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Abstract Pluripotency is a remarkable property, which is only transiently present

during development. It is functionally defined by the capacity of a cell to differen-

tiate into all cell lineages of an organism (cell types of the three embryonic germ

layers, i.e., ecto-, endo-, and mesoderm, and the germ cell lineage) and to generate

pluripotent daughter cells. It seems obvious that these special features of pluripotent

cells must be reflected in molecular mechanisms regulating gene expression and

chromatin structure. However, defining what are the mechanisms that control

pluripotency and how are the unique features of pluripotent cells established,

regulated, and maintained on the molecular level is a matter of intense research.

Polycomb repressive complexes (PRCs) are key epigenetic regulators of develop-

ment and cell specification. Here we summarize and discuss recent data on the role

of PRC1 for the establishment and maintenance of embryonic stem (ES) cell

pluripotency with special emphasis on the evolution of mammalian orthologs of

PRC1 components.

1 The Core Pluripotency Network

The cellular identity of ES cells is constituted by the synergistic interaction of

transcription factors and epigenetic regulators acting together in structured net-

works to control self-renewal and differentiation. A small set of transcription

factors, Oct4 (POU5F1), SRY (sex-determining region Y)-box 2 (SOX2), and the

homeobox protein Nanog, establish and control the core pluripotency network
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(Chambers and Smith 2004; Niwa 2007; Silva et al. 2008). The POU family

member Oct4 was originally described as a germ line-specific transcription factor

(Scholer et al. 1990). The graded expression of Oct4 plays an essential role for ES

cell pluripotency by controlling self-renewal versus differentiation on a molecular

level. Repression or overexpression of Oct4 leads to a loss of ES cell characteristics

and induces differentiation toward the trophectodermal or meso- and endodermal

lineages, respectively (Nichols et al. 1998; Niwa et al. 2000). Sox2 represents the

second critical core transcription factor regulating ES cells (Avilion et al. 2003).

Both Oct4 and Sox2 are highly expressed in the inner cell mass (ICM), in epiblast,

and in ES cells (Rosner et al. 1990; Pesce and Scholer 2000; Avilion et al. 2003).

Similar to targeted deletion of Oct4, deletion of Sox2 in ES cells results in

trophectodermal differentiation combined with the loss of pluripotency (Avilion

et al. 2003; Niwa et al. 2005; Masui et al. 2007; Niwa 2007). The third pluripotency

network factor Nanog is not required for the establishment of ES cell pluripotency,

but it promotes a stable undifferentiated state by maintaining the self-renewal

capacity of ES cells and through inhibition of endodermal specification (Chambers

et al. 2003, 2007; Mitsui et al. 2003; Torres and Watt 2008; Peitz et al. 2014). This

small set of transcription factors fulfills its powerful spectrum of regulatory func-

tions by synergizing to build gene regulatory networks. Oct4, Sox2, and Nanog

co-occupy a large set of target promoters; they activate their own expression or that

of other pluripotency-associated genes, and they repress transcription of

differentiation-associated genes (Boyer et al. 2005; Chew et al. 2005; Okumura-

Nakanishi et al. 2005; Rodda et al. 2005; Loh et al. 2006; Wang et al. 2006; Masui

et al. 2007; Young 2011). Among the factors that are regulated by the core

pluripotency network are genes of the polycomb group (PcG) that play a central

role for the repression of developmental regulators in ES cells (Boyer et al. 2006;

Lee et al. 2006; Cole and Young 2008; Kashyap et al. 2009).

2 PcG Proteins Form Multimeric Complexes

Early work in Drosophila and recent work in mammalian systems established that

PcG proteins are integral for the molecular mechanisms regulating the stability of

the committed states (Orlando and Paro 1995; Gould 1997; Jacobs and van

Lohuizen 1999; Ringrose and Paro 2004; Prezioso and Orlando 2011). PcG proteins

act as repressors of homeotic (Hox) gene expression and are required for the

maintenance of segment-specific patterns of gene expression (Lewis 1978; Struhl

1981; Duncan 1982; Jürgens 1985; Bienz and Muller 1995; Sparmann and van

Lohuizen 2006; Schwartz and Pirrotta 2007). Conversely, factors of the trithorax

group counteract PcG-mediated repression of Hox genes by maintaining active

transcription states (Poux et al. 2002; Klymenko and Muller 2004).

A number of studies in flies and mammals demonstrated that most PcG proteins

are not classic DNA-binding proteins. Instead, PcG proteins form large multimeric

complexes termed polycomb repressive complexes (PRCs) of varying compositions
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(Franke et al. 1992; Alkema et al. 1997; Strutt and Paro 1997; Jones et al. 1998;

Kyba and Brock 1998; Sewalt et al. 1998; Tie et al. 1998; van Lohuizen et al. 1998;

Satijn and Otte 1999; Shao et al. 1999; Muller and Kassis 2006; Kerppola 2009;

Vandamme et al. 2011) that maintain transcriptional repression of target genes by

binding to chromatin (Schwartz et al. 2006). In Drosophila melanogaster two

principal complexes (PRC1 and PRC2) have been described (Schwartz and Pirrotta

2007). PRC2 is composed of four distinct proteins: Enhancer of zeste [E(z)], Extra

sex combs (Esc), Suppressor of zeste 12 [Su(z)12], and the nucleosome remodeling

factor 55-kDa subunit Nurf55 (Muller et al. 2002). PRC1 is also composed of four

proteins: Polycomb (Pc), Polyhomeotic (Ph), Posterior sex combs (Psc), and Sex

combs extra (Sce) (Francis et al. 2001) (Fig. 1a). The PRC2 component [E(z)]

catalyzes histone H3 trimethylation at lysine 27 (H3K27me3) via its SET domain

(Czermin et al. 2002; Muller et al. 2002; Nekrasov et al. 2007). This methylation

mark can be recognized and bound by the N-terminal chromodomain of the PRC1

protein Pc (Fischle et al. 2003; Min et al. 2003). PRC1 in turn is defined by its E3

ubiquitin ligase activity that catalyzes monoubiquitination of histone H2A at lysine

119 (H2AK119ub) by Sce (de Napoles et al. 2004; Wang et al. 2004). H2AK119ub

is thought to contribute to transcriptional repression by restraining RNA

Fig. 1 Components of PRC1 and related complexes. (a) Drosophila melanogaster PRC1 com-

ponents: Polycomb (Pc), Polyhomeotic (Ph), Posterior sex combs (Psc), and Sex combs extra

(Sce). (b) 1–4: mammalian PRC1 components. Each position in the complex could be potentially

occupied by any of the proteins indicated (which are homologs to the corresponding component in

D. melanogaster PRC1). However, the presence of some of these proteins in the mammalian PRC1

has not been experimentally verified. (c) A different protein can compete and displace two other

proteins forming a different complex based on Tavares et al. (2012)
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polymerase II from elongation (Stock et al. 2007; Zhou et al. 2008; Simon and

Kingston 2009). This scenario predicts a hierarchical order of first PRC2 then PRC1

recruitment to chromatin. Besides the specific chromatin modifications, PRCs also

induce higher order chromatin changes, the role of which in gene regulation is

hitherto not fully understood (Francis et al. 2004).

3 Polycomb Repressive Complexes in ES Cells

PRCs were originally found to be related to the regulation of body segmentation in

Drosophila, a function which is preserved in mammals (Satijn and Otte 1999;

Levine et al. 2002). More recently, PRCs have also been implicated in the regula-

tion of various cellular functions, among them cell cycle, mitochondrial function,

and the maintenance of ES cell pluripotency (Martinez and Cavalli 2006; Kashyap

et al. 2009; Liu et al. 2009; Christophersen and Helin 2010; Mohd-Sarip

et al. 2012). On the molecular level ES cell pluripotency is tightly controlled;

recently bivalent chromatin states have been identified in ES cells at promoters of

differentiation-associated genes that are simultaneously decorated with marks of

active (H3K4me3) and repressed (H3K27me3) transcription (Bernstein et al. 2006).

The co-presence of an activating and repressive mark on developmental regulators

is thought to translate into a poised state of transcription that is associated with

low-level gene expression. Upon differentiation, the bivalent modification resolves

either into an active or a repressed state depending on the lineage of differentiation

(Shafa et al. 2010). Bivalent states in ES cells have been postulated to be of critical

importance for lineage priming which is a key feature for multilineage ES cell

differentiation (Surface et al. 2010). Work by Marks and colleagues, however,

challenged this view (Marks et al. 2012). In an elaborate study, which involved

high-throughput sequencing of whole transcriptome RNA and of chromatin

immunoprecipitated (ChIP) DNA enriched for distinct histone modifications, the

authors compared two principal states of ES cells, which were obtained by growing

ES cells in two different culture conditions. Mouse ES cells are typically expanded

in serum with LIF supplementation or in culture medium devoid of serum in the

presence of LIF and an inhibitor cocktail termed 2i that simultaneously blocks the

kinases MEK and GSK3 (Ying et al. 2008). Both kinases are involved in mediating

differentiation signals, and their inhibition leads to the downregulation of

differentiation-promoting pathways such as the mitogen-activated protein kinase

(MAPK), transforming growth factor beta (TGF), or Wnt pathways, respectively.

Culture under 2i conditions keeps cells homogenously in a ground state of

pluripotency without lineage priming. This state may be closely related to the

environmental conditions within the epiblast (Guo et al. 2010). The intriguing

finding of Marks et al. is that H3K27me3 deposition at repressed promoters is

strongly reduced in 2i-cultured but not in serum-cultured ES cells. In parallel, 2i

ES cell chromatin has reduced numbers of bivalent domains. This challenges the

general view that bivalent domains represent a blueprint for the pluripotent state
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and argues against a widespread role of the PRC2-catalyzed H3K27me3 modifica-

tion as a key mark for the maintenance of a poised transcriptional state of

differentiation-associated genes.

Additional arguments against a dominant role of PRC2 in the maintenance of the

pluripotent state are derive from studies employing Eed (PRC2 core component,

homolog of Esc) knockout (Eed�/�) ES cells (Chamberlain et al. 2008). Albeit an

overexpression of developmental regulators was observed in these cells, Eed�/� ES

cells are able upon murine blastocyst injection to contribute to all tissues of

chimeric embryos. Together these observations suggest a model in which positive

regulation of gene expression is a dominant factor for ES cell pluripotency reducing

the role for PRCs and other negative regulators (positive-only model) (Chamberlain

et al. 2008). In contrast to the currently debated function of PRC2 for the pluripotent

state, Endoh and colleagues demonstrated an essential role of PRC1 for the main-

tenance of ES cells by concomitant knockout of Ring1A and Ring1B (Endoh

et al. 2008). Ring1A and Ring1B are the sole homologs of Dros. Sce in mammals

and their combined knockout abrogate PRC1 function. Consequently Ring1A/B

double knockout blocked ES cell proliferation and resulted in a derepression of

differentiation-associated genes along with phenotypic changes indicative of dif-

ferentiation. Double knockout ES cells further caused reduced binding of PRC2

core factor EED along with decreased H3K27me3 levels at specific promoters by a

yet unidentified mechanism suggesting an interdependence of PRC2 and PRC1

functions in ES cells. Consistent with these findings, it has been reported that

variant PRC1 drives PRC2 recruitment (Blackledge et al. 2014).

Previously PRC1 and PRC2 were shown to act redundantly in ES cells (Leeb

et al. 2010). The combined knockout of Ring1B (PRC1) and Eed (PRC2) yielded a

derepression of a set of genes, which require PRC1 and PRC2 function. The study

by Leeb and colleagues further suggested that both complexes act in parallel to

stably repress endogenous retroviruses that are organized in large repetitive ele-

ments within the genome. ES cells with Ring1B and Eed double knockout suffer

from a lack of differentiation potential most likely due to cell death of differenti-

ating cells. However, a single knockout of Ring1B may not represent a bona fide

PRC1 knockout (Endoh et al. 2008). Therefore PRC1 function was potentially not

completely abolished and additional PRC2-independent functions of PRC1 are

conceivable.

The functional redundancy of PRC1 and PRC2 poses the principal question as to

how PRC1 is recruited to target genes in the absence of PRC2. Reduced binding of

Ring1B was detected at promoters in the absence of EED. Furthermore, PRC2-

independent recruitment of PRC1 to the inactive X chromosome has previously

been reported (Schoeftner et al. 2006). A more recent report showed that a complex

comprising the catalytic subunits of PRC1 and the RYBP protein is recruited to

polycomb target loci in EED�/� ES cells (Tavares et al. 2012). The targeting

mechanism for this complex is however unclear as the DNA-binding transcription

factor YY1 previously described as being RING1A/B associated was not detected

in this complex. Thus, further analyses are needed to unravel the targeting mech-

anism of PRC1 in ES cells. Yu and colleagues reported a PRC2-independent
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recruitment of PRC1 by core-binding transcription factors (Yu et al. 2012). Based

on this observation, a yet elusive ES cell-specific PRC1 targeting factor that may

facilitate PRC2-independent targeting of PRC1 is conceivable.

4 The Expanding World of Homologs of PRC1

Components

Adding to the complexity of PcG biology, homologs of each of the members of the

PRC1 are developed during vertebrate evolution. These proteins are paralogs of the

fourDrosophila proteins (Fig. 1a, b; for overview of paralogs, see Table 1). Thus, in

mammals, there exists PRC1 consisting of different combinations of these paralogs

and with potentially divergent functions (Orlando and Paro 1995; Kerppola 2009;

Schuettengruber and Cavalli 2009; Surface et al. 2010). Evidence from interaction

studies indicates that paralogs of PRC1 components form variant complexes

(Jacobs and van Lohuizen 2002; Vandamme et al. 2011; Gao et al. 2012). A

study functionally defined distinct PRC1 complexes based on PCGF, CBX, and

RYBP composition, each complex being targeted to distinct genomic loci (Gao

et al. 2012). To gain further insights into the combinatorial composition of PRC1,

protein–protein interactions between human PRC1 components were retrieved

from Human Integrated Protein-Protein Interaction reference database (HIPPIE;

http://cbdm.mdc-berlin.de/tools/hippie) (Schaefer et al. 2013). A core component

of the HIPPIE database is the confidence scoring of interactions. A score is

calculated as a weighted sum of the number of studies in which an interaction

was detected, the number and quality of experimental techniques were used to

measure an interaction, and the number of nonhuman organisms in which an

interaction between the equivalent orthologous proteins was observed. The

HIPPIE-based protein–protein interaction network between members of the PRC1

suggests that many of the paralogs of PRC1 components interact with some notable

differences (Fig. 2). For example, as previously recognized, of the eight CBX

paralogs in human (homologs of Drosophila Pc), three (CBX1, CBX3, and

CBX5) are evolutionarily more related to the Drosophila HP1a and HP1b than to

Pc (Table 1) and are functionally different from other CBX paralogs. Accordingly,

the three HP1-related CBX paralogs together have only two documented protein–

protein interactions with other members of the PRC1 complex in the HIPPIE

database, while the other five Pc-related CBX paralogs have a total of 34 interac-

tions with other PRC1 members. This suggests that CBX1, 3, and 5 are not form

part of PRC1.

The components of PRC1 interact with many other proteins, including ubiquitin

and histones. These interactions are not shown in Fig. 2 with a few exceptions. Two

important proteins are RYBP and YAF2, which are homologous to each other. In

particular it has been demonstrated by X-ray crystallography that RYBP competes

with CBX7 for the same binding site in the C-terminal part of RNF2 (Wang
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et al. 2010a). Gao et al. proposed that the binding of either RYBP or YAF2 to the

modules 1 and 2 of PRC1 displaces the modules 3 and 4 (Fig. 1c) resulting in a

different complex (Gao et al. 2012). We note that an ancestor of both proteins exists

in the fly, RYBP (Table 1). The interaction map (Fig. 2) is in further support of this

competition as there is sparse evidence for interactions between CBX/PHC and

RYBP/YAF (Garcia et al. 1999). This contrasts evidence of frequent interactions

between PCGFs and RING1/RNF2 (Fig. 2).

Another group of proteins that was included are the homologs BCOR and

BCORL1 (component 6, Table 1), an ancestral version of which exists in the fly.

Fig. 2 Interactions between human paralogs of PRC1 components and related proteins. Interac-

tions with experimental evidence of medium or high confidence between the human proteins

mentioned in Fig. 1b, c (plus BCOR and BCORL1) were retrieved from the HIPPIE database of

human interactions [version 1.6 release date 10/11/13; Schaefer et al. (2012)]. These graphs can be

reproduced and the experimental evidence for each PPI can be examined at the HIPPIE website

(http://cbdm.mdc-berlin.de/tools/hippie/)
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While HIPPIE-based interaction analysis did not find protein–protein interactions

between BCORL1 and the abovementioned proteins, BCOR interacts in a pattern

that resembles that of PCGF paralogs (Sanchez et al. 2007). Furthermore, BCOR

has previously been identified to be part of a PcG-like complex as example of an

additional and separate complex (Gearhart et al. 2006).

The functional significance of paralogs that constitute variant PRC1 complexes

is however so far not sufficiently understood. Data from deletion studies in mice

point to specific functions at different stages of embryonic and postembryonic

development for individual orthologs of PRC1 components. For example, Cbx2

knockout mice show a defect in gonadal, adrenal, and splenic development as well

as male-to-female sex reversal, adrenal and spleen hypoplasia, and aberrant T-cell

expansion (Core et al. 1997; Katoh-Fukui et al. 1998, 2005, 2012). Furthermore,

these mice display homeotic transformations as predicted for the mutation of a PcG

factor. In contrast to this multifaceted phenotype, the knockout of Cbx7 predomi-

nantly causes an increased body size (Forzati et al. 2012). Furthermore, adult Cbx7

knockout mice have higher risks of developing liver and lung adenomas or carci-

nomas. Similar to what has been described for Cbx2 and 7, the phenotypes of Pcgf2

or Pcgf4 knockouts also differ to some extent (Table 2). In aggregate, the striking

deletion phenotypes of individual PRC1 components in mice suggest that these

proteins fulfill nonredundant functions that cannot be compensated by paralogs. To

further study the individual functions of PRC1 components in vivo, more mouse

models with targeted deletion of individual paralogs of PRC1 components are

needed.
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Table 2 Phenotypes of mutations of PRC1 complex components in ES cells and mice

PRC1

component ES cell phenotype Mouse phenotype

Cbx2

(M33)

Unaltered expression of pluripotency

markers, aberrant embryoid body

(EB) size, misregulation of trophoblast,

meso- and endodermal markers (Morey

et al. 2012)

Peri- and postnatal lethality, retarded

growth, developmental defects with

cellular and organ anomalies, immune

defects, homeotic transformations of

axial skeleton; Cbx2 is required for Sry

gene expression and Cbx2 deficiency

causes male-to-female sex reversal

(Core et al. 1997; Katoh-Fukui

et al. 1998, 2005, 2012)

Cbx4

(Pc2)

Unaltered expression of pluripotency

markers, upregulation of mesodermal

genes (Morey et al. 2012)

Perinatal lethality, immune defects

(Liu et al. 2013)

Cbx7 Unaltered expression of pluripotency

markers, derepression of lineage-

specific markers, aberrant EB morphol-

ogy, deregulation of meso-, endo-, and

ectodermal lineage upon EB differenti-

ation (Morey et al. 2012; O’Loghlen
et al. 2012)

Developmental defects with adenomas

and carcinomas (Forzati et al. 2012)

Phc1

(Rae28)

NA Perinatal lethality, posterior skeletal

transformations, developmental

defects, altered Hox gene expression

(Takihara et al. 1997; Ohta et al. 2002;

Shirai et al. 2002)

Phc2

(Mph2)

NA Posterior transformations of the axial

skeleton, derepression of Hox cluster

genes (Isono et al. 2005)

Pcgf1-

assoc.

“BcoR”

BcoR is required for formation of

primitive erythrocytes and proper

expression of ES cell pluripotency reg-

ulating genes as well as genes that drive

ectodermal and mesodermal develop-

ment (Wamstad et al. 2008)

Developmental defects in eye develop-

ment, low contribution to B and T cells

and erythrocytes (Wamstad et al. 2008)

Pcgf2

(Mel18)

NA Postnatal lethality (4 weeks), growth

retardation, posterior transformations

of the axial skeleton, ectopic expres-

sion of Hox cluster genes, immunode-

ficiency (Akasaka et al. 1996, 1997)

Pcgf4

(Bmi1)

NA Early perinatal lethality (1–3 days after

birth), neurological and hematopoietic

abnormalities, posterior transforma-

tions (van der Lugt et al. 1994; Zencak

et al. 2005)

(continued)
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Table 2 (continued)

PRC1

component ES cell phenotype Mouse phenotype

Pcgf2/

Pcgf4

NA Embryonic lethality, developmental

defects and malformations of axial

skeleton, altered Hox gene expression,

accelerated apoptosis (Akasaka

et al. 2001)

Ring1A

(Ring1)

NA Anterior transformations of the axial

skeleton and vertebral identity, slightly

altered Hox gene expression (del Mar

et al. 2000)

Ring1B

(Ring2)

ES cell retains their ES cell character-

istics, derepression of lineage-specific

genes, abnormal EB formation,

impaired differentiation potential,

global loss of H2AK119ub1 (Akasaka

et al. 1996; de Napoles et al. 2004; Leeb

and Wutz 2007; van der Stoop

et al. 2008; Leeb et al. 2010)

Embryonic lethality (E10.5), posterior

transformations of the axial skeleton,

altered Hox gene expression, gastrula-

tion defects, cell cycle inhibition

(Suzuki et al. 2002; Voncken

et al. 2003)

Ring1A/

Ring1B

Proliferation and differentiation defect,

derepression of differentiation-

associated genes, loss of global

H2AK119ub1 (de Napoles et al. 2004;

Endoh et al. 2008)

RYBP Normal ES cell self-renewal, derepres-

sion of germ line genes and endogenous

retroviruses, differentiation defects, and

decreased H2AK119ub1 levels (Gao

et al. 2012; Hisada et al. 2012)

Lethal at early postimplantation stage,

developmental anomalies (Pirity

et al. 2005, 2007)

L3mbtl2 Impaired proliferation and differentia-

tion defects (Qin et al. 2012)

Embryonic lethality (E9.5) and gastru-

lation defects (Qin et al. 2012)

Kdm2b Decreased H2AK119ub levels and dif-

ferentiation defects (Wu et al. 2013)

Peri- and postnatal lethality, defects in

neural tube closure (Fukuda et al. 2011)

HP1γ
(Cbx3

gene)

Reduced proliferation, differentiation

defects (Caillier et al. 2010)

Only 1 % of homozygote animals reach

adulthood, severe hypogonadism asso-

ciated with loss of germ cells (Brown

et al. 2010)

E2F6 – Homeotic transformations of axial

skeleton (Storre et al. 2002)

Dp-1 NA Embryonic lethality (before E12.5)

(Kohn et al. 2003)

Max Knockdown results in derepression of

germ cell-specific genes and decrease in

H3K9 demethylation; ablation of Max

results in altered gene expression pat-

terns, loss of undifferentiated cell state,

and increased cell death (Hishida

et al. 2011; Maeda et al. 2013)

Embryonic lethality (Shen-Li

et al. 2000)

(continued)
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5 Lessons from Evolution

Duplications of PRC1 components are observed along the chordate lineage, but

practically all human members were already established before the divergence of

Tetrapoda from bony fishes about 400 million years ago (Table 1). In fact, the

zebrafish has 26 paralogs of the PRC1 components, whereas mammals have just 19.

In contrast, the sea squirt (C. intestinalis) and the lancelet (B. floridae) carry about

9 and 8 members in their genomes, respectively. This may be related to the fact that

vertebrates have more complex regulatory needs for the formation of a body plan.

Previously it has been noticed that the evolutionary expansion of paralogs of PRC1

components was paralleled by the expansion of Hox gene clusters (Whitcomb

et al. 2007). This coevolution may have enabled organisms to meet the require-

ments for the increased complexity of vertebrate development.

Regarding the domain organization of PRC1 components, it is remarkable that

only short regions are predicted to form domains and many parts of the sequences

are formed by regions of low complexity that are likely to exist in disordered

conformations (Fig. 3). When comparing homologous sequences from different

species, we noted that the fly PRC1 proteins are on average longer than the human

proteins. At this point we cannot provide an explanation for these size differences.

Table 3 lists the average length of proteins of each of the six families analyzed in

five species.

A comparison of the phylogeny of PRC1 components and their expression

patterns in pluripotent and differentiated cell types indicates that PRC1 paralogs

have evolved to serve different functions. For example, the PCGF gene duplication

producing BMI1 and PCGF2 probably resulted in their specialization for different

roles. PCGF2 is probably associated with pluripotency, as it is highly expressed in

both human and mouse ES cells compared to differentiated fibroblasts (Fig. 4),

whereas BMI1 has the completely opposite expression pattern. Expression patterns

in pairs of paralogs suggest that differential specialization could have happened

leading to PHC1 and PHC2, CBX2 and CBX4, RNF2 and RING1, and RYBP and

YAF2, where the former members of each pair are associated with pluripotency

(Fig. 5). Thus, for genes related to PRC1, we can identify gene duplications that

Table 2 (continued)

PRC1

component ES cell phenotype Mouse phenotype

Hdac1 Proliferation and differentiation defects

(Dovey et al. 2010)

Embryonic lethality. Proliferation

defects and developmental retardation

Hdac2 – Perinatal lethality and cardiac defects

(Lagger et al. 2002; Montgomery

et al. 2007)

assoc. associated
Only those PRC1 mutations that generated a phenotype were listed. Abbreviations of PRC1

complex components are listed in parentheses
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generate the proteins specialized in the functions required for the pluripotent state

arising with the evolution of Vertebrata. This finding suggests specific functions for

PRC1 factors in the establishment and/or maintenance of pluripotency.

Fig. 3 Features of selected fly and human PRC1-related protein sequences. The sequences have

been arranged in pairs of homologs for comparison (top, human; bottom, fly). Boxes represent

predicted domains or regions of interaction with other interaction partners predicted by similarity

(collected from the NCBI (2014) and Pfam (Finn et al. 2014) databases) or determined from

resolved structures of complexes [collected from the PDB (Rose et al. 2013)]
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6 PRC1 Orthologs in ES Cells

In line with a central role of PRC1 for ES cell pluripotency are two reports

analyzing the role of Cbx orthologs (Morey et al. 2012; O’Loghlen et al. 2012).

Both studies suggest specific functions for CBX7 in ES cell biology. Cbx7 knock-

down in ES cells led to an acceleration of differentiation and to a derepression of

lineage-specific genes. The expression levels of Oct4 and Nanog remained

unaltered in Cbx7 knockdown ES cells, but cells displayed elevated expression of

genes involved in pathways controlling development, gene expression, cell differ-

entiation, and ectodermal commitment. In vitro differentiation revealed that loss of

Cbx7 caused a deregulation of germ layer lineages during late differentiation

stages. Conversely, ectopic expression of Cbx7 inhibited differentiation, caused

X chromosome inactivation, and enhanced ES cell self-renewal. On the chromatin

level Cbx7 knockdown ES cells showed reduced occupancy of RING1B and

MEL18 (PCGF2) as well as reduced levels of H2AK119ub at specific promoters.

Furthermore, a significantly compromised occupancy of Suz12 correlating with

slightly reduced levels of H3K27me3 was detected (Morey et al. 2012; O’Loghlen
et al. 2012). In aggregate, these studies suggest an ES cell-specific function for the

PRC1 component Cbx7 in the maintenance of pluripotency.

The expression of various homologs of PRC1 components in ES cells argues for

the existence of specific PRC1 subtypes (Fig. 4). Indeed by employing a

co-purification strategy using the Flag-tagged PRC1 core components RYBP,

Pcgf2, and Cbx7, at least two classes of PRC1 composed of either RYBP,

RING1A/B, and PCGF1/2/6/ or CBX7, RING1A/B, and PCGF2/6 were identified

in ES cells (Tavares et al. 2012). Based on these data and assuming a stoichiometry

of only one Ring1 and one PCGF homolog per complex, the PRC1 family in ES

cells hypothetically comprises 10 different subtypes of PRC1. Considering the

limited set of factors that were used as bait and the expression pattern of PRC1

core components in ES cells, additional PRC1 is conceivable.

What may be the function of multiple PRC1 subtypes in ES cells? Enzymatically

the two PRC1 variants described by Tavares et al. monoubiquitinate histone H2A to

the same extent in vitro (Tavares et al. 2012). Tavares and colleagues further

described that the two PRC1 subtypes are targeted in parallel to identical sites.

The parallel existence of several PRC1 variants with overlapping functions argues

for a redundant mode of action and suggests a backup system for the PRC1 system.

Table 3 Average lengths of proteins per family and species

Species cbx rybp pcgf rnf2 phc bcor

Drosophila melanogaster 232 150 1,064 374 1,563 2,133

Ciona intestinalis 183 142 507 372 306 1,178

Branchiostoma floridae 220 73 268 350 1,020 n.f.

Danio rerio 380 275 275 336 866 978

Homo sapiens 338 216 296 371 774 1,716

n.f. not found
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Fig. 4 Gene expression of PRC1-related genes in ES cells and fibroblasts. (a) Human samples.

Illumina datasets of gene expression were manually selected from GEO as detailed in previous

reports (Wang et al. 2010b; Mah et al. 2011). Numbers of distinct microarrays used per group were

9 for fibroblasts, 2 for iPS reprogramming at 24 h, 2 for the 48 h reprogramming time point, 2 for

reprogramming at 72 h, 26 for iPS, and 34 for hES cells. To compute the values represented in the

heat map, expression values with a detection p-value >0.01 were set to zero and then the mean

expression for each group was calculated. If multiple probes were available for one gene, the probe

that gave the highest median value (of all groups) was selected. The heat map colors are based on

scaled values (z-score) per gene. Genes were hierarchically clustered. (b) Murine samples
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Finally it is interesting to note that although ES cell-specific expression of PRC1

subunits seems to be conserved between mouse and human, Cbx7 is strongly

expressed only in mouse and not in human ES cells (Fig. 4). These differences

potentially reflect the distinct developmental states mouse and human ES cells

represent (Nichols and Smith 2011), alternatively an evolutionary shift in ES cell-

specific functions of Cbx homologs may have taken place.

7 PRC Components in Factor-Driven Reprogramming

For a better understanding of how PRCs function not only in maintaining but also in

establishing cellular programs, the role of individual PRC components was studied

during the reprogramming of somatic cells to induced pluripotent stem (iPS) cells.

An shRNA knockdown screen identified core members of PRC1 (RING1 and

BMI1) and PRC2 (EZH2, EED, SUZ12) as being essential for efficient

reprogramming of somatic cells to the iPS state (Onder et al. 2012). This seems

surprising as PRC2 proteins are dispensable for ES cells. Also gene expression

analyses revealed that the PRC1 member Bmi1 is not expressed in ES cells (Fig. 5).

Thus, the question arises: how do PcG factors contribute to reprogramming?

One potential answer derives from the notion of a stepwise establishment of the

reprogrammed iPS state wherein cells undergo several stages including an initial

phase of rapid expansion (Papp and Plath 2011). As PRCs are known to repress the

expression of negative cell cycle regulators encoded in the INK4a locus, a role of

PRCs during the reprogramming process could be confined to an early stage. In

keeping with this, Moon et al. reported that in iPS reprogramming Bmi1 in

combination with Oct4 can functionally replace c-Myc, which is related to cell

cycle regulation. Somewhat surprisingly however, Bmi1 can also replace Klf4 or

Sox2 (Moon et al. 2011). This suggests that the function of PRCs during iPS

reprogramming comprises more than just cell cycle regulation.

⁄�

Fig. 4 (continued) (Affymetrix MOE430A and MOE430B arrays). The first three time points of

mouse ES cell differentiation series [V6.5, R1, J1 ES cells, Hailesellasse Sene et al. (2007)] and

two MEF lines (10T1/2 embryonic fibroblast and DR4 embryonic fibroblasts) accessed from

StemBase (Perez-Iratxeta et al. 2005). Probe sets that were not detected on the microarrays

(detection p-value >0.01) in all samples of at least one group were eliminated. If a probe was

absent in all samples of one group, the group mean was set to 1. In the case of multiple probes for

one gene symbol, the probe set with the highest median value across all groups was selected for

representation in the heat map. Factors are grouped according to the color code used in Fig. 1
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8 Summary, Perspectives

The current data suggest crucial functions of PRC1 for ES cells and point to a

redundant mode of action for different PRC1 subtypes in the establishment and

maintenance of the pluripotent state (Tavares et al. 2012). The evolutionary split-up

of PRC1 components with one paralog associating with pluripotency is a remark-

able observation as this suggests a specific requirement of these paralogs for

pluripotent cells. In the future it will be of importance to unravel the precise number

of these PRC1 subtypes. Particularly it will be informative to analyze which gene

networks are regulated by individual PRC1 subtypes and to address the targeting

mechanism specifically of different RYBP-PRC1 subtypes. Noncoding RNAs have

been suggested for targeting of PRCs (Hekimoglu and Ringrose 2009; Hekimoglu-

Balkan et al. 2012); therefore studies that aim to elucidate the PRC1 targeting

mechanisms should also consider noncoding RNAs. Finally the observation that

serum- and 2i-cultured ES cells significantly differ in chromatin states potentially

has broader consequences for the way data on PRC function in ES cells are

interpreted as most previous studies were performed with ES cells in serum culture.

In connection to this it will be important to understand how extracellular signals

arrive at PcG proteins in ES cells and to what extent PRC function is influenced by

Fig. 5 Scheme of evolution

of some PRC1 components.

Chordate species conserve

one copy of each homolog

of the PRC1 components in

the fly, until the emergence

of Vertebrata, where these

elements duplicate, one of

the genes associating to the

pluripotent state, while the

other remains associated to

the ancestral function. The

HIPPIE subnetworks for

each group of genes are

shown at the bottom. Scores
indicate the confidence of

evidence supporting the

interaction (>0.73 high

confidence; see Schaefer

et al. (2012) for details)
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these cues. As H3K27me3 is strongly reduced in 2i-cultured ES cells, it will be

crucial to address targeting and function of PRC1 subtypes under these conditions.

In summary, we are just beginning to elucidate the role of PRC1 in ES cell biology,

and more detailed analyses are required to completely understand the relevance of

this fascinating and highly elaborate group of chromatin regulators for the plurip-

otent state.
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