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Abstract 

Polycomb repressive complex 2 (PRC2) is a key epigenetic regulator of 

gene expression. It acts through its histone-modifying activity, as it is 

responsible of di- and trimethylating the tail of histone H3 on lysine 27 

(H3K27me2/me3), a mark associated with gene repression. PRC2 activity 

is highly modulated by a number of sub-stoichiometric factors that allow 

its recruitment to specific target genes through the interaction with RNA, 

DNA and histone marks; as well as modulation of its enzymatic activity. 

EPOP is a recently-identified PRC2-associated factor in mouse embryonic 

stem cells (mESCs), which is necessary to maintain a low level of 

expression of PRC2 targets, although the result of this regulation is not yet 

understood. In this thesis, to further our understanding of the relevance of 

this EPOP-mediated gene regulation, we investigate the role of EPOP in the 

context of mESCs differentiation both in vitro and in vivo.    
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Resumen 

El complejo represivo Polycomb 2 (PRC2 por sus siglas en inglés) es un 

regulador epigenético clave de la expresión génica. Actúa a través de su 

actividad modificadora de histonas, ya que es responsable de di- y tri-

metilar la cola de la histona H3 en la lisina 27 (H3K27me2/me3). La 

presencia de esta marca se asocia con la represión génica. La actividad de 

PRC2 está altamente modulada por una serie de factores sub-

estequiométricos que determinan su reclutamiento a genes específicos a 

través de la interacción con ARN, ADN e marcas de histonas. Asimismo, 

pueden modular su actividad enzimática. EPOP es un factor asociado a 

PRC2 que ha sido recientemente identificado en mESCs (del inglés mouse 

embryonic stem cells). EPOP es necesario para mantener un bajo nivel de 

expresión de los genes diana de PRC2, aunque su mecanismo de regulación 

todavía no ha sido completamente descrito. Con el objetivo de esta tesis es 

ampliar nuestro conocimiento sobre la regulación génica mediada por 

EPOP y sus consecuencias, esta tesis investiga el papel de EPOP durante la 

diferenciación de mESCs, tanto in vitro como in vivo. 
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PREFACE 

The Polycomb Group (PcG) of proteins are major regulators of mouse 

embryonic stem cell identity and differentiation. Identifying how these 

complexes are formed and the roles of their many subunits is essential for 

understanding the dynamic expression that they have during differentiation 

and development, as well as the repressive function they exert on gene 

expression and their chromatin remodeling capacity. 

In particular, the PRC2 complex associates with a number of sub-

stoichiometric factors that fine-tune the activity of the complex. These 

factors provide the complex with a plethora of novel abilities, such as DNA, 

RNA and histone mark recognition, as well the modulation of its catalytic 

activity. This makes the study of these facultative subunits necessary in 

order to further our understanding of PRC2 function both in physiological 

condition, in particular embryonic development, as well as in cases of 

diseases such as cancer, where altered PRC2 function is commonly 

described. 

EPOP is one of the aforementioned PRC2-associated factors in mouse 

embryonic stem cells (mESCs) that acts as a negative regulator of PRC2 

catalytic activity. Indeed, EPOP KO in mESCs leads to an increased 

repression of a subset of developmental genes. 

While the molecular role of EPOP in mESCs has already been described, 

its function in the context of mESCs differentiation and early mouse 

developed remains elusive. In this thesis, we attempt to characterize in more 

detail the role of EPOP both in vitro and in vivo.  
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INTRODUCTION 

General mechanisms of transcriptional regulation 

The nucleosome as a base for transcriptional regulation 

The eukaryotic genome is packed inside the nucleus of a cell around 

nucleosomes, the building blocks of chromatin. A nucleosome consists of 

DNA wrapped around an octamer of histones (two copies each of H2A, 

H2B, H3 and H4) (Fig. I1). While densely packed, nucleosomes must allow 

access to transcription factors, the transcription machinery and many other 

interactors that regulate gene expression, in an organized manner. Many of 

these are mediated at the level of histones, by incorporating specialized 

histone variants, altering histone density, or modifying histone tails by the 

addition of specific chemical groups (Fig. I1). 

The first link between histone post-translational modifications (PTMs) and 

transcriptional status was made when Allfrey and colleagues demonstrated 

that actively transcribed regions are associated with hyperacetylated 

histones (Allfrey, Faulkner, and Mirsky 1964). Since then, a plethora of 

histone modifications have been reported, such as methylation, 

phosphorylation, ubiquitination and crotonylation (Tan et al. 2011; 

Kouzarides 2007), all with different locations and effects, generating a 

“histone code” which fine-tunes gene expression. Subsequently, this gave 

rise to three categories of interactors of histone PTMs: (i) “writers” which 

are responsible of depositing the corresponding marks, (ii) “readers” which 

can detect specific histone PTMs and exert different function accordingly, 

and (iii) “erasers” which can specifically remove previously deposited 

marks. 
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Figure I1. The multiple layers of gene regulation. DNA is wrapped around 
nucleosomes that can be modified in many ways such as incorporation of histone 
variants (green and orange), modification of nucleosome histone density (left and 
right side) and addition of PTMs on histone tails which can be read by different 
effector protein complexes. Figure adapted from (Aranda, Mas, and Di Croce 
2015). 

Histone PTMs as regulators of DNA accessibility 

One of the ways these histone PTMs affect transcription is by regulating 

the access to DNA. An example of this mechanism is acetylation, which 

occurs on lysine residues and consequently neutralizes their positive 

charges. This subsequently weakens the association of the histone to the 

nucleosome or linker DNA, whose backbone is negatively charged (Hong 

et al. 1993; Megee, Morgan, and Smith 1995). This weakened interaction 

leads to an increased DNA accessibility to TFs and the transcription 

machinery. This is in line with the now established observation that the 

H3K27ac, H3K9ac and H3K14ac marks are associated with actively 

transcribed regions (both promoters and enhancers) (Pokholok et al. 2005; 

Wang et al. 2008; Gates et al. 2017; Creyghton et al. 2010). Additionally, 

histone acetylation was shown to be enriched on DNA replication sites, 

where it allows easier access to the DNA replication machinery, and at 
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DNA double-strand breaks, where it favors DNA repair (Unnikrishnan, 

Gafken, and Tsukiyama 2010; Xu and Price 2011).  

Histone PTMs as docking sites for a number of protein complexes 

Histone PTMs do not only regulate chromatin-associated processes through 

changes in chemical interactions. Indeed, histone marks have been 

described as tethering sites for many different protein complexes that 

mediate chromatin-related functions through specific protein domains (or 

“readers”). For example, lysine acetylation is mainly recognized by 

bromodomains, whereas lysine methylation can be detected by different 

proteins bearing either a chromo, Tudor or PHD domain (Fig. I2). 

 
Figure I2. Different histone PTMs are bound by specific protein domains. 
Figure adapted from (Kouzarides 2007). 

Interestingly, while most histone PTMs are associated with a transcriptional 

state (active, repressive or poised) in stable conditions, many of them can 

be bound by different complexes with very distinct functions under 

different stimuli. A prime example is represented by the histone H3 lysine 

4 trimethylation mark (H3K4me3), usually associated to promoters of 

active genes, which can be recognized by different readers. On one hand, 

this mark can be recognized by a PHD domain within the BPTF protein, a 

subunit of the NURF chromatin-remodeling complex, which in turn recruits 

the SNF2L ATPase, leading to the activation of HoxC8 gene expression 

(Wysocka et al. 2006). On the other hand, as a response to DNA damage, 

ING2 can detect the H3K4me3 mark on highly expressed proliferation-
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specific genes and in turn recruit the Sin3a-HDAC1 deacetylase complex 

to shut down their expression (Shi et al. 2006). Repressive marks can as 

well play the role of docking sites for complexes with enzymatic activities. 

For example, the repressive H3K27me3 mark deposited by PRC2 can be 

recognized by the chromodomain of CBX proteins incorporated in PRC1 

complexes that can in turn deposit yet another repressive mark, 

H2AK119ub (Wang et al. 2004).  

Overall, histone modifications play an essential role not only in maintaining 

and safeguarding the transcriptional state of specific genomic regions 

(whether through chromatin remodeling or inhibition of different 

complexes), but also in mediating a rapid switch in response to external 

stimuli such as DNA damage or differentiation cues. One of the major 

players of this epigenetic regulation of transcription is the Polycomb Group 

(PcG) of proteins. 

The Polycomb Group (PcG) of proteins 

The PcG of proteins are essential players in the epigenetic regulation of cell 

identity by mediating gene repression. The first Polycomb gene was 

identified in Drosophila melanogaster by Pamela Lewis in 1947 and later 

characterized by her husband, Ed Lewis, who showed in 1978 that deletion 

of the Polycomb gene led to the transformation of anterior embryonic 

segments into more posterior ones as a result of an aberrant expression of 

the homeotic (Hox) genes (Lewis 1978). In later years, several genes with 

similar phenotypes were progressively identified, leading to the definition 

of the Polycomb group of proteins that assemble into two classes of 

enzymatically-distinct histone-modifying complexes, termed Polycomb 

Repressive Complex 1 and 2 (PRC1 and PRC2). PRC1 is responsible for 

the ubiquitination of histone H2A on lysine 119 (H2AK119ub) (Wang et 
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al. 2004), whereas PRC2 is able to mono/di and trimethylate histone H3 on 

lysine 27 (H3K27me1/2/3) (Cao et al. 2002) (Fig. I3). 

 
Figure I3. PcG proteins form two catalytically-distinc histone-modifying 
complexes. PRC2 (green) deposits the H3K27me3 mark, while PRC1 (purple) 
deposits the H2AK119ub mark. These marks are associated with gene silencing 
(Pengelly et al. 2015; Illingworth et al. 2015; Eskeland et al. 2010). 

Polycomb-mediated transcriptional repression is mainly achieved through 

chromatin compaction that hinders the binding of the transcriptional 

machinery. Indeed, both the H2AK119ub and H3K27me3 PTMs are 

hallmarks of facultative heterochromatin (Pengelly et al. 2015; Illingworth 

et al. 2015; Eskeland et al. 2010). 

Not only, PcG repress transcription through the inhibition of other 

chromatin remodelers such as the SWI/SNF complex (Shao et al. 1999) and 

through the direct competition with the activating mark H3K27ac (Tie et al. 

2009). 

PRC1 complexes compositions 

PRC1 complexes are formed around RING1A or RING1B, E3-ligases that 

are responsible for the deposition of the ubiquitination mark and that can 

heterodimerize with one of the six PcG RING finger domain paralog 
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proteins (PCGF1-6). Mammalian PRC1 complexes are further divided into 

two classes: canonical and non-canonical PRC1 (Fig. I4).  

 
Figure I4. Different compositions of the PRC1 complex. Two main forms of the 
PRC1 complex exist: the canonical (left) and noncanonical (right) PRC1 complex. 
They mainly differ by the presence or not of CBX and PHC proteins, as well as the 
different PCGF protein that can be incorporated in each. Figure adapted from (Chan 
and Morey 2019). 

In addition to the RING1 catalytic subunit, canonical PRC1 (cPRC1) 

complexes contain a component able to recognize the H3K27me3 mark 

deposited by PRC2 (one of five CBX proteins CBX2/4/6/7/8 that harbor a 

chromodomain) (Wang et al. 2004), and two regulatory components: 

PCGF2 or PCGF4, and a polyhomeotic homologous protein (PHC1/2/3) 

(Fig. I4, left panel). In non-canonical PRC1, on the other hand, CBX 

proteins are replaced by the YY1-binding protein (RYBP) or its paralog 

YY1-associated factor 2 (YAF2), whereas regulatory components are 

represented by one of PCGF1/3/5/6 (Fig. I4, right panel). 

PRC1 complexes are termed PRC1.1 to PRC1.6 depending on the PCGF 

protein that is incorporated within the complex. Therefore, PRC1.2 and 

PRC1.4 are considered canonical PRC1 complexes, whereas PRC1.1, 

PRC1.3, PRC1.5 and PRC1.6 are the non-canonical PRC1 complexes. 
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Apart from the presence or absence of CBX proteins, these two subclasses 

of complexes differ on the level of their activity: ncPRC1 complexes are 

more enzymatically active than their canonical counterparts (Gao et al. 

2012; Blackledge et al. 2014), while the latter are more efficient in their 

ability to compact chromatin (Francis, Kingston, and Woodcock 2004). 

Mechanisms of PRC1 recruitment 

In Drosophila melanogaster, PcG proteins are recruited to their target genes 

via Polycomb response elements (PREs), which are cis-regulatory DNA 

sequences that provide a platform for Polycomb subunit binding and 

subsequent gene repression (Horard et al. 2000; Hodgson, Argiropoulos, 

and Brock 2001). Although Polycomb proteins are well conserved between 

flies and mammals (Schuettengruber et al. 2017a), no PRE-like specific 

DNA sequences have been identified to date in mammals (Bauer, Trupke, 

and Ringrose 2016). 

In the early quest to identify the basis for Polycomb recruitment to specific 

target genes in mammals, a hierarchical binding model was proposed where 

PRC2 would be recruited to chromatin via specific interactions with 

transcription factors and would deposit the H3K27me3 mark. This would 

then serve as a binding platform for PRC1, which can recognize H3K27me3 

through CBX proteins (Wang et al. 2004). However, this model was quickly 

challenged when it was shown that some regions of the Drosophila 

melanogaster genome are occupied by PRC1, but not PRC2 (Schwartz et 

al. 2006; Loubiere et al. 2016). This was also later demonstrated in both 

human and mouse cellular systems (Tavares et al. 2012; van den Boom et 

al. 2016).  

Another hypothesis for PRC1 recruitment to chromatin emerged from the 

observation that, in mammals, PcG proteins bind hypomethylated CpG 

islands (CGIs) (Boyer et al. 2006; Tanay et al. 2007), suggesting that they 
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could be the mammalian equivalent of PREs. Additionally, evidence 

showed that a subunit of PRC1.1, KDM2B, is able to bind CGIs via its 

CxxC domain and is bound to most CGIs in mESCs. Again, this model was 

quickly dismissed when it was shown that only 30% of PcG recruitment 

was dependent on KDM2B (Bernstein et al. 2006; Ku et al. 2008), 

suggesting that Polycomb recruitment to target genes depends on a number 

of different mechanisms and interactions within the chromatin 

environment. 

The proposal of a different mechanism for PRC1 recruitment came from 

the monitoring of the X chromosome inactivation in female mouse ESCs. 

Upon Xist induction, ncPRC1.3/5 is recruited to the X chromosome 

targeted for inactivation and it deposits the H2AK119ub mark. This mark 

is then recognized by PRC2 and paves the way for PRC2 and cPRC1 

recruitment (Almeida et al. 2017). This suggests that the initial hierarchical 

model of Polycomb recruitment can actually be observed in some 

physiological instances, with an additional first step provided by ncPRC1 

binding. 

To this day, the specific roles of the contribution of distinct PRC1 

subcomplexes, as well as the role of PRC2, in core component recruitment 

to chromatin remain difficult to disentangle. In general, it is now accepted 

that PcG protein follow a “chromatin sampling” strategy, where they 

interact with weak affinity with potential binding sites, but they only exert 

their enzymatic function once this binding is stabilized, whether by binding 

histone marks, TFs, RNA or other chromatin features (Klose et al. 2013). 

Activating roles of PRC1 

PRC1 activity is usually associated with gene repression. However, recent 

evidence showed that some PRC1 complexes (or some of its subunits) 

exhibit non-classical functions that are involved in gene activation. Both 
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RYBP and RING1B have been shown to be bound to actively transcribed 

genes involved in metabolism and cell cycle in mESCs (Morey et al. 2013). 

Another example is the PRC1-CBX8 complex, that transiently replaces the 

repressive PRC1-CBX7 complex on genes that undergo transcriptional 

activation during the retinoic acid-mediated differentiation of mESCs into 

neurons (Creppe et al. 2014). A similar mechanism was also observed for 

PRC1-CBX2 during cardiac differentiation (Morey et al. 2015). 

PRC1 subunit recruitment on active genomic regions does not only happen 

on promoters. Indeed, recent studies have shown that in mouse neuronal 

progenitor cells (mNPCs), RING1B is not only associated to H3K27me3 

marked regions, as expected, but also to regions decorated by the enhancer-

associated H3K4me1 mark. However, this binding is independent of PRC2, 

suggesting that RING1B might play a distinct role in the positive 

transcriptional activity of these regions (Kloet  et al. 2016). 

Finally, another role for PRC1 in gene activation was demonstrated by a 

study from the Reinberg laboratory, where the authors show that PRC1.5 

can activate the transcription of neuronal genes in association with the 

autism susceptibility candidate 2 (AUTS2) and casein kinase 2 (CK2). This 

is mediated by the phosphorylation of RING1B by CK2, leading to the 

inhibition of its enzymatic activity. In addition, they show that genes co-

occupied by RING1B and AUTS2 are characterized by low H2AK119ub 

and high H3K27ac in mouse neurons, further confirming the active state of 

these genes (Gao et al. 2014). 

All of these recent findings challenge the classical view of PRC1 as a 

strictly repressive complex and add to the already prevalent complexity of 

different PRC1 subcomplexes. While the enzymatic activity of the complex 

is dependent on the incorporated subunits (Rose et al. 2016), it also seems 

that different subcomplexes can associate with additional enzymes or 

transcription factors depending on the cellular context. These new binding 
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partners not only modulate the enzymatic activity of the complex, but also 

its localization on chromatin, the transcriptional outcome of its target genes 

and the overall structure of the underlying chromatin. 

PRC2 complex composition 

The PRC2 core complex comprises three stoichiometric factors: enhancer 

of Zeste (EZH)1 or EZH2, which has a SET domain and is the catalytic 

subunit of the complex (Czermin et al. 2002; Kuzmichev 2002), suppressor 

of Zeste (SUZ) 12, and embryonic ectoderm development (EED). These 

three proteins form the minimal core that confers histone methyltransferase 

(HMT) activity (Fig. I5). A fourth factor, retinoblastoma-binding protein 

(RBBP)4/7 (also known as RBAP48/46), has a slightly lower stoichiometry 

and is dispensable for the enzymatic activity of the complex (Cao and 

Zhang 2004; Ketel et al. 2005). Although there is very little diversity in 

PRC2 core components, a large number of facultative subunits have been 

shown to bind PRC2 in a sub-stoichiometric and cell-type specific manner 

(Smits et al. 2013; Alekseyenko et al. 2014; Kloet, Makowski, Baymaz, van 

Voorthuijsen, et al. 2016b), adding both to the complexity of recruitment of 

this complex to chromatin and to additional possibilities of regulation of its 

enzymatic activity (Holoch and Margueron 2017) (Fig. I5). 
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Figure I5. Different subunits composing the PRC2 complex.  The minimal core 
PRC2 complex (center) that is sufficient to mediate its enzymatic activity is formed 
by EZH1/2, EED and SUZ12. Other associated factors such as EPOP, AEBP2, 
JARID2 and PCL1-3 can bind the core complex to confer it with additional 
regulation of its recruitment and catalytic activity (Holoch and Margueron 2017). 

Studies carried out over the past 5 years have shown that many of these 

facultative subunits bind in a mutually exclusive manner, giving rise to two 

versions of the PRC2 complex (Fig. I6-A). The first variant (PRC2.1) 

comprises one of three Polycomb-like (PCL) proteins (PCL1/2/3, also 

named PHF1, MTF2 and PHF19, respectively) as well as ELONGIN BC 

and Polycomb repressive complex 2-associated protein (EPOP) or PRC2-

associated LCOR isoform 1 (PALI1/2), while the other variant (PRC2.2) 

comprises Jumonji and AT-rich interaction domain 2 (JARID2) and 

adipocyte enhancer-binding protein 2 (AEBP2) (Beringer et al. 2016; 

Kloet, Makowski, Baymaz, van Voorthuijsen, et al. 2016; Liefke, 

Karwacki-Neisius, and Shi 2016; Conway et al. 2018), in addition to the 

core components (Fig. I6-B). 

 
Figure I6. Some PRC2-associated factors are mutually exclusive in their 
binding to PRC2. (A) Co-immunoprecipitation of EPOP, JARID2 and SUZ12, 
showing the mutual exclusiveness of EPOP and JARID2 in their binding of core 
PRC2. EPOP does not interact with JARID2 (lane 3) but it interacts with all core 
components of PRC2. The same can be observed for JARID2 (lane 4). SUZ12 
interacts with both components (lane 5). Figure from (Beringer et al. 2016). (B) 
Model of the two variants of the PRC2 complex with different associated factors. 
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Along with the interest in characterizing the functional role of accessory 

factors in regulating PRC2 activity, effort has also been put into gaining 

structural insights into the complexity of PRC2 and its subtypes.  

Structural basis for PRC2 complex formation and function 

For the following section, all PRC2 linear structures and domains are 

described in Figure I7. 

 
Figure I7. Linear structures and domains of PRC2 subunits. (A) Linear 
structure and domains of PRC2 core subunits EZH2, SUZ12 and EED, as well as 
sub-stoichiometric factors RBBP4 and RBBP7 that can associate with both PRC2.1 
and PRC2.2. (B) Linear structure and domains of different sub-stoichiometric 
subunits of PRC2.1 and PRC2.2. 

The association of the trimeric core (EZH2, SUZ12, and EED) with RBBP4 

results in a stable, four-lobed structure (Fig. I8) that comes together to 

mediate the HMT activity (Chen et al. 2018; Kasinath et al. 2018). 
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Figure I8. Four-lobed structure of the PRC2 core, comprising EZH2, SUZ12, 
EED and RBBP4 (PDB: 5WAI and 6C23). (A) The middle lobe is essential for 
PRC2 histone methyltransferase activity. The GWG motif of EZH2 (W624) is 
stabilized by a hydrophobic pocket at the interface of the interaction between EZH2 
(SAL/SET) and SUZ12 (VEFS) (PDB: 6C23). (B) The middle lobe extends to the 
back of the catalytic lobe (e), bridging it with the regulatory lobe (d). (C)  PRC2’s 
HMT activity resides in the SET domain of EZH2. The lysine substrate (K27) is 
accommodated in a hydrophobic pocket that goes into the cofactor (SAM) binding 
pocket (PDB: 5TQR and 6C23). (D) EZH2 wraps around the EED WD propeller. 
Regulatory contacts occur at the open end of the propeller and are transmitted to 
the catalytic lobe (e) by the SRM domain of EZH2. (E) The catalytic lobe is formed 
by the SET and the CXC domains of EZH2. (F-H) The docking lobe is formed by 
the association of RBBP4/7 with SUZ12 N-terminus (g) and serves as a platform 
for the association of accessory factors. Binding of JARID2 TR domain to the 
SUZ12 Zn/ZnB pocket involves hydrogen bonds (f) as well as hydrophobic 
interactions (h) (PDB: 5WAI). 
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The catalytic lobe 

The C-terminal region of EZH2, comprising the CXC domain (a cysteine-

rich region) and the SET domain, forms the catalytic lobe, in which the 

HMT activity of PRC2 resides (Fig. I8-E). The active site presents two 

pockets in the SET domain: the first one is a highly hydrophobic channel 

(Y641, F667, F724, Y726 and Y728), which accommodates the long 

aliphatic chain of the lysine substrate (Fig. I8-C). The end of this channel 

is connected to a second pocket, in which the cofactor S-adenosyl 

methionine (SAM) is positioned in an orientation that brings its methyl 

group in close proximity to the ε-amino group of the lysine. Residues that 

lie at the interface of these two pockets (e.g. Y641, A677 and A687) are 

crucial for catalysis, and their mutation results in changes in affinity for the 

substrate that are associated with gain-of-function phenotypes (as discussed 

below). The assembly of the trimeric core is essential for HMT activity: in 

isolation, EZH2 adopts an autoinhibited conformation, with the post-SET 

domain (the region C-terminal to the SET domain) folded upwards into the 

lysine-binding cleft, blocking the substrate from engaging the active site 

(Antonysamy et al. 2013; Wu et al. 2013; Bratkowski, Yang, and Liu 2017). 

This mechanism, which seems to be conserved in the H3K9 

methyltransferase Suv39h2 (Wu et al. 2010), might provide a ‘safety catch’ 

against spurious histone methylation. 

The regulatory lobe 

The catalytic lobe is in close contact with the regulatory lobe, which is 

formed by the association of EED with the N-terminal domain of EZH2 

(Fig. I8-D). The long α-helix of the EED-binding domain (EBD) and the b-

addition motif (BAM) of EZH2 wrap around the bottom (or closed end) and 

side, respectively, of the WD repeat seven-bladed β-propeller of EED (Han 

et al. 2007; Justin et al. 2016). This conformation is necessary to maintain 

EED in a stable position while leaving the opposite side of the propeller 
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open for stimulatory ligand binding (Margueron et al. 2009). The open end 

of the propeller faces the rest of the EZH2 N-terminal region. The SET 

activation loop (SAL) and the stimulation-responsive motif (SRM) of the 

EZH2 N-terminal region are responsible for the allosteric changes in the 

catalytic lobe upon trimethyl-peptide binding in the EED pocket. Indeed, 

although the trimeric core retains basal HMT activity, the recognition of the 

H3K27me3 mark further activates the complex resulting in an enhanced 

catalysis (discussed below). Finally, the loop around EED is closed by the 

association of the SANT1 domain of EZH2 with the distal part of EBD, 

named SANT1-binding domain (SBD). 

The middle lobe 

The central part of EZH2 (comprising the MCSS and SANT2 domains) and 

the globular VEFS domain of SUZ12 are part of a bridging middle lobe 

(Fig. I8-B). In particular, VEFS (which is packed between the regulatory 

and the catalytic modules) seals together the SAL domain and the GWG 

loop (W624) of the SET domain via a hydrophobic pocket (SUZ12 F566; 

EZH2 V107, P108, M110, L616, P618 and F686) (Fig. I8-A), thereby 

stabilizing the active site (Justin et al. 2016).  

The docking lobe 

Finally, the SUZ12 N-terminal region protrudes away from VEFS to form 

an extended fourth lobe that serves as a docking platform for factors that 

associate with PRC2 (Fig. I8-G) (Ciferri et al. 2012; S. Chen et al. 2018b). 

RBBP4/7 is inserted into this lobe, its WD propeller tied by multiple 

interactions with the SUZ12 C2, WDB1 and WDB2 domains. The ‘cage’ 

built by SUZ12 around RBBP4/7 prevents the latter from binding many of 

its known nuclear interactors, including nucleosomes (S. Chen et al. 

2018b), thereby inhibiting its ability to sense active chromatin states. The 
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functional relevance of incorporating an ‘inactive’ WD propeller into the 

PRC2 complex is still unclear.  

Overall, spatial segregation of the docking lobe with respect to the rest of 

the complex reflects the functional separation between recruitment and 

catalysis, with the former mediated by accessory proteins, and the latter 

endowed into the other three lobes.  

PRC2-associated factors 

The interaction of facultative subunits with the PRC2 core, as well as the 

occurrence of mutual exclusivity, was based only on biochemical evidence 

until 2018, when two studies resolved the structure of the human PRC2 core 

complex in association with facultative subunits, in a first attempt at 

elucidating the structural basis for differential usage of associated factors, 

as well as their role in regulation of enzymatic activity (S. Chen et al. 2018b; 

Kasinath et al. 2018b). These structures show that a non-canonical C2 

domain in SUZ12 provides a binding platform for either the C2B domain 

of AEBP2 or the RC domain of PHF19 (Fig. I9). In parallel, the ZnB-Zn 

domain of SUZ12 functions as a docking site for the C-terminal region of 

EPOP as well as the transrepression (TR) domain of JARID2 (Fig. I8-F,H; 

Fig. I9) (S. Chen et al. 2018b). These findings provided the first structural 

evidence for the previously observed mutual exclusiveness of the binding 

to PRC2 of EPOP/PCL proteins and AEBP2/JARID2. However, they still 

did not rule out the possibility that hybrid complexes might form containing 

either AEBP2–EPOP or PCL–JARID2. Indeed, the appearance of a hybrid 

MTF2–JARID2 complex was observed upon AEBP2 depletion in mouse 

ESCs, suggesting that further protein–protein interactions help dictate 

which pair of subunits interacts with the core complex (Grijzenhout et al. 

2016b). 
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Figure I9. PRC2’s activity and recruitment depend on the chromatin context. 
(A) The EED aromatic cage of PRC2 is able to recognize both H3K27me3 and 
JARID2K116me3 (PDB: 3IIW and 6C23). (B) Recognition of the stimulatory 
ligands results in extensive interactions between the SAL, SRM and iSET domains, 
which results in the opening of the active site and enhanced histone 
methyltransferase activity (PDB: 5HYN). (C) Binding of the RBBP4 acidic pocket 
of unmodified H3K4 is inhibited in the context of the PRC2 complex (PDB: 2YBA 
and 5WAK). (D) PCL proteins specifically bind unmethylated CpG dinucleotides 
through their EH domain (PDB: 5XFQ and 5XFR). (E) The Tudor domain of PCL 
proteins is able to recognize the H3K36me3 mark (PDB: 4BD3, 5XFQ, and 5XFR). 
Residues numbering in (c) and (e) is relative to PHF1. 

Although these structures provide crucial insight into PRC2 holocomplex 

formation, many PRC2-associated factors have yet to be characterized in 

such detail, such as the ELOB and ELOC heterodimer (also termed TCEB2 
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and TCEB1, respectively; hereafter referred to as ELOBC), and the 

PALI1/2 proteins. However, some biochemical evidence provides 

preliminary insights into how these factors associate both with the core 

complex and other accessory proteins. In mouse ESCs, ELOBC associates 

with PRC2 on chromatin (Malte Beringer et al. 2016; Liefke, Karwacki-

Neisius, and Shi 2016) in an interaction mediated by EPOP (depletion of 

EPOP disrupts the association of ELOBC with PRC2 and its subsequent 

binding on chromatin). Binding of ELOBC to EPOP (and, consequently, to 

PRC2) is mediated by the BC box motif, a classical ELOBC binding motif, 

on the N-terminus of EPOP. Mutation of a crucial leucine residue (L40) in 

this motif impairs the association of ELOBC with EPOP and PRC2 (Malte 

Beringer et al. 2016; Liefke, Karwacki-Neisius, and Shi 2016). The 

interaction of EPOP with ELOBC is crucial for proliferation of several 

human cancer cell lines. Indeed, depletion of EPOP leads to a decrease in 

their proliferative capacity. This phenotype is dependent on EPOP 

interaction with ELOBC as only the wild type version of the EPOP protein 

(but not the L40 mutant) is able to rescue cancer cells proliferation (Liefke, 

Karwacki-Neisius, and Shi 2016). 

PALI1 and 2 are vertebrate-specific subunits of the PRC2.1 complex, which 

associate with PRC2 through their highly conserved C-terminal PALI-

interaction with PRC2 (PIP) domain (Fig. I9). Structural information about 

these proteins is still lacking, but two tryptophan residues (W1125 and 

W1186 in PALI1) conserved in both PALI proteins have been found to play 

an essential role in PRC2 binding, as the concomitant mutation of both 

residues abolishes the association of the PIP domain with PRC2 in vitro 

(Conway et al. 2018). Although this biochemical evidence provides crucial 

information about how these factors associate with PRC2, the exact 

molecular functions of EPOP, ELOBC or PALI1/2 within PRC2 so far 

remain unknown.  
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Functional interplay between PRC2 and chromatin 

PRC2 mediates gene repression through direct interaction with its target 

genes and deposition of the repressive H3K27me3 mark. The ability of 

PRC2 to identify its target genes and correctly perform its enzymatic 

activity relies on a complex but tightly regulated interaction with different 

elements of the chromatin environment. This is mainly facilitated by the 

many sub-stoichiometric associated factors that provide PRC2 with the 

capability to bind DNA, nucleosomes, histones, and RNA. 

DNA and nucleosomes 

Of the core components of PRC2, both EZH2 and SUZ12 possess zinc 

finger domains, which could potentially mediate an interaction with DNA. 

However, rather than playing a major role in targeting PRC2 to chromatin, 

binding of the core components of the complex to DNA seems to stabilize 

the interaction of PRC2 with the nucleosome template and thereby facilitate 

catalysis; specifically, the EZH2 CXC Zn-binding clusters contact the DNA 

exiting from the substrate nucleosome. Additionally, the EZH2 SBD 

domain contacts the DNA minor groove in the H3K27me3-marked 

nucleosome, after it has been bound by EED. Concurrently, EED might also 

contact the DNA of the modified nucleosome, through an unstructured, 

positively charged N-terminal stretch (Poepsel, Kasinath, and Nogales 

2018). Stable interaction with the chromatin is indeed key for PRC2 

stimulation: HMT activity is enhanced on di-/oligonucleosomes as 

compared with mononucleosomes, especially for linker DNA with lengths 

of 35–40 bp, allowing for engagement of both the stimulating and the 

substrate lysines (C.-H. Lee, Holder, et al. 2018; Poepsel, Kasinath, and 

Nogales 2018). Interestingly, this feature seems to be specific for EZH2–

PRC2, as EZH1–PRC2 does not display such a preference for its substrate 

(C.-H. Lee, Holder, et al. 2018). 
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AEBP2 and JARID2 contain three and one zinc finger domains, 

respectively, with JARID2 also harboring an AT-rich interacting domain 

(ARID). Both proteins display DNA-binding ability in vitro (Patsialou 

2005; G.-P. He, Kim, and Ro 1999) and were therefore the first candidates 

to be considered for facilitating DNA-mediated recruitment of PRC2. 

AEBP2 was shown to have a binding preference for a highly degenerate 

consensus sequence with a bipartite structure (CTT(N)15–23cagGCC) (Kim, 

Kang, and Kim 2009), suggesting that the recognition of this motif could 

provide a targeting mechanism for PRC2. In addition, in vitro biochemical 

assays showed that the presence of AEBP2 increases the capacity of PRC2 

to bind nucleosomes, through its KR motif (a lysine/arginine-rich positively 

charged patch), resulting in enhanced HMT activity (C.-H. Lee, Holder, et 

al. 2018). Nonetheless, AEBP2 does not seem to be essential for PRC2 

recruitment in vivo, as depletion of AEBP2 in mouse ESCs does not affect 

PRC2 occupancy on chromatin and even leads to a slight increase in 

H3K27me3 levels (Grijzenhout et al. 2016b). For JARID2, in vitro 

experiments have demonstrated its ability to bind DNA, with a slight bias 

for GC-rich elements. This binding is mediated by the C-terminal region of 

JARID2, potentially through its C5HC2 zinc finger (G. Li et al. 2010). 

Independent of its DNA-binding ability, JARID2 can also mediate the 

interaction with nucleosomes, resulting in enhanced PRC2 activity. This 

interaction is mediated by a region with no annotated structure, which spans 

residues 349–450 (Son et al. 2013). In line with these observations, 

evidence has shown that PRC2.2 - but not PRC2.1 - is able to bind 

nucleosomes in vitro (S. Chen et al. 2018b). In agreement with a role for 

JARID2 in mediating PRC2 recruitment to chromatin loci, depletion of 

JARID2 reduces PRC2 levels at specific target genes (Pasini et al. 2010; 

Shen et al. 2009; Peng et al. 2009; Li et al. 2010). 
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PCL proteins are essential for PRC2 recruitment, as their depletion in 

mouse ESCs leads to a strong reduction in the levels of PRC2 on chromatin 

(Ballaré et al. 2012; Brien et al. 2012; Li et al. 2017). In 2017, Li and 

colleagues resolved the crystal structure of human N-terminal PHF1, which 

contains Tudor, PHD1 and PHD2 domains as well as a newly identified 

extended homologous (EH) domain. The EH domain folds into three α-

helices and a curved three-stranded β-sheet. The W1 loop of the winged 

helix structure within the EH domain (EHWH) binds to unmethylated CpG 

DNA motifs, but not to GpC or AT-rich elements. Binding specificity is 

provided by the first two lysines of the W1 loop (K323 and K324 in PHF1), 

which form extensive contacts with both cytosine and guanine nucleotides 

(Fig. I9-D), and their mutation to alanine abolishes the DNA-binding 

ability of all three PCL proteins (H. Li et al. 2017). This interaction with 

DNA increases the residence time of PRC2 on nucleosomes and on naked 

DNA, leading to its increased catalytic activity (Choi et al. 2017). These 

results provide a potential explanation for the observed correlation between 

PRC2-occupied sites and unmethylated CpGs observed in vivo (Boyer et al. 

2006b; Tanay et al. 2007b). However, a large fraction of unmethylated CpG 

islands remains unbound by PRC2 in vivo, suggesting that additional 

features might be required for target specificity. Consistent with this, a 2018 

report showed that specific DNA helical shape characteristics (a wider 

minor groove and a decreased propeller and helix twist) are required for 

MTF2 to bind to unmethylated CpG motifs (Perino et al. 2018), therefore 

narrowing down the potential target regions. These observations point to a 

more degenerate definition of vertebrate PREs that would be defined by 

DNA helical shape rather than specific primary sequence. 

Histone post-translational modifications 

Another crucial aspect of PRC2 regulation and recruitment on chromatin 

comes from its direct interaction with many post-translation modifications 
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that are present on histone tails. Indeed, PRC2 activity strongly depends on 

the epigenetic state of its chromatin environment.  

On the one hand, recognition of PRC2-deposited H3K27me3 products by 

EED results in catalytic stimulation of the complex: the open end of the 

EED WD-propeller is oriented towards the side of the catalytic lobe, 

thereby exposing its aromatic cage in this direction. Following the 

engagement of H3K27me3 with the aromatic cage (F97, Y148, Y365 and 

W364; Fig. I9-A), the SRM domain of EZH2 makes extensive interactions 

with both EED and the trimethyl-peptide, passing from a disordered 

unstructured conformation to a fully structured α-helix shape. This 

conformation can now contact the iSET domain, which undergoes a counter 

clockwise rotation of 20°, leading to the opening of the SET substrate 

binding cleft (Fig. I9-B) (Margueron et al. 2009; Jiao and Liu 2015; Lee, 

Yu, et al. 2018; Justin et al. 2016). These dynamics result in 4–6-fold 

enhanced substrate binding (Justin et al. 2016) and 3–7-fold increased 

catalytic activation (Margueron et al. 2009; Xu et al. 2010). Interestingly, 

H3K27me3 is not the only epigenetic mark that can be recognized by EED, 

as other repressive chromatin marks (e.g. H1K26me3, H3K9me3, 

H4K20me3) – but not active marks (e.g. H3K4me3, H3K36me3, 

H3K79me3) – are bound with comparable affinity. However, H3K27me3 

is the only mark that is able to elicit PRC2 catalytic stimulation (Margueron 

et al. 2009; Xu et al. 2010). Although it is tempting to speculate that EED-

mediated recognition of repressive histone marks could serve as a 

mechanism for recruitment of PRC2 to silenced loci, a large body of 

evidence has shown that stimulation of PRC2 catalytic activity and its 

recruitment on chromatin are completely uncoupled (Curtin et al. 2017; He 

et al. 2017; Qi et al. 2017; Youmans, Schmidt, and Cech 2018; Li et al. 

2017; Barnash et al. 2017; Lee, Yu, et al. 2018). Rather, this mechanism 

accounts for a positive feedback loop: upon PRC2 deposition of the 
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H3K27me3 mark through its basal level of activity, methylation of the 

neighbouring nucleosome is favoured, resulting in spreading of the histone 

mark along the linear chromatin fibre as well as along the regions that are 

in spatial proximity (Oksuz et al. 2018). 

In addition to this, PRC2 is also able to self-stimulate via trimethylation of 

JARID2 at lysine 116 (JARID2K116me3) (Fig. I9-A). This modification 

mimics that of H3K27me3 and is able to elicit the same structural 

rearrangement (Sanulli et al. 2015), but the physiological relevance of this 

mechanism is not yet clear. However, as JARID2K116me3 activates PRC2 

catalysis regardless of the presence of the H3K27me3 mark, this 

mechanism could account for the deposition of the mark on unmodified 

nucleosomes. In other words, the incorporation of JARID2 in the complex 

could serve as a mechanism to confer PRC2 with a pioneering function that 

can initiate silencing. 

Besides its own marks, PRC2 also recognizes marks set by PRC1. Indeed, 

although H3K27me3 deposited by PRC2 is known to provide a docking site 

for PRC1 through its recognition by CBX proteins (Bernstein et al. 2006), 

this inter-complex crosstalk now appears to be bidirectional, as PRC2 can 

also bind the H2AK119ub mark deposited by PRC1 (Kalb et al. 2014). This 

binding is specifically mediated by an ubiquitin interaction motif (UIM) on 

the N-terminus of JARID2 and is essential for PRC2 recruitment to 

H2Aub119-marked regions (Fig. I9) (Cooper et al. 2016). This creates a 

positive feedback loop between PRC2 and PRC1 – the latter being able to 

recognize the H3K27me3 mark through the chromo domain of CBX 

proteins – that keeps genes from exiting this repressed state.   

On the other hand, however, histone post-translation modifications 

associated with an active transcriptional state (e.g. H3K4me3 and 

H3K36me2/3) have the opposite effect, strongly inhibiting PRC2 di- and 

tri-methylation activity (Schmitges et al. 2011; Yuan et al. 2011). Initial 
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studies focusing on the role of the nucleosome-binding proteins RBBP4/7 

(Murzina et al. 2008; Verreault et al. 1996; Vermaak et al. 1999) revealed 

that the ability of these proteins to bind histone tails is inhibited by the 

presence of H3K4me3 (Nowak et al. 2011), leading to speculation that these 

proteins could serve as a sensor for active chromatin states. Although 

appealing, this model was soon rejected, as H3K4me3-dependent PRC2 

inhibition is independent of RBBP4 inclusion in the complex: a minimal 

EZH2–EED–SUZ12(VEFS) complex retains both HMT activity and 

inhibition by H3K4me3/H3K36me2/3 (Schmitges et al. 2011). Two studies 

published in 2018 have helped to explain how RBBP4 progressively loses 

its nucleosome-binding capacity in the context of the human PRC2 

complex: distinct residues from SUZ12 (C2 R196) and AEBP2 (H3K4D, 

K502 and R503) directly compete with the H3 tail for binding to the 

RBBP4/7 acidic pocket (comprising E126, N128, E179, Y181, E231, 

D248, E275, N277 and E319) (Fig. I9-C). Moreover, PRC2 appears to 

engage dinucleosomes in an orientation that is incompatible with the 

interaction of RBBP4/7 with the H3 tail (Poepsel, Kasinath, and Nogales 

2018). Finally, SUZ12 (WDB1, WDB2) wrapping around RBBP4/7 

eventually imposes steric hindrance to the interactions of RBBP4/7 with 

histone H4 (Chen et al. 2018).  

An alternative hypothesis has therefore been put forward by two reports 

showing that EZH2 is able to sense the modification state of both H3K36 

and H4K16/20 via two independent pockets located in its CXC/SET and 

SANT1 domains, respectively (Jani et al. 2019; Weaver et al. 2019). 

Although the functional relevance of H4 binding is still unclear, Jani and 

colleagues have shown that unmodified H3K36 (but not H3K36me2/3) can 

increase the catalytic activity of EZH2, providing a rationale for the lower 

PRC2 activity in active chromatin environments (Jani et al. 2019). 
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As well as the PRC2 core components, the PCL family of proteins has long 

been known to interact directly with the H3K36me2/3 mark. PHF1, PHF19 

and MTF2 can all bind the H3K36me2/3 mark through their aromatic cage 

(W41, Y47, F65, F71 and V73 in human PHF1) located in their highly 

conserved Tudor domain (Fig. I9-E) (Cai et al. 2013; Kycia et al. 2014; 

Ballaré et al. 2012; Musselman et al. 2012; Li et al. 2017; Brien et al. 2012). 

Interactions with these histone marks are abolished when any of these 

residues is mutated to an alanine (Ballaré et al. 2012; Cai et al. 2013). The 

significance of this interaction for PRC2 recruitment remains unclear, 

considering the limited overlap between the genomic localization of 

H3K36me3 and H3K27me3 on chromatin in mouse ESCs (Ballaré et al. 

2012). One of the proposed mechanisms is that PCL-containing PRC2 

transiently binds to H3K36me3, together with a H3K36me2/3-specific 

demethylase (such as KDM2B or NO66), in order to establish de novo 

H3K27me3 domains and to impose gene silencing during differentiation 

(Ballaré et al. 2012; Brien et al. 2012). Thus, while histone post-translation 

modifications associated with active transcription could mediate negative 

feedback on EZH2 resulting in inhibition of PRC2 activity, an intriguing 

possibility is that incorporation of PCL proteins into PRC2.1 confers on the 

complex the ability to initiate the silencing of actively transcribed regions. 

However, many genomic regions in mouse ESCs show colocalization of the 

H3K36me2 and H3K27me2 marks: in this scenario, the H3K36me2 mark, 

deposited by NSD1, prevents the spreading of H3K27me3 (Streubel et al. 

2018). Notably, H3K36me2/3 decorated regions seem to be devoid of 

PRC2 (Ferrari et al. 2014; Streubel et al. 2018), suggesting that H3K27me2 

deposition at these loci is the result of a transient interaction. Whether PCL 

proteins play a role in this mechanism is not clear yet. 

RNA 
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Along with the many chromatin features that regulate PRC2 recruitment 

and activity, other studies suggest that RNA might play a role in both of 

these two processes: despite the lack of a known RNA-binding domain, 

PRC2 binds RNA in vivo and in vitro in a non-sequence-specific manner, 

although it does show a preference for GC-rich sequences and G-

quadruplexes (Cifuentes-Rojas et al. 2014; Davidovich et al. 2013; Wang, 

Goodrich, et al. 2017). Moreover, direct binding to RNA results in 

inhibition of PRC2 HMT activity both in vitro (Kaneko et al. 2014; 

Cifuentes-Rojas et al. 2014) and in vivo (Kaneko et al. 2013; Beltran et al. 

2016; Zhang et al. 2019), probably due to competition with chromatin 

binding (Fig. I9) (Beltran et al. 2016; Wang, Paucek, et al. 2017) (for a 

comprehensive discussion please refer to (Davidovich et al. 2015; Betancur 

2016)). 

However, the molecular mechanisms of binding and of the resulting 

inhibition are not yet clear. To address these questions, Zhang and 

colleagues used a targeted proteomic identification of RNA-binding regions 

(RBR-ID) approach to map, at high resolution, the interactions within the 

nucleus between PRC2 components and RNA (Zhang et al. 2019). Their 

results showed that binding involves neither a single subunit of the complex 

nor discrete RNA-binding domains within them but, rather, dispersed 

amino acid patches on the exposed surface of the complex (Zhang et al. 

2019); this is in line with previous in vitro observations by hydrogen 

deuterium exchange mass spectrometry (Long et al. 2017). Interestingly, 

RNA interactions were observed for all PRC2 subunits (that is, all core and 

accessory factors belonging to PRC2.1 and PRC2.2). However, the most 

consistent points of interaction were at regions of EZH2 at the interface 

with EED (namely, the SBD, EBD, SRM and iSET domains), leading the 

authors to speculate that inhibition of PRC2 HMT activity by RNA could 

be, at least partially, due to interference with transduction of the stimulatory 
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signal (Zhang et al. 2019). These observations suggest that the inhibition of 

PRC2 activity in active chromatin environments is mediated not only at the 

epigenetic level (through negative regulation by H3K4me3 and 

H3K36me2/3) but also by RNA itself, as the final output of actively 

transcribed regions.  

Summary of PRC2 function and general mechanism of action 

The PRC2 complex is a tightly regulated machine that governs the correct 

spatial and temporal expression of key developmental regulators via its 

function as a transcriptional repressor. Its activity is regulated via 

interactions with both facultative subunits and its chromatin environment. 

In general, the interaction of PRC2 with chromatin appears to be a way to 

safeguard the different chromatin states. Indeed, PRC2 is able to perpetuate 

a repressive state in a number of ways: first, by binding its own H3K27me3 

mark; second, by binding the H2A119ub mark deposited by PRC1; and, 

third, by trimethylating and binding to JARID2K116. All of these 

interactions increase PRC2 activity, either by increasing residence time on 

chromatin (by PHF1, for example (Choi et al. 2017)) or stabilizing its 

interaction with nucleosomes through AEBP2 and JARID2 (Lee, Holder, et 

al. 2018; Son et al. 2013). By contrast, an active chromatin state is 

maintained by inhibition of PRC2 activity through the inhibition of the core 

complex by H3K4me3 and H3K36me3, and by PRC2 binding to RNA, 

which impedes chromatin binding and/or transduction of the stimulatory 

signal. In other words, both chromatin states are able to maintain a positive 

feedback loop through, in part, inhibition or activation of the PRC2 

complex. However, in some cases, maintenance of a chromatin state can be 

challenged. For instance, both AEBP2 and JARID2 can mimic histone tails 

through their binding to PRC2. This competition between PRC2 subunits 

and histone tails could be a mechanism by which PRC2 autoregulates its 

activity to override the epigenetic context of the targeted chromatin. 
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Evidence points towards the idea that the catalytic modulation of human 

PRC2 is structurally uncoupled from its recruitment to chromatin. The 

minimal complex of EZH2–EED–VEFS(SUZ12) is sufficient to mediate 

enzymatic activity and modulate it by sensing the chromatin state, as is 

reflected by the higher incidence of missense mutations in the domains that 

mediate the catalysis and stimulation of methyltransferase activity. 

Interestingly, the ability of core components to interact with chromatin 

features seems to be limited to modulation of the catalysis rather than 

recruitment to target regions. This observation is in line with the emerging 

view that differential recruitment of PRC2 during distinct developmental 

stages is achieved by incorporating accessory factors that are dynamically 

expressed during development. Cell-type specific expression and partial 

redundancy of accessory subunits could therefore account for their lower 

mutation rates observed in cancer In line with this, it is worth noting that 

depletion of PRC2 accessory subunits only slightly affects genome-wide 

levels of H3K27me3. This suggests that, once the pattern is established, the 

core complex alone (without accessory factors) is able to maintain it, 

potentially through the positive-feedback mediated by the EED–SRM–

iSET axis. Therefore, mutations/dysregulation of core components might 

be necessary to induce changes in the methylation pattern, as observed 

during tumorigenesis. While structural studies have greatly deepened our 

understanding of the function and regulation of PRC2, many unanswered 

questions relating to PRC2 and its function in controlling gene expression 

remain to be addressed, including the role of the recently characterized 

associated subunits (e.g. EPOP, PALI1/2, ELONGIN B/C), for which 

structures with the complete core complex are still lacking. 
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Epigenetic characteristics of mouse embryonic stem cells 

Development of the pre-implantation mouse embryo 

Mouse embryonic development starts when two specialized cells, the male 

and female gametes, fuse together to form the zygote, a single totipotent 

cell capable of dividing and differentiating into all cell types that form the 

organism. During the first couple of days, this totipotent cell undergoes 

rounds of symmetrical divisions until it forms the morula, an agglomerate 

of tightly bound cells. Soon after, at embryonic stage 3.5 (E3.5), the embryo 

takes the form of a blastocyst, where the first stages of differentiation 

happen and two different tissues emerge: the trophectoderm and the inner 

cell mass (ICM) (Fig. I10).  

 
Figure I10. Different stages of mouse embryonic development. After a series of 
cell divisions following fertilization, the morula gives rise to the blastocyst, a 
cavitated structure that harbours the cells of the inner cell mass (ICM, in blue) from 
which mESCs are derived. At E4.5, the primitive endoderm (red) arises from the 
ICM to form the late blastocyst. After implantation, cells from the different tissues 
of the blastocyst start to differentiate and form more specialized tissues. 

The trophectoderm is the outer layer of the blastocyst that facilitates the 

attachment of the embryo to the uterine wall, as well as the transfer of 

nutrients. In later stages, the trophectoderm will form part of the placenta. 

The other concomitant tissue at this stage is the inner cell mass, which is 

composed by the pluripotent cells that will generate the complete embryo. 

During the formation of the blastocyst, a process of cavitation occurs to 
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form a fluid-filled cavity: the blastocoel. At E4.5, before the implantation 

of embryo onto the uterine wall, a subset of cells from the inner cell mass 

differentiate into a third tissue, the primitive endoderm (PrE) (Fig. I10), 

which is located at the base of the inner cell mass, in contact with the 

blastocoel. These cells will, at later stages, form another extra-embryonic 

tissue, the yolk sac. Additionally, they have been shown to be involved in 

the correct establishment of the primitive streak and the anteroposterior axis 

(Perea-Gomez et al. 2002). 

Mouse embryonic stem cells (mESCs) are pluripotent cells derived from 

the ICM of the pre-implantation embryos. These cells are characterized by 

two main features: (i) the ability to self-renew indefinitely in vitro as long 

as they are kept in adequate culture conditions, and (ii) the potential to 

differentiate into all cell types of the three germ layers: ectoderm, endoderm 

and mesoderm when provided with the necessary differentiation cues (Fig. 

I11).  

 
Figure I11. Two main characteristics of mouse embryonic stem cells.  A mouse 
embryonic stem cell is characterized by its self-renewal capacity, defined by the 
ability to divide and give rise to two identical daughter cells indefinintely in vitro 
(left panel). The second characteristic, pluripotency, is defined by the ability of a 
cell to differentiate and give rise to every type of cell that forms an organism (right 
panel). Figure adapted from (Thomas and Pruszak 2013). 
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Mouse ESCs were first isolated in 1981 by Evans and Kaufman (Evans and 

Kaufman 1981) and have since been extensively used as a model system to 

investigate the molecular mechanisms underlying their self-renewal and 

differentiation capacities. In particular, great effort has been put into 

describing the hallmark features of pluripotent cells, namely the 

transcription factor network that regulates this state and the chromatin 

features that define it. 

The core pluripotency network of mouse embryonic stem cells  

In vivo, pluripotency is a transient state with a half-life of 24 hours. During 

this time, this condition is defined by the expression of key transcription 

factors that are essential for its establishment and maintenance, as well as 

the correct exit from pluripotency.  

Octamer-binding transcription factor 4 (Oct4) was one of the first key 

regulators of mESCs that was identified (Rosner et al. 1990; Schöler et al. 

1990; Okamoto et al. 1990). In vivo, Oct4-null embryos are unable to 

develop beyond the blastocyst stage as they fail to form a pluripotent ICM 

(Nichols et al. 1998). In vitro, Oct4 expression in mESCs is also tightly 

regulated, as slight changes in its expression can cause biases in 

differentiation (Niwa, Miyazaki, and Smith 2000). 

Another master regulator of pluripotency is Sry box-containing gene 2 

(Sox2). As Oct4, Sox2 is essential for pluripotency in vitro, as it is essential 

for the retention of the pluripotency potential of mESCs (Masui et al. 2007). 

Furthermore, Sox2 expression is also subjected to tight regulation, as both 

its depletion or overexpression push the cells to differentiate into 

trophectoderm or neuroectoderm respectively (Kopp et al. 2008). In vivo, 

depletion of SOX2 leads to peri-implantation lethality as a result of an 

impaired ICM (Avilion et al. 2003). 
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A third member of the network of master regulators in mESCs is Nanog, 

that acts in cooperation with Sox2 and Oct4. Its role slightly differs from 

that of Oct4 and Sox2: Nanog-null embryos also fail to develop correctly, 

but Nanog-null mESCs can be derived and maintained in culture. This 

suggests that Nanog is essential for the acquisition, but not the maintenance 

of the pluripotent state (Silva et al. 2009; Chambers et al. 2007).  

Additionally, the Oct4/Sox2/Nanog (OSN) network is supported by a 

number of other factors that provide a positive feedback loop and sustain 

their expression. These ancillary factors, such as Klf2, Klf4, Esrrb and 

Prdm14 are usually individually dispensable for the pluripotent identity, but 

are altogether, directly or indirectly, part of the pluripotency self-regulatory 

network (Dunn et al. 2014) (Fig. I12). 

 
Figure I12. The pluripotency network. Oct4 and Sox2 are master regulators of 
pluripotency. Other proteins work as ancillary factors to support the master 
regulators and form the pluripotency network. Alltogether, these proteins act to 
maintain the pluripotent state by activating pluripotency genes and repressing pre-
differentiation genes. 

Mechanistically, the OSN network transcription factors are able to 

colocalize on the promoters of target genes (including their own promoters) 
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in order to regulate their expression. Generally, they play the role of 

activators when they are located on pluripotency genes, and of repressors 

when their targets are pro-differentiation genes (Rizzino 2013; X. Chen et 

al. 2008) (Fig. I12). Briefly, the activating or repressive activity of the OSN 

depends on their interacting partners on target genes: in the case of 

repressive function, the OSN network has been shown to colocalize with 

MTA1/2 and HDAC1/2 (typically members of the NuRD complex) to form 

a new complex with histone deacetylase activity, named NODE, that is 

associated with gene repression (Liang et al. 2008). On the other hand, an 

example of an interactor on active genes is Mediator, that can be recruited 

by the OSN core and in turn, recruit RNA Polymerase II and activate the 

expression of these targets genes (Kagey et al. 2010). 

Major signaling pathways of mouse embryonic stem cells 

While the pluripotent state is only transient in vivo, this state can be 

perpetuated in vitro by culturing mESCs in specific media that can sustain 

the network of signaling pathways necessary for the self-renewal of these 

cells. 

mESCs were traditionally derived by cultivating an explant of blastocyst or 

ICM onto a layer of inactivated fibroblasts which, in addition to fetal calf 

serum, provided extrinsic signaling factors necessary for mESCs self-

renewal. These fibroblasts were therefore termed “feeder” cells. 

Eventually, feeders could be replaced by the essential signaling molecule 

Leukemia Inhibitory Factor (LIF), if stem cells were cultured on an 

adequate extra-cellular matrix such as gelatin (A. G. Smith et al. 1988; 

Williams et al. 1988). This culture condition is commonly known as 

serum/LIF. Another common ESCs culture media consists in replacing the 

serum with two inhibitors, CHIR99021 and PD0325901 (from now on 
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referred to as CHIR and PD), in a medium commonly termed 2i/LIF (Fig. 

I13).  

LIF acts by binding its receptor complex, gp130/LIF-R (Yoshida et al. 

1994), that launches a signaling cascade triggering the phosphorylation and 

activation of the transcription factor STAT3, the major effector of the LIF 

pathway. Phosphorylated STAT3 in turn translocates into the nucleus, 

where it binds and activates an number of pluripotency factors such as 

KLF4, GBX2, C-MYC and TFCP2L1 (Cartwright et al. 2005; Hall et al. 

2009; Niwa et al. 2009; Tai and Ying 2013). Interestingly, in the absence 

of LIF, overexpression of STAT3 is enough to maintain the self-renewal 

capacity of mESCs (Niwa 2007) (Fig. I13, left). 

The other component of the serum/LIF culture media is fetal calf serum. 

The essential factor present in serum and necessary for mESCs self-renewal 

maintenance is BMP4, that acts through the SMAD signaling cascade to 

activate Inhibitor of Differentiation (ID) genes. Indeed, serum can be 

replaced by either forcing the expression of ID genes or adding exogenous 

BMP4 (Malaguti et al. 2013) (Fig. I13, left). 

 
Figure I13. Signaling pathways governing mESCs maintenance in serum/LIF 
or 2i/LIF culture conditions. In serum/LIF conditions (left), mESCs are 
maintained by LIF, an activator of the STAT3 pathway, as well as BMP4 that is 
provided by the serum. In 2i/LIF conditions (right), serum is replaced by two 
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inhibitors (2i): CHIR, that stimulates the Wnt pathway, and PD, that activates the 
ERK pathway by inhibiting MEK. Figure from (Hackett and Surani 2014). 

PD is a potent inhibitor of MEK, a kinase responsible of phosphorylating 

and therefore activating ERK1/2 (Ying et al. 2008). ERK is the effector of 

the FGF4 pathway, that makes cells more susceptible to differentiation cues 

(Kunath et al. 2007; Stavridis et al. 2007). Therefore, PD is an essential 

factor that keeps mESCs in a pluripotent, undifferentiated state. However, 

PD alone is not enough to keep mESCs in check in the absence of LIF, 

which prompted the need to combine it with another molecule, CHIR, an 

inhibitor of the GSK3 kinase (Ying et al. 2008). The inhibition of GSK3 

leads to the stabilization of beta-catenin, mimicking the activation of the 

canonical Wnt pathway (ten Berge et al. 2011; Yi et al. 2011). Indeed, ESCs 

lacking beta-catenin are not able to respond to treatment with CHIR 

(Lyashenko et al. 2011; Wray et al. 2011). Mechanistically, the stabilized 

beta-catenin translocates to the nucleus and interacts with TCF3, a 

transcriptional repressor that antagonizes the OSN pluripotency network. 

This interactions disturbs the TCF3-mediated repression of pluripotency 

genes such as Esrrb and therefore contributes to the perpetuation of the 

pluripotency program (Faunes et al. 2013; Guo et al. 2011; Wray et al. 

2011; Yi et al. 2011) (Fig. I13, right). 

While both the serum/LIF and 2i/LIF culture conditions are able to maintain 

mESCs in a perpetually self-renewing pluripotent state and are able to 

contribute to embryonic development when reintroduced into the ICM of a 

blastocyst (Czechanski et al. 2014; Bradley et al. 1984), there remains some 

fundamental differences between cells cultured in one media or the other. 

Cells in 2i/LIF are often considered to be in the “naïve” state, whereas cells 

in serum/LIF are typically more “primed”. This is due to morphological, 

transcriptional and epigenetic differences. 
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Morphologically, mESCs colonies in 2i/LIF typically present a spherical 

shape with defined borders and very little differentiating cells, whereas 

colonies cultured in serum/LIF are dome-shaped with less defined borders 

and consist of a more heterogenous population of cells (Tosolini and 

Jouneau 2015). 

On the transcriptional level, mESCs cultured in serum/LIF are more 

heterogenous, with both naïve and primed populations that can interchange 

between these two states in culture forming a stable equilibrium 

(Abranches, Bekman, and Henrique 2013; Canham et al. 2010). They are 

thus considered to be “metastable”. On the other hand, cells cultured in 

2i/LIF are considered to be more homogenous and closer to the naïve state 

of pluripotency (Sim et al. 2017). Additionally, expression levels of 

lineage-specific genes in serum/LIF are higher than those in 2i/LIF, at least 

partially due to the heterogenous nature of cells in serum/LIF. In line with 

this, the comparison of the global transcriptome of REX1-positive cells 

(REX1 being a marker of pluripotency) from both conditions showed clear 

differences, suggesting that these cells are also fundamentally different, 

possibly mimicking different stages of pluripotency during embryonic 

development (Marks et al. 2012). 

Finally, on the epigenetic level, the different culture conditions greatly 

affect their DNA methylome. DNA methylation is an epigenetic 

modification that occurs on cytosines within CpG dinucleotides. mESCs 

cells cultured in 2i/LIF present very little DNA methylation, similar to cells 

of the ICM at E3.5 (Smith et al. 2012). Contrastingly, cells cultured in 

serum/LIF are hypermethylated, with an average of 80% methylated CpG, 

similar to the levels of methylation seen in the genome at E6.5 (Smith et al. 

2012; Stadler et al. 2011). This is in line with the belief that mESCs cultured 

in 2i/LIF are closer to a naïve state compared to more primed cells cultured 

in serum/LIF (Habibi et al. 2013). 
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PRC2 in mouse embryonic stem cells 

In mouse embryonic stem cells, PRC2 occupies and represses all lineage-

commitment genes, which are subsequently marked with H3K27me3. 

Surprisingly, these genes are often also decorated by H3K4me3, an 

activating mark deposited by the Trithorax complex. The co-occupancy of 

these marks on promoters in mESCs is termed “bivalency” (Bernstein et al. 

2006). Additionally, these genes are occupied by the poised RNA 

Polymerase II (RNA PolII) downstream of the transcription initiation site, 

until it receives its elongation cue (Levine 2011; Ferrai et al. 2017). 

Interestingly, while these genes possess both active and repressive marks, 

they are usually transcribed at very low levels (Fig. I14, left). This bivalent 

state is quickly resolved during differentiation, by losing either the 

H3K27me3 or the H3K4me3 mark, leading to the complete activation or 

repression of the gene, respectively (Fig. I14, right). During this process, 

pluripotency genes are repressed and specific lineage-commitment genes 

are activated, depending on the signaling cues. This mechanism is thought 

to be a way for the cells to avoid the occurrence of unwanted de-

differentiation or trans-differentiation events.  
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Figure I14. Resolution of bivalency during differentiation. In mESCs, PRC2-
occupied promoters are often also decorated by the active H3K4me3 mark as well 
the paused RNA polymerase II (left panel). As these cells differentiate, genes 
become either completely silent and decorated by the H3K27me3 alone, or active 
and decorated by H3K4me3 with the polymerase now elongating along the gene 
body (right panel). 

In mammals, PRC2 is essential for proper ESC fate specification, as it 

regulates the expression of key developmental genes (Boyer et al. 2006; 

Lee et al. 2006; Pasini et al. 2007). Indeed, depletion of different PRC2 

subunits leads to severe developmental defects with embryonic or perinatal 

lethality (Faust et al. 1995; O’Carroll et al. 2001; Pasini et al. 2007; 

Takeuchi et al. 1995; Grijzenhout et al. 2016; Pasini et al. 2004; Wang et 

al. 2007; Rothberg et al. 2018). Interestingly, mESCs are able to normally 

self-renew after PRC2 depletion, suggesting that PRC2 is dispensable for 

mESCs maintenance (Pasini et al. 2004; Pasini et al. 2007; Wang et al. 

2002). However, once triggered for differentiation, cells depleted of PRC2 

present major defects and are unable to differentiate correctly. For example, 

cells lacking SUZ12 fail to properly generate neuroectoderm or form 

embryoid bodies, while cells lacking EZH2 cannot differentiate into 

mesoendoderm (O’Carroll et al. 2001; Shen et al. 2008). 

EPOP is a newly characterized PRC2-associated factor in mESCs 

EPOP was first identified as a PRC2-associated factor in mESCs in 2011 

and then in Hek-293T cells in 2014 (Zhang et al. 2011; Alekseyenko et al. 

2014) through the immunoprecipitation of PRC2 core components and 

mass spectrometry analysis of their interactors in both cell lines. Zhang and 

colleagues first suggested that EPOP is a positive regulator of PRC2, as it 

increases its enzymatic activity both in vitro and in vivo, demonstrated by a 

ChIP-qPCR of H3K27me3 on a subset of Polycomb genes (Zhang et al. 

2011). 
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Since then, this idea was challenged by work from our laboratory and 

others, showing that EPOP negatively regulates PRC2 in mESCs: depletion 

of EPOP indeed leads to a genome-wide increase of H3K27me3 on PRC2 

targets, as well as to a slight increase of PRC2.2 occupancy, monitored by 

JARID2 ChIP-seq (Beringer et al. 2016; Liefke, Karwacki-Neisius, and Shi 

2016). This increases repression of PRC2 genes that were already expressed 

at low levels (Fig. I15). Moreover, EPOP mediates the interaction between 

PRC2 and the ELOB/C heterodimer, the latter usually associated with the 

proteasome-mediated polyubiquitination machinery (Nguyen et al. 2015), 

although the role of ELOB/C within the PRC2 complex is still unclear. 

 
Figure I15. EPOP KO in mESCs. EPOP KO leads to an increased occupancy of 
PRC2.2 and higher levels of H3K27me3 on Polycomb targets. This leads to an 
increased repressive capacity of PRC2.  

While the PRC2-related role of EPOP in the context of mESCs is 

characterized in detail, its role in mESCs maintenance, pluripotency or 

development is still unknown. 

The first hint towards the biological function of EPOP was first proposed 

by Zhang and colleagues, who demonstrated that EPOP is a positive 

regulator of somatic cell reprogramming, as overexpression or depletion of 

EPOP during this process increased or decreased induced pluripotent stem 

cell (iPSC) colony formation, respectively (Zhang et al. 2011). However, 

surprisingly, EPOP is dispensable for mESCs self-renewal: EPOP -/- cells 
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self-renew normally and can differentiate into embryoid bodies without any 

notable defect (Beringer et al. 2016; Liefke, Karwacki-Neisius, and Shi 

2016). 

Other reports also proposed a role for EPOP in placental development, more 

specifically during the fusion of cytotrophoblasts into the multinucleated 

syncytiotrophoblast, but also in the specialized differentiation of neurons 

into glutaminergic or GABAergic projection neurons (De Cegli, Iacobacci, 

Flore, Gambardella, Mao, Cutillo, Lauria, Klose, Illingworth, Banfi, and di 

Bernardo 2013; Azar et al. 2018). These results are particularly interesting 

since, in mice, the placenta and the brain are the only two other adult tissues 

where EPOP is expressed (Fig. I16). However, both of these reports failed 

to provide any detailed characterization of the phenotype or to hint at a 

molecular mechanisms by which EPOP could be affecting these processes. 

 
Figure I16. EPOP expression in mouse embryo and adult tissues. EPOP 
expression is very low or absent in most embryonic and adult tissues. The only 
exceptions are represented by mESCs (red/orange dots), where it is highly 
expressed, adult brain (blue dots) and placenta (pink dot). Data obtained from 
VastDB (http://vastdb.crg.eu) (Tapial et al. 2017). 

Overall, while recent studies have very well characterized EPOP within the 

PRC2 complex in mESCs, both regarding its composition and its enzymatic 
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activity, little is known about its biological function, especially in the 

context of mESCs and pluripotency both in vitro and in vivo. 
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OBJECTIVES 

To understand the role of EPOP-mediated transcriptional regulation in 

mouse embryonic stem cells (mESCs) during early development and 

differentiation, we propose the following objectives: 

Part I. 

- Challenge the usual EPOP downregulation by overexpressing 

EPOP in a somatic cell line, in our case NIH-3T3. 

- Investigate the effect of EPOP overexpression in NIH-3T3 cells on 

the level of PRC2 composition and occupancy on chromatin. 

- Describe the transcriptional changes caused by EPOP 

overexpression in this somatic cell line. 

- Assess the result of maintaining EPOP expression in a dynamic 

system of mESCs differentiation into embryoid body on the level 

of expression of pluripotency genes and lineage-commitment 

genes. 

Part II. 

- Analyze the expression patter of EPOP during early development 

on the single-cell level. 

- Use the aforementioned single-cell RNA-seq information to 

investigate the role of EPOP in the epiblast to primitive endoderm 

transition using an in vitro differentiation protocol. 

- Characterize the in vivo role of EPOP by establishing an EPOP KO 

mouse model. 
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RESULTS 

Polycomb subunits are dynamically expressed during differentiation of 

mESCs. This observation is true both for core subunits (EZH1/EZH2), as 

well as for the associated factors. In the case of EPOP, many reports have 

shown that it is downregulated in vitro upon differentiation. In 2013, De 

Cegli and colleagues compared more than a hundred gene expression 

datasets of mouse stem and differentiated cells in order to identify ES-cell 

specific regulatory networks. In their analysis, EPOP was identified as one 

of the most prominent “ESC-specific” genes, with a similar profile to core 

pluripotency genes such as Nanog, Sox2 and Oct4, indicating its high 

expression in ESC versus differentiated cells (De Cegli, Iacobacci, Flore, 

Gambardella, Mao, Cutillo, Lauria, Klose, Illingworth, Banfi, and Di 

Bernardo 2013) (Fig. R1). This observation was then further confirmed by 

others, with in vitro differentiation experiments showing a consistent rapid 

downregulation of EPOP.  
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Figure R1. Scatter plot of median gene expression levels in mouse ES cells 
versus differentiated cells. Every dot represents a gene: the median gene 
expression in ESCs is plotted on the x-axis and the median gene expression in 
differentiated cells on the y-axis. Genes on the diagonal are expressed equally 
between ESCs and differentiated cells. Genes above or below the diagonal are 
expressed more or less in differentiated cells, respectively. Red dots show 
significant differences with an FDR <0.025 and green dots with an FDR < 0.05. 
E130012A19Rik is another gene name for EPOP (De Cegli, Iacobacci, Flore, 
Gambardella, Mao, Cutillo, Lauria, Klose, Illingworth, Banfi, and Di Bernardo 
2013). 

In order to confirm the dynamic expression of EPOP observed during 

mESCs differentiation, we compared our own data with those available in 

the VastDB database (Tapial et al. 2017), an atlas of gene expression in 

different mouse adult tissues and published differentiation and 

reprogramming datasets. This analysis shows not only that EPOP is 

downregulated during differentiation, but also that it is upregulated during 

mouse embryonic fibroblast (MEF) reprogramming into induced 

pluripotent stem cells (iPSC) (Fig. R2).  This is observed on both the RNA 

(Fig. R2-A) and the protein levels (Fig. R2-B). Although the rapid 

downregulation of EPOP in vitro was previously reported, its gene 
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expression profile in vivo during early mouse embryonic development was 

unknown. 

 
Figure R2. EPOP is rapidly downregulated in vitro both on RNA and protein 
level. (A) Normalized expression of EPOP during various differentiation 
experiments. ES: embryonic stem cells; CM: cardiomiocytes; EB: Embryoid body; 
MEF: mouse embryonic fibroblast; IPS: induced pluripotent stem cells. All of the 
data was taken from VastDB, except ES to EB differentiation, which was 
performed in our laboratory, and ES to CM which was taken from (Wamstad et al. 
2012). (B) EPOP downregulation is also observed on protein levels in an example 
of retinoic acid differentiation (Beringer et al. 2016). 

During mouse development, ESCs arise at embryonic stage 3.5 (E3.5), in 

the inner cell mass of the developing blastocyst. After implantation, around 

embryonic stage E5.5, these cells start to differentiate and give rise to more 

specialized tissues (Fig. R3-A). In order to assess the expression levels of 

EPOP in vivo, we took advantage of a single-cell RNA-seq dataset 

published by Mohammed and colleagues that explores the transcriptome of 

the developing mouse embryo from E3.5 to E6.75 (Mohammed et al. 2017). 

As previously reported (Beringer et al. 2016), EPOP shows its highest 

expression at E4.5 and is then downregulated after implantation, coinciding 
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with the start of tissue specialization and differentiation of epiblast cells. At 

E6.75, EPOP expression is almost completely silent, mimicking the rapid 

downregulation observed during ESC differentiation in vitro (Fig. R3-B). 

 
Figure R3. EPOP is rapidly downregulated in vivo. (A) Schematic 
representation of the different stages of early mouse embryonic development. (B) 
Single-cell expression of EPOP during the different stage of early mouse 
development. Data taken from (Mohammed et al. 2017). 
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PART I: Investigating the importance of the regulation of 
EPOP expression in somatic cells and during differentiation. 

In order to investigate the importance of the timely downregulation of 

EPOP, we resolve to counteract this downregulation by overexpressing 

EPOP in two different systems. 

First, we overexpressed EPOP in a stable somatic cell line normally 

deprived of EPOP in order to assess its effect on PRC2 composition, 

occupancy and activity. 

Second, we maintained EPOP expression in a dynamic system of mESCs 

differentiation and assessed its effect on general differentiation and 

pluripotency features. 

PART I-A: EPOP OE in a committed somatic cell 

Experimental model and monitoring EPOP OE 

PRC2-associated factors modulate the core components in many aspects 

such as recruitment, nucleic acid binding and regulation of enzymatic 

activity (Holoch and Margueron 2017). In order to investigate the 

importance of the downregulation of EPOP during development, we 

decided to overexpress EPOP in a somatic cell line where it is not 

expressed, and assessed its general effect on the cells, but more importantly 

its impact on PRC2 composition, occupancy on chromatin and enzymatic 

activity. 

We overexpressed EPOP in NIH-3T3 cells, a cell line of immortalized 

mouse embryonic fibroblasts (MEFs) that, as most committed cells, does 

not express EPOP. 

To this end, we cloned the EPOP cDNA under an EF1a promoter in the 

7TGC vector (Addgene) that also contains the mCherry fluorescent reporter 

under the SV40 promoter. This plasmid was then integrated in the 3T3 cells 
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genome by lentiviral infection. As a control, the wild type cells were 

infected with the empty vector. Both EPOP overexpression (OE) cell line 

and Empty cell line were then isolated by fluorescence-activated cell 

sorting (FACS) in order to obtain a homogenous population of infected cells 

(Fig. R4-A). To assess the levels of the EPOP overexpression at protein and 

RNA level, we performed a Western Blot and an RT-qPCR, respectively. 

On the protein level, only the OE condition shows a detectable band that 

corresponds to the EPOP protein (Fig. R4-B). As for the RNA level, the 

RT-qPCR shows a clear difference between Empty and OE conditions, 

confirming that EPOP is only expressed in the OE condition (Fig. R4-C). 

 
Figure R4. Overexpressing EPOP in NIH-3T3 cells. (A) Experimental model of 
the EPOP overexpression. (B) Western Blot showing the signal of EPOP in Empty 
and overexpression (OE) conditions. (C) RT-qPCR showing EPOP overexpression 
in the Empty and OE conditions. 
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EPOP associates with PRC2 on chromatin and competes with 
JARID2 

First, we monitored whether the exogenously expressed EPOP was able to 

bind its usual partners, namely PRC2 subunits. For this reason, we 

performed an immunoprecipitation (IP) of EPOP in Empty and OE 

conditions followed by liquid chromatography mass spectrometry (LC-

MS/MS) to characterize the entire interactome of EPOP (Fig. R5-A). 

 
Figure R5. EPOP interacts with PRC2 in NIH-3T3 cells and reconstitutes the 
PRC2.1 complex. (A) Schematic representation of the experimental design for 
Mass Spectrometry analysis of the EPOP interactome in NIH-3T3 cells. (B) Word 
Cloud showing the most enriched interactors (FDR < 0.05, Spectral count > 10 per 
replicate). Size of the word is relative to its fold change over the control. Known 
PRC2 components are represented in green. EPOP-dependent PRC2 interactors are 
represented in yellow. (C) Co-immunoprecipitation of EPOP with different PRC2 
components validates Mass Spectrometry results. (D) Co-immuoprecipitation of 
EZH2 with ELOB showing reconstitution of PRC2.1 complex. 

As expected, we found that EPOP was bound its known partners: all PRC2 

core components were immunoprecipitated exclusively in the OE condition 

(EZH2, SUZ12, EED) (Fig. R5-B, green). Associated factors that belong 

to the PRC2.1 complex such as RBBP4, RBBP7 (Fig. R5-B, blue) and 
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MTF2/PCL2 were also exclusively detected in the OE conditions, but not 

the PRC2.2 specific factor JARID2. Additionally, ELOB and ELOC were 

also bound by EPOP (Fig. R5-B, yellow), suggesting the reconstitution of 

the complete EPOP-containing PRC2.1 complex usually found in ESCs. 

Finally, another known PRC2-independent EPOP partner, NISCHARIN, 

was found in the eluted material, although the cellular localization and the 

role of this interaction is still unknown (Fig. R5-B). 

In order to validate the identified interactions, we performed co-

immunoprecipitations of EPOP, SUZ12, JARID2 and ELOB. The resulting 

Western Blots show that EPOP and SUZ12 interact only in the OE 

condition and that JARID2 and EPOP do not interact in any condition as 

expected (Fig. R5-C), as expected given their described mutual 

exclusiveness within the PRC2 complex (Beringer et al. 2016). More 

importantly, ELOB only interacts with EZH2 in the presence of EPOP, 

confirming the formation of a PRC2.1 complex that includes both EPOP 

and the ELOBC heterodimer (Fig. R5-D). 

Since EPOP and JARID2 have been shown to bind the same region of 

SUZ12, we wanted to assess the effect of the binding of EPOP to PRC2 on 

the ability to the complex to incorporate JARID2. For this, we performed 

an immunoprecipitation of JARID2 in both Empty and EPOP OE 

conditions and checked for the co-immunoprecipitation of SUZ12 by 

Western Blot. The results show that, indeed, the association of JARID2 and 

SUZ12 is impaired upon EPOP OE, suggesting that it leads to the formation 

of PRC2.1 and directly competes with the formation of the JARID2-

containing PRC2.2 (Fig. R6-A). 
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Figure R6. EPOP binds chromatin and competes with JARID2 binding of 
PRC2. (A) Co-IP of different associated factors with core PRC2. (B) Cell 
Fractionation of Empty and OE cells showing EPOP binding to chromatin. 

Finally, in order to validate whether this interaction is occurring on 

chromatin, we performed a cell fractionation experiment in Empty and OE 

conditions. This allowed us to separate the cellular compartments into total 

(T), cytoplasmic (C), nuclear (N) and chromatin (Chr) fractions. We then 

performed a Western Blot to follow the cellular localization of EPOP. 

While the control GAPDH protein is only detected in the T and C fractions, 

EPOP is found in the T, N and Chr fractions, confirming that, as in mESCs, 

EPOP can associate with PRC2 and chromatin in NIH-3T3 cells (Fig. R6-

B). 

EPOP overexpression leads to impaired proliferation of NIH-3T3 
cells 

While establishing the stable cell lines necessary for our experiments, we 

noticed that EPOP OE cells always grew slower than their Empty 

counterparts. To quantify this observation, we performed a growth curve by 

counting the number of cells during several passages. NIH-3T3 cells, like 

most fibroblast cell lines and many others, grow better with increasing 
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levels of confluency. For this reason, a slightly slower growth rate could 

create big differences the longer we keep track of cell numbers. 

 
Figure R7. EPOP OE leads to a decrease in proliferation rate of NIH-3T3 cells. 
Growth curve of NIH-3T3 cells in Empty and OE conditions showing a slower 
proliferation rate for cells in OE condition across 4 passages. 

Indeed, when looking at the growth curves of our Empty and EPOP OE cell 

lines, we observed a clear difference in growth rate, confirming our initial 

observation (Fig. R7). This result was unexpected, considering that EPOP 

is highly expressed in mESCs and does not play a role in cell proliferation 

in that context, as EPOP KO mESCs proliferate as well as control cells 

(Beringer et al. 2016). However, we cannot exclude that the phenotype 

observed in the NIH-3T3 cells could be at least partially dependent on the 

cellular context, as EPOP overexpression can potentially affect PRC2 

activity and the subsequent deregulation of genes involved in proliferation. 

EPOP overexpression leads to transcriptional deregulation 

To further understand the observed phenotype (reported in Figure R7), as 

well as to evaluate the transcriptional alterations in EPOP OE cells 
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compared to control cells, we performed RNA-seq on two independent 

biological replicates of both Empty and OE cells, including an additional 

control of wild type non-infected NIH-3T3 cells (Fig. R8). 

 
 

Figure R8. EPOP expression by RNA-seq in different conditions. EPOP 
overexpression is comparable between replicates (OE 1 and OE 2), while it is 
barely detectable in all three control conditions (WT, EMPTY 1 and EMPTY 2). 

In order to identify differentially expressed (DE) genes, either up- or 

downregulated upon EPOP OE, we used Cuffdiff and calculated the 

statistical significance of gene expression differences between control and 

OE conditions using standard parameters (p-value < 0.005). Results of this 

analysis showed that 560 genes were downregulated upon EPOP OE while 

464 were upregulated. In order to investigate the nature and characteristics 

of both sets of differentially expressed genes, we took advantage of 

EnrichR, a web-based gene ontology tool developed by the Ma’ayan 

laboratory (E. Y. Chen et al. 2013; Kuleshov et al. 2016). 

We first compared our dataset with ChEA 2016, a catalog of published 

ChIP-seq experiments (and other similar techniques) of different 

chromatin-bound proteins in various cells types. Interestingly, this analysis 

shows that a large subset of downregulated genes upon EPOP OE are PRC2 

targets in mESCs (Fig. R9, top panel, second category). This suggests that 

EPOP could be involved in the repression of a specific group of genes in 
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mESCs that later benefit from EPOP’s downregulation during 

differentiation to become active. On the other hand, upregulated genes, they 

do not seem to be classical Polycomb targets in mESCs or in other cell types 

(Fig. R9, bottom panel), suggesting that this upregulation could be due to 

indirect effects of the EPOP overexpression, or due to the interaction of 

EPOP with NISCHARIN, whose role is unknown. 

 
Figure R9. EnrichR analysis of differentially expressed genes after EPOP OE 
in NIH-3T3 cells. List of most enriched categories in downregulated genes (top) 
and upregulated genes (bottom) using ChEA 2016, a database of published ChIP-
chip, ChIP-seq, ChIP-PET and Dam-ID experiments of different transcription 
factors and chromatin effectors in a catalog of cells. Categories ranked by p-value. 

Additionally, when interrogating Wikipathways Mouse 2019, a manually 

curated resource for content dedicated to biological pathways, 

downregulated genes showed the enrichment of the “ESC Pluripotency 

Pathways” category. Looking at our downregulated genes that are included 

in this category, we noticed that these are mostly genes which are repressed 

in mESCs and that drive different developmental processes such as Pdgfra, 

Pdgfrb, Fgf10 and Wnt5a (Fig. R10). On the other hand, this category does 

not appear to be enriched in the upregulated gene set. This suggests that 
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EPOP safeguards the pluripotent state by acting as a repressor, whether 

directly or indirectly, of pro-differentiation genes. 

 
Figure R10. EnrichR analysis of differentially expressed genes after EPOP OE 
in NIH-3T3 cells using Wikipathways Mouse 2019. List of most enriched 
categories in downregulated genes (top) and upregulated genes (bottom), using 
Wikipathways Mouse 2019, a manually curated resource related to biological 
pathways. Categories ranked by p-value. 

Finally, in order to validate the results of our RNA-seq, we chose a set of 

upregulated and downregulated genes and performed and RT-qPCR on 

three biological replicates. We first checked that the EPOP overexpression 

was consistent and comparable to the levels of overexpression we observed 

by RNA-seq (Fig. R11-A). We then analyzed the expression of four 

downregulated (Cbx7, Cd34, Cxcl12 and Pdgfra) and three upregulated 

genes (Ccl5, Myc and Il6). Surprisingly, while downregulated genes were 

all also significantly downregulated in the RT-qPCRs (Fig. R11-B), 

upregulated genes showed strikingly less consistency in their increase. 

Indeed, only one of the tested genes, IL6, still had the trend of upregulation 

(Fig. R11-C).  While it is difficult to extend these results to the entirety of 
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the DE genes, upregulated genes seemed to be less consistent, potentially 

hinting towards a more indirect and minor role of EPOP in this 

upregulation. 

 
Figure R11. Validation of differentially expressed genes in 3T3-NIH cells by 
RT-qPCR. (A) EPOP is highly expressed in the OE condition (orange) and not 
expressed in the Empty condition (blue). (B) Validation of a set of downregulated 
genes. (C) Validation of a set of upregulated genes.  

SUZ12 is redistributed on active genes after EPOP OE 

In order to assess the effect of EPOP overexpression on the genome-wide 

localization of PRC2, we performed a chromatin immunoprecipitation 

followed by high-throughput sequencing (ChIP-seq) of SUZ12 in Empty 

and OE conditions. We used drosophila chromatin as a spike-in control to 

be able to quantitively compare the SUZ12 levels between the two 

conditions. 

As expected, most of the peaks were found on gene promoters. Peak calling 

resulted in the identification of 2,220 peaks (corresponding to 827 genes) 

in the Empty condition and 973 peaks (corresponding to 722 genes) in the 
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OE condition. When overlapped, these two gene sets showed only 285 

genes in common, suggesting a relocalization of PRC2 upon EPOP OE 

(Fig. R12-A). However, when examining at the overall level of SUZ12 on 

both of those gene sets, it seemed that the SUZ12 targets in OE condition 

also have lower but significant levels of SUZ12 that are not detected by the 

peak caller (Fig. R12-C). This analysis suggests that the SUZ12 upon 

EPOP over-expression are not de novo targets, but rather gain additional 

occupancy by SUZ12 after EPOP OE, enough for them to become 

detectable. On the other hand, the SUZ12 Empty targets seem to 

significantly lose SUZ12 occupancy after EPOP OE (Fig. R12-B). 

 
Figure R12. SUZ12 chromatin occupancy in NIH-3T3 cells after EPOP OE. 
(A) Venn diagram showing the overlap between the 827 SUZ12 target genes in 
Empty condition and the 722 SUZ12 target genes in the OE condition. (B) ChIP-
seq signal profiles of SUZ12 in Empty and OE conditions on the 827 target genes 
called in the Empty condition. Profiles are centered around the TSS. (C) ChIP-seq 
signal profiles of SUZ12 in Empty and OE conditions on the 722 target genes called 
in the OE condition. Profiles are centered around the TSS. 
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Overall, these results show that EPOP OE leads to the redistribution of 

SUZ12, with some genes losing SUZ12 and others gaining additional levels 

of SUZ12, but mainly without the appearance of de novo targets. 

As expected, gain and loss of SUZ12 primarily happens at gene promoters, 

where PRC2 usually binds. Examples of genes that lose SUZ12 on their 

promoters are Pax2 and Tbx5 (Fig. R13, top panel), while examples of 

genes that gain SUZ12 are Itpka and Rnpep (Fig. R13, bottom panel).  

 
Figure R13. SUZ12 is redistributed upon EPOP OE in NIH-3T3 cells. UCSC 
Genome Browser screenshots showing that EPOP overexpression leads to the 
redistribution of SUZ12. Some genes (PAX2 and TBX5) lose SUZ12 occupancy 
on their promoter, while others (ITPKA and RNPEP) gain SUZ12. 

Surprisingly, changes of SUZ12 levels on those genes do not affect their 

transcriptional levels (or does so in a very limited manner) (Fig. R14), 

suggesting that PRC2 occupancy is not the main (or only) repressive factor 

on those genes, or that the residual amounts of PRC2 are sufficient to keep 

these genes repressed. 
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Figure R14. Changes of SUZ12 occupancy do not affect gene expression. 
RPKM values for the previously mentioned four genes that lose or gain SUZ12 in 
EPOP overexpression conditions (OE 1 and OE 2) compared to control conditions 
(WT, EMPTY 1 and EMPTY 2). 

In order to assess the effect of the observed PRC2 relocalization on gene 

expression on a more general level, we looked at the expression levels of 

the top 500 genes either gaining or losing SUZ12 occupancy.  

Surprisingly, changes in SUZ12 levels did not seem to affect expression 

levels of the target genes: neither genes that lost SUZ12 increased their 

expression, nor genes that gained SUZ12 were more repressed. However, 

interestingly, those that gained SUZ12 showed much higher level of 

expression than those that lost SUZ12 (Fig. R15). This suggests that in this 

cellular context, EPOP allows PRC2 to bind active genes, escaping the 
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inhibition induced by active transcription. This is potentially mediated by 

the competition with the RNA-binding associated factor JARID2, rendering 

the complex unable to bind RNA. Another potential explanation could be 

that EPOP binds a specific set of RNAs that specifically drive PRC2 

recruitment to a new set of target genes, although this is unlikely given that 

it is not the case in mESCs. 

 
 

Figure R15. Expression levels of genes with differential SUZ12 occupancy. 
RNA-seq gene expression levels of the top 500 genes either losing or gaining 
SUZ12 after EPOP OE, both in control conditions (Empty 1 and Empty 2) and 
EPOP overexpression conditions (OE 1 and OE 2). 

EPOP is a negative regulator of PRC2 in NIH-3T3 cells 

As we showed previously, overexpressing EPOP in NIH-3T3 cells leads it 

to bind PRC2 and chromatin, presumably in the same complex (Fig. R5). 

Similarly to SUZ12, we investigated the genome-wide localization of 

EPOP and its effect on its potential target genes by performing a ChIP of 

EPOP in Empty and OE conditions. 

Initially, the ChIP-seq of EPOP did not work using our classical protocol 

(data not shown). For this reason, we decided to use the ChIP-IT High 

Sensitivity kit (from Active Motif) and to test different crosslinking 

strategies (either single or double crosslinking). We then performed qPCR 
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on the eluted DNA in order to identify the best working conditions. 

However, since the EPOP targets in NIH-3T3 cells were not known, we 

decided instead to rely on the SUZ12 ChIP-seq previously described to 

identify potential targets to test in the EPOP ChIP. Different categories of 

targets were picked to test for EPOP occupancy: several genes that gained 

SUZ12 upon the EPOP OE (Brd4 and Itga6), others that lost SUZ12 (Tbx5, 

Bmi1, Neurog1, Cdx2 and Nkx2-5) and finally the genes where SUZ12 

levels were unaffected by the EPOP OE (Esrrb, Hoxa11, Kcnq1ot1, Kct1, 

Ltpp1 and Pkdcc). Results of this EPOP ChIP-qPCRs showed that Tbx5, 

Bmi1, Kct1, Neurog1 and Cdx2 were targets of EPOP, most of which lose 

SUZ12 upon EPOP overexpression. Additionally, it was clear that using 

double crosslinking conditions was more efficient, as EPOP signal was 

considerably higher compared to the single crosslinking condition, while 

for the negative control and for the EPOP-negative genes (such as Kcnq1ot1 

or Brd4), the signal was unaffected (Fig. R16). For this reason, we decided 

to sequence the eluted material from the double crosslinking conditions 

(both Empty and OE). 
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Figure R16. Testing different condition for EPOP ChIP. ChIP-qPCR of 
potential EPOP targets in NIH-3T3 cells in Empty (blue) and OE conditions 
(orange/yellow) using both single (1XL) and double crosslinking (2XL) strategies.  

In general, the ChIP of EPOP was not of great quality, most probably due 

to the little amount of eluted DNA material that we used for library 

preparation, and due to the high background levels produce by our antibody. 

The bioinformatic analysis led to the identification of 560 EPOP peaks that 

correspond to 274 genes in the OE condition. The metagene plot shows that, 

in OE condition, EPOP binds genes near their TSS. As expected in the 

absence of EPOP expression, the Empty condition shows a low and flat 

ChIP-seq signal (Fig. R17). 

 
Figure R17. Metagene plot of all EPOP peaks around the TSS. EPOP binds its 
target genes near their TSS (yellow). In Empty condition (blue), where EPOP is 
not expressed, the signal is flat and at background levels. 
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Examples of EPOP targets in NIH-3T3 cells are Bmi1 and Dusp4, which 

showed a clear enrichment of EPOP at their TSS in the OE condition, but 

not in the Empty condition (Fig. R18). 

 
Figure R18. EPOP binds gene promoters in NIH-3T3 cells. UCSC Genome 
Browser screenshots showing the ChIP-seq signal of EPOP in OE and Empty 
conditions. EPOP is bound to the promoters of both Bmi1 (top panel) and Dusp4 
(bottom panel). 

Investigating the expression levels of EPOP targets, RNA-seq analysis 

showed that they were generally repressed, suggesting that they might be 

PRC2 targets. Surprisingly, their expression did not significantly change 

after EPOP OE (Fig. R19). 
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Figure R19. Gene expression of EPOP targets in control and EPOP OE 
conditions. Box plots representing the gene expression (RPKM values) of EPOP 
ChIP-seq targets in two replicates of control (Empty 1 and Empty 2, blue) and 
EPOP OE (OE 1 and OE 2, yellow) as represented by RPKM values from RNA-
seq.  

We then proceeded with a gene ontology analysis using EnrichR, as done 

previously. Interestingly, using the ChEA 2016 set, we observe that the 

second most enriched category in our dataset of EPOP targets is SUZ12 

targets in MEFs. This suggests that many of our EPOP targets in 3T3 cells 

are also targets of SUZ12. In line with this, although 274 genes are very 

few to obtain a very solid gene ontology analysis, Wikipathways Mouse 

2019 still returned classical Polycomb developmental categories as top 

categories such as “Dopaminergic Neurogenesis” and “Heart 

Development” (Fig. R20). 
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Figure R20. EnrichR analysis of the 274 EPOP target genes in NIH-3T3 cells. 
List of most enriched categories in ChEA 2016 (top panel) and Wikipathways 
Mouse 2019 (bottom panel). Categories ranked by p-value. 

In order to assess the role of EPOP in the observed SUZ12 relocalization, 

we first overlapped the 274 target genes of EPOP with the 722 target genes 

of SUZ12 in the OE condition. About half of the EPOP targets were also 

SUZ12 targets (130 common genes, 47% of EPOP targets) (Fig. R21-A). 

We then looked at the SUZ12 ChIP-seq levels in three different gene 

categories: SUZ12-only targets (592 genes), common targets (130 genes) 

and all EPOP targets (274 genes). As expected, the 592 SUZ12 targets 

showed higher levels of SUZ12 in the OE condition compared to the Empty 

condition. However, among the genes that gained EPOP occupancy, either 

the 130 common targets or the 274 total EPOP targets, we noticed that 

SUZ12 levels were higher in the Empty conditions compared to the OE 

condition, suggesting that EPOP binding to genomic targets could displace 

binding of SUZ12 (Fig. R21-B). This observation is in line with the known 

role of EPOP in mESCs, where EPOP acts as a negative regulator of PRC2 

activity, albeit with some mechanistical differences. Indeed, in mESCs, 

EPOP is not involved in the modulation of PRC2 occupancy, but instead is 

part of an enzymatically-attenuated PRC2 complex that allows low levels 

of transcription, while in NIH-3T3 cells, EPOP causes PRC2 relocalization 
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and impedes its binding without directly affecting expression of target 

genes. Importantly, the ChIP-seq of H3K27me3 in NIH-3T3 cells would 

provide crucial information regarding the effect of this SUZ12 

relocalization on the enzymatic activity of PRC2. 

 
Figure R21. EPOP negatively regulates PRC2 occupancy in NIH-3T3 cells. (A) 
Venn diagram showing the overlap between EPOP targets and SUZ12 targets in 
OE condition. (B) Metagene plot of SUZ12 ChIP-seq signal around the TSS in 
three gene sets, both in Empty and OE condition. 

PART I-B: Maintaining EPOP OE in a dynamic differentiation 
system 

To assess the relevance of the downregulation of EPOP during 

differentiation, we proposed to overexpress EPOP in mESCs and maintain 

its expression during an embryoid body (EB) differentiation experiment.  

We decided to perform the EB differentiation protocol for two reasons: 

first, EPOP is usually downregulated in all in vitro differentiation protocols 
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regardless of lineage choice, making embryoid body differentiation an ideal 

protocol to assess the overall impact of maintaining EPOP expression on 

all three lineages since mESCs are pushed to differentiate into the three 

germ layers: ectoderm, mesoderm and endoderm. Second, this is a system 

that in many ways resembles early mouse development as it is built on two 

essential aspects: the removal of the antidifferentiation factor LIF, and the 

formation of three-dimensional (3D) aggregates that allows multicellular 

contacts to form. At early stages of the differentiation, EBs (days 2-4), EBs 

resemble morula stage of early mouse development, until a cavity forms 

(days 4-5) and the EBs become more blastocyst-like. Finally, at later days 

of differentiation (days 8-10), more differentiated cells from the three germ 

layers start to form, such as cardiomyocytes for example. 

EPOP overexpression in mESCs affects the basal level of 
transcription of some Polycomb targets 

Stable mESC lines overexpressing EPOP were established using the same 

lentiviral particles previously used to overexpress EPOP in the NIH-3T3 

cells (Fig. R22-A). As both the Empty vector and the vector harboring the 

EPOP cDNA contain an mCherry reporter, the infected cells were isolated 

by fluorescence-activated cell sorting (FACS) and put back in culture. The 

intensity of the EPOP overexpression was routinely checked by Western 

Blot, as well as RT-qPCR (Fig. R22-B,C). As EPOP is very highly 

expressed in mESCs in serum/LIF conditions, an increase of 50% on RNA 

level was considered significant. The effect of this increase is also clearly 

visible on the protein level. (Fig. R22-B). 
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Figure R22. EPOP overexpression in mESCs. (A) A schematic representation of 
EPOP overexpression in mESCs. (B) Western Blot validation of the 
overexpression. (C) qPCR validation of the overexpression. N = 3. 

In order to check if the EPOP overexpression has an effect on the expression 

levels of known Polycomb targets such as lineage commitment genes, we 

extracted RNA from Empty and EPOP OE conditions and performed an 

RT-qPCR. Surprisingly, while some genes had unchanged levels of 

expression, other genes such as Gsc, Nestin, Gata4, Gata6 and Nkx2-5 

showed a higher expression level in the EPOP OE condition, opposite to 

the effect observed in EPOP KO mESCs. Non-Polycomb targets such as 

pluripotency genes Oct4 and Nanog were not affected by the EPOP OE in 

mESCs (Fig. R23). 
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Figure R23. EPOP overexpression leads to more permissive transcription of a 
subset of targets. RT-qPCR of classical PRC2 target genes in mESCs in Empty 
(blue) and OE (orange) conditions. Some target genes gain some level of 
expression after EPOP OE while others (including non-PRC2 targets such as Oct4 
and Nanog), are not affected. N=3. 

A possible explanation for this observation could be that, even though the 

EPOP protein is abundantly present in mESCs, its increased amount can 

compete with PRC2.2 associated factors such as JARID2 and AEBP2 and 

confer Polycomb targets with additional levels of permissive transcription. 

More experiments would be needed to confirm this hypothesis (Fig. R24).  

 
Figure R24. Model of EPOP regulation of PRC2 genes in mESCs. In normal 
conditions, PRC2 targets are occupied by EPOP-containing PRC2.1 as well as 
PRC2.2 and are expressed at low levels (left panel). After EPOP KO, these genes 
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are occupied by PRC2.2, which is able to represses them further (right panel, top). 
EPOP oever-expression, however, leads to a slight increase of the expression of 
these genes, by potentially out-competing PRC2.2 for their binding, and allowing 
a more permissive level of transcription (right panel, bottom). 

These observations again highlight the tight balance that exists in mESCs 

between PRC2-associated factors, and thus between PRC2.1 and PRC2.2, 

in order to keep poised genes in a transcriptionally controlled state. 

Maintaining EPOP expression in EB differentiation leads to a 
delay in the downregulation of the pluripotency network 

Using the established mESCs (Empty and EPOP OE), we performed an 

embryoid body differentiation experiment, where mESCs were kept in 

specific culture conditions deprived of the antidifferentiation factor LIF. 

Briefly, a specific number of mESCs (in our case 1000 cells/drop) were 

plated in the form of hanging drops, which allows them to aggregate into 

the spherical structure, termed embryoid body (Fig. R25-A,B). Two days 

later, after an embryoid body had formed in each drop, these drops were 

recollected and kept floating in a medium for 6 more days, allowing cells 

to start differentiating and to give rise to cell types from the three germ (Fig. 

R25-A,B). RNA and protein samples were taken at days 0, 4, 6 and 8 of 

differentiation. Protein samples were used to perform a Western Blot to 

confirm EPOP maintenance during the experiment and the RNA fraction 

was extracted to analyze EPOP and pluripotency genes (Nanog and Oct4) 

expression, as well as the expression of genes specific for the three different 

germ layers that arise during the differentiation (such as Gsc, Brachyury 

and Eomes for mesoderm; Nestin for ectoderm; Gata4 and Gata6 for 

endoderm; Nkx2-5, Mef2c, Myl7 and Actc1 for the cardiac lineage that 

arises at the end of differentiation). 
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Figure R25. Embryoid body differentiation protocol. (A) Schematic of the 
entire 8-day EB differentiation protocol. (B) Light microscopy image of embryoid 
bodies that shows their spherical shape. In these structures, cells differentiate into 
the three germ layers: ectoderm, endoderm and mesoderm. 

As expected, EPOP overexpression was maintained during the whole EB 

differentiation experiment, albeit with a progressive decrease even in the 

OE condition (Fig. R26-A).  

The analysis of pluripotency genes indicates that at day 4, both Nanog and 

Oct4 were expressed at higher levels in the EPOP OE condition compared 

to the Empty control, especially the former. This is an interesting result 

since it represents, to our knowledge, the first functional link between 

EPOP and the pluripotency network, even if EPOP was described to be 

“ESC-specific” (De Cegli, Iacobacci, Flore, Gambardella, Mao, Cutillo, 

Lauria, Klose, Illingworth, Banfi, and Di Bernardo 2013). Together, these 

observations suggest that, in the context of EB differentiation, EPOP 

downregulation is essential to allow a rapid shutdown of the core 

pluripotency network (Fig. R26-B). 
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Figure R26. Monitoring the expression of Epop and pluripotency markers 
during EB differentiation. Expression data is shown as a logarithmic ratio of 
OE/Empty. Bars that with a positive value (above the 0.0 baseline) indicate that its 
expression is higher in OE compared to Empty. Bars with a negative value indicate 
that the expression is higher in Empty compared to OE. Expression of each gene is 
shown at days 0,4,6 and 8 differentiation. N=2. 

Maintaining EPOP expression in EB differentiation leads to a 
temporal misregulation of several differentiation genes 

Regarding differentiation genes, the effect of the maintenance of Epop 

expression during differentiation was variable. Some genes such as 

Brachyury, Gata4, Gata6, Eomes, Nestin and Actc1 appeared to be 

significantly misregulated in at least one time point when EPOP expression 

was maintained. Notably, all of these genes show higher expression levels 

in the OE condition compared to the Empty condition (Fig. R27). 

Considering that these lineage-specific genes are expressed in a very 

dynamic fashion in the context of EB differentiation, it is also important to 

note that most of these dysregulations occur at the time points where their 

expression is highest. Indeed, in our experimental conditions, ectoderm and 

mesoderm markers usually peak at days 4 or 6, while endoderm markers 

are at their highest at day 6 and cardiac markers are highly expressed at 

day8. This adds considerable significance to the impact of the amplified 

expression observed. Finally, it seems that the effect observed is not global 

for all lineage-specific genes, since only selected of genes belonging to the 
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three different lineages are affected. This suggests that the phenotype 

observed is not due to an increase of a specific lineage population, but rather 

to an intrinsic misregulation of specific genes that are sensitive to the 

presence of EPOP within cells of different lineages (Fig. R27). 

 
Figure R27. Monitoring the expression of lineage commitment genes during 
EB differentiation. Expression of genes from the three germ layers, ectoderm (red) 
mesoderm (dark blue) and endoderm (green) are represented. Additionally, a subset 
of cardiac markers are also shown (light blue). See Figure R26 for further details. 
N=2. 

Interestingly, some but not all of the genes that are misregulated during 

differentiation were part of those misregulated at day 0. For example, while 

Nkx2-5 was affected by EPOP OE at day 0, its subsequent expression patter 

during differentiation was not altered, suggesting that the increased basal 

expression levels observed at day 0 are not directly responsible for the 

misregulation observed during differentiation. 

To sum up, through EB differentiation, we attempted to recapitulate in vitro 

the natural differentiation of mESCs into the three germ layers, occurring 

in vivo during early development. In both systems, EPOP is tightly 
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regulated and rapidly repressed. Our experiments show that, in vitro, this 

downregulation is crucial for the exit from pluripotency, being essential for 

both the repression of the core pluripotency network and is essential for the 

correct upregulation of a number of differentiation genes. 
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PART II-A: Investigating the role of EPOP during early 
development in vitro 

EPOP is more expressed in the primitive endoderm (PrE) than the 
epiblast in vivo 

While most of the published work and most of the body of this work focused 

on the mechanistical role of EPOP within the PRC2 complex and its effect 

on PRC2 composition, occupancy and enzymatic activity, information 

regarding the biological role of this EPOP-mediated transcriptional 

regulation is still lacking. In our attempt to answer this question, we focused 

on early mouse development, as EPOP is very highly expressed in mESCs, 

while its expression is very low or undetectable in most adult mice tissues 

(Fig. I16). 

EPOP expression during early mouse development starts at the 4-cell stage 

and progressively increases until it reaches its highest at E4.5 at the late 

blastocyst stage (Beringer et al. 2016) (Fig. R3-B). To investigate the role 

of EPOP during this process, we took advantage of the single-cell RNA-seq 

data published by Mohammed and colleagues that we previously used 

(Mohammed et al. 2017).  

The late blastocyst is formed by three cell types: (1) the epiblast, where 

mESCs are isolated from, (2) the primitive endoderm (PrE) and (3) the 

trophectoderm (Fig. R28-A). In this published dataset, information from 

the trophectoderm is not represented, as this layer was surgically removed 

during sample preparation. Therefore, we set out to compare the expression 

of EPOP and other Polycomb genes in epiblast and in PrE cells at E4.5. 

In order to separate the single cells into epiblast and PrE groups, we used 

known described markers that are differentially expressed between these 

two cell types. Cells expressing epiblast-specific genes such as Esrrb and 

Sox2 were assigned to the epiblast group, while cells expressing PrE-

specific genes such as Gata4 and Gata6 were assigned to the PrE group 
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(Table R1). Epiblast and PrE markers were picked by analyzing the list of 

differentially expressed genes between PrE and Epiblast at E4.5 provided 

by the authors. 

Epiblast markers PrE markers 
Aire Atf6 

Arid5b Creb3l2 
Bnc2 Foxq1 
Cdyl Gata4 
Esrrb Gata6 

Gm13051 Hesx1 
Gm13242 Klf6 

Grhl2 Runx1 
Ncoa3 Snd1 
Sox2 Sox7 
Tcf15 Xbp1 
Zfp57  
Zfp600  

 

Table R1. List of genes used for the identification of PrE and Epiblast cells. 
Epiblast and PrE markers used to separate single cells into Epiblast and PrE group. 
Genes were picked by manual curation of the E4.5 data from (Mohammed et al. 
2017). 

We then validated the quality of this separation by checking the expression 

of known pluripotency and PrE-associated genes within those two groups. 

For pluripotency markers, both Nanog and Sox2 are exclusively expressed 

in the epiblast group, while Oct4 is expressed in both groups but at higher 

levels in the epiblast compared to the primitive endoderm. As for PrE 

markers Gata4 and Gata6, they are both exclusively expressed in the 

primitive endoderm group (Fig. R28-B). These results confirm the quality 

of the separation of single cells into epiblast or primitive endoderm.  
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Figure R28. Separation of single cells into epiblast and primitive endoderm 
groups. (A) The blastocyst at E4.5 is formed by the epiblast (blue), the primitive 
endoderm (salmon) and the trophectdoerm (pink).  (B) Box plots presenting the 
gene expression distribution of the single cells for different markers: Sox2, Nanog 
and Oct4 as markers of epiblast, Gata4 and Gata6 as markers of PrE. 
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After validating the correct separation of the cells into epiblast and PrE 

groups, we analyzed the expression of different PRC2 genes in these two 

cell types. Core PRC2 genes EZH2, EED and SUZ12 were expressed at 

higher levels in epiblast cells compared to PrE cells. This was expected as 

it is known that core PRC2 genes are usually expressed higher in pluripotent 

cells than in other differentiated cell types (Kloet, Makowski, Baymaz, Van 

Voorthuijsen, et al. 2016). Looking at PRC2-associated factors, such as 

JARID2 and AEBP2, we also saw the same tendency of higher expression 

in epiblast compared to PrE. Surprisingly, EPOP was the only PRC2 gene 

that was expressed at higher levels in the PrE compared to epiblast (Fig. 

R29). This was particularly surprising considering the quick 

downregulation of EPOP in all in vitro differentiation experiments that have 

been described so far. This pushed us to speculate for a potential role of 

EPOP in the epiblast to PrE transition that happens between E3.5 and E4.5, 

coinciding with the highest levels of EPOP expression in vivo. 
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Figure R29. In vivo expression of PRC2 subunits at E4.5. Expression levels of 
all three core components (EZH2, SUZ12 and EED) as well as PRC2.1 subunit 
EPOP and PRC2.2 subunits JARID2 and AEBP2 in Epiblast (blue) and Primitive 
Endoderm (salmon). 
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EPOP KO cells have a higher capacity of PrE differentiation in 
vitro 

To investigate the potential role of EPOP in the formation of primitive 

endoderm, we searched in the literature for examples of differentiation 

protocols. In 2017, Anderson and colleagues published a one-step PrE 

differentiation protocol starting from mESCs (Anderson et al. 2017). This 

protocol starts by culturing mESCs in either serum/LIF or 2i/LIF conditions 

and then, one day after plating, changing the medium to one supplemented 

with Activin A and CHIR (Fig. R30-A). Activin A and CHIR drive PrE 

differentiation through the activation of the Wnt pathway and the 

SMAD/2/3 pathway, respectively. A few days into the differentiation 

protocol, PrE cells emerge and form a monolayer around the original 

mESCs colonies (Fig. R30-B). 

 
Figure R30. Setup of PrE differentiation protocol. (A) mESCs-to-PrE 
differentiation protocol. Cells are cultured for one day in serum/LIF condition and 
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later switched to a PrE differentiation medium containing Activin A and CHIR. (B) 
Light microscopy images of the PrE monolayer at day 6. 40X magnification on the 
left, 100X on the right. 

After setting up the PrE differentiation protocol and optimizing the 

conditions (data not shown), we performed the same differentiation 

experiment, starting from serum/LIF culture conditions, in two independent 

EPOP KO mESC lines together with their matched control. These cells 

were generated to achieve the results presented in our first article focused 

on investigating the mechanistical role of EPOP within PRC2 in mESCs 

(see introduction and (Beringer et al. 2016)) (Fig. R31-A). PrE 

differentiation was monitored for 9 days and RNA samples were taken at 

days 6 and 9 to analyze the expression of PrE markers by RT-qPCR. 

Surprisingly, results showed that EPOP KO cells seemed to be 

differentiating more efficiently into PrE compared to control cells. On the 

RNA level, while there were no clear differences at day 6, the difference of 

expression of PrE genes was very clear at day 9, where EPOP KO cells 

expressed much higher levels of PrE markers such as Gata4, Gata6 and 

Foxa2 (Fig. R31-B). 
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Figure R31. EPOP KO leads to an increased PrE differentiation efficiency. (A) 
Western Blot showing the EPOP KO in mESCs. Figure from (Beringer et al. 2016). 
(B) RT-qPCR of PrE differentiation at days 0, 6 and 9 in control (red) and two 
independent clones of EPOP KO (1A and 3A, yellow). 

These results suggest that EPOP KO cells can differentiate more efficiently 

into primitive endoderm, suggesting that EPOP could act as a safeguard that 

keeps the balance between PrE and epiblast stable during development and 

avoids overgrowth of the PrE tissue in this critical pre-implantation step. 

In order to understand the extent of the role of EPOP during this 

developmental stage, more experiments will be needed in order to 

characterize the phenotype more extensively and to confirm that this also 

happens in vivo, in the physiological context of a developing blastocyst. 
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PART II-B: Investigating the role of EPOP in vivo 

EPOP KO mouse strategy 

In order to ultimately understand the biological role of EPOP both during 

early mouse development as well as in adult mice, we set out to establish 

an EPOP KO mouse model. This was performed in collaboration with Anna 

Mallol from the Payer lab, also at CRG. Our strategy consisted in injecting 

embryos at the one-cell stage with a mix of the Cas9 protein and sgRNA 

targeting EPOP specifically. Injected embryos were reintroduced into 

pseudo-pregnant females to allow further development (Fig. 32, Step 1). 

Ear snips from born pups were then taken for genotyping purposes. Mosaic 

mice were then crossed with wild type mice to establish heterozygous 

founders that were used to establish the KO colony (Fig. 32, Step 2). 

Heterozygous mice were backcrossed in order to get rid of potential off-

target effects caused by unspecific Cas9 activity at other genomic loci. 

Finally, heterozygous mice were crossed in order to generate the EPOP KO 

mouse colony, if viable (Fig. R32, Step 3). 
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Figure R32. Strategy for EPOP KO mouse generation. Different steps of the 
EPOP KO mouse generation. Step 1 consists in the injection of the Cas9 protein 
and sgRNA into the zygote and its subsequent transfer into foster mothers in order 
to generate mosaic pups. Step 2 consists in crossing the mosaic mice with wt mice 
to generate the heterozygous founders that will then be backcrossed to reduce off-
target effects. Step 3 is the final step of heterozygous cross that will give rise to the 
EPOP KO mouse, if viable. 
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In order to choose the most efficient sgRNA to generate EPOP KO mouse 

colonies, we initially tested three different sequences, two of which were 

used in our previous work (Beringer et al. 2016). Their cutting efficiency 

was evaluated by culturing the injected embryos until the blastocyst stage, 

isolating genomic DNA and performing a nested PCR around the predicted 

cut site. We first amplified a large region of the EPOP gene, that was then 

used as a template for another PCR around the predicted cut site. The 

product of the second PCR was run on a GeneScan, which allowed us to 

quantify at single base pair resolution the size of the PCR product. This 

strategy is ideal to detect minor but significant losses or gains of 1 base pair 

after the cut (Fig. R33). 
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Figure R33. GeneScan on injected blastocysts. Example of outputs of GeneScan 
analysis. (A) Two control non-injected blastocysts. The observed peak represents 
the size of the amplicon, in this case 227 bp long. (B) Two injectected blastocysts 
with a 13 and 35 bp deletion. In this case, we observe two different peaks, one of 
227 bp which corresponds to the wild type amplicon, and another one of shorter 
size which corresponds to the modified allele. The distance between the two peaks 
corresponds to the the difference in size of amplicons while the height corresponds 
to the amount of amplified material. 

The results of this test showed that one of the sgRNA (CDS3) was unable 

to direct the cut of the target locus (0% efficiency). Another sgRNA (5UTR) 

also showed a very limited ability to mediate the intended cut, with only 

one out of 25 embryos showing an indel (4% efficiency). The last sgRNA 

(KO1) had a better overall efficiency, with 6 out of 15 embryos showing an 

indel at the target locus (40% efficiency). This sgRNA was therefore chosen 

to be used for the establishment of the EPOP KO mouse colony (Table R2). 

 
Table R2. In vitro development of injected embryos. Table summarizing the 
results of the injection of three different sgRNAs (named 5UTR, CDS3 and KO1), 
as well as a non-injected control and a different control injected with buffer. The 
table shows the total number of injected embryos (N) as well as the number of 
replicates. Their development is then monitored at the 2-cell, 4-cell, morula and 
blastocyst stages and the percentage of mutants embryos is calculated after 
genotyping with the characterization of the indel size. 

The KO1 sgRNA targets the EPOP gene very early within its coding 

sequence, around the 28th aminoacid. This leads to a cut and frame shift 

before any known functional domain including the N-terminal BC-box 

(Figure I7), preventing a potential dominant negative effect of a truncated 

protein. After having selected the optimal sgRNA, female mice were 

superovulated and mated. We then collected embryos at the zygote stage 



Results 

 99 

and injected them with the Cas9 protein as well as our chosen sgRNA. 

Injected embryos were then cultured for around 24 hours until the 2-cell 

stage and transferred to pseudopregnant females.  

Genotyping mosaic pups 

When pups were born, we proceeded to genotype them by extracting 

genomic DNA (gDNA) from ear snips and performing the same nested 

PCR-GeneScan strategy. This allowed us to detect mosaic pups carrying 

one or more modified alleles. 

Results of the genotyping show that for the non-injected control, 75% of 

the embryos (15/20) were born without any abnormality, as expected, while 

from the injected embryos, only 44% of them were born (7/16), possibly 

due to the stress inflicted by the injection. Interestingly, out of the 7 born 

pups, 3 of them were wild type (number 67, 70 and 72), while the other 4 

pups were mosaic (57%) and had a combination of seven different modified 

alleles, most of them deletions and just two of them being insertions (Table 

R3, Fig. R34). 

 
Table R3. In vivo development of injected embryos. Table summarizing the 
results of the embryo transfer of non-injecet control embryos and KO1/Cas9 
injected embryos following their development in vivo. 
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Figure R34. Genotyping of the 7 pups born after Cas9 injection. The 7 pups 
were analysed by GeneScan. Three of them (pups 67,70 and 72) show only the WT 
allele (blue). Other pups (68, 69) show the WT allele as well as one indel (orange). 
Pup 66 shows the presence of the WT allele and two indels (orange, purple) and 
pup 71 shows 4 alleles, one WT and three modified (orange, purple and grey). The 
numbers on the indels represent the extent of the deletion (negative number) or 
insertion (positive number). 

Establishing the heterozygous founders 

In order to establish our heterozygous founders, we first analyzed the 

predicted effect of the different allele modifications (insertions or deletions) 

on the gene product in order to pick our preferred alleles. In all cases, the 

modified protein was identical to the wild type form in its first 27 or 28 

aminoacids. After that, the mutant protein had different predicted sizes 

depending on where the stop codon appeared. This analysis lead us to 

choose two different deletions, one of 13 nucleotides and another of 14 

nucleotides (hereon referred to as -13 and -14). We picked these two alleles 

because they provided three main advantages: i) they caused a frameshift, 

ii) the predicted mutant proteins were the shortest (83 and 159 aminoacids 

respectively) (Fig. R35) and iii) the deletion was large enough to be 

detected in the nested PCR gel bands, without necessarily having to 

constantly use the GeneScan technique. 
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Figure R35. Example of EPOP KO allele product. The EPOP (-14) KO allele 
generated by the sgRNA KO1 (pink arrow, top) codifies for a mutant protein 
product that is identical to the wild type protein in its first 28 aminoacids (blue 
segment, top). After the cut site, the mutant protein differs in sequence from the 
wild type protein due to the frame shift until it reaches a new stop codon (yellow 
segment). The wild type protein is represented by the large blue segment at the 
bottom, while the entire transcribed mRNA of the wild type gene is depicted in 
orange below it. 

The two mosaic mice harboring these two alleles were then crossed with 

wild type mice, and pups obtained from different litters were genotyped. 

Both crosses gave rise to a number of heterozygous mice carrying our 

expected mutant EPOP allele. 

EPOP KO mouse does not show any defect … yet 

With these heterozygous mice established, we proceeded first to backcross 

them again with wild type mice. This step is essential in order to remove all 

potential off-target effects caused by the Cas9 potentially cutting unspecific 

target regions. 

In parallel, since we obtained many EPOP +/- (-14) mice of both sexes born, 

we also crossed the heterozygous founders together, in order to check if the 

EPOP KO mouse were viable and, if so, have some obvious developmental 

defects. 

After genotyping 3 litters from two mating pairs, EPOP -/- were 

successfully born in Mendelian ratios without any obvious defects (Table 

R4). This was surprising considering that EPOP is very highly expressed in 

mESCs and a phenotype would have been expected either at the pre-

implantation stage or during early development. We then asked whether 



Results 

 102 

these mice are fertile, as EPOP is also expressed in the placenta (Fig. I16). 

In order to answer this question, we proceeded by crossing EPOP KO mice 

from the previous cross, the offspring of which will also be KO. Again, 

against our expectations, EPOP KO mice were fertile and gave rise to a 

litter of EPOP KO pups without any obvious defects (Table R4). 

Cross Pups Born Genotypes Genotype 

percentage 

Heterozygous +/- (-

14) 

66 (38M 

28F) 

17 WT (8M 9F) 26 % 

  34 Hz (20 M 14 

F) 

52 % 

  15 KO (10M 5F) 23 % 

    

Homozygous -/- (-14) 13 (6M 7F) 13 KO (6M 7F) 100% 

 

Table R4. Summary of EPOP KO colonies. Pups from the heterozygous cross of 
mice carrying the EPOP KO (-14) allele are born in Mendelian ratios without any 
sex bias. KO mice born from the previous cross are fertile and do not present any 
obvious defect. 

While we are still investigating a potential phenotype, many questions 

remain to be answered: i) Do these mice have any classical Polycomb 

phenotype such as homeotic transformations that are not easily detectable? 

ii) Will these mice live normally or will they develop any kind of phenotype 

with age? iii) Is there some compensation from other Polycomb-associated 

factors that could have counteracted an EPOP-specific phenotype? 

These questions will need to be answered in order to finally start unraveling 

the biological role of EPOP in vivo.  
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MATERIALS AND METHODS 

Cloning, Plasmids and Lentiviral production 

Cloning of EPOP cDNA into pL-Ef1a mCherry vector 

PCR to generate EPOP insert was performed on cDNA from E14TG2a 

mouse embryonic stem cells. The product was then inserted into a modified 

version of the 7TGC vector where the original GFP was removed and an 

SV40 promoter was added. This modified plasmid was donated to us by 

Francesco Aulicino from the laboratory of Pia Cosma at CRG. 

Lentiviral production 

Lentiviral particles by plating 293T cells in 10 cm dishes.  The next day, 

7μg of the plasmid of interest was mixed with 250 mM CaCl2, 5 μg of viral 

envelope vector (containing VSV-G) and 6μg of packaging vector p8.91 in 

a total volume of 500 μl. This mixture was then mixed with 500 μl of 2X 

HBS while bubbling and then rested for 10 minutes. The final solution was 

pipetted onto the cells and medium was changed the next day. 

The following day, medium was collected and either used directly or kept 

at -80oC. 

Cell Culture, Transfection and Generation of Stable Cell Lines  

NIH-3T3 cells 

Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM - 

Gibco), supplemented with 10% of fetal calf serum (FCS – Thermo 

Scientific), as well as PenStrep and Glutamax (both Gibco) according to 

manufacturer’s instructions.  

3T3 Empty and EPOP OE cells were generated through lentiviral infection 

of wild type 3T3 cells. Lentiviral particles were generated by calcium 
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phosphate transfection of 293T cells as described above. Infected 3T3 cells 

were then isolated by flow cytometry and mCherry positive 3T3 cells were 

put back in culture. Overexpression was routinely checked by Western Blot 

before every experiment. 

Mouse embryonic stem cells (mESCs) 

E14TG2a cells were cultured in Glasgow Minimal Essential Medium 

(GMEM) with LIF (homemade) on 0,1% gelatin in feeder-free conditions. 

Medium was supplemented with 20% fetal bovine serum (FBS – Hyclone) 

as well as PenStrep, Glutamax, Non-essential amino acids, Sodium 

Pyruvate and β-mercapto-ethanol (all Gibco) according to manufacturer’s 

instructions. 

To generate Empty and EPOP OE stable cell lines, like 3T3 cells, E14TG2a 

cells were infected with the same lentiviral particles, isolated by flow 

cytometry and put back in culture. Overexpression was routinely checked 

before every experiment. 

Both NIH-3T3 cells and mESCs were incubated at 37oC and 5% CO2 and 

routinely checked for mycoplasma. 

Western Blot 

Sample preparation 

3T3 or E14TG2a cells were trypsinized, washed once with PBS 1X and 

centrifuged for 5 minutes at 1200 rpm. The pellet was then resuspended in 

5X pellet volume of whole cell extract (WCE) buffer (50 mM Tris-Cl pH 

7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5 mM MgCl2, 0.5% Triton 

X-100) and transferred to 1.5 ml Eppendorf tubes. Samples were then

rotated on a wheel at 4oC for 30 minutes and centrifuged at full speed for

30 minutes at 4oC to get rid of cellular debris. Supernatant was collected

and stored at -20oC for later use.
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Sample quantification 

Samples were quantified by Bradford in duplicates. 1 μl of sample was 

added to 800 μl of water and 200 μl of Bradford reagent (Biorad Bradford 

Protein Assay) in a cuvette. Absorbance at 595 nm was read on a 

spectrophotometer and compared to a standard curve produced by adding 

controlled concentrations of BSA. 

Western Blot 

For the Western Blot, 20 to 40 μg was mixed with NuPage loading buffer, 

boiled for 5 minutes and resolved on a 8 to 15% polyacrylamide gel 

depending on the size of the target protein. The gel was then transferred on 

a 0.22 or 0.45 μm nitrocellulose membrane (GE Healthcare) for 80 minutes 

at 4oC and 300 mA. Membranes were then blocked with 5% milk in TBS-

T for 20 minutes at room temperature and incubated with a primary 

antibody on a shaker overnight at 4oC (Table M1). The next day, 

membranes were washed four times with TBS-T and incubated with a the 

corresponding secondary antibody conjugated with horseradish peroxidase 

(HRP) diluted at 1:5000 in TBS-T for 40 minutes shaking at room 

temperature. Membranes were washed again and signal was detected by 

adding ECL (GE Healthcare) for 3 minutes and exposing it onto films (GE 

Healthcare) that were then developed. 

Immunoprecipitation 

Cells were trypsinized, washed once with PBS 1X and centrifuged at 1200 

rpm for 5 minutes. Pellets were then resuspended in 5X pellet volume of IP 

buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% 

glycerol, 1.5 mM MgCl2, 0.5% NP40, protease and phosphatase inhibitors). 

Samples were transferred to 1.5 ml Eppendorf tubes, spun for 30 minutes 

on a wheel at 4oC and centrifuged at full speed at 4oC for 30 minutes to get 
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rid of cellular debris. Supernatant was collected and quantified by Bradford 

(described in previous section). 

For each IP, 1 mg of protein extract in 500 μl of IP buffer was used. 25 μl 

of protein A/G dynabeads per sample (company name) was washed with IP 

buffer and added. Finally, 4 μg of antibody was added and the mix was 

incubated on a rotating wheel at 4oC for two hours (Table M1). 10% of 

input was kept as a loading control. Samples were then washed 3 times with 

IP buffer and eluted in 45 μl NuPage loading buffer (diluted from 4X to 2X) 

and 50 mM DTT at 70oC for 15 minutes. Inputs were also mixed with 

NuPage loading buffer and 50 mM DTT. 

Before loading on a gel for Western Blot, samples were boiled for 5 

minutes. 

For Mass Spectrometry 

For samples sent to mass spectrometry, the protocol is similar to the one 

described previously, until the two hour incubation at 4oC of 

beads/proteins/antibody. After that, samples were digested on beads using 

the following steps. Beads were washed three times with 200 mM 

ammonium bicarbonate (ABC) buffer (GE Healthcare, ref.17-1319-01) and 

resuspended with 60 μl 200mM ABC and 6M urea. This was then followed 

by a reduction step with 10 mM DTT in 200 mM ABC shaking for 1 hour 

at 37oC.  After that, samples were diluted with 200 mM ABC to reduce the 

concentration of urea to less than 1M. Samples were then digested on beads 

using 0.2 μg/μl trypsin overnight at 37oC. The next day, beads were pelleted 

by centrifuging for 5 minutes at 5000g and the supernatant was transferred 

to a new tube where it was acidified by the addition of 100% FA. 

Next, the desalting step started by washing once with methanol and twice 

with 5% FA. Samples were then passed twice through UltraMicroSpin 

columns (The Nest Group, ref. SS18V). Columns were then washed twice 
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with 5% FA and samples were eluted with 50% ACN and 5% FA and dried 

by SpeedVac. 

Samples were then sent to the CRG Proteomics facility for mass 

spectrometry. 

Antibody Source Experiment 
EPOP Active Motif (61753) Western Blot 

EPOP Homemade ChIP, IP 

GAPDH Santa Cruz (SC-32233) Western Blot 

EZH2 Cell Signaling (3147S) Western Blot 

SUZ12 Cell Signaling (37375) Western Blot, ChIP, IP 

JARID2 Abcam (Ab192252) IP, Western Blot 

ELOB Bethyl (A304-008A) IP, Western Blot 
Table M1. List of antibodies used. 

Chromatin Immunoprecipitation (ChIP) 

Classic protocol (ChIP of SUZ12) 

For the first crosslinking step, cells were washed twice with PBS 1X at 

room temperature before incubating with 10 ml of PBS 1X freshly mixed 

with 40 ul of ChIP CrossLink GOLD (Diagenode) for 30 minutes on a 

shaker a room temperature. Cells were then washed twice before 

proceeding to the second crosslinking step where they were incubated with 

10 ml of PBS 1X with 1% formaldehyde for 10 minutes on a shaker at room 

temperature. After two washes with ice cold PBS 1X, 10 ml of ice cold PBS 

1X was added and cells were scraped, collected in 15 ml polystyrene Falcon 

tubes and centrifuged for 5 minutes at 1500 rpm at 4oC. The pellet was then 

washed with ice cold PBS 1X and either directly used or stored at -80oC. 

To lyse the cells, the pellet was incubated for 5 minutes on ice with 1 ml of 

Swelling Buffer (25 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.1% 
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NP-40, protease and phosphatase inhibitors). Nuclei were isolated using a 

Dounce homogenizer (10 ml, tight pestle) for 50 strokes and collected by 

centrifuging at 3000 g for 5 minutes at 4oC. Supernatant was discarded and 

nuclei were resuspended in 1.3 ml of Sonication Buffer (50 mM HEPES pH 

7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-

deoxycholate, 0.1% SDS, protease and phosphatase inhibitors). Nuclei 

were sonicated with a bioruptor at max output (30 seconds ON 30 seconds 

OFF) for around 40 cycles, centrifuged for 20 minutes at full speed at 4oC 

and supernatant was kept. Sonication quality was checked by reverse 

crosslinking an aliquot of 30 μl by adding 170 μl of PBS and incubating for 

5 hours at 65oC shaking at 300 rpm, purifying the chromatin with a Qiagen 

PCR Purification Kit according to manufacturer’s instructions and then 

running the eluted DNA on a 1% agarose gel. If DNA fragments were 

between 125 and 200 bp, we proceeded with the ChIP. 

ChIP was started from 60 μg of chromatin in a final volume of 500 μl in 

Sonication Buffer. Additionally, 0,1% of drosophila chromatin was added 

to the mix as an internal control (spike-in). 10% of the volume was kept as 

input. 20 μl per sample of previously washed Protein A/G dynabeads was 

added to the 500 ul, as well as 4 μg of antibody (Table M1). The mix was 

incubated overnight at 4oC on a rotating wheel. The next day, beads were 

washed for 5 minutes at 4oC with 1 ml of Sonication Buffer, followed by a 

similar wash with 1 ml of Wash Buffer A (50 mM HEPES pH 7.9, 500 mM 

NaCl, 1mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 0,1% SDS, 

protease and phosphatase inhibitors), 1 ml of Wash Buffer B (20 mM Tris 

pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 

protease and phosphatase inhibitors) and 1 ml of TE Buffer (10 mM Trish 

pH 8.0 and 1 mM EDTA). Immunoprecipitated chromatin was eluted by 

adding 100 μl Elution Buffer (TE Buffer supplemented with 1% SDS) and 
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incubated 20 minutes at 65oC shaking at 1000 rpm. The elution step was 

repeated twice for a final volume of eluted material of 200 μl. 

In order to purify the DNA from the eluted chromatin, samples and inputs 

were incubated 5 hours at 65oC shaking at 300 rpm and then DNA was 

purified with the Qiagen DNA Purification Kit according to manufacturer’s 

instructions. 

ChIP-IT Kit protocol (ChIP of EPOP) 

This ChIP was done using the ChIP-IT High Sensitivity Kit from Active 

Motif. All steps were done according to manufacturer’s instructions. 

For this protocol, the crosslinking and nuclei preparation and sonication 

steps are similar to the classical protocol (described above).  

ChIP was done by incubating 30-60 μg of chromatin with the ChIP Buffer, 

Protease inhibitor cocktail (PIC), Blocker (all provided in kit) and antibody 

overnight at 4oC on a rotating wheel (Table M1). The next day, protein G 

dynabeads were washed twice with TE pH 8.0 Buffer and added to the mix 

incubating for 3 hours at 4oC on a rotating wheel. 

600 μl of ChIP Buffer was added to each samples which were next 

transferred to ChIP Filtration Columns (provided in Kit). Samples were left 

to go through the columns by gravity flow-through and columns were then 

washed with 900 μl Wash Buffer AM1 (provided in Kit) four to five times. 

For the elution, 50 μl of Elution Buffer AM4 (provided in Kit) was added 

to the columns which were then centrifuged at 1250g for 3 minutes. 

Reverse crosslinking was done by adding 2 μl proteinase K and heating for 

30 minutes at 55oC and then 80oC for 2 hours. DNA was then purified using 

the Qiagen DNA Purification Kit according to manufacturer’s instructions. 

For qPCR, SYBR Green I PCR Master Mix (Roche) and Roche LightCycler 

480 were used. Results were normalized over input. 
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Primer Name Primer Sequence 
mINTCTL_ChIP_fw AGAGAAAGTGCTGTGCAGACG 

mINTCTL_ChIP_rv CATGCACAGTTCAGCAGCTC 

mESRRB_ChIP_fw TTCTCCTCCAACTGGGAATG 

mESRRB_ChIP_rv CTAGGTCCCTGCCACTTCAG 

mTBX5_ChIP_fw CTAAGAGGAAGAGGGGCGGT 

mTBX5_ChIP_rv CGGCCATATGGTAGTACGGT 

mBMI1_ChIP_fw CAGGGAACGCCCCCATTTTA 

mBMI1_ChIP_rv ACTGGGAACCGCCATCTTAC 

mHOXA11_ChIP_fw CTCCCAGCTCTCTCGAGGT 

mHOXA11_ChIP_rv ACTGAGTGAAGGCCTGGGTA 

mKCNQ1OT1_ChIP_fw GACTCGGAACCACTGTAGACC 

mKCNQ1OT1_ChIP_rv GGAAGGCTGCTTATTCGGAGT 

mNEUROG1_ChIP_fw CCAGGGCCCAGATGTAGTTG 

mNEUROG1_ChIP_rv GAGGAGTCGTCGCGTCAAAG 

mCDX2_ChIP_fw CTGCGGAGGACTGACAAAGT 

mCDX2_ChIP_rv TTCTGGACAAGGACGTGAGC 

mNKX2.5_ChIP_fw TAAGGATGGAAGTGCGAGGC 

mNKX2.5_ChIP_rv TTCGCTCCAGCACTCATTCA 

mBRD4_ChIP_fw AACGTGGGATTTCCCATCTCC 

mBRD4_ChIP_rv AGTGTGTCGGTTTAGGGTGG 

mITGA6_ChIP_fw TGATCCGGAAATCGGGGGAT 

mITGA6_ChIP_rv GGGAACTCACAGCCGCTT 

mPKDCC_ChIP_fw GCGCTTAAAGCAGTGGACTT 

mPKDCC_ChIP_rv TGGACGCCCTGAGACTTATT 
Table M2. List of ChIP-qPCR primers. 
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ChIP-sequencing 

Library preparation, quality control and sequencing was performed at the 

CRG Genomics Unit. Amount of material used for library preparation 

varied between experiments, usually equivalent to the maximum amount 

available to use in all conditions. Library preparation was done using the 

NEBNext Ultra DNA Library Prep Kit for Illumina (New England Biolabs). 

Libraries were then sequenced using a HiSeq2500 sequencer (Illumina). 

Cell Fractionation 

In order to compare between different conditions, the experiment was 

started with the same number of cells. Cells were trypsinized, counted, 

washed with PBS 1X and centrifuged at 1200 rpm for 5 minutes. Pellets 

were resuspended in 10X of packed cell volume (usually 500 µl) of ice-cold 

Buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M 

sucrose, 10% glycerol, 1 mM DTT, 0.1% Triton X-100, protease and 

phosphatase inhibitors), and incubated on ice for 10 minutes. An aliquot 

(50 µl) of the total fraction was taken (fraction T). After incubation, samples 

were centrifuged at 1300 g for 5 minutes at 4˚C. An aliquot (50 µl) of the 

supernatant was taken for the cytoplasmic fraction (fraction C). The pellet 

was washed with 5 volumes of buffer A and then resuspended in 1X volume 

Buffer A (50µl) . An aliquot (5 µl) for the total nuclear fraction was taken 

(fraction N). The sample was then diluted in 10x volume of Buffer B (3 

mM EDTA, 0.2 mM EGTA, 1 mM DTT, and protease inhibitors), briefly 

vortexed and incubated for 30 minutes on ice. Samples were centrifuged at 

1700 g for 5 minutes at 4˚C. An aliquot (50 µl) of the supernatant was taken 

for the nucleoplasmic fraction (fraction Np). Pellets were washed in 5X 

volume buffer B and then resuspended in 10X volume (500 μl) B-SDS 1X 

Lysis Buffer (50 mM Tris-Cl [pH 7.5], 2 mM EDTA, 2% SDS) to form the 

chromatin fraction (fraction Chr). All fractions (except the chromatin 
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fraction) were then mixed with an equal amount of B-SDS 2X lysis buffer, 

and all were boiled for 10 min. The chromatin fraction was finally sonicated 

for 5 minutes at high potency (30 s ON, 30 s OFF) until clarified (8-10 

cycles). 

Growth Curve 

In order to assess growth rate of 3T3 cells, 2x105 cells were plated in a 

multi-6-well (M6W) plate in Dulbecco’s Modified Eagle Medium (DMEM 

- Gibco), supplemented with 10% of fetal calf serum (FCS – Thermo 

Scientific), as well as PenStrep and Glutamax (both Gibco) according to 

manufacturer’s instructions. Every two days, cells were trypsinized, 

counted and 2x105 were replated in a M6W plate. This was repeated three 

more times (8 days in total) and cell number per day were calculated by 

cumulative addition of total number of cells. 

Embryonic Stem Cell (ESC) Differentiation 

Embryoid Body differentiation 

Embryoid body differentiation was started by trypsinizing, counting and 

resuspending 5 x 105 cells in 10 mL of ESC medium without LIF (1000 

cells per 20 μl). Droplets of 20 ul were then pipetted on the lids of 15 cm 

bacterial grade non-treated dishes (approximately 4 full plates) and left in 

the form of hanging drops for two days. At day 2, embryoid bodies 

contained in the hanging drops were collected and kept in a bacterial grade 

non-treated dish for the remainder of the differentiation protocol. Medium 

was changed every two days. Samples for RNA isolation were taken at days 

0, 4, 6 and 8.  
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Primitive Endoderm (PrE) differentiation 

This protocol is an adaptation of the one published by Anderson and 

colleagues (Anderson et al. 2017). 25x104 mESCs cells were split on 0.1% 

gelatin in a M6W plate in normal medium (serum/LIF, described 

previously). The next day, medium was changed to PrE differentiation 

medium (RPMI 1640 supplemented with Glutamax, PenStrep (both Gibco) 

and B27 (Thermo Scientific) according to manufacturer’s instructions, as 

well as 20 ng/ml Activin A (Peprotech) and 3 μM Chiron (CHIR99021- 

Selleck). PrE differentiation medium was changed every other day and 

RNA samples as well as representative Brightfield microscopy images were 

taken at days 6 and 9. 

Reverse Transcription and Quantitative PCR (RT-qPCR) and 
RNA-seq 

RNA extraction 

RNA extraction was performed using the RNeasy Plus Mini Kit (Qiagen) 

according to manufacturer’s instructions. Cells were trypsinized, pelleted 

by centrifuging for 5 minutes at 300g and resuspended in 350 μl Buffer 

RLT Plus (provided in kit). Samples were then transferred to a gDNA 

Eliminator column (provided in kit) and centrifuged for 30 seconds at 

maximum speed in a tabletop centrifuge. An equal volume (350 μl) of 70% 

ethanol was added to the flow-through and the total volume was transferred 

to an RNeasy spin column (provided in kit) to centrifuge for 30 seconds at 

full speed. Columns were washed with buffers RW1 and RPE (provided in 

kit) before RNA was eluted in 40 μl of water. 

Reverse transcription and qPCR (RT-qPCR) 

Extracted RNA was quantified in a nanodrop before reverse transcription 

(RT). RT was done using the qScript cDNA Synthesis Kit (Quanta Bio) 
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according to manufacturer’s instructions. The mix of qScript Reaction Mix 

(5X), qScript Reverse Transcriptase (both provided in kit), RNA and water 

was prepared in PCR tubes, as well as a “no RT” control tube lacking the 

enzyme. Samples were then placed in a PCR machine and the following 

program was ran: 

1 cycle: 22oC, 5 minutes 

1 cycle: 42oC, 30 minutes 

1 cycle: 85oC, 5 minutes 

4oC, hold. 

Samples were then diluted with water depending on the subsequent qPCR. 

For qPCR, SYBR Green I PCR Master Mix (Roche) and Roche LightCycler 

480 were used. Results were normalized over housekeeping gene RPO. 

Primer Name Primer Sequence 

mRPO_fw TTCATTGTGGGAGCAGAC 

mRPO_rv CAGCAGTTTCTCCAGAGC 

mEPOP_fw CTTGACTGCTTCCCCTGTCC 

mEPOP_rv GTCCTCCCATCTGCCACTTC 

mOCT4_fw AACCTTCAGGAGATATGCAAATCG 

mOCT4_rv TTCTCAATGCTAGTTCGCTTTCTCT 

mNANOG_fw AGGCTGATTTGGTTGGTGTC 

mNANOG_rv CCAGGAAGACCCACACTCAT 

mGSC_fw AAAGCCTCGCCGGAGAA 

mGSC_rv AGCTGTCCGAGTCCAAATCG 

mT_fw TATTCCCAATGGGGGTGGCT 

mT_rv GACCGGTGGTTCCTTAGAGC 

mEOMES_fw GGCAAAGCGGACAATAACAT 
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mEOMES_rv AGCCTCGGTTGGTATTTGTG 

mNESTIN_fw CCTTCTCTAGTGCTCCACGTCC 

mNESTIN_rv CTGCTCCTCCAGCGTCTTGACC 

mGATA4_fw CACAAGATGAACGGCATCAACC 

mGATA4_rv CAGCGTGGTGGTGGTAGTCTG 

mGATA6_fw GGTGCTCCACAGCTTACAGG 

mGATA6_rv GCATGCATTGCACAGGTAAT 

mNKX2.5_fw ACCTGAACAGGATGCGAAGC 

mNKX2.5_rv CTCTCGTCCGAGGACAGGTA 

mMEF2C_fw TGATCAGCAGGCAAAGATTG 

mMEF2C_rv GGATGGTAACTGGCATCTCAA 

mMYL7_fw TCAGCTGCATTGACCAGAAC 

mMYL7_rv CCCGAAGAGTGTGAGGAAGA 

mACTC1_fw CCGATCGTATGCAAAAGGAA 

mACTC1_rv CTGGAAGGTGGACAGAGAGG 

mFOXA2_fw CCCTTCTCTATCAACAACCTCATGT 

mFOXA2_rv GGGTAGTGCATGACCTGTTCGT 

mSOX17_fw CTGTGGAGGTGAGGGACTG 

mSOX17_rv AGACAGTCTCCCCATGTAGCTC 
Table M3. List of RT-qPCR primers. 

RNA-seq 

Library preparation, quality control and sequencing was performed at the 

CRG Genomics Unit. RNA samples were quantified and their quality 

controlled using a Bioanalyzer. Ribosomal RNA was depleted before 

library preparation. Library preparation was performed starting from 500 

ng of RNA using the TruSeq Stranded Total RNA Library Prep Kit 
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(Illumina). Single read (50bp) mRNA-polyA selection sequencing was then 

performed using the HiSeq2500 sequencer (Illumina). 

Bioinformatic analysis 

The majority of the bioinformatic analysis was performed by Enrique 

Blanco, bioinformatician of our laboratory. 

ChIP-seq 

ChIP-seq samples were mapped against the mm9 mouse genome assembly 

using Bowtie with the option –m 1 to discard reads that could not be 

uniquely mapped to just one region (Langmead et al. 2009). 

ChIP-seq samples normalized by spike-in were mapped against a synthetic 

genome constituted by the mouse and the fruit fly chromosomes (mm9 + 

dm3) using Bowtie with the option -m 1 to discard reads that did not map 

uniquely to one region. 

MACS was run with the default parameters but with the shift-size adjusted 

to 100 bp to perform the peak calling against the corresponding control 

sample (Zhang, et al., 2008). 

The genome distribution of each set of peaks was calculated by counting 

the number of peaks fitted on each class of region according to RefSeq 

annotations (O’Leary et al. 2016). Distal region is the region within 2.5 Kbp 

and 0.5 Kbp upstream of the transcription start site (TSS). Proximal region 

is the region within 0.5 Kbp upstream of the TSS. UTR, untranslated region; 

CDS, protein coding sequence; intronic regions, introns; and the rest of the 

genome, intergenic. Peaks that overlapped with more than one genomic 

feature were proportionally counted the same number of times. 
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Each set of target genes was retrieved by matching the ChIP-seq peaks in 

the region 2.5 Kbp upstream of the TSS until the end of the transcripts as 

annotated in RefSeq. 

Reports of functional enrichments of GO and other genomic libraries were 

generated using the EnrichR tool (Kuleshov et al. 2016). 

The aggregated plots showing the average distribution of ChIP-seq reads 

around the TSS of each target gene were generated by counting the number 

of reads for each region according to RefSeq and then averaging the values 

for the total number of mapped reads of each sample and the total number 

of genes in the particular gene set. 

The aggregated plots of ChIP-seq samples containing spike-in were 

generated by counting the number of reads mapped in mouse around the 

TSS for each gene and then averaging these values for the total number of 

reads mapped on the fruit fly genome and the number of targets of the gene 

list, as previously described (Orlando et al. 2014). 

The heatmaps displaying the density of ChIP-seq reads around the summit 

of each ChIP-seq peak were generated by counting the number of reads in 

this region for each individual peak and normalizing this value with the total 

number of mapped reads of the sample (or spike-in values, if available). 

Peaks on each ChIP heatmap were ranked by the logarithm of the average 

number of reads in the same genomic region. 

Boxplots showing the ChIP-seq level distribution for a particular ChIP 

experiment on a set of genomic peaks were calculated by determining the 

maximum value on this region at this sample, which was assigned 

afterwards to the corresponding peak. The values of the samples including 

spike-in were corrected by the number of fly reads mapped of the 

sequencing experiment. 
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The UCSC genome browser was used to generate the screenshots of each 

group of experiments along the manuscript (Kent et al., 2002). 

RNA-seq 

The RNA-seq samples were mapped against the mm9 mouse genome 

assembly using TopHat with the option –g 1 to discard reads that could not 

be uniquely mapped to just one region (Trapnell, Pachter, and Salzberg 

2009). Cufflinks and Cuffdiff were run to quantify the expression in 

FPKMs of each annotated transcript in RefSeq and to identify the list of 

differentially expressed genes (Trapnell et al. 2012). Standard parameters 

were used and genes were considered differentially expressed when the p-

value was <0,005. 

Single-cell RNA-seq analysis 

Single-cell RNA-seq data from the Reik lab (Mohammed et al. 2017) was 

analyzed by Sergi Aranda, staff scientist in our laboratory. 

Briefly, we identified the most differentially expressed genes between PrE 

and Epiblast in the dataset of the reference paper. We used these genes as a 

base to create a heatmap showing the single-cell expression of these genes. 

This heatmap was then manually inspected in order to establish the correct 

cutoff between the two groups. Cells that were difficult to assign to either 

group were not used in the rest of the analysis. 

EPOP KO mouse model 

sgRNA design 

The sequences of two of the three tested sgRNA (5UTR and CDS3) were 

taken from our previous publication (M. Beringer et al. 2016). The third 

(KO1) was designed using the Benchling software (www.benchling.com) 

(Table M4). 
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gRNA name gRNA sequence 

gRNA_5UTR AACATCGCCCCCCGTCGACG 

gRNA_CDS3 AAAGTTTCGAGCGGCGGATC 

gRNA_KO1 ACGCCCCTGAAGCCGCGTCG 
Table M4. List of gRNA targeting the EPOP gene. 

Experimental manipulation 

B6CBAF1 female mice were superovulated and mated with B6CBAF1 

males. Embryos were collected at the zygote stage and injected with 50 

ng/μl EPOP gRNA (ordered from GeneArt) and 100 ng/μl of Cas9 protein 

(PNA Bio Inc – ref. CP01) in injection buffer (10 mM Tris, 0.1 mM EDTA, 

pH 7.2). Injected embryos were cultured in KSOM drops (Evolve – ZEKS-

050) covered with mineral oil (Sigma M8410) either until the 2-cell stage

(24h post-injection) and transferred to pseudopregnant CD1 females, or

until blastocysts stage (120h post-injection) for genotyping.

gDNA preparation from mouse earsnips or whole blastocysts 

Each individual blastocyst or earsnip was placed in 5 μl of lysis buffer (50 

mM KCl, 10mM Tris pH 8.0, 0.1 mg/ml gelatin, 0.45% NP40, 0.45% 

Tween 20, 200 μg/ml proteinase K) covered with 1 μl of oil. 

Samples were incubated at 55oC for 1 hour and then at 100oC for 10 minutes 

before being stored at 4oC. For the PCRs, the earsnip lysates were also 

diluted 1/6. 

Genotyping with GeneScan 

Born blastocysts and pups were genotyped by performing a nested PCR 

around the predicted cut site. The first PCR was performed using primers 

that amplified a large region of the gene (EPOP_fw1 and rv1, Table M5).  
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Primer Name Primer Sequence 

EPOP_fw1 CAAGTTGACCCACCAGGATT 

EPOP_rv1 CGTGACGATACCGAGGAGAG 

EPOP_fw2 (for gRNA 5UTR) 5’FAM-GGGGAGGAGGACACAGAGT 

EPOP_rv2 (for gRNA 5UTR) GATACCGAGGAGAGAGCCG 

EPOP_fw3 (for gRNA CDS3) 5’FAM-GTCGTTTCTTGGCTGTCC 

EPOP_rv3 (for gRNA CDS3) CCTTCCGAGCAGCCTGTG 

EPOP_fw4 (for gRNA KO1) 5’FAM-CCTCCTGTGCATGGCGAG 

EPOP_rv4 (for gRNA KO1) ACTCTGTGTCCTCCTCCCC 
Table M5. List of primers used for genotyping nested PCR. 

The PCR program for the first PCR was the following: 

1 cycle: 95oC, 3 minutes 

40 cycles:  

95oC, 30 seconds 

59.5oC, 30 seconds 

72oC, 1 minute 

1 cycle: 72oC, 5 minutes 

4oC hold. 

An example of the result of the first PCR on blastocysts lysates is shown in 

Fig. M1. 
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Figure M1. Example of the first PCR for genotyping. PCR of a large fragment 
of EPOP in six different blastocysts (lanes 1-6), with a negative control (water, lane 
7) and a positive control of mouse ESCs (lane 8). 1 Kb ladder is used to identify
correct amplicon size.

The second PCR was performed using the product of the first PCR as a 

template, and different sets of primers depending on the cut site (Table 

M5). Forward primers were specifically designed with a 5’ fluorescein 

amidite (FAM) label that is detected by the GeneScan machine (Figure 

M2). 
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Figure M2. Example of the second PCR for genotyping. PCR of a small region 
around the cute site of Cas9/sgKO1 on injected blastocysts (lanes 1-7). Lane 3 and 
6 are examples of modified alleles. Controls are water (lane 8) and non-injected 
blastocysts (lane 9). 

These bands were then isolated from the gel and sent to the UPF Genomics 

Unit to pass through the GeneScan (an example of the output is presented 

in Figure R33. 
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DISCUSSION 

Polycomb Repressive Complex 2 (PRC2) is one of the major regulators of 

stem cell identity and differentiation. It’s activity is highly modulated by a 

plethora of sub-stoichiometric associated factors that are dynamically 

expressed and that regulate its enzymatic activity, as well as its recruitment 

to chromatin (Schuettengruber et al. 2017b). Characterizing the different 

roles of these factors is essential to understand how PRC2 activity and 

functions might depend on the cellular context. 

EPOP is a PRC2-associated factor that is highly expressed in mouse 

embryonic stem cells, but that is quickly downregulated upon 

differentiation both in vitro and in vivo. While its role has been 

characterized at the molecular level in mouse embryonic stem cells 

(mESCs), we still lack knowledge about its functions during early 

development and in the context of cell differentiation. 

In mESCs, EPOP associates with PRC2 and negatively regulates its activity 

by attenuating its enzymatic activity. Indeed, after EPOP KO, many PRC2 

targets accumulate higher levels of H3K27me3 within the promoter region, 

which in turn leads to a further reduction of the promoter activity. However, 

these cells did not show proliferation defect or any anomaly in their ability 

to differentiate (Beringer et al. 2016). 

In this thesis, we wanted to investigate the role of this “ESC-specific” 

factor, by challenging its normal expression pattern. On one hand, we 

overexpressed EPOP in a somatic cell line that is normally devoid of it, and 

evaluated the effects of the overexpression on PRC2 composition and 

occupancy, as well as on other general cellular functions. On the other hand, 

we sustained EPOP expression in a dynamic system of embryoid body 

differentiation and assessed the alterations that emerge on the level of 
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pluripotency genes and lineage-commitment genes. Finally, we made use 

of published single-cell RNA-seq data in early mouse development to infer 

a potential function of EPOP in this developmental window, both in vitro 

and in vivo. 

Establishing a link between EPOP overexpression in NIH-3T3 cells 
and subsequent proliferation defects 

We started by overexpressing EPOP in NIH-3T3 cells, a cell line of 

immortalized mouse embryonic fibroblasts (MEFs). One of the first 

observations we made was the decrease in the proliferation rate of cells after 

EPOP OE, compared to the control cells infected with the Empty vector. 

This was surprising, considering that EPOP was usually associated with the 

highly-proliferative mESCs. Additionally, EPOP was shown to be 

associated with higher proliferative capacity in cancer cell lines, where 

EPOP knockdown led to a decrease in proliferation (Liefke, Karwacki-

Neisius, and Shi 2016). To further investigate this phenotype, we performed 

RNA-seq experiments in both conditions but, among the differentially 

expressed genes, we could not find any enrichment of genes that could be 

involved in cell proliferation, cell cycle, or similar categories. 

A possible explanation could be that the decrease in proliferation is the 

result of a different underlying cellular defect. For example, one of the 

categories that appears in gene ontology analysis of differentially expressed 

genes is “Glutathione metabolism”. Although the specific details are 

unclear, glutathione metabolism has been shown to be involved in the 

control of cell proliferation (Pallardó et al. 2009), as part of the well-

established link between metabolism and cell cycle (Salazar-Roa and 

Malumbres 2017). 
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EPOP overexpression leads to transcriptional deregulation 

In mESCs, EPOP KO led to an increased repression of a subset of its target 

genes, with very little effect on gene expression of the rest of genes. The 

case seemed to be very different in NIH-3T3 cells where, upon EPOP 

overexpression, hundreds of genes were differentially expressed, with very 

little association with PRC2. Indeed, looking at SUZ12 targets in both 

conditions, there was no clear trend relating to increased or decreased 

occupancy of SUZ12 among the differentially expressed genes. 

Furthermore, among the few EPOP targets identified by ChIP-seq in NIH-

3T3 cells, nearly none had differential expression. This suggests that the 

observed transcriptional alterations could be due to a number of reasons, 

discussed below.  

One explanation could emerge from the interaction between EPOP and 

NISCHARIN, which has been described to be part of the integrin signaling 

pathway, although not much more about this protein has been characterized. 

However, it cannot be dismissed that the interaction between EPOP and 

NISCHARIN could alter the downstream effects of this signaling pathway 

leading to part of the transcriptional deregulation we observed. 

Another possibility is the bridging of ELOBC to PRC2 after EPOP 

overexpression. The ELOBC heterodimer is part of a complex harboring an 

E3 ligase that polyubiquinates substrates for proteasome-mediated 

degradation (Okumura et al. 2012). Additionally, ELOBC has also been 

shown to be associated with RNA polymerase II in mammalian cells, along 

with ELOA (Conaway et al. 2000). With this in mind, we could speculate 

that overexpressing EPOP in NIH-3T3 could serve as a “sponge” for the 

ELOBC heterodimer, that titrates it away from other complexes where it 

could be involved. This, in turn, could affect transcription of a subset of the 

differentially expressed genes described. One way to test this hypothesis 

would be to overexpress a mutant version of EPOP that we and others 
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characterized in the context of mESCs, which is able to bind PRC2 but not 

ELOBC (Beringer et al. 2016; Liefke, Karwacki-Neisius, and Shi 2017). 

This would allow to disentangle the PRC2-associated transcriptional 

deregulation from the one caused by the ELOBC titration. 

SUZ12 redistribution after EPOP overexpression 

In NIH-3T3 cells, EPOP overexpression led to a redistribution of SUZ12 

on its target genes, as supported by the SUZ12 ChIP-seq experiments 

performed in both conditions. Surprisingly, genes that gained SUZ12 were 

expressed at higher levels that typical SUZ12 targets in NIH-3T3 cells. This 

suggests that the presence of EPOP could make PRC2 less sensitive to the 

inhibition provided by active transcription. 

It is interesting to speculate on the reasons that could drive this PRC2 

relocalization after EPOP overexpression. The first hypothesis came from 

the potential interaction between PRC2 and the transcriptional machinery, 

mediated by ELOBC and its ability to interact with ELOA. This would 

potentially allow PRC2 to be recruited to actively transcribed genes. While 

appealing, this hypothesis is challenged by the fact that there is no evidence 

for PRC2 interaction with any transcriptional machinery component, 

including RNA Pol II or ELOA, in any immunoprecipitation experiment 

either reported in our previous publication in mESCs or in this thesis using 

NIH-3T3 cells. This fact pushed us to speculate about different possible 

mechanisms that leads to this relocalization, more directly related to RNA.  

RNA has been a subject of controversy in the Polycomb field, as different 

reports provided evidence for different RNA-based mechanisms of PRC2 

recruitment: some suggested that RNA molecules (especially lncRNAs) are 

involved in PRC2 recruitment (Sarma et al. 2014), while others have shown 

that RNA acts as a decoy for PRC2 and prevents its binding to DNA, 

therefore acting as an inhibitor of PRC2 recruitment (Kaneko et al. 2014; 
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Beltran et al. 2016). The latter mechanism has lately been more solidly 

described and is therefore more widely accepted in the field. Indeed, 

Kaneko and colleagues suggest that JARID2 is one of the main factors 

involved in the spurious binding of RNA, that leads to the inhibition of 

PRC2 binding (Kaneko et al. 2014). In line with these observations, our 

data shows that EPOP competes with JARDI2 once overexpressed in NIH-

3T3 cells and therefore could decrease the sensitivity of PRC2 to active 

transcription, as it minimizes its RNA-binding capacity. 

EPOP ChIP-seq leaves more questions unanswered… 

In order to understand the link between EPOP overexpression and the 

observed SUZ12 relocalization or gene expression changes, we performed 

a ChIP-seq for EPOP in both Empty and OE conditions. These experiments 

led to the identification of a relatively low number of EPOP target genes 

(274), probably due to the generally high background signal and low input 

material used for library preparations. 

EPOP ChIP-seq targets did not overlap with differentially expressed genes. 

This leads us to speculate that most of the observed gene expression 

changes were not due to a direct regulation by EPOP, but rather as a 

consequence of the EPOP overexpression affecting other potential 

pathways, as described previously. 

As for its colocalization with PRC2, around half of EPOP targets are also 

targets of SUZ12 (in the EPOP OE condition). Surprisingly, while most of 

the SUZ12 targets had higher ChIP-seq signal in the OE condition 

comparted to Empty, the targets also bound by EPOP actually showed 

similar – or even lower – levels of SUZ12. This led us to speculate that, on 

those specific target genes, EPOP could act as a negative regulator that 

impedes PRC2 binding. 
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While the negative regulation of PRC2 is a known function for EPOP, it is 

still unclear how this observation fits with the previously discussed 

mechanisms of SUZ12 relocalization, especially those involving RNA. 

Indeed, if we assume that EPOP could be driving the SUZ12 relocalization 

to transcribed regions by competing with JARID2 and avoiding binding of 

RNA, we would expect EPOP to be present on those genes that gain SUZ12 

on active genes. The lack of EPOP on those genes in our dataset could be 

due to several of reasons, listed below. First, the low quality of our EPOP 

ChIP-seq dataset, which could be solved by repeating the ChIP-seq 

experiments generating a dataset with better quality. This would help us 

recover a larger and more solid gene set of EPOP targets which would 

potentially include genes that gain SUZ12. On the other hand, it is also 

possible to speculate that this recruitment is mediated by a transient binding 

of EPOP, but is then perpetuated by other mechanisms such as binding of 

H3K27me3 by EED or binding H3K36me3 by PCL proteins. This would 

make the detection of EPOP on those genes technically more challenging. 

EPOP overexpression in mESCs leads to the upregulation of a 
subset of PRC2 targets 

To investigate the role of EPOP-mediated transcriptional regulation in the 

context of mESCs, we maintained EPOP expression during the course of 

embryoid body differentiation, counteracting the physiologically expected 

EPOP downregulation. This was obtained by overexpressing EPOP in 

mESCs using the same lentiviral constructs previously used in the NIH-3T3 

cells. EPOP expression was then monitored at day 0 and along the course 

of the differentiation, along with pluripotency genes and lineage-

commitment genes corresponding to the three germ layers. 

In the steady state of mESCs, our RT-qPCR results showed that EPOP 

overexpression relieves, albeit limitedly, PRC2-mediated repression of 

some known Polycomb targets, genes that are still lowly expressed but that 
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present slightly higher level of transcription upon EPOP overexpression. 

This is in accordance with previously published results from our laboratory, 

which show that EPOP KO in mESCs leads to an increased PRC2 histone 

methyltransferase activity on a subset of target genes, leading to an 

increased repressive state. This is thought to be due to an accumulation of 

a different variant of PRC2 (in this case PRC2.2) that incorporates JARID2 

and AEBP2, considered to be more enzymatically active (Beringer et al. 

2016). 

Mechanistically, in the case of EPOP overexpression we speculate that 

increased amounts of EPOP in mESCs could compete with the binding of 

JARID2 to core PRC2, as seen in the NIH-3T3 cells. This shifts the balance 

towards the PRC2.1 complex that is therefore considered to be more 

permissive to transcription. 

Albeit appealing, a number of additional experiments are needed in order 

to confirm this hypothesis. Namely, the co-IP of SUZ12 (or any other core 

components) with PRC2-associated factors, as well as the ChIP-seq of 

JARID2, EPOP and H3K27me3 will be performed in order to confirm that 

this competition is reflected at the level of chromatin by a decrease of 

JARID2 and H3K27me3, as well as by an increase of EPOP. 

EPOP maintenance during EB differentiation leads to a delay in 
pluripotency exit 

During embryoid body differentiation, we monitored pluripotency genes 

such as Oct4 and Nanog in order to monitor the dynamics of differentiation 

upon sustained expression of EPOP. Typically, Nanog and Oct4 decrease 

rapidly during differentiation, down to around 20% of their initial 

expression at day 2 during EB differentiation. 

Previous reports had shown that EPOP shows the same expression 

dynamics as core pluripotency network components such as Oct4, Sox2 and 
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Nanog during differentiation in vitro (De Cegli, Iacobacci, Flore, 

Gambardella, Mao, Cutillo, Lauria, Klose, Illingworth, Banfi, and Di 

Bernardo 2013). In our experiments, maintaining EPOP expression during 

EB differentiation led to a delay in the downregulation of Nanog and Oct4, 

suggesting that cells were unable to exit from pluripotency with the same 

dynamics as control cells. This provided  to our knowledge the first direct 

link between EPOP and the pluripotency network. While the mechanism 

behind this delay is still unclear, one option could be that this rapid 

shutdown of Oct4 and Nanog has to be very efficient and mediated by a 

highly active PRC2 complex, which is typically devoid of EPOP. This 

would explain the need to downregulate EPOP during differentiation, in 

order to avoid its competition with other, more repressively efficient 

associated factors. 

While these hypotheses are purely speculative, it is clear that EPOP plays 

the role of a first barrier to pluripotency exit in the case of embryoid body 

differentiation. Whether this is applicable to all or many other 

differentiation experiments is still unclear and will need to be 

experimentally tested. 

EPOP maintenance and pluripotency genes 

In the same EB differentiation experiment, we also monitored the 

expression of a number of differentiation genes, corresponding to ectoderm, 

mesoderm and endoderm lineages, as well as a number of cardiac markers, 

which are representative of the cardiomyocyte cell population that arises at 

the end of this differentiation protocol.  

Typically, modulation of PRC2 subunits in similar experiments showed a 

bias in specific lineages such as a neurectoderm or meso-endoderm, in case 

of the depletion of SUZ12 or EZH2 respectively (O’Carroll et al. 2001; 

Shen et al. 2008). This was not the case in our experiments, where EPOP 
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maintenance lead to the misregulation of a number of differentiation genes 

that correspond to different lineages, suggesting that the deregulation 

observed is not due to an over- or under-representation of a specific cell 

type within the embryoid bodies, but rather to a set of genes being more 

sensitive to the levels of EPOP, irrelevant of cell type. 

Another interesting observation was that most – if not all – mis-regulated  

genes were more highly expressed in the EPOP OE condition compared to 

the control. This potentially points towards a common mechanism by which 

these genes are affected, although it is very difficult to do more extensive 

mechanistical studies in the context of such an heterogenous cell population 

as the one forming the embryoid body. 

The common feature of “EPOP-sensitive” genes 

Throughout the body of this thesis, the concept of “EPOP-sensitive” genes 

seems to repetitively appear in different experiments and cellular contexts: 

from the gene ontology of downregulated genes in NIH-3T3 cells, to 

misregulated genes in mESCs and embryoid bodies after EPOP 

overexpression. This is also true for the previously characterized EPOP KO 

cells, where a subset of PRC2 genes – but not all – become further 

repressed.  

The underlying drivers of this apparent sensitivity to EPOP levels are still 

unclear. Whether this sensitivity is related to the different combination of 

associated factors that are co-occupying the same locus, or to a link with 

ELOBC and potentially elements of the transcription machinery (such as 

the presence or absence of the poised polymerase that is typically present 

on bivalent genes in mESCs), these elements would need to be further 

investigated to be able to predict the genes that are transcriptionally 

modulated by EPOP and to understand the mechanisms that drive it. 
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The role for EPOP in maintaining the balance between PrE and 
epiblast in vivo 

Until this point, we discussed the molecular mechanisms through which 

EPOP could regulate gene expression, but the biological function of EPOP 

also remains unknown. To answer this question, we took a step back and 

used publicly-available data to help steer us in the right direction. Our 

analysis of published single-cell RNA-seq during early development in 

mice led us to the observation that, at the late blastocyst stage, EPOP is the 

only PRC2 component (including core components) that is more expressed 

in the primitive endoderm (PrE) compared to the epiblast. The primitive 

endoderm is the precursor of the yolk sac and is involved in the 

anteroposterior axis formation, while epiblast cells are the pluripotent cells 

that will give rise to the complete organism. 

This is of particular interest as it suggested a potential role for EPOP during 

early development, either during PrE formation or its subsequent function. 

In order to investigate this in vitro, we set up a PrE differentiation protocol 

adapted from published work from the Brickman laboratory (Anderson et 

al. 2017). 

Our results of PrE in vitro differentiation showed that EPOP KO cells are 

able to generate PrE more efficiently. This was surprising consider the high 

expression of EPOP in this tissue. Nevertheless, this phenotype still needs 

to be further characterized in more detail as it could stem from a number of 

different scenarios. One explanation could be that the mESCs have the same 

PrE differentiation capacity in EPOP KO conditions, but once they 

differentiate, their proliferative capacity is higher. This would be in line 

with the observation that overexpressing EPOP in NIH-3T3 cells leads to a 

decrease in proliferation. An alternative explanation would be that EPOP 

KO mESCs have a higher intrinsic capacity to differentiate into PrE. 

Indeed, previous work from the Brickman laboratory demonstrated that 
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cells with lower transcriptional noise are more prone to differentiate into 

primitive endoderm (Illingworth et al. 2016). This is in agreement with the 

fact that EPOP KO in mESCs leads to a higher repression of PRC2 targets, 

thus lowering the transcriptional noise originating from these genes. 

Independent of the specific mechanism by which this is happening, we 

speculate that EPOP could be involved in maintaining the balance between 

epiblast and PrE in the developing embryo, avoiding an overgrowth of 

primitive endoderm during this critical pre- and peri-implantation period. 

Absence of embryonic phenotype in EPOP KO mice 

Given the observed primitive endoderm phenotype in vitro, as well as the 

almost-exclusive expression of EPOP in mESCs, we set out to generate an 

EPOP KO mouse keeping a special focus on early development. Other 

PRC2 subunits, both core and associated factors, have shown different 

levels of embryonic phenotypes, ranging from pre- and peri-implantation 

lethality to milder age-associated defects. 

To our surprise (and disappointment), EPOP KO mice were born in 

Mendelian ratios without any obvious developmental phenotype or other 

apparent biases. 

While we still have to specifically analyze the embryos at early stages in 

more detail, it is clear that, if a primitive endoderm-associated phenotype 

exists, it is recovered in time to allow for normal embryonic development. 

It is important to note that, in our in vitro system, primitive endoderm 

differentiation takes up to 9 days, at which differences are clear. This does 

not reflect the situation in vivo, where epiblast-to-PrE differentiation 

happens in approximately 24 hours, between E3.5 and E4.5. 
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Moreover, it is also unclear whether other PRC2.1-associated factors such 

as PALI1 are able to compensate the absence of EPOP, giving the embryos 

enough time to cope with the lack of EPOP in the epiblast-to-PrE transition. 

Overall, while early development does not seem to be dramatically affected, 

it is still necessary to characterize the early stages of development for 

transient abnormalities, as well as potential abnormalities that would arise 

at later stages in the adult mice. 

Potential adult phenotypes in EPOP KO mice 

To our knowledge, in adult mice EPOP is expressed in very few tissues 

such as parts of the brain and the placenta. This makes these two organs 

particularly interesting for potential phenotypes in adult EPOP KO mice. 

We do not exclude, however, that other tissues could be affected due to 

developmental defects that we might have not considered yet. 

For this reason, we are currently expanding our mice colonies in order to 

analyze different organs at the histological level, with an enhanced focus 

on the brain. Moreover, we are planning to investigate whether these mice 

present any sign of homeotic transformations, a common Polycomb-

associated phenotype, also observed in PCL3 and AEBP2 KO mice for 

example (Grijzenhout et al. 2016a). 

In conclusion, while this work provides new insight into the molecular 

functions of EPOP in different cellular contexts, as well as hints of its 

potential implication in the mESCs pluripotency, it is still unclear how well 

these results translate in vivo. In the near future, the established EPOP KO 

mouse will be an essential tool to further reconcile some of the 

discrepancies observed among systems and to eventually point towards the 

biological function of this PRC2-associated factor.  
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CONCLUSIONS 

Part I. 

- We confirmed that EPOP is downregulated in vitro as well as in 

vivo. 

- In a somatic cell line where it is not expressed, EPOP 

overexpression competes with JARID2 for PRC2 binding and leads 

to the reconstitution of PRC2.1 on chromatin. 

- EPOP overexpression in NIH-3T3 cells affects the expression of 

hundreds of genes and leads to a decrease in the growth rate of the 

cells. 

- PRC2 is redistributed upon EPOP overexpression and is associated 

with genes with active levels of transcription. 

- EPOP does not directly drive this relocalization, but could instead 

impede SUZ12 binding on EPOP target genes, thus acting as a 

negative regulator for PRC2. 

- In mESCs, EPOP overexpression leads to an increase in the 

expression of a subset of PRC2 targets. 

- Maintaining EPOP expression during embryoid body 

differentiation leads to a delay in pluripotency exit and a 

misregulation of a number of differentiation genes. 
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Part II. 

- At the late blastocyst stage during mouse embryonic development, 

EPOP is more highly expressed in primitive endoderm (PrE) than 

in epiblast, contrary to most PRC2 subunits. 

- EPOP KO mESCs have a higher differentiation PrE differentiation 

capacity in vitro. 

- EPOP KO mouse is viable and fertile, with no signs of 

developmental defects so far. 
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