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Abstract 

In multicellular organisms, the Polycomb group (PcG) proteins play a significant role in 

maintaining the repression of specific target genes across development. There are five proteins in 

the mammalian Cbx family that can participate in Polycomb Repressive Complex 1 (PRC1) that 

differ in their levels of in vitro polynucleosome compaction and phase separation activity. 

Notably, Cbx7, the main Cbx protein expressed in embryonic stem cells (ESCs), lacks these two 

activities. We hypothesize that the lack of compaction and phase separation activity in Cbx7 is 

significant in the maintenance of pluripotency and in early differentiation. By not committing to 

a more inaccessible chromatin structure, it may allow “poised” genes in stem cells to become 

activated efficiently upon differentiation, while also priming them for more complete repression 

in alternate lineages.  

 

I inserted a region of the Cbx2 protein known to be necessary for compaction and phase 

separation activity into Cbx7. This chimeric Cbx7 protein is capable of both compaction and 

phase separation, even with a smaller fragment of this region than we have previously shown to 

be required for these activities. This demonstrates that the chromatin compaction and phase 

separation activities of Cbx2 are transferrable to a related protein and are held within a single 

region. 



 iv 

I engineered ESCs to express this compaction-capable Cbx7 in place of the wild-type protein. 

These cells are impaired in their ability to properly form embryoid bodies and neural progenitor 

cells. They show modified expression patterns of developmental genes across both of these 

differentiation time courses, including reduced activation of lineage-specific genes and 

incomplete repression of alternate lineages. In neural progenitor cells, this is additionally 

associated with the maintenance of Polycomb binding at neural-specific loci over the course of 

differentiation. Thus, the addition of chromatin compaction and phase separation activity to 

Cbx7 results in defects in the redistribution of PcG proteins during differentiation, and a 

corresponding dysregulation of developmentally regulated target genes. This demonstrates that 

the addition of phase separation and compaction activity to Cbx7 in stem cells has a biological 

effect on gene regulation and pluripotency. 
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Chapter 1: Introduction 

 

 

 

 

 

 

 

 

 

 

 



Cell identity and epigenetic inheritance 

Mammals and other multicellular organisms contain many different cell types, each with their 

own unique functions to contribute to growth and survival. Mammalian development starts with 

pluripotent embryonic cells that can differentiate down many different lineages to develop a 

complete organism with all the precise and diverse cell types that are necessary for it to function 

and survive. All these mammalian cells, from skin cells to neurons to immune cells, develop 

from these same cells and contain the same genome (reviewed in Lanner, 2014; Shahbazi and 

Zernick-Goetz, 2018). Despite this, they have unique characteristics and functions that they are 

able to perform and maintain throughout their life.  

 

What sets these specific, differentiated cells apart are the genes that are expressed in each. It is 

important for the maintenance of proper cell identity that each cell expresses the appropriate 

genes associated with that specific cell type, and it is equally important that all other genes be 

repressed. Loss of proper control of gene expression patterns can compromise cellular identity, 

leading to developmental defects or cancer. Crucial in the memory of cellular gene expression 

patterns are epigenetic and chromatin modifying proteins. These proteins have a number of 

enzymatic and non-enzymatic functions that contribute not only to the activation and repression 

of specific genes in specific cell types, but also to the memory of the expression status of these 

genes (reviewed in Aloia et al., 2013; Becker et al., 2016; Brumbaugh et al., 2019). 

 

Many of these proteins catalyze specific histone modifications, which are suggested to play a 

role in the memory of specific chromatin states. Other proteins exert physical constraints on the 

genome. The memory of these histone modification statuses and genome structures may combine 
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to allow daughter cells to maintain a memory of the expression status of specific genes after the 

many rounds of cell division that occur during differentiation and development. While it’s not 

entirely clear precisely how these activities combine to create a remembered chromatin state, it is 

evident that the proteins involved are necessary for proper development and healthy, lineage-

committed cells. 

 

Polycomb group proteins and development 

The Polycomb group (PcG) proteins are a family of epigenetic proteins that are essential for 

proper development and maintenance of cellular identity. These proteins were first identified in 

Drosophila melanogaster by their knock-out phenotypes. Early studies identified extra sex 

combs (esc) and Polycomb (Pc) mutations by the presence of sex combs on legs where they do 

not usually appear in adult flies (Lewis, 1947; Slifer, 1942). Ed Lewis later showed that 

homozygous Pc mutant larvae showed posterior transformations of thoracic and abdominal 

segments, and suggested the gene encoded a repressor of the body-segmenting BX-C genes 

(Lewis, 1978). The early fly work on this complex continued to characterize a family of proteins 

that contributed to proper body segmentation and patterning by repressing specific target genes 

during fly development (reviewed in Kassis et al., 2017). 

 

The PcG proteins form two characterized Polycomb Repressive Complexes: PRC1 and PRC2 

(Figure 1.1). Across species, PRC2 catalyzes the H3K27me3 mark (Cao et al., 2002; Czermin et 

al., 2002; Kuzmichev et al., 2002; Müller et al., 2002). The Eed subunit of PRC2 is able to bind 

this mark, as are the Pc subunit of fly PRC1 and the Cbx subunit of mammalian PRC1 

(Bernstein, E., et al., 2006; Fischle et al., 2003; Margueron, et al., 2009; Xu et al., 2010). The 
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Figure 1.1: Activities of Polycomb Repressive Complexes. PRC2 trimethylates H3K27, and 
PRC1 ubiquitylates H2AK119. PRC2 can bind both histone modifications, and PRC1 binds 
H3K27me3. PRC1 additionally drives chromatin compaction and phase separation. 

PRC1

H3K27me3H2AK119ub

PRC2
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Ring subunit of PRC1 catalyzes the H2AK119ub mark (H2AK118ub in flies), which is also 

bound by PRC2 complex members (Cooper et al., 2016; Kalb et al., 2014). Thus, the histone 

marks catalyzed by the various Polycomb repressive complexes play an important role in further 

recruitment of Polycomb activity. H3K27me3 has also been proposed to play a role in memory 

of the repressed state. However, studies in flies have indicated that this mark is not sufficient to 

maintain memory of gene silencing without recruitment of more Polycomb components over cell 

divisions (Coleman and Struhl, 2017; Laprell et al., 2017). 

 

PRC1 also has conserved non-enzymatic activities. The Ph/Phc subunits contain a SAM domain 

that oligomerizes to mediate long-range Polycomb domain interactions (Isono et al., 2013; Wani 

et al., 2016). PRC1 also compacts chromatin, both at a local level and at the level of large 

Polycomb repressed domains (Francis et al., 2004; Grau et al., 2011; Kundu et al., 2017). In 

mice, PRC1 has been shown to drive phase separation through its Cbx2 subunit (Plys et al., 

2019; Tatavosian et al., 2019). These compaction and phase separation activities have been 

shown to play an important role in silencing of Polycomb targets, as discussed further below 

(Isono et al., 2013; King et al., 2005; Kundu et al., 2017; Lau et al., 2017; Wani et al., 2016). 

 

This group of proteins is highly conserved in multicellular organisms, as are their functions and 

phenotypes. However, mammalian PRCs show greater complexity when compared to their fly 

counterparts, with multiple homologs for most of the fly proteins and variant PRC1 complexes. 

Nevertheless, the core functions of each complex appear conserved, and the PcG proteins operate 

throughout evolution in the maintenance of cell identity by repression of target genes in 

appropriate cell types. 
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Canonical and variant PRC1 complexes 

The mammalian PRC1 complexes are divided into canonical (cPRC1) and variant (vPRC1) 

complexes based on their composition (Figure 1.2). Both types of complex contain a Ring 

protein and one of six PCGF proteins. Canonical PRC1 additionally contains one of five Cbx 

proteins and one of three Phc proteins (Gao et al., 2012; Hauri et al., 2016; Vandamme et al., 

2011). Variant PRC1 complexes have a variety of subunit compositions, but are defined by the 

inclusion of RYBP or its homolog YAF2 (Gao et al., 2012; Hauri et al., 2016). 

 

Though the Ring protein that catalyzes the H2AK119ub mark is present in both PRC1 

complexes, vPRC1 composition permits greater enzymatic activity in vitro, and is the main 

contributor of this histone modification in cells (Fursova et al., 2019; Gao et al., 2012; Morey et 

al., 2013; Rose et al., 2016; Taherbhoy et al., 2015). Recent work demonstrated the importance 

of vPRC1 in Polycomb repression in embryonic stem (ES) cells by systematically deleting 

components of vPRC1 and cPRC1 individually and in combination. In this specific context, 

removal of vPRC1 results in the upregulation of Polycomb targets, while cPRC1 appears to 

contribute little to repression (Fursova et al., 2019). Similar studies have not yet been conducted 

in differentiated cells, which contain cPRC1 subunits with greater chromatin compaction 

activity, as discussed below, and which may therefore show greater cPRC1 contribution to gene 

repression.  

 

The direct role of vPRC1 in repression is somewhat confounded by the role it plays in recruiting 

other Polycomb repressive complexes. A specific vPRC1 complex associates with KDM2B, 

which can recruit the complex to unmethylated CpG islands in the absence of other Polycomb 
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Figure 1.2: Mammalian PRC1 complexes. (A) Components of mammalian canonical PRC1 
(cPRC1). (B) Components of mammalian variant PRC1 (vPRC1). Core subunits indicated in 
dark purple, with additional subunits in light purple. Figure adapted from Schuettengruber et 
al., 2017.
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components (Farcas et al., 2012; He et al., 2013; Wu et al., 2013). Variant PRC1 then catalyzes 

the H2AK119ub mark, which is recognized by accessory PRC2 subunit Jarid2 (Cooper et al., 

2016). This complex can thus drive the de novo recruitment of PRC2, which in turn recruits 

cPRC1 through its H3K27me3 mark (Blackledge et al., 2014; Cooper et al., 2014; Tavares et al., 

2012). In ES cells specifically, recent work has demonstrated the necessity of H2AK119ub in the 

recruitment of cPRC1 and PRC2, and therefore in the full execution of Polycomb repression and 

domain formation (Blackledge et al., 2020; Tamburri et al., 2020) 

 

Many of the described functions of cPRC1 are related to physical compaction and organization 

of the chromatin at Polycomb target genes. The Phc subunit of cPRC1 contains a SAM domain 

capable of oligomerization, which has been shown to be important in the formation of Polycomb 

clusters and long range target interactions. and which is necessary for the proper maintenance of 

repression (Isono et al., 2013; Wani et al., 2016). In mouse ES cells, cPRC1 as a whole is 

necessary for the formation of large domains of compacted chromatin (Eskeland et al., 2010; 

Kundu et al., 2017). Loss of these compaction and clustering activities due to knockout of 

cPRC1 components or targeted mutations leads to upregulation of target genes in ES cells and 

embryonic fibroblasts (Isono et al., 2013; Kundu et al., 2017). In some cases, the Cbx subunit of 

cPRC1 can also regulate chromatin structure through polynucleosome compaction and phase 

separation (Grau et al., 2011; Plys et al., 2019; Tatavosian et al., 2019). The importance of these 

specific activities in gene repression will be discussed below. 
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Compaction and phase separation 

Some macromolecules within cells can form membraneless compartments through the process of 

liquid-liquid phase separation (LLPS). This process occurs when specific molecules reach a 

concentration at which it becomes energetically favorable for them to form a separate, high-

concentration phase (reviewed in Hyman et al., 2014). Within these structures, incorporated 

molecules are sequestered from the surrounding environment. These compartments are dynamic 

and reversible, and their formation depends on the conditions of the surrounding environment 

(such as salt concentration and temperature) and the properties of the macromolecules 

themselves. By contributing to a high local concentration of specific molecules and excluding 

other factors, LLPS compartments may contribute to the efficiency of biochemical reactions. 

 

Several recent studies have investigated a potential role for LLPS in the organization of 

repressive chromatin (Larson et al., 2017; Plys et al., 2019; Strom et al., 2017; Tatavosian et al., 

2019). The heterochromatin protein HP1a forms phase separated droplets in vitro when its N-

terminal extension is phosphorylated, and these droplets preferentially incorporate nucleosomes 

and DNA (Larson et al., 2017). In the case of the fission yeast, nucleosomes containing the 

repressive H3K9me3 modification can even contribute to this process by facilitating the 

condensation of the HP1 protein Swi6 (Sanulli et al., 2019). Drosophila HP1a also phase 

separates in vitro, and forms puncta that show fusion events suggestive of LLPS within embryos 

(Strom et al., 2017). Similarly, the PcG protein Cbx2 can drive phase separation of PRC1 in vitro 

and in cells (Plys et al., 2019; Tatavosian et al., 2019).  
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PcG proteins have long been known to form distinct puncta called Polycomb bodies in the 

nucleus (Saurin et al., 1998; Satijin et al., 1997). The exact physical nature of these structures is 

not known, but features of specific PRC1 components suggest a potential role for phase 

separation in their formation. Phase separation is often driven by proteins that have intrinsically 

disordered regions, particularly if those regions contain polar or charged amino acids (Shin and 

Brangwynne, 2017). Cbx2 has such a region, rich in positively-charged lysines and argines, that 

has been characterized for its role in chromatin compaction (Grau et al., 2011). Recent work has 

demonstrated that Cbx2 can in fact drive the formation of puncta with features consistent with 

LLPS (Plys et al., 2019; Tatavosian et al., 2019). In cells, these are localized with PRC1 and 

H3K27me3, and exclude activating chromatin marks and polymerase. The Phc1 subunit of PRC1 

is another promising candidate to contribute to phase separation, as it contains a glutamine-rich 

intrinsically disordered region and an oligomerizing domain, another feature that might 

contribute to LLPS. Though the evidence collected so far is consistent with LLPS of PRC1, the 

precise biophysical nature of these puncta has not yet been rigorously demonstrated. Though 

they may also form through other methods, it is important to note that they contain concentrated 

PRC1 components (Plys et al., 2019). For simplicity, we will continue here to refer to this 

phenomenon as phase separation. 

 

The phase separation activity of Cbx2 is dependent on the same region as its chromatin 

compaction activity (Grau et al., 2011; Plys et al., 2019). In flies and mice, these activities have 

been demonstrated to be important for proper development. In flies, the Psc subunit of PRC1 

compacts nucleosomes, and point mutations that impair this in vitro activity also lead to 

developmental phenotypes in flies (King et al., 2005). Similarly, mice with point mutations in 

10



Cbx2 that reduce its ability to compact chromatin and phase separate in vitro lead to axial 

skeletal transformations, revealing a defect in Polycomb silencing during development (Lau et 

al., 2017). These studies provide evidence that the compaction and phase separation activities of 

cPRC1 are important in Polycomb gene repression. 

 

The Cbx family of proteins 

In mammals, five members of the Cbx family of proteins can be incorporated into the cPRC1 

complex. These proteins can bind H3K27me3 through their chromodomains, though they show 

varying affinity for this mark (Bernstein, E., et al., 2006). They also contain a conserved Pc-box 

through which they interact with Ring1b and are incorporated into canonical PRC1 (Satijn and 

Otte, 1999; Schoorlemmer et al., 1997; Wang et al., 2008). Our lab has characterized the 

compaction and phase separation activity of Cbx2 and Cbx7, showing that the former contains 

both activities in a single, positively-charged, intrinsically disordered region and that the latter 

contains neither (Grau et al., 2001; Plys et al., 2019). Cbx4, -6, and -8 all contain a high positive 

charge and regions of predicted disorder that suggest they might also be able to perform both of 

these functions (Figure 1.3). However, thorough characterization of their in vitro activities is still 

in progress. 

 

Existing data suggests that even though these proteins fill the same general role within the 

cPRC1 complex, they have unique specific functions. This is reflected in the diverse phenotypes 

of their knockout mice. Cbx2 knockout mice die within weeks of birth and display the classic 

Polycomb phenotype of axial skeletal transformations, as well as male-to-female sex reversal 

(Coré et al., 1997; Katoh-Fukui et al., 1998; Katoh-Fukui et al., 2012). Cbx4 mice also die 
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Figure 1.3: Mouse Cbx proteins. Schematics of the mouse Cbx family of proteins with 
conserved domains and total predicted charge indicated. CaPS region of Cbx2 represents the 
serine-rich and positively-charged intrinsically disordered regions necessary for compaction 
and phase separation.
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shortly after birth, but they show developmental defects of the thymus, suggesting an important 

role for Cbx4 in immune cell development (Liu et al., 2013). Cbx7 knockout mice, on the other 

hand, show increased body length, higher fat tissue mass., and a tendency to develop liver and 

lung adenomas and carcinomas, but are otherwise relatively normal (Forzati et al., 2012; Forzati 

et al., 2014).  

 

Cbx7 appears to play a unique role among this family in pluripotency. It is the primary Cbx 

protein expressed in stem cells and is downregulated in many lineages as cells differentiate 

(Morey et al., 2012; O’Loghlen et al., 2012). The other Cbx proteins show a reverse expression 

pattern, with little or no stem cell expression and upregulation as cells differentiate. Cbx7 shows 

a similar expression pattern in blood development, as it’s expressed in hematopoietic stem cells 

(HSCs) but repressed in most more differentiated cells (Klauke et al., 2013). In this lineage, 

overexpression of Cbx7 induces enhanced self-renewal of HSCs and leukemia. In contrast, 

overexpression of the other Cbx proteins leads to differentiation of HSCs. Similarly, a study of 

adult pluripotent-like olfactory stem cells (APOSCs) showed that Cbx7 was necessary for their 

self-renewal (Fan et al., 2018). Furthermore, in Cbx7 knockouts, APOSCs lost their ability to 

regenerate in response to injury, demonstrating the consequences of a loss of Cbx7 in adult stem 

cells. This highlights the specific, context-dependent importance of each of these proteins during 

mammalian development, and the specific role Cbx7 has in pluri- and multi-potency. 

 

Bivalent chromatin in embryonic stem cells 

It is particularly interesting to note that Cbx7, the Cbx homolog that lacks phase separation and 

chromatin compaction activities, is the primary Cbx protein expressed in embryonic stem (ES) 
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cells. Pluripotent and multipotent stem cells exhibit a distinctive chromatin feature: bivalent 

histone modifications at developmental genes (Bernstein, B.E., et al., 2006). In ES cells, 

Polycomb target genes are considered bivalent because they are marked by both PcG-catalyzed 

H3K27me3 and transcription-associated H3K4me3 (Figure 1.4). Upon differentiation and 

lineage commitment, the bivalent status of most of these genes is resolved towards either 

activation or more stable and complete repression (Mikkelsen et al., 2007).  Though studied most 

extensively in ES cells, similar bivalent modifications have been described in other cell types at 

developmentally regulated genes. Interestingly, one of these cell types is HSCs, an instance in 

which Cbx7 is highly expressed and necessary for self-renewal (Cui et al., 2010, Klauke et al., 

2013). 

 

The importance of a bivalent chromatin state is supported by the existence of bivalent complexes 

in Drosophila embryos. During fly embryogenesis, PRC1 interacts with and co-occupies 

developmental targets with Fs(1)h, a transcriptional co-activator, and Br140, an acetyltransferase 

(Kang et al., 2017). In human ES cells the co-occupancy of the orthologs of PRC1 and Br140 is 

maintained at bivalent genes, demonstrating the evolutionary conservation of this chromatin 

state. 

 

The prevailing hypothesis is that bivalency in stem cells allows for genes to be kept in a “poised” 

state that allows them to be quickly activated or more stably repressed upon differentiation. In 

early studies of bivalency, the Bernstein lab noted that the transcription factors (TFs) that would 

activate many of these genes are absent in ES cells (Ku et al., 2008). This led to the suggestion 

that bivalent genes in ES cells could be easily activated if the TFs were present, and that the 
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Figure 1.4: Bivalent genes in embryonic stem cells. In embryonic stem cells, 
developmentally-regulated Polycomb targets are marked with both the repressive H3K27me3 
modification and the active H3K4me3 modification.
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repressive status was therefore not very stable. Later studies tested this hypothesis by introducing 

various lineage-specific TFs into ES cells. They observed that high responsiveness to exogenous 

TFs, both in terms of gene activation and more complete repression, was highly correlated with 

the presence of H3K27me3 and was enriched for tissue-specific genes (Nishiyama et al., 2009; 

Sharov et al., 2011). 

 

Despite their status as Polycomb targets, bivalently modified genes are expressed at modest 

levels (Brookes et al., 2012; Min et al., 2011). In fact, ES cells express markers of diverse 

cellular lineages from bivalently-marked promoters. Some of these markers are expressed at 

higher levels in ES cells than they are when cells differentiate to a specific committed lineage 

(Min et al., 2011). They also can become further repressed in response to the introduction of 

exogenous TFs (Nishiyama et al., 2009). These transcribed genes are expressed at even higher 

levels upon Ring1b knockout, suggesting that they are still being repressed to some extent by 

PRC1 (Brookes et al., 2012). This suggests a role for Polycomb in the tuning of expression levels 

of bivalent genes in stem cells. PRC1 appears to be an important factor in contributing to a 

carefully balanced “poised” chromatin state at developmentally regulated genes in ES cells. 

 

The use of chimeric Cbx7 to understand context-dependent Polycomb repression 

In this work, we use Cbx7 to further understand the role of cPRC1 in Polycomb-mediated 

repression in stem cells and over differentiation. Our driving hypothesis is that the lack of 

compaction and phase separation activity in Cbx7 contributes to a poised chromatin state in stem 

cells. By not creating an environment that is refractory to activation, Cbx7 may allow for rapid 

activation of PcG targets upon differentiation, while still keeping them mostly repressed within 
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stem cells. We can test this by adding a region necessary for chromatin compaction and phase 

separation (the CaPS region) from Cbx2 to Cbx7 and measuring how gene expression and 

differentiation are impacted. In the process, we will also learn more about the compaction 

activities of cPRC1. 

 

Here, we expand on our understanding of the compaction and phase separation activities of Cbx2 

by transferring the domain necessary for them to Cbx7. We find that these activities are in fact 

transferrable to Cbx7, and within a smaller portion of the CaPS region than previously shown. 

This shows that the Cbx2 compaction region is sufficient to transfer compaction activity to a 

similar protein. We additionally show that phase separation activity is conferred on this chimeric 

Cbx7 protein. This furthers our previous conclusions that compaction and phase separation 

activity in Cbx2 are thus far inseparable, and may be intrinsically linked (Plys et al., 2019). 

 

In Chapter 3, we used our in vitro characterized gain-of-function Cbx7 to probe the impact that 

the introduction of compaction and phase separation activity would have on ES cells. We 

inserted the CaPS region into Cbx7 in ES cells and tested their ability to differentiate down 

directed and non-directed lineages. We discovered that a Cbx7 protein with CaPS activity 

hindered the ability of ES cells to properly differentiate into embryoid bodies (EBs) or into 

neural progenitor cells (NPCs). This was reflected phenotypically in EBs, and in both 

differentiation time courses at the level of gene expression. We saw a prolonged maintenance of 

a pluripotency-associated gene expression program, with delayed activation and repression of 

Polycomb target genes. In NPC differentiation, this was additionally associated with the 

prolonged maintenance of PRC1 and H3K27me3 at neural-associated genes in CaPS cells 
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compared to WT cells. Together, this suggests that the presence of compaction and phase 

separation activity in Cbx7 impacts PRC1 dynamics in ES cells and during differentiation, 

resulting in an impaired cell state transition. 

 

The work herein expands on our understanding of the roles of chromatin compaction and phase 

separation in gene repression in multiple ways. First, it demonstrates the sufficiency of a specific 

region of Cbx2 to confer chromatin compaction and phase separation activity to a homologous 

protein that normally does not exhibit these activities. Second, it furthers the idea that these two 

activities may be intrinsically linked in the context of repression. Finally, it demonstrates that 

there are biological consequences to ectopically adding compaction and phase separation activity 

to Cbx7 in ES cells. It shows that these activities do have a direct effect on gene regulation and 

supports our hypothesis that their absence in Cbx7 may ease the transition to new cell states upon 

differentiation. This supports a role for Cbx7 in a specific poised chromatin state that has been 

widely proposed to be important in ES cells. 
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SUMMARY 

In multicellular organisms, the Polycomb group (PcG) proteins play a significant role in 

maintaining the repression of specific target genes across development. There are five proteins in 

the mammalian Cbx family that can participate in Polycomb Repressive Complex 1 (PRC1), and 

that have different levels of in vitro chromatin compaction and phase separation activity. Our lab 

has previously identified a positively charged region in the Cbx2 protein that is required for both 

its chromatin compaction and its phase separation (CaPS) activities. To determine if these 

activities could be transferred, we inserted the Cbx2 CaPS region into Cbx7, which normally 

does not compact chromatin or phase separate. We found that this chimeric Cbx7 protein gain 

polynucleosome compaction and phase separation activities, and that charge-reducing point 

mutations within the added region diminish impair these new functions. This work demonstrates 

that the Cbx2 CaPS region is sufficient to transfer compaction and phase separation activities to 

a different Cbx protein and extends our understanding of this region and the functions it 

contributes to PRC1.   
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INTRODUCTION 

During development, it is vital that the numerous and unique cell types that comprise a 

multicellular organism assume and maintain their proper identity. This involves expressing the 

genes important to the function of a specific cell type and ensuring genes associated with 

alternate lineages are stably repressed. The Polycomb group (PcG) proteins play an important 

role in the maintenance of cell identity throughout the life of an organism through repression of 

specific target genes. These proteins are vital in maintaining the repression of their targets as 

cells adopt specific identities and in ensuring that in a specific lineage, genes corresponding to a 

different lineage are not expressed inappropriately. Mutations in or loss of the PcG proteins can 

lead to developmental defects or cancer, as cells may lose their ability to properly maintain their 

identity (reviewed in Chan and Morey, 2019; Pasini and Di Croce, 2016; Schuettengruber and 

Cavalli, 2009). 

 

Given the importance of PcG proteins across the development of multicellular organisms, 

extensive efforts have been made to understand the mechanism by which they repress their 

targets. There are a number of known functions of the Polycomb Repressive Complexes, PRC1 

and PRC2. PRC2 is best known for catalyzing the H3K27me3 mark (Cao et al., 2002; Czermin 

et al., 2002; Kuzmichev et al., 2002; Müller et al., 2002). The canonical PRC1 complex is 

capable of binding the H3K27me3 mark, and is additionally capable of compacting chromatin 

and phase separating (Fischle et al., 2003; Francis et al., 2004; Grau et al., 2011; Plys et al., 

2019; Tatavosian et al., 2019).  
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Our lab and others have characterized the compaction activity of PRC1 and shown its importance 

in Polycomb-mediated repression. The initial in vitro studies of this centered on the PRC1 

complex from Drosophila melanogaster, the model organism in which Polycomb phenotypes 

were originally described (Lewis, 1978). A series of early studies showed that PRC1 could 

inhibit nucleosome remodeling by the SWI/SNF complex and physically compact chromatin in 

vitro (Francis et al., 2001; Francis et al., 2004; Shao et al., 1999). They identified the Psc protein 

as the subunit responsible for this activity, which is especially interesting in light of other 

findings that the Psc subunit is additionally able to inhibit in vitro transcription without the rest 

of the PRC1 complex (King et al., 2002). This provides a clear link between the compaction 

activity of PRC1 and its repressive function. 

 

In mammalian PRC1, compaction activity is housed in the Cbx subunit, which is a homolog of 

Drosophila Pc, not of Psc (Grau et al., 2011). Though the compaction activity is present in 

different subunits in these different organisms, the proteins that contain it share an important 

feature: a highly basic region that is predicted to be intrinsically disordered. In fact, though the 

PRC1 component containing compaction activity may vary across species, the presence of a 

disordered region of high positive charge within that component is conserved (Beh et al., 2012). 

Further work on the Cbx2 protein specifically showed that the positive charges within this region 

were necessary for it to inhibit nucleosome remodeling and to compact nucleosomal arrays in 

vitro (Grau et al., 2011).  

 

In later work, Plys et al. once again expanded our understanding of this positively-charged Cbx2 

domain to include its role in phase separation. They showed that Cbx2 could drive phase 
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separation of PRC1, and that this activity relied on the same positively-charged disordered region 

necessary for compaction (Plys et al., 2019). This work revealed that charge reducing point 

mutations abolished phase separation activity as well as compaction activity, suggesting that the 

activities may be intrinsically linked in some way. 

 

Furthermore, the activities contained within this region of Cbx2 play an important role in PRC1 

function in vivo. Mice containing the aforementioned charge-reducing point mutations in Cbx2 

exhibit homeotic transformations, representing a classic Polycomb phenotype and phenocopying 

the developmental phenotypes of a Cbx2 null mouse (Lau et al., 2017). This work complements 

studies showing a correlation between Psc mutations that led to developmental phenotypes in 

flies and that also impair the ability of Psc to compact nucleosomes in vitro (King et al. 2005).  

These studies demonstrate that the compaction and phase separation activities that had been 

described in vitro have an important role in the proper progression of Polycomb repression 

during development in both flies and mammals.  

 

Here, we seek to further characterize the activities of the intrinsically disordered region of Cbx2 

using a gain-of-function system. While other studies have shown the necessity of various 

characteristics of this region in compaction and phase separation, we here describe their 

sufficiency in these activities. We show that this region is sufficient to confer both compaction 

and phase separation activities to a Cbx protein that usually lacks them, and further narrow the 

region of this domain that is capable of executing these activities. In doing so, we create a 

chimeric, gain-of-function protein that can be used to study the impact introducing Polycomb-

mediated compaction and phase separation activities has on gene regulation. 
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RESULTS 

Design and purification of Cbx7 chimeric proteins 

To determine if the established in vitro activities of Cbx2 are transferrable to a different Cbx 

protein, we designed chimeras of Cbx7 and different lengths of what we will refer to as the Cbx2 

Compaction and Phase Separation (CaPS) region (Figure 2.1). The CaPS region insertions were 

selected based on previous work in the lab (Grau et al., 2011; Plys et al., 2019). We began the 

region at amino acid (AA) 93 of Cbx2, shortly after the AT-hook. This meant that the insertion 

would contain the serine-rich region (AA 102-120) of Cbx2, which is important in the phase 

separation activity of the protein (Plys et al., 2019). We used two lengths of insertion: AA 93 

through AA 240 (CaPS1) and AA 93 through AA 415 (CaPS2). These regions have been 

previously characterized by our lab as having a high positive charge that is necessary for both 

chromatin compaction and phase separation activity (Grau et al., 2011; Plys et al., 2019).  

 

We created Cbx7 chimeras with these regions inserted at two different locations: AA 80 (point a) 

and AA 97 (point b) of Cbx7. The first insertion point is following the chromodomain of Cbx7, 

mimicking the placement of the CaPS region in Cbx2. The second is in the middle of the 

predicted disordered region of Cbx7.  To serve as controls, we additionally constructed a version 

of each of these chimeras that contained mutant CaPS (mCaPS) insertions. These represent the 

same region of Cbx2, but mutate every other lysine or arginine to alanine. These “KRA” 

mutations lower the positive charge of the region and have been shown to reduce compaction 

and phase separation activity in Cbx2 (Grau et al., 2011; Plys et al., 2019). 
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Figure 2.1: Schematic of Cbx2 CaPS region insertion into Cbx7. The red regions within 
Cbx2 represent the region necessary for compaction as described by the lysine/arginine-to-
alanine point mutations in Grau et al., 2011. The lines represent the segments of Cbx2 that 
were inserted into Cbx7. Arrows indicate locations of the CaPS region insertions.
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We cloned the cDNA for these chimeric constructs into the pFastBac plasmid with an N-terminal 

Flag-tag, and transfected the resulting bacmids into SF9 cells to generate virus. We co-infected 

SF9 cells with the virus of Ring1b, which has previously been shown to be necessary for the 

stability of purified Cbx proteins (Grau et al., 2011). We purified the proteins via the Flag-tag for 

use in subsequent assays (Figure 2.2). 

 

The Cbx2 CaPS region confers chromatin compaction activity on Cbx7 

To test the ability of Cbx7 chimeras to compact chromatin, we used a Restriction Enzyme 

Accessibility (REA) assay. This is a solution assay that reports the ability of a protein to inhibit 

nucleosome remodeling by SWI/SNF (Francis et al., 2001) (Figure 2.3A). If SWI/SNF can 

remodel a nucleosomal array, it will expose a HhaI digest site that will be subsequently be cut, 

resulting in a smaller DNA product as observed on an agarose gel. The addition of certain 

proteins, such as Cbx2, inhibits this remodeling, resulting in reduced HhaI digestion and a larger 

DNA product. 

 

In this assay, we confirmed that Cbx2 is an effective inhibitor of remodeling, while Cbx7 shows 

almost no inhibition. We tested each of the purified chimeras in this assay and saw that the 

addition of either CaPS1 or CaPS2 allowed Cbx7 to inhibit remodeling almost as efficiently as 

Cbx2 (Figure 2.3B,C,D). The CaPS insertions resulted in a gain of inhibition activity at either 

insertion point (Figure 2.3B). 

 

We used the respective Cbx7-mCaPS chimeras to confirm that this increase in inhibition was in 

fact due to the specific activity of the region, not simply a consequence of adding a large new 
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Figure 2.2: Purification of Cbx7-CaPS chimeric proteins. Polyacrylamide protein gels 
(BioRad) stained with Coomassie Blue reagent. Gels show different elution fractions of 
indicated Flagged-tagged Cbx proteins purified in complex with Ring1b following protein 
purification with M2 resin and elution with Flag peptides.
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A

B

Figure 2.3: The CaPS domain allows Cbx7 to inhibit nucleosome remodeling. (A) 
Description of the Restriction Enzyme Accessibility (REA) assay. Briefly, a Polycomb protein 
of interest, SWI/SNF, and HhaI area added to a nucleosomal array with intermediate incubation 
steps. Inhibition of remodeling is inferred through the absence of DNA digestion on an agarose 
gel. The upper and lower bands can be quantified, as shown on the right (with M33 representing 
mouse Cbx2). Panel was adapted from Grau et al., 2011. (B) Graphical representation of REA 
results showing gain of activity for both Cbx7-CaPS1 and –CaPS2, regardless of point of 
insertion. (C) Raw REA data depicting reproduceable gain of activity with addition of a CaPS
domain to Cbx7. Each row represents 3 technical replicates of an REA assay performed with 
the indicated protein in complex with Ring1b. (D) Graphical representation of data in (C).
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Figure 2.3 (Continued)
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Figure 2.3 (Continued)
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domain into the small Cbx7 protein. As expected, we observed very little REA assay activity in 

the Cbx7-mCaPS proteins (Figure 2.3B,C,D). Since the REA assays suggested the CaPS 

insertion location within Cbx7 was not a strong determinant of activity, we proceeded with only 

the first insertion point near the chromodomain of the protein. 

 

We used electron microscopy to observe the ability of Cbx proteins and chimeras to compact 

nucleosomal arrays. While the arrays are spread out with individual nucleosomes visible when 

no protein is added, the addition of Cbx2 results in them assuming a compact, globular structure 

(Figure 2.4A). As expected, we do not observe the same compaction in the presence of Cbx7. 

When we added Cbx7-CaPS, however, we once again saw the physical compaction of the array, 

which we did not observe with Cbx7-mCaPS. 

 

We quantified the degree of compaction both by counting the individually observable particles in 

each array and by determining the end-to-end distance of each array (Francis et al., 2004). More 

particles reflect a more extended state, while fewer reflect compaction of the array. We counted 

the particles on 50 arrays per protein, and found that the results we observed in the images were 

consistent and resulted in a statistically significant difference in degree of compaction, with 

Cbx2 and Cbx7-CaPS showing fewer particles than an array with no protein, and Cbx7 and 

Cbx7-mCaPS showing a similar number of particles (Figure 2.4B). Cbx2 and Cbx7-CaPS also 

showed a reduced array length when compared to no protein controls, as well as to Cbx7 or 

Cbx7-mCaPS arrays (Figure 2.4C). This data together demonstrates that the Cbx2 CaPS region 

confers in vitro chromatin compaction activity onto Cbx7. 
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Figure 2.4: Cbx7-CaPS physically compacts nucleosome arrays. (A) Representative 
negative stain electron microscopy images of nucleosomal array compaction by indicated Cbx
proteins in complex with Ring1b. (B-C) Quantification of nucleosome compaction from 
electron microscopy images as in (A) N=50 arrays per sample. (* p  < .05; ** p < .01; *** p < 
.001 ). (B) Number of individually distinguishable nucleosome particles per array. (C) Diameter 
of circle encompassing each array as determined using ImageJ software.
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The CaPS region confers phase separation activity on Cbx7 

Having shown that the CaPS domain can transfer chromatin compaction activity to Cbx7, we 

tested whether it could additionally transfer phase separation activity. We have not yet been able 

to generate a Cbx2 mutant that separates compaction and phase separation activities (Plys et al., 

2019). These chimeric Cbx7 proteins provided a new test for our hypothesis that these activities 

always appear together in the context of the CaPS region. 

 

A known property of phase separating proteins is their ability to form turbid solutions (Larson et 

al., 2017; Schwartz et al., 2013). We therefore tested the turbidity of solutions with increasing 

Cbx7-CaPS protein concentrations. We observed that Cbx7-CaPS solutions increased in turbidity 

as measured by absorbance at 405nm, while Cbx7-mCaPS and Cbx7 solutions did not (Figure 

2.5A). 

 

We further studied the ability of these proteins to phase separate by assessig their ability to form 

droplets of high local concentration in solution. This visualization is facilitated by the presence 

of a fluorescent protein tag, such as GFP. However, previous work in our lab has established that 

the N-terminally GFP-tagged Cbx7-CaPS protein cannot phase separate. Studies of another 

repressive protein, HP1a, show that it also loses its ability to phase separate when tagged with 

GFP (Larson et al., 2017). We suspected the same issue might be at play in this instance and 

therefore instead purified Cbx7 and Cbx7-CaPS chimeras with a Ring1b protein containing an 

N-terminal GFP tag. We hypothesized this would allow us to observe the ability of Cbx7 and 

Cbx7-CaPS to phase separate without disrupting the protein itself with a large tag. 
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Figure 2.5: The CaPS region confers phase separation activity on Cbx7. (A) Turbidity assay 
showing absorbance at 405nm of solutions containing indicated Cbx7 chimeras purified with 
GFP-Ring at increasing concentrations. Error bars represent standard deviation (n=3). (B) 
Droplets formed at 100mM KCl of 6.25µM indicated Cbx protein purified with GFP-Ring. (C) 
Phase diagrams representing the protein and salt concentrations at which Cbx7-CaPS proteins 
form phase separated droplets as in (B) (n.d.: no data).
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With this system, we again noted that Cbx7 does not phase separate. However, Cbx7-CaPS1 and 

-CaPS2 were both able to form GFP-labeled droplets of high local concentration (Figure 2.5B). 

Cbx7-mCaPS1 showed only a diffuse background signal, similar to that of Cbx7 itself. As in the 

compaction and turbidity assays, all Cbx7 chimeras were purified with the same Ring1b 

construct. Previous analysis of PRC1 phase separation activity demonstrated that GFP-Ring1b 

does not drive phase separation independently of Cbx2 (Plys et al., 2019). Here we again see that 

Cbx7 and Cbx7-mCaPS chimeras do not phase separate despite the presence of the GFP-Ring1b 

protein. This demonstrates that the phase separation activity in Cbx7-CaPS is specifically due to 

the added CaPS domain, and not an artifact of the GFP-Ring1b addition. These findings 

confirmed that Cbx7-CaPS can phase separate as well as compact chromatin, extending our 

previous conclusions that both of these activities are housed within the CaPS region of Cbx2. 

 

To further characterize the phase separation activity of the Cbx7-CaPS chimera, we tested the 

ability of the protein to form droplets at a range of salt and protein concentrations. We used the 

data to generate a phase diagram, which revealed a surprisingly wide range of salt and protein 

concentrations at which Cbx7-CaPS proteins could phase separate (Figure 2.5C). The levels of 

salt at which Cbx7-CaPS phase separated reached 300mM, exceeding physiological salt levels. 

In addition, we observed clear instances of phase separation at protein concentrations as low as 

.8µM. This demonstrates that Cbx7-CaPS not only phase separates, but does so at a remarkable 

range of conditions, including those that are physiologically relevant. 
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Cbx7-CaPS incorporates relevant substrates into phase separated droplets 

Since the function of PRC1 is to repress target genes in the context of chromatin, we tested 

whether the observed phase separated droplets of Cbx7-CaPS would incorporate relevant 

ligands, including nucleic acids and nucleosomal arrays. We used Cy5-labeled CAT7 RNA, 

which has been previously shown to associate with PRC1 (Ray et al., 2016), and G5E4 DNA, 

which previously served as a template for PRC1 compaction and transcription inhibition assays 

(Francis et al., 2004; King et al., 2002), to test whether naked nucleotide sequences would 

incorporate into droplets. In the absence of Cbx7-CaPS, these substrates showed only diffuse 

background signal. However, when Cbx7-CaPS was added to solution, both DNA and RNA 

formed droplets of high local concentration, demonstrating that Cbx7-CaPS could incorporate 

such substrates into its phase separated droplets, as was previously demonstrated to be the case 

with Cbx2 (Figure 2.6A) (Plys et al., 2019). 

 

We generated nucleosomal arrays using Cy5-labeled DNA with twelve nucleosome positioning 

sites to test whether Cbx7-CaPS would additionally incorporate a chromatinized template into 

droplets (Lee and Narlikar, 2001). We made arrays using assembled histones purified from HeLa 

cells, containing a mix of histone modifications. We additionally purified recombinant histones 

that were chemically modified to mimic the H3K27me3 mark (H3K27me3 MLA) (Simon et al., 

2007). We found that Cbx7-CaPS incorporated both types of arrays into its droplets, as 

visualized by the co-localization of droplets in both the GFP and Cy5 channels (Figure 2.6B).  

 

Unexpectedly, we also observed that the arrays showed some ability to phase separate 

independently of any proteins. Unlike with naked DNA or RNA, nucleosomal arrays formed 
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Figure 2.6: Cbx7-CaPS phase separates with relevant biological substrates. (A) 100nM 
Cy5-labeled CAT7 RNA and DNA in solution with and without 6.25µM Cbx7-CaPS2+Ring1b, 
respectively. (B) 100nM Cy5-labeled nucleosome arrays containing either histones purified 
from HeLa cells with diverse modifications or recombinant histones with an H3K27me3-mimic 
(MLA) modification, in solution with 6.25µM Cbx7-CaPS1 in complex with GFP-Ring1b.
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droplets even in the absence of other proteins (Figure 2.7A). Intriguingly, we found that these 

droplets could incorporate proteins that cannot phase separate independently, including Cbx7 

itself (Figure 2.7B). Work from the Rosen lab supports these observations, showing that 

reconstituted chromatin can phase separate in vitro, independent of the addition of outside 

proteins (Gibson et al., 2019). However, we do still observe a qualitative difference in the phase-

separated droplets in the presence of Cbx7-CaPS (Figures 2.6B, 2.7A). 

 

DISCUSSION 

In this work, we have shown that the CaPS region is not only necessary for the compaction and 

phase separation activities of Cbx2, but also that it is sufficient to confer them onto a new Cbx 

protein. Similar to what has been demonstrated in Cbx2, we observed that the positive charge of 

the CaPS region is necessary for compaction and phase separation activity in Cbx7-CaPS 

proteins. Furthermore, we found that a subset of the CaPS region is sufficient to confer both 

activities to a new protein. The first half of the CaPS region, here called CaPS1, was able to 

inhibit remodeling and phase separate as well as the full region. Having established that the 

Cbx7-CaPS protein can compact chromatin and phase separate, we can now test the biological 

effects these added activities will have on gene expression. 

 

Our results additionally advance our previous findings that have not yet been able to separate the 

compaction and phase separation activities of Cbx2. In this study we again find that constructs, 

such as Cbx7-CaPS1 and -CaPS2, that can compact chromatin can phase separate, and that 

constructs that cannot perform one activity, such as Cbx7 or Cbx7-mCaPS, can also not perform 

the other. This further supports the idea that not only do these two activities reside firmly within 

46



Figure 2.7: Nucleosome arrays can phase separate independently of other proteins. (A) 
Formation of droplets of 100nM Cy5-labeled nucleosomal arrays in solution without additional 
proteins. Arrays were contain either histones purified from HeLa cells with diverse 
modifications or recombinant histones with or without an H3K27me3-mimic (MLA) 
modification. (B) Co-localization of GFP-Cbx7 (6.25 μM) and 100nM Cy5-labeled 
H3K27me3-MLA nucleosomal array droplets. 
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the same region of Cbx2, but they may be intrinsically linked. Our lab has previously proposed a 

model in which chromatin compaction increases the local concentration of PRC1, leading to 

phase separation (Plys et al., 2019). Other models may be possible, but it remains to be seen if 

these activities are at all separable, if they rely on each other, or if they are in fact just different 

ways of reporting the same phenomenon. 
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MATERIALS AND METHODS 

Protein expression and purification 

Chimeric Cbx7 constructs were created using overlap PCR. Cbx7, Cbx2, and Cbx7-CaPS 

proteins were cloned into the pFastBac plasmid with an N-terminal Flag tag after digestion with 

EcoRI and HindIII. Plasmids were transfected into DH10Bac E. coli according to the Bac-to-Bac 

system (Thermo Fischer Scientific). Resulting bacmids were mini-prepped and transfected using 

Cellfectin (Thermo Fischer Scientific) into SF9 cells. Virus was collected in the supernatant and 

used to infect SF9 cells to produce protein. SF9 cells expressing protein were pelleted by 

centrifugation and nuclear extracts were prepared as previously described (Abmayr et al., 2006). 

 

To purify protein, nuclear extracts were incubated with anti-Flag M2 resin (Sigma) for 2 hours at 

4°C with rocking. Resin was collected by centrifugation and washed five times with BC600 

buffer (20mM HEPES pH 7.6, 20% glycerol, 0.2mM EDTA, 600mM KCl) followed by four 

washes with BC300 buffer (20mM HEPES pH 7.6, 20% glycerol, 0.2mM EDTA, 300mM KCl). 

Protein was eluted in four 500µL fractions using 0.8mg/mL Flag peptide solution. Fractions were 

examined on Coomassie stained gels, and those containing appropriate bands were pooled and 

dialyzed into BC300 buffer with 1mM DTT. 

 

Preparation of Cy5-labeled ligands 

The G5E4 array was excised from pG5E4 by restriction digest using Asp718, ClaI, DdeI, and 

DraII. The resulting fragment was purified by PEG precipitation and end labeled using Klenow 

Fragment (New England Biolabs) to incorporate Cy5-dCTP. 
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Templates for in vitro transcription of CAT7 RNA were generated by amplifying the DNA 

sequence encoding CAT7 from human genomic DNA using primers adding a T7 promoter (Ray 

et al. 2016). The resulting fragment was cloned into pUC19 for amplification. The pUC19 vector 

was digested with SmaI to prepare the DNA template from in vitro transcription, followed by 

ethanol precipitation. In vitro transcription was performed with the MEGAscript T7 kit 

(Ambion), incorporating trace Cy5-UTP into the reaction. In vitro transcription proceeded for 4 

hours at 37°C. Template DNA was digested with DNase I for 30 minutes at 37°C, and RNA was 

purified using the MEGAclear kit (Ambion). 

 

HeLa nucleosomes were isolated as previously described (Schnitzler, 2000), and H3K27me3 

Methyl-Lysine Analog (MLA) histones were purified and modified as previously described 

(Simon et al., 2007). Histone octamers were assembled as previously described (Luger et al., 

1999). Nucleosomal arrays were assembled using purified HeLa and H3K27me3 MLA core 

histones and a Cy5-labeled G5E4 nucleosome-positioning array by salt dialysis as previously 

described (Lee and Narlikar, 2001). Arrays were digested by EcoRI to assess the extent of 

nucleosome occupancy on the positioning sequences.  

 

Restriction Enzyme Accessibility assay 

Reactions took place in a final volume of 20µL with 16mM HEPES pH 7.5, 80mM KCl, 2mM 

MgCl2, 1mM MnCl2, 2mM ATP, 2.5µg BSA, 8%w/v glycerol, and 2mM DTT. Cbx proteins 

were added as serial dilutions at indicated final concentrations. 240ng of Cy5-labeled 

nucleosome arrays that were 85-95% assembled were added, and the reaction was incubated at 

30°C for 30 minutes. 4µL HhaI (20U/µL) was added, with or without SWI/SNF at a final 
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concentration of 5nM. The reaction was incubated at 30°C for 1 hour. 5µL stop buffer (1.5µg/µL 

Proteinase K, 10mM Tris-HCl pH 7.5, 35mM EDTA, 1% SDS, 0.1% orange G) was added to the 

reactions, and they were incubated at 55°C for 1 hour. Reactions were run on 1% TAE gel, 

imaged on a Typhoon scanner, and quantified using ImageJ software. Apparent inhibition of 

remodeling was determined by the equation: 

%	#$%#&	'(&ℎ	*%+	,$-	./0/.23 −%	#$%#&	'(&ℎ	./0/.23	5$67
%	#$%#&	'(&ℎ5#&	./0/.23 −%	#$%#&	'(&ℎ	./0/.23	5$67 ∗ 100 

Curves on graphical representation of inhibition data were generated using best fit polynomial 

equation in R. 

 

Electron microscopy 

G5E4 nucleosomal arrays were assembled as previously described, but dialyzed into 20mM 

HEPES pH 7.9, 0.1mM EDTA pH 8.0 (Francis et al., 2001). For each protein tested, 3.3nM 

nucleosomal array was mixed with 10nM protein in a buffer containing 20 mM Hepes pH 7.9, 30 

mM KCl 10% glycerol, 0.1 mM EDTA and 0.001% NP-40. Reactions were prepared as 

described previously (Francis et al., 2004), but with the following modifications. Each reaction 

was crosslinked with 0.1% glutaraldehyde on ice for 1 hour and then quenched with 100mM 

Tris. The reactions were then dialyzed against 20mM HEPES pH 7.9, 0.1 mM EDTA and 50mM 

NaCl overnight.  

 

Continuous carbon grids were glow discharged using an Emitech K100X glow discharge system 

for 30 seconds at -20 mA. 3 uL of sample was applied to the glow discharged side for 1 minute, 

blotted, washed with water twice and then stained with 2% uranyl acetate for 1 minute. Grids 
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were imaged on an FEI Morgagni 268 microscope operating at 80 keV with a nominal 

magnification of 51,000 and a pixel size of 4.66 Å. 

 

For each sample, approximately 50 well defined arrays were imaged. The length of the array was 

determined in ImageJ by measuring diameter of a circle encompassing the entire array. The 

number of particles in each array was determined by counting distinct entities while blinded to 

the identity of the samples. Array length and particle number were determined by separate 

researchers. 

 

Turbidity assay 

Proteins were diluted preliminarily in 300mM KCl buffer. Buffer was loaded into a clear-bottom 

384-well plate (Corning) to result in a final concentration of 20 mM HEPES pH 7.9, 100 mM 

KCl, and 1 mM MgSO4 after addition of proteins. Protein was added to the buffer using a multi-

channel pipette to minimize differences in incubation time. Solutions were incubated for 5 

minutes at room temperature. To assay for turbidity, absorbance at 405nm was measured using a 

Spectramax M3 plate reader. 

 

Droplet formation assay 

Proteins were diluted to specified concentrations into a buffer containing final concentrations of 

20 mM HEPES pH 7.9, 100 mM KCl, and 1 mM MgSO4. In instances when ligands were 

included in the assay, they were added to a final concentration of 100nM. Ligands were added to 

buffer before the addition of protein. The proteins were loaded onto glass slides with coverslips 

and imaged with a Nikon 90i Eclipse epifluorescence microscope equipped with an Orca ER 
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camera (Hamamatsu) using a 100X oil objective and Volocity software (Perkin Elmer). Images 

in figures were prepared using Fiji software. 

 

Primers 

Product Forward Reverse Template 
Cbx2 AA 93-240  
(for insertion point A) 

aacccaggcggcttctgctatc
caagctcaaggaaccaga 
 

ctggggctgctgactcctgttt
catcagactggccaggt 
 

pFastBac-Cbx2  
(Grau et al., 2011) 

Cbx2 AA 93-415 
(for insertion point A) 

aacccaggcggcttctgctatc
caagctcaaggaaccaga 
 

ctggggctgctgactcctgcc
gcttgacggaaggggcag 
 

pFastBac-Cbx2 
(Grau et al., 2011) 

Cbx2 AA 93-240  
(for insertion point B) 

agacccccggagactgggag
tccaagctcaaggaaccaga 
 

cgggggcttgctccataggttt
catcagactggccaggt 
 

pFastBac-Cbx2  
(Grau et al., 2011) 

Cbx2 AA 93-415 
(for insertion point B) 

agacccccggagactgggag
tccaagctcaaggaaccaga 
 

cgggggcttgctccataggcc
gcttgacggaaggggcag 
 
 

pFastBac-Cbx2 
(Grau et al., 2011) 

Cbx2-KRA AA 93-
240  
(for insertion point A) 

aacccaggcggcttctgctatc
caagctcaaggaaccaga 
 

ctggggctgctgactcctgtgc
catcagactggccaggt 
 

pFastBac-
Cbx2KRA  
(Grau et al., 2011) 

Cbx2-KRA AA 93-
415 
(for insertion point A) 

aacccaggcggcttctgctatc
caagctcaaggaaccaga 
 

ctggggctgctgactcctgag
ccttgacggaaggggcag 
 

pFastBac-
Cbx2KRA 
(Grau et al., 2011) 

Cbx2-KRA AA 93-
240  
(for insertion point B) 

agacccccggagactgggag
tccaagctcaaggaaccaga 
 

cgggggcttgctccataggtg
ccatcagactggccaggt 
 

pFastBac-
Cbx2KRA  
(Grau et al., 2011) 

Cbx2-KRA AA 93-
415 
(for insertion point B) 

agacccccggagactgggag
tccaagctcaaggaaccaga 
 

cgggggcttgctccataggag
ccttgacggaaggggcag 
 

pFastBac-
Cbx2KRA 
(Grau et al., 2011) 

Cbx7 AA 1-80 tagctggaattcgatatggact
acaaggacgatgacgacatg
gagctgtcagccatagg 
 

tctggttccttgagcttggatag
cagaagccgcctgggtt 
 

pFastBac-Cbx7 

Cbx7 AA 1-97 tagctggaattcgatatggact
acaaggacgatgacgacatg
gagctgtcagccatagg 
 

tctggttccttgagcttggactc
ccagtctccgggggtct 
 

pFastBac-Cbx7 

Cbx7 AA 81-158 
(for CaPS1) 

acctggccagtctgatgaaac
aggagtcagcagccccag 
 

accgcaacgagaagctgtga
atcaagctttagctg 
 

pFastBac-Cbx7 
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Cbx7 AA 98-158 
(for CaPS1) 

acctggccagtctgatgaaac
ctatggagcaagcccccg 
 

accgcaacgagaagctgtga
atcaagctttagctg 
 

pFastBac-Cbx7 

Cbx7 81-158 
(for CaPS2) 

ctgccccttccgtcaagcggc
aggagtcagcagccccag 
 

accgcaacgagaagctgtga
atcaagctttagctg 
 

pFastBac-Cbx7 

Cbx7 98-158 
(for CaPS2) 

ctgccccttccgtcaagcggc
ctatggagcaagcccccg 
 

accgcaacgagaagctgtga
atcaagctttagctg 
 

pFastBac-Cbx7 
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SUMMARY 

Cbx7, the main Cbx protein expressed in embryonic stem (ES) cells, lacks chromatin compaction 

and phase separation activity. We hypothesize that Cbx7 may allow “poised” genes in stem cells 

to become activated more quickly upon differentiation, while a homolog with greater activity 

may form too inaccessible of a structure to allow for efficient activation. We have created a gain-

of-function version of Cbx7 that is able to compact chromatin and phase separate in vitro and 

inserted this protein into mouse ES cells. These cells are impaired in their ability to properly 

differentiate into embryoid bodies and neural progenitor cells and show modified expression 

patterns of developmentally regulated Polycomb targets. In neural progenitors, this is 

additionally correlated with changes in the genomic distribution of PRC1. This shows that the 

addition of chromatin compaction and phase separation activity to Cbx7 results in changes in the 

regulation of target genes during differentiation. The increase of these activities at Polycomb 

target loci in stem cells impairs their ability to properly exit a pluripotent state and differentiate, 

supporting the idea that a poised chromatin state may be important for proper development. 
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INTRODUCTION 

In the development of multicellular organisms, it is vital that the many different cell types that 

make up an organism attain and maintain their proper identity. A significant aspect of cell 

identity is maintenance and memory of the appropriate transcriptional program. In each cell type, 

a specific group of genes must be expressed for its proper function, and genes associated with 

other cell types must be stably repressed. The Polycomb group (PcG) proteins play an important 

role in development by ensuring that their target genes are not expressed in inappropriate cell 

types. In so doing, they play a vital role in the development of an organism, and in its ability to 

remember specific cell states. Misregulation of Polycomb function, and therefore loss of cellular 

identity, can lead to developmental defects and various cancers (reviewed in Chan and Morey, 

2019; Pasini and Di Croce, 2016; Schuettengruber and Cavalli, 2009). 

 

The Polycomb group proteins form two main Polycomb Repressive Complexes: PRC1 and 

PRC2. PRC2 catalyzes the H3K27me3 mark, which both it and PRC1 can recognize and bind 

(Bernstein, E., et al., 2006; Kuzmichev et al., 2002). PRC1 can be further divided into canonical 

and non-canonical complexes (Gao et al., 2012; Hauri et al., 2016). Variant PRC1 (vPRC1) can 

efficiently catalyze the H2AK119ub mark, which also plays a role in Polycomb recruitment 

(Blackledge et al., 2020; Rose et al., 2016; Taherbhoy et al., 2015; Tamburri et al., 2020). 

Canonical PRC1 (cPRC1) functions non-enzymatically through its different subunits to 

physically compact chromatin, both locally and over larger domains, and drive phase separation 

(Grau et al, 2011; Isono et al., 2013; Kundu et al., 2017; Plys et al., 2019).   
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In mammalian PRC1, compaction and phase separation activity have been characterized in the 

Cbx subunit of the complex (Grau et al., 2011; Plys et al., 2019). Previous work in our lab has 

characterized these activities in Cbx2 specifically, and has identified a highly positively-charged, 

intrinsically disordered region of the protein as being necessary for both (Grau et al., 2011; Plys 

et al., 2019). Reducing the positive charge of this region through a series of point mutations 

severely impairs the ability of Cbx2 to perform either activity. We have not yet found a set of 

mutations that impacts one of these functions but not the other, leading us to hypothesize that 

they may in fact be intrinsically linked. In flies and in mammals, the compaction activity of 

cPRC1 is important in proper gene repression and development. In flies, mutations in the Psc 

subunit of cPRC1 that reduce its ability to compact chromatin in vitro also lead to developmental 

phenotypes (King et al., 2005). Similarly, mice with specific mutations in the Cbx2 subunit that 

impair its ability to compact chromatin and phase separate in vitro have homeotic 

transformations that phenocopy the developmental phenotypes of a Cbx2 null mouse (Lau et al., 

2017). 

 

In mammals, there are five Polycomb Cbx homologs that differ in their predicted or 

demonstrated ability to compact and phase separate (Grau et al, 2011; Plys et al, 2019). They 

also have distinct expression patterns and appear to serve non-overlapping functions in 

development (reviewed in Ma et al., 2014). The protein Cbx7 stands out within this family, as it 

lacks a positive charge as well as the entire region necessary for compaction and phase 

separation.  In fact, it has been shown to lack both of these activities in vitro (Grau et al., 2011; 

Plys et al., 2019).  Notably, it shows a unique expression pattern among its homologs. Cbx7 is 

the main Cbx protein expressed in embryonic stem (ES) cells, and is downregulated as cells 
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differentiate down many lineages (Morey et al., 2012; O’Loghlen et al., 2012). The other Cbx 

proteins show the opposite expression pattern, with little to no expression in ES cells and 

upregulation upon lineage commitment.  

 

In ES cells, Polycomb target genes are market by bivalent chromatin. This was first characterized 

by the presence of both the repressive H3K27me3 and the active H3K4me3 histone 

modifications (Bernstein, B.E., et al, 2006). Bivalent chromatin is characterized not only by the 

presence of these seemingly antagonistic histone marks, but also by low levels of transcription at 

many of its associated genes (Brookes et al., 2012; Min et al., 2011). The prevailing hypothesis 

is that this chromatin state allows for genes to be “poised” in ES cells; though they are mostly 

repressed at the time, they can be quickly activated upon differentiation down the correct lineage. 

In alternative lineages, they are marked to allow for more complete repression. 

 

Since Cbx7 functions mainly in the context of bivalent chromatin, we hypothesize that it plays a 

specific and important role in pluripotency by contributing to a poised chromatin state. Its lack of 

compaction and phase separation activity may contribute to the fluidity of gene expression 

needed to transition from a pluripotent state to a lineage-committed one. In differentiated cells, 

chromatin is compacted and gene expression status is more firmly established. The presence of 

such a committed chromatin state in pluripotent cells might impede a cell state transition by 

constraining necessary changes in gene expression. 

 

Here, we test this hypothesis by introducing a Cbx7 protein capable of chromatin compaction 

and phase separation (Cbx7-CaPS) to ES cells. We find that upon differentiation these cells are 
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unable to properly form embryoid bodies. During differentiation, PRC1 targets in these cells 

resist both activation and repression. This is echoed in neural progenitor differentiation, where 

cells with Cbx7-CaPS show reduced activation of neural-associated genes and incomplete 

repression of genes associated with alternate lineages. This is correlated with a mistargeting of 

PRC1 and H3K27me3 in the genome over the course of differentiation. Thus, the addition of 

compaction and phase separation activity to Cbx7 has an impact on gene expression over the 

course of differentiation and may impair pluripotency through disruption of a poised chromatin 

state in ES cells. 

 

RESULTS 

Generation of Cbx7 mutant cell lines 

To investigate the impact a Cbx7 protein capable of chromatin compaction and phase separation 

would have on pluripotency, we created an embryonic stem (ES) cell line with the Cbx2 CaPS1 

domain inserted into the endogenous Cbx7 locus using the CRISPR-RNP system (Kim et al., 

2014). We chose the CaPS1 region because though it is half the size of the CaPS2 region, our in 

vitro studies demonstrated that it was sufficient to confer compaction and phase separation 

activity on Cbx7. This would allow the introduction of these activities with minimal addition of 

Cbx2 regions. We targeted a guideRNA to the same insertion point as our in vitro constructs, at 

the end of the fourth exon of Cbx7. We used homology-directed repair to insert the CaPS 

sequence into the locus (Figure 3.1A). The resulting cell line will hereafter be referred to as 

Cbx7-CaPS. We also generated a heterozygous Cbx7-CaPS cell line, which is not shown here for 

simplicity but was tested in embryoid body formation as described below. 
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Figure 3.1: Schematic of Cbx7 mutant generation using CRISPR-RNP. (A) Schematic of 
the mouse Cbx7 locus, with arrows indicating cut points of the CRISPR system for the CaPS
insertion and for Cbx7 knockout. (B) Anti-Cbx7 Western blot of ES cell lines with indicated 
Cbx7 genome modifications from (A).
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To serve as controls for the Cbx7-CaPS line, we generated a Cbx7-mCaPS cell line as well as a 

Cbx7 knockout (Cbx7 KO) ES cell line. For Cbx7-mCaPS, we used the same CRISPR-RNP 

guides as in the Cbx7-CaPS line. We used CRISPR-RNP and NHEJ repair to create the Cbx7 

knockout ES cell line, targeting two different exons of Cbx7 in one transfection (Figure 3.1A). 

 

We established the identity of each mutant cell line by Sanger sequencing of the regions targeted 

by guideRNAs. To verify that the correct version of Cbx7 was being expressed at the protein 

level, we performed a Western blot against Cbx7. Both the Cbx7-CaPS and Cbx7-mCaPS lines 

had lost the smaller, wild-type Cbx7 band and instead had only a larger band representing the 

chimeric protein (Figure 3.1B). Though the actin loading control suggests unequal loading of 

samples, the Cbx7 Western signal seems reduced in the Cbx7-mCaPS line, reflecting a possible 

reduction in protein level for this chimera that should be considered. The Cbx7 knockout line 

showed an absence of any Cbx7 bands. This confirmed the success of our various modifications 

of Cbx7 at the protein level.  

 

Cbx7-CaPS ES cells are phenotypically similar to wild-type 

We characterized the Cbx7-CaPS ES cells to determine if they differed phenotypically from 

wild-type (WT) ES cells. We stained for alkaline phosphatase (AP) activity, which is a common 

marker for pluripotency in stem cells. Cbx7-CaPS ES cells show a positive AP stain result and 

appear morphologically normal in culture (Figure 3.2A). To determine whether Cbx7-CaPS ES 

cells exhibited any growth defects, we tracked their growth over a time course of three days. We 

saw no difference in the number of Cbx7-CaPS and WT cells grown in the same conditions. 

(Figure 3.2B).  
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Figure 3.2: Cbx7-CaPS ES cells phenotypically resemble WT. (A) Staining for pluripotency 
marker alkaline phosphatase (AP) in WT and Cbx7-CaPS ES cells. Pink cells represent a 
positive stain. (B) Growth of WT and Cbx7-CaPS ESCs over 72 hours. Data points represent 
number of cells counted every 24 hours after initial seeding. Error bars represent standard error 
(n=3). (C) Immunofluorescence of Cbx7 and Ring1b respectively in WT and Cbx7-CaPS ES 
cells, demonstrating nuclear localization and formation of PRC1 puncta in both cell lines.
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Figure 3.2 (Continued)
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Seeing no gross phenotypic or growth defects in Cbx7-CaPS ES cells, we investigated whether 

there were any observable molecular differences. We performed immunofluorescence (IF) 

against Cbx7 and Ring1b to see if distribution of the protein was altered with the presence of the 

CaPS domain. We noted that already in the WT cells, puncta containing Cbx7 were visible in the 

nucleus (Figure 3.2C). This may be due in part to the presence of another PRC1 subunit, Phc1, 

which contains an oligomerizing SAM domain that mediates long-range Polycomb domain 

interactions (Isono et al., 2013; Wani et al., 2016). Other studies have also demonstrated the 

presence of long-range Polycomb target interactions and large, compacted Polycomb domains 

within the context of ES cells (Denholtz et al., 2013; Joshi et al., 2015; Kundu et al., 2017; 

Schoenfelder et al., 2015). When we examined Cbx7 in the Cbx7-CaPS nucleus, we also 

observed the presence of puncta (Figure 3.2C). These puncta were not visually different from 

those in WT nuclei, but we have not yet studied whether they exhibit different characteristics 

beyond appearance. 

  

Since Cbx7 is an important repressive protein in ES cells, we studied whether the addition of the 

CaPS domain had any effect on gene expression in this context. A comparison of RNA-Seq in 

WT and Cbx7-CaPS ES cells showed almost no differences in gene expression (Figure 3.3A). 

The genes that did appear to show differential expression appeared to only do so in one outlying 

data point (Supplemental Table 1). Looking specifically at pluripotency-related genes established 

that these were expressed at similar levels in WT and Cbx7-CaPS ES cells (Figure 3.3B). These 

results confirm that Cbx7-CaPS ES cells express the expected markers of pluripotency, and do 

not differ phenotypically from their WT counterparts. 
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Figure 3.3: Cbx7-CaPS does not change gene expression in ES cells. (A) Differences in gene 
expression between Cbx7-CaPS and WT ES cells. Data represents EdgeR averages of 3 RNA-
Seq replicates. The X-axis represents expression level, and the Y-axis represents the difference 
between the two cell lines, with each point representing an individual gene. Significantly 
upregulated genes reflect FDR < 0.05 and are detailed in Supplementary Table 1 (B) IGV 
genome browser tracks of one replicate of RNA-Seq of the indicated pluripotency markers in 
ES cells.
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Cbx7-CaPS interacts with the same proteins as Cbx7 

To investigate whether Cbx7-CaPS interacts with proteins in a manner consistent with Cbx7, or 

whether the presence of a Cbx2 domain disrupts these protein interactions, we performed RIME 

(Mohammed et al., 2016). This is a crosslinked-IP protocol that allowed us to examine the 

protein interactions of endogenous Cbx7, Cbx2, and Cbx7-CaPS on chromatin. The protocol 

includes stringent washes that allow for noise reduction, and as a result the IgG control and 

experimental IPs showed high, non-specific enrichment only of highly abundant cellular proteins 

such as actin (Supplemental Table 2). As expected, we found that Cbx7 interacted with 

components of the PRC1 complex (Figure 3.4, Supplemental Table 2). We additionally found 

that Cbx7 interacted with PRC2 components, which was intriguing since these interactions did 

not appear to be maintained in Cbx2. We identified other potentially interesting proteins, 

including Hmces and Cdk2a, that were also only pulled down by Cbx7. When we performed the 

experiment with Cbx7-CaPS, we found that it interacted with the same proteins as Cbx7, 

suggesting that despite its chimeric nature its protein interaction profile in ES cells resembles 

that of Cbx7 more than that of Cbx2. 

 

Polycomb ChIP-Seq signal is altered in Cbx7-CaPS ES cells 

We investigated if there were any differences in PRC1 binding at Polycomb target loci in Cbx7-

CaPS ES cells. Prior work from our lab indicated that an increase in compaction activity in Cbx7 

could lead to changes in its binding on the genome. We have previously observed that in both ES 

cells and in 3T3 cells, Cbx2 cannot be expressed above a certain threshold, while a version of 

Cbx2 with impaired compaction and phase separation activity can be expressed at a higher level 

(Lau et al., 2017; Plys et al., 2019).  This suggests that the activities contained within the CaPS 
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IgG Cbx7 Rep 1 Cbx7 Rep 2 Cbx7-CaPS Cbx2

Unique Total Unique Total Unique Total Unique Total Unique Total

Phc1 0 0 6 8 11 30 8 11 4 7

Ring1b 0 0 4 5 2 2 2 4 3 4

Jarid2 0 0 7 9 18 35 9 11 4 5

Suz12 0 0 4 8 12 12 6 8 0 0

Ezh2 0 0 3 3 5 8 4 4 0 0

Eed 0 0 3 4 1 1 2 4 0 0

Mtf2 0 0 2 4 5 7 2 3 0 0

Csnk2a1 0 0 4 4 3 3 4 4 0 0

Hmces 0 0 3 3 2 2 1 1 0 0

Figure 3.4: Cbx7-CaPS interacts with the same proteins as wild-type Cbx7. Table 
showing peptide counts from crosslinked-IP followed by mass spectrometry (RIME) analysis 
for the indicated target proteins (IgG, Cbx7, Cbx7-CaPS, Cbx2) in ES cells. Shown are 
Polycomb group proteins and selected interactions unique to Cbx7 and Cbx7-CaPS. 
Complete RIME dataset is in Supplemental Table 2.
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domain of Cbx2 must be carefully titrated. We have not perceived a noticeable difference the 

protein level, so we might observe it at the level of chromatin binding. In vitro work from our lab 

has additionally demonstrated that when PRC1 compacts chromatin, it does so in a ratio of one 

PRC1 bound to three or four nucleosomes (Francis et al., 2004). Thus, we may expect to see a 

lower stoichiometry of Cbx7 bound to chromatin when it is capable of compaction, represented 

by reduced ChIP-seq signal. 

 

In normalized ChIP-Seq we did see that Cbx7 and Ring1b signals were reduced across all PRC1 

target loci (Figure 3.5A,B,C). However, both proteins were present at the same loci as in WT 

cells, suggesting there was no misregulation of targeting. On the other hand, we were intrigued to 

find that H3K27me3, the mark catalyzed by PRC2, displayed modestly but consistently higher 

ChIP-Seq signal in Cbx7-CaPS cells across PRC1 target loci (Figure 3.5A,B,C). This notably 

contrasts with previous data indicating that reduction of Cbx7 binding at ES cell target loci leads 

to a reduction in H3K27me3 in the context of a knockdown (Morey et al., 2012). Though 

unexpected, this is consistent with in vitro data showing that the methylation activity of PRC2 is 

enhanced when nucleosomes are more densely arranged (Yuan et al., 2012). Despite the increase 

in H3K27me3, however, PRC2 binding itself as represented by Suz12 ChIP-Seq signal appeared 

reduced (Figure 3.5A,C). This results in the unexpected finding that although PRC1 and PRC2 

ChIP-Seq signal are both reduced in the presence of Cbx7-CaPS, H3K27me3 signal is slightly 

elevated, and Polycomb-mediated repression is completely maintained (Figure 3.3).  

 

To ensure the results we were seeing were not simply because of technical issues related to 

ChIP-Seq, we performed CUT&RUN on Ring1b and H3K27me3 in ES cells. This allowed us to 
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Figure 3.5: Cbx7-CaPS binds to PRC1 target loci but displays altered stoichiometry.
(A) Heatmaps and associated metagene plots of Ring1b, Cbx7 (or Cbx7-CaPS), H3K27me3, 
and Suz12 ChIP-Seq signal in indicated ES cell types. The data for each target protein was 
generated from ChIP-Seq experiments performed at the same time for each respective cell 
type, and was normalized to a spike-in and filtered to confident peaks. Each line of the 
heatmap represents a called ChIP-Seq peak, sorted from highest to lowest signal in WT. (B) 
Venn diagrams showing overlap of ChIP-Seq target genes in WT (green) and Cbx7-CaPS 
(purple) ES cells. Venn diagrams were generated from the same data as in (A). (C) IGV 
genome browser view of ChIP-Seq signal against indicated proteins at the HoxB locus in 
WT and Cbx7-CaPS ES cells. (D) Heatmaps of Ring1b and H3K27me3 CUT&RUN signal 
in WT and Cbx7-CaPS ES cells. Data was generated as described in (A), but samples were 
normalized to total reads. (E) IGV genome browser view of PRC1 ChIP-Seq signal at the 
HoxA locus in WT, Cbx7-CaPS, and Cbx7 KO ES cells.
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Figure 3.5 (Continued)
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investigate protein localization without relying on crosslinking or sonication. We once again saw 

reduced levels of Ring1b and an increase at H3K27me3 across Polycomb target loci, confirming 

our ChIP-Seq results (Figure 3.5D). 

 

The reduction in PRC1 ChIP-Seq signal in Cbx7-CaPS ES cells emphasized the importance of 

the Cbx7 KO cell line as a control for loss of Cbx7 function. As expected, the Cbx7 KO line 

showed no signal in Cbx7 ChIP-Seq (Figure 3.5A,E). It also showed a reduction in Ring1b 

binding, which is expected since Cbx7 is the main PRC1 Cbx subunit in ES cells and has been 

previously reported (Morey et al., 2012). The reduced binding of PRC1 in this cell line 

contributes an important and relevant genetic control for our gain-of-function studies. 

 

Embryoid bodies formed with Cbx7-CaPS exhibit differentiation defects 

Our hypothesis was that Cbx7-CaPS would impair the ability of ES cells to properly exit their 

pluripotent state and differentiate. To test this, we performed a non-directed differentiation time 

course by allowing the ES cells to form embryoid bodies (EBs). We formed EBs by allowing ES 

cells to aggregate in hanging drops for 4 days in LIF-free media, followed by up to 6 days of 

continued growth in suspension. We found that Cbx7-CaPS ES cells could differentiate into 

embryoid bodies, but they experienced defects during the process (Figure 3.6A). This can be 

seen through the sizes of the EBs themselves; Cbx7-CaPS EBs were significantly smaller over 

the entire differentiation time course than their WT counterparts (Figure 3.6B). This was also 

true for the Cbx7-CaPS heterozygote (data not shown). In the Cbx7-mCaPS control line, EBs 

started smaller than their WT counterparts, but were also significantly larger than Cbx7-CaPS 
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Figure 3.6: Embryoid bodies formed with Cbx7-CaPS show defects. (A) Representative 
images of embryoid bodies (EBs) over differentiation time course for each indicated cell line. 
(B) Embryoid body sizes over differentiation time course, as measured from images as in (A) 
using ImageJ software. Data was collected from 3 or more separate differentiation time courses 
for each cell line, and represents at least 40 individual EB sizes per condition (* p < .05; *** p 
< .001). (C) Number of beating clusters in indicated cell lines during EB formation, determined 
by growing individual EBs in separate wells of 24-well plates. Error bars represent standard 
error (n=3). 
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Figure 3.6 (Continued)

0

10

20

30

40

50

60

70

80

12 13 14

WT CaPS mCaPS KO

Day:

Pe
rc
en
t w

el
ls 
w
ith

 b
ea
tin

g 
clu

st
er
s Beating Clusters

*

*

*
p=.055

C

80



 

EBs across differentiation. Cbx7 KO embryoid bodies, on the other hand, were significantly 

smaller than all other cell lines over the entire time course.  

 

During differentiation, EBs contain contracting clusters of cells, resembling a beating heart, as 

cardiac precursor cells begin to develop. We quantified the number of beating clusters that 

developed in the different cell lines as another measure of successful EB formation. We found 

that Cbx7-CaPS EBs form significantly fewer beating clusters than their WT counterparts 

(Figure 3.6C), while Cbx7-CaPS heterozygotes show an intermediate phenotype (data not 

shown). Similar to what we observed with EB size, Cbx7-mCaPS EBs show a delay in beating 

cluster formation when compared to WT, but over time they also exceed the number formed in 

Cbx7-CaPS EBs. Cbx7 KO EBs are also impaired in beating cluster formation. This suggests 

that Cbx7-CaPS and Cbx7 KO cells are not differentiating properly, and while Cbx7-mCaPS 

differentiation may be somewhat impaired, it shows a similar ability to form EBs as WT. The 

beating cluster and EB size data together shows that the impairment seen in Cbx7-CaPS cells is 

specific to its gain-of-function. 

 

Cbx7-CaPS embryoid bodies resist changes in gene expression 

Since the role of PRC1 is to regulate gene expression during development, we investigated how 

the regulation of target genes was impacted over differentiation by the presence of Cbx7-CaPS. 

As mentioned above, Cbx7-CaPS ES cells do not show significant changes in gene expression 

when compared to WT. However, RNA-Seq at day 6 and at day 10 of EB formation indicated 

that Cbx7-CaPS cells showed differences in gene expression compared to WT (Figure 3.7A).  
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Figure 3.7: PRC1 targets resist changes in gene expression during embryoid body 
formation. (A) Differences in gene expression between Cbx7-CaPS and WT embryoid bodies. 
Data represents EdgeR averages of 3 RNA-Seq replicates. The X-axis represents expression 
level, and the Y-axis represents the difference between the two cell lines, with each point 
representing an individual gene. Significantly changed genes reflect FDR < .05. (B) Heatmaps 
showing log2(fold-change) of PRC1 target genes over the course of embryoid body formation. 
Only PRC1 targets that changed expression more than 2-fold with FDR < .05 in WT or Cbx7-
CaPS cell lines are shown. Supervised clusters were generated by comparing log2(fold-change) 
for a given gene in Cbx7-CaPS differentiation to its change in WT differentiation. To identify 
genes that were differentially regulated over time, the cutoff for up- or down-regulation was 
made less stringent for each cluster to minimize artificial differences between cell lines. (C) 
Percentage of genes from (B) that showed similar, greater, or reduced changes in gene 
expression in Cbx7-CaPS embryoid bodies compared to WT. 
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To further understand how Cbx7-CaPS impacted gene regulation during development, we 

examined how the changes in gene expression related to expected changes over the course of EB 

formation. We broke the differentiation time course into two parts: day 0 to day 6, and day 6 to 

day 10. As expected, in WT cells we saw both up- and down-regulation of over 1,200 Polycomb 

target genes, as defined by our ES cell Ring1b ChIP-Seq, over both intervals as cells committed 

to different lineages (Figure 3.7B). In Cbx7-CaPS cells, however, we observed a resistance to 

change across hundreds of these target genes. While Cbx7-CaPS EBs also contained genes that 

showed changes that were more dynamic than in WT cells during differentiation, this proportion 

of genes was smaller than both genes that were similarly regulated between the two cell lines and 

genes that were resistant to change in the Cbx7-CaPS line (Figure 3.7C).  

 

Similar analysis of the Cbx7-mCaPS cell line over EB formation showed that it not did have the 

same resistance to changes in gene expression as the Cbx7-CaPS cells (Figure 3.7B). Cbx7-

mCaPS EBs did show some defects in early upregulation of PRC1 target genes, which correlates 

well with the observed phenotypic defects early in Cbx7-mCaPS EB formation (Figure 3.6B,C). 

However, these differences do not mirror those of Cbx7-CaPS, and later in differentiation Cbx7-

mCaPS embryoid bodies mimic the regulation patterns of WT EBs. The Cbx7 KO embryoid 

bodies also show a different gene regulation pattern from the Cbx7-CaPS line. The results from 

these control lines indicate that the patterns of resistance to gene expression changes are specific 

to the gain-of-function Cbx7-CaPS protein and are not due to a general perturbation of Cbx7 

function in stem cells. 
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We performed CUT&RUN in Day 10 EBs to see if this difference in gene expression was 

associated with a difference in PRC1 binding. We found no significant differences in Ring1b 

occupancy between WT and Cbx7-CaPS EBs (Figure 3.8A,B). This indicates that even though 

PRC1 is occupying the same genomic locations in both EBs and in ES cells, it is having a 

different effect on gene expression during differentiation. It is worth noting, however, that EBs 

are inherently heterogeneous, reflecting cell types corresponding to all three germ layers. It is 

therefore possible that we simply do not have the resolution to observe any differences in 

CUT&RUN signal in the bulk population. 

 

Neural lineage genes are not activated in Cbx7-CaPS neural progenitors 

We investigated whether Cbx7-CaPS would also impair development in a directed differentiation 

system. We differentiated cells down a neuronal lineage according to established protocols, 

which in brief involves allowing EBs to form for 4 days, followed by the addition of retinoic acid 

for 4 days to form neural progenitor cells (NPCs) (Bibel et al., 2007). Both WT and Cbx7-CaPS 

ES cells formed NPCs in this system, which no obvious phenotypic differences.  

 

At the gene expression level, however, Cbx7-CaPS cells again showed misregulation of 

developmental genes as they progressed down a differentiation time course (Figure 3.9A). We 

analyzed changes in gene expression over time in neural progenitors as we had in embryoid 

bodies. We found that in this system, Cbx7-CaPS NPCs also showed reduced activation and 

repression of target genes, similar to what we observed in EBs (Figure 3.9B). In this instance, a 

greater proportion of genes were regulated properly, but once again most differences in gene 

regulation were due to resistance to changes in expression in Cbx7-CaPS cells (Figure 3.9C). 
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Figure 3.8: PRC1 localization is unchanged in Cbx7-CaPS embryoid bodies. (A) Venn 
diagram showing overlap of Ring1b target genes as determined by Ring1b CUT&RUN in WT 
(green) and Cbx7-CaPS (purple) day 10 embryoid bodies.  (B) Metagene plot for Ring1b 
CUT&RUN signal in WT and Cbx7-CaPS day 10 embryoid bodies. Lines represent average 
signal across all peaks for each cell line. Signal was normalized to total reads.
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Figure 3.9: Cbx7-CaPS disrupts gene expression in neural progenitor cells. (A) Differences 
in gene expression between Cbx7-CaPS and WT cells over neural progenitor formation. (B) 
Heatmaps showing log2(fold-change) of PRC1 target genes over the course of neural progenitor 
formation. Only PRC1 targets that changed expression more than 2-fold with an FDR < .05 in 
WT or Cbx7-CaPS cell lines are shown. Supervised clusters were generated by comparing 
log2(fold-change) for a given gene in Cbx7-CaPS differentiation to its change in WT 
differentiation. To identify genes that were differentially regulated over time, the cutoff for up-
or down-regulation was made less stringent for each cluster to minimize artificial differences 
between cell lines. (C) Percentage of genes from (B) that showed similar, greater, or reduced 
changes in gene expression in CaPS NPCs compared to WT. D) Top five EnrichR gene 
ontology terms for misregulated genes in day 6 Cbx7-CaPS neural progenitors.

88



Gene expression in Cbx7-CaPS vs. WT

lo
g2
(fo

ld
 ch

an
ge
)

Avg. log(counts per million)

Upregulated in CaPS

Downregulated in CaPS

Not differentially expressed

A

Day 0

Day 6

Day 8

Figure 3.9 (Continued)

89



log2(FC), Day 6 to Day 8
1,090 genes

WT CaPS mCaPS KO

log2(FC), Day 0 to Day 6
2,107 genes

WT CaPS mCaPS KO

0%

20%

40%

60%

80%

100%

0%

20%

40%

60%

80%

100%

Greater fold-change in CaPS

Lower fold-change in CaPS

Similar fold-change in WT and CaPS

Downregulated
Genes

Da
y 0
 to
 D
ay
 6

Da
y 6
 to
 D
ay
 8

Upregulated
Genes

Da
y 0
 to
 D
ay
 6

Da
y 6
 to
 D
ay
 8

B

C

Figure 3.9 (Continued)

More up/down-regulated in CaPS

Similarly upregulated in CaPS

Less upregulated in CaPS

Less downregulated in CaPS

Similarly downregulated in CaPS

90



D

Figure 3.9 (Continued)

91



 

 

In this instance, at both day 6 and day 8 of differentiation Cbx7-CaPS neural progenitors showed 

lower expression of genes associated with neural differentiation, and higher expression of genes 

associated with alternate lineages than WT NPCs, as determined by gene ontology (GO) analysis 

(Figure 3.9D). This matches the GO terms for genes that resist upregulation in Cbx7-CaPS 

NPCs. This pattern is consistent with Cbx7-CaPS ES cells failing to commit to a new cellular 

identity, even when directed down a specific lineage. 

 

Misregulation of genes in neural progenitors is correlated with PRC1 binding 

We investigated the binding status of PRC1 in NPCs by ChIP-Seq for Cbx7 and Ring1b. Over 

the course of differentiation, Cbx7 ChIP-Seq signal was too low to compare peaks between the 

cell lines. Analysis of Ring1b peaks, however, showed that unlike in ES cells or in embryoid 

bodies, PRC1 showed different binding patterns in WT and Cbx7-CaPS lines. We studied the 

differences in Ring1b localization in NPCs to determine if they correlated with the observed 

changes in gene expression in Cbx7-CaPS cells. If these changes in gene expression are due to 

PRC1, Ring1b should be enriched in Cbx7-CaPS NPCs compared to WT on genes that show 

lower relative expression. It should show the reverse pattern at genes that show lower expression 

in WT NPCs than in Cbx-CaPS cells. 

 

While in ES cells, Ring1b was localized to the same regions at universally lower levels in the 

Cbx7-CaPS line, this pattern evolved through NPC formation. In day 6 NPCs, Ring1b peaks 

were no longer skewed toward being larger in WT cells. Instead, most peaks were the same size 

in WT and Cbx7-CaPS cells, and some peaks were even more enriched for Ring1b in Cbx7-
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CaPS (Figure 3.10A). This trend continued through day 8 of differentiation. Gene ontology (GO) 

analysis of these differentially bound genes showed that the binding of Ring1b correlated with 

differential gene expression between the two lines. Genes with more Ring1b in Cbx7-CaPS were 

enriched for GO terms related to neural differentiation, which are the same terms represented in 

genes showing lower expression in Cbx7-CaPS NPCs (Figure 3.10B, Figure 3.9B). Genes 

enriched in Ring1b in WT cells showed the opposite pattern, with enrichment on genes related to 

development of alternate lineages. This shows a correlation between the patterns of Polycomb 

occupancy and misregulation of gene expression, supporting the idea that this misregulation is 

Polycomb dependent. 

 

DISCUSSION 

In this chapter, we demonstrate that adding Polycomb-mediated chromatin compaction and phase 

separation activities to embryonic stem cells has a biological impact on differentiation and gene 

regulation. When Cbx7 can compact chromatin and phase separate, embryonic stem cells are 

impaired in their ability to transition in to new, lineage-committed cell identities. Over the course 

of differentiation, Polycomb targets resist both activation and more complete repression. 

 

Previous work from our lab has shown that mice with a CaPS-deficient Cbx2 show skeletal 

transformations that phenocopy the Cbx2 knockout mice, demonstrating the importance of 

compaction and phase separation in Polycomb repression (Lau et al, 2017). However, this work 

extends our understanding of Polycomb-mediated repression by demonstrating that these 

activities are not only not always necessary, but can at times even be detrimental to proper 

development.  
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Figure 3.10: PRC1 redistribution is impaired in Cbx7-CaPS neural progenitors. (A) Plots 
comparing Ring1b ChIP-Seq signal at peaks in WT vs. Cbx7-CaPS cells across a neural 
progenitor formation time course. Axes represent ChIP-Seq signal intensity (tags per ten 
million bp) in each cell type. Each point represents an individual peak. (B) EnrichR GO terms 
for genes from (A) showing 2-fold enrichment of Ring1b signal in WT or Cbx7-CaPS NPCs.
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By creating a compaction-capable Cbx7, we have targeted chromatin compaction and phase 

separation activity to specific genes. In doing so, we have been able to show the direct effects 

that these activities have on the genes to which they are bound. Specifically, we show that the 

presence of these activities restricts the ability of target genes to change their expression status. 

The ability of Cbx7-CaPS to lock target genes into their current expression states, even upon 

receiving differentiation cues, is consistent with an important and direct role of these functions in 

the maintenance of a particular chromatin state (Figure 3.11). 

 

While the Cbx7 KO cell line showed some differences in embryoid body phenotypes and gene 

expression compared to WT, it is worth noting that Cbx7 KO mice are viable, though they are 

larger than their WT counterparts (Forzati et al., 2012). The lack of embryonic lethality in the 

Cbx7 KO mouse suggests that Cbx7 itself may not be necessary for embryonic development and 

early differentiation within the organism. It may be the case that in this context, the presence of 

low levels of other Cbx proteins may be able to compensate in the early embryonic PRC1 

complex. Recent work in ES cells has also shown that ncPRC1 appears to contribute more 

directly to repression and Polycomb recruitment in the stem cell state, providing a possible 

reason why a reduction of cPRC1 binding may not be as deleterious in the earliest stages of 

development (Fursova et al., 2019; Tamburri et al., 2020). However, the fact that Cbx7 KO mice 

can develop mostly normally does not mean that Cbx7-CaPS mice would be able to. Our RNA-

seq and phenotypic data here demonstrate that the two mutations have different effects on 

differentiation. The argument we present here is not that Cbx7 itself must necessarily be present 

for development, but that increasing the compaction and phase separation activity of cPRC1 in 

stem cells may be detrimental to this process. Perhaps WT Cbx7 plays a helpful but sometimes 
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unnecessary role in embryonic development, but the presence of a compaction-capable homolog 

at its targets could still be harmful in development and differentiation. 

 

In showing the negative impact Cbx7-CaPS has on the ability of ES cells to differentiate, we 

demonstrate why PRC1 may incorporate a Cbx protein that normally does not compact 

chromatin and phase separate. The presence of these activities within the ES cell PRC1 complex 

led to resistance to changes in gene expression that ultimately impaired pluripotency. This makes 

a compelling argument for the specific utility of Cbx7 in differentiation; it can contribute to a 

chromatin environment that is poised for change while still mostly repressing its targets. By 

creating a less permissive chromatin environment in a targeted fashion, we provide a new layer 

evidence in support of the importance of a poised chromatin state in stem cells.  
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MATERIALS AND METHODS 

Cell Culture and Differentiation 

J1 mouse ES cells were cultured on 1% gelatin with PMEF-N feeder mouse embryonic 

fibroblasts (MEFs) (EMD Millipore) in DMEM media supplemented with 15% HyClone FBS 

(GE Healthcare), GlutaMax, penicillin/streptomycin, non-essential amino acids, 1000U/mL 

Leukemia Inhibitory Factor (LIF), and 2-b-mercaptoethanol. To test for alkaline phosphatase 

activity, ES cells were stained two days after passaging. Staining was performed according to 

manufacturer instructions using Stemgent® Alkaline Phosphatase Staining Kit II (Reprocell). 

For cellular growth assays, 3x105 ES cells were seeded per well in 6-well plates on feeder cells. 

Cells were dissociated from individual wells 24-, 48-, and 72-hours after initial plating and 

counted using an automated cell counter (Bio-Rad). 

 

Neural progenitors were formed as previously described (Bibel et al., 2007). To form embryoid 

bodies, embryonic stem cells were de-MEFed, and resuspended in differentiation media (IMDM 

supplemented with 15% HyClone FBS, GlutaMax, and penicillin/streptomycin) at a 

concentration of 8,400 cells/mL. Drops were set at 50µL per drop on the bottom of a non-

adherent tissue culture plate, and plates were turned upside down. After 4 days, embryoid bodies 

were pooled together and grown in suspension in non-adherent plates, changing media every 

day. EBs were collected for analysis on days 6 and 10 of differentiation. EBs were imaged using 

an Axio Zoom microscope (Zeiss) at 50x magnification. EB size was determined by measuring 

the area of individual EBs from these images using ImageJ. For the beating heart assay, on day 4 

of differentiation, one drop each containing an embryoid body was placed in the wells of 24-well 
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plates coated with 0.2% gelatin. Media was changed daily, and beating clusters were counted on 

days 12, 13, and 14 of differentiation. 

 

CRISPR generation of cell lines 

CRISPR gRNA for CaPS knock-in was designed by identifying the closest PAM sequence to the 

intended insertion site, as previously described (Ran et al., 2013). CRISPR gRNAs for Cbx7 

knock-out cell lines were generated using predesigned guide RNAs from IDT, selecting the two 

highest-ranking guides from two different exons. Alt-R® gRNAs were ordered from IDT, along 

with universal tracrRNA. A donor plasmid was used for homology-directed repair (HDR) for 

Cbx7-CaPS knock-in cloning. The plasmid was assembled by Gibson cloning into a pMAX-

Cloning (Amaxa) backbone that was linearized by PCR. The CaPS insert was amplified from the 

pFastBac-Cbx7-CaPS1 plasmid. Homology arms of 900bp were ordered as gBlock Gene 

Fragments from IDT.  

 

To assemble the CRISPR-RNP complex (Kim et al., 2014), 10µL each of 200µM gRNA and 

tracrRNA were hybridized by gradual cooling from 95°C. 5µL of hybridized RNA was added to 

50µg of Cas9 protein and incubated at room temperature for 25 minutes. Before transfection, 

100ng linear puromycin marker and 1µg HDR donor plasmid (where necessary) were added to 

the solution. During CRISPR-RNP complex assembly, J1 ES cells were de-MEFed. ES cells 

were collected by centrifugation, and 1x106 cells per transfection were resuspended in 100µL 

Mouse ES Cell Nucleofector® Solution (Amaxa) with CRISPR-RNP solution. Cells were 

nucleofected using Amaxa Nucleofector® II program A-30 and plated on puromycin-resistant 

DR4 MEFs (Fischer Scientific). Cells were selected using 1µg/mL puromycin for two days, then 

100



 

grown in ES cell media. Individual clones were picked, dissociated with Trypsin, and plated into 

individual wells of 24-well plates seeded with MEFs. Clones were screened for CaPS insertion 

using PCR, and confirmed using Sanger sequencing and Western blot. Cbx7 knock-out clones 

were screened by Western blot and confirmed by next-generation amplicon sequencing. 

 

Protein extraction and Western blotting 

For Western blot analysis, proteins were extracted from nuclei. ES cells were resuspended in 

5mL buffer containing 15mM Tris-HCl pH 8.0, 15mM NaCl, 60mM KCl, 1mM EDTA pH 8.0, 

0.5mM EGTA, 0.5mM spermidine, 0.3mM spermine, 1mM DTT, and Protease Inhibitor 

Complex (PIC) (Roche). To lyse cells, 5mL of the same buffer but with 0.08% NP-40 was added 

dropwise and the solution was mixed by inversion and incubated on ice for 10 minutes. Nuclei 

were collected by centrifugation, counted, and washed once in the original resuspension buffer. 

Nuclei were resuspended in protein extraction buffer (50mM Tris-HCl pH 7.5, 300mM NaCl, 

0.5mM EDTA pH 8.0, 1% Triton X-100, PIC, 1mM DTT) at a volume of 20µL buffer per 106 

nuclei and incubated on ice for 5 minutes. Extracts were centrifuged at 12,000g for 10 min at 

4°C and supernatant was collected for Western blot analysis. 

 

For Western analysis, Laemmli buffer was added to 1x to nuclear extracts and samples were 

boiled for 10 minutes. Samples were separated on a 4-20% polyacrylamide gel (Bio-Rad), 

transferred to a PVDF membrane (EMD Millipore), and blotted for Cbx7 and actin using 

antibodies listed below. Western blots were imaged on an Amersham Imager 680 (GE 

Healthcare). 

 

101



 

Immunofluorescence 

ES cells were seeded on glass coverslips with gelatin in 12-well plates overnight. Coverslips 

were washed in wells with PBS, then fixed with 4.0% paraformaldehyde for 10 minutes at room 

temperature. Coverslips were washed once with PBS, then permeabilized with 0.2% Triton X-

100/PBS. Cells were blocked with incubation solution (3% Bovine Serum Albumin (BSA) 

(Sigma) in 0.05% Triton X-100/PBS) for 1 hour at room temperature. Coverslips were incubated 

with primary antibody in incubation solution overnight at 4°C, washed 3x10 minutes with 0.05% 

Triton X-100/PBS, and incubated in the dark with secondary antibody in incubation solution for 

2 hours at room temperature. Coverslips were washed, shielded form light, 3x10 minutes with 

0.05% Triton X-100/PBS, followed by a short PBS wash and a short wash with ddH2O. 

Coverslips were mounted on slides with Vectashield® mounting media containing DAPI (Vector 

Laboratories). Cells were imaged with a Nikon 90i Eclipse epifluorescence microscope equipped 

with an Orca ER camera (Hamamatsu) using a 100X oil objective and Volocity software 

(PerkinElmer). Images in figures were prepared using Fiji software. 

 

RIME 

RIME was performed on ~108 frozen, crosslinked embryonic stem cells as previously described 

(Mohammed et al., 2016), with the following modifications. Chromatin was sonicated using a 

QSonica Q800R3 Sonicator before incubation with antibody-bound protein G Dynabeads 

(Invitrogen). After wash steps, beads were boiled in 2x Laemmli buffer for 10 minutes, and the 

supernatant was loaded onto a 4-20% polyacrylamide gel (Bio-Rad). The protein gel was stained 

with Coomassie, and lanes were cut into four segments each for mass spectrometry analysis. In-
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gel digestion, micro-capillary LC/MS/MS analysis, protein database search and data analysis 

were performed by the Taplin Mass Spectrometry Facility at Harvard Medical School. 

 

RNA-Seq 

ES cells were de-MEFed before collection for RNA-Seq. RNA was isolated from pelleted cells 

according to manufacturer instructions using the PureLinkTM RNA Mini Kit (Invitrogen). 

Samples were subsequently treated with DNase using the TURBO DNA-freeTM Kit (Invitrogen). 

Ribosomal RNA was depleted using NEBNext® rRNA Depletion Kit (New England Biolabs), 

and cDNA was generated using NEBNext® Ultra II Directional RNA First and Second Strand 

Synthesis Modules (New England Biolabs). Sequencing libraries were prepared as previously 

described (Bowman et al., 2013). 

 

To analyze RNA-Seq data, adapter sequences were removed from reads using Cutadapt v1.14 

with “--minimum-length 30” (Martin, 2011). Reads were aligned to the mm10 genome using 

STAR v2.7.0f (Dobin et al., 2013). Files were converted to BAM format using Samtools v1.9 (Li 

et al., 2009). Tag directories and bigwig files were generated using HOMER v4.10 (Heinz et al., 

2010). Reads were counted using featureCounts (Liao et al., 2014). Differentially expressed 

genes were determined using the edgeR package in R Studio (Robinson et al., 2010).  

 

Figures were generated in RStudio using data generated from edgeR analysis. Genes were 

filtered to PRC1 targets using Ring1b ChIP-Seq peaks (see below). For changes in gene 

expression over time, genes were considered up- or down-regulated if they showed an FDR < .05 

and at least 2-fold change in expression over time. Supervised heatmap clusters were generated 
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by using increasingly stringent cutoffs, from 2-fold to 6-fold changes in gene expression over 

time. Clusters were designed to address whether gene expression changes over time were similar, 

greater, or reduced in Cbx7-CaPS compared to WT cells. To identify genes that were 

differentially regulated over time, the cutoff for up- or down-regulation was made less stringent 

for each cluster to minimize artificial differences between cell lines. For example, genes that 

were 2-fold upregulated in WT were considered upregulated in CaPS if they changed expression 

at least 1.5-fold, and genes that were 4-fold upregulated in WT were considered similarly 

upregulated in CaPS if they changed expression at least 3-fold. Gene ontology analysis was 

performed on differentially regulated genes using the “GO_Biological_Process_2018” database 

in enrichR in R Studio (Chen et al., 2013; Kuleshov et al., 2016). 

 

ChIP-Seq 

Ten to twenty million harvested cells were crosslinked in 1% formaldehyde-PBS for 10 minutes 

at room temperature. Crosslinking was quenched with glycine, and cells were pelleted by 

centrifugation at 4°C and washed once in cold PBS. Cells were resuspended in cold lysis buffer 

(50mM Tris-HCl pH 8.1, 10mM EDTA pH 8.0, 1% SDS, PIC, 1mM DTT) and incubated for 10 

minutes on ice prior to sonication using a QSonica Q800R3 Sonicator. Insoluble chromatin was 

pelleted by centrifugation, and supernatant was diluted 1:10 with IP Dilution Buffer (20mM Tris-

HCl pH 8.1, 150mM NaCl, 2mM EDTA pH 8.0, 0.1% Triton X-100, PIC, 1mM DTT). 

Sonicated Drosophila chromatin was added at a known ratio to experimental chromatin to serve 

as a spike-in as previously described (Egan et al., 2016). Triton X-100 was added to a final 

concentration of 1%, input was collected and diluted to 200µL, and chromatin was added to 

Protein A Dyanbeads (Invitrogen) that had been previously incubated with experimental and 
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spike-in antibodies. Samples were rotated at 4°C overnight. Beads were washed with IP Dilution 

Buffer with 1% Triton X-100, followed by Wash Buffer A (50mM HEPES pH 7.9, 500mM 

NaCl, 1mM EDTA pH 8.0, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS, PIC, DTT), 

followed by Wash Buffer B (20mM Tris-HCl pH 8.0, 250mM LiCl, 1mM EDTA pH 8.0, 0.1% 

Na-deoxycholate, 1% Igepal, PIC, DTT), followed by a quick TE wash. Beads were incubated at 

37°C in 200µL Extraction Buffer (1% SDS, 0.1M NaHCO3) for 15 minutes with shaking. 

Supernatant was collected, and 12µL 2M TrisHCl, 2µL RNase A (500µg/mL, Roche), and 12µL 

5M NaCl were added to ChIP samples and inputs. Crosslinks were reversed overnight at 65°C, 

followed by 1 hour incubation at 55°C with Proteinase K. DNA was isolated by 

phenol:chloroform extraction and ethanol precipitation. Sequencing libraries were prepared as 

previously described (Bowman et al., 2013). 

 

To analyze ChIP-Seq data, adapter sequences were removed from reads using Cutadapt v1.14 

with “--minimum-length 30” (Martin, 2011). Reads were aligned to the mm10 and dm6 genomes 

using Bowtie 2 v.2.3.4.3 with one mismatch permitted per seed, a maximum insert of 2kb, and 

the “--no-discordant” option specified (Langmead and Salzberg, 2012). Files were converted to 

BAM format and PCR duplicates were removed using Samtools v1.9 (Li et al., 2009). To 

normalize ChIP-Seq data, mm10 reads were randomly downsampled by a factor determined by 

the formula: 

 

!"#$%&'()*$+	-&./"0 = !0"%"(ℎ*)&	34&5%	*$	6$(7/
8"7%4	34&5%	*$	6$(7/ ∗ 8"7%4	34&5%	*$	6:

!0"%"(ℎ*)&	34&5%	*$	6: ∗ ; 
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where ; represents the number that results in the largest downsampling factor equaling 1. 

Including the ratio of Drosophila to mouse reads in the input was intended to account for minor 

variations in spike-in mixing. This normalization strategy has been previously described 

(Fursova et al., 2019; Hu et al., 2015). Reads were downsampled using Samtools, and tag 

directories and bigwig files were generated using HOMER v4.10 (Heinz et al., 2010). Peaks 

were called and annotated on normalized tag directories using HOMER by comparing to input, 

with “-style histone” and “-minDist 10000”. Confident peaks were identified by filtering to a 

minimum tags per ten million (RPTM) value based on enrichment of the peak over background 

in IGV browser view. This cutoff was generally near 10RPTM. 

 

All ChIP-Seq figures were generated from confident peaks as described above. Heatmaps were 

created using deepTools computeMatrix and plotHeatmap (Ramírez et al., 2016). Comparisons 

of tags at ChIP-Seq peaks were made in R Studio. Gene ontology analysis was performed on 

genes with 2-fold enriched ChIP-Seq signal in a given cell type using the 

“GO_Biological_Process_2018” database in enrichR in R Studio (Chen et al., 2013; Kuleshov et 

al., 2016). 

 

CUT&RUN 

CUT&RUN was performed as previously described, with described modifications for high-

calcium/low-salt conditions (Meers et al., 2019; Skene et al., 2018). Data analysis was performed 

as in ChIP-Seq. 
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Antibodies 

Antibody Species Source Usage 
Cbx7 Rabbit EMD Millipore 

(07-981) 
Western blot  
(1:2000) 

Actin Mouse Sigma 
(A2228) 

Western blot 
(1:5000) 

Cbx7 Rabbit Abcam 
(ab21873) 

RIME (10µg) 
ChIP-Seq (4µg) 

Cbx2 Rabbit Bethyl 
(A302-524A) 

RIME (10µg) 

IgG Rabbit Abcam 
(ab37415) 

RIME (10µg) 
CUT&RUN (1:100) 

Ring1b Rabbit CST 
(# 5694) 

ChIP-Seq (4µg) 
CUT&RUN (1:100) 

H3K27me3 Rabbit CST 
(# 9733) 

ChIP-Seq (4µg) 
CUT&RUN (1:100) 

Suz12 Rabbit CST 
(# 3737) 

ChIP-Seq (4µg) 

H2Av (Drosophila) Rabbit Active Motif 
(# 39715) 

ChIP-Seq Spike-In 
(2µg) 

 

Primers 

Product Forward Reverse Template 
Cbx7-CaPS HDR 5’ 
Homology Arm 

tatcgaattcgcaccttgtgg
acccacag 

tctgatgaaagaattcgatatc
aagcttatcgatccc 

5’ Homology Arm 
gBlock (IDT) 

Cbx7-CaPS HDR 3’ 
Homology Arm 

tgagcttggaggtacccccg
tgtgagca 

cgggggtacccttctgccttc
caagtgctg 

3’ Homology Arm 
gBlock (IDT) 

Cbx7-CaPS HDR insert gcttctgctgtccaagctcaa
ggaaccag 

tggttacctgtccaagctcaa
ggaaccag 

pFastBac-Cbx7-
CaPS 

Cbx7-mCaPS HDR 5’ 
Homology Arm 

tatcgaattcgcaccttgtgg
acccacag 

tctgatggcagaattcgatat
caagcttatcgatccc 

5’ Homology Arm 
gBlock (IDT) 

Cbx7-mCaPS HDR 
insert 

gcttctgctgtccaagctcaa
ggaaccag 

tggttacctgtgccatcagac
tggccag 

pFastBac-Cbx7-
mCaPS 

pMAX backbone aaggcagaagggtaccccc
gtgtgagca 

cacaaggtgcgaattcgatat
caagcttatcgatccc 

pMAX 
(Amaxa) 

CaPS CRISPR Insertion 
Screen 

ctgcagtgtgacttcgggca tgtgggcagttagaggggct Genomic DNA 

CaPS CRISPR Insertion 
Sanger Sequencing 

gcctttgcaagatcccttcta ctgctaccttcctcacacttc CaPS Genomic 
Amplicon 

Cbx7 KO Exon 1 
Genotype 

ctgaggccagaagccaatca ccgggcacatagctcaagaa Genomic DNA 

Cbx7 KO Exon 3 
Genotype 

gtctcctcgaaagtgagcgt gggttaaggagtagggcgtg Genomic DNA 
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guideRNAs 

Target Sequence 

Cbx7-CaPS insertion acctgcagcagaagccgcct 
 

Cbx7 KO (Exon 1) 
(IDT Mm.Cas9.CBX7.1.AC) 

tgtttgcggtggagagcatc 

Cbx7 KO (Exon 3) 
(IDT Mm.Cas9.CBX7.1.AA) 

tcgtaggccatgacaaggcg 
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Further refinement of the Cbx2 CaPS region 

In Chapter 2, we characterized a region of Cbx2 we named the CaPS (Compaction and Phase 

Separation) region, which was sufficient to confer chromatin compaction and phase separation 

activities on Cbx7, a related protein that is usually not able to perform these functions in vitro. 

Previous work in our lab demonstrated that the positively charged, intrinsically disordered part of 

this region is necessary for both of these activities in Cbx2 (Grau et al., 2011; Plys et al., 2019). 

Here, we showed that just the first half of this region was sufficient to confer these activities onto 

Cbx7, further narrowing the region of Cbx2 that is truly essential for these aspects of PRC1 

function. 

 

Future studies could further delineate the necessity of various parts of the CaPS region in 

compaction and phase separation. A particularly promising avenue for further study would be the 

serines contained in this region. The Cbx2 serine patch and active serine phosphorylation are 

necessary for full phase separation function of Cbx2 (Plys et al., 2019). We suspect that this is 

also true of Cbx7-CaPS, but we have not tested this directly. Purification of this protein from E. 

coli with and without CK2 to provide phosphorylation, as well as purification of a Cbx7 chimera 

that lacks the Cbx2 serine patch, would allow us to address the necessity of serine 

phosphorylation in this new, gain-of-function system.  

 

Though we know that serine phosphorylation and the serine patch are important in Cbx2-

mediated phase separation, we have not yet tested their necessity for chromatin compaction. 

Interestingly, interspersed negative charges within positively-charged intrinsically disordered 

domains were conserved across metazoan phylogeny in compaction-capable Polycomb proteins 
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(Beh et al., 2012). Previous work has shown that a Cbx2 truncation that started after the serine 

patch was less active in inhibition of SWI/SNF remodeling, but this construct also removed a 

large section of the Cbx2 low-complexity disordered region (Grau et al., 2011). Testing both 

Cbx2 and Cbx7-CaPS constructs with missing serine patches and without serine phosphorylation 

in compaction and inhibition of remodeling would further define the connection between these 

activities and phase separation. They may provide another level of evidence that these activities 

are inseparable by also impairing chromatin compaction. On the other hand, if chromatin 

compaction is still possible without the serine patch, this may provide a system in which to study 

the biological consequences of chromatin compaction when unpartnered from phase separation. 

A Cbx7 chimera capable of only chromatin compaction might aid in teasing apart the 

contributions of these individual activities in terms of repression and memory in stem cells.  

 

CaPS activity in non-Polycomb contexts 

In this study, we inserted the CaPS region into a protein that is very similar to Cbx2. We 

observed a gain-of-function in the resulting chimeras, but still do not know how the region would 

perform in compaction and phase separation in the context of an unrelated protein. The work that 

initially defined this region in chromatin compaction provided evidence that segments of this 

region may be able to inhibit chromatin remodeling independently of other Cbx2 domains (Grau 

et al., 2011). Cbx2 can also phase separate in vitro without its Pc box, but shows defects in phase 

separation in embryonic stem (ES) cells when its chromodomain is removed (Plys et al., 2019, 

Tatavosian et al., 2019). Further studies of Cbx2 mutants, perhaps in more differentiated cell 

lines, might further clarify what parts of this specific protein family are necessary for in vivo 

phase separation function.  
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If the CaPS region does not require additional Cbx features to compact and/or phase separate, it 

would be interesting to insert this region into a non-Cbx, or even non-repressive, protein. One 

could start with a Gal4-fusion and a reporter system to determine if the CaPS domain can effect 

repression of a target without the Pc-box to recruit the rest of PRC1. This might help reveal to 

what extent the CaPS domain is inherently repressive, and to what extent it may just aid in the 

concentration of interacting proteins to perform a repressive function. Similarly, by adding 

domains known to interact with other repressive factors or with activating factors, one could 

study to what extent the phase separation properties of the CaPS region could lead to different 

outcomes in transcriptional regulation. The results of this thesis suggest that the function of 

CaPS may be more complicated than just facilitating repression, and may instead tie more into 

maintenance of a specific chromatin state. By targeting it to a non-Polycomb locus, we could 

study the effect it has in a completely different system.  

 

Role of nucleosomes in phase separation 

An interesting finding that we did not further pursue in this work was the ability of nucleosomes 

to drive phase separation independently of other proteins. Other groups have also shown that 

nucleosomes can phase separate and influence the ability of proteins to phase separate. The 

Narlikar lab demonstrated that H3K9me3 precipitated more readily than unmethylated 

nucleosomes when incubated with Swi6 (Sanulli et al., 2019). They also found that Swi6 did not 

phase separate under tested conditions without the presence of nucleosome arrays, or at least 

DNA alone, suggesting nucleosomes provided an important source of interactions for phase 

separation. The Rosen lab also recently demonstrated that nucleosomal arrays can phase separate 
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independently of added proteins, and that properties of chromatin including the presence of 

histone H1 and nucleosome spacing can influence this activity (Gibson et al., 2019). 

Interestingly, they demonstrated that acetylation of histone tails can disrupt phase separation of 

chromatin, and that even phase separated droplets formed by proteins or peptides can be 

segregated based on histone acetylation status. These studies indicate there is a lot to be learned 

about how nucleosome variants and modifications and chromatin-associated proteins coordinate 

to form phase-separated structures, and how these structures interact with each other. This might 

be particularly interesting in the context of bivalent chromatin, which has seemingly antagonistic 

histone marks contained on the same nucleosomes (Shema et al., 2016). These modifications 

may influence compartmentalization, or the interactions of the various proteins that can or cannot 

drive phase separation of these loci. 

 

Polycomb-mediated memory of a bivalent chromatin state 

In Chapter 3, we demonstrated that adding compaction and phase separation activities to Cbx7 

impairs the ability of ES cells to differentiate. This was reflected phenotypically and at the level 

of gene expression, where PRC1 targets showed resistance to developmental changes in gene 

expression. In cases of both gene activation and gene repression, it appears that in Cbx7-CaPS 

cell differentiation many target genes are maintaining their current expression status across 

development.  

 

Our initial hypothesis predicted that genes might be refractory to activation if we reduced the 

accessibility of chromatin by adding these activities to Cbx7, and this was indeed the case for 

hundreds of PRC1 targets over the course of differentiation. However, we could learn more 
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about the mechanism by which PRC1 maintains gene repression by studying genes individually 

rather than as a population. Previous work has shown that bivalently marked genes in ES cells 

are efficiently activated upon the introduction of relevant transcription factors (Nishiyama et al., 

2009; Sharov et al., 2011). These studies have even identified networks of genes that are up- or 

down-regulated in response to the introduction to specific factors. It would be interesting to 

attempt similar experiments in the presence of Cbx7-CaPS, which we believe makes chromatin 

less permissive to perturbation. Observing the more targeted changes in gene expression in such 

a system could allow for further dissection of direct effects of Cbx7-CaPS on bivalent genes 

versus the indirect effects of impaired differentiation.  

 

Over the course of differentiation, some Polycomb targets are also more fully repressed 

compared to their expression level in ES cells. We also saw hundreds of genes resist changes in 

this direction in Cbx7-CaPS cells. While this pattern is consistent with a general failure of Cbx7-

CaPS ES cells to differentiate and adapt their current transcriptional program, the underlying 

mechanism is less intuitive than that underlying a resistance to activation. It may be more 

indirect, a general side effect of cells not differentiating efficiently. It may also involve a 

mechanism by which repressive proteins are inhibited from binding PRC1 loci the same way 

activating factors are, leading to the same maintenance of the existing, more permissive 

chromatin state. Similar to what was described above for activating factors, one could introduce 

repressive factors and more directly observe if they are able to reduce transcription of their 

targets in Cbx7-CaPS ES cells. 
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In neural progenitor differentiation, it seemed that Cbx7-CaPS-containing PRC1 itself showed 

less dynamic changes over the time course when compared to the wild-type complex. It would 

also be interesting to determine what factors other than PRC1 might be maintained at these genes 

that are contributing to a constant expression pattern over differentiation. In work not shown 

here, we have seen that H3K4me3 levels remain unchanged in Cbx7-CaPS ES cells. Studying 

whether this mark changes over the course of differentiation at bivalent genes may indicate 

whether there is in fact a delay in the resolution of a bivalent chromatin state. We have started 

such studies with PRC1, but including histone modifications such H3K27me3 and H3K4me3 

moving forward might provide insights into the changing chromatin landscape. 

 

Active introduction of permissive chromatin 

The poised chromatin state to which Cbx7 contributes appears to play a role in pluripotency, as 

evidenced by the failures in differentiation upon its disruption by Cbx7-CaPS. This is consistent 

with the idea that permissive chromatin aids in transitions in cell state. There is also evidence 

that this is true in synthetic cell-state transitions, such as in reprogramming (Jullien et al., 2017; 

King and Klose, 2017; Taberlay et al., 2011).  

 

There is not evidence to suggest that Cbx7 could actively promote a permissive chromatin state. 

However, it has been demonstrated in vitro that the Cbx7 chromodomain has higher affinity for 

H3K27me3 than those of the other Cbx proteins (Bernstein et al., 2006). If this were enough for 

overexpressed Cbx7 to displace other Cbx proteins in a committed cell type, perhaps it could 

passively allow for a more permissive chromatin state. If so, this might aid in reprogramming or 

transdifferentiation. This could be studied by investigating the reprogramming efficiency of 
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committed cell types in the presence and absence of Cbx7. Using Cbx7-CaPS as an additional 

point of comparison could serve as a control, demonstrating whether any changes in efficiency 

are due to Cbx7-specific changes to a chromatin state or due to another function of Cbx7. 

 

Impact of PRC1 on PRC2 catalytic activity 

In Cbx7-CaPS ES cells we observed a modest but consistent increase in H3K27me3 levels 

despite a decrease in PRC1 and potentially PRC2 ChIP-Seq signal. In vitro work has 

demonstrated that more densely packed nucleosomes can stimulate PRC2 activity, but this may 

not be the sole underlying mechanism for our observations (Yuan et al., 2012). It would be 

interesting to more directly test the impact of PRC1 on in vitro PRC2 methyltransferase activity. 

Comparing methyltransferase activity on mononucleosomes and on polynucleosome arrays in the 

presence of Cbx2, Cbx7, and Cbx7-CaPS would provide a more direct line of insight into how 

the compaction and phase separation activity of PRC1 may influence the enzymatic activity of 

PRC2.  

 

PRC2 contains a core complex of four proteins, and a number of accessory subunits that play 

roles in regulating its methyltransferase activity (reviewed in Chammas et al., 2020). One of 

these subunits, Jarid2, plays a role in PRC2 recruitment and stimulates PRC2 enzymatic activity 

by serving as an H3K27me3-mimic when methylated (Pasini et al., 2010; Sanulli et al., 2015). 

Interestingly, in this work we pulled down Jarid2 as an interacting protein of Cbx7, Cbx7-CaPS, 

and Cbx2. Since Jarid2 plays a role in both stimulation of PRC2 activity and in recruitment of 

the complex, it would be worth incorporating it into some of the aforementioned in vitro 

experiments along with PRC2 subunit AEBP2. Jarid2 may additionally serve as another target 
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for ChIP-Seq over the course of Cbx7-CaPS differentiation to investigate whether its levels are 

also modified during this process. 

 

Roles of cPRC1 and vPRC1 in Polycomb repression 

A recent series of studies have highlighted the importance of variant PRC1 (vPRC1) and its 

H2AK119 ubiquitylation activity in Polycomb recruitment (Blackledge et al., 2020; Fursova et 

al., 2019; Tamburri et al., 2020). After performing an extensive series of knockouts, one study 

concluded that vPRC1, and not the Cbx-containing canonical PRC1 (cPRC1), is responsible for 

Polycomb-mediated repression in ES cells (Fursova et al., 2019). While their rigorous work 

makes a compelling argument in this specific context, this has not yet been tested outside the 

context of ES cells. As discussed previously, the main Cbx subunit in cPRC1 in ES cells is Cbx7, 

which does not compact chromatin or phase separate in vitro. This means it lacks two activities 

that are important in the repressive function of cPRC1 (King et al., 2002; King et al., 2005; Lau 

et al., 2017). It is therefore perhaps not surprising that in this context removal of vPRC1, and the 

consequent loss of substantial PRC2 and cPRC1 binding, would have a dramatic effect on gene 

expression. Our work here, however, argues that the role of chromatin compaction should not be 

discounted in Polycomb repression. Introducing this activity led to prolonged repression at many 

target genes over differentiation, linking compaction and phase separation activity to a 

remembered Polycomb-repressed state. This highlights the importance of studying the function 

of vPRC1 in more lineage-committed cell lines that express other Cbx proteins. Such studies 

may provide a more comprehensive view of the relative contributions of vPRC1 and cPRC1 to 

gene repression by accounting for the compaction activities of cPRC1. 
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PERSPECTIVE

Multitasking by Polycomb response
elements
Elizabeth S. Jaensch, Sharmistha Kundu, and Robert E. Kingston
Department of Molecular Biology, Massachusetts General Hospital, Boston, Massachusetts, 02114, USA

Development requires the expression ofmaster regulatory
genes necessary to specify a cell lineage. Equally
significant is the stable and heritable silencing of master
regulators that would specify alternative lineages. This
regulated gene silencing is carried out by Polycomb group
(PcG) proteins, which must be correctly recruited only to
the subset of their target loci that requires lineage-
specific silencing. A recent study by Erceg and colleagues
(pp. 590–602) expands on a key aspect of that targeting:
The same DNA elements that recruit PcG complexes to a
repressed locus also encode transcriptional enhancers
that function in different lineages where that locus must
be expressed. Thus, PcG targeting elements overlap with
enhancers.

Polycomb group (PcG) proteins are conserved in most eu-
karyotic organisms—spanning plants, flies, andmammals
—and are primarily grouped into Polycomb-repressive
complex 1 (PRC1) and PRC2. These complexes are target-
ed to repressed loci by PcG response elements (PREs). Un-
raveling the complexities of PcG targeting, which is
essential to understanding mammalian development
and several human developmental disorders and cancers,
is complicated by the dual function of PRE sequences in
both repression and activation (Erceg et al. 2017). As has
been thoroughly reviewed recently (Bauer et al. 2016),
the complex interactions between different PcG complex-
es make the elucidation of rules for PcG targeting even
more difficult. Here, we focus on studies that characterize
PREs and their functions in Drosophila and describe
how lessons learned in this powerful model system relate
to the ongoing quest to understand mammalian PRE
targeting.
In some studies, the identification of PRE sequences has

been misled by an overreliance on what is now known to
be an oversimplified functional paradigm: PRC2 methyl-
ates histone H3 on Lys27 (H3K27me3), and PRC1 is
then recruited to its target by recognizing H3K27me3
via its chromodomain-containing subunit. The belief

that this is a universal pathway has led to the faulty notion
that mapping H3K27me3-enriched sites will map PREs.
However, there are multiple forms of PRC1, some of
which bind target loci independently of H3K27me3 (Far-
cas et al. 2012; Tavares et al. 2012; Blackledge et al.
2014). Thus, H3K27me3 is not necessary to define a
PRE. There are also numerous sites in the genome where
H3K27me3 is present on genes that are still expressed
(e.g., “bivalent” promoters) (Bernstein et al. 2006; Ku
et al. 2008), indicating that H3K27me3 is also not suffi-
cient for targeting gene silencing. While H3K27me3 is
known to be essential for proper PcG function in flies
(Pengelly et al. 2013), measuring it alone can yield only
a partial picture of PcG function and targeting and must
be augmented by other analyses.
Differences in the cellular contexts and organization of

PcG-repressed loci further complicate establishing uni-
versal rules for the identification of PREs. For example,
the HOX gene loci in flies and mammals encode several
key homeotic regulators and are central to development.
HOX genes are distributed in a characteristic pattern
that reflects where they function along the body axis to
determine anterior–posterior patterning. Expression of a
transgene reporter fused to a PRE from the flyHox cluster
BX-C results in varying “strengths” of a remembered re-
pressive chromatin state that appear to differ according
to anatomical position and hence the cell-specific cast of
activators (Coleman and Struhl 2017). This indicates
that the ability of theBX-C PRE to establish a heritable re-
pressive state is dependent on surrounding signals. This
analysis also adds further complexity to the role for
H3K27me3 in targeting gene silencing that is maintained
across cell division, the hallmark of PREs. Methylated
H3K27 is not sufficient to encode robust memory, as
methylation and hence silencing are diluted through cell
division (Coleman and Struhl 2017; Laprell et al. 2017).
Other analyses, based on mutation of components of the
PRC1 complex, show that the BX-C PRE differs in PRC1
requirement from other PREs in the fly genome (Kahn
et al. 2016).Thus, PRE function can differ based on local
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environment and can depend on different PcG interac-
tions at the PRE. Therefore, in flies, there is no universal
model to explain PRE function; extant data imply that
this is likely as complex, if not more so, in mammals.

These considerations mean that defining PcG targeting
and PRE functionmust go beyond identifying genomic lo-
cations of methylation and specific PcG factors. We need
to understand not only the cross-talk between disparate
PcGmembers but also the local interfaces with activating
factors. Readouts for the repressed state in specific organ-
ismal locations (i.e., specific tissue types) during develop-
ment are required to unravel PRE function and determine
which specific factors define the function of a specific PRE
in its endogenous genomic location. This is most readily
accomplished in Drosophila, where the ability of a PRE
to function can bemeasured in different tissues during de-
velopment via the expression of a reporter transgene.

A recent study (Erceg et al. 2017) used reporter trans-
genes to examine numerous sequences that have PRE
function in Drosophila. The findings offered a dramatic
extension of previous work that suggested that PRE se-
quences either overlapwith or are in close proximity to se-
quences that activate transcription. Specifically, elements
that function as PREs also guide the action of Trithorax

group proteins, which function in transcriptional activa-
tion (Ringrose and Paro 2007). In this new study, known
developmental enhancers such asUbx_BXD-Cwere fused
to amini-white reporter, and, upon knockdown of ph, tis-
sue-specific repression was lost, and the enhancer became
active in new cell types. In turn, a number of known PREs,
including bx, were sufficient to activate expression of a
lacZ reporter in specific tissues. Thus, the same DNA el-
ement can provide silencing in one part of the organism
and activation in another (Fig. 1).

Why might there be an overlap between PRE function
and enhancer sequences? There are mechanistic advan-
tages that might have driven the evolution of this ar-
rangement. The first advantage is simple: If an element
is needed to stably repress an enhancer, what better place
to locate it than immediately adjacent to, or interspersed
with, that enhancer? This simplifies interaction and pre-
sumably also provides exclusiveness or strengthens the
impact of the regulatory mechanism due to proximity.
However, there are hints of more complicated cross-talk
in which the repressing and activating components might
coordinate to generate more efficient function. For exam-
ple, both activation by enhancers and repression by the
PcG proteins are known to involve higher-order

Figure 1. Cis-regulatory elements with dual activity facilitate cell type specificity and dynamic regulation of gene expression. DNA el-
ements can act as enhancers or PREs to provide spatiotemporal context to gene regulation during embryonic development. A regulatory
element could be bound by PhoRC (in flies) or other recruiters such as YY1 (inmammals), whichwould in turn recruit PcG complexes and
repress the target gene. The same regulatory element could instead be bound by lineage-specific transcriptional activators in a different
cell type, thereby leading to expression of that target gene. In cell typeA, PcG binding causes compaction of the locus and repression of the
target gene. In contrast, activators are recruited to the dual enhancer/PRE in cell type B. This triggers a different chain of events, such as
binding of additional downstream activators, transcription by RNA polymerase II, and chromatin loops between the target gene and its
regulatory elements.
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interactions that place distant regions adjacent to one
another by either looping or forming discrete domains
of interaction (Deng et al. 2012; Williamson et al. 2012;
Kundu et al. 2017). There have been suggestions
that PcG-mediated looping might help with driving acti-
vating interactions (Cruz-Molina et al. 2017). Another
area of mechanistic overlap involves the necessity of al-
tering chromatin structure to facilitate binding by the
full complement of factors that are needed to generate a
PRE or an enhancer. Mechanisms that facilitate the bind-
ing of activating proteins to enhancers in chromatin
might also be co-opted to facilitate binding of PcG
factors.
There is evidence for similar functional overlap in

mammals. For example, there are sequences that have
been shown to have both PRE and enhancer functions in
different cell lineages ofmouse embryos (vanArensbergen
et al. 2017). Activating and repressing elements frequently
overlap in mammals, as has also been observed in Droso-
phila (Rickels et al. 2016). For example, noncanonical
PRC1 is recruited to active genes in leukemic stem cells
(van den Boom et al. 2016). Thus, overlap of sequences
and possible duality in mechanistic function are also
seen in mammals, indicating that these might represent
a general set of phenomena. This complicates the current
paradigm that PREs drive only repression and that en-
hancers drive only activation.
There are lessons in this complex interplay for those

characterizing PRE function in mammals. The first in-
volves a technical challenge; it is clear from analysis in
flies that the most informative measures of PRE function
are done in the developing organism. There have been
studies of PRE function using cell culture systems and re-
porter genes in mammals (Woo et al. 2013; van Arensber-
gen et al. 2017), but even these are cumbersome.
Analysis of PRE function in, for example, an intact devel-
oping mouse embryo, would be analogous to what has
been useful in flies but has significant technical barriers
that might be addressed with the application of CRISPR
and reporter gene methodologies. A second inference is
that PREs might be distinguished from other sequences
by the presence of covalent modifications that reflect
both activation and repression. It is known that a subset
of GC-rich sequences associates with PRE function in
mammals; a recent study proposed, based on analogy to
Drosophila, that the presence of MLL2-deposited methyl-
ation of Lys4 of histoneH3might be an indicator of “true”
PRE function. This raises the possibility that duality of
functionmight be used to help with PRE prediction (Rick-
els et al. 2016).
Scientists like to pigeonhole mechanisms into simp-

lified models. However, appropriate maintenance of
repression and activation is central to proper animal de-
velopment and hence requires robust and probably redun-
dant mechanisms that are multilayered and complex.
Forcing simplified models on such complex processes
and assuming that the same regulatory rules apply in ev-
ery setting can be misleading. A tractable number of over-
lapping mechanisms for regulating developmental genes
appear to be emerging. Learning how these might inter-

face not only will yield interesting insights into biology
but might also give rise to methodologies for specifically
impacting regulation that have therapeutic use. Under-
standing the cross-talk between complexes that maintain
repression and those that maintain activation—the yin-
yang of development—appears to be a key area for in-
creased analysis.
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Supplementary Table 1: 

Excel sheet containing data related to Figure 3.3. Shows EdgeR analysis of three replicates of 

RNA-Seq data in WT and Cbx7-CaPS ES cells. Contains expression data of differentially 

expressed genes between the two cell lines. 

 

Supplementary Table 2: 

Excel sheet containing data related to Figure 3.4. Shows results from RIME experiments using 

antibodies against Cbx7, Cbx2, IgG, and Cbx7-CaPS. 

 

 


