer (1.2g/L Tris pH7.4, 8.75g/L NaCl), incubated
for 30-45 minutes with horseradish peroxidise-coupled secondary antibodies diluted
in blocking buffer at room temperature with agitation. Secondary species-specific
antibodies conjugated to horseradish peroxidase were used: anti-rabbit-HRP
(1:5000), anti-mouse-HRP (1:2000) and anti-goat-HRP (1:2000) (Santa Cruz).
Amersham ECL reagents (GE Healthcare) and X-Omat photographic films (Kodak)
were used for detection according to the manufacturer’s instructions.

2.8. Immunofluorescence analysis
For immunofluorescence analysis of mESCs and EpiSCs colonies cells were grown
on 0.1% gelatin-coated glass coverslips (VWR International 22mm x 22mm
thickness no. 1), fixed for 20 minutes in 2% paraformaldehyde, followed by 5 minutes
of permeabilization in 0.4% Triton-X100 and 30 minutes blocking in PBS
supplemented with 0.05% Tween 20, 2.5% bovine serum albumin and 10% goat or
FCS Subsequently, samples were incubated with primary antibodies diluted in
blocking solution, for 2h at RT in a humidified chamber. Next, samples were washed
in PBS supplemented with 0.2% BSA, 0.05% Tween 20, 3 times for 5 minutes and
incubated with appropriate species-specific secondary antibodies conjugated to
Alexa 488, 566 or 647 (Molecular probes). Samples were washed and mounted on
Vectashield (Vectorlabs) containing 1 µg/ml DAPI. Confocal analysis was performed
using Leica SP5 systems.
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2.9. Flow cytometry analysis of Nanog protein expression
ESCs were trypsinised, resuspended in 5ml PBS and counted (2x105 cells per
staining reaction). Then, cells were fixed in 0.25% (w/v) PFA in PBS at 5x105/ml for
1h at room temperature on a tube roller. Subsequently, cells were washed in 5ml
PBS by centrifuging 3 min at 450 x g at room temperature, resuspended in 70% (v/v)
methanol in PBS (precooled at 4°C) and incubated 1h at 4°C on a tube roller.
Afterwards, cells were resuspended in PBS with 5% (v/v) goat serum at 1x106
cells/ml. Cells were resuspended in staining buffer [PBS containing BSA (1% w/v),
PVP (3mg/ml), Triton X-100 (0.1% v/v) and goat serum (10%v/v)] at 2x105
cells/100ul, transferred into a well of a 96-well/V-bottom plate and incubated for 30
min at RT. Then, cells were resuspended in 100ul staining buffer precooled at 4°C
containing rabbit antibody against Nanog (2.5 µg/ml final concentration) and
incubated overnight at 4°C. Cells were centrifuged, resuspended in 100ul of
precooled staining buffer and incubated 20 min at 4°C, three times. Cells were
resuspended in 100ul of staining buffer containing anti-rabbit secondary antibody
conjugated to Alexa 647 (6 µg/ml final concentration, Molecular probes) and
incubated for 2h at RT in the dark. Cells were centrifuged, resuspended in 100ul of
precooled staining buffer and incubated 20 min at 4°C, three times. Subsequently,
cells were resuspended in 100ul PBS containing 5% (v/v) goat serum, incubated at
RT in the dark for 5 mins, resuspended in 200ul PBS containing 5% (v/v) goat serum
and analysed by flow cytometry.

2.10. Wnt signalling analysis
2.10.1. TOPFlash reporter assays
106 mESCs at 70 - 80% confluency were co-transfected with 1 µg of TOPFlash (M50
Super 8x TOPFlash, Addgene plasmid #12456, gift from R. Moon) and 0.1 µg
constitutive Renilla luciferase (pRL-TK, Promega) plasmids using Lipofectamine
2000 reagent (Life Technologies). 48 hours after transfection mESCs were lysed and
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β-catenin transcriptional activity was assessed as relative Firefly/Renilla luciferase
enzymatic activity using the Dual Luciferase Reporter Assay System (Promega),
according to the manufacturer’s protocol. For the analysis of beta catenin activity
during the mESC cell cycle, E14 mESCs were co-transfected and subjected to
centrifugal elutriation as described above, 48 hours after transfection. Resulting cell
cycle stage-enriched cell populations along with an asynchronous population, were
lysed and β-catenin transcriptional activity was measured as described above. For
co-culture experiments, Jarid2-null mESCs were mixed with matching parental
mESCs (1:3 ratio) for 72 hours and Jarid2-null ESCs were FACS-isolated on the
basis of GFP expression. For experiments on TNG (Nanog-GFP) ESC line, 48 hours
after transfection, Nanog-low, Nanog-medium and Nanog-high fractions were
isolated by FACS according to GFP levels (low, medium and high).
2.10.2. Wnt signalling pathways analysis

Analysis of Wnt signalling pathway components in Jarid2-deficient mESCs was
performed using SYBR Green PCR array RT2 profiler (SABioscience) and three
independent replicates of JM8+/+, E8-/-, Jarid2fl/fl and Jarid2 -/- were examined.
Data analysis and statistical analysis were performed using SABioscience software
and according to manufacturer’s instructions.

2.11. Chromatin immunoprecitation analysis
2.11.1. Tcf3 ChIP in mESCs
For Tcf3 ChIP, 2x107 ESCs were trypsinised, resuspended in 40ml standard mESC
medium and cross-linked using 1% formaldehyde (Sigma) solution for 10 minutes at
room temperature, followed by quenching with 125mM glycine (Sigma) for 5 minutes
at room temperature and 10 minutes on ice. Cell were washed twice in ice-cold PBS,
pelleted at 2500 rpm at 4°C for 10 minutes. Dry pellets were frozen on dry ice for 10
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minutes and stored at -80°C for later use. Cell pellets were resuspended in cell lysis
buffer (5mM PIPES pH 8.0, 85mM KCl and 0.5% NP-40 in water) and lysed on ice
for 20 minutes, followed by short vortexing. All buffers were supplemented with
protease inhibitor cocktail (Roche). Samples were centrifuged at 900rcf for 10
minutes, resuspended in nuclear lysis buffer (50mM Tris-HCl pH8.1, EDTA pH8.0,
0.5% SDS in water) and lysed on ice for 5 minutes. Chromatin were transferred to
polypropylene 15ml falcon tubes, RIPA buffer (10 mM Tris at pH 7.5, 140 mM NaCl,
1 mM EDTA, 1% Triton X-100, 0.1% SDS) was added up to 500μl and samples were
sonicated for 14 minutes with 30 sec ON/ 30 sec OFF (7 cycles) in order to obtain
fragments of 500-1000bp. Fragment size was assessed by running 4μl of sonicated
chromatin supplemented with 2μl 5% N-lauroylsacrosine, 2μl methyl-orange DNA
loading buffer and 2μl of PBS on a 1% agarose gel. Insoluble material was removed
by centrifuging the lysate at 15000 rpm for 20 minutes at 10°C and DNA
concentration was quantified by spectrophotometry (NanodropR ND-1000). 40µl of
protein G magnetic Dynabeads (Sigma) were washed three times in 400µl of ice cold
RIPA buffer and coupled with 10μg of Tcf3 or normal rabbit IgG antibody for 3 hours
at 4°C on a rotating wheel followed by three washes in RIPA buffer. Chromatin was
diluted in RIPA buffer w/o SDS to a final concentration of 10 – 15 μg/μl. 1% (v/v)
input sample was collected from the diluted chromatin sample. For each
immunoprecipitation, 200 µg of chromatin (diluted in RIPA w/o SDS to a final
concentration of 10 – 15 μg/μl) was incubated overnight at 4°C with 40 µL of beads.
Subsequently, beads were washed with the following buffers: 2x RIPA buffer, 2x
RIPA high-salt buffer (10 mM Tris at pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.1% SDS), 1x RIPA LiCl buffer (10 mM Tris at pH 7.5, 250 mM LiCl, 1 mM
EDTA, 1% deoxycholate, 1% Triton X-100, 0.1% SDS), and 1x TE buffer. Immunoprecipitated complexes were then eluted by a 2h incubation in 150μl elution buffer
(20mM TrisHCl pH7.5, 5mM EDTA pH8.0, NaCl, 1% SDS, 50 μg/μl proteinase K and
100 μg/μl RNaseA) at 37°C with vigorous shaking (30 sec intervals), and crosslinking was reversed by an overnight incubation in 300μl elution buffer at 65°C with
shaking (30 sec intervals). DNA was isolated using phenol-chloroform extraction
(phenol/chloroform/isoamylalcohol) and precipitated in isopropanol, 0.3M NaAc and
2μl glycogen carrier (Glycoblue, Ambion) for 30 minutes at -20°C. Samples were
centrifuged at 15000 rpm for 25 minutes at 4°C, washed with 70% EtOH and
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resuspended in 60μl TE buffer. 2μl of DNA was used per RT-qPCR reaction as
described above. Primer sequences are provided in Table 2.5.

2.11.2. ChIP-seq and gene expression microarray analysis
List of genes deregulated in Jarid2 -/- mESCs were obtained by data-mining of
previously published microarray study comparing gene expression of Jarid2 fl/fl and
Jarid2 -/- ESCs (Shen et al., 2009). Promoters with Jarid2-binding in mESCs were
obtained from previously published data (Pasini et al., 2010; Peng et al., 2009). Kegg
pathway gene enrichment and functional annotation clustering analyses were carried
out using DAVID bioinformatics tool (Huang da et al., 2009).

2.12. Cloning and DNA/RNA delivery into ESCs/EpiSCs
2.12.1.

Bacterial transformation and DNA extraction

Plasmid DNA (in 10μl of TE buffer [pH 8.0; 10mM Tris-HCl, 1mM EDTA in PBS]) was
mixed with 20μl of 5x KCM buffer (0.5M KCl, 0.15M CaCl2, 0.25M MgCl2) and 70μl
H2O. The mixture was added to 100μl DH5α competent cells (Invitrogen), incubated
for 10 minutes on ice and 10 minutes at RT. 500 μl of Lysogeny Broth (LB) was
added to the transformed cells and the mixture was incubated at 37°C for 40 minutes
with agitation. 150 μl of the mixture was spread over a LB-agar plate with appropriate
antibiotic and incubated overnight at 37°C. Next day, individual colonies were picked
and added to LB with appropriate antibiotic and incubated overnight at 37°C with
agitation. Plasmid DNA was extracted from LB cultures using the Qiaprep Spin
Miniprep or Maxiprep kit (Qiagen), according to manufacturer’s instructions. DNA
was diluted in TE buffer.
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2.12.2.

Generation of EpiSC and ESC lines overexpressing Nanog

Nanog overexpressing ESCs or EpiSCs were established by co-transfecting 106
E14tg2a or 129 cells, respectively, with 1 μg of PB-CAG-mNanog-pAPGKHygromycin vector and 2 μg of the PBase-expressing vector pCAG-PBase (gifts
from Dr José C.R. Silva) (Theunissen et al., 2011) using Lipofectamine 2000 reagent
(Invitrogen). ESCs or EpiSC stably overexpressing Nanog were selected in
hygromycin (200μg/ml) for at least 10 days.

2.12.3.

Briefly,

mESCs

Transient siRNA knock-downs

were

transfected

with

200nM

Jarid2-specific

siRNA

(SASI_Mm01_00093112) or a scrambled control (MISSION Universal Negative
Control#1) (both from Sigma) using Lipofectamine RNAiMAX reagent and Optimem
medium (both from Invitrogen) according to the manufacturer’s instructions.
Efficiency of knock-down was assessed 3 days after transfection by Western blotting
using anti-Jarid2 antibody.

2.13. Injections of mESCs into mouse blastocysts
Lentiviral transduction of PL-SIN-PGK-eGFP was used to generate GFP-expressing
mESCs and FACS was used to obtain cultures expressing homogenous and
comparable levels of GFP. Ten to fifteen GFP-expressing E8 -/-, Jarid2CRISPR,
PCPCRISPR, NanogOE and Eed -/- B1.3 ESCs, and matching parental lines, were
injected in the inner cell mass of C57BL/6 E3.5 blastocysts using a XY clone laser.
Injected embryos were cultured for 16-20 hours hours in KSOM media, followed
fixation for immunofluorescence analysis.
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Table 2.1. Human gene-specific expression primers
Human gene

Orientation

sequence 5’-3’

F

TCTGCTCCTCCTGTTCGACA

R

AAAAGCAGCCCTGGTGACC

F

TCGAGAACCGAGTGAGAGGC

R

CACACTCGGACCACATCCTTC

F

CCAACATCCTGAACCTCAGCTAC

R

GCCTTCTGCGTCACACCATT

F

AGAAGTGTTCCCTGTGTAAATGCTG

GAPDH

OCT4

NANOG

CRIPTO
R

CACGAGGTGCTCATCCATCA

F

TCTTCAGCCACCTGATCCTC

R

CGCTACTGCTGCTCTGTCTG

F

TGCCCTTCAGCCAGACTATAAC

R

GTGCATCGTGGTGAACTTGC

F

GACCAAGAACGGCAGGAG

R

CCCGTTCACGTACTTCCAG

FGF5

CER1

BRY
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Table 2.2. Mouse gene-specific expression primers
Mouse gene

Orientation sequence 5’-3’
F

TGCACCACCAACTGCTTAGC

R

GGCATGGACTGTGGTCATGAG

F

CGTGGAGACTTTGCAGCCTG

R

GCTTGGCAAACTGTTCTAGCTCCT

F

GAACTATTCTTGCTTACAAGGGTCTGC

R

GCATCTTCTGCTTCCTGGCAA

F

CTCCTAGCCGCCTAGATTTCCA

Gapdh

Oct4

Nanog

Rex1
R

CGTGTCCCAGCTCTTAGTCCATT

F

TCCTTCACCGTCACTGTTTCC

R

GAGTTTCCTTCAGGGCTCCG

F

AGCCAAGAGGTTCTGGCATC

R

TCTGGTTGAAGGGCACAGTC

F

GAG ATG ATT GTG ACC AAG AAC G

R

CCA GGC CTG ACA CAT TTA CC

F

GAGTGGAAACTTTTGTCCGAGA

R

GAAGCGTGTACTTATCCTTCTTCAT

F

TCTTTGCAGCTCCTTCGTTG

R

ACGATGGAGGGGAATACAGC

F

ATGGATTCTTTGGCGTTGTC

R

TGACGGTCTTGGCTTGCT

Fgf5

Cer1

Bry

Sox2

β-actin

Prickle1

F
Fzd2
R

GACACCAGGGCTGAAGAGTG
AAGGGCACTTAGAAAAGTCGAG
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F

CCGGGAACTACTGCAAAAAT

R

CCAAGGTTTTCAATGATGCTT

F

CAGGATCCCAAGCCAATAAA

R

GAGGGAAGGGAGAGGGTTC

F

CAGGATCCCAAGCCAATAAA

R

TCCAGGGAGGCACGTAGA

F

CGAGTGGACTTCCACAACAA

R

GGCATTTGCAAGTGGTTTC

F

TGGTTTAGCTCCAGCGCCCA

R

GGAGAGCACCCGGTCAGA

F

TGTACCACCAGGGACTGACAAG

R

TCTGGCTCACAGTGGAGTACATA

F

ACGCAAGAGGGATGAAGGTA

R

TGCTGTGTAACAGGTCTCC

F

TCAGGTCAGCTTGAGTAGCC

R

TGCTGCTGCTGCTAGTGG

F

GTCAGTGCAGGAGGCCG

R

TCAGGTCAGCTTGAGTAGCC

Dkk1

Sfrp1

Wnt11

Wnt9a

CD19

CD45

Pax5

Gata4

Beta catenin
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Table 2.3. ChIP primers
Site

Orientation

Sequence 5’-3’

F

TGTGAGTGGCAGAATGCTCA

R

CACCGTGGTTTGGAATCCTT

F

AGGCATTGCAGGCTTTAGTG

R

CCACCATTACCACCACTTCC

Nanog promoter Tcf3-Site1

Nanog promoter Tcf3-Site2

72

Chapter 3. Reprogramming
potential of epiblast stem cells
In mice, embryonic stem cells (ESCs) and epiblast stem cells (EpiSCs) represent a
‘naïve’ and ‘primed’ state of pluripotency, respectively (Nichols and Smith, 2009).
Both cell types are pluripotent as demonstrated by their ability to differentiate into all
three germ layers in vitro, but differ in other properties including expression of early
specification markers, response to certain growth factors, and epigenetic features
(Nichols and Smith, 2009). Although EpiSCs and ESCs have distinct expression
profiles, both cell types express core pluripotency genes Oct4, Nanog and Sox2
(Brons et al., 2007; Tesar et al., 2007), which suggests that EpiSCs and ESCs
contain a similar repertoire of factors implicated in pluripotent reprogramming. In
contrast, EpiSCs have been reported to display a distinct cell cycle profile
characterised by an elongated G1-phase and a lower proportion of cells in S-phase
as compared to mouse ESCs (Figure 3.2A) (Singh and Dalton, 2009). A cell cycle
structure with a truncated G1-phase and a high proportion of replicating cells is a
hallmark of pluripotent cells and has been suggested to be important for their selfrenewing state (Calder et al., 2013; Ruiz et al., 2011). ES, embryonic carcinoma
(EC) and embryonic germ (EG) cells, which all exhibit this unusual cell cycle profile,
have been shown to efficiently reprogram somatic cells upon cell fusion (Miller and
Ruddle, 1976; Soza-Ried and Fisher, 2012). Recent evidence from our laboratory
demonstrated that mESCs in S-G2/M-phase induce more efficient pluripotent
reprogramming in cell fusion assays with somatic cells (Tsubouchi et al., 2013). To
test whether cell cycle structure is important for pluripotent reprogramming capacity,
I fused EpiSCs with human somatic cells and examined the induction of a panel of
human pluripotency- and early differentiation-associated genes, using ESC-somatic
cell fusions as a control.
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3.1. Gene expression and cell cycle structure of embryoderived EpiSCs
It has been reported that EpiSCs exhibit a cell cycle profile that is similar to dividing
somatic cells, where G1-phase prevails and only a small fraction of cells are in Sphase (Figure 3.2A) (Singh and Dalton, 2009). To confirm this, I analysed the cell
cycle structure of three independently isolated EpiSC lines (Oct4GiP, 129 and
Tcf/Lef). Consistently with conventional EpiSCs, these cell lines were derived from
the post-implantation mouse epiblast at E5.5 – E6.5 (Bernemann et al., 2011). First, I
characterised the gene expression profiles of the three lines as compared to control
ESCs E14. Quantitative real-time PCR (RT-qPCR) showed that all three lines
expressed the core pluripotency factors Oct4, Nanog and Sox2 (Figure 3.1).
Transcript levels of Oct4 were comparable to ESCs while Sox2 and Nanog
expression was decreased (50% or less) in each of the EpiSC lines compared to
ESCs. Rex1 expression, which is considered a marker of ‘naïve’ pluripotency (Pelton
et al., 2002), was abundant in ESCs but not detected in EpiSC lines. This result is
consistent with EpiSCs representing the primed state of pluripotency, while ESCs
are in the naïve state (Nichols and Smith, 2009). The EpiSC lines also expressed
several early differentiation markers including Fgf5 (primitive ectoderm), Cer1
(endoderm) and Bry (mesoderm), again consistent with their primed state, whereas
E14 ESCs did not express these transcripts (Figure 3.1).
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Figure 3.1. Characterisation of gene expression in EpiSC lines. (A) Brightfield images of ESC
cultures (left) and EpiSC cultures (right). ESCs were grown on gelatin in serum and LIF supplemented
media, while EpiSCs were cultured on fibronectin in N2B27 supplemented with FGF2 and Activin A.
Magnification: 200x. (B) RT-qPCR analysis of pluripotency-associated genes and early differentiationassociated genes in three independent EpiSC lines (Oct4GiP, Tcf-Lef and 129) compared with ESCs
(E14). Gene expression was normalised to mouse Gapdh. Error bars denote SD from the mean of
three independent experiments, and asterisks indicate a significant difference in respect to mESC
with a p value (Student t-test) of < 0.05.
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To determine the cell cycle profiles of EpiSC lines, I stained the cells with propidium
iodide (PI) and evaluated their DNA content using fluorescence-activated cell sorting
(FACS). Unexpectedly, all three EpiSC lines displayed a similar cell cycle profile as
ESCs (E14) (Figure 3.2B). The proportion of S-phase cells was similar among the
lines, only slightly lower than in ESCs and much higher than in somatic cells (ESCs ~
33% vs. EpiSCs ~25-28% vs mouse B lymphocytes ~ 12%) (Figure 3.2C). To extend
this analysis, I quantified EpiSCs and ESCs undergoing DNA synthesis using a 45minute pulse of 5-ethynyl-2’-deoxyuridine (EdU) together with total PI staining. Cells
that incorporated EdU into newly synthesized DNA were identified by fluorescent dye
labelling and scored independently by FACS and immunofluorescent microscopy.
FACS analysis of double EdU-PI-stained cells allows the cell cycle stages to be
progressively and accurately monitored. Cells showing 2n DNA content (measured
as PI intensity) and negative for EdU correspond to G1 population, while cells with
2n DNA content and positive for EdU reflect early S-phase (Figure 3.3A). Cells with
4n content and positive for EdU represent late S-phase, while cells with 4n DNA
content and negative for EdU correspond to G2-phase (Figure 3.3A). Therefore, the
double EdU-PI staining provides a clear resolution between late G1 and early S as
well as between late S and early G2, which is often difficult when examining only PI
intensity (Cecchini et al., 2012). These analyses confirmed a similar proportion of Sphase cells in EpiSCs and ESCs (77% and 82%, respectively; Figure 3.3B). Our
laboratory has recently showed that mESCs have an unusual DNA replication profile
with heterochromatic loci replicating earlier than in somatic cells (Brown et al., 2013).
This unusual S-phase profile appears to be lost as ESCs differentiate, and
conversely, acquired by somatic cells upon pluripotent reprogramming (Calder et al.,
2013; Ruiz et al., 2011; Singh and Dalton, 2009), which suggests its important role in
the acquisition and maintenance of the pluripotent state.
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Figure 3.2. EpiSCs show similar cell-cycle profiles to ESCs. (A) Cell cycle profiles of different
pluripotent cells: mESCs, human embryonic stem cells (hESCs), human papillary renal carcinoma
(hPRC), mouse induced pluripotent cells (miPSCs), human induced pluripotent stem cells (hPSCs)
and EpiSCs, and somatic cells (IMR90 fibroblasts) as previously shown by Singh and Dalton (Singh
and Dalton, 2009). (B) Three independent EpiSC lines (Oct4-GiP, Tcf/Lef and 129), ESC-E14 and
mouse B lymphocytes (somatic cells) were stained with PI and their DNA content was evaluated
using FACS. Gates used to define cells in G1, S, or G2/M are indicated. (C) Histograms showing the
proportion of each EpiSC lines, ESC-E14 and mB cells in G1 (black), S (grey) and G2 (white) phase
of the cell cycle as obtained in (B) and according to the gates indicated. Error bars denote SD from
the mean of three independent experiments.

Since EpiSCs are thought to represent an advanced developmental state relative to
ESCs, I asked whether EpiSC exhibit similar S-phase profile. For this, I followed Sphase progression in EpiSCs and ESCs labelled with EdU and DAPI (Figure 3.3C)
comparing signal distribution among cells in early (stage I-II), mid (stage III) and late
(stage IV-V) S-phase (Figure 3.3D). Early S-phase cells are characterised by a fine
labelling of multiple euchromatic sites (stage I) that becomes more prominent
towards stage II (Brown et al., 2013). Mid S-phase cells show EdU signal at the
nuclear periphery and the perinucleolar regions (stage III in Figure 3.3D) (Brown et
al., 2013). Late S-phase cells are identified by labelling of large constitutive
heterochromatin domains (Brown et al., 2013). Immunofluorescent labelling of
EpiSCs and ESCs revealed similar S-phase progression and distribution indicated as
percentages of cells in early, mid and late S-phase (Figure 3.3D). Collectively, these
results suggest that ESCs and EpiSCs show similar cell cycle structures and
replication profiles. These results appear to contrast with the report of Singh and
Dalton (Singh and Dalton, 2009) in which EpiSCs were claimed to show a somatic
cell cycle structure.
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Figure 3.3. EpiSCs show similar cell proliferation profile to ESCs. (A) Strategy to evaluate G1-, early S-,
late S- and G2- cell populations using double ethynyl-2’-deoxyuridine-5 (EdU)-PI staining followed by flow
cytometry analysis. (B) FACS analysis of EpiSCs (129) and mESCs (E14) double-stained with EdU and PI.
Cells were subjected to 45min pulse of EdU, followed by PI staining. Cells that have incorporated EdU were
labelled with a fluorescent dye (representative FACS plot shown, left). Histograms (right) show proportions of
EpiSCs and mESCs in G1- (black), S- (grey) and G2- (white) phase of the cell cycle, error bars denote SD of
a mean from two independent experiments. The gates used to define cells at different cell-cycle stages are
indicated in (A) and (B, left panel). (C) EpiSC (129) or mESC (E14) cultures were labelled with a 45min pulse
of EdU (red) and analysed by confocal microscopy. DAPI stain (blue). Scale bar, 5 μm. (D) Distribution of
EpiSCs and ESCs in successive stages of S-phase according to EdU (red) labelling patterns detected by
confocal microscopy (top panel). Early S phase (stage I and II) labelling of multiple euchromatic sites,
becoming more prominent towards stage II. Mid S phase (stage III): EdU incorporation in the nuclear
periphery and the perinucleolar region. Late S phase (stage IV and V): labelling of large constitutive
heterochromatin domains. DAPI stain (blue). Scale bars, 10 μM. Means of two independent experiment ± SD
are shown.
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3.2. Defining the cell-cycle structure of in vitro ES-derived
EpiSCs
As an alternative to embryo-derived EpiSCs, EpiSC-like (cEpiSC) cells can be
established from mESCs following in vitro differentiation (Guo et al., 2009). This is
achieved by plating mESCs at a defined density in N2B27 medium supplemented
with Activin A (AA) and FGF2 (Guo et al., 2009) and propagating the resulting
cultures as clumps of cells (Figure 3.4A). After culturing mESCs in EpiSC-inducing
media for 2 – 4 passages, I examined the expression of a panel of pluripotency and
early differentiation markers using RT-qPCR. The in vitro derived cEpiSCs
expressed Oct4, Nanog and Sox2 transcripts at levels comparable with EpiSCs lines
(EpiSC Tcf/Lef) (Figure 3.4B). Rex1 transcripts were not detected and early
differentiation-associated transcripts including Fgf5, Cer1 and Bry were upregulated
(Figure 3.4B). These results are consistent with the acquisition of an EpiSC-like
phenotype that is distinct from the ESCs from which they were derived (Guo et al,
2009). PI-labelling was used to assess the cell cycle structure of the cEpiSCs and to
compare it to the ones of ESC-E14 and EpiSC lines characterised previously.
cEpiSCs showed a cell cycle profile that appeared intermediate between mESC
(E14) and somatic cells (mouse B cells) (Figure 3.4C), which appeared consistent
with data reported by Singh and Dalton (Singh and Dalton, 2009). In cEpiSCs, the
proportion of cells in G1-phase was approximately 50% while the S-phase fraction
was ~ 20% (Figure 3.4D). cEpiSC cultures which have not reached a stable selfrenewing state, may contain a proportion of differentiated cells. It is possible that the
increased proportion of G1-phase cells in my cEpiSC cultures was a consequence of
fraction of the cells undergoing a spontaneous differentiation.
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Figure 3.4. ESC-derived EpiSCs (cEpiSCs) exhibit a cell cycle profile intermediate between ESCs
and somatic cells. (A) Strategy to derive cEpiSCs from ESCs (left panel). Brightfield image of a cEpiSC
colony, 2 passages (right panel). Magnification 200X. (B) Gene expression analysis of cEpiSCs (passage
2) compared to embryo-derived EpiSCs (Tcf/Lef) and ESCs (E14) normalised to Gapdh. Error bars denote
SD from the mean of three independent experiments. (C) DNA content of cEpiSCs, ESCs-E14, EpiSCsTcf/Lef and mouse B (mB) cells (somatic cells) was evaluated using FACS. Gates used to define cells in
G1, S, or G2/M are indicated. (D) Proportion of cEpiSC, ESC-E14, EpiSC Tcf/Lef and mB in G1 (black), S
(grey) and G2 (white) phase of the cell cycle. The gates used to define cells at different cell-cycle stages
are indicated in (C). Error bars, SD from the mean of three independent experiments.
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3.3. Defining the reprogramming potential of EpiSCs
I examined whether EpiSCs could reprogram somatic B cells as efficiently as ESCs.
To address this question, I employed an interspecies heterokaryon system which is
routinely used in our laboratory (Figure 3.5A). In this protocol, mESC are fused with
EBV-transformed human B cell line (hB) in 1:1 ratio using polyethylene glycol (PEG)
as a fusing agent (Pereira and Fisher, 2009). As a result of the fusion with mESCs,
hB nuclei reactivate a human ES-specific expression program, which can be
monitored using RT-qPCR and primer sets that are specific for human transcripts
(Figure 3.5A) (Pereira and Fisher, 2009). This procedure requires fusing single cell
suspensions of each cell type as clusters of cells promote homotypic fusion. As
ESC-derived cEpiSCs are propagated as clumps, these cells were unsuitable targets
for fusion. Instead, I generated heterokaryons using embryo-derived EpiSCs (that
survive as single cells) fused to hB cells. Using this approach, I measured human
transcript levels in EpiSC x hB heterokaryons at two and three days after fusion
using mESC x hB heterokaryons as a control. To enrich for heterokaryons, a double
staining strategy was used. Prior to fusion, hB cells were labelled with Violet Dye and
fused with either mESCs labelled with CFSE Dye or EpiSCs expressing GFP under
the control of the Oct4 promoter (Figure 3.5B). Two and three days after fusion
double labelled cells were FACS-purified yielding less than 1% (as shown in the
Figure 3.5B). In control fusions (mESC x hB), human transcripts OCT4, NANOG and
CRIPTO were detected (Figure 3.5C, white bars). In comparison, RT-qPCR showed
lower induction of human pluripotent genes OCT4, NANOG and CRIPTO in EpiSC x
hB fusions (Figure 3.5C, black bars). The lower levels of OCT4 were unexpected as
EpiSCs and mESCs express similar levels of endogenous mouse Oct4 (Figure 3.1).
CER1 transcripts, which is considered an EpiSC-marker (Bao et al., 2009), were upregulated in EpiSC x hB heterokaryons (Figure 3.5C, black bars), but virtually absent
in mESC x hB heterokaryons (Figure 3.5C, white bars). In contrast, FGF5 transcripts
appeared to be up-regulated in both EpiSC x hB and mESC x hB heterokaryons, but
showed variable levels between experiments (Figure 3.5C). To confirm my results, I
studied the kinetics of re-expression of human pluripotency- and early differentiationassociated genes in heterokaryons generated between independent embryo-derived

82

EpiSC lines (129 and Tcf/Lef) and puromycin-resistant hB cells. To enrich for
heterokaryons in these assays I used puromycin selection to eliminate unfused
mouse cells and applied extensive PBS washes to exclude unfused hB (Pereira and
Fisher, 2009). EpiSC x hB and control mESC x hB heterokaryons were collected at
days 2 and day 3, and analysed by RT-qPCR. Control heterokaryons showed
gradual upregulation of OCT4, NANOG and CRIPTO transcripts (Figure 3.5D, white
bars). In comparison, levels of these transcripts were reduced in heterokaryons
generated with each of the EpiSC lines (Figure 3.5D, black bars). Consistent with my
previous results, upregulation of early differentiation-associated transcripts CER1
and BRY was detected in EpiSC x hB heterokaryons, but not in control mESC x hB
fusions (Figure 3.5D). Finally, FGF5 transcripts showed upregulation in both types of
EpiSC x hB heterokaryons and mESC x hB heterokaryons (Figure 3.5D).
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Figure 3.5. EpiSCs show different reprogramming potential than ESCs. (A) Experimental
cell fusion strategy used for generating interspecies heterokaryons to assess the
reprogramming potential of EpiSCs as compared to ESCs. After fusion, EpiSC-hB
heterokaryons were cultured in N2B27 supplemented with FGF2 and activin A on fibronectin,
whereas ESC-hB heterokaryons in standard mouse ES medium (LIF+serum) on gelatin.
Human transcript levels were measured by RT-qPCR at 0, 2 and 3 days after fusion. (B)
Purification of mESC x hB and EpiSC x hB heterokaryons using FACS. Human B cells labelled
with Violet dye were fused with either mESCs labelled with CFSE dye or GFP-expressing
EpiSCs (EpiSCs Oct4-GiP). mESC x hB and EpiSC x hB heterokaryons were sorted at day 2
and 3 after fusion, and analysed by RT-qPCR. (C) Re-expression of human pluripotent and
epiblast-associated genes in hB fused with EpiSCs Oct4GiP. Gene expression was normalized
to human GAPDH. Error bars denote SD from the mean of three independent experiments, and
asterisks indicate a significant difference in respect to mESC with a p value (t test) of < 0.05.
puro
(D) Kinetics of re-expression of pluripotent and epiblast-associated genes in hB
fused with
two independent EpiSC lines (129 and Tcf-Lef) assessed by RT-qPCR. Gene expression was
normalized to human GAPDH. Error bars denote SD from the mean of three independent
experiments, and asterisks indicate a significant difference in respect to ESC-heterokaryons
with a p value (t test) of < 0.05.

Taken together, these results suggest that the pluripotent reprogramming potential of
EpiSCs, measured as an induction of pluripotent-associated transcripts in bulk
heterokaryons, was reduced relative to ESCs and variable between EpiSC lines.
Interestingly, I observed that in contrast to mESCs, EpiSCs induce expression of
early differentiation-associated transcripts in hB nuclei such as BRY or CER1, which
appears consistent with the different repertoire of factors expressed by EpiSCs. The
differences in reprogramming between EpiSC lines suggested that gene expression
varied between individual heterokaryons and contributed to the observed difference
in reprogramming.

3.4. Nanog overexpression is not sufficient to increase
pluripotent reprogramming potential of EpiSCs
The lower pluripotent reprogramming potential of EpiSCs relative to ESCs was
detected in the absence of changes in cell cycle structure. This suggests that
EpiSCs may lack certain pluripotent reprogramming factors or conversely, contain
factors impeding pluripotent conversion. EpiSC lines examined here expressed lower
levels (50% or less) of Nanog transcripts as compared to ESC control (Figure 3.1A).
Dosage of Nanog has been shown to be important for efficient pluripotent
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reprogramming by cell fusion and iPSCs generation (Silva et al., 2006; Silva et al.,
2009). To characterize pluripotent factor expression in EpiSCs at the protein level, I
performed immunofluorescent labelling of Oct4 and Nanog proteins in 129 and TcfLef lines (Figure 3.6). This analysis showed similar levels of OCT4 protein in the two
examined EpiSCs lines and control E14 ESCs (Figure 3.6, left panel). Nanog
immunostaining of control ESCs revealed cells expressing lower and higher levels of
the protein (Figure 3.6, right panel), in agreement with the variable Nanog protein
expression within mESC cultures (Chambers et al., 2007). In contrast, I detected
very low levels of Nanog protein in the two EpiSC lines as compared to ESCs, with
the Nanog signal in EpiSCs being less intense than in Nanog-low ESCs (Figure 3.6,
right panel). EpiSCs were previously shown to express lower levels of Nanog protein
than mESCs (Brons et al., 2007). My results indicate a more pronounced difference
in Nanog protein levels between EpiSCs and mESCs.

Figure 3.6. EpiSCs show low levels of Nanog protein compared to ESCs. Confocal images of
Oct4 (left panel, red) or Nanog (right panel, red) immunofluorescent labelling of EpiSC cultures
(129 and Tcf/Lef) compared with ESCs (E14). DAPI stain (blue). Scale bar, 10 μm.

Since immunofluorescence analysis showed that EpiSCs expressed markedly lower
levels of Nanog than ESCs, I wanted to see whether Nanog overexpression could
increase the reprogramming potential of EpiSCs. In order to achieve stable and
efficient Nanog overexpression in EpiSCs, I took advantage of the PiggyBac (PB)
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transposon Nanog overexpression system (Theunissen et al., 2011). Wild type
EpiSCs (129) were transfected with PB vectors harbouring hygromycin-resistance
cassette and stable Nanog-overexpressing (Nanog OE) EpiSCs were isolated after
10 days of hygromycin selection (Figure 3.7A). Nanog OE EpiSCs expressed
approximately 6-fold more Nanog transcript than matching parental EpiSCs (Figure
3.7B, grey vs white bar, respectively). Nanog expression levels in Nanog OE EpiSCs
were comparable to WT mESCs (Figure 3.7B, black bar). Nanog OE EpiSCs
expressed similar levels of Oct4 transcript to parental EpiSCs (Figure 3.7C, left
panel). Rex1 transcripts expressed by control ESCs were not detected in Nanog OE
EpiSCs similarly to parental EpiSCs (Figure 3.7C, middle panel). Fgf5 expression
was detected in Nanog OE EpiSCs as well as parental EpiSCs, and absent in control
ESCs (Figure 3.7C, right panel). These results indicate that Nanog OE EpiSCs
retained the EpiSC-specific expression profile distinct from the ESC-specific profile.
Western blot analysis confirmed that Nanog OE EpiSCs expressed Nanog protein at
increased levels as compared to parental EpiSCs, and similar to ESC levels (Figure
3.7D). These increased Nanog protein levels were retained when the cells were
passaged (p2 – p5) (Figure 3.7D).

Immunofluorescent labelling of Nanog OE

EpiSCs revealed increased abundance of Nanog protein as compared to parental
EpiSCs (Figure 3.7E). Nanog OE EpiSCs expressed low or high Nanog protein in a
similar fashion to control ESCs (Figure 3.7E). This variability in Nanog expression
might reflect different amounts of the overexpression vectors incorporated into
individual Nanog OE EpiSCs (Nanog OE EpiSC line was not clonally derived).
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Figure 3.7. Nanog overexpression is not sufficient to increase the pluripotent reprogramming
potential of EpiSCs. (A) Schematic representation of Nanog-overexpressing (Nanog OE) EpiSC
puro
generation and fusion with hB
cells in heterokaryon assays. Stable Nanog OE EpiSCs were
isolated after at least 10 days of hygromycin selection. Resulting cells were fused with puromycinresistant hB cells and re-expression of human pluripotent markers was measured in day 0 and day 3
heterokaryons using RT-qPCR. (B) RT-qPCR analysis of Nanog transcripts detected in Nanog OE
(grey bar), wild type EpiSCs (129, white bar) and ESCs (E14, black bar). Expression was
normalised to Gapdh. Error bars denote SD from the mean of three independent experiments. (C)
RT-qPCR analysis of Oct4, Rex1 and Fgf5 transcripts detected in wild-type (white bars), Nanog OE
EpiSCs (grey bars) and ESCs (white bars). Expression relative to Gapdh. Mean ± s.d. of three
experiments, asterisks show statistical significance (p <0.05; Student´s t-test). (D) Western blots of
Nanog and Oct4 detected in Nanog OE EpiSCs (passage 2 and passage 5), parental EpiSCs (129)
and mESCs (E14). Lamin B provided a loading control. (E) Confocal images of Nanog (red)
immunofluorescent labelling of parental (129) and Nanog OE EpiSC, and mESC (E14) cultures.
DAPI stain (blue). Scale bar, 10μM. (F) Re-expression of human OCT4 and NANOG transcripts
detected in EpiSC x hB, Nanog OE EpiSC x hB and mESC x hB heterokaryons at day 0 and day 3
after fusion. Expression was normalised to human GAPDH. Error bars denote SD from the mean of
three independent experiments.

Subsequently, I generated Nanog OE EpiSCs x hB heterokaryons as described
previously and examined levels of pluripotency-associated genes re-expressed by
hB nuclei (Figure 3.7A). RT-qPCR analysis showed upregulation of OCT4 and
NANOG transcripts in control mESCs x hB fusion (Figure 3.7F, black bars). In
comparison, OCT4 and NANOG transcript levels in Nanog OE EpiSC x hB were
lower and similar to levels detected in heterokaryons generated between parental
EpiSCs and hB cells (Figure 3.7F, grey and white bars, respectively).
These results suggest that overexpressing Nanog is not sufficient to enhance the
reduced pluripotent reprogramming potential of EpiSCs relative to ESCs. Therefore,
it is possible that EpiSCs lack reprogramming factors other than Nanog and/or
contain factors that impede pluripotent reprogramming.

3.5. Discussion and future perspectives
I examined the reprogramming potential of embryo-derived EpiSCs. I showed that
EpiSCs induce lower levels of pluripotent gene expression from somatic cells, as
compared to ESCs (as depicted in Figure 3.8). This contrasting pluripotent
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reprogramming potential probably reflects the different states of pluripotency
represented by EpiSCs and ESCs, and the pluripotent transcription factor repertoire
they contain (Brons et al., 2007; Tesar et al., 2007). My result is consistent with a
study showing low pluripotent reprogramming capacity of EpiSCs in hybrids
generated with neural stem cells (NSCs) (Han et al., 2013). Interestingly, it is unlikely
that the impaired pluripotent reprogramming capacity of EpiSCs relative to ESCs is
directly due to differences in the cell cycle structure, as these cell types show similar
cell cycle profiles and properties (Figure 3.2B, Figure 3.4). Moreover, the reduced
levels of Nanog expressed by EpiSCs are also unlikely to explain this
reprogramming deficit as increasing Nanog expression to levels comparable to ESCs
was not sufficient to enhance the pluripotent reprogramming potential of EpiSCs.
This is in contrast with other reprogramming systems, where increasing Nanog
dosage was shown to promote the acquisition of the pluripotent state (Hanna et al.,
2009; Silva et al., 2006; Silva et al., 2009; Theunissen et al., 2011b). Therefore, it is
possible that EpiSCs contain factors that impede reprogramming or lack/have less
reprogramming factors other than Nanog such as Sox2 or Klf4. For example,
overexpressing Sox2 was shown to increase the pluripotent reprogramming potential
of EpiSCs in hybrids with NSCs (Han et al., 2013). Ectopic expression of Klf4 is
required for reprogramming somatic cells into induced EpiSCs (Han et al., 2011),
eventhough EpiSCs do not express endogenous Klf4 (Nichols and Smith, 2009).
Interestingly, both Sox2 and Klf4, unlike Nanog, have pioneer factor properties
allowing them to activate silent genes important for reprogramming by binding
directly to repressive chromatin (Iwafuchi-Doi and Zaret, 2014). Future studies will be
required to confirm whether levels of Klf4 or Sox2 affect pluripotent reprogramming
potential of EpiSCs.
I also showed that EpiSCs induce the re-expression of genes associated with early
differentiation programs, in contrast to mESCs (Figure 3.8). This result appears to be
consistent with EpiSCs showing more advanced, primed pluripotent state, in which
early lineage commitment-associated factors and pluripotent factors are coexpressed (Nichols and Smith, 2009). My data suggest that EpiSCs are able to
reprogram human somatic cells towards an EpiSC-specific gene expression state
distinct from the state induced by ESCs. This seems to be in agreement with the

90

ability of extra-embryonic endoderm stem (XEN) and trophoblast stem (TS) cell lines
to impose programs of gene expression corresponding to their developmental
programs and increasingly limited developmental potentials (Santos et al., 2010).

Figure 3.8. Distinct reprogramming potential of mouse EpiSCs and ESCs. In mESC x hB
heterokaryons, ESCs induce expression of pluripotency-associated genes (green arrow) in human
somatic nuclei. In EpiSC x hB heterokaryons, EpiSCs induce lower levels of pluripotency-associated
transcripts (shorter green arrow) as compared to ESCs. EpiSCs also activate expression of human
early differentiation-associated genes (purple arrow), which are absent in mESC x hB heterokaryons
(green cross). These results appear to be consistent with distinct expression programs of EpiSCs
and ESCs.

It would be interesting to examine the global gene expression program induced by
EpiSCs in human somatic nuclei by performing RNA sequencing and compare it to
mESC x somatic fusions. It also remains to be tested whether EpiSCs are able to
effectively silence B cell-specific expression program of B after fusion, and therefore,
show dominant reprogramming.
I demonstrated that three independently isolated EpiSC lines show a cell cycle
profile that is indistinguishable from ESCs maintained in our laboratory. This result
differs from the profiles of EpiSCs reported previously by Singh and Dalton which
resembled cell cycle structures of somatic cell lines (Singh and Dalton, 2009). It is
possible that the differences in the results presented here reflect intrinsic differences
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in EpiSC populations which might depend on different stages of isolations, isolation
process and culture methods (Bernemann et al., 2011). Since the embryonic EpiSC
derivation protocol is prolonged and involves a stage in which a proportion of cells
shows an increase in proliferation (Chenoweth and Tesar, 2010) (Jennifer Nichols personal communication), embryo-derived EpiSCs might represent populations
selected for rapid propagation.
Although the cell cycle structure of three independent EpiSC lines appears similar to
ESCs, my attempt to derive EpiSCs directly from ESCs by differentiation (cEpiSC)
revealed that these cultures do acquire cell cycle properties similar to somatic cells
(with less cells in S-phase and more cells in G1-phase). In this respect, cEpiSC
cultures resembled those reported by Singh and Dalton (Singh and Dalton, 2009)
and could suggest that the rapidly proliferating embryo-derived EpiSC lines I have
chosen to study represent a selected population of in vitro cultured cells. On the
other hand, cEpiSC cultures are known to be heterogeneous and also contain a
proportion of cells that can be differentiated further (Turco et al., 2012). Moreover, it
is possible that my cEpiSC cultures might not have stably reached a self-renewing
state. Therefore, this fraction of spontaneously differentiated cells may be affecting
the cell cycle structure of a population, rendering it more ‘somatic-like’. Isolation of
clonal cEpiSC populations, however, is hampered by low clonogenicity as EpiSCs
survive poorly as single cells (Nichols and Smith, 2009).
EpiSCs form heterokaryons with human B cells, however, fusions of EpiSCs (or
Nanog OE EpiSCs) with mouse B cells failed to generate surviving hybrids. Although
I cannot exactly explain the failure to form viable hybrids, it is possible that EpiSC x
mB are compromised because EpiSCs grow as clumps of cells rather than as single
isolated colonies (Brons et al., 2007; Nichols and Smith, 2009; Tesar et al., 2007).
One possible way of addressing this difficulty would be to culture EpiSC x mB
hybrids in medium supplemented with ROCK inhibitor which has been shown to
increase the viability of EpiSC x NSC hybrids grown as isolated colonies (Han et al.,
2013). Alternatively, EpiSC x mB hybrids could be labelled with fluorescence dyes,
cultured in aggregates with unfused EpiSCs and FACS-isolated prior to
reprogramming analysis.
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Chapter 4. Contribution of the cell
cycle to dominant reprogramming
Previous studies have shown that reprogramming of somatic nuclei to pluripotency
via cell fusion can be potentiated by using mouse ES cells (mESCs) at later stager of
the cell cycle (S-phase and G2/M), indicating an increased reprogramming capacity
of these cells (Tsubouchi et al., 2013). Since unsynchronised ESCs cultures contain
more S/G2/M cells than somatic cell cultures, this finding could account for former
observations showing that mESCs (and other pluripotent cell types) dominantly
reprogram somatic cells upon cell fusion. The increased reprogramming potential of
S-G2/M-phase mESCs was explained by their ability to efficiently induce precocious
(or early) DNA synthesis in the somatic nuclei early after fusion (Tsubouchi et al.,
2013). This is also consistent with the classical cell fusion experiments from the
1970s which demonstrated that early DNA synthesis was induced in G1-cells upon
fusion with cells in G2- or S-stage of the cell cycle (Johnson and Rao, 1970; Rao and
Johnson, 1970). Since DNA synthesis involves changes in chromatin accessibility
(Hindley and Philpott, 2013), it is possible that undergoing DNA synthesis might
provide a window of opportunity for chromatin remodelling and pluripotent
conversion.
To examine whether DNA synthesis is important for conveying a direct change in
cellular fate, I decided to look at the reverse situation in which G1-enriched mESCs
are fused with S/G2-enriched somatic or multipotent cells. The rationale of
performing these experiments was to test whether fusing S/G2-enriched somatic
cells with G1-enriched mESCs is sufficient to change the direction of reprogramming
or the dominance of mESCs. As a possible outcome I was expecting to see a degree
of activation of expression of somatic markers in G1-enriched mESCs, which would
indicate a direct conversion towards the somatic identity. Centrifugal elutriation was
used to enrich for cells at specific cell cycle stages and pairwise combinations of cell
cycle enriched mESCs and somatic cells were tested by cell fusion to assess
whether the direction of conversion could be changed by manipulating the cell cycle.
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4.1. Separation of somatic cells in discrete cell cycle
stages using counterflow centrifugal elutriation
Counterflow centrifugal elutriation allows the separation of heterogeneous cell
populations into fractions homogenous in size and density (Banfalvi, 2008). When
progressing through the cell cycle, cells increase their mass (gradually from G1phase until cell division), which allows specific cycle stages to be separated by
centrifugal elutriation. After cells are loaded into the elutriation chamber, the
centrifugal force and counterflow drag force act in opposite directions establishing a
gradient in which cells are ordered according to their size and density. Gradually
increasing the flow rate (and in turn the counterflow drag force) results in sequential
fractions being eluted, starting with smaller cells followed by larger ones (Figure
4.1A). My laboratory has previously demonstrated that centrifugal elutriation enriches
for specific cell-cycle stages without significantly affecting the viability of mESCs
(Tsubouchi et al., 2013). A similar approach was used here to enrich for cell cycle
stages in somatic populations; namely, suspension cultures of EBV-transformed
human B cell line (hB) and Abelson-transformed Oct4-GFP (GOF18ΔPE) mouse B
cell line (mB). Briefly, single suspensions of hB, mB or mESC cells were loaded into
the elutriation chamber and centrifuged at constant speed. Consecutive fractions (F)
were separated by gradually increasing the flow rate (Figure 4.1B). The enrichment
of particular cell cycle stages within the resulting fractions was validated by
propidium iodide (PI) staining for DNA content followed by FACS analysis. Figure
4.1B shows typical DNA content profiles of sequentially elutriated fractions of mESC,
hB and mB cells as compared to matching asynchronous populations. In line with
previous results showing unusual cell cycle structure of mESCs, asynchronous
mESC populations exhibited a high proportion of S-phase cells, whereas G1-phase
was more prominent in somatic hB and mB cell cycle structures (Hindley and
Philpott, 2013). These results demonstrate that counterflow centrifugal elutriation
provides an efficient method to enrich somatic and pluripotent cell cultures according
to cell cycle stage.
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Figure 4.1. Separation of mouse ESCs, mouse and human B lymphocytes according to cell cycle
phase using counterflow centrifugal elutriation. (A) Schematic representation of cell separation by
centrifugal elutriation. Asynchronous population of cells is loaded into the elutriation chamber at
constant centrifugation speed (left). The centrifugal and counterflow drag forces act in opposite
directions and organise cells in the chamber into a size gradient (middle). Increasing the flow rate
results in eluting cells starting from the smallest (right). (B) Asynchronous mESCs (E14), hB and mB
lymphocytes were elutriated and sequential fractions were isolated and stained with propidium iodide
(PI) to evaluate DNA content by FACS. DNA content of asynchronous populations is shown (left-most
panels) and gates used to define cells in G1, S or G2 are indicated.
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4.2. Reversing dominance in mESC x hB heterokaryons
To test whether cell cycle directly influences the direction of cell fate conversion,
S/G2-enriched B lymphocytes were fused with G1-enriched ESCs (E14). For these
studies, I took advantage of transient interspecies heterokaryons, in which mESCs
are fused with hBpuro cells to examine the earliest reprogramming events (Pereira
and Fisher, 2009). Pluripotent transcripts indicating the acquisition of the ESCprogram by B cells can be readily detected using human gene-specific RT-qPCR
primers (Pereira et al., 2008). Conversely, it is possible to assess the induction of the
mouse B lymphocyte-specific gene expression program by using primer sets that are
specific for mouse-genes (Figure 4.2A). Human B and mESC cultures were
separated into fractions enriched for specific cell cycle stages by centrifugal
elutriation and the purity of the resulting populations was validated for each fusion
experiment (Figure 4.2B). After hBpuro elutriation, I selected fraction 7 (F7) that was
typically enriched to 83% G1-cells and fraction 15 (F15) to 88% S/G2-cells (Figure
4.2B, top right panel). For mESCs, elutriated fraction 8 (F8) contained 86% of G1
cells, while fraction 16 (F16) 87% of S/G2 cells (Figure 4.2C bottom right panel).
These results show that the elutriated fractions of hB and mESCs were significantly
enriched for G1 or S/G2 cells as compared to asynchronous cultures, yet did not
represent pure cell cycle stage populations. Then, S/G2-enriched hB cells were
fused with G1-enriched mESCs in a 1:1 ratio using PEG. The resulting cells were
cultured for three days in mESC media supplied with puromycin to select against
non-fused mESCs and extensive washes were performed to eliminate non-fused hB
cells (Pereira and Fisher, 2009).
First, I examined whether reprogramming towards the mESC identity occurred in the
resulting heterokaryons and measured the induction of human pluripotent transcripts
by RT-qPCR. Alongside G1 mESC x S/G2 hB, S/G2 mESC x G1 hB fusions were
performed as a positive control for reprogramming towards pluripotency (Tsubouchi
et al., 2013). Heterokaryons between asynchronous populations (As x As) provided a
control for reprogramming levels detected after fusion of mESC and hB populations
not enriched in any cell cycle-stage. In line with the published data, hOCT4 reexpression in S/G2 mESC x G1 hB heterokaryons was higher than in heterokaryons
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resulting from fusions between asynchronous populations (Figure 4.2C) (Tsubouchi
et al., 2013). Conversely, fusions performed with G1 mESC x S/G2 hB showed lower
hOCT4 re-expression as compared to the fusions between asynchronous cells. This
suggested that pluripotent reprogramming was less efficient following G1 mESC x
S/G2 hB fusions. Next, I asked whether the re-expression of lymphocyte identity
markers could be detected in mESC G1 x hB S/G2 (or the control fusions). To this
end, a panel containing genes expressed by mouse B lymphocytes as well as
transcripts that are broadly associated with the lymphocyte lineage was selected.
This panel included mCd19 - cell surface molecule present throughout B-cell lineage
specification (Sato et al., 1997) and mCd45 – a transmembrane protein tyrosine
phosphatase expressed in B and T cell lineages (Trowbridge and Thomas, 1994). As
expected transcripts corresponding to mCd19 and mCd45 were detected in mB cells
(Figure 4.2D). In contrast, RT-qPCR analysis did not detect any transcripts
corresponding to these genes in G1 mESC x S/G2 hB fusions or the two control
fusions. In order to test whether hB lymphocytes induce an earlier lineage
programme in mESCs I examined markers expressed earlier during lineage
commitment but not expressed by undifferentiated mESCs. These genes included
mPax5 - a B-lymphocyte/monocytic lineage activator (Cobaleda et al., 2007) and
mGata4 - an early mesodermal and endodermal transcription regulator implicated in
cardiac development (Durocher et al., 1997). mPax5 transcripts were detected in
unfused mB cells, but not in any of the fusions. Moreover, RT-qPCR analysis
showed no expression of mGata4 in all day 0 samples, and very low transcript levels
in all three types of heterokaryons at day 3 as compared to mGata4 levels in mouse
cardiomyocytes (CL-1 line) (Figure 4.2D). These results suggest that S/G2-enriched
hB cells are not able to initiate a B lymphocyte-specific program of gene expression
in G1-enriched mESC nuclei within transient heterokaryons.
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Figure 4.2. Reversing dominance in mESC x hB heterokaryons. (A) Experimental strategy to
assess for the direction of reprogramming using heterokaryon assays. G1-enriched hB cells were
puro
fused with S/G2-enriched mESCs and S/G2-enriched hB
cells with G1-enriched mESCs.
Expression of mouse and human genes was assayed using species-specific RT-qPCR primers in day
puro
0 and day 3 heterokaryons. (B) G1- and S/G2- enriched hB
and mESC fractions were obtained by
centrifugal elutriation and propidium iodide (PI) staining followed by FACS to verify the DNA content.
Gates used to define cells in G1, S or G2 are indicated (left panel). Histograms show the proportion
puro
of elutriated fractions of hB
(F7 and F15) and mESC (F8 and F16) in G1- (black), S- (grey) and
G2- (white) phase of the cell cycle (right panel). DNA content and cell cycle stage quantification of
puro
asynchronous hB
and mESC populations are shown for comparison. Data are representative of
three independent experiments. (C) RT-qPCR analysis of human OCT4 transcript re-expression in
puro
puro
G1 mESC x S/G2 hB
and S/G2 mESC x G1 hB
day 3 heterokaryons. Gene expression was
normalised to human GAPDH and relative to OCT4 level detected after fusion of asynchronous
populations (As x As). Error bars denote SD of three independent experiments. Asterisks indicate
statistical significance (p < 0.05, Student’s t test). (D) RT-qPCR analysis of mouse lymphocyte
lineage-associated transcripts (Cd19, Cd45, Pax5) and Gata4 transcripts in G1 mESC x S/G2 hB,
puro
S/G2 mESC x G1 hB , and asynchronous mESC x asynchronous hB heterokaryons at day 0 and
day 3. Transcript levels in mouse B lymphocytes and mouse cardiomyocytes are provided as a
control. Gene expression was normalised to mouse Gapdh. Error bars denote SD of three
independent experiments.

4.3. Reversing dominance in mESC x mB hybrids
From the results described above it is possible that three days is not sufficient to
observe the activation of lymphocyte-associated genes by mESCs. To explore this
possibility further, I performed cell fusion experiments in which stable hybrid cells
were isolated (together with Jorge Soza-Ried). Hybrids generated by intraspecies
fusions can divide retaining a tetraploid karyotype that enables the long-term effects
of reprogramming to be studied (Pereira and Fisher, 2009). In order to assess the
direction of cell type conversion, a dual reporter system was used (Figure 4.3A). In
this system, fusions between puromycin-resistant mB cells harbouring a silent Oct4driven pluripotent reporter Oct4GOF18ΔPE-GFP (mBOct4-GFP) (Yeom et al., 1996)
and mESCs carrying a silent Pax5-human CD2 lymphocyte reporter (AP5 mESCs)
(Fuxa and Busslinger, 2007) were performed. Resulting hybrids were analysed by
FACS for one of the four outcomes (Figure 4.3A): (i) only hCD2 is expressed –
dominance of lymphocyte-associated program associated with Pax5; (ii) only GFP is
expressed – dominance of pluripotent program associated with Oct4; (iii) GFP and
hCD2 are expressed simultaneously – co-dominance of the two programs where
neither cell type prevails (Kruglova et al., 2010, Palermo et al., 2009; Terranova et
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al., 2006); (iv) neither hCD2 nor GFP is expressed – no reprogramming detected.
First, G1 and S/G2-enriched fractions were isolated from mBOct4-GFP and mESCs AP5
cultures using centrifugal elutriation (Figure 4.3B). For mB cells, fraction 9 (F9) was
enriched to 94% G1-cells and fraction 21 (F21) to 82% S/G2 (Figure 4.3C, top
panel). For mESCs, fraction 8 (F8) consisted of 87% G1 cells and fraction 16 (F16)
contained 93% of S/G2 cells (Figure 4.3C, bottom panel). Subsequently, S/G2 mB
cells were fused with G1 mESCs and G1 mB cells with S/G2 mESCs in 1:1 ratio, and
the resulting cells were plated on feeders in puromycin-containing mESC media
(Pereira and Fisher, 2009). Six days after fusion, the hybrid cultures were analysed
for the re-expression of Oct4-GFP and Pax5-hCD2 reporters by FACS. S/G2 mESC
x G1 mB fusions resulted in a higher relative percentage of Oct4-GFP positive cells
than G1 mESC x S/G2 mB (approximately 90% vs 10%; Figure 4.3D and 4.3E)
consistent with mESCs in the later stages of the cell cycle being more potent at
reprogramming somatic cells towards pluripotency (Tsubouchi et al., 2013). Alkaline
Phosphatase (AP) activity is a phenotypic marker of pluripotent cells and it is often
used for evaluating the potential to generate pluripotent colonies resulting from
pluripotent-somatic fusions (Silva et al., 2006). Consistent with my previous results,
S/G2 mESC x G1 mB fusions yielded more AP-positive colonies as compared to G1
mESC x S/G2 mB fusions (Figure 4.3F and 4.3G). We failed to detect any reexpression of Pax5-hCD2 transgene in the two types of hybrids (performed by Jorge
Soza Ried, personal communication), which indicates that manipulating cell-cycle
stages in mESC-mB hybrids is not sufficient to reverse the direction of
reprogramming or establish co-dominance between these cell types.
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Figure 4.3. Reversing dominance in mESC x mB hybrids. (A) Experimental strategy to determine
the direction of conversion in mESC x mB hybrids. G1- or S/G2-enriched mB cells carrying a silent
Oct4-driven GFP transgene are fused with G1- or S/G2-enriched mESCs carrying a silent Pax5driven human CD2 transgene. Resulting hybrids were analysed by FACS for one of the four
outcomes: 1. only hCD2 is expressed – lymphocyte program dominates; 2. only GFP is expressed –
pluripotent program dominates; 3. GFP and hCD2 are expressed simultaneously – co-dominance of
the two programs. 4. Neither hCD2 nor GFP is expressed – no reprogramming observed. (B) G1- and
Oct4-GFP
Pax5-hCD2
S/G2- enriched mB
and mESC
fractions were obtained by centrifugal elutriation and PI
Oct4-GFP
staining followed by FACS to verify the DNA content. DNA content of asynchronous mB
and
Pax5-hCD2
mESC
populations are shown for comparison. Gates used to define cells in G1, S or G2 are
Oct4-GFP
Pax5-hCD2
indicated. (C) Histograms show the percentages of the mB
and mESC
elutriated
fractions in G1 (black), S (grey) and G2 (white) phase of the cell cycle. Histograms of asynchronous
Oct4-GFP
Pax5mB
and mESC populations are shown for comparison. (D) Six days after fusion, G1 mESC
hCD2
Oct4-GFP
Pax5-hCD2
Oct4-GFP
x S/G2 mB
and S/G2 mESC
x G1 mB
hybrids were analysed for the
reactivation of the silent Oct4-GFP reporter by FACS. Hexagons indicate populations of GFP-positive
hybrids. Population of unfused cells provide a negative control. (E) Relative percentages of GFPpositive cells between the two types of hybrids obtained in (D). In each experiment GFP-positive cells
resulting from G1 mESC x S/G2 mB and S/G2 mESC x G1 mB fusions were counted and presented
as relative percentage of a sum of GFP-positive cells from both experimental conditions. Three
independent experiments are shown. (F and G) Pluripotent reprogramming potential of G1 x S/G2
Oct4-GFP
Pax5-hCD2
Oct4-GFP
mB
and mESC
S/G2 x G1 mB
puromycin-resistant hybrids was evaluated by
alkaline phosphatase (AP) staining 12 days after fusion. Representative AP staining assay of G1
Pax5-hCD2
Oct4-GFP
Pax5-hCD2
Oct4-GFP
mESC
x S/G2 mB
and S/G2 mESC
x G1 mB
puromycin-resistant
hybrids is shown in (E) and the number of AP-positive hybrid colonies of the two type is shown in (F),
where error bars represent SD of three independent experiments.

Collectively, I showed that centrifugal elutriation can be successfully used for
isolating discrete cell cycle stages from somatic and ES cell cultures. The cell fusion
experiments demonstrated that mB and hB cells undergo pluripotent conversion
when fused with mESCs, which is consistent with the dominant nature of pluripotent
cells (Tada et al., 2001). Specifically, pluripotent conversion is more efficient in S/G2
mESCs x G1 B cell fusions as compared to G1 mESC x S/G2 B cell fusions, in both
heterokaryon and hybrid assays, which is in line with previous studies (Tsubouchi et
al., 2013). I did not detect, however, the reactivation of the lymphocyte-specific
program in the mESC nuclei in any of the heterokaryon/hybrid types I generated.
These results suggest that enriching B lymphocytes in S/G2-cells is not sufficient to
activate the lymphocyte-associated program in mESCs upon cell fusion.
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4.4. Discussion and future directions
First, I show that centrifugal elutriation can be successfully used to enrich for specific
cell cycle stages from both somatic (hB and mB) and mESC populations. Using the
same cell cycle stage enrichment method for pluripotent and somatic cells ensures
equal treatment of both cell populations before cell fusion reprogramming assays. It
has to be noted that, although the elutriated fractions of B cells and mESCs are
highly enriched in specific cell cycle stages, they do not represent 100% pure
populations. Since only a proportion of partner cells undergoes cell fusion and then,
successful reprogramming, it is possible that this limited contamination could have
affected the results of my reprogramming assays. However, I believe that the range
of enrichment I achieved (82% - 94% for selected cell cycle stages) could be
sufficient to assess the differences in reprogramming in my experimental system
(Tsubouchi et al., 2013). This would be especially true in the case of qualitative
hybrid analysis, in which single cells were examined for activation of reprogramming
reporters. Alternative approaches to cell cycle stage synchronisation affect either
cell viability, differentiation status and natural cell cycle progression (drug-mediated
synchronisation) or rely on cell type-specific mechanisms of cell cycle regulation
(FUCCI – differences in geminin expression between mouse and human ESCs) (Han
et al., 2008; Ly et al., 2015; Neganova and Lako, 2008; Ruiz et al., 2011; Yang et al.,
2011). My results show that centrifugal elutriation offers an efficient, non-invasive
and universal method to enrich for specific cell cycle stages.

Previous studies showed that mESCs enriched in S- and G2/M-phase of the cell
cycle have an enhanced capacity to reprogram somatic cells towards pluripotency in
cell fusion assays (Tsubouchi et al., 2013). Specifically, mESCs in S-G2/M are more
efficient at inducing DNA synthesis in somatic cell nuclei after cell fusion, which is
required for successful pluripotent reprogramming (Tsubouchi et al., 2013).
Mechanistically, this is consistent with cells at later stages of the cell cycle inducing
DNA replication in G1-phase cells (Johnson and Rao, 1970; Rao and Johnson,
1970). DNA synthesis occurring in somatic nuclei might present a window of
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increased accessibility for reprogramming factors to bind and accomplish a direct
pluripotent conversion (Hanna et al., 2010). This privileged reprogramming by
populations enriched in S-G2/M-phase appears to be in agreement with the
dominant nature of pluripotent cells (with a high proportion of S-G2/M cells) over
somatic cells (with majority of the cells in G1) (reviewed in Soza-Ried and Fisher,
2012). I asked whether, by reversing the cell cycle stages between these cell types,
it would be possible to achieve a single-step conversion of pluripotent cells towards a
somatic-like state. To investigate this possibility I examined the induction of a panel
of lymphocyte-specific genes in mESCs nuclei within G1 mESC x S/G2 hB
heterokaryons and activation of lymphocyte-specific reporters in G1 mESC x S/G2
mB hybrids. To purify G1- and S/G2-enriched populations from somatic and
pluripotent cultures I used centrifugal elutriation (Banfalvi, 2008; Tsubouchi et al.,
2013).
In contrast to the expectations I did not find any evidence that mESCs can be
reprogramed towards lymphocyte-like state in a single-step conversion, regardless of
cell cycle stages of fusion partners. At present, it is unclear why S/G2 B cells do not
induce lymphocyte-associated program in G1 ESC nuclei. One possible explanation
could be that, unlike mESCs, S/G2 lymphocytes are not able to initiate precocious
DNA synthesis in their fusion partners. To investigate this possibility, it will be
important to examine whether DNA synthesis is induced in mESC nuclei after fusion
with B lymphocytes using BrdU/EdU pulse labelling as previously described
(Tsubouchi et al., 2013). Providing that B lymphocytes initiate DNA synthesis in
mESCs nuclei, an alternative explanation could be that these somatic cells are highly
specialised and therefore, contain a repertoire of reprogramming factors that is not
sufficient to ‘override’ mESCs factors (Soza-Ried and Fisher, 2012). To test this
hypothesis, in my future studies I will examine a single-step pluripotent-to-somatic
conversion using a system in which hybrids will be generated between mouse NSCs
harbouring a silent pluripotent reporter (Oct4-GFP) and mESCs carrying a silent
neural reporter (Sox1-YFP) (Figure 4.4). NSCs represent a less differentiated (than
lymphocytes), multipotent cell state and these cells can either self-renew or give rise
to a number of specialised neuronal cell types (Shi et al., 2008). FACS analysis of
reporter expression in NSC x ESC hybrids will be performed to assess for one of four

104

possible results (Figure 4.4): (i) only YFP is expressed – NSC program prevails; (i)
only GFP is expressed – pluripotent program prevails; (iii) both YFP and GFP are
expressed - codominance of the two programs; (iv) no expression of YFP or GFP –
no reprogramming observed. If I do not detect a single-step pluripotent-to-somatic
conversion in the NSC x ESC hybrids, it could mean that a transition through
intermediate cellular identities might be required in this reprogramming context. This
would be consistent with the idea of hierarchical binding of lineage-specific
transcription factors in differentiation (Iwasaki et al., 2006) or direct reprogramming
(Wapinski et al., 2013). The first possibility could be addressed by fusing B
lymphocytes with mESC line engineered to express a specific lymphocyteassociated transcription factor.

Figure 4.4. Reversing dominance in mESC x mNSC hybrids. (A) Experimental strategy to
determine the direction of conversion in mESC x mNSC hybrids. G1- or S/G2-enriched mouse
NSCs carrying a silent Oct4-driven GFP transgene are fused with G1- or S/G2-enriched mouse
ESCs carrying a silent Sox1-driven YFP transgene. Resulting hybrids will be assessed for one of the
four possible outcomes: 1. only YFP is expressed – NSC program dominates; 2. only GFP is
expressed – pluripotent program dominates; 3. GFP and YFP are expressed simultaneously – codominance of the two programs. 4. Neither GFP nor BFP is expressed – no reprogramming
observed.

I show that fusions between G1-enriched mESCs and S/G2-enriched B cells result in
less efficient pluripotent reprogramming as compared to S/G2-enriched mESCs x
G1-enriched B fusions. These data appear to be consistent with the previous results
showing that G2-enriched mESCs have a higher pluripotent reprogramming potential
than G1-enriched mESCs (Tsubouchi et al., 2013). That study, however, did not
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examine the impact of the cell cycle stage of somatic cells as asynchronous somatic
cell populations with majority of cells in G1-phase were used (Tsubouchi et al.,
2013). My results could suggest that successful pluripotent conversion is determined
by the cell cycle stage of the pluripotent nuclei and not related to cell cycle stage
“compatibility” between partner nuclei. In agreement, preliminary experiments in
which S/G2-enriched mESCs are fused with S/G2-enriched somatic cells, indicate
efficient pluripotent reprogramming in these hybrids (Jorge Soza-Ried, personal
communication).
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Chapter 5. Jarid2 coordinates Nanog
expression and Wnt/PCP signalling to
facilitate mESC differentiation and early
embryo development
Jarid2 (Jumonji- and AT-rich interaction domain 2) was originally identified as a gene
implicated in neural development in mice (Takeuchi et al., 1995). Jarid2 depletion
resulted in mouse embryos having a cruciform shape of neural grooves (jumonji
means cruciform in Japanese) (Takeuchi et al., 1995). Jarid2 is the founding
member of the Jumonji family of histone demethylases, although it itself does not
have a functional histone demethylase domain and it is enzymatically inactive (Klose
et al., 2006). More recently, Jarid2 has been identified as a member of Polycomb
repressor complex (PRC2) (Landeira et al., 2010; Li et al., 2010; Pasini et al., 2010;
Peng et al., 2009; Shen et al., 2009). PRC2 maintains gene repression in
development by depositing H3K27me on histones and Jarid2 is important for efficient
targeting of this mark to chromatin (reviewed in Landeira and Fisher, 2011;
Margueron and Reinberg, 2011). Despite the role in guiding H3K27me3 deposition,
several studies performed on Jarid2-depleted mESCs showed either contrasting
effects or no effect on H3K27me3 levels (Landeira et al., 2010; Li et al., 2010; Pasini
et al., 2010; Peng et al., 2009; Shen et al., 2009), which led to different
interpretations of the Jarid2 role in mESCs. Recent studies demonstrated that
Jarid2-null mESCs have impaired differentiation capacity, which suggests an
important role of Jarid2 in early development (Landeira et al., 2010; Shen et al.,
2009). This differentiation block of Jarid2-deficient mESCs is in contrast to mESCs
depleted of other PRC2 components (Ezh2, Eed or Suz12) which show unscheduled
differentiation as a consequence of the de-repression of PRC2 target genes
(Margueron and Reinberg, 2011). Here, we explored alternative explanations for the
differentiation defect of Jarid2-deficient mESCs by studying factors and pathways
consistently deregulated in mutant cells.

107

5.1. Jarid2 KO mESCs show deregulated expression of
planar cell polarity (PCP) pathway components
To investigate the regulatory function of Jarid2 in mESCs, we studied which genes
were under control of Jarid2 in mESCs (performed by David Landeira). We
compared Jarid2-deficient and WT mESCs using previously published geneexpression microarray data (Shen et al., 2009). We detected 413 genes that were
downregulated in Jarid2-null mESCs relative to WT mESCs (fold change > 2, p value
<0.05). Subsequent GO functional analysis revealed groups of genes with roles in
development, cell adhesion, cytoskeleton, and extracellular matrix (Figure 5.1A). In
order to identify genes that might be directly regulated by Jarid2, we looked at ChIPseq data of Jarid2 binding in mESCs (Pasini et al., 2010). Among 1146 promoters
showing enriched Jarid2 binding, genes implicated in Wnt signalling and Wnt-related
signalling pathways featured prominently (Figure 5.1B). To confirm the deregulation
of Wnt signalling components, we profiled gene expression in two independently
derived homozygous Jarid2 mutant mESC lines: ‘E8’ (Landeira et al., 2010) and
‘Jarid2-/-’ (Shen et al., 2009), and matching parental lines using a mouse Wnt
signalling components gene expression microarray. This analysis showed downregulation of Prickle1, Fzd2, Wisp1, Wnt9a, Fosl1 and up-regulation of Aes, Dkk1,
Sfrp1, and Wnt11 in mESCs depleted of Jarid2 (Figure 5.1C). In a proportion of
these genes, including Prickle, Fzd2, Fosl1, Wnt9a, Wnt11, Dkk1 and Sfrp1, Jarid2
was bound to the corresponding gene promoter according to previously published
Jarid2 Chip-seq analysis (Peng et al., 2009). Changes in gene expression were
validated by RT-qPCR analysis of the Jarid2-null mESC lines compared to the
matching parental lines (Figure 5.1D, black bars denote WT and white bars Jarid2
KO mESCs). Apart from Dkk1 expression which showed contrasting trends (Dkk1
expression appears to be particularly sensitive to cell density), each of the Wnt
signalling components including Sfrp1, Wnt11, and Prickle1, Fzd2, Wnt9a, showed a
consistent up- or down-regulation, respectively, in both Jarid2 KO mESC lines. Many
of these genes have roles in Planar Cell Polarity (PCP) signalling pathways either as
activators (such as Wnt11, Fzd2 and Prickle1) or repressors (for example Dkk1 and
Sfrp1) (Caneparo et al., 2007; Gray et al., 2011; Satoh et al., 2008). The PCP
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pathway has been shown to be active in the preimplantation stage of mouse embryo
development and in mESCs (Tao et al., 2012; Tao et al., 2009). Importantly, ChIP
analysis revealed that H3K27me3 levels on the promoters of these Jarid2-bound
genes were similar between Jarid2-null and WT mESCs (performed by Helena G.
Asenjo, Landeira et al., 2015). This suggested that Jarid2 might regulate this subset
of genes in H3K27me3-independent manner. Finally, we examined the expression of
Fzd2, Prickle1 and Wnt9a in a panel of Jarid2 KO mESC lines created using
CRISPR-Cas9 targeted deletion (Jarid2CRISPR, clone #3 was used for further
experiments; generated by Hakan Bagci). We observed a consistent and significant
down-regulation of the corresponding transcripts in these targeted lines as compared
to the matched parental cultures (Figure 5.1E). These results suggest that Jarid2 can
act as a positive or a negative regulator of a subset of PCP genes.
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Figure 5.1. Jarid2 regulates expression of Planar Cell Polarity and Wnt signalling genes in
mESCs. (A) Histogram showing enrichment scores of functional clusters annotated to deregulated
genes (413 genes, FC>2, p<0.05 in Jarid2-/- mESCs as compared to Jarid2fl/fl generated using gene
expression microarray data from Shen et al., 2009. (B) KEGG pathway enrichment analysis
(Benjamini<1.0E-5) among 1146 Jarid2-target promoters. Jarid2-bound promoters were identified by
analysing previously published ChiP-seq results (Pasini et al., 2010). (C) Gene expression profiling
comparing levels of Wnt signalling genes in pooled samples of WT (JM8+/+ and Jarid2fl/fl) and Jarid2null mESCs (E8-/- and Jarid2-/-), all samples in triplicates. X axis represents differences in gene
expression and Y axis represents statistical significance. Each dot represents a single gene. Most
significantly up-regulated and downregulated genes are highlighted in red (right) and green (left),
respectively. (D) RT-qPCR analysis of Wnt signalling genes expression normalised to a housekeeper
gene (ActB) in matched pairs of parental (black bars) and Jarid2-null mESCs (white bars): JM8+/+
and E8-/- (upper panel) and Jarid2fl/fl and Jarid2-/- (lower panel). Actb and Rex1 provided controls.
Error bars denote SD from the mean of three independent experiments and asterisks denote
statistical significance (p<0.05, Student’s t test). (E) RT-qPCR analysis of Prickle1, Fzd2 and Wnt9a
CRISPR
transcripts in three clones of Jarid2 KO (Jarid2
) mESCs generated by CRISPR-Cas9 technology
as compared to the parental cell line. Expression was normalised to Hmbs. Error bars denote SD from
the mean of three independent experiments and asterisks denote statistical significance (p<0.05,

5.2. Jarid2 KO mESCs show reduced levels of active βcatenin
PCP signalling belongs to the non-canonical Wnt pathways which are independent of
β-catenin, in contrast to canonical Wnt signalling processes which rely on β-catenin
(Komiya and Habas, 2008). The canonical and non-canonical Wnt signalling
pathways share components such as Dishevelled (Dvl) or Fzd2 that we found
deregulated in Jarid2-null mESCs. Nevertheless, it is not clear to what extent these
pathways are interrelated. As the canonical Wnt signalling has been implicated in
regulation of pluripotency and mESC differentiation by several studies (Atlasi et al.,
2013; Lyashenko et al., 2011; ten Berge et al., 2011), we asked whether canonical
Wnt signalling was also affected in Jarid2-depleted mESCs. The transcriptome
analysis of Jarid2-null mESCs did not show altered expression of β-catenin
transcripts and this result was confirmed by RT-qPCR, in which similar levels of βcatenin transcripts were detected in mutant and wild-type cells (Figure 5.2A).
Consistently, Western blotting revealed similar protein levels in mutant (A08-/+
heterozygous and E8-/- homozygous) and WT mESCs (JM8) (Figure 5.2B, David
Landeira). However, β-catenin activity and turnover is thought to be regulated post111

translationally by glycogen synthase kinase (Gsk3)-mediated phosphorylation that
targets β-catenin for degradation (reviewed in Clevers and Nusse, 2012).
Conversely, non-phosporylated β-catenin is stabilised and translocates to the
nucleus where it acts as a transcriptional co-regulator (Clevers and Nusse, 2012).
Therefore, we used an antibody specific for the non-phosphorylated β-catenin and
observed reduced levels of active β-catenin in the two Jarid2 KO mESC lines as
compared to matching parental lines (compare E8-/- vs A08-/+ vs JM8+/+ and Jarid2-/vs Jarid2fl/fl, Figure 5.2C, David Landeira). I further confirmed this reduction by
sensitive luciferase-based TOPFlash reporters. Briefly, I transiently transfected
Jarid2-null and matching parental mESC cultures with a reporter construct of βcatenin transcriptional activity expressing Firefly luciferase (Figure 5.2D, left panel).
To control for variable transfection efficiencies and cell viability I co-transfected the
cells with a plasmid constitutively expressing Renilla luciferase (Figure 5.2D, right
panel). After 48 hours, cells were lysed and β-catenin activity was measured as
relative activity of Firefly and Renilla luciferase. I found that the activity of β-catenin
was consistently decreased in three independently derived Jarid2-null mESCs; E8,
Jarid2-/- and Jarid2CRISPR as compared to matching parental lines (Figure 5.2E).
These results suggest that the reduced β-catenin activity is a consequence of Jarid2
depletion.
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Figure 5.2. Jarid2-null mESCs show reduced levels of β-catenin activity. (A) RT-qPCR analysis of βcatenin transcripts in wild type (JM8, black bars) and Jarid2-/- (E8, white bars) mESCs. Expression
relative to Hmbs. Mean±SD of three independent experiments are shown. (B) Western blot analysis of
whole-cell extracts comparing levels of total β-catenin in WT (JM8+/+), Jarid2 heterozygous (A08+/-) and
null (E8-/-) mESCs. Lamin B was used as a loading control. (C) Western blot analysis of active β-catenin
in Jarid2-null (E8-/- and Jarid2-/-) as compared to matching parental mESCs. Lamin B (LamB) provides a
loading control. (D) Schematic representation of constructs used for TOPFlash assays. mESCs were cotransfected with an inducible reporter construct of β-catenin transcriptional activity expressing Firefly
luciferase (left panel) and a control vector constitutively expressing Renilla luciferase (right panel). βcatenin activity was measured as a relative Firefly/Renilla expression. (E) β-catenin activity assessed by
TOPFlash reporter assays comparing Jarid2-null (white bars) with matching parental mESCs (black bars):
CRISPR
E8 vs JM8 (left), Jarid2-/- vs Jarid2fl/fl (middle) and WT vs Jarid2
(right). Error bars denote SD from
the mean of three independent experiments and asterisks denote statistical significance (p<0.05,
Student’s t test).
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5.3. Jarid2 KO mESCs show altered Nanog expression
Jarid2-depleted mESCs fail to differentiate, but are able to self-renew (Landeira et
al., 2010; Peng et al., 2009; Shen et al., 2009). Previous studies showed that these
cells express the core pluripotency factors (Landeira et al., 2010; Li et al., 2010;
Pasini et al., 2010; Peng et al., 2009; Shen et al., 2009). However, a close
examination of Nanog protein levels in mESCs homozygous (E8-/- and E4-/-),
heterozygous (A08+/-) and WT (JM8+/+) for Jarid2 using Western blotting revealed
that Nanog expression was inversely correlated to Jarid2 dosage (Figure 5.3A). To
extend Nanog expression analysis to single-cell level, immunocytochemistry followed
by fluorescent microscopy showed that the increased Nanog protein detected in bulk
population of Jarid2-null mESCs resulted from reduced proportion of Nanog-low
expressing cells (Figure 5.3B). While WT mESCs (JM8+/+) showed a typical bimodal
Nanog-low and Nanog-high distribution (Chambers et al., 2007), majority of Jarid2
KO mESCs (E8-/-) appeared to express high levels of Nanog (Figure 5.3B). This
apparent change in Nanog expression was further confirmed by immuno-labelling
followed by FACS analysis which demonstrated the reduction in cells of the Nanoglow compartment (Figure 5.3C; compare green histogram E8-/- vs grey filled
histogram JM8+/+; performed by Jorge Soza-Ried). The independently derived
Jarid2-null mESC line (Shen et al., 2009), similarly expressed constitutively high
levels (with reduced proportion of Nanog-low expressing cells) of Nanog protein,
compared to matching parental line as evaluated by Western blotting (Figure 5.3D),
immunofluorescence (Figure 5.3F) and FACS analysis (Figure 5.3E, compare green
histogram Jarid2-/- vs grey filled histogram Jarid2fl/fl). Moreover, we observed that
Jarid2-/- ESCs do not form coherent colonies (‘aberrant colony formation’) typical for
WT ESCs and show either ‘disorganised’, ‘detached’ colonies (E8, Figure 5.3F,
upper right panel) or overlapping layers of Nanog-high expressing cells at the edges
of the colonies (Jarid2-/- cells indicated by white arrows, Figure 5.3F, bottom right
panel). In agreement, Jarid2CRISPR mESC line also showed a constitutive Nanog-high
expression profile (Figure 5.3G; performed by Jorge Soza-Ried). Collectively, these
data suggest that Jarid2 negatively regulates Nanog expression in mESCs and its
absence results in constitutive Nanog expression.
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Figure 5.3. Jarid2-null mESCs express constitutively high levels of Nanog protein. (A) Western
blot analysis of Nanog, Oct4 and Sox2 protein levels in WT (JM8+/+), Jarid2-heterozygous (A08+/-)
and two null mESC lines (E4-/- and E8-/-). Lamin B was used as a loading control. (B) Confocal
microscopy images of Nanog (green) and Oct4 (blue) immunofluorescence analysis in WT (JM8+/+)
and Jarid2-null (E8-/-) mESC colonies. Scale bar, 100μm. (C) FACS analysis of Nanog expression in
WT (JM8+/+, upper) and Jarid2-null (E8-/-, lower) mESC cultures. Histograms (right) show Nanog
expression profiles in JM8+/+ (filled grey) and E8-/- (green) mESC cultures. Unlabelled control is
shown as a black line. (D) Western blot analysis of Nanog and Oct4 protein levels in Jarid2fl/fl and
Jarid2-/- mESCs. Lamin B was used as a loading control. (E) FACS analysis of Nanog expression in
Jarid2fl/fl (upper) and Jarid2-/- mESCs (lower). Histograms depict Nanog expression in Jarid2fl/fl (filled
grey) and Jarid2-/- (green) mESC cultures. Unlabelled control is shown as a black line. (F) Confocal
images of WT (JM8+/+ and Jarid2fl/fl) and Jarid2-null (E8-/- and Jarid2-/-) mESC colonies plated at low
density and immunolabelled for Nanog (green) and stained for DAPI (blue). Scale bar, 10μm. (G)
CRISPR
FACS analysis of Nanog expression in parental (filled grey) and Jarid2
(green) mESC line.
Unlabelled control is shown as a black line.
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Next, I attempted to elucidate the mechanism underlying the higher Nanog protein
expression in Jarid2-null mESCs. First, I examined Oct4 and Nanog transcript levels
in Jarid2-deficient mESCs. Oct4 mRNA was detected at a similar level in Jarid2-null
(E8 -/-) and WT (JM8 +/+) mESCs, whereas Nanog transcript levels appeared to be
higher (~1.5 fold) in Jarid2-null mESCs relative to WT counterparts (Figure 5.4A).
Jarid2 reportedly guides the deposition of H3K27me3 onto target gene promoters by
PRC2, which results in maintenance of repression (Landeira et al., 2010; Li et al.,
2010; Pasini et al., 2010; Peng et al., 2009; Shen et al., 2009). However, Jarid2 does
not directly bind to the Nanog promoter in mESCs (Pasini et al., 2010). Having
observed the deregulation of β-catenin activity in Jarid2-mutant mESCs (Figure 5.2),
I explored the possibility that the high Nanog expression results from altered
availability or activity of repressors associated with canonical Wnt signalling.
Transcription factor 3 (Tcf3), an effector of canonical Wnt signalling, has been shown
to bind to Nanog promoter and negatively regulate its expression (Cole et al., 2008).
Also, experimental depletion of Tcf3 in mESCs leads to upregulation of Nanog
expression (Cole et al., 2008). Expression of Tcf3 protein was examined by Western
blotting and revealed similar levels in WT and Jarid2-null mESCs (Figure 5.4B,
performed by Jorge Soza-Ried, Amelie Feytout). I followed this analysis with
chromatin precipitation (ChIP) assays of Tcf3 binding at the Nanog promoter locus.
Site 1 (~4,400bp upstream of the Nanog transcription start site) was previously
reported to be a Tcf3 consensus binding site in Nanog promoter and Site 2 was used
as a negative control site (Figure 5.4C, top panel) (Cole et al., 2008). ChIP analysis
revealed a reduction in Tcf3 bound to the consensus site in the Nanog promoter in
Jarid2-null mESCs as compared to WT counterparts (E8-/- white bars vs JM8+/+
black bars; Figure 5.4C). This result suggests that Jarid2 might regulate Nanog
activity via Wnt signalling-mediated Tcf3 repression. It remains unclear, however,
how Jarid2 modulates Tcf3 activity.
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Figure 5.4. Jarid2-null mESCs show reduced Tcf3 binding at the Nanog locus. (A) RT-qPCR
analysis of Oct4 and Nanog transcripts in wild type (JM8, black bars) and Jarid2-/- (E8, white bars)
mESCs. Expression relative to HMBS. Mean±SD of three independent experiments. (B) Western
blot analysis of Tcf3 in WT (JM8+/+) and Jarid2-null (E8-/-) mESC cultures. Actin was used as a
loading control. (C) Chromatin immunoprecipitation (ChIP) analysis of Tcf3 binding at Nanog locus
in WT (JM8+/+, black bars) and Jarid2-null (E8-/-, white bars) mESCs. IgG was used as a negative
control. Site 1 (~4000bp) is a Tcf3 consensus binding site and site 2 is a negative control (Cole et
al., 2008). Mean ± SD of three independent experiments are shown. Asterisks denote statistical
significance (p <0.05; Student’s t-test).

5.4. Examining the effects of Jarid2 depletion on the
expression of pluripotency factors with heterogeneous
distribution in WT mESCs
In WT mESCs grown in serum and LIF Nanog levels fluctuate (Chambers et al.,
2007). We show that in the absence of Jarid2, Nanog levels in mESCs are
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constitutively high (Figure 5.3C, E and G). In addition to Nanog, other pluripotent
genes, including Esrrb (van den Berg et al., 2008), Rex1 (Toyooka et al., 2008),
Stella (Hayashi et al., 2008), Klf4 and Tbx3 (Niwa et al., 2009) show heterogenous
expression patterns in serum + LIF cultured mESCs. The lack of Nanog-low cells
observed in Jarid2-null mESCs resembles mESCs grown in presence of GSK3
inhibitor and MEK inhibitor (2i conditions), so called ground state of pluripotency. In
the ground state, Nanog and other pluripotency factors are expressed in a uniformly
high manner (Marks et al., 2012; Wray et al., 2010). I examined whether Jarid2
regulates the expression of other pluripotent transcription factors known to be
heterogeneously expressed in mESCs cultured in serum and LIF. I took advantage
of three reporter mESC lines in which GFP is expressed under the control of the
Nanog, Rex1 (endogenous gene knock-ins) or Stella (transgene) gene promoters
(Chambers et al., 2007; Hayashi et al., 2008; Toyooka et al., 2008). I used siRNAmediated knockdown of Jarid2 to examine whether Jarid2 depletion alters GFP
expression as judged by FACS analysis (Figure 5.5A). Briefly, each of the three
reporter cell lines was transfected with siRNAs targeting Jarid2 or scrambled (SCR)
sequence as a negative control. 72h after transfection total cell lysates were
analysed by Western blot (performed by Amelie Feytout) and FACS (scheme in
Figure 5.5A). Western blots showed a slight decrease in Jarid2 protein levels in the
samples transfected with Jarid2 siRNA, as compared to matching SCR controls
(Figure 5.5B). FACS analysis of GFP expression did not reveal, however, any
difference in Nanog, Rex1 or Stella expression between Jarid2 siRNA and SCR
siRNA matched samples (Figure 5.5C). Importantly, Nanog expression profiles were
not significantly altered in Jarid2 siRNA and SCR siRNA transfected samples (Figure
5.5C). This suggests that the extent of the depletion induced by siRNA targeting was
insufficient to alter Nanog expression shown previously in Jarid2 KO mESCs (Figure
5.3C). Furthermore, this suggests that the experimental knockdown of Jarid2
expression achieved using this approach was not sufficient to estimate the impact of
Jarid2 on Rex1 or Stella expression.

118

Figure 5.5. Examining the effects of Jarid2 knockdown on the expression of Nanog, Rex1
and Stella in mESCs. (A) Schematic representation of the experimental strategy to study whether
knocking-down Jarid2 by siRNA affects the expression of Nanog, Rex1 and Stella using GFP
reporter mESC lines. Nanog-GFP, Rex1-GFP and Stella-GFP mESC lines were transfected with
siRNA targeting Jarid2 or scrambled (SCR) sequence. After 72h, cell extracts were analysed by
Western blot to confirm the decrease in Jarid2 protein levels and GFP expression profiles were
examined by FACS. (B) Western blot analysis of whole cell extracts showing Jarid2 levels after
siRNA knockdown in Nanog-GFP, Rex1-GFP and Stella-GFP mESC lines as compared to matching
controls transfected with SCR siRNA. Lamin B provides a loading control. (C) FACS analysis of
Nanog-GFP, Rex1-GFP and Stella-GFP expression. Histograms show expression of Nanog (left
panel), Rex1 (middle panel) and Stella (right panel) detected by FACS 72h after transfection with
siRNA against Jarid2 (blue line) or SCR sequence (red line).
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5.5. Nanog overexpression and depletion of Fzd2, Prickle1
and Wnt9a in mESCs phenocopies Jarid2-deficiency
Jarid2-null mESCs have a deregulated PCP signalling and high Nanog expression.
To investigate whether alterations in PCP or Nanog expression might per se
recapitulate the observed phenotype of Jarid2-null mESCs, we overexpressed
Nanog or depleted components of the PCP pathway in WT mESCs. Triple Fzd2,
Prickle1 and Wnt9a (PCPCRISPR)-depleted mESCs were generated by CRISPR-Cas9
engineering (Hakan Bagci, described and validated in Landeira et al., 2015) and
displayed properties consistent with Jarid2-mutants such as aberrant colony
formation (white arrows denoting characteristical stacking of Jarid2-null cells, Figure
5.6A), constitutive Nanog-high expression (Figure 5.6B; green histogram PCPCRISPR
vs grey filled histogram parental line; performed by Jorge Soza-Ried) and reduced βcatenin activity (Figure 5.6C; compare white bars – PCPCRISPR and black bars – WT
mESCs). In order to examine the effect of an elevated dose of Nanog on mESCs, I
engineered a mESC line stably overexpressing Nanog (Nanog OE; Figure 5.6C; ~7
fold Nanog mRNA – white bar, compared to parental mESCs – black bar) using the
approach described previously (Theunissen et al., 2011). Briefly, stable Nanog OE
line was established by co-transfecting WT E14 mESCs with PiggyBac (PB)
transposon vector carrying Nanog-overexpression cassette and a vector expressing
PBase to ensure stable incorporation. RT-qPCR analysis and TOPFlash reporter
assays revealed that this line expressed reduced Fzd2, Prickle1 and Wnt9a (Figure
5.6D), and decreased β-catenin activity (Figure 5.6E), respectively. These results
suggest that Nanog and PCP components expression, and β-catenin activity are
parts of a regulatory circuit controlled by Jarid2. Furthermore, in all the lines
engineered

for

Jarid2

depletion,

PCP

components

depletion

or

Nanog

overexpression, high Nanog expression coincided with low β-catenin activity. To
directly test this circuit in mESCs, I examined β-catenin activity in Nanog high,
medium and low cells within the TNG (Nanog-GFP) line. Briefly, TNG mESCs were
separated into Nanog-low, Nanog-medium and Nanog-high by FACS (Figure 5.6F),
and each fraction was assessed for β-catenin activity by TOPFlash reporter assays.
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This experiment confirmed an inverse correlation between Nanog expression and βcatenin activity in WT mESCs (Figure 5.6G).

Legend on next page
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Figure 5.6. Nanog overexpression and depletion of Fzd2, Prickle1 and Wnt9a in mESCs
phenocopies Jarid2 deficiency. (A) Confocal images of Nanog immuno-labelled (green)
CRISPR
Wnt9a/Fzd2/Prickle1-depleted (PCP
) (right) and WT mESCs (left). White arrows denote
characteristic positioning of mutant cells within a colony. DAPI (blue). Scale bar, 10μm. (B) FACS
CRISPR
analysis of Nanog expression in PCP
(green) and WT mESCs (filled grey). Unlabelled control
CRISPR
is shown as a black line. (C) β-catenin activity was assessed by TOPFlash reporters in PCP
mESCs (white bar) as compared to parental line (black bar). Mean±SD of three independent
experiments. Asterisk denotes statistical significance (p <0.05; Student’s t-test. (D) RT-qPCR
analysis of Nanog expression in mESCs engineered to overexpress Nanog (NanogOE, white bar)
compared to parental line (black bar). (E) RT-qPCR analysis of Fzd2, Prickle1 and Wnt9a
transcripts in wild type (black bars) and Nanog OE (white bars) mESCs. Mean±SD of three
independent experiments. Asterisk denotes statistical significance (p <0.05; Student’s t-test. (F) βcatenin activity was assessed by TOPFlash reporters in Nanog-overexpressing mESCs (white bar)
as compared to parental line (black bar). Mean±SD of three independent experiments. Asterisk
denotes statistical significance (p <0.05; Student’s t-test. (G) Nanog-GFP mESC cultures (TNG)
were FACS isolated into Nanog-low (dark grey), -medium (grey) and -high (light grey) expressing
cells (upper panel) and β-catenin activity was compared using TOPFlash reporters (lower panel).
β-catenin activity relative to levels in Nanog-high cells. Unsorted TNG mESCs (black) provide a
control. Results show mean±SD of three independent experiments. (H) Schematic representation
of the experimental strategy to evaluate β-catenin activity in sequential stages of cell cycle in
mESCs. E14 mESCs were transfected with TOPFlash reporters, expanded for 48h and subjected
to counterflow centrifugal elutriation. Resulting G1-, S-, G2- and G2/M-enriched fractions were
directly lysed and assessed for β-catenin activity levels. (I) DNA content in elutriated fractions of
TOPFlash-transfected E14 mESCs as detected by PI staining followed by FACS. DNA content of
asynchronous transfected mESCs is shown for comparison. (J) β-catenin activity evaluated by
luciferase-based TOPFlash assays comparing G1, S, G2 and G2/M-enriched fractions relative to
asynchronous population. Error bars denote SD of three independent experiments.

Levels of Nanog transcript and protein appear to be independent of the cell cycle
stage in mESCs (Tsubouchi et al., 2013). I examined whether β-catenin activity
levels fluctuate during the mESC cell cycle. To this end, I transfected wild-type
mESCs (E14) with TOPFlash reporters as described above. After 48h, I separated
the transfected mESC cultures into G1-, S, G2- and G2/M-enriched fractions using
centrifugal elutriation and measured β-catenin activity in each fraction (Figure 5.6H).
Cell cycle stage enrichment in each of the fractions was validated by propidium
iodide (PI) staining followed by FACS analysis (DNA content of each fraction is
shown in Figure 5.6I). The asynchronous population showed a typical mESC cell
cycle profile, which indicated that TOPFlash transfection did not affect the mESC cell
cycle progression (Figure 5.6I, left-most panel). Luciferase activity analysis in the
isolated fractions revealed that β-catenin activity levels were the lowest in G1-phase
and gradually increased until peaking in G2/M-phase (white bars, black bar
represents an asynchronous population, Figure 5.6J).
122

5.6. Defects in differentiation of Jarid2-null mESCs can be
partially rescued by co-culture with Jarid2 WT mESCs
Jarid2-null mESCs have impaired cell-cell contacts and form flat, dispersed colonies
that do not differentiate properly (Landeira et al., 2010). Having observed reduced
Wnt signalling activity in Jarid2-null mESCs, we investigated whether the above
defects are caused by a non-cell autonomous effect of Jarid2 depletion. To this end,
co-culture experiments were employed in which we cultured Jarid2-null E8 cells with
WT mESCs (performed by Jorge Soza-Ried and Karen Brown). E8 -/- cells were
marked by GFP (Landeira et al., 2010), and were easily identified following coculture. Briefly, mESCs were mixed in 1:1 ratio and cultured for 16 hours before
microscopy analysis. Co-culture with WT mESCs restored the ability of Jarid2-nulls
to form coherent colonies (Figure 5.7A, performed by David Landeira, Jorge SozaRied and Karen Brown). Next, we examined Nanog levels and we found that coculture reinstated normal Nanog expression (identical as in WT mESCs) in Jarid2
KO (Figure 5.7B, performed by Jorge Soza-Ried). Furthermore, I found that coculture with WT mESCs partially restored β-catenin activity in Jarid2-null cells
(Figure 5.7C). Jarid2 KO (E8-/-) were transfected with TOPFlash reporters and
cocultured with WT mESCs for 24 or 72 h. At these timepoints, E8 -/- were isolated
from the co-cultures by FACS by GFP expression and β-catenin activity were
assessed by measuring the luciferase expression.

Specifically, after 72 h of co-

culture E8 -/- cells showed significant increase in β-catenin activity, corresponding to
approximately 60% of levels observed in WT JM8 cells. In contrast, co-culture with
fibroblasts (SNL feeders) did not result in elevated β-catenin activity of Jarid2-null
mESCs (Figure 5.7D). Finally, we tested whether co-culture could enhance the
differentiation capacity of Jarid2 KO mESCs. Neural induction assays (10 days) were
performed following E8-/- JM8+/+ co-culture. These experiments have revealed that
proportion of Jarid2-null E8-derived cells (identified within mixed cultures on the
basis of GFP expression) express neural markers including Nestin and Mash1 (red)
(Figure 5.7E; performed by Jorge Soza-Ried and Karen Brown) in contrast to cells
that were not co-cultured with WT mESCs (Landeira et al., 2010). After 10 days of
neural induction, approximately 47% of E8-derived cells expressed Nestin, while
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control WT cultures contained more than 80% of Nestin-positive cells (Figures 5.7E
and 5.7F). I did not test whether E8 cultures require the continuous presence of WT
counterparts during the differentiation protocol. To further explore the non-cell
autonomous nature of this rescue, other types of cells were tested in co-culture
assays including thymocytes and B cells or conditioned media produced by WT
mESCs. These conditions, however, did not restore the wild-type properties in Jarid2
KO mESCs (Jorge Soza-Ried, personal communication). These results show that
co-culture with WT mESCs can partially restore normal colony formation, variable
Nanog levels, β-catenin activity and differentiation of Jarid2 KO mESCs.

Legend on next page
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Figure 5.7. Co-culture with WT mESCs partially restores the differentiation capacity of Jarid2null mESCs. (A) Schematic representation of cell mixing experiments (left). Confocal images (right)
show GFP-labelled Jarid2-null mESCs (E8-/-, green) cultured alone or co-cultured with unlabelled WT
mESCs (JM8+/+) for 16 hours. (B) FACS analysis of Nanog expression in JM8+/+ and E8-/- alone (left,
isolated by FACS for GFP-negative and positive cells, respectively), and E8-/- cells after 24 hours of coculture with WT mESC (isolated by FACS for GFP-positive cells). (C) β-catenin activity assessed by
TOPFlash reporter system in E8-/- alone and after 24h and 72h of co-culture with WT mESCs. βcatenin activity relative to levels in JM8+/+ mESCs. Results show mean ± SE of three independent
experiments. Asterisks denote statistical significance (p <0.05; Student’s t-test). (D) β-catenin activity
assessed by TOPFlash reporter system in E8-/- alone and FACS-sorted after 72h of co-culture with
mouse embryonic fibroblasts (SNL feeders). (E) Confocal images of Nestin or Mash1 immuno-labelled
(red) GFP-expressing E8-derived cultures after co-culture with WT mESCs followed by neuronal
differentiation (10 – 12 days). Nestin expression was detected in 47% of the total E8-derived cultures
while control unmixed E8 cultures yielded only few Nestin-negative surviving cells (Landeira et al.,
2010). DAPI stain (blue). Scale bars, 20μm (Nestin) and 10 μm (Mash1). (F) Confocal image of Nestin
immuno-labelled JM8-derived cells obtained after 10 – 12 days of neural induction. 82% of cells were
Nestin-positive. DAPI (blue). Scale bar, 10 μm.

5.7. Jarid2 KO mESCs induce the formation of multiple
inner cell masses upon injection into E3.5 blastocyst
Depletion of Jarid2 in mESCs results in impaired differentiation capacity (Landeira et
al., 2010; Shen et al., 2009). Therefore, it is surprising that Jarid2-null embryos
develop beyond the gastrulation stage and show lethality at E10.5 or later (Jung et
al., 2005a; Takeuchi et al., 1995). As co-culture with WT mESCs can partially restore
normal phenotype of Jarid2 KO cells, we examined whether Jarid2 KO mESCs can
contribute to the normal developing embryo. GFP-expressing Jarid2 KO mESCs or
WT mESCs were injected into normal E3.5 mouse blastocysts and then cultured for
16 – 20 hours followed by immunofluorescence assays (performed by Karen Brown).
Interestingly, Jarid2 KO mESC-injected blastocysts formed multiple inner cell
masses (ICMs) (16/39) (Figure 5.8A and Table 5.1), in contrast to blastocysts
injected with WT mESCs (0/90) (Figure 5.8A and Table 5.1). Nanog and Gata6 show
mutually-exclusive expression in cells of the blastocyst stage embryo and are
important for the formation of the ICM and primitive endoderm, respectively (Rossant
and Tam, 2009). The secondary ICMs appeared to be positioned around clusters of
Jarid2 KO mESCs (green), which might be expected to express higher levels of
Nanog. Nevertheless, Gata6 expression was detected in the surrounding cells of the
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embryo, indicating that Jarid2 KO mESCs instructed neighbouring WT blastomers to
form additional ICMs (Figure 5.8B). Next, we asked whether the formation of multiple
ICMs was a consequence of an abrogation of the PRC2-related function of Jarid2, or
alternatively the coordinate regulation of Nanog expression and Wnt activity. To this
end, E3.5 blastocysts were injected with either Eed-null B1.3 mESCs (Azuara et al.,
2006),

Nanog-overexpressing

(Nanog

OE)

or

Prickle1/Fzd2/Wnt9a-depleted

(PCPCRISPR) mESCs, respectively. While injections of WT or Eed-null mESCs
resulted in the formation of single ICMs, Jarid2-null mESCs, Prickle1/Fzd2/Wnt9adepleted mESCs or Nanog-overexpressing mESCs consistently induced multiple
ICM formation (Table 5.1).

Figure 5.8. Jarid2-null mESCs induce the formation of multiple ICMs when injected into E3.5
blastocysts. (A) Confocal images showing WT mouse blastocyst injected with GFP-labelled
(green) WT (JM8+/+, upper) or Jarid2-null (E8-/-) mESCs at E3.5 and immuno-labelled for Nanog
(red) and stained with DAPI (blue) 16 – 20h later (E4.5). Dashed circles denote ICMs formed.
Scale bar, 10μm. (B) Confocal analysis of E4.5 blastocyst injected with GFP-labelled (green)
Jarid2-null mESCs immuno-labelled for Gata6 (red) and stained for DAPI (blue). Scale bar, 10 μm.
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Table 5.1. Multiple ICMs are induced in E3.5 mouse blastocyst after injections with Jarid2-null,
Prickle1/Fzd2/Wnt9a-depleted, or Nanog-overexpressing ESCs. Normal E3.5 blastocysts were
injected Jarid2 KO, PCP-depleted, Nanog-overexpression or Eed KO ESCs, or matching wildtype
cells (indicated in the left column). Number of blastocysts analysed for each type of cells injected is
shown in the middle column. Number of blastocysts with more than one ICM formed for each cell
type injected is indicated in the right column together with the percentages of multiple ICM
blastocysts relative to total blastocysts analysed.

ESC

Number of blastocysts

Number of blastocysts

injected/analysed

with 1>ICM (%)

JM8 +/+

90

0

E8-/-

39

16 (41)

E14

62

0

Jarid2CRISPR

40

14 (35)

PCPCRISPR

23

11 (48)

Nanog OE

43

19 (44)

Eed -/- (B1.3)

27

0

5.8. Discussion and future perspectives.
Jarid2 has been previously identified as a member of the Polycomb group proteins,
and involved in PRC2 targeting and gene repression maintenance via chromatin
regulation (reviewed in Landeira and Fisher, 2011). Here, we show that Jarid2 acts
as a positive regulator of the Wnt/PCP signalling pathways. Jarid2 directly binds and
regulates a subset of PCP genes including Fzd2, Prickle1 and Wnt9a. As a
consequence of Jarid2 depletion, mESCs express lowered levels of these PCP
signalling components. The reduced expression of PCP genes occurs in the
absence of significant changes in H3K27me3 levels on the corresponding promoters.
This is consistent with modest effects of Jarid2 depletion on H3K27me3 levels in
mESCs (reviewed in Landeira and Fisher, 2011). These results suggest that Jarid2
might have an additional regulatory role that is not related to H3K27me3 and distinct
from PRC2-mediated gene repression.
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We show, that besides the PCP pathway, canonical Wnt/β-catenin signalling is also
impaired in Jarid2-null mESCs. Specifically, Jarid2-null mESCs show reduced levels
of β-catenin transcriptional activity, despite unchanged levels of the total protein. The
role of β-catenin in pluripotency is debated and it is thought to be either required (ten
Berge et al., 2011) or dispensable for mESC self-renewal (Lyashenko et al., 2011;
Wray et al., 2011). Our results appear compatible with the latter idea, as we show
that Jarid2-null mESCs express key pluripotent genes and self-renew in culture.
Previous studies demonstrated that Jarid2-null mESCs have a compromised ability
to differentiate (Landeira et al., 2010; Li et al., 2010; Pasini et al., 2010; Peng et al.,
2009; Shen et al., 2009). This impaired differentiation of Jarid2-null mESCs in the
presence of low levels of β-catenin activity is consistent with several reports showing
transcriptionally active (nuclear) β-catenin being required for pluripotent cell
differentiation in vitro (Atlasi et al., 2013; Faunes et al., 2013; Lyashenko et al., 2011)
and in vivo (Huelsken et al., 2000). The discrepancy between total and nuclear βcatenin levels could be possibly explained by the existence of two subcellular pools
with distinct functions: nuclear β-catenin regulating gene transcription and
membrane-associated β-catenin implicated in cell-cell adhesion (Sineva and
Pospelov, 2014). Nevertheless, it remains to be fully understood how these two
pools of β-catenin are targeted and regulated, and whether they are interrelated.
We show that Jarid2-null mESCs cultured in serum + LIF express constitutively high
levels of Nanog as they lack a Nanog-low cell compartment. At present, the
mechanism of this altered Nanog protein in Jarid2-null mESCs remains unclear and
could be related to a change in Nanog protein stability/turnover (Ian Chambers,
personal communication). Depletion of the core component of PRC1 (Ring1B) or
PRC2 (Eed) in mESCs does not affect expression of Nanog (Eskeland et al., 2010;
Leeb et al., 2010), which suggests that the effect of Jarid2 depletion on Nanog levels
might be PRC2-independent. This constitutive Nanog expression in Jarid2-null
mESCs is different from WT mESCs, in which Nanog levels fluctuate between
Nanog-high and Nanog-low states (Chambers et al., 2007, Kalmar et al., 2009). In
this regard, Jarid2-null mESCs resemble mESCs cultured in 2i media, so called
ground state pluripotency (Ying et al., 2008). In these culture conditions, mESCs
express more homogenous Nanog and other pluripotent genes such as Stella or
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Rex1 (Marks et al., 2012; Wray et al., 2010) and are expected to be more resistant to
differentiation cues, similarly to Jarid2-null mESCs. This suggested that Jarid2 may
regulate expression of other pluripotency genes that are heterogeneously expressed
in serum + LIF cultured mESCs. However, my attempts to examine the effect of
Jarid2 depletion on Stella and Rex1 expression were inconclusive due to a low
efficiency of siRNA-mediated knockdown. Finally, it remains unclear whether the
altered heterogeneity of pluripotent factors expression in Jarid2 KO mESCs is
Nanog-specific or also affects Esrrb that was shown to be a Tcf3 target and
substitute for Nanog in maintaining ESC self-renewal (Martello et al., 2012;
Festuccia et al., 2012). Collectively, our results suggest that elevated expression of
Nanog in Jarid2-null mESCs might be linked to the differentiation block of these
cells. One way of directly testing this possibility would be to artificially deplete Nanog
in Jarid2-null ESCs and check if this is sufficient to remove the differentiation block.
Ideally, this Nanog depletion would have to be performed to restore the variable
Nanog levels, rather then to create homogenously Nanog-low cell line. Also, these
Nanog-depleted Jarid2-null cells would have to be carefully examined in terms of the
Wnt/β-catenin activity.
Jarid2-null mESCs express constitutive Nanog and have reduced Wnt/β-catenin
signalling activity. Since Jarid2 does not directly bind to the Nanog promoter in
mESCs (Pasini et al., 2010), we have explored other negative regulators of Nanog in
order to explain different levels of Nanog in Jarid2-null and WT mESCs. In this
regard, Tcf3 showed decreased binding to the Nanog gene promoter in Jarid2-null
as compared to WT mESCs. This was consistent with Tcf3 repressing Nanog in
mESCs and its role as a transcriptional effector of canonical Wnt signalling (Pereira
et al., 2006). Reduced Tcf3-mediated repression in Jarid2-mutants suggested some
resemblance to Tcf3-null mESCs, however, Jarid2-null express normal levels of this
protein as compared to WT mESCs. Furthermore, Tcf3 was also shown to repress
other pluripotency genes in mESCs such as Oct4 and Sox2 (Cole et al., 2008) and
expression of these genes is not altered in Jarid2-null mESCs. Nevertheless, it
remains unclear how Jarid2 regulates Tcf3 activity and if this process involves βcatenin.
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We also show that depletion of Fzd2/Prickle1/Wnt9a or Nanog overexpression in
mESCs largely recapitulates cellular defects of Jarid2-null mESCs (it has to be noted
that it remains to be tested whether the Fzd2/Prickle1/Wnt9a-depleted ESCs are
able to properly execute differentiation). These results obtained in engineered mESC
lines indicated an inverse correlation between Nanog and β-catenin transcriptional
activity, which was subsequently confirmed in wild-type mESCs. This inverse
correlation between Nanog and nuclear (active) β-catenin is compatible with a recent
report showing that Nanog positively regulates expression of total β-catenin in
mESCs (Marucci et al., 2014). Our results suggest that Nanog, PCP and Wnt
signalling are parts of a robust regulatory circuit controlled by Jarid2 (Figure 5.9). In
WT mESCs Jarid2 maintains the balance between Nanog expression (by negatively
regulating it) and Wnt/β-catenin activity (by promoting it). Accordingly, Jarid2
depletion results in elevated expression of Nanog and reduced Wnt/β-catenin
signalling, which is associated with impaired differentiation of mESCs (Figure 5.9).
Taken together, we identify a Jarid2-controlled circuit in mESCs that might regulate
the balance between self-renewal and differentiation, which could offer an
explanation for the differentiation block of Jarid2-null mESCs.

Figure 5.9. Model of interdependency of Nanog, PCP and Wnt/β-catenin activity in WT and
Jarid2-null mESCs. Jarid2 coordinates Nanog expression and PCP/Wnt signalling, and facilitates
mESC differentiation. In the absence of Jarid2, mESCs express constitutive Nanog, reduced PCP
expression and β-catenin activity, and do not differentiate efficiently.
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I also show a relationship between active β-catenin levels and cell cycle stage of WT
mESCs. Specifically, β-catenin activity is lowest in G1-phase mESCs and increases
until G2/M-phase. This is consistent with previous results showing similar cell cycledependent oscillations of Wnt/β-catenin activity in somatic cells (Olmeda, 2003).
Nevertheless, the connection between cell cycle stages and β-catenin activity has
not been studied in mESCs to date. In this regard, Jarid2-null mESCs show normal
cell cycle structure (Landeira et al., 2010), which suggests that low β-catenin activity
does not directly affect mESC cell cycle progression.
We show that co-culture with WT mESCs restores the balance between Nanog
expression and β-catenin transcriptional activity and partially rescues the
differentiation capacity of Jarid2 KO mESCs. This supports the idea that high Nanog
and low active β-catenin might underlie the differentiation block of Jarid2-null
mESCs. Moreover, rescue after co-culture suggests a non-cell autonomous nature of
Jarid2 phenotype that can be salvaged by the provision of currently unidentified
factors by WT mESCs. Co-culture with other cell types (such as fibroblasts and T
lymphocytes), WT mESC-conditioned media or modulating Wnt signalling activity by
ligands (for example Wnt3a) or inhibitors (such as PORCN inhibitor) does not result
in rescue of Jarid2-null mESCs (David Landeira and Amelie Feytout – personal
communication). Therefore, it can be speculated that establishing specific ES cellcell contacts with WT mESCs might be mechanistically required for rescue of Jarid2null mESCs. In this respect, gap junctions are known to form cell -type specific
channels between apposed cells (Evans and Martin, 2002). Moreover, gap junction
intracellular communication has been implicated in Wnt signalling pathways and
efficient differentiation (Evans and Martin, 2002; Huang et al., 1998; Parekkadan et
al., 2008; Rinaldi et al., 2014; van der Heyden et al., 1998), which makes it an
interesting candidate to examine in Jarid-null mESCs. Regardless of the mechanism,
this non-autonomous manner of Jarid2-null mESCs rescue could offer an
explanation for Jarid2-null embryos showing normal development until E10.5 or
beyond, and reconcile the conflicting differentiation potential of Jarid2 cells in vitro
and in vivo.
Finally, we report the ability of Jarid2-null mESCs (as well as Nanog-overexpressing
and Fzd2/Prickle1/Wnt9a-depleted mESCs), but not Eed-null mESCs, to induce the
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formation of multiple ICMs upon injection into E3.5 blastocysts. Although we do not
know the molecular mechanism of this phenomenon, it is tempting to speculate that
it might be related to the deregulation of Wnt/PCP signalling in the mutant cells. The
PCP pathway is more likely to be implicated as it is active as early as 4-cell stage
embryos, whereas β-catenin expression is initiated at the implantation (Na et al.,
2007). On the other hand, it has been suggested that the early embryos rely on
maternally-inherited β-catenin (De Vries et al., 2004; Wylie et al., 1996). Additionally,
this embryo ‘twinning’ somewhat resembles the classic Xenopus embryo
experiments in which a secondary axis was induced by exogenously supplementing
factors promoting Wnt signalling including β-catenin, Dvl or Wnt1 (reviewed in
Cadigan and Nusse, 1997). In our experiments, however, multiple ICMs were
induced by introducing cells with reduced Wnt signalling and not by Wnt signalling
components. Additionally, morula aggregation experiments will be required to track
the fate of these additional ICMs in the later-stage embryos.
Collectively, our results show a non-canonical role of Jarid2 in coordinating Wnt/PCP
signalling and Nanog expression in mESCs. Our data reveal a Jarid2-controlled
Wnt/PCP-Nanog circuit which is important for mESC differentiation in vitro and
proper embryonic development in vivo.
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Chapter 6. General Discussion
Experimental cellular programming and reprogramming offer two opposite, but
complementary approaches to identify factors important for development of
multicellular organisms and to understand underlying mechanisms. My research
focussed on two specific aspects of experimental programming and reprogramming.
First, I have examined the contribution of the cell cycle to reprogramming using cell
fusion-mediated approaches. Secondly, I have investigated the role of Jarid2, a
member of polycomb repressor complex 2 (PRC2), in coordinating Nanog
expression and the Wnt/PCP signalling pathways to facilitate mouse embryonic stem
cell (mESC) differentiation and early development. Finally, I indicate a link between
the cell cycle and Wnt/β-catenin signalling activity in mESCs, suggesting that the cell
cycle and the Wnt signalling pathways may act in concert to regulate mESC
pluripotency and cellular reprogramming.

6.1. Contribution of the cell cycle to reprogramming

In the first part of my thesis, I used cell-fusion approaches to show that somatic cells
(B lymphocytes) are not able to reprogram pluripotent cells (mESCs) towards
somatic identity or establish pluripotent-somatic codominance, regardless of the cell
cycle stage of these cells. These result are consistent with pioneering cell fusion
experiments by Henry Harris suggesting that programs of cells representing earlier
developmental stages dominate over those of more differentiated cells (Harris,
1970). In agreement, my results show that terminally differentiated B lymphocytes
with a narrow developmental potential, are not able to reprogram pluripotent mESCs.
This is in line with the consistent dominance of various types of pluripotent cells
including embryonic stem (ES), embryonic carcinoma (EC), embryonic germ (EG),
trophoblast stem (TS) and extra-embryonic endoderm (XEN) over somatic cells after
cell fusion (Miller and Ruddle, 1976; Pereira et al., 2008; Tada et al., 2001; Tada et
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al., 1997; Santos et al., 2010). Although the molecular mechanism underlying
dominance of pluripotent cells remains unclear, it has been speculated that this
might reflect the hierarchy of factors (master regulators) that are expressed by
pluripotent and somatic cells (Soza-Ried and Fisher, 2012). This idea is supported
by evidence from all three reprogramming approaches. First, cell fusion studies
revealed that certain pluripotent factors such as Oct4 were required for ESCmediated reprogramming (Pereira et al., 2008), while other such as Nanog increase
the efficiency of the pluripotent conversion (Silva et al., 2006). Secondly, somatic cell
nuclear transfer (SCNT) reprogramming is mediated by the cytoplasm of an oocyte
that contains pluripotent transcription factors including Oct4 and Sox2 (reviewed in
Jullien et al., 2011). Finally, ectopic expression of transcription factors associated
with the pluripotent state (Oct4, Sox2, Klf4 and Myc) was shown to reprogram a
range of somatic and progenitor cell types into pluripotency (reviewed in Yamanaka
and Blau, 2010). In contrast, terminally differentiated cells, such as B lymphocytes,
contain a repertoire of factors acting to maintain their specialised identity, which are
less likely to initiate reprogramming of another cell type (Vierbuchen and Wernig,
2011). For example Pax5 is a transcription factor essential for B lymphocyte identity
by simultaneously activating B lymphocyte-specific genes and supressing lineage
‘inappropriate’ expression (Nutt et al., 1999; Rolink et al., 1999). However,
overexpressing Pax5 in closely related cell types such as hematopoietic stem cells
(HSCs) or erythro-myeloid progenitors is not sufficient to convert them into the B
lymphocyte lineage (Cobaleda et al., 2007). This could suggest that lymphocyteassociated factors might have a limited master regulator capacity.
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Figure 6.1. Contribution of cell cycle in different reprogramming contexts. (A) DNA replication is
required during somatic-to-pluripotent conversion accomplished by cell fusion or pluripotent factor
overexpression. (B) Conversion from one somatic cell type to another can occur in the absence of
DNA replication. Examples include fibroblast-to-myocyte reprogramming achieved by MyoD
overexpression in fibroblasts or fusing fibroblasts with myocytes (containing endogenous MyoD). (C)
Pluripotent-to-somatic conversion has been achieved using ectopic expression of factors. The
requirement for DNA replication in this conversion has not been examined. Filled grey triangles denote
developmental potential.
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In some reprogramming contexts, transcription factors expressed by somatic cell
types can dominantly convert other somatic cells. This type of reprogramming is
thought to represent a direct conversion as it is rapid and does not involve
reprogramming intermediates (Sancho-Martinez et al., 2012). For example, ectopic
expression of MyoD is sufficient to convert fibroblasts to myocytes (Davis et al.,
1987), while overexpressing the combination of Ascl1, Brn2 and Myt1l reprograms
fibroblasts to neurons (Vierbuchen et al., 2010). Direct conversions have been
usually reported between closely related somatic cell types, for example originating
from the same germ layer (mesoderm – fibroblasts and myocytes) (reviewed in
Vierbuchen and Wernig, 2011). In contrast, the transition of fibroblasts into neurons
occurs across different germ layers (Vierbuchen et al., 2010). This could be perhaps
explained by recent studies showing that certain transcription factors can act as
‘pioneers’ (Zaret and Carroll, 2011). Pioneer factors can directly bind to chromatin
and reactivate expression of genes required for a successful lineage conversion
(reviewed in Iwafuchi-Doi and Zaret, 2014). For example, during the fibroblast-toneuron conversion exogenous ASCL1 binds directly to the key neuronal regulators
embedded in repressive chromatin in fibroblasts and recruits the two other nonpioneer reprogramming factors, BRN2 and MYT1I (Wapinski et al., 2013). These
results suggest that context-specific pioneer factors can override local chromatin
barriers and initiate a successful conversion.

The inability of B lymphocyte to reprogram mESCs to a B cell-like fate could be also
explained by these cell types being distantly related, and indicate that reversing the
direction of reprogramming or establishing codominance might only be possible
when fusing two closely related cell types. In agreement with this, a study from our
laboratory demonstrated that myocyte-lymphocyte heterokaryons treated with
histone deacetylase (HDAC) inhibitors co-expressed gene programs of both cell
types (Terranova et al., 2006). Furthermore, it has been shown that the direction of
dominance can be changed by altering the cell ratio between myocytes and
keratinocytes used for fusion (Palermo et al., 2009). The last result is consistent with
the hypothesis that the relative dosage of reprogramming factors dictates the
direction of reprogramming (reviewed in Soza-Ried and Fisher, 2012). This idea is
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supported by a surprising finding that tetraploid fibroblasts are able to reprogram
diploid mESCs towards a fibroblast-like phenotype (Kruglova et al., 2010). One
possible way to functionally confirm this hypothesis would be to test whether the
dominance of mESC is retained after fusing diploid somatic cells with haploid
mESCs (Wutz, 2014).

The role of the cell cycle appears to be important in some, but not all reprogramming
contexts. For example, our laboratory showed that mESCs enriched for the later
stages of the cell cycle are more efficient at reprogramming somatic cells after cell
fusion (Tsubouchi et al., 2013). Mechanistically, S and G2/M mESCs have an
increased ability to induce early DNA replication in somatic nuclei, which is essential
for pluripotent reprogramming (Tsubouchi et al., 2013). In agreement, recent studies
also demonstrated that key pluripotent genes that are required to be reactivated
(such as Oct4 and Nanog) are silenced by DNA methylation and repressive
chromatin in somatic nuclei (Bhutani et al., 2010; Foshay et al., 2012; Han et al.,
2008; Pereira et al., 2008). These so called cis-silenced genes require DNA
replication to be reactivated, which is in line with a slow, cell division-dependent
kinetics of their induction (Foshay et al., 2012). This is in contrast to ‘trans-silenced’
genes that are readily accessible to reprogramming factors and become rapidly
activated after cell fusion (Foshay et al., 2012). Similarly, cell division and DNA
replication are required for iPSC reprogramming (Hanna et al., 2009). This is
supported by several studies showing that increased proliferation of somatic cell
population leads to enhanced or accelerated iPSC-mediated reprogramming, which
occurs in a cell division-dependent manner (Guo et al., 2014; Hanna et al., 2009;
Hong et al., 2009; Kawamura et al., 2009; Koche et al., 2011; Li et al., 2009a; Utikal
et al., 2009). In contrast, conversion between closely related somatic cell types
occurs in the absence of cell division. This is in agreement with key genes required
for

somatic-somatic

conversion

being

trans-silenced

and

accessible

to

reprogramming factors (Sancho-Martinez et al., 2012). Collectively, these studies
suggest that conversion between two distantly related cellular identities exemplified
by somatic-to-pluripotent reprogramming requires DNA replication. As these two cell
types have distinctive chromatin structures, that may pose a barrier to
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reprogramming, DNA replication might provide an opportunity for chromatin
remodelling and allow access to reprogramming factors (Figure 1A). In contrast,
conversion between two closely related somatic cells can occur in the absence of
DNA replication. This probably reflects lack of major chromatin barriers impeding this
type of conversion or only local roadblocks which can be overcome by specific
master regulator/pioneer factor (Figure 1B). To verify this hypothesis, it will be of
interest to compare remodelling and reprogramming factors that bind to the genome
of a cell undergoing reprogramming in the presence and in the absence of DNA
replication.
My results show that B lymphocytes are not able to reprogram mESCs (pluripotentto-somatic conversion) in cell fusion assays, regardless of the cell cycle stage of
these cells. Interestingly, two recent reports demonstrated a direct conversion of
mouse iPSCs or human ESCs into myocyte- or neuron-like cells, respectively, by
transcription factor overexpression (Pang et al., 2011; Warren et al., 2010). The
requirement for DNA replication or cell division, however, was not examined in these
studies (Figure 1C). Direct conversion of pluripotent cells by factor overexpression
might offer an alternative system to study the contribution of cell cycle to
reprogramming.

6.2. Wnt/β-catenin signalling in self-renewal and
differentiation of mESCs

Pluripotency relies on a dual capacity to self-renew and differentiate, depending on
external developmental signals (Ng and Surani, 2011). The core transcription
regulatory circuitry is central to the pluripotent state of mESCs (Young, 2011). It
remains to be fully explained, however, how external signals influence the pluripotent
circuitry, and direct mESCs towards self-renewal or differentiation. Several studies
implicated Wnt/β-catenin signalling in regulating the pluripotent state of mESCs
(reviewed in Merril, 2012). It had been long assumed that the supplementation of
Wnt ligands or stabilised β-catenin, or GSK3 inhibition promotes pluripotency by
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transcriptional activation of Wnt/β-catenin target genes (reviewed in Sokol, 2011).
However, several reports demonstrated that the transcriptional activation of Wnt
target genes is not required for the self-renewal of mESCs (Kelly et al., 2011;
Lyashenko et al., 2011; Wray et al., 2011). These findings suggested that Wnt/βcatenin regulation of mESC self-renewal might be functionally distinct from the
activation of target genes. Nuclear β-catenin regulates gene expression via Tcf/Lef
transcription factors (Sokol, 2011). All four members of Tcf/Lef factors are present in
mESCs with Tcf3 being most abundantly expressed (Pereira et al., 2006). Tcf1, Tcf4
and Lef are thought to act as transcription activators or repressors (Sokol, 2011). In
contrast, Tcf3 has been shown to act primarily as a repressor (Pereira et al., 2006).
Interestingly, Tcf3 was shown to bind to the Nanog promoter and limit its expression
in self-renewing mESCs (Pereira et al., 2006). In agreement, Tcf3 depletion leads to
elevated levels of Nanog and other pluripotent factors, and delayed or blocked
differentiation of mESCs (Cole et al., 2008; Pereira et al., 2006). Subsequent studies
revealed that Tcf3 also occupies promoters of Oct4 and Sox2, as well as promoters
of genes bound by the core pluripotent factors (Cole et al., 2008; Marson et al.,
2008a). In line with its role as a repressor, Tcf3 counteracts the transcriptional
activation of Wnt/β-catenin target genes (Pereira et al., 2006). The idea that Tcf3 and
β-catenin act antagonistically led to the current model where β-catenin,
independently of its transcriptional activity, promotes self-renewal by counteracting
Tcf3-mediated repression of the pluripotency network (Figure 3A) (Lyashenko et al.,
2011; Wray et al., 2011). However, β-catenin-null mESCs self-renew and express
normal levels of pluripotent genes (Lyashenko et al., 2011; Wray et al., 2011), which
suggests that pluripotency is stabilised by other unknown factors antagonising Tcf3mediated repression.
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Figure 6.2. Wnt/β-catenin in self-renewal and differentiation of wild type and Jarid2-/- mESCs.
(A) In WT mESCs the self-renewing state is stabilised by β-catenin antagonising Tcf3-mediated
repression of Nanog and other pluripotency factors. Tcf3 might be also regulated by other β-cateninindependent mechanisms. (B) Jarid2-/- mESCs express normal levels of total β-catenin and Tcf3
protein. Tcf3-mediated repression of Nanog is reduced which is associated with increased levels of
Nanog and robust self-renewal of Jarid2-null mESCs. This confirms that Tcf3 might be also regulated
by factors other than β-catenin. (C) In differentiating wild-type mESCs active β-catenin and Tcf/Lef
factors activate expression of differentiation-associated target genes. (D) Jarid2-/- ESCs have reduced
levels of active β-catenin and differentiation-associated Wnt target genes showed impaired induction,
potentially contributing to the differentiation block of these cells.

Jarid2-null mESCs self-renew, but are unable to differentiate efficiently when
exposed to differentiation cues (Landeira et al., 2010; Pasini et al., 2010; Shen et al.,
2009). Here, I show that Jarid2-depleted mESCs have reduced levels of active beta
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catenin, but unchanged levels of total β-catenin protein. My results are consistent
with the transcriptional activity of β-catenin not being essential for mESC selfrenewal (Kelly et al., 2011; Lyashenko et al., 2011; Wray et al., 2011). I also show
that Jarid2-null mESCs express normal levels of Tcf3 protein and pluripotentassociated transcripts. This appears to be in line with β-catenin (independently of its
transcriptional role) antagonising Tcf3-mediated transcriptional repression of
pluripotency genes (Merrill, 2012). Interestingly, Jarid2-null mESCs show moderately
elevated Nanog transcript levels and higher Nanog protein expression. This is
consistent with the stabilised pluripotent state and robust self-renewal of mESCs with
elevated levels of Nanog (Chambers et al., 2003; Karwacki-Neisius et al., 2013;
Osorno and Chambers, 2011). Modestly elevated transcript levels of Nanog in
Jarid2-null mESCs could be in part explained by reduced Tcf3 binding on the Nanog
promoter, which represses Nanog transcription via Groucho co-repressor (Pereira et
al., 2006). However, the mechanism behind the constitutively high Nanog protein
expression in Jarid2-null mESCs remains unclear. Regardless, the reduction of Tcf3mediated repression of Nanog in Jarid2-null mESCs in the presence of unchanged
total β-catenin levels, supports the idea of Tcf3 being also regulated by other, βcatenin-independent mechanisms (Figure 2B).
In contrast, the transactivation function of β-catenin is required for execution of
mESC differentiation (Atlasi et al., 2013; Kelly et al., 2011; Lyashenko et al., 2011;
Wray et al., 2011). Accordingly, Tcf-β-catenin-dependent transcription is rapidly
upregulated when mESCs are induced to differentiate (Faunes et al., 2013). For
example, Wnt/β-catenin signalling was shown to regulate the transcription of genes
involved in meso-endodermal specification including Bry and Cer1 (Arnold et al.,
2000; Katoh and Katoh, 2006). This is consistent with transcriptionally active βcatenin being essential for the mesoderm induction in mESCs (Lindsley et al., 2006;
Sumi et al., 2008). In line with this, activation of Wnt signalling promotes mesodermspecific expression in self-renewing mESCs (Sokol, 2011). For example, in 2i
conditions, MEK inhibitor counteracts the pro-mesodermal differentiation effects of
GSK3 inhibition (Sineva and Pospelov, 2014). In agreement with the role of βcatenin mediated-transcription in mesoderm induction, transactivation-incompetent
variant of β-catenin is not able to restore mesoderm differentiation of β-catenin-null
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mESCs (Lyashenko et al., 2011). Moreover, this function of active β-catenin in
mESCs is consistent with active β-catenin being required for proper gastrulation, and
specifically, mesoderm specification, in the mouse embryo (Huelsken et al., 2000).
The gastrulation role of Wnt/β-catenin signalling appears to be mirrored in in vitro
cultured embryoid bodies (EBs) with Wnt activation promoting mesoderm induction
and inhibiting neuroectoderm (ten Berge et al., 2008).
Several studies of Jarid2-depleted mESCs reported that these cells could not
efficiently initiate mesodermal lineage commitment (Landeira et al., 2010; Pasini et
al., 2010; Shen et al., 2009). This defect included delayed or abrogated induction of
mesoderm-associated genes such as Bry, SP5, Pax3, Foxa2, or Flk1 (Landeira et
al., 2010; Pasini et al., 2010; Shen et al., 2009). Similarly, depleting Xenopus laevis
embryos of Jarid2 by morpholinos resulted in impaired mesoderm induction (Peng et
al., 2009). As active β-catenin is required for the induction of mesoderm during
differentiation in vitro (Atlasi et al., 2013; Lyashenko et al., 2011; Wray et al., 2011)
and in vivo (Huelsken et al., 2000), our results showing reduced β-catenin activity in
Jarid2-null mESCs might offer an explanation for the impaired differentiation of these
cells (Figure 2D). Jarid2-null mESCs also show inefficient differentiation towards
other lineages including neural induction (Landeira et al., 2010; Pasini et al., 2010;
Shen et al., 2009). This neural differentiation block could be possibly explained by a
Wnt signalling requirement during later stages of differentiation (Slawny and O'Shea,
2011) and may not be directly related to the role of Wnt signalling in mESC
differentiation.
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Figure 6.3. Hypothetical model of Jarid2 regulating the balance between self-renewal and
differentiation in ESCs cultured in serum + LIF. In WT mESCs Jarid2 coordinates β-catenin
activity and Nanog expression, and these cells self-renew or differentiate in response to external
cues. Jarid2-/- ESC express elevated levels of Nanog and reduced active β-catenin. Jarid2-null
mESCs robustly self-renew, but show impaired differentiation.

I also show that reduced β-catenin activity is associated with lack of Nanog-low cells
in Jarid2-null mESC cultures. I confirmed this inverse correlation between β-catenin
activity and Nanog expression in WT mESCs, where two opposing subpopulations
with contrasting levels of Nanog and β-catenin activity, co-exist. However, the
molecular mechanism behind this inverse correlation in mESCs has not been
explored. The lack of Nanog-low mESCs in Jarid2-null cultures is consistent with the
Nanog-low compartment being required for differentiation initiation (Osorno and
Chambers, 2011) and dynamic levels of Nanog normally reflecting the balance
between mESC self-renewal and differentiation (Chambers et al., 2007).
It remains unclear how Jarid2 regulates β-catenin transcriptional activity in mESCs
and whether this regulation involves a direct interaction. Recent studies in cancer
and adipogenesis implicate Ezh2, a core PRC2 component, in regulating Wnt/β143

catenin target genes (Chang et al., 2011; Cheng et al., 2011; Jung et al., 2013; Li et
al., 2009b; Shi et al., 2007; Wang et al., 2010). In different types of cancer cells,
Ezh2 physically interacts and activates transcription of β-catenin target genes
independently of H3K27me3 methyltransferase activity (Jung et al., 2013; Li et al.,
2009b; Shi et al., 2007). Although some of these studies suggested a PRC2independent role (non-related to Eed or Suz12) for Ezh2 in regulating β-catenin
transcriptional activation, a putative function of Jarid2 in this interaction has not been
examined. Interestingly, demethylation by Kdm2a/b has been recently shown to
control transcriptional activation of Wnt/β-catenin target genes by regulating the
stability of active β-catenin (Lu et al., 2015). However, the enzyme responsible for
initial methylation of β-catenin is yet to be identified. It will be interesting to test
whether Ezh2 that was previously shown to bind and methylate non-histone targets
(He et al., 2012; Sanulli et al., 2015), interacts with β-catenin and mediates its
methylation in mESCs.
My data suggest that Jarid2 safeguards the balance between β-catenin
transcriptional activity and Nanog expression, which is crucial for the dual capacity of
mESCs to self-renew or differentiate (Figure 3). These results reveal a novel
regulatory role for Jarid2, in addition to its PRC2-mediated function, and suggests
that signalling and chromatin networks may work in concert to facilitate ESC
differentiation and normal development.

6.3. Linking cell cycle and Wnt/β-catenin in pluripotency
and reprogramming

Here, I also show that β-catenin activity increases during the mESC cell cycle and
peaks in G2/M-phase. Similar cell cycle-dependent oscillations of Wnt/β-catenin
activity were previously reported in somatic cells (Olmeda, 2003). The Wnt/β-catenin
pathway has been implicated in promoting pluripotent reprogramming of somatic
cells (Lluis et al., 2011; Lluis et al., 2008; Marson et al., 2008a; Ombrato et al.,
2012), however, the molecular mechanism of this regulation remains unclear. One
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possibility is that Wnt activation helps to override Tcf3-mediated repression of key
pluripotent factors in somatic nuclei (Lluis et al., 2011). Interestingly, Wnt signalling
activation promotes iPSCs generation in the absence of Myc-overexpression, but not
when Myc is expressed together with OSK factors (Marson et al., 2008a). This is in
agreement with the Wnt pathway promoting Myc expression and G1/S transition in
somatic cells (reviewed in Niehrs and Acebron, 2012). These results could suggest
that Wnt activation may enhance the efficiency of reprogramming by affecting the
proliferation state of somatic cells. Moreover, a modest increase in Wnt/β-catenin
activity of mESCs results in enhanced efficiency of cell-fusion mediated
reprogramming (Lluis et al., 2008). Similarly, one could speculate that increased
reprogramming capacity of mESCs at later stages of the cell cycle (Tsubouchi et al.,
2013) is contributed by increasing levels of Wnt/β-catenin activity. My results reveal
a previously unknown link between the cell cycle and Wnt signalling activity in
mESCs,

which

might

be

important

for

reprogramming.
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