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Abstract 
 
During mammalian development, a single founding cell must produce all of the different types of cells 
in the adult organism. What are the regulatory mechanisms required to coordinate the necessary gene 
expression networks for this process? Polycomb group (PcG) proteins are epigenetic regulators 
necessary for proper differentiation of cells and for mammalian development. Notably, faulty 
regulation of PRC2 has been associated with a broad range of cancers, suggesting that it has a critical 
role in maintaining cell identity. Polycomb Repressive Complex 2 (PRC2) catalyzes the post-
translational histone modification H3K27me3, a histone modification associated with transcriptional 
repression. Although PRC2 has critical functions in lineage commitment and in mediating cell fate 
transitions, it has proved difficult to study its precise role in these processes since complete loss of 
H3K27me3 leads to an inability of embryonic stem cells (ESCs) to properly undergo directed 
differentiation in vitro. PRC2 functions with additional regulators and regulatory pathways, including 
PRC1, accessory PcG subunits, and DNA methylation, among others; however, we know little about 
how they work together to coordinate gene expression programs during lineage commitment. Thus, 
dissecting the function of PRC2 is critical to improve our understanding of mammalian development 
and disease. 
 
Here, we analyzed gene expression and DNA methylation levels in several PRC2 mutant ESC lines that 
maintained varying levels of H3K27me3. We found that while a partial reduction of H3K27me3 levels 
allowed for proper temporal activation of lineage genes during directed differentiation of ESCs to 
spinal motor neurons (SMNs), genes that function to specify other lineages failed to be repressed, 
suggesting that PRC2 activity is necessary for regulating lineage fidelity. We also found that 
H3K27me3 is antagonistic to DNA methylation in cis. Thus, these data suggest a role for PRC2 in 
coordinating gene repression while protecting against inappropriate promoter DNA methylation 
during differentiation. Our work provides novel insights into the functional relationship between two 
distinct epigenetic regulatory mechanisms, as mediated by PRC2 and DNA methylation, in regulating 
lineage decisions during development.  
 
Thesis Supervisor: Laurie A. Boyer 
Title: Irvin and Helen Sizer Career Development Associate Professor of Biology  



	  4	  

  



	   5	  

Acknowledgements 
 
I would first like to thank my thesis advisor, Laurie Boyer, who made all this possible! Thank you, Laurie, 
for your excellent biological instincts and invaluable insight into the research process. I have learned 
so much from you in the past six years. 
 
My thesis committee has been a wonderful help during this process. Thank you, David Page and 
Angelika Amon, for your unwavering support. Thanks also to Bob Kingston for joining us and lending 
your expertise to my thesis defense! 
 
Thank you also to my wonderful labmates, past and present. Joe, thank you for putting up with me as 
a baymate, and for injecting levity into my days. Lauren, my grad school twin: it’s been an honor and a 
pleasure to do my PhD in parallel with yours. Vidya, thank you for your never-ending support, 
compassion, and biochemistry mojo. Paul, without you we’d all have fallen apart long ago. Johanna, 
thank you for introducing me to Shawn the Sheep; moments of humor can be life-saving! Xinchen and 
Kunle, don’t worry: you won’t be the babies of the lab forever! Thanks for statistics help and edX 
companionship, respectively. Gizem, I’m sad not to have overlapped with you longer. Thanks for 
always making time to help out. Darlene, thanks for taking care of us all so well. Carla and Lilly, we miss 
you all the time – thanks for everything, from beading parties to cell culture! Kevin, lab’s not the same 
without you… but at least we still have Costco. Dahlia and Russell, I’m so glad I got to share in your 
UROP experience! Thanks a million for all the helpful things you did for me. Finally, thanks to all of my 
2nd floor buddies, especially Mo, Emily, and Lindsay, for always being down for fun, food, and trouble. 
 
Teaching has become very near and dear to my heart during my time at MIT. Thank you to Chris Kaiser, 
Aviv Regev, Graham Walker, and Penny Chisholm for teaching me to be a great TA. Michelle Mischke, 
Mary Ellen Wiltrout, Eric Lander, and all the other edXers, it was a privilege being part of 7.00x with you. 
Thank you for believing in me! And to those of you who’ve taught me that you can be a scientist and 
an artist at the same time, especially Felice Frankel and Gaël McGill, I can only hope to carry on the 
tradition. 
 
Thank you also to my classmates! I am honored to call you my friends and colleagues… thanks so 
much for all the laughs! I’ll especially miss our pit parties, data clubs, Halloween parties, and ski trips. 
 
To my non-lab friends: your friendship has kept me sane for longer than just this PhD. Mary, Andreas, 
Lynn, Rachel, Katherine, Alix, Marilyn, Ana: it’s been fun sharing a city with you! Thanks for making me 
take breaks and have fun! Xiaofan, Rachel, Betsy, Akira, Vania, thanks for visits, chats, and Facebook 
stalking. To my Malvern family-away-from-family, thanks for welcoming me back with open arms no 
matter how long I’m away. Chris, what can I say? I don’t know what I’d do without you on the other 
end of the line.  
 
And, last but definitely not least, thank you to my whole family. For those of you on the east coast, one 
of my favorite parts about the last six and a half years has been getting to know you better. There’s 
nothing better than a weekend full of Chionchios, vino, smo mo, and eggplant parmigiano. Special 
thanks to Aunt Jeanne, Uncle Sam, and Liam, to Leslie and David, and to Aunt Elaine and Uncle Don, 
who have taken me in whenever I’ve wanted to get away. And to my mom, who has always been and 
always will be my biggest fan, my cheerleader, my support, and my role model for patience and 
compassion, this one’s for you. Love you.  



	  6	  

  



	   7	  

Table of Contents 
 
Title Page 1 
 
Abstract 3 
 
Acknowledgements 5 
 
Table of Contents 7 
 
Chapter 1: Introduction: Polycomb group proteins set the stage for lineage 
commitment 9 
 
Chapter 2: PRC2 coordinates lineage fidelity and DNA methylation during ESC 
differentiation 65 
 
Chapter 3: Discussion 109 
 
Appendix A: H3K27me3-dependent PRC1 recruitment contributes no additive 
effect to H3K27me3-mediated gene repression 121 
 
Appendix B: JARID2 has a negative modulatory effect on PRC2 activity 
In ESCs 135 
 
Appendix C: Supplemental information for Chapter 2 143 
  



	  8	  

 



	   9	  

 

 

 

 

 

Chapter 1 
 

 

Introduction 

 

Polycomb group proteins set the stage for lineage 
commitment 

 

 

 

 
Author contributions for Chapter 1:  

Adapted by Seraphim Thornton in part from a review article written by Lauren Surface, Seraphim 
Thornton, and Laurie Boyer; figures by Seraphim Thornton. 

Surface, L.E.*, Thornton, S.R.*, and Boyer, L.A. (2010). Polycomb group proteins set the stage for early 
lineage commitment. Cell Stem Cell 7, 288–298. *equal contributors. 



	  10	  

 

Summary 

Precise control of gene expression patterns is critical for the specification of cellular diversity during 

metazoan development. Polycomb group (PcG) proteins comprise a class of chromatin modifiers that 

have dynamic and essential roles in the precise regulation of gene expression patterns during lineage 

commitment. How this is accomplished during mammalian development is incompletely understood. 

This chapter presents recent studies in embryonic stem cells (ESCs) that provide critical new insights 

into how PcG proteins may be targeted to genomic sites, as well as the mechanisms by which these 

regulators influence gene expression and multi-lineage differentiation in mammals. 
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Introduction 

Mammalian development is a complex and intricately regulated process wherein a single totipotent 

cell must proliferate and differentiate to become all of the different cell types of the adult organism 

(Figure 1). This process involves loss of pluripotency, followed by the progressive specialization of cells 

toward a particular fate during differentiation. As such, during development, each cell must be 

sensitive to its environment and the signals it receives in order to differentiate into a particular 

lineage, and then it must restrict its fate by permanently shutting down gene networks that would 

specify other cell fates. Furthermore, cells must coordinate activation and repression of gene 

programs at the appropriate time and place during the differentiation process.  

 

Figure 1. Pluripotent embryonic stem cells (ESCs) are derived from cells in the inner cell mass of the 
blastocyst. These cells can become any cell in the adult animal, some of which are represented on the 
right. ESCs have been widely exploited to study lineage commitment and cellular differentiation in 
vitro. 
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Recent work demonstrates that embryonic stem cells (ESCs) are an important model system in which 

to discover the core features of how cells regulate cell fate decisions in mammals (Boyer et al., 2006a; 

Jaenisch and Young, 2008; Loh et al., 2008; Macarthur et al., 2009; Orkin et al., 2008). ESCs, which are 

derived from a transient population of pluripotent cells in the blastocyst, can self-renew while 

maintaining the capacity to differentiate in vivo and in vitro into any cell type in the body (Keller, 2005; 

Murry and Keller, 2008) (Figure 1). These properties underpin the utility of ESCs as a system in which to 

elucidate the mechanisms that govern cell fate transitions during mammalian development.  

First discovered in Drosophila, Polycomb group (PcG) proteins were found to be essential to the 

regulation of Hox genes and normal development (Duncan, 1982; Jürgens, 1985; Lewis, 1978). PcG 

proteins are now widely recognized in all metazoans for their roles in a broad range of biological 

processes including cell cycle control, genomic imprinting, X-inactivation, cell fate transitions, tissue 

homeostasis, and tumorigenesis (Martinez and Cavalli, 2006; Piunti and Pasini, 2011; Pontier and 

Gribnau, 2011; Prezioso and Orlando, 2011; Surface et al., 2010; Wu and Bernstein, 2008). The link 

between PcG proteins and cancer is notably strong; cancerous cells frequently show misregulation of 

PcG proteins, resulting in the altered regulation of tumor suppressors and oncogenes (Bracken and 

Helin, 2009; Gieni and Hendzel, 2009; Piunti and Pasini, 2011; Richly et al., 2011; Sparmann and van 

Lohuizen, 2006). Recently, PcG proteins have garnered much attention as modulators of stem cell 

differentiation in mammals (Bracken and Helin, 2009; Pietersen and van Lohuizen, 2008; 

Schuettengruber and Cavalli, 2009). Interestingly, PcG proteins are not necessary for the maintenance 

of self-renewal in ESCs, perhaps reflecting their unique cell cycle properties, including a shortened G1 

and an extended S phase (White and Dalton, 2005). Rather, PcG proteins are thought to prepare ESCs 

for lineage commitment by temporal control of the expression of a key set of developmental gene 

programs (Pietersen and van Lohuizen, 2008), but we currently have an incomplete understanding of 

this process. 
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Thus, improved knowledge of how PcG proteins function in regulating gene expression has practical 

applications for understanding development in mammals, for designing new methods to control the 

differentiation of stem cells for patient-specific therapies, and for cancer therapeutics. 

Polycomb Repressive Complexes catalyze histone modifications 

PcG proteins comprise a class of transcriptional repressors that are found in multi-subunit complexes 

termed Polycomb Repressive Complexes (PRCs). Most PcG proteins are broadly associated with either 

PRC1 or PRC2. The composition of these complexes can vary in different cell types and among 

organisms; however, their core components are conserved between Drosophila and mammals 

(Kerppola, 2009; Levine et al., 2004; Schuettengruber et al., 2007). While PRCs are functionally distinct, 

both PRC1 and PRC2 catalyze covalent modification of histone proteins (Müller and Verrijzer, 2009; 

Schuettengruber and Cavalli, 2009; Simon and Kingston, 2009). PRC2 (comprising core proteins EZH2, 

EED, and SUZ12) catalyzes di- and tri- methylation of lysine 27 on histone H3 (H3K27me2/3, a 

modification associated with transcriptional repression) (Cao and Zhang, 2004; Cao et al., 2002; 

Czermin et al., 2002; Kirmizis et al., 2004; Kuzmichev et al., 2002). PRC1 (canonically comprised of core 

protein families BMI1, RING1, CBX, and PHC)(Levine et al., 2002) mono-ubiquitylates histone H2A on 

lysine 119 (H2AK119ub) (de Napoles et al., 2004; Wang et al., 2004a). Biochemical and genetic studies 

also support the idea that PcG-mediated repression utilizes both catalytic and non-catalytic activities 

to perform distinct functions in gene silencing. How the post-translational histone modifications, 

termed chromatin marks, catalyzed by these complexes contribute to transcriptional regulation 

remains to be fully elucidated.  

Loss of PRC2 activity results in embryonic lethality in mice (Faust et al., 1998; 1995; O'Carroll et al., 

2001; Pasini et al., 2004), whereas inactivation of PRC1 generally results in less severe phenotypes that  
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Table 1: Loss of function phenotypes of selected discussed Polycomb subunits 
Subunit Phenotype in vitro (ESC) Phenotype in vivo (mouse) Key references 
PRC2 components 
SUZ12 De-repression of target genes; global 

loss of H3K27me3 and-me2; decrease in 
EZH2 protein levels. Embryoid bodies 
lack proper structure. 

Full KO lethal at early 
postimplantation stage. 
Developmental arrest ~E7.75, lethal 
soon thereafter. Truncated allele 
lethal between E8.5 and E10.5. 

(Jung et al., 2010; Lee 
et al., 2006; Pasini et al., 
2004; 2007) 

EED De-repression of target genes; global 
loss of H3K27me1, -me2, and –me3. 
Decrease in EZH2 protein levels. Fail to 
properly differentiate in vitro, but can 
contribute to chimeras. 

Disrupted axial patterning; fail to 
properly gastrulate and to produce 
embryonic mesoderm. Die ~E8.5. 

(Chamberlain et al., 
2008; Faust et al., 1995; 
Montgomery et al., 
2005; Shumacher et al., 
1996) 

EZH2 Fail to abolish H3K27me1/me3 at some 
genes. Fail to undergo mesoendoderm 
differentiation, but phenotype less 
severe than Eed null, as EZH1 is partially 
redundant, particularly at 
developmental genes. 

Lethal at early postimplantation 
stage. Die ~E7.5-8.5. 

(O'Carroll et al., 2001; 
Shen et al., 2008) 

JARID2 Global H3K27 methylation unaffected; 
fail to properly differentiate. 

Incompletely penetrant neural, 
cardiac, liver, and hematopoietic 
defects. Die ~E11.5-15.5, depending 
on strain background. 

(Jung et al., 2005; Shen 
et al., 2009; Takeuchi et 
al., 1995) 

PCL2 
and 
PCL3 

PCL2 knockdown: Upregulated 
pluripotency regulators; decrease in 
PRC2 recruitment; fail to properly 
differentiate. PCL3 knockdown: 
spontaneous differentiation. 

PCL2 null mice are viable, but have 
growth defects. Incompletely 
penetrant posterior homeotic 
transformation. 

(Casanova et al., 2011; 
Hunkapiller et al., 2012; 
Walker et al., 2010; 
Wang et al., 2007) 

PRC1 components 
RING1B Lose most H2AK119ub. ESC lines have 

propensity to differentiate; de-
repression of target genes; abnormal 
embryoid body formation. Some lines 
can differentiate into all germ layers. 

Developmental arrest in early 
gastrulation, similar to PRC2 
components. Die ~E10.5. 

(Leeb and Wutz, 2007; 
van der Stoop et al., 
2008; Voncken et al., 
2003) 

RING1A Ring1A/Ring1B double knockout ESCs 
lose ESC identity and fail to self-renew 
after several passages; lose all 
detectable H2AK119ub. 

Ring1A null mice are viable. Anterior 
transformation and axial skeletal 
patterning abnormalities in both 
heterozygote and homozygote. 

(del Mar Lorente et al., 
2000; Endoh et al., 
2008; 2012) 

BMI1  Mice are viable, but with posterior 
homeotic transformation and severe 
immunodeficiency 

(Akasaka et al., 2001; 
van der Lugt et al., 
1996) 

CBX 
family 

CBX7 knockdown ESCs have 
upregulated development and 
differentiation genes, but normal levels 
of pluripotency markers. No early 
differentiation phenotype. 

CBX2 null mice are viable; growth 
defects, homeotic transformation, 
increased sensitivity to retinoic acid 
during development 

(Coré et al., 1997; 
Morey et al., 2012) 

RYBP Knockdown ESCs: cell proliferation 
defects, decreased H2AK19ub, fail to 
properly differentiate. 

Embryonic lethal post-implantation. 
Defects in CNS and eye 
development. 

(Gao et al., 2012; Pirity 
et al., 2005; 2007) 

YY1  Embryonic lethal peri-implantation.  (Donohoe et al., 1999) 
FBXL10 
(KDM2B) 

Knockdown ESCs: decrease in RING1B 
localization and H2AK119ub. Fail to 
properly differentiate. 

Mice lacking full-length protein are 
perinatal lethal due to failure of 
neural tube closure. Defects in 
embryonic neural development. 

(Fukuda et al., 2011; 
Wu et al., 2013) 
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manifest later in development (Akasaka et al., 2001; Coré et al., 1997; del Mar Lorente et al., 2000; 

Endoh et al., 2008; Takihara et al., 1997; van der Lugt et al., 1996) (Table 1). These phenotypic 

differences, however, likely reflect the degree of overlap in the function of PcG homologs and not their 

degree of importance during development (Kerppola, 2009; Leeb et al., 2010). Consistent with this 

idea, the PRC1 component RING1B, an E3 ubiquitin ligase, is essential for gastrulation during mouse 

development (Voncken et al., 2003). Thus, the precise mechanisms by which PcG proteins function in 

vivo have been difficult to dissect given their highly deleterious phenotypes. 

This chapter highlights findings in ESCs and during their differentiation that reveal important new 

insights into the regulation of early lineage commitment in mammals by PRC1 and PRC2. In particular, 

I focus on the mechanisms by which these complexes are targeted to genomic sites and how they 

function to modify chromatin and interact with other regulatory elements to ensure that 

developmental gene expression patterns are faithfully executed during ESC differentiation. 

PcG proteins silence a key set of developmental genes in ESCs 

PRCs occupy and regulate the expression of a large cohort of developmental and signaling genes in 

ESCs, such as the Hox gene clusters as well as members of the Dlx, Fox, Irx, Lhx, Pou, Pax, Sox, Tbx, and 

Wnt gene families (Boyer et al., 2006b; Ku et al., 2008; Lee et al., 2006). This observation suggested that 

PcG proteins function in ESCs to prevent differentiation by repressing key developmental pathways. 

Notably, ESCs are able to self-renew and maintain the expression of key pluripotency genes in the 

absence of PcG proteins, with the possible exception of ESCs lacking both PRC1 and PRC2 

components, or total loss of PRC1 (Chamberlain et al., 2008; Endoh et al., 2012; Leeb et al., 2010; Pasini 

et al., 2007; Shen et al., 2008; van der Stoop et al., 2008). Rather, RING1B- (PRC1 component) or PRC2-

deficient ESCs fail to properly maintain the repression of lineage-specific genes, and subsequently fail 

to properly differentiate (Boyer et al., 2006b; Chamberlain et al., 2008; Leeb and Wutz, 2007; Leeb et al., 
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2010; Pasini et al., 2007). These data led to the idea that PcG proteins are necessary for cell fate 

transitions, and that PcG-mediated repression must be dynamic because many of the target genes in 

ESCs maintain the potential to become either activated or silenced during differentiation. 

Recruitment of Polycomb complexes to genomic targets in ESCs 

The precise localization of PRC1 and PRC2 within the genome is necessary to facilitate the specific 

changes in chromatin and gene expression states that accompany lineage commitment. Because the 

core PcG proteins have no known DNA binding activity, they may require other factors for proper 

recruitment to target sites. While considerable prior knowledge exists in Drosophila, it is still poorly 

understood how PcG proteins recognize and bind specific regions within the billions of base pairs of 

DNA in mammals. In this section, recent work is presented that suggests roles for DNA binding 

elements, the local chromatin environment, accessory PRC components, and transcription factors in 

this process. Promising evidence for a role for non-coding RNA has also recently emerged, and is 

discussed in its own section later. These seemingly disparate pathways likely collaborate to regulate 

the targeting of Polycomb complexes and transcriptional fine-tuning of developmental programs in 

ESCs. Models for the recruitment of PRC2 and PRC1 are shown in Figure 2 and Figure 3, respectively. 

Mammalian Polycomb Response Elements  

In Drosophila, Polycomb complexes bind to specific sites in the genome called Polycomb Response 

Elements (PREs) (Müller and Kassis, 2006; Ringrose and Paro, 2007; Schuettengruber and Cavalli, 2009; 

Simon and Kingston, 2009). PREs contain clusters of DNA binding sites for several transcription factors, 

whose binding can mediate the recruitment of Polycomb complexes. Despite the wealth of available 

sequence data generated from high-throughput analyses of PcG binding sites in mammals, an 

analogous mammalian PRE system has yet to fully emerge.  
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Recently, two studies have each identified a cell-type-specific putative mammalian PRE (Sing et al., 

2009; Woo et al., 2010). The first potential mammalian PRE identified was an element regulating the 

expression of a hindbrain segmentation gene, MafB/Kreisler, which can recruit both PRC1 and, less 

strongly, PRC2, to induce silencing of an ectopically introduced transgene in both flies and mice (Sing 

et al., 2009). Importantly, Sing et al. also provided genetic evidence for in vivo PRE function in the 

mammalian hindbrain, suggesting this PRE is not an artifact of an in vitro assay. Secondly, a 1.8 kb 

element between HoxD11 and HoxD12 (D11.12) was identified as a potential PRE using a remarkable 

approach that analyzed nucleosome position, nuclease sensitivity, and H3K27me3 modification 

profiles across this locus during hESC differentiation (Woo et al., 2010). The D11.12 element displayed 

characteristics similar to Drosophila PREs in that it was able to repress the expression of an ectopic 

reporter gene. Moreover, this activity was moderately dependent on BMI1, a core component of PRC1, 

and to a lesser extent SUZ12, a PRC2 core component. RYBP, a known Yin yang 1 (YY1) binding protein 

that interacts with PRC1, also appears to modestly influence the targeting of PRC1 to the D11.12 

region (Figure 3A). While consensus binding sites for YY1 – a homolog of PHO, a DNA binding factor 

that can recruit PcG proteins to Drosophila PREs (Brown et al., 1998; Wang et al., 2004b) – are found at 

both mammalian PREs, loss of YY1 binding sites had only a moderate effect on reporter repression. 

These data suggest that YY1 is not deterministic for PRC recruitment to potential PREs in mammals. 

Additionally, YY1 does not appear to associate or co-localize with PRC2 in mouse as it does in 

Drosophila (Li et al., 2010; Squazzo et al., 2006). While promising, future mammalian PRE studies will 

need to address the consequences of deleting D11.12 on in vivo function and on the regulation of Hox 

gene expression at the endogenous locus during ESC differentiation. A more general method for 

determining PcG binding sites genome-wide may still emerge from PRE studies such as these, as 

additional components involved in their recruitment are identified. 
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CpG islands and Polycomb complex recruitment 

It has been suggested that CpG islands are involved in the recruitment of PRC2, as the vast majority of 

PRC2 binding sites in ESCs overlap with highly conserved CpG islands that are enriched for a variety of 

transcription factor binding sites (Ku et al., 2008; Tanay et al., 2007) (Figure 2). Indeed, exogenous 

regions of high GC content can recruit PRC2 in ESCs (Mendenhall et al., 2010). Factors that aid in this 

recruitment have also been identified: TET1, an enzyme capable of converting 5-methylcytosine to 5-

hydroxymethylcytosine, and PCL3, homolog of Drosophila Polycomb-like, were found in recent studies 

to localize to CpG-rich promoters and to aid in recruiting PRC2 in ESCs (Hunkapiller et al., 2012; Neri et 

al., 2013a; Wu et al., 2011). More specifically, recent studies showed that unmethylated CpG islands 

recruit PcG proteins (Lynch et al., 2012); however, as discussed in a later section, the relationship 

between DNA methylation and PcG proteins is complex and still unfolding. 

CpG islands have also been implicated in PRC1 recruitment. FBXL10, discussed below as a key 

mediator of H3K27me3-independent PRC1 recruitment, binds specifically to CpG islands, but its 

binding is blocked by DNA methylation (Farcas et al., 2012; Wu et al., 2013) suggesting a functional 

relationship between these two epigenetic regulatory pathways. 

 

Figure 2. Model of PRC2 recruitment. i) JARID2-mediated recruitment; ii) TET1-mediated 
recruitment to CpG islands; iii) ncRNA-mediated recruitment to CpG islands; iv) PCL2- or PCL3-
mediated recruitment to CpG islands; v) H3K27me3 catalysis; vi) H3K27me3 binding. CGI = CpG 
island. 
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Transcription Factors and Polycomb complex recruitment 

In addition to GC rich sequences, transcription factors also appear to play critical roles in mediating 

PRC binding to genomic targets (not pictured in Figures 2 and 3 for simplicity). For example, the 

collective enrichment of a set of transcription factor binding sites (MYC, E2F1, ZF5, TCFCP2L1, and 

CTCF) predicts genomic PRC2 occupancy in ESCs with some success (Liu et al., 2010). Additionally, at 

the neuronal progenitor stage of differentiation, exogenous promoters with REST and SNAIL family 

binding sites can recruit PRC2 in a manner that is dependent upon expression of the TFs (Arnold et al., 

2013). A handful of transcription factors have also been shown to aid in PRC1 recruitment, and to act 

in conjunction with different subunits, and thus different varieties, of PRC1. In this context, REST 

interaction is CBX-dependent (Ren and Kerppola, 2011); E2F6, BCL6, MAX, and MGA associate with 

RYBP (Gao et al., 2012; Gearhart et al., 2006; Trojer et al., 2011); and, RUNX1 associates with BMI1 (Yu et 

al., 2012). It is likely that PRC recruitment to specific genomic sites involves a considerably complex set 

of interactions. In addition to the above-mentioned factors, DNA sequence composition as well as the 

neighboring chromatin may also be relevant. 

PRC1 recruitment to genomic targets 

Studies in the past few years have shed much light on the question of how PRC1 is recruited to the 

genome in mammals, and provide a solid foundation for further investigation. While 6 or more 

varieties of PRC1 with different core components have been identified (Gao et al., 2012), for simplicity, 

I have grouped them into two main categories based on mechanism of recruitment: H3K27me3-

dependent and –independent (Figure 3). 

H3K27me3-dependent 

The canonical model of PRC1 recruitment posits that the chromodomain of a CBX family component 

recognizes and binds to pre-existing H3K27me3 (Fischle et al., 2003; Kaustov et al., 2011; Min et al., 

2003). Indeed, depletion of PRC2 does lead to a partial loss of PRC1 recruitment in mESCs (Boyer et al., 
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2006b; Wu et al., 2013), and to a complete loss of recruitment of CBX7, the primary CBX family protein 

associated with PRC1 in ESCs. Furthermore, depletion of CBX7 leads to the derepression of a subset of 

developmentally relevant target genes (Morey et al., 2012). Interestingly, while H2AK119ub is 

catalyzed by PRC1, it is possible that the H3K27me3-dependent variety of PRC1 does not functionally 

contribute to this H2AK119ub (Gao et al., 2012; Morey et al., 2012; Wu et al., 2013), implicating its non-

ubiquitylating functions in gene repression pathways. Notably, H2AK119ub-independent repression 

by PRC1 homologs has also been observed in Drosophila (Gutiérrez et al., 2012). Catalytic-independent 

functions may include the reinforcement of PRC2 recruitment, as depletion of CBX7 also leads to a 

reduction in SUZ12 at its genomic targets (Morey et al., 2012) and depletion of RING1B and RING1A 

leads to a reduction in H3K27me3 at its normal sites of enrichment (Endoh et al., 2012). Alternatively, 

PRC1 appears to have roles in mediating chromatin compaction independent of its catalytic activity 

and that this function may be mediated by its CBX subunit (Grau et al., 2011). Additionally, it is 

possible that H3K27me3 is responsible not for recruitment but for stabilization and maintenance of 

PRC1 at its target sites. 

 

Figure 3. Models of PRC1 recruitment. a) H3K27me3-dependent PRC1 recruitment; b) H3K27me3-
independent PRC1 recruitment. CGI = CpG island. 
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Nevertheless, the picture is probably more complex; H3K27me3 is likely not the only mechanism for 

PRC1 recruitment. For example, not all PRC1 co-localizes with PRC2 (Ku et al., 2008), and not all PRC1 

varieties contain a CBX protein (Gao et al., 2012). Some evidence also goes as far as to suggest that 

H3K27me3-dependent CBX recruitment does not occur at all (Vincenz and Kerppola, 2008). Thus, 

additional studies will be required to dissect these critical questions. 

H3K27me3-independent 

Recent studies demonstrated that some types of PRC1 do not contain CBX family proteins; rather, their 

recruitment to genomic sites depends on subunits such as RYBP and FBXL10, independently of 

H3K27me3 (Gao et al., 2012; Tavares et al., 2012; Wu et al., 2013). In fact, RYBP and CBX binding to 

RING1B are mutually exclusive (Wang et al., 2010). Interestingly, PRC1 lacking a CBX subunit is thought 

to mediate the majority of H2AK119ub genome-wide (Gao et al., 2012; Tavares et al., 2012; Wu et al., 

2013). Furthermore, recent findings indicate that H2AK119ub may be necessary for PRC1-mediated 

gene repression (Endoh et al., 2012), suggesting that H3K27me3-independent PRC1 is responsible for 

the majority of PRC1-mediated gene repression.  

PRC2-mediated H3K27me3 is enriched at bivalent chromatin domains in ESCs 

H3K27me3 is broadly associated with facultative heterochromatin and the repression of 

developmental programs in metazoans. An important open question is how PcG-repressed genes in 

ESCs maintain the potential for gene activation. A remarkable find in both mouse and human ESCs is 

the co-enrichment of both activating and repressive chromatin modifications at PcG target genes 

(Azuara et al., 2006; Bernstein et al., 2006; Pan et al., 2007; Zhao et al., 2007) (Figure 4, left). These 

“bivalent domains” consist of peaks of H3K4me3 enrichment (activating) that overlap with broader 

domains of H3K27me3 modifications (repressive) (Bernstein et al., 2006; Mikkelsen et al., 2007). This 

observation led to the idea that control of developmental gene expression patterns is highly 
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coordinated by the concerted activities of Trithorax group (TrxG) proteins, which catalyze the 

trimethylation of histone H3 Lysine 4  

 

Figure 4. PcG target genes have a bivalent chromatin conformation in ESCs. Left: Bivalent domains 
are enriched with H3K4me3 and H3K27me3, modifications associated with TrxG and PcG activities, 
respectively. PRC2 consists of core subunits SUZ12, EED, and the histone methyltransferase EZH2, 
which catalyzes the di/trimethylation of lysine 27 on histone 3 (H3K27me2/3). PRC1 subunits 
comprise members of families CBX, PHC, BMI1/MEL18, and RING1. RING1B/A mono-ubiquitylates 
lysine 119 of H2A (H2AK119ub). In ESCs, PRC1 and PRC2 co-localize at some promoters, while only 
PRC2 is targeted to others. While genes are repressed in both cases, PRC1 may be primarily 
responsible for chromatin compaction. Right: Upon lineage commitment, many bivalent domains 
are resolved depending on the expression state of the gene. To stabilize the repressed state of a 
particular gene, DNA methyltransferases can methylate DNA near the promoter of the gene. The 
histone demethylases JMJD3 and UTX and possibly histone H2A deubiquitylases (H2A DUB) can 
allow for activation of PcG target genes by facilitating removal of the repressive H3K27me3 or 
H2AK119ub mark during differentiation. Some genes remain in a poised, bivalent state to allow for 
further lineage decisions. 
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(H3K4me3), and H3K27me3-catalyzing PcG proteins. Despite the overwhelming evidence that 

H3K4me3 by itself is associated with transcriptional initiation, bivalent genes display low expression 

levels. Bivalent domains are also found in other cell types, albeit seemingly less frequently (Mikkelsen 

et al., 2007); however, in ESCs, unlike in lineage-committed cells, the majority of H3K27me3 is 

associated with H3K4me3. Importantly, recent studies in Zebrafish also found co-enrichment of both 

H3K4me3 and H3K27me3 at a subset of genes in early embryos (Vastenhouw et al., 2010), providing 

strong evidence that bivalent domains are not simply an artifact of cell culture. 

How do these contradictory marks in bivalent chromatin coordinate to regulate gene expression? 

Interestingly, PRC2 is sensitive to the local chromatin environment: its function is activated by 

repressive chromatin characteristics and antagonized by active chromatin characteristics. PRC2 

nucleosomal binding and catalytic activity are stimulated in vitro (and also in Drosophila) by the 

presence of H3K27me3, to which EED binds (Margueron et al., 2009; Xu et al., 2010). The activity of the 

Drosophila PRC2-homologous complex is also augmented in vitro by dense chromatin (Yuan et al., 

2012). This idea is supported by the observation that H3K27me3 is anti-correlated with nucleosomal 

spacing in vivo (Yuan et al., 2012). Conversely, canonically active histone marks H3K4me3 and 

H3K36me3 are poor substrates for PRC2 (Schmitges et al., 2011; Xu et al., 2010; Yuan et al., 2011). 

Collectively, these studies offer fascinating insights into the coordination and reinforcement of a 

changing epigenetic regulatory environment: an active chromatin environment resists becoming 

repressive in many ways, but once chromatin acquires some characteristics of a repressive 

environment, others are encouraged to follow. This balance is vital for maintaining developmental 

plasticity at bivalent promoters: not only are marks of both activation and repression present and 

performing opposite functions, but the mark of activation is actively limiting the mark of repression, 

thus truly keeping the gene poised for quick activation. 
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During differentiation, bivalent domains are generally resolved to either H3K27me3 or H3K4me3 

regions, depending on the expression state of the associated gene in a given differentiated cell type 

(Figure 4, right). In genes that must be stably repressed upon differentiation, the binding of PcG 

proteins in ESCs may ultimately facilitate subsequent repression during differentiation through 

recruitment of a more stable silencing mechanism, such as DNA methylation (Schuettengruber et al., 

2007; Simon and Kingston, 2009). Indeed, promoters associated with H3K27me3 in ESCs are more 

likely to become DNA methylated during differentiation (Meissner et al., 2008; Mohn et al., 2008). This 

transition to a more repressed state is also likely facilitated by a class of histone demethylases that 

selectively remove H3K4me3, consistent with their essential roles in development and differentiation 

(Cloos et al., 2008; Lan et al., 2008). Conversely, bivalent resolution leading to activation of genes 

necessary for lineage commitment may be facilitated by loss of PRCs or H3K27me3. Two histone 

demethylases, JMJD2 and UTX, have recently been identified as H3K27me2/me3 demethylases (Agger 

et al., 2007; Hong et al., 2007; Lan et al., 2007; Lee et al., 2007; Xiang et al., 2007), making them likely 

candidates for counteracting Polycomb-mediated gene silencing during activation of lineage specific 

genes. JMJD3 and UTX are necessary for proper development and differentiation in a variety of 

systems, including mammals, and are targeted to developmental regulators such as Hox genes during 

ESC differentiation (Swigut and Wysocka, 2007). Moreover, inactivating mutations in Utx have been 

found in multiple tumor types (van Haaften et al., 2009), suggesting that disrupting the balance in 

H3K27 methylation patterns can lead to changes in cell state. In support of the process of bivalent 

resolution, a recent study mapped the changes in four common histone marks over in vitro 

differentiation of hESCs, and noted that at a key set of pluripotency genes, promoters tended to lose 

H3K27ac, a mark of activation, and gain H3K27me3, while developmental gene promoters tended to 

undergo the opposite transition (Hawkins et al., 2011). Thus, targeted removal of H3K27me3 may be 

one way that cells disrupt Polycomb-mediated gene repression upon differentiation, although there 
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are likely other mechanisms that work in concert, mediated by signaling pathways in response to 

developmental cues (Cole and Young, 2008).  

PRC1-mediated histone mono-ubiquitylation regulates gene expression 
patterns during differentiation 

PRC1 is responsible for the catalysis of H2AK119ub in ESCs (Kallin et al., 2009). Deletion of Ring1b, an 

E3 ubiquitin ligase associated with PRC1, leads to widespread loss of this modification, and to gene 

derepression (Stock et al., 2007). Furthermore, deletion of both Ring1b and Ring1a leads to loss of all 

detectable H2AK119ub (Endoh et al., 2012). It should be noted that loss of RING1B also alters PRC1 

integrity, suggesting that the observed gene derepression may not be a direct consequence of loss of 

H2AK119Ub in ESCs; however, genes normally enriched for H2AK119ub were the most derepressed 

upon Ring1A/B deletion, and these genes are enriched for functions associated with transcription and 

development (Endoh et al., 2012). Moreover, while a catalytically inactive RING1B seemed to function 

normally except for catalysis of H2AK119ub, it was not sufficient to maintain ESC identity or to repress 

target genes in the absence of wild-type RING1A/B (Endoh et al., 2012; Eskeland et al., 2010). Overall, 

H2AK119ub seems to play a pivotal role in developmental gene repression in ESCs. However, in ESCs, 

depletion of RYBP and FBXL10, PRC1 subunits vital to the varieties of PRC1 currently thought to 

catalyze the majority of H2AK119ub (Gao et al., 2012; Tavares et al., 2012; Wu et al., 2013), did not 

cause derepression of the handful of lineage marker genes tested (Gao et al., 2012; Wu et al., 2013). 

Additionally, not all PcG target genes become derepressed even upon total loss of RING1B (van der 

Stoop et al., 2008). This suggests the existence of additional, H2AK119ub-independent functions of 

PRC1 that cooperate to maintain repression of these genes.  

The prevailing model posits that specific histone deubiquitylases (DUBs) have roles in counteracting 

PcG-mediated repression during differentiation. In support of this model, a distinct Drosophila 

Polycomb repressive complex, PR-DUB, comprising additional factors such as Additional sex combs 
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(Asx), has been shown to possess histone H2A de-ubiquitylase activity and to regulate Hox gene 

silencing (Scheuermann et al., 2010). Prior studies showed that Asx is necessary to maintain both 

homeotic gene activation and silencing (Fisher et al., 2006), indicating that additional work is needed 

to fully understand its role in PcG-mediated gene regulation. While asx homologs exist in mammals 

(Fisher et al., 2006), a mammalian complex similar to PR-DUB has yet to be identified. Nonetheless, 

there are several factors with known histone H2A DUB activity in vertebrates, including UBP-M, which 

is required for Hox gene activation and posterior development in Xenopus laevis (Joo et al., 2007; 

Weake and Workman, 2008).  

In the past few years, interesting new findings have been published regarding the role of PRC1 and 

H2A DUBs upon differentiation of ESCs. Upon receiving signals to differentiate, embryonal carcinoma 

cells recruit ZRF1 in an H2AK119ub-dependent manner to activate a set of developmental genes 

(Richly et al., 2010). Importantly, ZRF1 both blocks the binding of PRC1 and augments the removal of 

the ubiquityl mark, likely by interacting with USP21, a histone DUB (Richly et al., 2010). Consistent with 

these findings, in ESCs, depletion of RYBP or FBXL10, and thus H2AK119ub, leads to an inability to 

activate key developmental regulators upon differentiation (Gao et al., 2012; Wu et al., 2013). As such, 

it seems likely that H2AK119ub is necessary to establish proper chromatin states for the activation of 

genes immediately upon loss of pluripotency. 

Thus, the characterization of H2A DUBs with specific roles in counteracting PcG-mediated silencing 

during ESC differentiation is beginning to reveal another layer of regulation important for maintaining 

the balance between self-renewal and lineage commitment. Ultimately, identifying the downstream 

effectors of both PRC2-mediated H3K27me3 and PRC1-mediated H2AK119ub, elucidating how these 

modifications crosstalk in ESCs, as well as exploring histone modification-independent roles of these 

complexes, will be necessary to fully understand how PcG proteins function in stem cell differentiation 

and development. 
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Role of PcG proteins in regulating transcriptional machinery 

Despite a growing body of knowledge regarding the roles of Polycomb-mediated gene repression, we 

still lack detailed mechanistic insights into how PcGs mediate this repression. Several studies have 

shown PcG-dependent regulation of the transcriptional machinery at various stages of the 

transcription process. This evidence further suggests a direct role of PcG proteins in the precise 

regulation of developmental genes during lineage commitment. 

Several years ago, a few studies showed promising evidence for PcG-mediated “promoter-proximal 

polymerase pausing” – genes experiencing transcription initiation, but no productive elongation. In 

ESCs, most PcG target genes were shown to harbor a paused RNA polymerase II enzyme (RNAPII) 

(Guenther et al., 2007). These data were also consistent with the earlier finding that PcG proteins did 

not prevent the binding of RNAPII to promoters in Drosophila (Dellino et al., 2004). Interestingly, PRC1-

mediated H2AK119ub was suggested to contribute to this paused state, as its loss led to RNAPII 

elongation and, thus, gene derepression (Stock et al., 2007). Furthermore, an analysis of different 

tissues in the developing Drosophila found that transcription was regulated through release from 

polymerase pausing at Hox genes, canonical PcG targets (Chopra et al., 2009). More recently, the 

H3K27-demethylase-mediated loss of H3K27me3 was shown to release RNAPII pausing, implicating 

PRC2 in post-initiation elongation blocking (Chen et al., 2012), and providing further support for PRC-

mediated promoter pausing.  

However, the emergence of new technologies such as GRO-seq (Core et al., 2008), which allows for the 

genome-wide mapping of RNAs in the process of being transcribed, has revealed that polymerase 

pausing is a more widespread occurrence, not necessarily associated with PRC-mediated repression, 

and that PRC1 target genes are in fact depleted of initiated RNAPII (Min et al., 2011), suggesting that 
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RNAPII recruitment is the key regulatory step instead of pause release. This model also has supporting 

evidence in Drosophila (Chopra et al., 2011). Regardless, whether it is PRC-mediated or not, pause 

escape is known to be a major point of transcriptional regulation upon loss of pluripotency and 

differentiation (Levine, 2011; Min et al., 2011). 

Finally, PRCs may also impact transcription by binding to non-coding DNA regulatory elements such 

as transcriptional enhancers. Recent studies provide evidence that PRC1 blocks the binding of 

Mediator (Lehmann et al., 2012), which plays an important role at enhancers in addition to stabilizing 

the RNA polymerase pre-initiation complex (Björklund and Gustafsson, 2005; Kagey et al., 2010). A role 

for PRC-mediated repression at enhancers is further supported by the observation that over muscle 

differentiation, the CKm gene loses H3K27me3 at its enhancer region first, followed by gene activation 

and widespread loss of the histone mark (Seenundun et al., 2010).   

Chromatin compaction and higher order chromatin organization do not require 
PRC enzymatic activity  

ESCs have a characteristically open and dynamic chromatin. Upon ESC differentiation, a dramatic 

reorganization of chromatin structure leads to an increase in more compact and less dynamic 

heterochromatin and selective gene silencing (Mattout and Meshorer, 2010; Meshorer et al., 2006). 

Furthermore, the formation of extended H3K27me3 domains, a mark of facultative heterochromatin 

and gene silencing, has been observed in differentiated cells (Hawkins et al., 2010). As PcG target sites 

have lower histone turnover than their TrxG counterparts (associated with H3K4me3, an activating 

mark), PRC occupancy may stabilize chromatin (Deal et al., 2010). PcG proteins have long been 

thought to contribute to the formation of compact heterochromatin; however, direct evidence in 

favor of this model was lacking. Recent work indicates that the binding of PRCs to genomic sites might 

contribute to gene repression by higher order chromatin organization. For example, reconstituted 

PRC1 restricts chromatin-remodeling activity and can compact chromatin in vitro using unmodified 
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nucleosome templates or those that lack histone tails (Francis et al., 2001; 2004). While these studies 

argued that PRCs participate in the formation of higher order chromatin states in the absence of 

histone modifications in vitro, whether this phenomenon could be observed in vivo remained an open 

question. 

Recent studies investigating chromatin compaction at Hox gene clusters in ESCs now provides in vivo 

support for the role of PcG proteins in this process. Hox clusters serve as a paradigm for studying the 

role of PcG proteins in chromatin organization and gene regulation because they are classical PcG 

targets and because they are temporally activated in a colinear fashion during development (Kmita 

and Duboule, 2003; Mallo et al., 2010). Furthermore, extensive domains of PcG proteins and 

H3K27me3 have been observed across all Hox clusters in ESCs (Boyer et al., 2006b; Ku et al., 2008; Lee 

et al., 2006; Mikkelsen et al., 2007), and are lost during differentiation in vivo, either upon lineage 

commitment or upon activation of transcription (Mazzoni et al., 2013; Soshnikova and Duboule, 2009). 

Prior observations noted a distinct nuclear reorganization of the HoxB cluster during ESC 

differentiation; however, this study did not address the role of chromatin conformation in the 

regulation of these genes (Chambeyron and Bickmore, 2004; Morey et al., 2007). Using DNA FISH, the 

same group subsequently showed striking evidence for PcG-mediated chromatin compaction at the 

HoxA and HoxD clusters tested in ESCs (Endoh et al., 2012; Eskeland et al., 2010) (Figure 5). Both PRC1 

and PRC2 were required to maintain compact chromatin. Remarkably, the E3 ubiquitin ligase activity 

of Ring1b was dispensable for compaction. Moreover, an observable decompaction temporally 

preceded gene activation during ESC differentiation. Together, these data point to important non-

catalytic roles for PRC1 in regulating higher order chromatin organization and Hox gene expression 

during early development. While the precise organization and function of this unique chromatin 

region is still under investigation, the role of H2AK119ub is not clear in this context, since this 

modification appears dispensable for chromatin compaction and gene repression. However, as 
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discussed earlier, in other studies, H2AK119ub appears necessary for PRC1-mediated gene repression 

(Wu et al., 2013). Further studies will be necessary to determine the precise roles of PRC1 in gene 

repression. 

 

Figure 5. Polycomb group proteins mediate higher order chromatin structures. PcG proteins 
mediate chromatin compaction at both the HoxB and the HoxD cluster. In ESCs, the chromatin at 
the HoxB and HoxD clusters are compacted, while decompaction and gene activation are observed 
upon differentiation. Interestingly, although loss of RING1B also causes decompaction, the ubiquitin 
ligase activity of RING1B is dispensable. 

 

Upon characterization of different PRC1-type complexes that perform distinct functions, chromatin 

compaction was subsequently found to be catalyzed by both H3K27me3-dependent, CBX-containing 

PRC1 (Grau et al., 2011) and H3K27me3-independent, RYBP-containing PRC1 (Gao et al., 2012), both in 

vitro and in vivo. In the former, the chromatin compaction was surprisingly mediated by CBX2 (Grau et 

al., 2011), despite it not being a homolog of Drosophila PSC, which is responsible for compaction in the 

fly (Francis et al., 2004; King et al., 2002). As compaction was not observed for either BMI1 or RING1B in 

vitro (Grau et al., 2011), it seems likely that RYBP or other non-core components mediate this activity in 

H3K27me3-independent PRC1. Furthermore, chromatin compaction stimulates the catalytic activity of 
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PRC2 (Margueron et al., 2009; Xu et al., 2010), consistent with a PRC-mediated positive feedback loop 

that stabilizes repression. 

In addition to the role of PRC1 in chromatin compaction, EZH2, a core PRC2 component, has been 

implicated in the formation of higher order chromatin interactions. Long-range chromatin interactions 

were mapped at the PcG target gene Gata4 in embryonic carcinoma cells (ECCs) using a high-

resolution chromatin conformation capture (3C)-based assay (Tiwari et al., 2008a; 2008b). These 

interactions were partially lost upon knockdown of Ezh2, and completely lost when ECCs were 

induced to differentiate. However, it was unclear whether the reorganization of chromatin structure 

during differentiation caused the observed changes in gene expression. Given what we now know 

about PRC1-mediated chromatin compaction, it is possible that the changes in chromatin structure 

observed upon EZH2 depletion might be due to a concomitant loss of H3K27me3-dependent PRC1 at 

this locus. Nonetheless, these data suggested that PcG proteins may also repress gene expression in 

ESCs by mediating long-range chromatin interactions or DNA looping (Mateos-Langerak and Cavalli, 

2008) and that this chromatin conformation may occlude access of activating factors to the DNA 

template.  

Consistent with a role for PcG proteins in higher order chromatin interactions, recent studies have 

identified more examples of such interactions. Interestingly, both PRC2 and PRC1 target regions are 

shown to be involved in higher order chromatin interactions (Choi et al., 2011; Denholtz et al., 2013). 

Physical associations between PcG-repressed regions have been identified in Drosophila as well as 

mouse ESCs and fibroblasts, and these associations are cell-type specific, and both exclusive to PcG-

target regions, and dependent on PcG proteins (Denholtz et al., 2013; Tolhuis et al., 2011). These data 

suggest that PcG target genes mutually reinforce each other’s repressive state; mutations in one Hox 

cluster, with concomitant depression of long-distance contacts, can partially derepress another 

(Bantignies et al., 2011). It is possible that only a subset of PcG-silenced loci participate in these 
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interactions, as some loci do not appear to interact in a PcG-dependent manner (Li et al., 2011). If this 

is the case, what factors determine which loci participate in these interactions? Furthermore, it is likely 

that these interactions are highly dynamic and that there are many interacting loci at any given time 

in any given nucleus, each mediated by a different regulatory protein or complex (Ferraiuolo et al., 

2010).  The other possibility is that, instead of physically and purposefully binding to one another, 

these loci are simply aggregated spatially, thus causing more associations by simple Brownian motion. 

Further study is required to distinguish these models from each other.  

The possibility has also been raised that maintenance of PRCs at their target sites through DNA 

replication is accomplished by means of a chromatin looping mechanism (Lo et al., 2012). Moreover, a 

recent study suggested that insulator-mediated chromatin looping brings a PRE into contact with its 

target region, thus allowing H3K27me3 spreading. Both of these are intriguing models that address 

questions that have long been pursued in the field, and provide a mechanism for linking higher-order 

chromatin structure to regulation of developmental gene expression. 

PRC2 contains accessory components that regulate recruitment and/or catalytic 
activity 

Five groups have identified JARID2 as a new component of PRC2 in ESCs (Landeira et al., 2010; Li et al., 

2010; Pasini et al., 2010; Peng et al., 2009; Shen et al., 2009) and also in Drosophila (Herz et al., 2012). 

Jarid2 is the founding member of the Jumonji C (JmjC) domain protein family of histone 

demethylases, which remove methyl groups from lysine residues (Klose et al., 2006). Thus, the 

association of JARID2 with PRC2 is predicted to be important for the balance between gene 

expression states. However, JARID2 lacks key residues for cofactor binding and so it is catalytically 

inactive (Cloos et al., 2008). Notably, JARID2 levels are abundant in undifferentiated cells and decrease 

during differentiation (Mikkelsen et al., 2008; Walker et al., 2007; Zhou et al., 2007) suggesting that 

JARID2-PRC2 may be unique to ESCs. In further support, key pluripotency factors including OCT4, 
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SOX2, and NANOG occupy the Jarid2 promoter (Boyer et al., 2005; Kim et al., 2008), connecting its 

expression to the ESC transcriptional regulatory network. Further data indicate that the JARID2-PRC2 

complex represents a significant fraction of PRC2 in ESCs. 

JARID2 can directly bind DNA through its C-terminus (Li et al., 2010), suggesting that it directly recruits 

PRC2 to genomic sites (Figure 2). Consistent with this idea, JARID2 co-occupied the same regions of 

the genome as PRC2. Moreover, PRC2 binding was diminished upon depletion of Jarid2 (Landeira et al., 

2010; Li et al., 2010; Pasini et al., 2010; Peng et al., 2009; Shen et al., 2009) and JARID2 localization was 

dependent on PRC2 (Peng et al., 2009; Shen et al., 2009). PRC1 was also diminished upon Jarid2 

depletion (Landeira et al., 2010; Pasini et al., 2010), but this may be a consequence of loss of PRC2 at 

these regions. In addition to its recruitment role, JARID2 also regulates the histone methyltransferase 

activity of PRC2. Contrasting studies have shown that JARID2 may potentiate (Landeira et al., 2010; Li 

et al., 2010; Pasini et al., 2010) or attenuate (Peng et al., 2009; Shen et al., 2009) the catalytic activity of 

the complex. Regardless of the differences in the results of in vitro assays from the different studies, 

the reports generally agree that depletion of Jarid2 reduces PRC2 recruitment to the target genes 

more substantially than H3K27me3 levels at those targets. These observations also point to JARID2-

independent mechanisms that maintain basal levels of PRC2 at genomic targets. 

While Jarid2-deficient ESCs displayed defects in their ability to differentiate (Li et al., 2010; Pasini et al., 

2010; Shen et al., 2009), Jarid2-null embryos proceeded further in development as compared to PRC2 

mutants (Takeuchi et al., 1995) (see Table 1). While these results are consistent with the idea that 

JARID2 is not necessary to carry out all PRC2 function, substantial evidence supports a role for JARID2-

PRC2 in regulating gene expression in ESCs; however, the precise roles of JARID2 in ESCs remain to be 

elucidated. 
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Several studies, including those discussed above, reported the identification of a PCL2/MTF2 

(Polycomb-like 2/ metal response element-binding transcription factor 2)-containing PRC2 complex in 

mESCs (Casanova et al., 2011; Landeira et al., 2010; Li et al., 2010; Shen et al., 2009; Walker et al., 2010). 

Pcl2 is one of three homologs of Drosophila Polycomb-like (Pcl), suggesting that PCL2 functions as a 

bona fide PcG protein. PCL2-PRC2 occupied a subset of PcG target genes in ESCs in a similar pattern as 

PRC2 (Casanova et al., 2011; Li et al., 2010; Walker et al., 2010) and appeared to promote PRC2 

recruitment, perhaps more strongly than H3K27 tri-methylation (Casanova et al., 2011; Walker et al., 

2010). Based on the gene expression effects observed upon Pcl2 depletion in ESCs, the authors 

speculate that PCL2-PRC2 may function to regulate self-renewal to enable an appropriate response to 

differentiation cues. PCL2 also may bind H3K36me3 and recruit demethylases to repress genes during 

differentiation (Brien et al., 2012); as H3K36me3 has been shown to repress PRC2 catalytic activity, this 

may be an alternative mechanism for stimulating its activity. Additionally, PCL2 may play a role in 

recruiting PRC2 to the inactive X chromosome (Casanova et al., 2011). Notably, the Pcl2 promoter is 

occupied by OCT4 and NANOG in ESCs (Loh et al., 2006), and its levels decrease upon differentiation 

(Walker et al., 2007; 2010). Thus, similar to Jarid2, Pcl2 expression may also be connected to the 

pluripotency transcriptional regulatory network. While this complex may also co-purify with JARID2, 

evidence supports the existence of biochemically distinct PRC2-like complexes (Landeira et al., 2010; Li 

et al., 2010; Shen et al., 2009). Interestingly, Pcl2 mutant mice display a phenotype more consistent 

with PRC1 knockouts, including posterior transformation of axial skeletons (Wang et al., 2007).  

Pcl3, another Pcl homolog, has also been shown to have an effect on PRC2. Similarly to PCL2, PCL3 

physically associates with PRC2, and its knockdown phenotype in ESCs indicates that it helps to 

maintain self-renewal, but that it is dispensable for pluripotency (Hunkapiller et al., 2012). PCL3 binds 

to a subset of PRC2 target genes and aids in PRC2 recruitment to these targets (Hunkapiller et al., 

2012). While PCL3 depletion does cause some changes in gene expression, these observations are 
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likely due to secondary effects. Interestingly, PCL2 and PCL3 appear to associate independently with 

PRC2; suggesting that although their target genes overlap somewhat, they are not redundant in 

function (Hunkapiller et al., 2012). Indeed, PCL2 may sometimes negatively effect PRC2 binding and 

function, while PCL3 seems to promote activity. In sum, these data support a model in which PRC2 can 

contain either PCL2 or PCL3, and these subunits may function in the recruitment of PRC2 to its correct 

targets both in ESCs and during differentiation (Figure 2). Consistent with this idea, both PCL 

homologs have a binding preference for CpG-rich DNA, and may play a role in PRC2 recruitment to 

CpG islands.  

EZH2, the catalytic subunit of PRC2, is homologous to EZH1, also an H3K27-specific histone 

methyltransferase (Margueron et al., 2008; Shen et al., 2008). Although EZH2 plays the predominant 

role in ESCs, EZH1 can partially compensate for its loss, maintaining a lower level of H3K27me3 at a 

subset of PRC2 targets (Shen et al., 2008). However, EZH1 has distinct functions as well. Evidence 

points to a role for EZH1 in chromatin compaction and silencing, and EZH1 expression increases in 

terminally differentiated cells, suggesting that while EZH2 mediates silencing during pluripotency, 

EZH1 plays the important role in later stages of lineage commitment (Margueron et al., 2008). 

Consistent with this notion, an Ezh1 homolog in medaka, the Japanese rice fish, is necessary for proper 

body patterning during development (Arai et al., 2010). Recently, however, an opposing role for EZH1-

PRC2 has been proposed: one of promoting transcriptional elongation and gene activation during 

cellular differentiation (Mousavi et al., 2012). As such, there is a possibility that over the course of 

development, certain PRC2 complexes take on an activating, instead of repressing, role; this could be a 

mechanism for selective gene activation during the process of differentiation. Overall, it is increasingly 

evident that the diversity of PRC2 subunits has functional consequences on gene expression as well as 

biological output and that this complexity must be considered when investigating the roles of PcG 

proteins in pluripotent versus lineage-committed cells. 
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Non-coding RNA facilitates Polycomb localization during differentiation 

Recent work has highlighted possible roles for non-coding RNA (ncRNA) in the recruitment and 

regulation of Polycomb complexes (Koziol and Rinn, 2010; Morris, 2009; Ponting et al., 2009) (Figure 6). 

In particular, long non-coding RNAs (lncRNA), defined by a length >200nt and by the lack of protein 

coding capacity (Ponting et al., 2009), have recently garnered much of the spotlight. As with protein-

coding genes, lncRNAs are subject to PRC2-mediated gene regulation (Wu et al., 2010b). Additionally, 

many lncRNAs appear to be developmentally regulated (Dinger et al., 2008). Moreover, a knockdown 

screen of mESC lncRNAs identified several interesting classes of lncRNAs: those that maintain 

pluripotency, those that suppress lineage-specific genes, and those that bind specifically to one – or 

multiple – of a variety of chromatin modifying complexes (Guttman et al., 2011). These data raised the 

intriguing possibility that lncRNAs could coordinate PRC2 activity during cellular differentiation. This 

idea is further supported by new evidence showing that lncRNAs may act as a scaffold for interactions 

with other histone modifiers (Spitale et al., 2011; Tsai et al., 2010).  

 

Figure 6. PRCs may interact with non-coding RNAs to regulate gene expression in cis or in trans, 
potentially by the non-coding RNAs acting as scaffolds that mediate interactions with chromatin 
modifying complexes, including PRC2. CGI = CpG island. 

 

As PcGs have vital roles in the regulation of gene expression during pluripotency and differentiation, 

the observation that of the ~3,300 putative lncRNAs identified in mouse, roughly one-fifth associated 
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with Polycomb complexes in various cell types, including ESCs suggests that these transcripts may 

have very broad roles (Guttman et al., 2009; Khalil et al., 2009). Furthermore, when ESC RNAs were 

isolated by PcG immunoprecipitation, closer to 10,000 transcripts were shown to bind PRC2 (Zhao et 

al., 2010). Additionally, computational analyses have revealed a set of PcG-associated mouse lncRNAs 

based on the sequence and structural similarities of human PcG-binding lncRNAs (Glazko et al., 2012). 

Thus, while a number of candidate PRC-regulating lncRNAs have been identified, many of these 

interactions will require further validation. However, two recent studies show nonspecific binding of 

PRC2 to most RNAs, and propose a model whereby PRC2 is recruited to the promoter of all transcribed 

genes to determine whether they are targets (Davidovich et al., 2013; Kaneko et al., 2013). 

Nevertheless, certain lncRNAs have been found to have specific necessary roles in development; it is 

possible that lncRNA plays both specific and non-specific roles in PRC2 recruitment. An excellent 

review of noncoding RNA and its role in PcG protein recruitment has recently been published 

(Brockdorff, 2013); however, the best-characterized and most interesting examples are briefly 

described here.  

cis-acting PRC-associated lncRNAs 

The canonical example of this class of lncRNA is Xist, which is expressed from the inactive X 

chromosome and recruits PRC2 to that chromosome to play a role in dosage compensation (Plath et 

al., 2003; Silva et al., 2003; Zhao et al., 2008). Remarkably, marsupials have also independently evolved 

an analogous system for lncRNA-mediated X inactivation (Grant et al., 2012), suggesting an important 

function for lncRNAs in this process. Likewise, Kcnq1ot1 interacts with PRC2 in cis to recruit PRCs to the 

Kcnq1 imprinted locus in a cell-type-dependent manner, in order to initiate changes in gene 

expression and chromatin structure (Pandey et al., 2008; Terranova et al., 2008). Moreover, PRC-

associated lncRNAs are not restricted to mammals. In Arabidopsis, proper flowering regulation requires 

PRC2-mediated silencing at the flowering control (FLC) gene, but only when triggered by the 
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vernalization process; recruitment of active PRC2 to this locus at the correct time is mediated by the 

lncRNA COLDAIR (Heo and Sung, 2011).  

Finally, PRC2 is not the only PcG complex to interact with lncRNAs. In ESCs, PRC1 targeting to the 

INK4b-ARF-INK4a locus (reviewed in (Aguilo et al., 2011)) is mediated by CBX7 and its interactions with 

both H3K27me3 and ANRIL, a lncRNA encoded at this locus (Yap et al., 2010), and both are necessary 

for its proper transcriptional regulation. Thus, it will be interesting to determine whether other PRC1-

like complexes are regulated by lncRNAs. 

trans-acting PRC-associated lncRNAs 

HOTAIR, a lncRNA transcribed from the HOXC locus in human fibroblasts, interacts with SUZ12 and 

recruits PRC2 to the HOXD locus in trans (Rinn et al., 2007) (Figures 3 and 6). Consistent with an 

important function, the misregulation of HOTAIR has consequences for the maintenance of a particular 

cell state (Gupta et al., 2010). More recently, HOTAIR binding has been mapped to over 800 genomic 

loci, indicating it could have more widespread PRC2-recruitment effects other than at the HOXD locus 

(Chu et al., 2011). However, surprisingly, knockout of the mouse HOTAIR ortholog has neither 

phenotype nor effect on HOXD expression (Schorderet and Duboule, 2011). This observation is in 

agreement with the fact that there is very little evolutionary conservation of lncRNA sequence (Ulitsky 

et al., 2011) in that, seemingly, every system must develop its own precisely tuned lncRNA system. 

Thus, in the lncRNA field, while broad concepts can translate from one organism to another, precise 

mechanistic details usually cannot. 

For a handful of lncRNAs, a lineage-specific effect and mouse phenotype has been identified. Fendrr, 

for example, is expressed in the lateral plate mesoderm – which later develops into the heart and body 

wall – and binds both to PRC2 and to TrxG/MLL (the complex that catalyzes H3K4me3, the activating 

mark found at bivalent domains) (Grote et al., 2013). Interestingly, Fendrr seems to promote 
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H3K27me3 while preventing H3K4me3, leading to the down-regulation of its target genes to properly 

regulate heart development gene programs (Grote and Herrmann, 2013; Grote et al., 2013). 

In contrast to the previously described roles for lncRNAs in PRC recruitment, these transcripts may also 

act to prevent PRC2 binding at specific target sites. A recent study showed that loss of Braveheart, a 

lncRNA that physically associates with the core PRC2 component SUZ12, results in a failure to activate 

the cardiogenic program (Klattenhoff et al., 2013). These data are consistent with a role for Braveheart 

in acting as a decoy for PRC2 at specific target genes required in the cardiac lineage during 

differentiation (Klattenhoff et al., 2013); however, further studies are required to determine if this 

effect is directly mediated by its interaction with the lncRNA. 

The role of lncRNAs in regulating Polycomb-mediated cell fate transitions is still emerging; however, it 

is interesting to speculate that many lncRNAs could be acting to mediate crosstalk between 

epigenetic regulators in a cell type specific fashion. Thus, defining the set of lncRNAs that interact with 

PcG complexes and their modes of action during ESC differentiation will be a critical step towards 

understanding the role of lncRNAs in mediating cell fate transitions. 

In addition to long ncRNAs, new evidence suggests that CpG-rich sequences, which are highly 

enriched near Polycomb target genes (Ku et al., 2008; Mikkelsen et al., 2007), produce short transcripts 

(~50-200 nt) (Kanhere et al., 2010). Remarkably, these transcripts can interact with Suz12, leading to 

recruitment of PRC2 and repression of the associated mRNA transcript in cis. Interestingly, this 

interaction is dependent on an intact double stem-loop structure within the RNA suggesting that a 

conserved structure rather than a defined sequence mediates the function of this class of ncRNAs. 

Consistent with a regulatory role, the authors found that an increase in mRNA production of PcG 

target genes corresponded with a decrease in the level of associated short RNAs. While this study was 

largely performed in T cells, production of short RNAs near PcG target genes was confirmed in ESCs, 
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indicating that this could be a widespread mechanism. While determining how the production of 

these short transcripts is regulated and how they may relate to CpG islands and CpG methylation 

status in ESCs requires further investigations, this study highlights the complex interplay of 

mechanisms that may be instrumental for the proper localization and regulation of PcG proteins in 

specific cell types. 

Overall, ncRNAs are implicated in PRC-mediated gene repression, and the elucidation of their roles is 

likely to shed significant light on the issue of proper regulation of gene expression programs in 

lineage commitment and cell fate decisions. 

DNA methylation and its relationship with PcG-mediated gene repression 

Emerging evidence indicates an important functional relationship between PcG-mediated gene 

repression and DNA methylation-mediated gene repression. DNA can be methylated, most commonly 

seen in the context of CpG (Ziller et al., 2011). This modification is catalyzed by the DNA nucleotide 

methyltransferase (DNMT) family of proteins (Li et al., 1992; Okano et al., 1999), and globally, 

mammalian DNA is very highly methylated. CpG islands, however, have low levels of methylation (Bird 

et al., 1985), and when a CpG island in a promoter is methylated, it correlates with repression of that 

gene (Deaton and Bird, 2011). 

PcG-mediated gene repression is thought to represent a dynamic mechanism of gene repression that 

allows cells to retain some plasticity over developmental time, while DNA methylation results in more 

permanent gene repression. Interestingly, recent models suggest that these two pathways coordinate 

in order to effect repression when and where necessary during the process of differentiation. In 

support of this model, an early study showed that at one imprinted mouse gene, DNA methylation 

and PRC2 are mutually antagonistic: artificial removal of either allowed the other to be recruited 

(Lindroth et al., 2008); however, it has not been clear whether this coordination represents a broader 
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paradigm for regulation. Evidence from various studies is detailed in the following paragraphs and 

reveals a very conflicting and complicated link between PRC2 enrichment and DNA methylation. 

Finally, while some studies have begun to shed light on the relationship between DNA methylation 

and PcG proteins during differentiation, this question has not yet been thoroughly explored, and 

future studies in this vein will be important for understanding the role of these two essential 

repressive mechanisms in mammalian development and disease. 

Positional correlation 

In order to determine the link between DNA methylation and H3K27me3/PRC2, localization studies 

have been performed to determine the relative enrichment patterns of these marks in many different 

cell types, both normal and diseased. Early studies suggested an antagonistic relationship between 

DNA methylation and H3K27me3 at promoter regions (Fouse et al., 2008), but recent studies that have 

examined DNA methylation at base-pair resolution have revealed a more complicated state 

comprising both correlation and anti-correlation.  

In non-cancerous human cell lines, H3K27me3 and DNA methylation tend to anti-correlate at 

promoter regions and correlate elsewhere (Hawkins et al., 2010; Lister and Ecker, 2009). Indeed, when 

comparing somatic cells to pluripotent cells, promoter regions that have acquired H3K27me3 tend to 

become DNA hypomethylated (Hawkins et al., 2010).  

In many different studies and many different cancer samples, both primary and cultured cells, 

extensive regions of hypomethylation have been found that contain intermittent peaks of 

hypermethylation. These regions tend to be fully methylated in ESCs, but only partially methylated in 

somatic cells, and correspond to an enrichment in H3K27me3 and EZH2 binding in cancer cells (Hon et 

al., 2012; Varley et al., 2013). Additionally, regions of H3K27me3 enrichment in normal cells are prone 

to lose H3K27me3 and gain DNA methylation in cancerous cells (Berman et al., 2012; Gal-Yam et al., 
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2008; Varley et al., 2013). Interestingly, it is possible for the two alleles of a gene, both enriched for 

H3K27me3, to have different DNA methylation profiles; as such, it is unlikely that either mark directly 

and exclusively regulates the other (Statham et al., 2012). Although the genes contained within these 

domains of hypomethylation seem to be largely repressed, the mechanism for this transcriptional 

regulation is not clear (Hon et al., 2012; Lister and Ecker, 2009). Overall, cancer cells seem to show 

evidence both of correlation and of anti-correlation between H3K27me3 and DNA methylation, which 

could suggest a disruption in the normal regulatory pathways involving these two epigenetic marks. 

Impact of DNA methylation on H3K27me3 

Recent genetic experiments were performed in order to further determine the effect that DNA 

methylation has on H3K27me3. For example, a recent study showed that In Dnmt1-/- Mouse 

Embryonic Fibroblasts (MEFs), which are hypomethylated genomewide, H3K27me3 and PRC2 are lost 

from PcG target promoters; this change in status correlates with increased expression of the 

respective genes (Reddington et al., 2013). However, H3K27me3 enrichment increases at many non-

promoter regions (Reddington et al., 2013). These data suggest that DNA methylation supports 

H3K27me3 at promoters, but antagonizes it in other regions of the genome. 

These observations, however, are in contrast to findings that focus on CpG islands in ESCs. In 

Dnmt3a/3b-/- ESCs, CpG islands that lose DNA methylation frequently gain H3K27me3 compared to 

wild-type cells (Lynch et al., 2012). Another study used ChIP-BS-seq (ChIP for H3K27me3, followed by 

bisulfite conversion of unmethylated CpGs and adapted for high-throughput sequencing) to directly 

map methylated CpGs on H3K27me3-bound regions. This work showed that H3K27me3-enriched CpG 

islands are largely unmethylated; non-CpG-island H3K27me3-enriched regions, however, are 

methylated (Brinkman et al., 2012). When all three active Dnmts are knocked out, CpG islands that are 

methylated in wild-type ESCs and lose that methylation in the mutant gain H3K27me3, suggesting 

that DNA methylation prevents PRC2 activity (Brinkman et al., 2012). CpG islands that were not 
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originally methylated lose H3K27me3, perhaps as PRC2 moves to the regions it was normally excluded 

from by DNA methylation. Furthermore, while H3K27me3 supports PRC2 binding to the genome, 

addition of DNA methylation depletes its affinity, lending biochemical support for the antagonistic 

effect of DNA methylation on PRC2 (Bartke et al., 2010). 

In contrast to promoters, DNA methylation in gene body regions appears to promote transcription. 

Depletion of genic DNA methylation leads to an increase in H3K27me3, and a concomitant repression 

of genes. Furthermore, depletion of PRC2 rescues the gene expression phenotype (Wu et al., 2010a). 

These data suggest that the “activating” effect of gene-body DNA methylation may be due to its 

antagonistic effect on PRC2-mediated repression (Wu et al., 2010a), demonstrating the complexity of 

this relationship.  

Current models suggest that DNA methylation prevents PRC2 recruitment. However, some studies 

contradict this model, indicating that further detailed investigations are needed to dissect the 

interplay between these regulatory mechanisms.  

Impact of H3K27me3/PRC2 on DNA methylation 

An early study showed that both binding of DNMTs and DNA methylation at PcG target genes requires 

EZH2; furthermore, EZH2 physically interacts with DNMTs (Viré et al., 2006). However, it was later 

shown that while PRC2 does seem sufficient to recruit DNMTs, they do not catalyze DNA methylation 

(Rush et al., 2009). Interestingly, a recent study showed recruitment of DNMT3L, the catalytically 

inactive DNMT family member, by PRC2 to promoters inhibited binding of its active family members, 

preventing DNA methylation (Neri et al., 2013b). In support of this, recent methylation profiling 

studies in the context of PRC2 mutant cells show an antagonistic relationship. 

Using meDIP (basically ChIP for 5-methyl-Cytosine) coupled with a promoter microarray, only about 

10% of genes show a change in methylation at their promoter region upon knockout of Eed in ESCs, 
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(Hagarman et al., 2013). Among these genes is a subset of bivalent genes, indicating that PRC2 is 

antagonistic to DNA methylation at canonical PcG targets (but not at other, non-canonical targets). 

However, interestingly, this H3K27me3-dependent change in DNA methylation did not seem to be 

directly controlling gene expression (Hagarman et al., 2013), questioning a functional relationship at 

these genes. Finally, during in vitro differentiation, H3K27me3-enriched promoters in ESCs often lose 

their H3K27me3 and gain DNA methylation, suggesting a mechanism where H3K27me3-mediated 

repression anticipates the more permanent DNA methylation-mediated repression during 

development (Mohn et al., 2008). More studies that take into account developmental time are needed 

to better understand the effect of PRC2 on DNA methylation. 

Co-regulation of downstream factors by H3K27me3 and DNA methylation 

While emerging evidence indicates a complex relationship between PRC2-mediated histone 

methylation and DNA methylation, how this regulations impacts downstream efforts and 

transcriptional output has been unclear. A recent study used a proteomics-based approach to identify 

proteins whose binding to chromatin is modulated by DNA methylation and H3K27me3 (Bartke et al., 

2010). For example, the Origin Recognition Complex binds best to regions with both marks, in 

agreement with its known binding preference for heterochromatin (Bartke et al., 2010). Thus, while 

the above studies paint a picture of mutual antagonism between DNA methylation and PRC2, there is 

evidence that they also have cooperative regulatory roles. 

Overall, it seems likely that these two factors are mutually antagonistic at CpG islands and/or promoter 

regions; however, there are many contradictions to this model. It is likely that this relationship follows 

signals and conforms to rules that we do not yet understand. As such, the relationship between DNA 

methylation and PRC2/H3K27me3 merits further study. 
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Concluding Remarks 

Current evidence indicates that PcG proteins set the stage in ESCs to allow cells to respond 

appropriately to developmental cues and for maintenance of specific developmental gene expression 

programs during development. PRCs catalyze the post-translational modification of histones to 

control developmental gene expression patterns. PcG proteins themselves may also contribute to 

chromatin compaction, chromatin interactions, and gene silencing in a catalytically independent 

manner. Recent developments in the field indicate that PRCs work in conjunction with a range of 

other factors in a cell type-specific manner. Such varied and diverse roles ascribed to PRCs are likely 

important for the transcriptional fine-tuning of the large number of target genes during lineage 

commitment. 

Overwhelming evidence suggests that misregulation of PcG proteins, such as Ezh2 and Bmi1, is 

correlated with cancer progression. Given that transformed cells share many features with stem cells, 

functional analysis of PRC1 and PRC2 in ESCs may also contribute important new clues for 

understanding the progression from a normal to disease state and might also lead to the identification 

of new biomarkers or small molecule inhibitors. The potential discovery of mechanisms that govern 

the recruitment of PcG proteins to target sites in the genome and their subsequent repression of 

target genes may facilitate efforts to direct the differentiation of stem cells in vitro and to control 

disease progression in vivo. Therefore, continued efforts to unravel the complexities of how PcG 

proteins function to control gene expression in pluripotent cells has practical significance for 

understanding development and for treating disease. 

Although the possibility exists that H3K27me3 deposition is a consequence and not a cause of gene 

repression (Henikoff and Shilatifard, 2011), recent evidence shows that specifically preventing 

H3K27me3 deposition through mutation of Histone H3 or through inhibitors causes derepression of 
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target genes, suggesting that this histone mark is an important component of the repressive pathway 

(Knutson et al., 2012; McCabe et al., 2012; Pengelly et al., 2013). In this thesis, I attempt to shed light on 

the important question of how PRC2 acts through H3K27me3 and its downstream effectors to 

mediate gene repression during pluripotency and lineage commitment.
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Abstract 

Polycomb Repressive Complex 2 (PRC2) catalyzes histone H3 lysine 27 tri-methylation (H3K27me3), an 

epigenetic modification associated with gene repression. H3K27me3 is enriched at the promoters of a 

large cohort of developmental genes in embryonic stem cells (ESCs). Loss of H3K27me3 leads to a 

failure of ESCs to properly differentiate, making it difficult to determine the precise roles of PRC2 

during lineage commitment. Moreover, while studies suggest that PRC2 prevents DNA methylation, 

how these two epigenetic regulators coordinate gene expression programs during lineage 

commitment is poorly understood. We analyzed global gene expression by RNA-Seq and DNA 

methylation profiles by reduced representations bisulfite sequencing in several PRC2 mutant ESC lines 

that maintain varying levels of H3K27me3. We found that partial maintenance of H3K27me3 allowed 

for proper temporal activation of lineage genes during directed differentiation of ESCs to spinal motor 

neurons (SMNs). In contrast, genes that function to specify other lineages failed to be repressed in 

these cells, suggesting that PRC2 activity is necessary for lineage fidelity. We also found that 

H3K27me3 is directly antagonistic to DNA methylation as loss of this mark leads to a modest gain in 

DNA methylation at PRC2 target regions in both ESCs and in SMNs. Our study demonstrates a critical 

role for PRC2 in coordinating lineage decisions and for maintaining lineage fidelity, and may protect 

against inappropriate DNA methylation during differentiation. 
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Introduction 

Regulation of chromatin structure is a key mechanism used by cells to control gene expression 

patterns in response to developmental and environmental cues. Polycomb Group (PcG) proteins play 

crucial roles in epigenetic gene regulation in all metazoans by modifying chromatin structure. PcG 

proteins function in a variety of biological pathways, including lineage commitment in mammals (Di 

Croce and Helin, 2013; Simon and Kingston, 2009; Surface et al., 2010). Ablation of any core Polycomb 

Repressive Complex 2 (PRC2) component, including SUZ12, EED, or EZH2 (the catalytic histone 

methyltransferase), leads to embryonic lethality in mice during gastrulation, a developmental time 

point when complex gene expression patterns are established in the embryo (Faust et al., 1995; 

O'Carroll et al., 2001; Pasini et al., 2004). PRC2 catalyzes trimethylation of histone H3 lysine 27 

(H3K27me3), a modification associated with transcriptional repression (Cao et al., 2002). In Drosophila, 

mutations in histone H3 that disrupt K27 methylation lead to phenotypes similar to Polycomb 

mutants, indicating that H3K27me3 is a crucial mediator of PRC2 function (Pengelly et al., 2013). While 

current evidence indicates that PRC2 activity plays roles in the initiation of gene repression and 

temporal regulation of cell fate, how it accomplishes this task is incompletely understood.  

Embryonic stem cells (ESCs) have the potential to become any type of cell in the adult organism. This 

property underpins their utility as a model system to study the mechanisms that drive cell 

differentiation. In ESCs, PRC2 occupies a large cohort of developmental genes to regulate lineage 

commitment (Boyer et al., 2006; Bracken et al., 2006; Lee et al., 2006a; Tolhuis et al., 2006). At these 

genes, H3K27me3 is largely enriched at transcription start sites (TSSs) along with H3K4me3, an 

activating histone mark associated with Trithorax group (TrxG) proteins (Azuara et al., 2006; Bernstein 

et al., 2006; Mikkelsen et al., 2007). These “bivalent” promoters are thought to poise genes for later 

activation during lineage commitment. Bivalent genes in ESCs mostly resolve to either an active 

(H3K4me3 only) or repressed (H3K27me3 only) state during differentiation (Mikkelsen et al., 2007), 
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suggesting that H3K27me3 is critical for both gene repression and for the proper activation of 

developmental programs during lineage commitment. However, we lack a detailed understanding of 

how disruption of PRC2 activity in ESCs affects the regulation of genes during lineage commitment 

because loss of H3K27me3 leads to a global failure of these cells to properly differentiate.  

Emerging evidence suggests crosstalk between PRC2 and the DNA methylation machinery to ensure 

proper development. For example, H3K27me3 and DNA methylation are largely exclusive at 

promoters across human tissues (Varley et al., 2013) and DNA hypomethylation of bivalent promoters 

in ESCs appears necessary for maintaining developmental plasticity (Neri et al., 2013b). Recent studies 

using Me-DIP showed that loss of H3K27me3 in Eednull ESCs leads to changes in DNA methylation levels, 

however, the resolution of this assay was not sufficient to test a direct relationship at genomic sites 

between these two regulatory pathways and the role of PRC2 in lineage commitment was not 

investigated (Hagarman et al., 2013). Notably, PRC2 target genes tend to be DNA hypomethylated in 

cancer cells that show high levels of Polycomb components such as Ezh2 (Hawkins et al., 2010; Lister 

and Ecker, 2009). Thus, while these data suggest that at least in some cases Polycomb activity 

antagonizes DNA methylation (Mohn et al., 2008), we know little about how their activities are 

coordinated during lineage commitment. Thus, knowledge of how PRC2 regulates lineage 

commitment will be critical for understanding its roles in development and how misregulation of its 

activity leads to diseases such as cancer. 

We investigated the role of PRC2 in regulating gene expression patterns during lineage commitment 

by analyzing several mutant ESC lines that maintain varying levels of H3K27me3. In particular, we 

found that the Suz12 gene trap (Suz12GT) ESC line (Pasini et al., 2007) maintained intermediate levels of 

H3K27me3 and was able to undergo directed differentiation, unlike Suz12 truncation (Suz12∆) or Eed 

point mutant (Eednull) ESC lines, albeit less efficiently compared to wild-type cells (Chamberlain et al., 
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2008; Lee et al., 2006a). Using this set of genetic tools, we demonstrate that proper H3K27me3 levels 

are necessary for both temporal activation of lineage programs and for repression of alternate 

pathways to maintain lineage fidelity during directed differentiation of ESCs toward spinal motor 

neurons (SMNs). We next analyzed changes in DNA methylation levels in Suz12GT cells during SMN 

differentiation at nucleotide resolution and found that loss of H3K27me3 directly led to a modest gain 

in DNA methylation at PRC2 target regions compared to regions that maintained H3K27me3 

enrichment. While the modest increase of DNA methylation did not lead to apparent changes in 

expression PRC2 targets in Suz12GT cells compared to wild-type cells, we propose that this low-level 

gain of DNA methylation at promoters may lead to further epigenetic instability of expression states 

during differentiation. Thus, our findings indicate that PRC2 activity is necessary to maintain cell fate 

plasticity and lineage fidelity during differentiation, and may safeguard developmental genes against 

more permanent repression. 

Results 

PRC2 mutant ESC lines maintain varying levels of H3K27me3  

PRC2 catalyzes H3K27me3 (Cao and Zhang, 2004; Cao et al., 2002; Czermin et al., 2002; Kirmizis et al., 

2004; Kuzmichev et al., 2002), and its recruitment to target promoters in ESCs suggests a critical role 

for PRC2 in regulating gene expression programs during mammalian development (Boyer et al., 2006; 

Ku et al., 2008; Lee et al., 2006a). Because PRC2-null ESCs are unable to undergo proper directed 

differentiation, how the activity of PRC2 regulates gene expression during lineage commitment is 

poorly understood. We recently showed that a Suz12 mutant ESC line created by a genetrap insertion 

(denoted here as Suz12GT) (Pasini et al., 2007) maintained H3K27me3, albeit at reduced levels 

compared to wild-type ESCs, as determined by ChIP-Seq (Mazzoni et al., 2013). The Suz12GT allele 

contains a genetrap insertion that results in a fusion between the N-terminal 276 amino acids of 

SUZ12 and β-galactosidase (Figure 1A-C). The loss of H3K27me3 in Suz12GT cells is rescued by  
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Figure 1. Comparison of PRC2 mutant ESC lines. (A) At top, a diagram of the structure of the wild-
type (wt) Suz12 gene. Below, the proteins encoded by the two mutant alleles used here (SUZ12GT 
and SUZ12Δ) and the wt allele are shown to scale, and domains of interest are noted on wt SUZ12. 
(B) RNA-seq data shows the expected Suz12 mRNA in Suz12GT, Suz12Δ, and wild-type (wt) ESCs. (C) 
Cell lysates from wt, Suz12GT, Suz12Δ, and Eednull ESCs were subjected to SDS-PAGE and western 
blotting with an antibody recognizing the C-terminal region of SUZ12. β-actin is included as a 
loading control. (D) X-gal staining was performed on wt ESCs (upper left) and Suz12GT ESCs (upper 
right) expressing either a scrambled control hairpin, a hairpin targeted to LacZ (encoding β-
galactosidase) (lower left), or a hairpin targeted to the 5’ end of Suz12 (lower right). (E) 
Immunoprecipitation of EED was performed in wt, Suz12GT, Suz12Δ, and Eednull ESCs. The samples, 
including 3% input, were subjected to SDS-PAGE. EZH2 immunoblot was performed as indicated by 
the labeled band (left). EZH2 degradation product is marked by an asterisk (*). (F) The immunoblot 
shown in (E) was quantified using QuantityOne software. Amount of EZH2 detected was normalized 
to the amount in the wild-type 3% input sample. (G) The degraded EZH2 (marked as *) in the 
immunoblot shown in (E) was quantified using QuantityOne software and plotted normalized to the 
highest amount. (H) ChIP-qPCR for H3K27me3 was performed on wt and Suz12GT ESCs expressing 
hairpins: scr (scrambled control), Ezh2-kd (targeted to Ezh2), and Ezh1-kd (targeted to Ezh1). All 
genes tested except Oct4 are PRC2 target genes. Error bars show standard deviation of three 
technical replicates. (I-J) qRT-PCR was used to measure the depletion of (I) Ezh2, and (J) Ezh1 with 
respect to Suz12GT ESCs expressing a scrambled control hairpin. Error bars represent the standard 
deviation of three technical replicates. 
  



	   71	  

 



	  72	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Suz12GT ESCs maintain partial H3K27me3 genome-wide. ChIP-seq for H3K27me3 was 
performed on wt, Suz12GT, Suz12Δ, and Eednull ESCs. ChIP-seq datasets are normalized to the total 
mapped reads. (A) A metagene analysis of H3K27me3 ChIP-seq enrichment is shown across the 
average of all PRC2 target genes +/- 2kb relative to the TSS for wt, Suz12GT, Suz12Δ, and Eednull ESCs, 
as well as input. (B) H3K27me3 ChIP-seq tracks in ESCs. Representative examples of PRC2 target 
promoters (Gata6 and Bmp2) showing H3K27me3 levels in Suz12GT, Suz12Δ, and Eednull ESCs. (C) Three 
distinct H3K27me3 ChIP-seq experiments on Suz12GT ESCs show a similar localization pattern with 
respect to wt ESCs and Eednull ESCs, as shown here at representative PRC2 target gene Bmp2. (D) 
ChIP-seq signal is shown in density plots at the TSS +/- 2kb. Each horizontal line is one PRC2 target 
gene. Reads per million in 50bp bins is represented on a white to black scale, with black being the 
95th percentile value. Genes were sorted with respect to wt H3K27me3 signal. 
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exogenous expression of wild-type Suz12, confirming that the phenotype is caused by a loss of 

function in SUZ12 (Yuan et al., 2012). For comparison, we obtained a second Suz12 mutant ESC line 

that harbors a targeted genomic deletion leading to truncation of SUZ12 and to complete loss of 

H2K27me3 (denoted here as Suz12∆) (Lee et al., 2006a) (Figure 1A-C). Similarly, we used an ESC line 

that harbors a point mutation in Eed (Eednull) that results in destabilization of the protein as well as the 

PRC2 complex, and to complete loss of H3K27me3 (Montgomery et al., 2005).  

The difference in H3K27me3 levels in Suz12GT ESCs compared to Suz12∆ lines suggested that the 

SUZ12-βgal fusion results in stabilization of the protein and to assembly of active PRC2 complex. 

Consistent with this idea, X-gal staining showed that a SUZ12-β-Galactosidase fusion protein was 

expressed in Suz12GT ESCs (Figure 1D). To test whether we could recover canonical PRC2 in mutant ESC 

lines, we immunoprecipitated PRC2 with an EED-specific antibody and resolved the complexes by 

SDS-PAGE followed by immunoblotting for EZH2. While EED interacted with EZH2 in both Suz12 

mutant ESC lines, we recovered lower levels of the complex in Suz12∆ compared to Suz12GT cells as 

noted by the decrease in normalized signal observed on the immunoblot (Figure 1E-F). Moreover, 

EZH2 appeared more stable in Suz12GT ESCs compared to the Suz12∆ or Eednull ESC lines, as shown by 

the less prominent degradation product (Figure 1E,G). Prior studies have shown that EZH1, another 

H3K27-methyltransferase, can partially rescue loss of EZH2 in ESCs by forming an alternate form of 

PRC2 (Margueron et al., 2008; Shen et al., 2008). Thus, we also tested the possibility that H3K27me3 

levels were maintained in Suz12GT ESCs through an EZH1-PRC2 complex. Whereas H3K27me3 levels 

were further diminished in Suz12GT ESCs upon shRNA-depletion of Ezh2, Ezh1 suppression did not 

affect overall H3K27me3 levels at example target genes as measured by ChIP-qPCR (Figure 1H-J). 

Overall, these data suggest that the catalytic EZH2-containing PRC2 complex is partially maintained in 

the Suz12GT ESC line.  



	   75	  

In wild-type ESCs, H3K27me3 is enriched at thousands of PRC2 target genes that are silent yet poised 

for activation. We analyzed the pattern of H3K27me3 enrichment by ChIP-Seq in Suz12GT and wild-type 

ESCs. Close inspection of biological replicates showed that while H3K27me3 displayed lower average 

levels at PRC2 target genes in Suz12GT ESCs, its pattern of enrichment at TSSs is similar to wild-type 

ESCs (Figure 2). In contrast, H3K27me3 is largely diminished in both Suz12Δ and Eednull ESCs. These data 

indicate that while PRC2 appears to be properly recruited to target sites in Suz12GT ESCs, overall levels 

of H3K27me3 are not fully established or maintained in these cells. 

Proper H3K27me3 levels are necessary for execution of lineage programs  

We next investigated the role of PRC2 during differentiation using the various PRC2 mutant ESC lines, 

which has been a challenge because ESCs lacking H3K27me3 do not properly differentiate. As a model 

of lineage commitment, we performed directed differentiation of ESCs to Spinal Motor Neurons 

(SMNs) by removal of LIF and addition of retinoic acid and an agonist of the Sonic Hedgehog signaling 

pathway (Wichterle and Peljto, 2008) (Figure 3A). We found that genes normally activated in 

differentiating SMNs (e.g. Pax6, Olig2, Isl1, and Hb9) were expressed in a similar temporal manner in 

Suz12GT cells albeit at lower levels compared to wild-type cells as detected by qRT-PCR, whereas these 

genes failed to activate in Suz12Δ or Eednull cells (Figure 3B). Consistent with this observation, 

immunohistochemistry showed that OLIG2, a PRC2 target and key transcription factor that directs 

SMN differentiation, was detected in a proportion of Suz12GT cells at day 5 of differentiation, but not in 

Suz12Δ cells (Figure 3C). In contrast, Oct4, a pluripotency gene that is not a PRC2 target in ESCs, was 

properly repressed in all cell types by day 5 of differentiation (Figure 3D). Thus, while all PRC2 mutant 

cell lines exited pluripotency, only Suz12GT ESCs were able to express markers consistent with 

progression toward a SMN fate. Collectively, these data suggest that the genetrap allele functions as a 

hypomorph in vitro and can be used to study the role of PRC2 in lineage commitment. 
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Figure 3. H3K27me3 levels show differences across SMN differentiation in Suz12GT cells 
compared to wt cells. (A) Cartoon showing changes in marker expression across the spinal motor 
neuron (SMN) differentiation time course. (B) Heatmap of qRT-PCR analysis of genes from (A). White: 
no expression; saturated color: the maximum expression level observed for that gene. Expression 
for each of the five genes is shown for wild-type (wt) (top), Suz12GT (2nd), Suz12Δ (3rd), and Eednull 
(bottom) cells. The time course progresses from left to right for 7 days. (C) IHC for OLIG2 on paraffin-
embedded sectioned day 5 SMNs. OLIG2 expression is shown as darkly stained cells. (D) RNA-seq 
FPKM values for Pou5f1 (Oct4) are plotted for wt, Suz12GT, Suz12Δ, and Eednull ESCs and day 5 SMNs. In 
(E) and (F), ChIP-seq enrichment for H3K27me3 is shown for wt, Suz12GT, Suz12Δ, and Eednull ESCs and 
corresponding day 5 differentiated cells. (E) ChIP-seq datasets are represented as metagene plots 
showing average reads per million within 2kb of all TSSs for wt, Suz12GT, Suz12Δ, and Eednull cells. Day 
0 (ESC) is at top, while day 5 SMN is shown at bottom. Inset in bottom graph with a smaller-scale y-
axis is included to permit visualization of the differences between the three PRC2 mutant cell lines. 
(F) H3K27me3 ChIP-seq tracks for Gata6 promoter (left); Bmp2 promoter (middle); and the HoxA 
cluster (right) show that H3K27me3 levels change (increase, decrease, or stay the same, depending 
upon locus) in Suz12GT cells upon differentiation whereas Suz12Δ and Eednull cells show little to no 
H3K27me3 at day 5, consistent with lack of the mark in ESCs. (G) ChIP-qPCR data confirm that 
Suz12GT cells are capable of gaining significant H3K27me3 at Lhx9 and Inhbb, the two genes that 
gain the most H3K27me3 over differentiation in wt cells according to the ChIP-Seq data, whereas 
Eednull cells show no gain in H3K27me3 at these genes. Error bars represent standard deviation of 
three technical replicates. P-values were calculated with a Student’s two-sided t-test. *: p<5E-10; **: 
p<5E-15.  
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Upon ESC differentiation, previous work has shown that a subset of PRC2 target genes gain 

H3K27me3 in large domains (Hawkins et al., 2010). Similarly, we observed an increase in H3K27me3 

enrichment during SMN differentiation in wild-type cells (Figure 3E). Specifically, about half of PRC2 

target genes in ESCs gain H3K27me3 by day 5 of SMN differentiation. Gene ontology (GO) analysis 

suggested that a larger than expected fraction of genes with increased H3K27me3 have functions in 

the regulation of transcription, neuronal differentiation (e.g. genes in non-SMN lineage), pattern 

specification, and embryonic morphogenesis, among other biological pathways (Appendix C, 

Supplemental Table ST4). While In Suz12GT cells did not show the overall large-scale gain in H3K27me3 

observed in wild-type cells (Figure 3E), there was an increased enrichment at at some of the genes that 

gained H3K27me3 in wild-type cells at day 5 of SMN differentiation (Figure 3F). In contrast, we did not 

observe H3K27me3 in the Suz12Δ or Eednull mutant lines at day 5 of SMN differentiation (Figure 3E-F). 

The gene promoters that gained the most H3K27me3 in wild-type cells during the differentiation time 

course also gained H3K27me3 in Suz12GT cells, albeit at significantly lower levels (Figure 3G).  

Many genes involved in neuronal differentiation also lose H3K27me3 during differentiation. ~13% of 

PRC2 target genes showed a two-fold or greater loss of H3K27me3 levels over the SMN differentiation 

time course in wild-type cells. GO analysis revealed enrichment for genes that have roles in cell 

adhesion (e.g. cadherins and protocadherins), neuron differentiation (e.g. HoxA1, HoxA2, Sox1), and 

axon guidance (e.g. Gap43, Sema6c), consistent with the progressive activation of the spinal motor 

neuron pathway (Appendix C, Supplemental Table ST4). In contrast, about a third of all ESC PRC2 

targets in wild-type cells lose at least two-fold H3K27me3 over differentiation in Suz12GT cells, GO 

analysis revealed a broad spectrum of functions for these genes (Appendix C, Supplemental Table ST4), 

suggesting that additional pathways are disrupted in the mutant cells.  
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Proper H3K27me3 levels are necessary for lineage fidelity during SMN differentiation 

While studies have shown that PRC2 target genes are de-repressed in Polycomb mutant ESC lines, it 

has remained a challenge to determine how changes in H3K27me3 levels impact gene expression 

over differentiation. Thus, we performed RNA-Seq on Suz12GT, Suz12Δ, Eednull, and wild-type ESCs and 

compared differences in expression patterns with changes in H3K27me3 levels. As expected, PRC2 

target genes are expressed at a higher level in Eednull (median=1.44 fpkm; p<5E-7) and Suz12Δ ESCs 

(median=1.14 fpkm; p<5E-5) compared to wild-type ESCs (median=0.75 fpkm) (Figure 4A). Expression 

of genes in Suz12GT ESCs is more similar to wild-type, albeit slightly higher (median=.83 fpkm; p<5E-2). 

Differences in overall gene expression profiles between the mutant and wild-type cells were largely 

due to altered regulation of PRC2 target genes, as demonstrated by the nominal changes observed 

when considering all genes (Figure 4B). We also found that genes that displayed the most significant 

loss of H3K27me3 in PRC2 mutants relative to wild-type ESCs correlated with the highest increase in 

expression levels (Figure 4C).  

We next analyzed the relationship between gene expression and H3K27me3 levels in wild-type and in 

all three PRC2 mutant cell lines after 5 days of directed SMN differentiation. As expected, the 

expression profiles of Eednull and Suz12 Δ cells did not show global activation of the SMN gene 

expression program, consistent with their inability to undergo directed differentiation (Figure 4D, 

middle and bottom). The same trend was observed when examining only PRC2 target genes (Figure 

4E, middle and bottom). In contrast, while Suz12GT cells showed overall global activation of the 

appropriate genes during differentiation, as shown by the clustering of the data points around the x=y 

line on the right side of the plot, many of the genes down-regulated in wild-type cells failed to be 

properly repressed in Suz12GT cells by day 5 of SMN differentiation, as shown by the upward shift in the 

left-hand side of the scatter plot (Figure 4D, top panel).  
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Figure 4. Suz12GT cells are able to activate gene expression programs upon differentiation, 
while Suz12Δ  and Eednull cells are not. (A) RNA-seq of wild-type (wt), Suz12GT, Suz12Δ, and Eednull 
ESCs. Distributions of FPKMs of PRC2 target genes are shown as box and whisker plots that extend 
from the 25th to 75th percentile; whiskers represent 1.5x the length of the box. P-values were 
calculated with Student’s two-sided t-test. *: p<5E-2; **: p<5E-5; ***: p<5E-7. (B) The same plot as 
(A), except calculated for all genes. (C) RNA-seq and H3K27me3 ChIP-seq are shown as scatterplots 
for Suz12GT (left panel), Suz12Δ (middle panel), and Eednull (right panel) ESCs with respect to wt. A 
segmented regression method was used to calculate localized best-fit and is plotted in red. (D) 
RNA-seq of wt, Suz12GT, Suz12Δ, and Eednull ESCs and day 5 SMNs. y-axis shows log2 of the ratio of 
FPKM in differentiated:ESC in mutant lines as indicated; x-axis represents this ratio in wt cells. A 
segmented regression method was used to calculate localized best-fit and is plotted in red. The y=x 
line is plotted in orange. (E) A similar plot to (D), except that only ESC PRC2 target genes were used, 
to better visualize how the expression of this set of genes changes over differentiation in PRC2 
mutant cells versus wild type cells. The y=x line is also plotted in orange for visual reference; if the 
change in expression for a given gene does not change between the mutant and wt cell lines, that 
gene will fall on the orange line. As a large number of genes are represented here, data points were 
rendered transparent such that the density of points plotted in one place can be approximated by 
the opacity of the signal. 
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Figure 5. Proper H3K27me3 levels are necessary for repression of developmental gene 
programs. (A) Relationship between change in H3K27me3 and expression over differentiation is 
shown as box plots. All genes were binned by change in H3K27me3 levels over differentiation in 
each respective cell types (log2 of H3K27me3 (day 5 / day 0)). y-axis shows distribution of change in 
expression (log2 of FPKM (day 5/day 0)). P-values were calculated using a Student’s t-test and are 
represented by colored lines between bins. (B) Alternate representation of (A). (Left) wt and Suz12GT 
box plots from (A), superimposed. (Center) Gene list from wt quintiles was used to generate box 
plots with Suz12GT expression data. (Right) Threshold H3K27me3 values from wt quintiles were used 
to generate box plots for Suz12GT cells. (C) Example genes that show changes in expression and 
H3K27me3 levels over SMN differentiation in wt and Suz12GT cells are depicted. Sox3 and Nes are 
expressed in neurectoderm. Sox17 and Gata4 are expressed in endoderm. T and Bmp4 are expressed 
in mesoderm. (D) Cartoon representation of (C). Change in H3K27me3 and expression over 
differentiation for representative genes. Gain or loss in H3K27me3 or expression is represented by 
upward or downward arrow, respectively, whereas magnitude is represented by size of arrow. 
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To more carefully quantify the relationship between changes in H3K27 methylation levels and 

expression of PRC2 target genes during SMN differentiation, all genes were binned into quintiles 

based on fold change in H3K27me3 levels over differentiation and the change in expression for each 

quintile was then plotted for each cell type (Figure 5A). The set of genes that gained the most 

H3K27me3 over differentiation in wild-type cells displayed the largest expression changes. Consistent 

with PRC2’s repressive role, these genes were expressed at significantly lower levels compared to 

genes that did not gain H3K27me3 (Figure 5A, left panel). GO analysis indicates that PRC2 target genes 

in this category have roles in transcription regulation, pattern specification, embryonic 

morphogenesis, neuronal differentiation (which largely include genes of non-SMN neuronal lineages), 

and cell fate commitment, suggesting that increased H3K27me3 is necessary for lineage restriction 

during normal differentiation by directly suppressing gene expression (Appendix C, Supplemental 

Table ST4).  

In contrast, even the genes that gained some H3K27me3 in Suz12GT cells failed to show a similar 

repression to wild-type cells during differentiation (Figure 5A, 2nd panel). On the other hand, the top 

20% of genes that lose H3K27me3 over the course of differentiation in wild-type cells showed a similar 

relative increase in expression in both wild-type and Suz12GT cells (Figure 5A, 2nd panel, and Figure 5B). 

This set of genes comprises many PRC2 targets that function in cell adhesion, regionalization, axon 

guidance, and neuron differentiation; genes important for SMN differentiation and function 

(Appendix C, Supplemental Table ST4). Eednull and Suz12Δ cells showed no strong directional change in 

expression in any of the quintiles, in agreement with their failure to undergo proper directed 

differentiation (Figure 5A, two right panels). While Suz12GT cells are able to activate SMN genes during 

differentiation, these cells are unable to repress genes expressed in other germ layers such as Sox17, 

Gata4, T, and Bmp4 that were normally silenced during lineage commitment in wild-type cells (Figure 
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5C-D). Thus, PRC2 activity is necessary for proper activation of lineage programs and to maintain 

lineage fidelity by repressing inappropriate pathways in response to developmental cues. 

PRC2 activity antagonizes DNA methylation during lineage commitment 

Emerging evidence indicates that PRC2 functions with other epigenetic modifiers to regulate 

differentiation. For example, a recent study using meDIP-chip (ChIP for 5-methyl-cytosine coupled 

with a promoter microarray) suggested that DNA methylation levels were modestly affected in Eednull 

ESCs compared to wild-type cells (Hagarman et al., 2013), however, this method measures DNA 

methylation levels over hundreds of base pairs, making it difficult to determine a direct relationship 

between the marks catalyzed by these complexes. Moreover, how these two pathways are 

coordinated has not been examined during lineage commitment. Thus, we performed reduced 

representation bisulfite sequencing (RRBS) during SMN differentiation as a method to analyze DNA 

methylation at individual CpG sites across the genome in wild-type and PRC2 mutant cells (Gu et al., 

2011; Meissner et al., 2005). While cell lines lacking all H3K27me3 were slightly hypomethylated 

(Figure 6A), we did not observe dramatic changes in global DNA methylation either over 

differentiation or upon loss of H3K27me3 in PRC2 mutants. However, by focusing on individual CpG 

sites in the genome, we were able to detect significant changes in DNA methylation at some sites.  

To further analyze the relationship between H3K27me3 and DNA methylation, we limited our analysis 

to those CpGs with ≥10x coverage and within H3K27me3-enriched regions defined in wild-type cells 

in either ESC or day 5 SMNs. Figure 6B is a diagram of the data analysis and visualization methods we 

used for comparison. First, each CpG was binned according to its percent DNA methylation in wild-

type ESCs on the y-axis, and according to its percent DNA methylation in Suz12GT ESCs on the x-axis 

(Figure 6B, left). The results can be displayed as a heatmap showing the number of CpGs in each 2-D 

bin. Fold enrichment over the distribution of the data was then determined for each bin using a 
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replicate-based background model (see Methods) (Figure 6B, right). Overall, we found that CpG sites 

associated with PRC2 target regions showed very low levels of DNA methylation. However, in PRC2 

mutant ESCs and at day 5 of SMN differentiation, a significantly larger-than-expected number of CpGs  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. PRC2 is antagonistic to DNA methylation in cis. Through RRBS, percent methylation at 
each CpG with ≥10-fold coverage was calculated in wild-type (wt), Suz12GT, Suz12Δ, and Eednull ESCs 
and day 5 differentiated cells. (A) Distribution of methylation at all CpGs is shown. Low: ≤15% 
methylated; high: ≥80%. (B) This panel is an explanatory example of the data analysis and 
visualizations used in Figures 6C-D, using the lower-left heatmap of 6C as an example. (left) CpGs 
were binned according to % methylation in wt (y-axis) and Suz12GT (x-axis) ESCs. Thus, the matrix 
displays the number of CpGs in each 2-D bin. The data is largely along the x=y line (CpGs with the 
same % methylation in Suz12GT as wild-type), shifting towards the top right (more methylation in 
Suz12GT). (right) Fold enrichment over the overall distribution of the data was determined for each 
bin using a replicate-based background model (see Methods). In this example, high statistical 
enrichment over background in Suz12GT cells (yellow) is visible for CpGs with little methylation in 
wt.cells (C) CpGs in wt H3K27me3-enriched regions are used to analyze changes in DNA 
methylation in ESCs (left panel) and day 5 SMN (right panel). The enrichment in the heatmaps in the 
2nd row shows CpGs with low methylation in wt (y-axis) gaining methylation in Suz12GT (x-axis). (D) 
(Top) H3K27me3-enriched regions in wt ESCs that lose enrichment in Suz12GT. (Bottom) Regions 
maintaining H3K27me3 enrichment in Suz12GT ESCs. Regions losing H3K27me3 in Suz12GT cells gain 
overall more DNA methylation than those maintaining significant H3K27me3. 
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that were unmethylated in wild-type cells displayed increased levels of DNA methylation, as shown by 

the signal at the top-right corner of the heatmaps in all but the first row of Figure 6C. Furthermore, we 

also found that CpG sites that are within regions that lose H3K27me3 in Suz12GT cells gained more 

DNA methylation as compared to regions that maintained H3K27me3, both in ESCs (Figure 6D, left 

panel) and in day 5 SMNs (Figure 6D, right panel). These results indicate that PRC2 (or H3K27me3) 

directly antagonizes DNA methylation, and loss of the mark permits increased DNA methylation levels. 

Increase in DNA methylation in PRC2 mutants is insufficient to mediate gene repression  

Developmental promoters do not appear to be regulated by DNA methylation but instead are 

dynamically repressed by PRC2 activity. Thus, we next wanted to test the consequence of the increase 

in DNA methylation on expression of PRC2 target genes in Suz12GT cells. To address this question, CpG 

dinucleotides in regions losing H3K27me3 enrichment in Suz12GT cells were first assigned to a gene 

based on distance and position relative to the nearest transcription start site (see Methods), and the 

change in expression at those genes compared to wild-type cells was then determined using our RNA-

seq data. In ESCs, about 25% of CpG sites in H3K27me3-depleted regions gained ≥10% methylation in 

Suz12GT ESCs, and mapped to genes including Bmp2, Gata3, and Fgf8, as well as a number of 

homeobox genes. In day 5 differentiated cells, about 18% of CpG sites in H3K27me3-depleted regions 

gained ≥10% DNA methylation in Suz12GT cells, and are associated with genes like En1 and Wnt6. We 

also observed that a smaller proportion of CpG sites displayed a ≥10% decrease in DNA methylation. 

While some of these CpG sites map to different genes than the CpGs gaining DNA methylation, some 

map to the same genes. Thus, while we observed a trend toward an overall increase in DNA 

methylation at CpG sites within PRC2 target regions, individual CpGs in proximity to a given gene can 

either gain or lose DNA methylation in Suz12GT cells. By comparison of RNA-Seq data sets in wild-type 

and Suz12GT ESCs or day 5 differentiated cells, we did not observe a significant change in expression 

for genes that showed either an overall increase or decrease in DNA methylation at these sites (Figure 
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7A-B). Figure 7C shows representative examples of PRC2 target genes and their observed changes in 

H3K27me3, DNA methylation, and gene expression in Suz12GT cells. On the left-hand y-axis, change in 

H3K27me3 signal between wild-type and Suz12GT cells is plotted; regions where H3K27me3 is lost in 

Suz12GT cells are shown in blue, while regions where that display a gain in H3K27me3 are shown in 

yellow. On the right-hand y-axis, the change in DNA methylation at every CpG with sufficient coverage 

is plotted as a maroon data point. Concomitantly, the change in expression between wild-type and 

Suz12GT cells is plotted on the right side of the panel. For example, we observe overall loss of 

H3K27me3, gain of DNA methylation, and increased expression in Suz12GT compared to wild-type cells, 

both in ESCs and over the differentiation time course for Gata3 and Bmp2. Notably, the increase in 

expression at PRC2 target genes in Suz12GT compared to wild-type cells is similar in magnitude to 

genes that do not display changes in DNA methylation, suggesting that the modest increase in DNA 

methylation does not suppress the effects of loss of PRC2 activity. Collectively, our data suggest that 

PRC2 plays a role in preventing inappropriate DNA methylation at developmental and lineage-specific 

genes, and that the activity of these two pathways may be coordinated to allow for proper 

development and differentiation. 
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Figure 7. Increased DNA methylation upon loss of PRC2 does not lead to target gene 
repression. (A) Regions with significantly enriched H3K27me3 in wild-type (wt) ESCs were 
considered. All CpGs in these regions with 10x coverage via RRBS in both wt and Suz12GT ESCs, and 
≥.1 FPKM in at least one of these cell types, were used in the analysis. Of these 257 CpGs, 41 lose 
≥10% DNA methylation, 75 gain ≥10% DNA methylation, and 141 do not change. The distribution 
of change in expression in Suz12GT ESCs with respect to wt ESCs of the genes associated with these 
CpGs is plotted on the y-axis. No association between change in DNA methylation and gene 
expression is observed. (B) Same as in (A) except in day 5 SMNs. Of these 15993 CpGs, 767 lose 
≥10% DNA methylation, 2816 gain ≥10% DNA methylation, and 12410 do not change. The 
distribution of change in expression in Suz12GT cells with respect to wt cells of the genes associated 
with these CpGs is plotted on the y-axis. No association between change in DNA methylation and 
gene expression is observed. (C) Two example genes, Gata3 and Bmp2, are shown here. Change in 
H3K27me3 signal between wt and Suz12GT cells is plotted on the left y-axis; gain in Suz12GT is shown 
in yellow, and loss is shown in blue. Change in DNA methylation for each CpG with 10x coverage in 
both cell types is plotted in maroon on the right y-axis. Change in gene expression (log2 of the ratio 
of the FPKMs (Suz12GT/wt)) is shown in horizontal bar graphs to the right of the panel. 
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Discussion 

Regulation of PRC2 activity is essential to mammalian development and differentiation. Loss of PRC2 

and its catalyzed mark, H3K27me3, leads to lethality during gastrulation, a period of development 

when complex gene expression patterns are established in the embryo (Montgomery et al., 2005; 

O'Carroll et al., 2001; Pasini et al., 2004). While studies have shown that PRC2 silences developmental 

programs in ESCs, its roles during differentiation and lineage commitment have not been extensively 

studied due to the inability of PRC2 mutant ESCs to properly differentiate. In order to gain new 

insights, we exploited a mutant genetrap allele of Suz12 that acts as a hypomorph in vitro in that it 

maintains partial H3K27me3 levels and allows for low-efficiency directed differentiation of ESCs to 

SMNs. We show that the proper lineage programs can be activated during differentiation, however, 

genes that normally gain H3K27me3 over differentiation and become repressed in wild-type cells 

failed to be fully repressed in Suz12GT cells. Comparatively, Eednull and Suz12Δ ESCs lack H3K27me3 and 

fail to properly induce differentiation programs. Together, these data indicate that regulation of 

H3K27me3 levels is necessary for proper activation of gene programs in response to developmental 

cues and for repression of alternate pathways to restrict cell fate and to maintain lineage fidelity.  

CpG dinucleotides at the promoters of developmental genes are primarily unmethylated in the 

genome.  While transcription factor binding appears to be a major mechanism for preventing DNA 

methylation, our data also support a role for PRC2 in antagonizing DNA methylation during lineage 

commitment. Consistent with this idea, accumulating evidence indicates that repression of 

developmental genes is largely regulated by H3K27 methylation and not DNA methylation (Smith and 

Meissner, 2013). Our findings that Suz12GT ESCs can differentiate, albeit less efficiently, and that these 

cells harbor regions of variable H3K27me3 maintenance in the genome compared to wild-type cells, 

make them an important tool to investigate this relationship. As such, we used this system to examine 

PRC2-dependent changes in DNA methylation at nucleotide resolution using RRBS. We show that in 
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Suz12GT ESCs, PRC2 targets losing H3K27me3 with respect to wild-type cells were more likely to gain 

DNA methylation at CpG sites compared to regions that maintained H3K27me3 levels, suggesting that 

PRC2 activity is directly antagonistic to DNA methylation in cis.  

What targets a gene for permanent repression as opposed to activation or maintenance of the poised 

state? PRC2 has recently been shown to recruit TET1, a dioxygenase that converts 5-methyl-cytosine 

into 5-hydroxymethyl-cytosine, which may safeguard developmental genes against inappropriate 

DNA methylation (Neri et al., 2013a). Tet1 knockout animals display epigenetic abnormalities, but its 

loss does not impact embryonic or postnatal survival (Dawlaty et al., 2011), suggesting that other 

mechanisms contribute to regulating DNA methylation levels at PRC2 target genes. Additionally, a 

recent study showed that PRC2 recruits DNMT3L, a catalytically inactive DNA methyltransferase that 

sterically competes with active DNA methyltransferases to prevent DNA methylation at PRC2 target 

sites (Neri et al., 2013b). It is possible that loss of PRC2 activity in Suz12GT cells prevents localization of 

TET1 or DNMT3L to promoters, leading to inappropriate DNA methylation. Each of these mechanisms 

could be critical for surveying the DNA methylation status at developmental genes to prevent an 

increase in DNA methylation that could ultimately lead to hypermethylation and to aberrant gene 

expression patterns (Smith and Meissner, 2013). Thus, PRC2 may play roles in preventing 

inappropriate DNA methylation through interaction with these and other modifiers. Our data show 

that while loss of PRC2 leads to an increase in promoter DNA methylation at target genes, the modest 

increase is not sufficient to affect changes in gene expression. Thus, we propose that loss of PRC2 

activity can lead to destabilization of gene expression states during lineage commitment and that the 

increase in DNA methylation can promote further epigenetic instability.  

In addition to its roles in development, misregulation or mutation of PcG proteins has been strongly 

correlated with the progression and severity of cancer. In many different types of cancer, PcG proteins,  
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Figure 8. PRC2 plays roles in gene regulation both in pluripotency and during lineage 
commitment. (A) In ESCs, PRC2 localizes largely to developmental regulator genes, and maintains 
them in their repressed, and yet poised, state. (B) Proper H3K27me3 levels are necessary to activate 
developmental gene programs during differentiation. (C) A gain in H3K27me3 during 
differentiation represses alternate-lineage genes, allowing for efficient lineage restriction. (D) PRC2 
antagonizes DNA methylation in cis, and may play a role in preventing the premature permanent 
repression of developmental genes. 
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such as EZH2, are expressed at higher than normal levels, which is thought to lead to aberrant 

silencing of tumor suppressor genes (Collett et al., 2006; Piunti and Pasini, 2011; Raaphorst et al., 2000; 

Varambally et al., 2002). Indeed, forced overexpression of Ezh2 leads to cancer phenotypes (Li et al., 

2009), and inhibition of EZH2 is a promising cancer therapy (McCabe et al., 2012; Puppe et al., 2009). 

Conversely, decreased expression of PcG proteins has also been observed in tumor samples, such as 

the downregulation of Bmi1 in melanoma (Bachmann et al., 2008), suggesting that loss of Polycomb 

complexes leads to activation of oncogenes. Emerging evidence also indicates that perturbation of 

PcG proteins in cancer may have consequences on DNA methylation patterns. For example, PRC2 

target genes in ESCs are more likely to show cancer-specific promoter DNA hypermethylation, 

suggesting that H2K27me3 marks genes that become targets for more permanent silencing 

(Mohammad et al., 2009; Ohm et al., 2007; Schlesinger et al., 2007; Widschwendter et al., 2007). 

Consistent with our results during lineage commitment, these studies suggest that loss of PRC2 

activity can lead to epigenetic instability and loss of cell identity during tumorigenesis. Thus, 

additional studies to investigate the diverse mechanisms that PcG proteins employ to regulate cell 

fate transitions and cell identity are critical to further our understanding of both normal and 

pathologic development, and to facilitate the design of relevant therapies. 
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Conclusions 

Loss of H3K27me3 at gene promoters in ESCs leads to gene derepression in ESCs (Figure 8A), and an 

inability to properly activate developmental gene programs upon loss of pluripotency (Figure 8B). We 

find that an inability to gain H3K27me3 over differentiation leads to failure to properly repress 

alternate lineage programs, leading to defects in lineage restriction (Figure 8C). We also show that 

PRC2/H3K27me3 is antagonistic to DNA methylation in cis. While loss of PRC2 is not sufficient to 

recruit the levels of DNA methylation necessary to repress target genes (Figure 8D), we propose that 

the low level seeding of inappropriate DNA methylation may lead to further epigenetic instability of 

cell fate, which may also explain the molecular underpinnings of PRC2 disruption in cancer. Our work 

provides novel insights into the role of PRC2 in mammalian development, and its effect on gene 

expression during lineage commitment.  
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Materials and Methods 

ESC culture 

ESCs were cultured on irradiated MEFs under standard ESC conditions. This includes E14 and Suz12GT 

(ola/129 background), obtained from the Helin lab (Pasini et al., 2007); Suz12Δ (C57/BL6 background), 

obtained from the Koseki lab (Lee et al., 2006a); and Eednull (BALB/cR1 background) (Chamberlain et al., 

2008), obtained from the Magnuson lab. ESCs were collected by trypsinization, incubation on cell a 

culture plate for 20 minutes to remove MEFs, and collection of the ESCs in suspension. 

Spinal Motor Neuron differentiation 

SMN differentiation was performed as described (Wichterle et al., 2002). Cells were collected at day 5, 

before the terminal differentiation stage, and trypsinized to single-cell suspension for use in other 

assays. 

RNA-seq 

RNA was isolated using Trizol according to manufacturer’s instructions, including optional step in 

protocol. RNA quality was determined by Agilent Bioanalyzer. RNA-seq libraries were prepared as in 

(Wamstad et al., 2012). A final round of size selection by Agencourt AMPure XP beads was performed 

to remove small fragments such as primers. Sequencing was run on either an Illumina GA-2 or Hi-Seq. 

For analysis, Bowtie v. 0.12.7, Tophat v1.3.2 and Cufflinks v 1.2.1 and Cuffdiff were utilized to 

determine the expression levels of genes (Trapnell et al., 2012), using a NCBIN37, ENSEMBL-based 

annotation and flags -p 4, -r 170,  --segment-length 20 --segment-mismatches 1 --solexa1.3-quals --no-

novel-juncs. Cufflinks was guided using the same annotation as Tophat with flags -b -u -p 6. For 

regression analysis (Figures 4C-D), gene expression or read coverage fold-changes were log2-

transformed, and dependent variables were regressed using a generalized linear modelling 

framework (glm, with an identity link function) in the R statistical environment (v. 3.0.2). Segmented 
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regression was performed on the resulting object using the "segmented" R package (v. 0.3-3.0), with a 

starting psi parameter (i.e. inflexion point) set at -0.5 for all analyses. 

ChIP-seq 

Chromatin immunoprecipitation (ChIP) was performed based on the protocol as described in Lee et al., 

2006 (Lee et al., 2006b), with modifications and adaptations. Briefly, a Diagenode bioruptor was used 

for sonication of formaldehyde-crosslinked cells on high for 30s on/ 30s off for 45 cycles in sonication 

buffer (20mM Tris-HCl; 150mM NaCl; 2mM EDTA; 0.1mM SDS; 1% Triton X-100; protease inhibitor 

(Thermo-scientific)). In ChIPs to be sequenced, the Diagenode IP-star was also used for automation of 

the ChIP protocol, according to the manufacturer’s specifications. Antibodies used for ChIP are listed 

in Supplementary Table ST1. After purification of DNA, samples were used for quantification via qPCR 

and/or used to prepare libraries for Illumina sequencing. Library preparation is performed essentially 

as described in Schmidt et al., 2009; the amplification and size selection steps are reversed in order, 

and size selection was performed using Agencourt Ampure XP beads (Schmidt et al., 2009). 

Sequencing was run on an Illumina Hi-Seq (barcoded). Peak calling was performed as previously 

described (Wamstad et al., 2012). 

X-gal staining 

Cells grown on cell culture plates were fixed for 4 minutes in fixing solution (4% formaldehyde, 0.5% 

glutaraldehyde, 0.1M NaH2PO4, 0.1M Na2HPO4), rinsed twice with PBS, and stained at 37°C until 

sufficiently colored, in staining solution (1mg/mL X-gal, 5mM K3Fe(CN)6, 5mM K4Fe(CN)6•3H2O, 2mM 

MgCl2, 1xPBS).  

Immunoprecipitations 

Protein G Dynabeads (Life Technologies) were added to the appropriate antibody and incubated in 

PBS + BSA for 4 hours at 4°C. Concomitantly, cells were incubated in lysis buffer (50 mM hepes pH 7.2, 
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250 mM NaCl, 10% (vol/vol) glycerol, 2 mM EDTA, 0.1% (vol/vol) Nonidet P-40, protease inhibitor 

(Thermo-scientific)) (Philipp et al., 2010) for 20 minutes on ice. In the middle of this lysis, the cells were 

briefly homogenized using a Tissue Tearor™ homogenizer. This lysate was then spun down 5 minutes 

at 16,000g at 4°C to remove debris, and the supernatant used as input. 3% of the input was boiled 10 

minutes in Laemmli buffer and set aside at -20°C. The bead mixture was then added to the input, and 

this rotated at 4°C for 4 hours. Beads were washed 3x with lysis buffer, resuspended in Laemmli buffer, 

and boiled for 10 minutes before removal of beads and analysis of supernatant by Western blot. 

shRNA-mediated knockdown of transcripts in ESCs 

Oligonucleotides were designed such that when annealed, they would form dsDNA that would be 

transcribed into an RNA hairpin. Annealed hairpin dsDNA was ligated into the pLKO.1 vector. This 

construct was then co-transfected with packaging vectors into 293 cells, and the virus produced was 

filtered and used to infect ESCs. These infected cells were puromycin-selected before testing the 

knockdown level by qRT-PCR. 

Quantitative reverse transcriptase PCR 

For expression analysis, RNA was extracted using Trizol according to manufacturer’s instructions, and 

cDNA was made using MMLV reverse transcriptase according to manufacturer’s instructions, with 

random hexamer primers. Quantitative reverse transcriptase PCR was performed on either cDNA or 

ChIP template using a Roche LightCycler 480 machine, using KAPA SYBR FAST Master Mix (2X) 

optimized for this machine. Primers are listed in Table ST2. Reactions were prepared in triplicate and 

temperature cycled according to the product specifications. Analysis of data was performed by 

comparing each reaction of the experimental triplicate to each reaction of the control triplicate, using 

a 2-dCp model (Schmittgen and Livak, 2008). The average and standard deviation of this set of results 

was then calculated.  
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Immunohistochemistry 

Aggregated motor neurons at day 5 of the Spinal Motor Neuron differentiation were collected and 

fixed for 20 minutes in 10% formalin, washed with PBS, and then dehydrated in sequentially higher 

concentrations of ethanol for 20 minutes each (70%, 80%, 95%, 95%, 100%, 100%, 100%) and washed 

three times in Xylene. They were then embedded in paraffin overnight at 60°C and sectioned to 0.4uM. 

Parafin was removed with xylene, and the samples were rehydrated. Immunohistochemistry was 

performed with anti-OLIG2 antibody (Table ST2) at 1:500.  

RRBS 

Reduced representation bisulfite sequencing was performed as published (Gu et al., 2011) and 

sequenced on an Illumina Hi-Seq. The sequencing data were analyzed initially as published. Briefly, 

reads were mapped against an in-silico modified mouse genome (UCSC mm9, with inferred MspI 

restriction and genome-wide conversion of C to T and G to A) using maq (v 0.7.1-9) with the 

parameters  -D -s 0 -M c -e 100 C. Resulting bam files were sorted and indexed with samtools (v.0.1.16 , 

r963:234) and per-position read pileups were obtained with mpileup using unmodified mm9 as a 

reference. Following that, for each sample, per-base read coverage and fraction of C or G-containing 

reads (depending on the read mapping strand) were extracted and CpG sites were summed and 

summarized using custom perl scripts. Genome-wide methylation levels were assessed by tallying the 

fraction of methylation-representative reads over read coverage in each sample for sites with 10x or 

higher coverage. For pairwise sample comparisons, sites meeting a 10x-read coverage in both samples 

were binned according to their methylation levels in both samples and displayed in matrix form. To 

assess relative over- or underrepresentation of a given bin, expected counts per bin were estimated by 

averaging pairwise replicate methylation matrices in all cell types (background model). Deviations 

from the expected distribution are therefore represented as the observed:expected ratios (fold 

enrichment). All DNA methylation values were floored at 0.01% to allow calculations for CpGs with no 
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methylation. Association of a CpG with a gene was determined by its proximity. Briefly, a CpG located 

within 4kb of a gene body was associated with that gene. Proximity to another gene-associated CpG 

was also used as an alternate criterion. Otherwise, it was assigned to the nearest PRC2 target gene 

within 200kb. 
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The overarching goal of this thesis was to elucidate the function of Polycomb Repressive Complex 2 

(PRC2) and its interactions with downstream effectors, with a focus on its role in lineage commitment. 

Towards this goal, Chapter 1 detailed the current state of the field regarding Polycomb group (PcG) 

proteins, their relevance to mammalian development, and current models for their targeting to 

genomic sites and function in ESCs and differentiated cells. In Chapter 2, we investigated the role of 

PRC2 function in transcriptional regulation and relationship to DNA methylation using an in vitro 

differentiation scheme and a reverse genetics approach. Appendices A and B extended these analyses 

to investigate the effects of H3K27me3 levels on PRC1, and the role JARID2 plays in normal PRC2 

function, respectively. In this chapter, we will review these major findings and conclusions, put them 

in context of the current body of knowledge on this topic, and discuss the next logical set of questions. 

Finally, we will discuss the relevance of this topic and these findings to the human condition. 

Conclusions and Future Directions 

We previously determined that a pre-existing “Suz12 null” ESC line (Pasini et al., 2007) maintained 

partial H3K27me3 levels, unlike other PRC2 core component knockout ESCs (Mazzoni et al., 2013). 

Despite this, this mutation is embryonic lethal during gastrulation, similar to other PRC2 core 

component knockouts (Pasini et al., 2004). Our work suggested that this allele of Suz12, which we 

named Suz12GT, functioned as a hypomorph in vitro in that it retained partial catalytic function of 

PRC2 and allowed low-efficiency in vitro differentiation – unlike total loss of H3K27me3 – but did not 

restrict the lineage pathways as vigorously as did the wild-type H3K27me3 profile. We recognized that 

this Suz12GT ESC line was a novel and invaluable tool to study the role of PRC2 during differentiation, 

as other PRC2 loss of function ESC lines characterized thus far are not capable of directed 

differentiation in vitro.  
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While we found, consistent with the literature (Hawkins et al., 2010), that wild-type ESCs gain 

significant enrichment of H3K27me3 over differentiation, Suz12GT ESCs did not show the same levels 

of this modification. These data support a model in which SUZ12GT-PRC2 can maintain a stable level 

of H3K27me3 in ESCs but cannot mediate the steep increase of H3K27me3 seen during differentiation. 

This phenotype allowed us to address a major open question in the field: what is the role of PRC2 in 

regulating gene expression during differentiation? We found that genes that normally gain H3K27me3 

over differentiation are repressed in a wild-type system, but that these genes failed to be repressed 

when the levels of H3K27me3 were compromised in Suz12GT cells. Genes that should be activated 

upon differentiation, on the other hand, can still be activated at the correct time, albeit less efficiently, 

suggesting that gene program activation is unstable in the absence of PRC2. New methodologies that 

can now measure the transcript levels of single cells (Wu et al., 2013a) should help to better 

understand how altered PRC2 activity can affect cell fate. Together, these data indicate that regulation 

of H3K27me3 levels is necessary for proper activation of gene programs in response to developmental 

cues and for repression of alternate pathways to maintain lineage fidelity. Future in vivo studies of 

inactivation of PRC2 at discrete points in time during mammalian development will even further 

describe the role of this complex in differentiation, lineage commitment, and development. 

Emerging evidence supports a mutual antagonism between PRC2 and DNA methylation in ESCs. 

However, the relationship between these two critical epigenetic regulatory mechanisms had been 

difficult to study during lineage commitment because PRC2 null ESCs do not undergo proper directed 

differentiation. The observation that Suz12GT ESCs can differentiate, albeit less efficiently, and harbor 

regions of variable H3K27me3 levels in the genome compared to wild-type cells, makes these cells a 

useful model to study this relationship. As such, we examined the changes in DNA methylation in 

wild-type and in several PRC2 mutant ESC lines at nucleotide-resolution using RRBS. We showed that 

in Suz12GT ESCs, PRC2 target regions losing H3K27me3 with respect to wild type cells gained DNA 



	  112	  

methylation, suggesting that H3K27me3 is antagonistic to DNA methylation in cis. Supporting our 

observation, a recent study showed that PRC2 can recruit DNMT3L, a catalytically inactive DNA 

methyltransferase family member, to its target sites; DNMT3L then sterically competes with active 

DNA methyltransferases to prevent DNA methylation at PRC2 target sites (Neri et al., 2013).  

While some PRC2-mediated changes are observed in DNA methylation in differentiated cells, overall 

DNA methylation in CpG islands (which are thought to recruit PRC2) does not exhibit a strong 

directional change over differentiation, whereas CpGs that are not contained within CpG islands show 

striking changes in their methylation state: unmethylated CpGs becoming fully methylated, or vice 

versa. This is consistent with the observation several years ago that promoter regions remained mainly 

stable over differentiation, while CpGs in non-promoter regions showed the majority of the change 

observed genome-wide (Meissner et al., 2008). Interestingly, this trend also holds true upon partial 

depletion of H3K27me3, indicating that the gross changes in DNA methylation state over 

differentiation are largely PRC2-independent, while the positioning of DNA methylation with respect 

to PRC2 target sites is partially regulated by PRC2.  

While we do observe small but significant changes at a subset of CpG sites, most CpGs in the genome 

do not change, either between wild-type and PRC2 mutant cells, or over differentiation. The stability 

of the DNA methylome is largely maintained upon loss or reduction of PRC2 repression. Thus, as with 

any other complex system, there are multiple safeguards protecting the epigenome from loss of any 

particular mechanism. A growing body of evidence suggests that DNA methylation correlates more 

strongly with epigenetic features of the genome, such as various histone marks, than it does with the 

DNA sequence itself (Meissner et al., 2008). As such, studies of combinatorial histone modifications 

may be able to shed further light on the regulation of DNA methylation in pluripotency and lineage 

commitment, and the role of PRC2 therein. Additionally, it has been suggested that gene body DNA 



	   113	  

methylation may have an activating effect on gene expression, as opposed to the repressive effect of 

promoter DNA methylation (Wu et al., 2010). Thus, comparing how DNA methylation changes at 

promoters relative to gene bodies in Suz12GT cells will be critical for understanding how these 

pathways coordinate to regulate complex networks of genes during development. 

Prior studies suggested that H3K27me3-enriched genes in ESCs are more likely to gain DNA 

methylation upon differentiation (Mohn et al., 2008). We tested this hypothesis, and found that 

H3K27me3-enriched genes were more likely than non-enriched to gain DNA methylation over 

differentiation (p<5E-4); however, it must be noted that this is not a sweeping trend. Thus, while it is 

an appealing model, our data suggest that while H3K27me3 may anticipate DNA methylation over 

developmental time at some genes, it is neither necessary nor sufficient for the subsequent gain of 

DNA methylation. The relationship is much more complicated than that, and will require significant 

future study for elucidation. 

We also found, as shown in Appendix A, that PRC1 is partially recruited to target sites in an H3K27me3-

dependent manner, consistent with prior studies (Gao et al., 2012; Tavares et al., 2012; Wu et al., 

2013b). Additionally, we found a surprising decrease in RING1B genomic localization over 

differentiation, which is consistent with a recently proposed model of H2AK119ub-mediated loss of 

PRC1 and derepression of target genes upon loss of pluripotency (Richly et al., 2010). However, in our 

hands, this loss of RING1B does not show a concomitant change in gene expression. It is worth noting 

the possibility that this observed loss of RING1B binding could be explained by a change in chromatin 

condensation and is not actually a loss but rather a figment of the method of measurement. It is 

possible that parallel gene repression pathways can compensate for the loss of RING1B binding at this 

stage. A possibility that merits future testing is that our study did not offer fine enough resolution over 

time to detect a PRC1-mediated change in gene expression over differentiation. It is possible that 
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PRC1 and H2AK119ub are lost immediately upon loss of pluripotency, and that that would be the 

correct time to check for change in gene expression. Additionally, conditional knockout and 

knockdown of Ring1b both before and after loss of pluripotency would test the precise roles of RING1B 

in gene regulation. 

JARID2 and its role in mediating PRC2 recruitment and catalytic activity have been the subject of 

several studies (Landeira et al., 2010; Li et al., 2010; Pasini et al., 2010; Peng et al., 2009; Shen et al., 

2009). However, while all agree that JARID2 aids in PRC2 recruitment, its effects on PRC2 activity 

remain controversial. Our data in Appendix B showed that JARID2 negatively affects PRC2 activity. 

Thus, JARID2 manipulation should provide an excellent tool for parsing the effects of PRC2 

recruitment into its non-catalytic and catalytic activities, which remains a major unresolved question 

in the field.  

Relevance of the study of PcG proteins 

Knowledge of Polycomb group repression in the context of lineage commitment and cell identity is 

critical for gaining further insights into regulation of cell fate. The very origins of our knowledge about 

PcG proteins are entrenched in homeotic transformation, a process whereby body patterning goes 

wrong and cells form the wrong structures, by virtue of misexpression of key genes that regulate 

entire developmental gene programs. Knockout of any PRC2 core component is embryonic lethal, as is 

Ring1b or any DNA methyltransferase (Li et al., 1992; Montgomery et al., 2005; O'Carroll et al., 2001; 

Okano et al., 1999; Pasini et al., 2004; Voncken et al., 2003). PRC- and DNA methylation-mediated 

repression are crucial components of the regulatory machinery that controls proper development by 

establishing proper chromatin states that enable cells to activate lineage programs while restricting 

cell identity (Smith and Meissner, 2013; Surface et al., 2010). When things go wrong with PcG-

mediated repression during development, they can go drastically wrong. A human mutation of CBX2, 
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a homolog of Drosophila M33 and component of H3K27me3-dependent PRC1 varieties, can cause 

complete sex reversal: a physiologically normal female with an XY genotype (Biason-Lauber et al., 

2009). Indeed, studies of mammalian development are directly relevant to each and every one of us. 

Over 30% of conceptions end in miscarriage, more than 20% before they are even clinically 

recognized as a pregnancy (Wang et al., 2003; Wilcox et al., 1988). The many causes of fetal inviability 

have not been exhaustively elucidated, but developmental defects that result from disruption of 

transcriptional networks are a major factor (Regan and Rai, 2000). Thus, it is critical to precisely define 

how epigenetic regulators establish proper gene expression states during development, as the more 

we know about this intricately regulated process, the more we can do to rectify these issues. 

Moreover, in addition to its roles in development, misregulation or mutation of PcG proteins is 

strongly associated with progression and severity of cancer.  Overwhelming evidence has shown that 

PcG proteins are often misregulated in cancer cells. PcG proteins have been shown to be expressed at 

higher than normal levels, which is thought to lead to aberrant silencing of tumor suppressor genes 

(Piunti and Pasini, 2011). For example, PRC2 histone methyltransferase gene Ezh2 is overexpressed in 

prostate cancer (Varambally et al., 2002), breast cancer (Collett et al., 2006; Kleer et al., 2003), 

lymphomas (Raaphorst et al., 2000; van Kemenade et al., 2001), and bladder cancer (Weikert et al., 

2005), to name just a few. Indeed, ectopic overexpression of Ezh2 leads to cancerous cell 

morphologies and phenotypes (Li et al., 2009), while inhibition of EZH2 is being tested as a promising 

cancer therapy (McCabe et al., 2012; Puppe et al., 2009). This effect is not limited to PRC2, as PRC1 

component Bmi1 is also upregulated in a variety of cancer subtypes (Hoenerhoff et al., 2009; Mohty et 

al., 2007; van Kemenade et al., 2001; van Leenders et al., 2007). Conversely, downregulation of PcG 

proteins has also been observed in tumor samples, suggesting the possibility of an inappropriate 

derepression of oncogenes; for example, Bmi1 is downregulated in melanoma (Bachmann et al., 2008).  
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Emerging evidence also indicates that perturbation of PcG proteins in cancer may also have 

consequences on DNA methylation patterns. As discussed in depth in Chapter 1, PcG proteins and 

DNA methylation are thought to have an antagonistic effect at promoters; however, this relationship 

may disintegrate in cancer cells (Statham et al., 2012). For example, studies have shown that in cancer 

cells, PcG-associated genes can recruit DNA methyltransferases and are hypermethylated 

(Mohammad et al., 2009; Schlesinger et al., 2007). If the relationship between PcG-mediated silencing 

and DNA methylation is one of the many checks and balances that are broken in cancer, it behooves 

us to understand the normal state such that we can treat the problem.  

In conclusion, PcG proteins occupy key positions in the transcriptional regulatory circuitry in diverse 

cell types and their faulty regulation can lead to developmental failure or diseases such as cancer. 

Thus, detailed studies to investigate the diverse mechanisms that PcG proteins employ to regulate cell 

fate transitions and cell identity are critical to further our understanding of both normal and 

pathologic development, and to facilitate the design of relevant therapies. 
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Summary 

Although many studies have been done on Polycomb Repressive Complex 1 recruitment, the picture 

is a complex and multifaceted process, and thus not yet completely understood. However, at least 

part of PRC1 recruitment seems to occur through the canonical pathway where H3K27me3 is 

recognized and bound by a PRC1 subunit, such as a CBX-family protein. Thus, we wanted to determine 

what role PRC1 might play in PRC2-mediated gene repression, both during pluripotency and during 

differentiation. Here, we show a dose-dependent loss of RING1B localization with loss of H3K27me3. 

However, this H3K27me3-dependent PRC1 recruitment does not seem to play an additive role in gene 

repression in ESCs. Additionally, we observe a decrease in RING1B localization over differentiation, 

which may be partially dependent upon gain of H3K27me3; however, loss of RING1B does not appear 

to derepress target genes on the timescale studied. Thus, our data would suggest a model in which 

H3K27me3-dependent PRC1 exerts its gene repressive effect through the same pathway as does PRC2. 
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Introduction 

Many of the gene promoters to which PRC2 localizes in ESCs also are enriched for Polycomb 

Repressive Complex 1 (PRC1) (Ku et al., 2008). PRC1 has been shown to exist in multiple varieties, 

containing multiple different combinations of subunits, and these varieties of PRC1 may be recruited 

through different mechanisms and play different roles in regulating gene expression. PRC1 is known 

to catalyze the histone mark H2AK119ub through action of its E3 ubiquitin ligase RING1B, and to a 

lesser extent, RING1A (Buchwald et al., 2006; Cao et al., 2005); however, it is still a matter of debate 

which varieties of PRC1 actually functionally contribute to H2AK119ub in the genome. Loss of RING1B, 

and thus the majority of H2AK119ub, leads to derepression of target genes – important 

developmental regulators – in ESCs (van der Stoop et al., 2008). However, while canonically thought of 

as a repressive mark in ESCs, this ubiquityl mark also shows recent evidence of being involved in 

activation of genes upon exit from pluripotency (Richly and Di Croce, 2011; Richly et al., 2010). 

Additionally, PRC1 is implicated in chromatin compaction, which has been shown to be independent 

of its catalytic ubiquitylation activity, although compaction may be insufficient to properly repress 

genes in the absence of H2AK119ub (Endoh et al., 2012; Eskeland et al., 2010; Francis et al., 2004). 

Indicative of these crucial roles in gene program regulation during mammalian development, loss of 

Ring1b is embryonic lethal in mice, and leads to an inability to properly differentiate in vitro (van der 

Stoop et al., 2008; Voncken et al., 2003).  

It is becoming increasingly clear that the recruitment of PRC1 to its target genomic sites is a complex 

process, with multiple mechanisms acting on multiple varieties of PRC1. The canonical hypothesis is 

that PRC1 is recruited to chromatin by its CBX subunits, whose chromodomain recognizes and binds 

to H3K27me3 (Kaustov et al., 2011). In keeping with this, PRC1 has been shown to depend on 

H3K27me3 for proper genomic localization in some contexts (Agger et al., 2007; Boyer et al., 2006; 
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Morey et al., 2012; Wang et al., 2004).  However, as loss of PRC2 doesn’t completely ablate H2AK119ub, 

and PRC1 can be found at promoters without PRC2 – and vice versa – there are clearly additional 

mechanisms that function in directing its localization to genomic sites (Ku et al., 2008; Leeb et al., 

2010; Schoeftner et al., 2006; Sing et al., 2009; Tavares et al., 2012). Recent studies showed that 

varieties of PRC1 containing RYBP and FBXL10 are able to localize to target sites independently of 

H3K27me3, and that these versions of the complex catalyze the majority of H2AK119ub (Gao et al., 

2012; Wu et al., 2013). Additionally, RYBP and CBX-family proteins associate with distinct RING1B-

containing PRC1 complexes; the latter family correlates with overlap of PRC1 and H3K27me3, in 

support of its biochemical role in binding said histone mark (Gao et al., 2012; Tavares et al., 2012). 

RYBP, on the other hand, stimulates catalysis of H2AK119ub (Gao et al., 2012). Collectively, the data 

suggest that this mark is predominantly if not exclusively catalyzed by PRC1 that is recruited 

independently of H3K27me3.  

While this thesis focuses mainly on the role of PRC2, understanding the downstream effectors – or 

“readers” – of H3K27me3 is critical to understanding its function in regulating lineage decisions during 

development. PRC1 may in some cases act as an important downstream effector of PRC2, and as such, 

we investigated its possible ties to H3K27me3 and its function during differentiation. 

Genomic RING1B localization is partially dependent upon H3K27me3 

Recent studies paint a picture of PRC1 recruitment with many paths, some of which are H3K27me3-

dependent. To test the hypothesis that some, but not all, RING1B is dependent upon H3K27me3 for its 

recruitment, we performed ChIP-seq for RING1B in wild-type, Suz12GT, Suz12Δ, and Eednull ESCs and 

day 5 differentiated motor neurons. As described in more detail in Chapter 2 of this thesis, Suz12GT 

ESCs maintain an intermediate level of H3K27me3, but with a similar genomic localization pattern to 

wild-type ESCs; Suz12Δ, and Eednull ESCs, on the other hand, lose nearly all detectable H3K27me3. In 
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support of the model, RING1B localization was only slightly lost in Suz12GT ESCs, whereas its levels 

were more significantly decreased – and yet, still not ablated – in Suz12Δ and Eed-/- ESCs (Figure 1). 

These data are in agreement with the decrease in PRC1 seen in other studies upon depletion of PRC2 

(Tavares et al., 2012; Wu et al., 2013). Furthermore, by leveraging the power of the Suz12GT ESC line, 

we were able to ask whether the magnitude of loss of H3K27me3 at a given promoter correlated with 

that of loss of RING1B localization. We binned genes according to their gain or loss of H3K27me3 in 

Suz12GT ESCs with respect to the wild type, and compared the distribution of concomitant change in 

RING1B (Figure 2). We found that overall, more severe loss of H3K27me3 correlated with a more severe 

loss of RING1B. Thus, in ESCs, average RING1B levels were affected in a roughly dose-dependent 

manner by H3K27me3 levels, indicating that H3K27me3 does play a role in localization, albeit not one 

necessary for all RING1B localization.  

 

 

Figure 1. ChIP-Seq for RING1B was performed on wild-type, Suz12GT, Suz12Δ, and Eednull ESCs. 
These data are shown in a metagene analysis: the average signal over all genes at +/-2kb from the 
TSS. 
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Figure 2. ChIP-Seq for RING1B and H3K27me3 was performed on wild-type and Suz12GT ESCs. All 
genes were binned by their change in H3K27me3 in Suz12GT vs. wild-type ESCs, and the 
distribution of change in RING1B in Suz12GT vs. wild-type ESCs is plotted on the y-axis. 

 

To determine if PRC1 is a downstream effector of PRC2 in gene repression, we next asked whether loss 

of PRC1 at a given gene had an additive effect in the derepression caused by loss of PRC2. Using our 

ChIP-seq data for H3K27me3 and RING1B, as well as RNA-Seq data, in wild-type and Suz12GT ESCs, we 

separated PRC2 target genes into three categories: those that lose both H3K27me3 and RING1B in 

Suz12GT ESCs with respect to the wild type, those that lose only H3K27me3 and not RING1B, and 

those that maintain wild-type levels of both. As shown in Chapter 2 and in the literature (Boyer et al., 

2006), genes losing H3K27me3 are significantly upregulated with respect to genes not losing 

H3K27me3 (Figure 3). Intriguingly, however, we observed no significant difference in upregulation 

between H3K27me3-losing genes that lose RING1B and those that do not (Figure 3). Thus, these data 

suggest that H3K27me3 participates in localization of RING1B-containing PRC1 to target genes in 

ESCs; however, this H3K27me3-dependent PRC1 localization fails to result in an observable effect on 

gene repression. 
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Figure 3. ChIP-Seq for RING1B and H3K27me3, and RNA-Seq, were performed on wild-type and 
Suz12GT ESCs. All genes were binned according to the categories described at bottom 
(“lose”: log2<-1), and the distribution of change in expression in Suz12GT vs. wild-type ESCs is 
plotted on the y-axis. #: p=0.94; *: p<5E-12 

 

Genomic RING1B levels decline upon ESC differentiation towards SMNs  

Our data (Chapter 2) suggest that H3K27me3 levels are critical to maintaining the fidelity of lineage 

commitment. Given that we have supported a role for H3K27me3 in RING1B localization in ESCs, we 

asked whether PRC1 levels were tied to H3K27me3 over differentiation. Thus, we performed ChIP-seq 

for RING1B in ESCs and at day 5 of SMN differentiation. Surprisingly, in wild-type cells, while 

H3K27me3 is largely gained during differentiation, RING1B showed a shift towards loss of enrichment 

upon differentiation (Figure 4). The more than seven thousand genes that decrease RING1B levels 

twofold over SMN differentiation are primarily enriched for biological processes involving gene 

regulation and neuron differentiation (data not shown). This could reflect a disparity in the roles of 

PRC2 and PRC1 in this lineage: while PRC2 has an important role for repressing alternate lineage 

pathways during differentiation as shown in chapter 2, RING1B-containing PRC1 may play its 

repressive role more during pluripotency than SMN lineage commitment. It must be noted, however, 
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that we cannot exclude the possibility that our measurement of RING1B binding at different 

differentiation stages, and thus potentially different levels of chromatin compaction, causes an 

observed loss of binding that in reality pertains to the possibility that one PRC1 complex can cover 

more DNA length in condensed chromatin than in uncondensed chromatin. 

 

Figure 4. ChIP-Seq for RING1B and H3K27me3 was performed on wild-type ESCs and day 5 MNs. A 
histogram of the respective changes in enrichment over differentiation at promoter regions is 
shown here. 

 

As such, we next wanted to know whether this normal loss of RING1B localization over differentiation 

actually had an effect on gene expression levels. Surprisingly, when we compared the change in 

RING1B localization to the change in expression of genes over differentiation, we found no significant 

association (Figure 5). Thus, it is possible that the loss of RING1B localization during differentiation is 

compensated for by some other mechanism, preventing the de-repression of target genes. 
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Figure 5. ChIP-Seq for RING1B and RNA-Seq were performed on wild-type ESCs and day 5 MNs. All 
genes were binned according to their change in RING1B levels over differentiation. The distribution 
of change in expression over differentiation was plotted on the y-axis. No significant difference was 
found between any bins. 

To take a more in-depth look at whether PRC1 is recruited downstream of PRC2 during differentiation, 

we used our loss-of-function system. Curiously, upon directed differentiation, not as much Ring1b is 

lost on average in Suz12GT cells as in wild-type cells (Figure 6). This might be explained by our 

observation that fewer cells commit to the SMN lineage in Suz12GT cells than in the wild type. 

Alternatively, PRC1 loss over differentiation could be an effect of H3K27me3 gain, which is much 

weaker in Suz12GT cells than in the wild type. To test this second possibility, we binned genes by their 

ranked change in H3K27me3 levels over differentiation, and observed the distribution of RING1B 

change in these bins (Figure 7). Notably, the quintile of genes that gain the most H3K27me3 over 

differentiation also lose significantly more RING1B localization at their promoters (Figure 7, right). This 

result would support an antagonism between PRC2 and PRC1 during differentiation, despite their 

cooperative and mutually supportive roles during pluripotency. 
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Figure 6. ChIP-Seq for RING1B was performed on wild-type and Suz12GT ESCs and day 5 MNs. These 
data are shown in a metagene analysis: the average signal over all genes at +/-2kb from the TSS. 

 

 

 

Figure 7. ChIP-Seq for RING1B and H3K27me3 were performed on wild-type ESCs and day 5 MNs. 
All genes were ranked according to their change in H3K27me3 levels over differentiation, and 
binned into quintiles. The distribution of change in RING1B levels over differentiation was plotted 
on the y-axis. *: p<5E-8 
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Concluding Remarks 

Here, we show supporting data for the prevailing model that some, but not all, PRC1 is recruited by 

H3K27me3-mediated mechanisms in ESCs. In Suz12GT ESCs, which do not lose all H3K27me3 and thus 

see fewer secondary effects, RING1B localization is still partially lost. Suz12Δ and Eednull ESCs lose 

RING1B localization to a greater extent, although still not completely. This is consistent with what 

would be expected if H3K27me3-dependent RING1B localization were part, but not all, of the story. 

Additionally, it has been shown that some PRC1 varieties are recruited in an H3K27me3-dependent 

manner, while others are not (Gao et al., 2012; Tavares et al., 2012); our data are also consistent with 

that model. Furthermore, several recent studies observed that the PRC1 varieties that were recruited 

to the genome independent of H3K27me3 actually catalyzed the majority of H2AK119ub (Gao et al., 

2012; Tavares et al., 2012; Wu et al., 2013). As the non-catalytic functions of RING1B may be insufficient 

to repress target genes (Endoh et al., 2012), this supports our observation that H3K27me3-dependent 

loss of RING1B does not add to gene repression in ESCs. Overall, thus, our data support the intriguing 

model that in ESCs, RING1B-containing PRC1 complexes fall into two distinct categories: those that 

interact with H3K27me3, and those that catalyze H2AK119ub, leading to gene repression. 

The recent suggestion that some H3K27me3 maintenance could, in turn, be RING1B-

dependent(Endoh et al., 2012; Morey et al., 2012), although not RYBP-dependent (Gao et al., 2012), is 

intriguing in that it would allow the for a mutually-reinforcing Polycomb feedback loop. While many 

previous studies (Endoh et al., 2008; Gao et al., 2012; Stock et al., 2007) have shown that depletion of 

PRC1 leads to derepression of developmentally important target genes, the possibility remains that 

this is mediated primarily through H3K27me3-independent PRC1. This would seem to suggest 

separate roles for the H3K27me3-dependent and -independent categories of PRC1: CBX-containing 

PRC1 is recruited by H3K27me3 and functions to promote maintenance of said H3K27me3 and thus its 
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downstream gene repression pathway, while RYBP/FBXL10-containing PRC1 is recruited 

independently of H3K27me3 and catalyzes H2AK119ub, which in turn mediates its own gene 

repression pathway. If H3K27me3-dependent RING1B causes its effects on gene repression through 

modifying H3K27me3 levels, it would not show an additive effect on gene repression, which would be 

consistent with our data shown in Figure 3. 

The possibility has also been raised that PRC1 acts to maintain the repressive state of target genes 

during pluripotency, but upon receiving the appropriate signals to exit pluripotency and differentiate, 

is in fact a targeted mechanism for selective gene program activation. PRC1 is lost and, through the 

same mechanism, histone de-ubiquitylases are recruited to remove H2AK119ub (Richly et al., 2011; 

2010). Our data support this model very nicely, with RING1B showing a loss over differentiation at 

many gene promoters. Suz12GT ESCs also display this loss of RING1B localization over differentiation, 

although to a lesser extent; this could indicate a partial dependence on H3K27me3 of this directed loss 

of PRC1, either at the ESC stage in recruiting the necessary variety of PRC1 in the first place, or over 

differentiation as H3K27me3 is gained in the wild type. However, while our data do support a directed 

loss of RING1B localization over differentiation, they do not support a concomitant derepression of 

target genes. It remains possible that a comparison between day 0 and day 5 does not provide 

adequate resolution to detect the effects on gene expression of RING1B, especially if this loss of 

RING1B takes place immediately upon loss of pluripotency of ESCs and not during the lineage 

commitment pathway. 

Thus, further study of the role of PRC1 during loss of pluripotency and lineage commitment is 

definitely merited, and should further illuminate the role of PcG proteins in regulating gene 

expression programs during mammalian development. 
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Summary 

JARID2, a protein that can complex with PRC2 under the correct circumstances, has much-debated 

effects on the activity of PRC2. Although the literature largely agrees that JARID2 aids in PRC2 

recruitment to mutual target sites, there is evidence supporting both a positive and a negative effect 

on the catalysis of H3K27me3 by PRC2 subunit EZH2. Here, we use the Suz12GT cell line, with its 

already-reduced levels of H3K27me3, to show an enhancement of H3K27me3 upon JARID2 depletion. 

Thus, our data support a model in which JARID2 attenuates PRC2’s catalytic ability.   
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Introduction 

Although the core components of PRC2 are expressed ubiquitously, there are several different forms 

of the complex that include other associated proteins or alternative isoforms of the core components. 

JARID2, for example, has recently been found to associate with PRC2 in ESCs (Landeira and Fisher, 

2011). JARID2 is part of the Jumonji family of histone lysine demethylases, but is thought to be 

catalytically inactive (Klose et al., 2006). Its loss leads to embryonic lethality, and mutations in Jarid2 

are associated with several human disorders (Landeira and Fisher, 2011). Although studies agree that 

JARID2 assists in recruitment of PRC2 to its target sites (Landeira et al., 2010; Li et al., 2010; Pasini et al., 

2010a; Peng et al., 2009; Shen et al., 2009), there remains a lack of consensus in the field regarding its 

function, as it has been shown to both activate and repress PRC2’s catalytic activity (Landeira et al., 

2010; Li et al., 2011; Montgomery et al., 2005; Pasini et al., 2007; 2010b; Peng et al., 2009; Shen et al., 

2009; 2008). Thus, this optional PRC2 subunit may be important for regulating the effects of PRC2-

mediated gene silencing, through H3K27me3. 

JARID2 maintains some association with Suz12GT-PRC2 

In Chapter 2, we showed that EZH2 and EED can form a complex in Suz12GT ESCs. Hypomorphic 

systems are often useful tools in which to observe weak phenotypes; as such, If JARID2 associates with 

PRC2 in Suz12GT cells, this may prove useful in investigating the effect of JARID2 on PRC2. Thus, to 

determine whether JARID2 still localizes to PRC2 target sites, we performed ChIP-qPCR for JARID2 on 

Suz12GT ESCs. We found a much-decreased presence of the protein at its target genes in Suz12GT ESCs 

(Figure 1). However, when we depleted Suz12GT ESCs of JARID2 using an shRNA-mediated knockdown 

system (Figure 2), we found that the ChIP-qPCR signal for JARID2 was even further ablated, indicating 

that some JARID2 remained at target genes in Suz12GT ESCs (Figure 1). This lends support for the 

model that JARID2 binds to the N-terminal end of SUZ12, since the Suz12GT allele only includes exons 

1-7 of Suz12 (Peng et al., 2009). 
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Figure 1. ChIP for JARID2 was performed on Suz12GT ESCs expressing scrambled shRNA and shRNA 
targeted to Jarid2, and wild-type ESCs expressing scrambled shRNA. JARID2 localization was tested 
by qPCR at the promoter regions of four genes: Oct4, HoxA11, Wnt3a, and Cdx2; the first is a 
negative control, while the last three are canonical JARID2 target genes. Error bars show the 
standard deviation of three qPCR technical replicates. 

 

 

 

Figure 2. Suz12GT ESCs expressing scrambled shRNA and shRNA targeted to Jarid2, respectively, 
were created. RNA was collected and qRT-PCR was performed to validate the level of Jarid2 
knockdown. Jarid2 expression in each cell line is calculated relative to expression of housekeeping 
gene GAPDH, and normalized to the level of Jarid2 expression in Suz12GT scrambled. Error bars 
show the standard deviation of three qPCR technical replicates. 
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JARID2 may act to depress PRC2 function 

After learning that JARID2 still associated with PRC2 in Suz12GT ESCs, we wanted to use this system to 

determine the effect of JARID2 loss on the catalytic activity of PRC2. As such, we performed ChIP-qPCR 

for H3K27me3 on Jarid2-knockdown Suz12GT ESCs, as well as a control line for shRNA expression. 

Interestingly, JARID2 depletion caused an elevation in H3K27me3 levels, in agreement with Shen et al. 

(Figure 3) (Shen et al., 2009). The effect of Jarid2 depletion on wild-type PRC2 has already been tested, 

to mixed results; here, we add new data to the debate over the function of JARID2. SUZ12GT-PRC2 

acts like a hypomorph in that it deposits a lower level of H3K27me3 in the genome. In this background, 

JARID2 is still able to exert a positive effect on the catalytic abilities of PRC2. Thus, of the several 

models proposed by the literature, these additional data would support the model that JARID2 assists 

in PRC2 recruitment – a part of the model that is not contested – but also represses the catalytic 

activity of PRC2, thus depressing the level of H3K27me3.  

 

Figure 3. ChIP for H3K27me3 was performed on Suz12GT ESCs expressing scrambled shRNA and 
shRNA targeted to Jarid2. H3K27me3 levels were tested by qPCR at the promoter regions of seven 
genes. Canonical PRC2 and JARID2 target genes are indicated below the graph. Error bars show the 
standard deviation of three qPCR technical replicates. 
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Concluding Remarks 

If the sole purpose of PRC2 were to catalyze H3K27me3 at the correct time and the correct place in the 

genome, what would be the purpose of a protein that allows the cell to keep H3K27me3 levels in 

check, while still keeping PRC2 in its position? Recent studies are bringing to light the possibility that 

PRC2 has functions beyond H3K27me3, even if loss of this histone mark seems to recapitulate the loss 

of Polycomb phenotype in Drosophila (Pengelly et al., 2013). Notably, for example, PRC2 has been 

shown to recruit DNMT3L to its target sites, which in turn blocks access of DNMT3a and DNMT3b to 

these PRC2 target promoters (Neri et al., 2013). However, if the catalysis of H3K27me3 by PRC2 cannot 

be modulated, the cell has only two options: recruit PRC2, set up strong H3K27me3-mediated gene 

silencing, and prevent DNA methylation-mediated gene silencing; or, remove PRC2, allow H3K27me3 

and its associated repression pathway to lapse, and allow repressive DNA methylation. The 

introduction of JARID2, with its own subset of recruitment sites, allows a third possibility: bind PRC2 to 

its target, but keep its level of catalytic activity in check, thus reducing H3K27me3 levels, while still 

competitively inhibiting the binding of active DNA methyltransferases to the locus. This provides an 

elegant mechanism for fine-tuning gene expression in response to cellular signals during loss of 

pluripotency, lineage commitment, and differentiation.  
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Materials and Methods 

As described in Chapter 2. 
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ST1: Table of antibodies 

Protein Use Antibody 
SUZ12 Western Blot Bethyl A302-407A 
H3K27me3 ChIP / Western Blot Millipore 07-449 
EED IP Abcam ab4469 
EZH2 Western Blot Millipore 07-689 
β-actin Western Blot Abcam ab8226 
OLIG2 IHC Millipore AB9610 
RING1B ChIP Koseki lab (Atsuta et al., 2001) 
JARID2 ChIP Novus Biologicals NB100-2214 
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ST2: Table of primers and oligonucleotides 

Use Gene Forward primer Reverse primer 
Expression qRT-PCR Suz12 5’ TACCCTGGAAGTCCTGCTTG AACTGCCAGGGATGGAAAAT 
Expression qRT-PCR Suz12 3’ CTTGTTTGCAGGCCAAAAAGAA

C 
ATTTCTTGTGGCCGAAGAGGTA
A 

Expression qRT-PCR Gapdh CAT CTT CTT GTG CAG TGC 
CAG 

GGC AAC AAT CTC CAC TTT 
GCC 

ChIP qRT-PCR Oct4 ACACCAGTGATGCGTGAAAA CCAGTCACACCCAACCTCTT 
ChIP qRT-PCR HoxA7 TTG CCT GAG AGC CGC CAG 

GA 
GCT GGC TGG CAG CAA CTC 
CA 

ChIP qRT-PCR HoxA11 AGTAGCAGTGGGCCAGATTG GATTTCTCCAGCCTCCCTTC 
ChIP qRT-PCR Wnt3a CTGTCCAGCCTCTCCAAGAC CGCTGTCGCCTAGCTTCTAC 
ChIP qRT-PCR Cdx2 ATTGAGACCGTGGGCTACC TACCCGGACTACGGTGGTTA 
ChIP qRT-PCR Cck AGCTTCTGCAGGGACTACCG ACTTCTGTGTGCGGGACTTT 
ChIP qRT-PCR Cnnm1 TGCTTGACTTCGCCACTGTA AAAGGCCAAGTCTTTGACGA 
ChIP qRT-PCR Lhx9 TTAGCGGCTCCTTGACTTGG TGGAGGGCTCGGATTCACTA 
ChIP qRT-PCR Inhbb GCT CTG GAG ACT GAA GCG 

AA 
ACA GCT CTC TCT CCT CCC G 

Expression qRT-PCR Oct4 GCT CAC CCT GGG CGT TCT C GGC CGC AGC TTA CAC ATG 
TTC 

Expression qRT-PCR Pax6 GAC CGG AAG CTG GGG CAC 
AC 

TGG CAG CCA TCT TGC GTG 
GG 

Expression qRT-PCR Olig2 CTC CGC AGC GAG CAC CTC 
AAA 

TCA GCT CTG GCG GGC AGT 
CG 

Expression qRT-PCR Isl1 TGC AAA TGG CAG CCG AAC 
CCA 

AGG TCC GCA AGG TGT GCA 
GC 

Expression qRT-PCR Hlxb9 
(Hb9) 

AGA TGC CGG ACT TCA GCT 
CCC AG 

TCT CGG TGA GCA TGA GCG 
AGG T 

shRNA cloning scr CCGGCCTAAGGTTAAGTCGCCC
TCCTCGAGGAGGGCGACTTAA
CCTTAGGTTTTTG 

AATTCAAAAACCTAAGGTTAAG
TCGCCCTCCTCGAGGAGGGCG
ACTTAACCTTAGG 

shRNA cloning 5’ Suz12 CCGGAAAGTTGATGATATGTTA
TCACTCGAGTGATAACATATCA
TCAACTTTTTTTTG 

AATTCAAAAAAAAGTTGATGAT
ATGTTATCACTCGAGTGATAAC
ATATCATCAACTTT 

shRNA cloning LacZ CCG GAA ACT GTG GAG CGC 
CGA AAT CCT CGA GGA TTT 
CGG CGC TCC ACA GTT TTT 
TTT G 

AAT TCA AAA AAA ACT GTG 
GAG CGC CGA AAT CCT CGA 
GGA TTT CGG CGC TCC ACA 
GTT T 

shRNA cloning Ezh2 CCG GAA ATC TGA GAA GGG 
ACC GGT TCT CGA GAA CCG 
GTC CCT TCT CAG ATT TTT TTT 
G 

AAT TCA AAA AAA ATC TGA 
GAA GGG ACC GGT TCT CGA 
GAA CCG GTC CCT TCT CAG 
ATT T 

shRNA cloning Ezh1 CCGGTTCTACACAAGTGTATAA
CTACCTCGAGGTAGTTATACAC
TTGTGTAGAATTTTTG (Shen et 
al., 2008) 

AATTCAAAAATTCTACACAAGT
GTATAACTACCTCGAGGTAGTT
ATACACTTGTGTAGAA (Shen et 
al., 2008) 
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ST3: Table of Chromatin Immunoprecipitations 

Cell type Factor Reference sample name (if sequenced) 
E14 ESC H3K27me3 NA ST45_E14d0_K27 
E14 d5 MN H3K27me3 NA ST46_E14d5_K27 
Suz12GT ESC H3K27me3 NA ST1331_Suz12GTd0_K27 
Suz12GT d5 MN H3K27me3 NA ST1312_Suz12GTd5_K27 
Suz12Δ ESC H3K27me3 NA ST1324_Suz12Dd0_K27 
Suz12Δ d5 MN H3K27me3 NA ST1328_Suz12Dd5_K27 
Eednull ESC H3K27me3 NA ST1333_Eed-d0_K27 
Eednull d5 MN H3K27me3 NA ST1334_Eed-d5_K27 
E14 ESC RING1B NA ST29_E14d0_Ring1b 
E14 d5 MN RING1B NA ST31_E14d5_Ring1b 
Suz12GT ESC RING1B NA ST1310_Suz12GTd0_Ring1b 
Suz12GT d5 MN RING1B NA ST1314_Suz12GTd5_Ring1b 
Suz12Δ ESC RING1B NA ST1326_Suz12Dd0_Ring1b 
Suz12Δ d5 MN RING1B NA ST1330_Suz12Dd5_Ring1b 
Eednull ESC RING1B NA ST1303_Eed-d0_Ring1b 
Eednull d5 MN RING1B NA ST1307_Eed-d5_Ring1b 
Suz12GT scr ESC H3K27me3 NA NA 
Suz12GT Ezh2-kd ESC H3K27me3 NA NA 
Suz12GT Ezh1-kd ESC H3K27me3 NA NA 
V6.5 ESC H3K27me3 (Mazzoni et al., 2013) NA 
Suz12GT ESC H3K27me3 (Mazzoni et al., 2013) NA 
Suz12GT ESC H3K27me3 NA ST7_Suz12GT_K27 
E14 scr ESC JARID2 NA NA 
Suz12GT scr ESC JARID2 NA NA 
Suz12GT Jarid2-kd ESC JARID2 NA NA 
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ST4: Table of Gene Ontology categories 

GO Biological Processes category Bonferroni 
PRC2 target genes maintaining <50% H3K27me3 in Suz12GT ESCs wrt wild type 
GO:0007156~homophilic cell adhesion 6.82E-15 
GO:0016337~cell-cell adhesion 2.20E-12 
GO:0007155~cell adhesion 4.56E-11 
GO:0022610~biological adhesion 4.90E-11 
GO:0031644~regulation of neurological system process 5.10E-04 
GO:0044057~regulation of system process 0.001403159 
GO:0001944~vasculature development 0.00211641 
GO:0048514~blood vessel morphogenesis 0.003883989 
GO:0009719~response to endogenous stimulus 0.004012146 
GO:0001568~blood vessel development 0.004317515 
PRC2 target genes maintaining >90% H3K27me3 in Suz12GT ESCs wrt wild type 
GO:0007389~pattern specification process 6.95E-47 
GO:0003002~regionalization 1.07E-42 
GO:0006355~regulation of transcription, DNA-dependent 6.66E-38 
GO:0048598~embryonic morphogenesis 3.10E-37 
GO:0051252~regulation of RNA metabolic process 7.18E-37 
GO:0009952~anterior/posterior pattern formation 4.13E-32 
GO:0045449~regulation of transcription 3.36E-28 
GO:0030182~neuron differentiation 9.95E-28 
GO:0048562~embryonic organ morphogenesis 1.38E-25 
GO:0048568~embryonic organ development 2.37E-25 
PRC2 target genes doubling H3K27me3 in wild-type cells over differentiation 
GO:0006355~regulation of transcription, DNA-dependent 6.03E-41 
GO:0051252~regulation of RNA metabolic process 1.77E-40 
GO:0030182~neuron differentiation 1.46E-39 
GO:0007389~pattern specification process 9.23E-36 
GO:0048598~embryonic morphogenesis 8.32E-32 
GO:0006357~regulation of transcription from RNA polymerase II promoter 7.04E-31 
GO:0045944~positive regulation of transcription from RNA polymerase II promoter 3.85E-29 
GO:0045893~positive regulation of transcription, DNA-dependent 1.74E-28 
GO:0051254~positive regulation of RNA metabolic process 3.65E-28 
GO:0007267~cell-cell signaling 6.00E-28 
PRC2 target genes losing at least half H3K27me3 in wild type cells over differentiation 
GO:0007156~homophilic cell adhesion 5.19E-07 
GO:0016337~cell-cell adhesion 3.91E-05 
GO:0048667~cell morphogenesis involved in neuron differentiation 8.10E-05 
GO:0030182~neuron differentiation 1.27E-04 
GO:0007411~axon guidance 2.03E-04 
GO:0048666~neuron development 3.49E-04 
GO:0007409~axonogenesis 5.08E-04 
GO:0000904~cell morphogenesis involved in differentiation 8.18E-04 
GO:0048568~embryonic organ development 0.001224233 
GO:0031175~neuron projection development 0.001233972 
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PRC2 target genes doubling H3K27me3 in Suz12GT cells over differentiation 
Lhx9  
Gm973  
Fezf2  
Otx2  
Crebbp  
Rorb  
Wt1  
Prdm16  
Foxd3  
Cacna2d1  
Pdgfra  
Hoxa13  
Foxp2  
Cav1  
St7  
Evx1  
Foxl1  
PRC2 target genes gaining H3K27me3 over differentiation in Suz12GT cells 
GO:0006355~regulation of transcription, DNA-dependent 4.24E-31 
GO:0051252~regulation of RNA metabolic process 2.03E-30 
GO:0045449~regulation of transcription 1.43E-25 
GO:0006357~regulation of transcription from RNA polymerase II promoter 5.56E-22 
GO:0007389~pattern specification process 2.28E-19 
GO:0045893~positive regulation of transcription, DNA-dependent 6.11E-18 
GO:0051254~positive regulation of RNA metabolic process 8.47E-18 
GO:0045941~positive regulation of transcription 1.50E-17 
GO:0045165~cell fate commitment 2.24E-17 
GO:0010628~positive regulation of gene expression 5.33E-17 
GO:0045944~positive regulation of transcription from RNA polymerase II promoter 7.67E-17 
GO:0003002~regionalization 8.20E-17 
GO:0048598~embryonic morphogenesis 8.62E-17 
…  
GO:0030182~neuron differentiation 3.10E-11 
GO:0001501~skeletal system development 3.22E-10 
GO:0048736~appendage development 1.07E-09 
GO:0060173~limb development 1.07E-09 
GO:0035113~embryonic appendage morphogenesis 1.46E-09 
GO:0030326~embryonic limb morphogenesis 1.46E-09 
GO:0030900~forebrain development 3.86E-09 
GO:0035108~limb morphogenesis 4.69E-09 
GO:0035107~appendage morphogenesis 4.69E-09 
GO:0009952~anterior/posterior pattern formation 2.79E-08 
PRC2 target genes losing at least 50% H3K27me3 over differentiation in Suz12GT cells 
GO:0030001~metal ion transport 2.86E-13 
GO:0006812~cation transport 2.86E-12 
GO:0001501~skeletal system development 1.71E-11 
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GO:0006811~ion transport 1.88E-11 
GO:0007156~homophilic cell adhesion 3.11E-09 
GO:0007389~pattern specification process 1.51E-08 
GO:0003002~regionalization 1.58E-08 
GO:0006813~potassium ion transport 2.11E-08 
GO:0030182~neuron differentiation 2.89E-08 
GO:0009952~anterior/posterior pattern formation 2.97E-08 
PRC2 target genes losing >50% H3K27me3 over diff in Suz12GT cells, not losing in wt 
GO:0030001~metal ion transport 3.65E-17 
GO:0006812~cation transport 1.16E-16 
GO:0006811~ion transport 2.19E-16 
GO:0006813~potassium ion transport 1.22E-10 
GO:0015672~monovalent inorganic cation transport 4.02E-10 
GO:0006816~calcium ion transport 2.20E-07 
GO:0001501~skeletal system development 1.30E-05 
GO:0007267~cell-cell signaling 6.97E-05 
GO:0015674~di-, tri-valent inorganic cation transport 8.56E-05 
GO:0044057~regulation of system process 1.15E-04 
GO:0030182~neuron differentiation 3.36E-04 
PRC2 target genes in quintile gaining most H3K27me3 over differentiation, wild type 
GO:0006355~regulation of transcription, DNA-dependent 1.16E-65 
GO:0051252~regulation of RNA metabolic process 5.22E-65 
GO:0045449~regulation of transcription 1.62E-47 
GO:0007389~pattern specification process 1.89E-43 
GO:0006357~regulation of transcription from RNA polymerase II promoter 1.04E-41 
GO:0048598~embryonic morphogenesis 6.45E-39 
GO:0045893~positive regulation of transcription, DNA-dependent 1.48E-36 
GO:0003002~regionalization 2.04E-36 
GO:0045944~positive regulation of transcription from RNA polymerase II promoter 2.23E-36 
GO:0051254~positive regulation of RNA metabolic process 2.85E-36 
GO:0051173~positive regulation of nitrogen compound metabolic process 8.87E-36 
GO:0045935~positive regulation of nucleobase, nucleoside, nucleotide and nucleic 
acid metabolic process 1.58E-35 
GO:0030182~neuron differentiation 7.67E-35 
PRC2 target genes in quintile losing most H3K27me3 over differentiation, wild type 
GO:0030182~neuron differentiation 1.64E-39 
GO:0007389~pattern specification process 2.09E-32 
GO:0006355~regulation of transcription, DNA-dependent 1.96E-29 
GO:0051252~regulation of RNA metabolic process 1.03E-28 
GO:0007267~cell-cell signaling 1.48E-28 
GO:0048598~embryonic morphogenesis 2.33E-26 
GO:0006357~regulation of transcription from RNA polymerase II promoter 2.79E-26 
GO:0003002~regionalization 5.18E-26 
GO:0001501~skeletal system development 2.19E-25 
GO:0048568~embryonic organ development 1.28E-24 
PRC2 target genes gaining twofold DNA methylation in Suz12GT ESCs vs. wild type 
GO:0048598~embryonic morphogenesis 2.64E-04 
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GO:0030182~neuron differentiation 0.005452039 
GO:0048666~neuron development 0.016523564 
GO:0048729~tissue morphogenesis 0.02627389 
GO:0016331~morphogenesis of embryonic epithelium 0.04121866 
Genes gaining twofold DNA methylation in Suz12GT day 5 differentiated cells vs. wild type 
GO:0019226~transmission of nerve impulse 0.006369025 
GO:0007268~synaptic transmission 0.038216629 
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