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SUMMARY

Polycomb group (PcG) proteins constitute a major epigenetic mechanism for gene repression throughout

the plant life. For a long time, the PcG mechanism has been proposed to follow a hierarchical recruitment of

PcG repressive complexes (PRCs) to target genes in which the binding of PRC2 and the incorporation of H3

lysine 27 trimethyl marks led to recruitment of PRC1, which in turn mediated H2A monoubiquitination.

However, recent studies have turned this model upside-down by showing that PRC1 activity can be required

for PRC2 recruitment and H3K27me3 marking. Here, we review the current knowledge on plant PRC1 com-

position and mechanisms of repression, as well as its role during plant development.

Keywords: Arabidopsis, plant development, Polycomb group, PRC1, gene repression, H2A monoubiquitina-

tion, chromatin compaction.

INTRODUCTION

PcG machinery plays a crucial role in many biological pro-

cesses of higher eukaryotes, including development, differ-

entiation and proliferation. PcG proteins are chromatin

factors that maintain the transcriptional repression of their

target genes. These proteins associate in multimeric com-

plexes with different histone modifying activities (reviewed

in Schwartz and Pirrotta, 2013). The two best characterized

complexes are the PRC1, which mediates histone H2A lysine

119 monoubiquitination (H2Aub) of its target genes (de Na-

poles et al., 2004; Wang et al., 2004; Lagarou et al., 2008;

Bratzel et al., 2010; Guti�errez et al., 2012) and PRC2, which

has histone H3 lysine 27 (H3K27) trimethyltransferase activ-

ity (Cao et al., 2002; Czermin et al., 2002; M€uller et al., 2002;

Chanvivattana et al., 2004; Schubert et al., 2006). Numerous

studies have demonstrated a tight link between PRC1 and

PRC2; accordingly, the combined activity of the two com-

plexes is required for stable repression of the target genes,

but, how this is exactly accomplished is far from clear.

PRC1 core components were initially identified in flies.

Drosophila melanogaster (from now on Drosophila) PRC1

includes Polycomb (Pc), which can bind H3K27me3 marks

through its chromodomain; Polyhomeotic (Ph), which func-

tion in the complex is not well known; Posterior sex comb

(Psc) or its paralog Su(z)2 that can inhibit transcription and

mediate chromatin compaction in addition to forming an

E3 monoubiquitin ligase module with the forth core com-

ponent, dRing1 (also known as Sex combs extra (Sce)), to

mediate H2A monoubiquitination (Shao et al., 1999;

Francis et al., 2001; Saurin et al., 2001; Peterson et al.,

2004) (Figure 1). These proteins have several homologs in

vertebrates (Levine et al., 2002). The chromodomain pro-

tein family (CBX2, CBX4, CBX6, CBX7 and CBX8) carries

out Pc function in mammals (Morey et al., 2012). Mamma-

lian homologs of Ph are PH1, PH2, and PH3 (Tonkin et al.,

2002); homologs of dRing are named RING1A and RING1B

(Schoorlemmer et al., 1997); and finally, BMI1, NSPC1,

MEL18, PCGF3, PCGF5 and MBLR, which collectively are

named the PcG RING fingers (PCGFs), are the homologs of

Psc (Gao et al., 2012; Calonje, 2014) (Figure 1).

About a decade ago and according to several functional

and molecular evidences, PcG-mediated repression in ani-

mals was proposed to follow a hierarchical recruitment of

PcG complexes to target genes: first, PRC2 incorporates

H3K27me3 at a specific gene, and then PRC1 is recruited

by the ability of Pc to bind to H3K27me3. Once recruited,

PRC1 mediates histone H2A monoubiquitination to main-

tain stable repression (Wang et al., 2004). The hierarchical

model for PcG recruitment was extended to plants, even

though at that time there were many gaps to understand

the PcG repression mechanism in these organisms.
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However, recent data on PRC1 function in Arabidopsis tha-

liana (from now on Arabidopsis) have shed some light on

the mechanism, revealing unexpected twists. Here, we

review the current knowledge on plant PRC1 composition

and mechanism of repression, as well as its role during

plant development.

PRC1 COMPONENTS AND THEIR LOSS-OF-FUNCTION

MUTANTS: A HISTORIC PERSPECTIVE

The implication of the well conserved plant PRC2 compo-

nents in important developmental processes, such as the

repression of flowering during vegetative development,

the suppression of endosperm development in absence of

fertilization, and the vernalization response, has for long

been known (reviewed in Hennig and Derkacheva, 2009). In

addition, clear evidences emerged soon indicating that

PRC2-mediated H3K27me3 was necessary for repression of

key developmental genes (K€ohler et al., 2003a,b; Chanvi-

vattana et al., 2004; Schubert et al., 2006); however, the

participation of a plant PRC1 in the repression was ques-

tioned, since the identification of plant PRC1 components

remained elusive for a long time (Figure 1).

The first proposed PRC1 component in plants was LHP1,

also known as TERMINAL FLOWER 2 (TFL2). LHP1 was

identified as a homolog of animal HETEROCHROMATIN

PROTEIN 1 (HP1), which is required for heterochromatin

maintenance (Gaudin et al., 2001). LHP1 contains a chrom-

odomain and a chromo shadow domain like HP1 (Gaudin

et al., 2001; Kotake et al., 2003) (Figure 1); however, LHP1

is usually localized in euchromatin and is needed for main-

tenance of gene repression in euchromatin (Libault et al.,

2005; Nakahigashi et al., 2005); accordingly, LHP1 co-local-

izes with H3K27me3 in vivo (Turck et al., 2007; Zhang

et al., 2007b; Exner et al., 2009). Furthermore, lhp1 mutants

showed misexpression of some PRC2 target genes, most

of which are involved in flowering pathways (Kotake et al.,

2003; Libault et al., 2005; Nakahigashi et al., 2005), and

an early flowering phenotype as mutant plants in PRC2

components (Goodrich et al., 1997; Kotake et al., 2003; Lo-

pez-Vernaza et al., 2012). Therefore, LHP1 seemed to play a

similar role to Drosophila Pc, which led to propose a

model in which LHP1 interacts with H3K27me3 marks and

recruits a plant PRC1 for stable repression of PcG targets

(Zhang et al., 2007a; Turck et al., 2008). However, it has

been shown recently that LHP1 co-purifies with PRC2 and

that LHP1 assists the recruitment of PRC2 to target sites for

re-establishing the levels of H3K27me3 after replication

(Derkacheva et al., 2013), changing the view of LHP1 as a

PRC1 component (reviewed in this issue by Lars Hennig

and Claudia Kohler).

The second proposed PRC1 component was EMBRY-

ONIC FLOWER 1 (EMF1) (Calonje et al., 2008). emf1

mutants were described around 20 years ago as mutant

plants that skip vegetative development and flower right

after germination. The weak emf1-1 mutant produced a

small inflorescence upon germination and a few flowers

that were sterile. All leaves were small and petiole-less,

thought to be cauline leaves. The strong emf1-2 mutant

could not even produce inflorescences and flowers; all lat-

eral organs eventually developed into carpels (Sung et al.,

1992; Yang et al., 1995). Cloning of the EMF1 gene

revealed that it encodes a novel protein with little homol-

ogy to any gene of known function (Aubert et al., 2001).

The identification of several motifs in EMF1 protein

sequence suggested that it could function as a transcrip-

tional regulator during shoot development (Moon et al.,

2003; Sung et al., 2003). Accordingly, emf1 mutants dis-

played ectopic expression of many different genes; among

them were flower homeotic genes such as APETALA 1

(AP1), AP3, PISTILLATA (PI) and AGAMOUS (AG) (Moon

et al., 2003). Interestingly, emf1-1 mutants showed exactly

the same phenotype as mutant plants in the PRC2 compo-

nent EMF2 and a high degree of overlap in gene misregu-

lation (Moon et al., 2003), suggesting a cooperation of

EMF1 and EMF2 in the repression of the flower homeotic

genes during vegetative development (Chen et al., 1997;

Figure 1. Schematic representation of the domain

architecture of the PRC1 components in Drosophila,

Arabidopsis and vertebrates.

The characteristic domains of the different proteins

are indicated. Ring: RING (Really Interesting New

Gene) finger domain; RAWUL: Ring-finger and

WD40 associated ubiquitin-like domain; ZF_FSC:

MYM-type Zinc finger with an FCS sequence motif;

SAM: sterile a-motif; CD: Chromodomain; PC: Pc-

box; CSD: Chromo Shadow domain.
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Moon et al., 2003), although the role of EMF1 in the pro-

cess was not understood.

It was some years later when EMF1 was proposed as a

plant-specific PRC1 component (Calonje et al., 2008). It was

found that EMF1 acted in concert with PRC2 in the repres-

sion of the flower homeotic gene AG during vegetative

development, displaying functional similarities to Drosoph-

ila Psc (Calonje et al., 2008). Drosophila Psc has a long

intrinsically disordered C-terminal region (CTR) with

patches of positive charged interspersed with local nega-

tively charged regions. Psc-CTR has the ability to inhibit

nucleosome remodeling, repress transcription and com-

pact chromatin (Francis et al., 2001, 2004; Lo and Francis,

2010). Likewise, EMF1 has a long intrinsically disordered

region with the same abilities (Calonje et al., 2008; Beh

et al., 2012; Calonje, 2014) (Figure 1). A different PRC1 sub-

unit in mammals, CBX2/M33, has also a charged region

and possesses analogous biochemical properties to Psc-

CTR, thus suggesting that CBX2/M33 may functionally

replace the Psc-CTR function in mammalian PRC1 (Grau

et al., 2011) (Figure 1). According to this, Psc-CTR activity

seems to be conserved across eukaryotes, while the iden-

tity of the functional subunit may vary between taxa (Beh

et al., 2012).

Interestingly, the levels of H3K27me3 at AG were

reduced in emf1-2 mutants. However, at this time the hier-

archical model for recruitment of PcG complexes in which

PRC1 acts downstream PRC2 was widely accepted, there-

fore, this finding was interpreted as a requirement of EMF1

for maintaining a stable histone methylation pattern of the

target gene, thereby placing EMF1 activity downstream of

EMF2 (Calonje et al., 2008).

Full-genome expression pattern analysis of emf1 and

emf2 mutants showed that both proteins regulate addi-

tional gene programs, including photosynthesis, seed

development, hormone, stress, and cold signaling (Kim

et al., 2010). Later on, genome-wide localization of EMF1

binding and H3K27me3 modification in wild-type and

emf1-2 plants showed a substantial number of genes

marked with H3K27me3 and occupied by EMF1. Interest-

ingly, around 60% of these genes showed decreased levels

of H3K27me3 in emf1-2, indicating that there are genes

that require EMF1 for their H3K27me3 marking; however,

there was a subset of genes that remained H3K27 trimethy-

lated in absence of EMF1 (Kim et al., 2012). Beside these

genes, EMF1 was bound also to a percentage of unmethy-

lated genes. Among them, genes encoding proteins

located in cytosol and chloroplast were over-represented.

These genes tend to be actively transcribed genes with

high RNA levels (Kim et al., 2012). Strikingly, it has been

recently shown that animal PRC1 can participate in gene

activation by orchestrating the 3D chromatin structure

changes involved in transcriptional activation of their tar-

get genes, although the detailed molecular mechanisms at

the basis of this phenomenon remain to be addressed

(Kondo et al., 2014).

Also, EMF1 has been shown to interact with different

proteins in a yeast two-hybrid screening. These proteins

were named EMF1 INTERACTING PROTEINS (EIPs) (Park

et al., 2011). Among them, EIP1, EIP6 and EIP9 are

proposed to interact independently with EMF1 during veg-

etative development to regulate flowering time in Arabid-

opsis (Park et al., 2011). EIP1, EIP6 and EIP9 are predicted

to encode a WNK (with-no-lysine) kinase (EIP1/WNK8), a

B-box zinc-finger protein and a DnaJ-domain protein. EIP1

was proposed to regulate EMF1 activity by phosphorylat-

ing some of the potential phosphorylation sites in EMF1;

EIP6 contains a B-box domain at the N-terminus, which is

also found in the floral inducer CONSTANS (CO) and

seems to play a role in protein interaction (Torok and Etkin,

2001); and EIP9 was proposed to act together with EMF1 in

mediating epigenetic gene regulation, since several DnaJ

proteins have been reported to play roles in gene repres-

sion via chromatin modification (Park et al., 2011). Whether

the interaction of these proteins with EMF1 is stable or

transient it is not known.

Finally, the most recently identified PRC1 components in

plants were the PRC1 RING-finger proteins. Analyzing the

domain structure of animal PRC1 RING-finger protein fam-

ily, which comprises both BMI1- and RING1-like proteins, it

was found that this family of proteins has a conserved

RING-finger domain at the N-terminus and a new ubiqu-

itin-like domain named RAWUL (Ring-finger And WD40

associated Ubiquitin-Like) at the C-terminus (Sanchez-Pu-

lido et al., 2008; Bezsonova et al., 2009) (Figure 1). In Ara-

bidopsis, there are five PRC1 RING-finger homologs; two

RING1-like (AtRING1A and AtRING1B) and three BMI1-like

(AtBMI1A, AtBMI1B, and AtBMI1C) (Sanchez-Pulido et al.,

2008) (Figure 1), but the functional conservation of these

proteins to their animal counterparts was unclear at this

time, as H2Aub chromatin marks had not been detected in

plants (Zhang et al., 2007a).

The analysis of atring1a/b loss-of-function mutants indi-

cated that these genes were involved in the repression of

Class I KNOTTED-like homeobox (KNOX) transcription fac-

tors to suppress ectopic-meristem formation. In addition,

atring1a/b mutant plants showed an enlarged shoot apical

meristem (SAM), resulting in enlarged stems and fasciated

inflorescence meristems that produced heavily fused ster-

ile flowers; therefore, loss-of-function of both AtRING1A

and AtRING1B were proposed to affect initiation, mainte-

nance, and differentiation of inflorescence and floral

organs (Xu and Shen, 2008). AtRING1 proteins were shown

to interact with CURLY LEAF (CLF), a PRC2 core component

catalyzing H3K27-methylation, and with LHP1, suggesting

a model in which AtRING1A, AtRING1B, and LHP1 form a

PRC1-like complex for transcriptional suppression of KNOX

genes (Xu and Shen, 2008).
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Conversely, loss-of-function in AtBMI1A and B led to

derepression of embryonic traits in vegetative tissues as a

consequence of a strong misexpression of seed maturation

genes (e.g. FUSCA 3 (FUS3), LEAFY COTYLEDON 1 (LEC1),

ABSCISIC ACID INSENSITIVE 3 (ABI3)) and stem cell regu-

lators (e.g. WUSCHEL (WUS), WUSCHEL-related homeo-

box 5 (WOX5)) (Bratzel et al., 2010). Interestingly, these

mutants showed a very similar phenotype to the one dis-

played by mutant plants impaired in PRC2 function (Chanv-

ivattana et al., 2004; Aichinger et al., 2009). Later on,

deregulation of the embryonic program was also detected

in atring1a/b mutants (Chen et al., 2010), indicating that

they regulate a common subset of targets.

In addition, AtBMI1A and AtBMI1B were shown to inter-

act in vitro with LHP1 and EMF1 (Bratzel et al., 2010), and

with the AtRING1s (Chen et al., 2010), suggesting their par-

ticipation in a PRC1-like complex. More important, At-

BMI1A and AtBMI1B were shown to mediate in vitro and

in vivo H2A monoubiquitination. The in vitro activity was

also demonstrated for AtRING1A and AtRING1B (Bratzel

et al., 2010), revealing that H2A monoubiquitination takes

place in plants and indicating that all Arabidopsis PRC1

RING-finger homologs can act as E3 ubiquitin ligases (Brat-

zel et al., 2010).

Characterization of the third AtBMI1 gene, AtBMI1C,

showed that, in contrast to AtBMI1A and B that are

ubiquitously expressed, it was expressed during endo-

sperm, stamen and root development (Li et al., 2011;

Bratzel et al., 2012). Surprisingly, AtBMI1C was found to

be an imprinted gene maternally expressed in the endo-

sperm but biallelically expressed in stamen and roots

(Bratzel et al., 2012). Nevertheless, AtBMI1C displayed

in vitro H2A monoubiquitin ligase activity and interacted

with other PRC1 components as the other AtBMI1s (Brat-

zel et al., 2012). Furthermore, the progeny of at-

bmi1a�/�b�/�c+/� plants showed aborted seeds and

seedlings that displayed a phenotype similar to atbmi1a/

b in the aerial part but with stronger defects in the root,

indicating that AtBMI1 proteins are required during seed

and vegetative development, acting at least partially

redundantly in the tissue where they are co-expressed

(Yang et al., 2013).

In addition, it has been found that AtBMI1C overexpres-

sion driven by the 35S promoter caused increased levels of

H2A monoubiquitination that resulted in an early flowering

phenotype. Accordingly, suppression of the flowering

repressor FLOWERING LOCUS C (FLC) and activation of

the flowering promoter gene FLOWERING LOCUS T (FT)

were observed in overexpressing lines, which suggest the

participation of AtBMI1 proteins in flowering time control

by regulating the expression of FLC (Li et al., 2011). Consis-

tent with a possible role of the PRC1 RING-finger proteins

in regulating flowering time, it has been recently shown

that loss of function of AtRING1A causes late-flowering

phenotype due to misexpression of two floral repressors,

MADS AFFECTING FLOWERING 4/5 (MAF4/5), which in

turn repress two floral pathway integrators, FT and SUP-

PRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1)

(Shen et al., 2014).

Plant homologs to animal PRC1 core component Ph

have not been identified. It might be possible that a yet

unknown plant-specific protein under takes Ph role, like

EMF1 has assumed some of Psc functions. This, together

with the fact that LHP1 displays a non-conserved role in

plants participating in PcG repression (Derkacheva et al.,

2013), indicates important differences between animal and

plant PcG mechanism. Nevertheless, it is now clear that

PRC1 function plays a crucial role in important develop-

mental processes in plants. How the different components

may associate with each other to display PRC1 function in

these organisms will be discussed in the following section.

PRC1 IN PLANTS: ONE OR MORE THAN ONE COMPLEX?

atring1 or atbmi1 single mutants display a wild-type-like

phenotype and only combination of atring1a and b or at-

bmi1a and b mutants shows a phenotype, indicating that

AtRING1A/B and AtBMI1A/B can act redundantly in the reg-

ulation of gene expression (Bratzel et al., 2010; Chen et al.,

2010); however, whether each AtBMI1 or AtRING1 has

additionally specific target loci or acts in a tissue-specific

manner is still unknown. The fact that AtBMI1C displays

lower sequence similarity to AtBMI1A or AtBMI1B than the

one displayed by AtBMI1A and AtBMI1B (Bratzel et al.,

2010; Chen et al., 2010), suggests functional difference

between AtBMI1C and the other two AtBMI1s. Indeed,

while AtBMI1A and B are able to carry out AtBMI1C func-

tion in the root, AtBMI1C is only able to partially suppress

the root defects in atbmi1a/b mutants (Bratzel et al., 2010;

Yang et al., 2013), supporting a partial overlapping func-

tion.

In mammals, six forms of PRC1 have been identified. All

contain one RING1 protein, either RING1B or the closely

related protein RING1A, and one of the six PCGFs (BMI1,

NSPC1, MEL18, PCGF3, PCGF5, MBLR) (Gao et al., 2012). In

vitro studies have established that RING1B alone shows

poor E3 activity on nucleosomes and that BMI1 has no

in vitro activity, but that the RING1B–BMI1 heterodimer

displays increased E3 ligase activity (Buchwald et al., 2006;

Li et al., 2006; Bentley et al., 2011). Similarly, Drosophila

dRing-Psc module has been shown to display in vitro H2A

E3 ligase activity (Lagarou et al., 2008). Accordingly, the

RING1-PCGF module has been considered the framework

on which the different PRC1s are assembled (reviewed in

Gil and O’Loghlen, 2014). However, it is not clear whether

the same module is formed in Arabidopsis, since the two

AtRING1 and the three AtBMI1 proteins display in vitro

activity on H2A.1 (Bratzel et al., 2010, 2012). In addition,

plants mutant for AtBMI1A/B showed a significant global
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decrease of H2Aub, which is reflected in a decrease of this

mark at the transcriptional start site region of specific tar-

gets, furthermore, this modification was undetectable in at-

bmi1a/b/c mutants (Yang et al., 2013), indicating that the

AtBMI1s are crucial for the in vivo activity.

The in vivo H2A monoubiquitination activity of

AtRING1A/B has not been tested yet, thus it is not known

how these proteins affect H2Aub levels. It might be possi-

ble that the AtBMI1 proteins confer activity to the complex

and AtRING1 modulate the activity, alternatively, that both

AtBMI1 and AtRING1 proteins are in vivo active H2A E3

ubiquitin ligases. Interestingly, loss of function in AtRING1

leads to a weaker derepression of embryonic traits during

seedling development than loss of function in AtBMI1, and

atbmi1a/b mutants do not display the highly fasciated stem

and the heavily fused flowers phenotype observed in

atring1a/b (Xu and Shen, 2008; Bratzel et al., 2010), raising

the possibility of functional complexes containing AtBMI1

or AtRING1 homodimer.

Recently, the crystal structure of the human RING1B–
BMI1 together with the E2 enzyme UbcH5c bound to a

nucleosome has been resolved (McGinty et al., 2014). The

authors found that the arginine in position 98 of RING1B is

primarily responsible for binding to the nucleosome.

Mutating this residue resulted in a 50-fold decrease in

binding affinity and H2A monoubiquitination. The BMI1

subunit seems to make a lesser contribution to nucleo-

some binding affinity, although contact with the amino-ter-

minal helix of H3 is crucial for binding, and presumably

also for fixing the orientation of the complex on the nucle-

osome surface (McGinty et al., 2014; M€uller and M€uller,

2014). Conservation of these key residues in the Arabidop-

sis PRC1 RING-finger proteins could provide some clues to

determine if homo- and heterodimers can be formed in

plants. This possibility would increase the number of PRC1

variants in Arabidopsis. In any case, interactions among

different AtBMI1s and AtRING1s have been reported (Brat-

zel et al., 2010; Chen et al., 2010), which support several

possible combinations.

The different PRC1 RING fingers might show preference

for distinct H2A variants. Arabidopsis contains 13 genes

(HTAs) that encode different H2A variants. The canonical

H2A variants are HTA1, HTA2, HTA10, and HTA13 (H2A.6,

H2A.3, H2A.1 and H2A.2, respectively); HTA3 and HTA5

(H2AXB and H2AXA) have the conserved C-terminal

sequence characteristic of H2A.X variants; HTA6, HTA7, and

HTA12 (H2A.7, H2A.5 and H2A.4) display a CTR distinctive

of these group of plant histones; and HTA8, HTA9, and

HTA11 (H2AV2, H2AV3 and H2AV1) share a high homology

with H2A.Z variants from other organisms (March-D�ıaz and

Reyes, 2009). It has been proposed that the structural differ-

ences confer to H2A variants distinctive features for specific

functions within chromatin. Whether these functions are

regulated by post-translational modifications remains to be

investigated. So far, only canonical H2A variants have been

shown to be in vivo target of AtBMI1 (Bratzel et al., 2010;

Yang et al., 2013), however, according to the current picture

in animals (Sevilla and Binda, 2014), the function of some

H2A variants may be regulated by modification in plants.

On the other hand, when comparing genes that are mis-

expressed in the different PRC1 mutants, it is surprising to

find that there are genes misregulated in emf1 but not in

atbmi1 or atring1 and vice versa, which raises questions

like how many functional PRC1s exist in Arabidopsis and

what is the biological relevance for such diversification.

As we mentioned before, Drosophila Psc-CTR has the

ability to inhibit nucleosome remodeling, repress transcrip-

tion and compact chromatin (Francis et al., 2001, 2004; Lo

and Francis, 2010); abilities that seem independent of Psc

implication in H2Aub monoubiquitination (Lagarou et al.,

2008) Analysis of Drosophila mutants lacking individual

PRC1 subunits revealed the existence of a subset of PcG

targets that are deregulated in absence of Psc but remains

repressed in the absence of the dRing, while other target

genes require all four PRC1 subunits for repression; there-

fore, the repression of the first type of targets may rely on

Psc-CTR, and the repression of the second type of targets

on H2A monoubiquitination (Guti�errez et al., 2012). In Ara-

bidopsis, Psc activities are carried out by different proteins:

the AtBMI1s that are involved in H2A monoubiquitination

(Sanchez-Pulido et al., 2008; Bratzel et al., 2010), and EMF1

that is the functional equivalent to Psc-CTR (Calonje et al.,

2008; Beh et al., 2012) (Figure 1). A recent report shows

the localization of H2Aub marks in a subset of PcG targets

and the effect of different PcG mutations on H2Aub deposi-

tion. According to the role of AtBMI1 proteins, atbmi1

mutants displayed decreased levels of H2Aub marks at

seed maturation genes. Conversely, loss of function of

EMF1 did not alter significantly the levels of H2Aub at

these genes (Yang et al., 2013). On the other hand, there

were other EMF1 targets, such as flower homeotic gene

AG, in which the H2Aub marks were not detected (Yang

et al., 2013). Consistent with these results, emf1-2 mutants

did not display a significant derepression of the seed matu-

ration genes (Yang et al., 2013), and atbmi1 or atring1

mutants did not misexpress flower homeotic genes (Xu

and Shen, 2008; Bratzel et al., 2010). Therefore, it seems

that in Arabidopsis there are also two types of PRC1-medi-

ated repression, the H2Aub-dependent and the H2Aub-

independent repression, which requires EMF1. As in Ara-

bidopsis AtBMI1 and Psc activities are not associated in

the same protein, it might be possible that different PRC1s

carry out the different types of repression. However, there

are several lines of evidence suggesting that this may not

be the case. First, there are target genes that require both

the PRC1 RING fingers and EMF1 for repression, as it is the

case of FLC and MAF4/5 (Kim et al., 2010; Li et al., 2011;

Molitor et al., 2014); second, EMF1 in vitro interacts with
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the PRC1 RING-finger proteins (Bratzel et al., 2010, 2012);

and third, EMF1 in vivo is bound to genes regulated by the

PRC1 RING fingers (Kim et al., 2012). Therefore, EMF1 and

the PRC1 RING-finger may coexist in the same complex

despite the observation that PRC1-mediated repression

varies depending on the target gene. Presumably, associa-

tion of different subunits determines the specificity and

type of repression. The in vivo purification of PRC1 will be

required to clarify this point.

PRC1 COMES FIRST IN PCG REPRESSION

PcG repression to specific targets has been widely thought

to require first the incorporation of H3K27me3 marks

by PRC2 and then the recruitment of PRC1 through the

binding of Pc to H3K27me3 marks (Wang et al., 2004)

according to this, PRC1 activity was proposed to stabilize

the repression of H3K27me3 marked loci (Levine et al.,

2004; Schuettengruber and Cavalli, 2009; Margueron and

Reinberg, 2011).

However, studying the role of AtBMI1 proteins in PcG-

mediated repression in Arabidopsis, it was found that the

lack of AtBMI1 activity caused a significant decrease in the

levels of H3K27me3 at seed maturation genes and that At-

BMI1 activity was required for the initial repression of the

genes (Yang et al., 2013). Furthermore, several evidences

indicated EMF1 activity is required for H3K27me3 marking

at some target genes (Kim et al., 2012; Yang et al., 2013).

In addition, the fact that EMF1 binding profile has the

strongest signal around the transcriptional start site and

then gradually declines towards the 30 end, whereas

H3K27me3 produced by PRC2 forms a broader domain

(Kim et al., 2012), did not fit with the idea of PRC1 coincid-

ing with H3K27me3 marks. According to the new results,

the binding and/or activity of PRC1, either H2Aub-depen-

dent or–independent, may act as a docking point for PRC2

and subsequent spreading of H3K27me3 marks at some

target genes, which is turning the classic hierarchical

model upside-down (Yang et al., 2013; Calonje, 2014) (Fig-

ure 2).

The requirement of PRC1 activity for H3K27me3 marking

was then confirmed in the repression of other genes, such

as several seed developmental genes (e.g. DELAY OF GER-

MINATION 1 (DOG1)) during germination (Molitor et al.,

2014), and MAF4 and MAF5 during the floral transition

(Shen et al., 2014). Therefore, it seems that the PRC1-

dependent recruitment of PRC2 takes place at a consider-

able number of targets in Arabidopsis. Localization of

H3K27me3 marks in atbmi1 or atring1 mutants will deter-

mine whether these genes represent the majority. How-

ever, there are also examples in which PRC1 and PRC2

activities are apparently recruited independently to the tar-

get genes, as is the case of the stem cell regulator WUS

(Yang et al., 2013). In addition, it has been shown that

EMF1 binds genes that lack H3K27me3 marks (Kim et al.,

2012), suggesting a PRC2 independent role of EMF1. In any

case, contrary to the previous idea, the binding of PRC1

can be independent on H3K27 methylation in Arabidopsis.

Surprisingly, three recent articles reached the same

conclusion in vertebrates by showing that the binding of a

variant PRC1 and subsequent H2A ubiquitination of sur-

rounding chromatin is sufficient to trigger the recruitment

of PRC2 and H3K27 trimethylation (Blackledge et al., 2014;

Cooper et al., 2014; Kalb et al., 2014), indicating that the

sequence of events in PcG repression is conserved in the

two kingdoms, although in the reversed order than previ-

ously thought.

Figure 2. New model for recruitment of PcG com-

plexes.

PRC1 is targeted to genes through recruiting factors

(Recruiters). The interaction of PRC1 with different

Recruiters determines the type of repression: (1)

H2A-dependent repression in which PRC1 mediates

H2Aub to block transcription; or (2) H2A-indepen-

dent repression in which PRC1 mediates chromatin

compaction. In any case, PRC1 recruits PRC2

through a yet unknown mechanism to incorporate

H3K27me3 marks that maintains a stable repres-

sion. Yellow circles indicate H2Aub marks; Red tri-

angles indicate H3K27me3 marks.
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But, how can the PRC1-dependent PRC2 recruitment take

place? PRC2 might be recruited to the target genes via

interaction with PRC1 components or/and H2Aub. In mam-

mals, it has been shown recently that nucleosomes con-

taining H2Aub bind PRC2 components (Kalb et al., 2014). It

is not known whether any of the PRC2 components can

bind H2Aub marks in Arabidopsis but the PRC2 component

CLF has been shown to physically interact with AtRING1A

in yeast two-hybrid assays (Xu and Shen, 2008). In addi-

tion, the fact that LHP1 co-purifies with PRC2 and also

interacts with several PRC1 components (Xu and Shen,

2008; Derkacheva et al., 2013; Wang et al., 2014), suggest

that protein–protein interactions may be involved in the

recruitment of PRC2.

It has been proposed that a positive feedback loop might

occur at PcG target genes in which H2Aub stimulates

H3K27me3, which at the same time facilitate the binding of

PRC1 (Comet and Helin, 2014). In such mechanism, the

ability of LHP1 to interact with PRC1, PRC2 and H3K27me3

marks may be crucial for extending the marks far from the

recruitment site.

FACTORS ASSOCIATED WITH PRC1 FUNCTION IN

ARABIDOPSIS

PcG components are ubiquitously expressed; therefore,

whether or not they are targeted to a given locus in a spe-

cific cell type or developmental stage has been a major

research problem, even more considering that none of the

PcG subunits can bind DNA in a sequence-specific fashion.

In the classic hierarchical model, the recruitment of PRC1

was solved by the binding of Pc homologs (or the func-

tional equivalent LHP1 in the case of Arabidopsis) to

H3K27me3 marks; however, according to recent data, the

recruitment of PRC1 may take place independently of

PRC2. Therefore, there may be associated factors involved

in the specific targeting of PRC1.

Animal canonical PRC1s have a core of four subunits

that have different paralogs, accordingly, different com-

plexes have been described (reviewed in Schwartz and

Pirrotta, 2013); however, a spate of recent publications has

greatly expanded the range of PRC1 variants in which

some canonical subunits have been replaced by other pro-

teins, suggesting different biochemical properties of the

variant complexes that may be involved in the specific

recruitment (reviewed in Schwartz and Pirrotta, 2013). Con-

sistent with this, the new PRC1 component RING1/YY1-

binding protein (RYBP) has been proposed to bridge spe-

cific PRC1 variants to YY1(Tavares et al., 2012), the mam-

malian homolog of the Drosophila PRC1/2 recruiting factor

Pleiohomeotic (Pho) (Klymenko et al., 2006; Simon and

Kingston, 2009). In addition, the promoters of most PcG-

regulated genes in mammals contain clusters of CpG dinu-

cleotides, the CpG islands. The mammalian histone H3K36

demethylase KDM2B forms a complex with RING2 and

PCGF1. KDM2B removes the dimethylation or trimethyla-

tion mark of H3K36 and binds to CpG islands through its

CXXC domain, recruiting this PRC1 variant to DNA (Laga-

rou et al., 2008; Farcas et al., 2012; He et al., 2013; Wu

et al., 2013). Therefore, the incorporation of factors that

provide different biochemical properties to the PRC1 vari-

Figure 3. PRC1 associated proteins in Arabidopsis.

Three different types of factors have been shown to

interact with Arabidopsis PRC1 core components

until date. DNA binding factors, histone modifica-

tion interacting factors and factors that remove pre-

viously established chromatin marks. Some of

these properties can be present in the same protein,

as is the case of the VAL factors. The domains

involved in the different activities are indicated in

parentheses.
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ants may be indeed important for targeting different sub-

sets of genes and/or for context-dependent repression.

In Arabidopsis, all core subunits of animal PRC1 have

not been identified yet; however, according to the current

data, it seems that plants lack Ph and Pc sequence homo-

logs; therefore, it might be possible that in plants only exist

non-canonical PRC1s that associate with different proteins

for recruitment (Figure 3). In fact, specific targeting of PRC1

has been reported for the seed maturation genes (Yang

et al., 2013). According to this report, PRC1 is recruited to

seed maturation genes by the Viviparous 1 (VP1)/ABCISIC

Acid Insenstive 3 (ABI3)-Like (VAL1/2/3) transcription fac-

tors (Yang et al., 2013). Both VAL and AtBMI1 proteins sup-

press the seed maturation program after germination

(Suzuki and McCarty, 2008; Guerriero et al., 2009; Bratzel

et al., 2010); consequently, atbmi1a/b/c and val1/2 mutants

display the same phenotype (Yang et al., 2013). The VAL

proteins interact with AtBMI1A/B in vitro and are required

for H2Aub marking of the seed maturation genes, placing

VAL upstream of AtBMI1 activity in the repression. Interest-

ingly, the VAL proteins, contain a B3 DNA binding domain

that recognizes RY/Sph DNA elements (Suzuki et al., 2007;

Suzuki and McCarty, 2008). Since the promoters of the seed

maturation genes contain RY/Sph DNA elements, it has

been proposed that the VAL proteins are involved in the

specific recruitment of PRC1 to these genes (Yang et al.,

2013). Conversely, EMF1 directly interacts with the MADS-

box domain transcription factor FLC and this association is

required for FT repression, suggesting that FLC may recruit

PRC1 to specific targets for repression (Wang et al., 2014).

So far, no other DNA binding protein has been identified in

Arabidopsis as PRC1 recruiter (Figure 3); however, it would

not be surprising to find many other DNA binding factors,

thus providing specificity to the complex.

Factors that interact with previously established histone

modifications are proposed to play an important role in

PcG recruitment (Figure 3). In fact, the VAL proteins, in

addition to the B3 domain, have a plant homeodomain

(PHD) and a CW domain that recognize H3K4me3 marks

(Hoppmann et al., 2011; Sanchez and Zhou, 2011). The

binding of VAL to H3K4me3 marks through these domains

been proposed to contribute in PRC1 targeting (Calonje,

2014). Furthermore, a recent report has proposed that the

ALFIN1-like (ALs) proteins are involved in the recruitment

of PRC1 (Molitor et al., 2014). ALs are PHD finger proteins

that bind H3K4me2/3 (Lee et al., 2009). This report shows

that the PRC1 components AtBMI1 and AtRING1 physically

interact with ALs and that the loss of AL6 and AL7 partly

mimics the delay in germination phenotype of atbmi1a/b

mutant, suggesting a model in which the AL-PRC1 com-

plexes built around H3K4me3 lead to a switch from the

H3K4me3-associated active to the H3K27me3-associated

repressive transcription state of seed developmental genes

(Molitor et al., 2014).

Reprogramming of gene activity involves the removal of

pre-existing chromatin marks and the incorporation of new

modifications, which reflects a new transcriptional state;

therefore, association of PRC1 components with enzymes

involved in the removal of pre-established chromatin

marks would be not surprising (Figure 3). In agreement

with this, VAL1 interacts with the HISTONE DEACETYLASE

19 (HDA19). Mutation in HDA19 resulted in increased levels

of gene activation marks, such as histone H3 acetylation,

histone H4 acetylation, and H3K4me3, but decreased levels

of H3K27me3 marks at seed maturation genes after germi-

nation (Zhou et al., 2013), suggesting VAL as a link

between histone deacetylation and PcG-mediated repres-

sion of seed maturation genes (Calonje, 2014). Interestingly

HDA6 and HDA19 act redundantly in the repression of

embryonic properties following germination in Arabidop-

sis (Tanaka et al., 2008). Furthermore, it has been recently

shown that the trimethyl-H3K4 demethylase PKDM7B/

JMJ14 in vivo interacts with the PRC1 components EMF1

and AtBMI1 and that this interaction is crucial for regula-

tion of FT (Wang et al., 2014),. In this work, the authors

propose how the transcription factor FLC expressed in leaf

veins regulates FT expression (Gu et al., 2013) by recruit-

ing the vascular EMF1/JMJ14/AtBMI1 containing PRC1 to

the FT locus. Therefore, these data strongly support the

association of this type of enzymes with PRC1.

FUTURE DIRECTIONS

Recent advances have improved our understanding on

PRC1 function in plants; however, there is much that

remains to be investigated. Unraveling the precise recruit-

ment mechanism actually used by the cell, under which

circumstances and in order to achieve which biological

outcomes, remains one of the major challenges in the

field. The identification of new PRC1 interacting factors

and the characterization of plant PRC1 variants will allow

us to go further in this direction. In addition, determining

whether PRC1 plays roles beyond its classical repressive

function might reveal new twists in PRC1-mediated gene

regulation.

Another important question to be address concerns the

functional role of the H2Aub mark and how it contributes

to transcriptional repression. The distribution of H2Aub in

the Arabidopsis genome it is not yet known, neither its role

in gene repression. H2Aub in animals has been reported to

interfere with the elongation of transcription by RNA Poly-

merase II (Zhou et al., 2008). Interestingly, a recent work

indicates that blocking RNA Polymerase II transcription in

mouse embryonic stem cells is sufficient to induce ectopic

recruitment of PRC2 to CpG islands (Riising et al., 2014).

An intriguing possibility would be that H2Aub marks

mediate the blocking of transcription, and that this

induces PRC2 recruitment. A better understanding of the

localization of H2Aub marks and the interplay of this mark
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with the transcriptional machinery will shed some light on

the effect of this modification.

Finally, to understand the biological roles of PRC1, it will

be important to determine whether the different H2A vari-

ants are susceptible to be monoubiquitinated and in that

case, if the different PRC1 RING fingers exhibit target pref-

erences.
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