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Polycomb Group Proteins Ring1A/B Link
Ubiquitylation of Histone H2A
to Heritable Gene Silencing and X Inactivation

Introduction

The histone code hypothesis proposes that covalent
modifications of specific residues provide interaction
surfaces for proteins that either increase or decrease
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The function of some histone modifications has not
yet been determined. A notable example is ubiquityla-
tion of histone H2A, which occurs at lysine 119 in manySummary
but not all higher eukaryotes (Goldknopf et al., 1975;
Nickel and Davie, 1989). Ubiquitylated H2A (uH2A) hasIn many higher organisms, 5%–15% of histone H2A is
been estimated to comprise between 5% and 15% ofubiquitylated at lysine 119 (uH2A). The function of this
the available H2A and is therefore a relatively abundantmodification and the factors involved in its establish-
modification. However, there is contradictory evidencement, however, are unknown. Here we demonstrate
concerning its function. Some studies have pointed tothat uH2A occurs on the inactive X chromosome in
an association of uH2A with transcriptionally activefemale mammals and that this correlates with recruit-
chromatin (Levinger and Varshavsky, 1982; Nickel et al.,ment of Polycomb group (PcG) proteins belonging to
1989). Others, however, have failed to demonstrate suchPolycomb repressor complex 1 (PRC1). Based on our
a link (Huang et al., 1986; Parlow et al., 1990; Dawsonobservations, we tested the role of the PRC1 protein
et al., 1991). Moreover, Baarends et al. (1999) reportedRing1B and its closely related homolog Ring1A in H2A
that uH2A is abundant in mouse pachytene spermato-ubiquitylation. Analysis of Ring1B null embryonic stem
cytes and is enriched on the transcriptionally silent(ES) cells revealed extensive depletion of global uH2A
XY body.levels. On the inactive X chromosome, uH2A was main-

Genetic screens in D. melanogaster identified thetained in Ring1A or Ring1B null cells, but not in double
Polycomb group (PcG) and Trithorax group (TrG) of pro-knockout cells, demonstrating an overlapping func-
teins as memory factors involved, respectively, in herita-tion for these proteins in development. These observa-
ble silencing and heritable activation of homeotic genes.tions link H2A ubiquitylation, X inactivation, and PRC1
A number of PcG proteins have been assigned to onePcG function, suggesting an unanticipated and novel
of two large multiprotein complexes. In D. melanogas-mechanism for chromatin-mediated heritable gene si-
ter, the 2 MDa PRC1 complex contains stoichometriclencing.
amounts of Polyhomeotic (PH), Polycomb (PC), Poste-
rior sex combs (PSC), and dRING (Shao et al., 1999;
Francis et al., 2001), and the 600 kDa PRC2 complex*Correspondence: neil.brockdorff@csc.mrc.ac.uk

5These authors contributed equally to this work. contains ESC, E(Z), and SU(Z)12 (Muller et al., 2002). In
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mammals, the same two complexes have been identi- protein PC and H3-K27 trimethylation (tri-meH3-K27)
catalyzed by the PRC2 HMTase, EZ (Czermin et al., 2002;fied, although there are multiple homologs for each of

the PRC1 PcG proteins. Muller et al., 2002; Cao et al., 2002; Kuzmichev et al.,
2002; Fischle et al., 2003; Min et al., 2003). In a previousThe PRC2 complex has been shown to catalyze tri-

methylation of histone H3-K27 (Czermin et al., 2002; study, we reported that PRC2 is recruited to Xi in early
development and that it is required to establish tri-Muller et al., 2002; Cao et al., 2002; Kuzmichev et al.,

2002; Fischle et al., 2003; Min et al., 2003). Interestingly, meH3-K27 on Xi (Silva et al., 2003). However, we failed
to detect enrichment of the PRC1 proteins Bmi1, Mpc2,the PRC1 protein Polycomb (PC) has a chromodomain

that recognizes trimethylated H3-K27 (tri-meH3-K27) or Ring1A either in early embryogenesis or at later stages
(Mak et al., 2002; Silva et al., 2003). Because mammals(Cao et al., 2002; Kuzmichev et al., 2002; Fischle et al.,

2003; Min et al., 2003), and it has been suggested that have at least two homologs of each of the core PRC1
proteins, we extended this initial study using antiserathis interaction could result in recruitment of PRC1 com-

plexes to PRC2 targets. The molecular mechanism of specific to Ring1B, Mel18, Mph1, and Mph2. We first
carried out immunofluorescence analysis on XX tropho-PRC1 function is poorly understood but is thought to

involve inhibition of SWI/SNF chromatin remodeling blast stem (TS) cells, a model system for the imprinted
X inactivation that occurs in extraembryonic tissues in(Shao et al., 1999). Two of the core PRC1 proteins, PSC

and dRING, have a Ring finger domain. This motif is mouse (Mak et al., 2002). Using antisera to the PRC2
proteins Suz12 or Eed to identify Xi domains, we ob-characteristic of ubiquitin and SUMO E3 ligases (re-

viewed in Pickart, 2001). served Xi enrichment of Ring1B (Figure 1A) and also
Mel18 and Mph2 (not shown). Scoring data illustratesModel systems that have been useful in unraveling

the links between histone modifications and biological that Ring1B enrichment on Xi is seen in the majority of
cells, whereas Mel18, and in particular Mph2 enrich-function include well-studied gene loci (for example, the

�- and �-globin gene clusters) and regions comprising ment, is less frequent (Figure 1A, graph).
We went on to determine if PRC1 enrichment on Xieither constitutive heterochromatin (for example, cen-

tromeres and telomeres) or facultative heterochromatin, occurs during in vitro differentiation of XX embryonic
stem (ES) cells. This model system is representative ofin particular the inactive X chromosome (Xi) in female

mammals. In this latter example, there is a developmen- the random X inactivation that occurs in cells of the
embryo proper and provides a useful means to analyzetally regulated and stepwise conversion of an entire X

chromosome from a euchromatic to a heterochromatic the dynamics of different steps of the X inactivation
process. Previous studies have demonstrated that Xconformation (reviewed in Heard, 2004). The process is

triggered by the expression and in cis localization of a inactivation proceeds in an ordered and stepwise pro-
cess following the onset of Xist expression (reviewed inlarge noncoding RNA, the X inactive specific transcript

(Xist) (Brown et al., 1991, 1992; Brockdorff et al., 1992). Heard, 2004). Recruitment of PRC2 proteins and conse-
quent H3-K27 trimethylation is one of the earliest detect-Xist RNA is thought to elicit chromosome silencing by

recruiting chromatin-modifying factors. Consistent with able changes. At later differentiation stages, Xi enrich-
ment of PRC2 proteins is markedly reduced but H3-K27this, recent studies have demonstrated that Xist RNA

recruits PRC2 PcG complexes with resultant chromo- trimethylation is retained (Silva et al., 2003; Plath et al.,
2003). As shown in Figure 1B, a similar pattern wassome-wide H3-K27 trimethylation (Mak et al., 2002; Silva

et al., 2003; Plath et al., 2003; Kohlmaier et al., 2004). observed for the PRC1 proteins Ring1B, Mel18, and
Mph1. Thus, recruitment to Xi occurs rapidly duringThis in turn has been shown to be required for stable

long-term maintenance of X inactivation (Wang et al., early differentiation, but enrichment is undetectable at
later differentiation stages. These findings suggest that2001; Silva et al., 2003).

In this study, we demonstrate that a subset of PRC1 a PRC1-like complex is recruited to Xi during the onset
of X inactivation. The complex appears to utilize theproteins, including the Ring finger proteins Mel18 and

Ring1B, are transiently enriched on Xi in early develop- homologous Mph1 and Mph2 proteins differently in TS
cells compared with ES cells, suggesting that its compo-ment. Additionally, we show that Xi is highly enriched

for uH2A and that this occurs coincident with PRC1 sition may vary in a tissue-specific manner.
We went on to test if PRC1 protein enrichment on Xicomplex recruitment. Analysis of cells lacking Ring1B

and the highly similar Ring1A proteins demonstrates occurs at the onset of X inactivation in early mouse
that Ring1B is required to maintain global uH2A levels embryos. Detection of the PRC2 protein Suz12 was used
in ES cells and that Ring1A and Ring1B have an overlap- to identify Xi domains in XX embryos. A first wave of
ping function in maintaining uH2A on Xi in differentiated inactivation, initiated in early preimplantation embryos,
cells. We discuss these results in the context of under- results in imprinted inactivation of the paternal X chro-
standing the mechanism of action and evolution of PRC1 mosome (Xp) in all cells of late morula and early blasto-
PcG proteins. cyst stage embryos (Okamoto et al., 2004; Mak et al.,

2004). We observed Ring1B localizing to Xi domains
both in trophectoderm and ICM regions of early blasto-Results
cyst stage embryos (Figure 1C), indicating that PRC1
recruitment occurs during imprinted X inactivationRecruitment of PRC1 PcG Proteins
in vivo. Imprinted X inactivation is reversed in cells allo-to the Inactive X Chromosome
cated to the pluripotent epiblast lineage at the late blas-It has been proposed that the PRC1 and PRC2 PcG
tocyst stage, setting the scene for subsequent randomcomplexes are recruited to common sites as a result of

an interaction between the chromodomain of the PRC1 X inactivation in the embryo proper at approximately 6
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Figure 1. Enrichment of PRC1 Proteins on the Inactive X Chromosome

(A) Example of immunofluorescence analysis in TS cells showing colocalization of Ring1B and Suz12 in Xi domains. Quantitative scoring data
(graph) shows colocalization with Suz12 domains for Ring1B (n � 289), Mel18 (n � 405), and Mph2 (n � 100). Error bars indicate variation
between different slides.
(B) Examples of immunofluorescence analysis of differentiating PGK12.1 XX ES cells illustrating Xi enrichment of the PRC1 proteins Ring1B
(top), Mel18 (center), and Mph1 (bottom). Scoring data (graph) illustrates the proportion of cells with Xi foci detected with antibodies to Eed,
Ring1B, Mel18, and Mph1 in undifferentiated cells (ES) and for cells differentiated for 2–10 days (dd). A minimum of 207 cells were scored
for each point. Error bars show variation between individual slides.
(C) Example of immunofluorescence analysis illustrating Ring1B localization to Xi domains in an XX blastocyst stage embryo. The image
represents a single confocal section. Xi localization was observed in cells in the trophectoderm (TE) and inner cell mass (ICM) regions. The
scatterplot shows the number of cells with Ring1B colocalizing with Suz12 domains plotted against the number of cells in a series of individual
XX blastocyst stage embryos.
(D) Examples of immunofluorescence analysis illustrating Ring1B localization to Xi domains in XX postimplantation embryos isolated at 6.5
and 7.5 dpc. Scoring data (graph) shows the proportion of cells with Xi domains for Suz12 and Ring1B at 6.5 dpc (312 cells from 4 embryos)
and 7.5 dpc (884 cells from 4 embryos). Error bars indicate variation between individual embryos.

days postcoitum (dpc). Consistent with this, we ob- protein Suz12 on Xi. At 11.5 dpc, we failed to detect any
localization to Xi domains (not shown). This progressiveserved Xi localization of Ring1B in the majority of cells

at 6.5 dpc (Figure 1D). At 7.5 dpc, there was a marked loss of Ring1B enrichment on Xi mirrors the results ob-
tained for differentiating XX ES cells.reduction, paralleling reduced enrichment of the PRC2
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Ubiquitylation of Histone H2A on the Inactive
X Chromosome
Both Mel18 and Ring1B proteins have Ring finger do-
mains, indicating that they function either in ubiquityla-
tion or sumolyation pathways. We therefore carried out
immunostaining experiments to determine if either
SUMO or ubiquitin groups are enriched on Xi. In initial
experiments, we analyzed XX TS cells. To test if the Xi
domain is enriched for ubiquitin, we used an antibody,
FK2, which detects both mono- and polyubiquitin chains
(Fujimuro et al., 1994). No Xi-specific signal was de-
tected under conditions where cells are first fixed and
then permeabilized (not shown). However, by reversing
these two steps, a clear signal that colocalized with Xi
was seen in all cells (Figure 2A). To discriminate between
mono- and polyubiquitylated proteins, we used the FK1
antibody, which is specific for polyubiquitylated proteins
(Fujimuro et al., 1994). Here, we also observed Xi signal
but it was significantly weaker and was detectable in
only 22% of cells (Figure 2B). Thus, both mono- and
polyubiquitylated protein(s) are enriched in Xi domains
but monoubiquitylated protein(s) predominate. No Xi
signal was seen using antibodies to SUMO1 (not shown).

The stringent conditions required to expose the ubi-
quitin signal on Xi suggested that the epitope may be
partially occluded. This, in turn, led us to consider that
ubiquitylation may be occurring on a histone protein.
The core histones H2A, H2B, and H3 and also histone H1
are all known to be subject to ubiquitylation (reviewed in
Zhang, 2003). Ubiquitylated H2A (uH2A) represented a
good candidate, as it is relatively abundant in higher
eukaryotes, comprising 5%–15% of the total H2A. Avail-
ability of a highly specific monoclonal antibody (Vassilev
et al., 1995) allowed us to test this hypothesis. As shown
in Figure 2C, we observed a strong and highly specific Figure 2. Ubiquitylated Histone H2A Is Highly Enriched on the Inac-
staining of Xi domains in all cells. Thus, uH2A is highly tive X Chromosome in TS Cells
enriched on Xi, providing a strong indication that this (A) Example of immunofluorescence analysis with FK2 antibody,
histone modification is associated with transcriptionally which detects both mono- and polyubiquitylated proteins, illustrat-

ing strong Xi signal that was seen in all cells with Su(z)12 Xi foci.silent facultative heterochromatin. A fraction of uH2A
(B) Example of immunofluorescence analysis using FK1 antibody,has been reported to be polyubiquitylated (Nickel and
which detects only polyubiquitylated proteins, showing that Xi stain-Davie, 1989), possibly explaining the Xi staining seen
ing is relatively weak and is seen only in a proportion of cells.with FK1 antibody (Figure 2B).
(C) Example of immunofluorescence analysis for ubiquitylated H2A

Although the uH2A staining pattern indicates that Xi (uH2A), showing localization to Xi in all cells with Su(z)12 Xi foci.
is the major target site in XX TS cells, this strong signal (D) Example of immunofluorescence analysis illustrating nuclear

staining of uH2A in XY TS cells. Staining is excluded from nucleolimasks a more general nuclear localization. This can be
(n) and DAPI-dense pericentric heterochromatin (arrowhead).seen in immunofluorescence analysis of XY TS cells,
(E) Western blot analysis of acid-extracted histones from XY andwhere signal is detectable throughout the nucleoplasm
XX TS cells. The figure shows Coomassie brilliant blue staining ofexcept in nucleoli and DAPI-dense regions (Figure 2D). acid-extracted histones (CBB, left) and Western blot analysis using

The latter observation indicates that H2A ubiquitylation antibody to ubiquitylated H2A (uH2A, center) or trimethylated H3-
is not a feature of constitutive heterochromatin. Western K27 (meK27, right).
blot analysis shows that overall levels of uH2A are very
similar in XX and XY TS cells (Figure 2E), suggesting
that the contribution of uH2A on Xi is relatively small. antibodies to tri-meH3-K27. This provided a more reli-
We conclude from this that most uH2A is associated able marker of Xi under the stringent conditions used to
with sites dispersed throughout the genome. detect uH2A. As illustrated, H2A ubiquitylation detected

with either FK2 or uH2A antibodies occurred with similar
kinetics to PRC2-catalyzed H3-K27 trimethylation and

Kinetics of H2A Ubiquitylation on the Inactive PRC1 protein recruitment. Interestingly, uH2A on Xi was
X Chromosome detectable on metaphase chromosomes, showing a
To test for H2A ubiquitylation in random X inactivation banded pattern that colocalizes with tri-meH3-K27 (Fig-
and to examine the dynamics of this modification, we ure 3A, lower panels). This pattern has been shown to
analyzed differentiating XX ES cells (Figure 3A). For relate to preferential localization of Xist RNA in gene-

rich G-light bands (Duthie et al., 1999).these experiments, Xi domains were identified using
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(compare Figures 1B and 3A graphs). Similarly, we ob-
served uH2A on Xi in XX embryos at 11.5 dpc and in
primary and transformed XX cell lines representing dif-
ferentiated tissues (Figure 3B). We cannot rule out the
possibility that relatively low levels of Ring1B, Mel18,
and Mph1/2, or for that matter other PRC1 proteins, are
associated with Xi in these situations.

Global levels of uH2A are similar in undifferentiated
ES cells compared with cells differentiated for various
times, contrasting with tri-meH3-K27, which is markedly
elevated in undifferentiated ES cells (Figure 3C). The
latter observation is consistent with previous studies
demonstrating elevated PRC2 and tri-meH3-K27 both
in ES cells and in the ICM of blastocyst stage embryos
(Silva et al., 2003; Erhardt et al., 2003; Mak et al., 2004).

Differentiation Linked Stabilization of uH2A
on the Inactive X Chromosome
To further examine the relationship between H2A ubiqui-
tylation and the onset of X inactivation, we analyzed XY
ES cell lines expressing an inducible Xist transgene.
Previous studies have shown that expression of Xist
transgenes in undifferentiated ES cells is sufficient to
induce gene silencing and many of the chromatin modifi-
cations associated with X inactivation (Wutz and Jae-
nisch, 2000; Kohlmaier et al., 2004). We assayed Xist
expression, recruitment of PRC2 (Suz12), PRC1 (Ring1B),
H3-K27 trimethylation, and H2A ubiquitylation 72 hr fol-
lowing induction of Xist RNA in two independently de-
rived ES cell lines, 8A and 12E (Figure 4A). Accumulation
of Xist RNA into large nuclear domains occurred in the
majority of cells in both cell lines. Recruitment of Suz12
and Ring1B and trimethylation of H3-K27 occurred in a
reduced proportion of cells. Most strikingly, H2A ubiqui-
tylation was detectable only in a very small proportion
of cells.

Chromosome inactivation is unstable and Xist RNA
dependent in undifferentiated ES cells and also during
early differentiation stages, whereas in more differenti-Figure 3. H2A Ubiquitylation in Random X Inactivation
ated cells, silencing is stabilized and becomes Xist inde-(A) Examples of immunofluorescence analysis illustrating ubiqui-

tylated H2A (uH2A) and trimethylated H3-K27 (meK27) on Xi in differ- pendent (Wutz and Jaenisch, 2000). To determine if H2A
entiated ES cells at interphase (top) and on an individual Xi chromo- ubiquitylation correlates with stabilization of inactiva-
some at metaphase (bottom). Scoring data (graph) illustrates tion, we assayed 8A and 12E cell lines during in vitro
differentiation-linked increase in uH2A on Xi, assessed both with

differentiation. Xist RNA expression was again induceduH2A and FK2 antibodies. The kinetics of H2A ubiquitylation closely
for 72 hr, but under culture conditions where cell differ-mirrors that seen for trimethylation of H3-K27 (meK27). A minimum
entiation is allowed to proceed (Figure 4B). Recruitmentof 229 cells were scored for each point. Error bars indicate variation

between slides. of Suz12 and Ring1B was seen to increase relative to
(B) Graph illustrates data for various differentiated XX cell types: undifferentiated ES cells, as did H3-K27 trimethylation.
11.5 dpc embryos, primary mouse embryo fibroblasts (MEF), primary The most dramatic difference, however, was seen for
mouse adult fibroblasts (MAF), and transformed fibroblast (TF) cell

H2A ubiquitylation, which was now detectable in a simi-lines. The proportion of cells with Xi foci was scored using antibodies
lar proportion of cells as H3-K27 trimethylation (compareto tri-meH3-K27 (meK27) and to uH2A (FK2 and uH2A). A minimum
Figures 4A and 4B graphs). These observations indicateof 193 cells were scored for each point. Error bars indicate variation

between different slides. that cellular differentiation enhances both H3-K27 tri-
(C) Western blot analysis of acid-extracted histones from undifferen- methylation and in particular H2A ubiquitylation oc-
tiated PGK12.1 XX ES cells and from cells differentiated in vitro for curring in response to Xist RNA accumulation. The fact
5 or 10 days (dd). The figure shows Coomassie brilliant blue staining

that these histone modifications are relatively unstableof acid-extracted histones (CBB, left) and Western blot analysis
in undifferentiated ES cells may be significant in relationusing antibody to monoubiquitylated H2A (uH2A, center) or trimethy-
to the reversibility of chromosome inactivation.lated H3-K27 (meK27, right).

Ring1B Is Required for H2A Ubiquitylation
in ES CellsAnalysis of later stages of ES cell differentiation illus-

trates that uH2A enrichment is maintained on Xi beyond The correlation between H2A ubiquitylation and the re-
cruitment of Ring finger proteins of the PRC1 complexthe time when PRC1 protein enrichment is detectable
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Figure 4. Ubiquitylated H2A on Xi Is Stabilized by Cellular Differentiation

(A) Examples showing Xist RNA FISH (top), immunofluorescence detection of Suz12 and Ring1B (center), and immunofluorescence detection
of tri-meH3-K27 (meK27) and uH2A (bottom) in undifferentiated transgenic 8A ES cells 72 hr after Xist induction. Arrowhead illustrates a cell
with a tri-meH3-K27 domain and no corresponding uH2A signal. Graph shows the proportion of cells with domains for each marker (n � 200),
both for cell line 8A and the independently derived cell line 12E. Error bars indicate variation between different slides.
(B) Analysis of differentiating cells 72 hr after Xist induction, as in (A). Examples shown are from the 8A cell line.

to Xi suggested that these events may be directly linked. in nuclear extracts before and after deletion of the locus.
As shown in Figure 5B, loss of functional Ring1B resultedRing1B in particular represented a good candidate, as

previous studies have shown that null alleles result in in a striking depletion of uH2A in both cell lines. Similar
results were obtained by analyzing acid-extracted his-early embryo lethality (Voncken et al., 2003; M.V. and

H.K., unpublished). To test this, we analyzed the effect tones (Figure 5C, center). A low level of uH2A was ob-
served in this experiment, possibly due to expressionof Ring1B deficiency on H2A ubiquitylation. Because of

embryonic lethality in Ring1B null animals, we used a of the highly related Ring1A protein (see below). H3-K27
trimethylation levels were essentially unaffected (Figureconditional gene targeting strategy in which exon 2,

encoding the ATG initiation codon, is flanked with loxP 5C, right), demonstrating that depletion of uH2A is a
highly specific effect and is not due to a more generalsites (Figure 5A). Two independently derived ES cell

lines, 10-3 and 13-3, which are homozygous for the disruption of chromatin structure.
To test if depletion of global uH2A levels is a directconditionally targeted allele (Ring1Bfl/fl), were used in

this study. 10-3 cells were found to be XY based on consequence of mutating Ring1B, we carried out a com-
plementation experiment, transfecting mutant ES cellsPCR analysis of the Y-linked Sry gene (data not shown).

13-3 cells were Sry negative, indicating they are either with a construct expressing wild-type Ring1B from a
heterologous chicken �-actin promoter. As shown inXX or X0. Ring1B null (Ring1B�/�) derivatives of both

cell lines were obtained by CRE-mediated excision of Figure 5D, the transfected mutant ES cells express high
levels of transgene-encoded Ring1B protein. Analysis ofexon 2.

We went on to analyze global ubiquitylated H2A levels acid-extracted histones demonstrated that uH2A levels
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Figure 5. Ring1B Is Required for H2A Ubiquitylation in ES Cells

(A) Schematic restriction enzyme map illustrating the strategy for conditional targeting of the Ring1B locus. The targeting construct introduces
loxP sites (filled triangles) flanking exon (open rectangles) 2 of the gene, containing the ATG initiation codon. An additional loxP site provides
a means to delete the positive selectable marker gene, PGKneo. The termination codon TGA is also indicated. A cassette encoding diptheria
toxin expressed from the PGK promoter (PGKDTA) was used to negatively select for random integrants. Restriction enzymes are BglII (B),
EcoRI (E), and HindIII (H).
(B) Western blot analysis of uH2A in nuclear extracts from Ring1Bfl/fl (fl/fl) and derivative Ring1B�/� (�/�) 10-3 and 13-3 undifferentiated ES
cell lines. Coomassie brilliant blue (CBB) staining of extracts with molecular weights in kDa illustrated to the left.
(C) Western blot analysis of uH2A and tri-meH3-K27 (meK27) in acid-extracted histones from 13-3 cell lines. Positions of histones H1, H2A,
H2B, H3, and H4 are indicated to the left of Coomassie brilliant blue (CBB) stained gel image.
(D and E) Complementation analysis of Ring1B�/� ES cells.
(D) Western analysis of Ring1B protein expression in nuclear extracts from XX 10-3 Ring1bfl/fl cells (fl/fl), Ring1b�/� derivatives (�/�), and
Ring1b�/� cells after transfection with the Ring1B-myc construct (transf). Coomassie brilliant blue (CBB) staining with molecular weights
indicated in kDa is shown in the left panel. The epitope-tagged protein (arrowhead a) migrates more slowly than wild-type protein (arrowhead b).
(E) Western analysis of acid-extracted histones from cell lines in (D) showing detection of both uH2A and tri-meH3-K27 (meK27). Coomassie
brilliant blue (CBB) staining and indication of the position of histones is shown in the left panel.

are restored to a similar level to the parent Ring1Bfl/fl compared with other XX ES cell lines, between 4 and
11 days of differentiation, and was seen only in a smallcells (Figure 5E). These results confirm that Ring1B has

a direct involvement in H2A ubiquitylation in ES cells. proportion of cells (Figure 6A, graph). This was also the
case for the parent Ring1Bfl/fl cell line, indicating that it
represents a property of the parent cell line, rather thanFunctional Redundancy of Ring1A

and Ring1B in X Inactivation a consequence of Ring1B mutation (not shown). We
went on to analyze Xi H3-K27 trimethylation and H2AKaryotypic anaylsis of the putative XX cell line 13-3 re-

vealed that the majority of cells are tetraploid with three ubiquitylation in these cells (Figure 6A). In all cases
where Xi domains could be identified by tri-meH3-K27X chromosomes (not shown). Theoretically, these cells

should initiate inactivation of at least one of their three staining, we also detected colocalizing uH2A signal. The
frequency of positive cells was similar to the proportionX chromosomes upon differentiation. Analysis of Xist

RNA expression demonstrated that this is the case, al- of cells expressing Xist RNA.
A possible explanation for the occurrence of uH2A onthough the onset of expression occurred relatively late
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Figure 6. Overlapping Function of Ring1B and Ring1A in H2A Ubiquitylation on Xi

(A) Example of immunofluorescence analysis illustrating colocalizing uH2A and tri-meH3K27 (meK27) signals on Xi in 10-3 Ring1B�/� ES cells
after 11 days of differentiation. Graph illustrates scoring data showing the proportion of cells with Xi foci for Xist RNA, tri-meH3-K27 (meK27),
and uH2A after 4 and 11 days differentiation (dd).
(B) Western blot analysis showing expression profiles for Ring1B and Ring1A proteins in PGK12.1 XX ES cells and after in vitro differentiation
for 3, 6, 9, and 12 days (dd). Molecular weights in kDa are indicated to the left. Detection of LaminB protein was used as a loading control.
(C) Example showing immunofluorescence detection of Ring1B in 2-8 MEF cells (Ring1A�/�; Ring1Bfl/fl) without or with Ad-Cre virus treatment
(Ctrl and Virus, respectively).
(D) Top panels show Western blot analysis for Ring1A and Ring1B in extracts from 1-4 MEF cells (Ring1A�/�; Ring1Bfl/fl), and 2-8 MEF cells
(Ring1A�/�; Ring1Bfl/fl) either without (Ctrl) or with (V) Ad-Cre treatment. Lower panels show Western analysis of uH2A and tri-meH3-K27
(meK27). Molecular weights in kDa are indicated on the left. Detection of LaminB protein was used as a loading control.
(E) Upper graphs illustrate the proportion of 1-4 MEF cells (Ring1A�/�; Ring1Bfl/fl) and 2-8 MEF cells (Ring1A�/�; Ring1Bfl/fl) showing nuclear
Ring1B staining without (Ctrl) or with (V) AdCre treatment. Lower graphs show the proportion of cells with uH2A Xi foci. Data for each point
was compiled from scoring a minimum of 1167 cells on a total of four slides. Error bars illustrate variation between slides.
(F) Example of immunofluorescence analysis for uH2A and tri-meH3-K27 (meK27) in 2-8 cells (Ring1A�/�; Ring1Bfl/fl) following Ad-Cre treatment.
Arrow indicates a single cell with uH2A still present. Other cells lack detectable uH2A. Arrowhead indicates tri-meH3-K27 on Xi in one of
these cells.
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Xi in differentiated Ring1B�/� cells is functional redun-
dancy with the highly similar Ring1A protein. Consistent
with this, Western blot analysis reveals Ring1A expres-
sion in ES cells and differentiated derivatives. Ring1B
expression, in contrast, is reduced in more differentiated
cells (Figure 6B).

To analyze possible redundancy of Ring1A and Ring1B,
we derived cell lines lacking both proteins. Ring1B defi-
ciency results in early embryonic lethality, but Ring1A
null animals are viable, and we were therefore able to
derive Ring1A-deficient XX primary mouse embryo fibro-
blasts (MEF) homozygous for the conditional Ring1Bfl al-
lele (primary cell line 2-8). As a control, we derived XX
MEFs homozygous for Ring1Bfl on a wild-type Ring1A
background (primary cell line 1-4). Subsequent deletion
of Ring1B was achieved by infection of MEF cultures
with adenovirus expressing CRE recombinase (Ad-Cre).
Typical infection rates, as assessed by immunfluores-
cence detection of Ring1B protein, varied from 50%
to 70% of cells (see Figure 6C for example). Ring1B
depletion was clearly evident in Western analysis of in-
fected cell cultures, as was depletion of global uH2A
levels (Figure 6D). Interestingly, uH2A depletion ap-
peared to be more marked in 2-8 cells lacking both
Ring1A and Ring1B, consistent with an overlapping
function for these proteins.

We went on to analyze uH2A on Xi. In control experi-
ments, we noted that Ring1B�/� MEF cells are selected
against during continuous culture and that this occurs Figure 7. Evolution of H2A Ubiquitylation and PcG Proteins
predominantly between days 3 and 5 (data not shown). Illustrated are summarized results of blast searches for homologs
With this in mind, we analyzed cells 2 days after Ad-Cre of the core PRC1 and PRC2 proteins, designated according to no-

menclature of D. melanogaster proteins. Blast searches were carriedinfection, allowing sufficient time to detect effects on
out using protein sequences of both M. m. domesticus and D. mela-uH2A levels prior to the occurrence of cell selection.
nogaster proteins. Homologs were identified based on similarityFigure 6E summarizes the results from two independent
over much of the protein. Thus, proteins that showed homologyexperiments. Examples are shown in Figure 6F. Approxi-
only in the Ring finger, SET, or chromodomain were not considered

mately 50% of cells in 1-4 and 2-8 cultures treated with as true PcG homologs. Species where clear homologs could be
Ad-Cre were seen to lack Ring1B protein, as assessed identified are indicated (�). Asterisks indicate that more than one
by immunofluorescence (Figure 6E, top). In 1-4 cells direct homolog exists in that species. Shown below are acid-

extracted histones purified from the different species (CBB) and(Ring1A�/�; Ring1Bfl/fl), uH2A on Xi was detectable in
the Western blot analysis using antibodies to histone H3 (H3), tri-approximately 60% of cells both in Ad-Cre-treated and
meH3K27 (meK27), and uH2A.untreated cultures (Figure 6E, bottom left). This result,

demonstrating maintenance of uH2A on Xi in Ring1B
null cells, is consistent with that obtained for the Ring1B

We were interested in examining other organisms tonull differentiated XX ES cell cultures (Figure 6A).
determine to what extent the occurrence of PRC1 pro-In 2-8 cells (Ring1A�/�; Ring1Bfl/fl), we again observed
teins correlates with the presence of uH2A (Figure 7).uH2A on Xi at normal levels prior to Ad-Cre treatment.
We focused on organisms for which relatively completeThis indicates that deletion of Ring1A alone does not
genome sequence is available to allow us to identifyaffect H2A ubiquitylation on Xi. However, in virus-treated
putative homologs of the Drosophila melanogastercultures, we observed that the number of cells with uH2A
PRC1 (PC, PH, PSC, and dRING) and PRC2 (EZ, ESC,staining on Xi is reduced by approximately 50%, similar
and SUZ12) core proteins.to the proportion of cells in which Ring1B is deleted

We went on to determine the presence of uH2A and(Figure 6E, bottom right). Thus, uH2A on Xi can be main-
tri-meH3-K27 by Western blot analysis of acid-extractedtained in cells lacking Ring1A or Ring1B but not in cells
histones. Detection of histone H3 provided a positivelacking both proteins. Xist RNA expression and tri-
control. No homologs of either PRC1 or PRC2 proteinsmeH3-K27 on Xi were unaffected in Ad-Cre-treated
could be identified in the genome of the slime moldcompared with untreated cultures (data not shown), indi-
Dictyostelium discoideum. Consistent with this, neithercating that depletion of uH2A on Xi is a direct effect of
H3-K27 trimethylation nor H2A ubiquitylation could bethe combined deletion of Ring1A and Ring1B.
detected by Western blot analysis. Arabidopsis thaliana
has homologs of the PRC2 proteins EZ, ESC, and SUZ12H2A Ubiquitylation and PRC1 Proteins in Evolution
and is also known to have H3-K27 trimethylation. ThereH2A ubiquitylation is known to occur in many but not
are, however, no PRC1 homologs present. Again, con-all eukaryotic organisms. A well-documented exception
sistent with predictions, we detected H3-K27 trimethyla-is the yeast S. cerevisiae (Robzyk et al., 2000). S. cerevis-

iae also has no direct homologs of PRC1 PcG proteins. tion but no uH2A. Analysis of Caenorhabditis elegans
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revealed an unexpected result. PRC2 homologs and H3- types. This is well illustrated by the example of Ring1A
and Ring1B proteins. Ring1B is most highly expressedK27 trimethylation are known to be present in this organ-

ism, and indeed we detected extremely high levels of tri- in early development, and deletion of the locus results
in early embryo lethality (Voncken et al., 2003; M.V. andmeH3-K27 by Western blot. However, we also detected

significant levels of uH2A, despite the absence of H.K., unpublished). Consistent with this, we found that
Ring1B-deficient ES cells show extensive depletion ofdRING, PSC, and PC homologs.

Analysis of organisms representing a number of other global uH2A levels. Ring1A, in contrast, is more highly
expressed in differentiated cell types, and homozygouskingdoms, i.e., insects (Drosophila melanogaster), fish

(Danio rerio), amphibia (Xenopus tropicalis), birds (Gal- null animals are viable (Schoorlemmer et al., 1997; del
Mar et al., 2000). This, in turn, is consistent with ourlus gallus), and mammals (Mus m. domesticus), revealed

in all cases the presence of both PRC1 and PRC2 homo- observation that uH2A on Xi is maintained in differenti-
ated cells by the combined action of Ring1A andlogs. In all of these organisms, we detected significant

levels both of H3-K27 trimethylation and H2A ubiquityla- Ring1B proteins.
With these facts in mind, it is reasonable to supposetion. Overall, these results demonstrate that uH2A is

present in organisms with dRING, PSC, and PC homo- that lower levels of PRC1 complexes or a multiplicity
of distinct but functionally equivalent complexes arelogs. However, in C. elegans at least, other factors may

be involved in H2A ubiquitylation. involved in maintaining uH2A on Xi beyond the time
when Ring1B, Mel18, and Mph1/2 protein enrichment
is readily detectable. Indeed, a similar situation occursDiscussion
with the PRC2 complex, where loss of detectable enrich-
ment on Xi in more differentiated cell types is not accom-In this study, we have shown that a subset of PRC1 PcG
panied by loss of H3-K27 trimethylation (Silva et al.,proteins, including the Ring finger proteins Ring1B and
2003; Plath et al., 2003).Mel18, are recruited to the inactive X chromosome in

A second open question is the function of H2A ubiqui-early development. Coincident with this, we observe
tylation on Xi. We analyzed expression of X-linked geneschromosome-wide ubiquitylation of histone H2A, sug-
in Ring1A/B double knockout cells and did not observegesting a direct link between these events. In support
evidence for X chromosome reactivation (data notof this, we show that deletion of Ring1B alone is suffi-
shown). This may in part be because cell selection pre-cient to deplete global levels of uH2A in ES cells, while
cluded examining long-term effects of uH2A depletion.depletion of uH2A on Xi requires deletion of Ring1B and
It is also possible that other epigenetic modifications, forits closely related homolog Ring1A. Our results demon-
example DNA methylation, successfully maintain genestrate a role for Ring1A/B and PcG complexes in ge-
silencing in the absence of uH2A. Further studies shouldnome-wide H2A ubiquitylation and implicate this histone
address the consequence of uH2A depletion on Xi inmodification in the maintenance of gene silencing.
the absence of other epigenetic marks, for example tri-
meH3-K27.H2A Ubiquitylation in X Inactivation

The close correlation of PRC1 enrichment on Xi and the
appearance of uH2A, both in normal development and The Role of H3-K27 Methylation

in H2A Ubiquitylationin differentiating ES cells, provided evidence that these
events are linked. This was confirmed in analysis of Recent studies support a model that PRC1 recruitment

is facilitated by binding of the PC chromodomain to tri-cells lacking both Ring1B and Ring1A proteins. Some
questions, however, remain. First, given that PRC1 en- meH3-K27 (Cao et al., 2002; Kuzmichev et al., 2002;

Fischle et al., 2003; Min et al., 2003), and clearly thisrichment is transient in early development, how is it that
uH2A on Xi is maintained in more differentiated cells? provides an attractive model to explain PRC1 recruit-

ment and H2A ubiquitylation on Xi. However, some evi-Two considerations could be important for this. Detec-
tion of PRC1 protein enrichment on Xi by immunofluo- dence argues against this idea. First, we have been

unable to detect Xi enrichment of two of the three mam-rescence is a relative measurement, and absence of
enrichment does not equate to absence of localization. malian PC homologs, Mpc2 and M33 (Mak et al., 2002;

Silva et al., 2003; data not shown). While this does notClearly, the affinity and avidity of different antibodies will
influence the probability of detecting specific nuclear rule out involvement of a different PC homolog or other

chromodomain protein, a direct interaction of PRC1 pro-localization patterns. Interchangeability of different PRC1
homologs in Xi-associated complexes also could mask teins with Xist RNA should also be considered. Interest-

ingly, a recent study has identified an RNA binding FCSlocalization of individual components. Thus, although in
previous studies we did not detect Xi enrichment of finger domain in the mouse PRC1 protein Mph1, and a

similar domain identified in the C. elegans PolycombBmi1 (Mak et al., 2002; Silva et al., 2003), which like
Mel18 is a direct homolog of D. melanogaster PSC, we protein SOP-2 was shown to be required for correct

localization to nuclear bodies (Zhang et al., 2004).cannot rule out that this protein is present at a lower level
in Xi PRC1 complexes. Evidence for interchangeability is A second observation that challenges the model link-

ing H3-K27 trimethylation to PRC1 recruitment is thatprovided by the example of Mph2, which is enriched on
Xi in TS cells, and Mph1, which is enriched on Xi in global levels of uH2A were seen to be not directly pro-

portional to trimethylated H3-K27 in ES cells and differ-differentiating ES cells but not in TS cells.
A further point that needs to be factored is that differ- entiated derivatives. We conclude that while tri-meH3-

K27 may contribute to PRC1 recruitment and resultantent PRC1 homologs often show very different expres-
sion patterns through development and in different cell H2A ubiquitylation, it is not the sole determinant. This
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is consistent with previous work indicating that PRC1 2004). An indirect model, postulating recruitment of ef-
fector proteins to monoubiquitylated H2A, is also com-and PRC2 complexes are recruited to distinct as well

as shared target loci (Carrington and Jones, 1996; Les- patible with the aforementioned observations. Alterna-
tively, uH2A may function through a transhistonesard et al., 1999).
regulatory pathway, as has been reported for H2B ubiq-
uitylation in S. cerevisiae (Sun and Allis, 2002; Dover et
al., 2002; Briggs et al., 2002). Loss of uH2A in Ring1B�/�Implications for PRC1 PcG Protein Function

Our observations provide compelling evidence that ES cells had no obvious impact on H3-K27 methylation
levels (Figure 4E), but other modifications have not yetRing1A/B PcG proteins play a central role in genome-

wide ubiquitylation of histone H2A, most likely function- been analyzed.
ing as H2A-specific E3 ligases. Indeed, while this manu-

Experimental Proceduresscript was under revision, Wang et al. (2004) reported
that the Ring1B protein is an E3 ligase with specificity

Mouse Strains, Embryos, and Cell Lines
for histone H2A lysine 119. This then raises the question Preimplantation and postimplantation mouse embryos were iso-
of whether or not H2A ubiquitylation is required for the lated from timed matings of (C57Bl6 � CBA)F1 animals as described

previously (Sheardown et al., 1997; Silva et al., 2003). Derivationfunction of the PRC1 PcG complex in maintaining gene
and maintenance of XX ES cells (PGK12.1), XX TS cells (B7), andsilencing. Ring1A/B proteins were initially identified
XY TS cells (B1) is described in detail by Penny et al. (1996) andbased on two-hybrid interaction with HPC2/M33 (Satijn
Mak et al. (2002). Adult and embryonic XX fibroblast cells and cellet al., 1997; Schoorlemmer et al., 1997) and Bmi1/Mel18
lines were derived as described previously (Duthie et al., 1999; Silva

(Satijn and Otte, 1999; Suzuki et al., 2002) and therefore et al., 2003). XY ES cell lines 8A and 12E carry inducible Xist trans-
were not formally classified as PcG proteins. However, genes integrated into random autosomal sites. They were estab-

lished essentially as described by Wutz and Jaenisch (2000), excepttwo recent studies have demonstrated mutations in the
that the pTRE-tight vector (Clontech) was used to clone full-lengthD. melanogastor homolog of Ring1A/B, dRING, in the
Xist cDNA (further details available on request). Transgenic Xist RNAclassical Polycomb mutation sex combs extra (sce)
was undetectable in uninduced cells. Xist expression was induced(Fritsch et al., 2003; Gorfinkiel et al., 2004). The sce
by culturing in the presence of 1 �g/ml doxycycline.

mutation was shown to derepress transcription of the Ring1A-deficient mice were as described previously (del Mar et
Ubx gene, confirming the designation of dRING as a al., 2000). Full details of conditional gene targeting of Ring1B and

analysis of Ring1B�/� embryos will be provided in a subsequentclassical PcG protein. Moreover, Ubx derepression was
manuscript (M.V. and H.K., unpublished). The 10-3 and 13-3 ES cellalso observed in a hypomorphic sce allele with a point
lines were derived from blastocysts from crosses between homozy-mutation affecting a single residue in the Ring finger
gous Ring1Bfl/fl animals. Conditional deletion of Ring1B was carrieddomain of the dRING protein (Fritsch et al., 2003). These
out by transient transfection with the pCRE-Pac plasmid expressing

observations, together with the role of Ring1B in H2A CRE recombinase, as described by Taniguchi et al. (1998). Cell lines
ubiquitylation, suggest that this histone modification is were tested for the presence of a Y chromosome by PCR analysis

of the Y-linked Sry gene. Complementation analysis was carried outimportant for gene repression by PRC1 PcG protein
using a Ring1B cDNA construct with an N-terminal myc Tag clonedcomplexes.
into the chicken �-actin promoter construct pCXN2 (Niwa et al.,A large body of evidence demonstrates that PRC1
1991). 10-3 Ring1B�/� ES cells were transfected using Lipofectamincan interfere both with chromatin remodeling and tran-
2000 following standard protocols. Pooled stable transfectants were

scription through an energy-independent interaction expanded under G418 selection prior to extraction of proteins for
with chromatin templates (Shao et al., 1999; Francis et Western blot analysis.

CRE-mediated deletion of Ring1B in MEF cell lines using AdCreal., 2001; Levine et al., 2002; King et al., 2002). How can
virus was carried out as described previously (Kanegae et al., 1995).these observations be reconciled with our data implicat-

ing H2A ubiquitylation as a mechanism of PRC1 function?
AntibodiesA possible explanation is that PRC1 and remodeling/
For immunofluorescence (IF) and Westerns (W), the following anti-

transcription complexes compete for core nucleosomal bodies and dilutions were used: rabbit polyclonal antibodies to
surfaces in vitro and that this occurs independent of H2A Su(z)12 from Upstate (1:200 in IF); rabbit polyclonal Mel18 (H-115)

from Santa Cruz Biotechnology (1:50 in IF); mouse monoclonal anti-ubiquitylation. This mechanism was indeed proposed by
body clone FK2 from Affiniti research products, which recognizesFrancis et al. (2001) to account for the fact that chromatin
ubiquitylated proteins (1:300 in IF and 1:1000 in W); mouse mono-templates must be pretreated with PRC1 complexes in
clonal antibody clone FK1 from Affiniti research products, whichorder to inhibit SWI-SNF activity in vitro.
recognizes polyubiquitylated proteins (1:50 in IF); mouse mono-

Assuming that H2A ubiquitylation is important for clonal IgM anti-ubiquitylated-histone H2A (clone E6C5) from Upstate
PRC1 function in the maintenance of gene repression, (1:50 in IF and 1:400 in W); and rabbit polyclonal antibody to Histone

H3-ChIP grade (ab1791) abcam (1:10,000 in W). Antibodies to Eed,how might this occur? Both direct and indirect mecha-
Ezh2, HPH1, Mph1, Ring1A, Ring1B, and tri-meH3-K27 (6523) havenisms can be envisaged. The large size of the ubiquitin
been previously described (Sewalt et al., 1998; Satijn et al., 1997;group compared to other histone modifications would
Atsuta et al., 2001; Peters et al., 2003). Mouse monoclonal antibody

be consistent with it interfering directly with nucleosome to Mph2 will be described in detail in a subsequent communication
dynamics during transcription. Perhaps relevant to this (H.K., unpublished).
is evidence indicating that H2A/H2B dimers are dis-

Immunofluorescence and RNA FISHplaced from nucleosomes during transcription by RNA
For immunofluorescence, TS cells, fibroblasts, and cells from tryp-polymerase II (Kireeva et al., 2002; Belotserkovskaya et
sin-dissociated postimplantation embryos were placed on slides inal., 2003). Such a model would also be consistent with
medium and left to attach for 2–4 hr. Generally for Eed, Ezh2, Su(z)12,

recent experiments demonstrating that PcG complexes Ring1B, Mel18, Mph1, Mph2, and tri-meH3K27 antibodies, cells
interfere with initiation of transcription but not with re- were rinsed in PBS, fixed in 2% paraformaldehyde (PFA) for 15 min

at room temperature, rinsed in PBS, and permeabilized for 5 min incruitment of TBP and RNA polymerase II (Dellino et al.,
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0.4% Triton X. For FK2, FK1, and uH2A antibodies, or double labeling UK, by Special Coordination Funds for Promoting Science and Tech-
nology from the Japanese Government, and by the DGI, Spanishexperiments including any of these, cells were first permeabilized

and then fixed. In ES cell differentiation experiments, cells were Ministry of Education and Science (SAF2001-2211-CO2-01). M.d.N.
is supported by Programa Gulbenkian de Doutoramento em Biologiaresuspended in PBS at a concentration of 1 � 106 cells/ml. For FK2,

FK1, uH2A, and tri-meH3-K27 antibodies, cells were cytospun onto e Medicina, Portugal.
slides in PBS (100 �l/slide, 8 min, 1800 rpm). Slides were rinsed in
PBS, permeabilized, and fixed. When using Eed, Su(z)12, Ring1B, Received: August 19, 2004
Mel18, and Mph1 antibodies, cells were resuspended to the same Revised: October 14, 2004
concentration in 2% PFA, fixed for 15 min at room temperature, Accepted: October 15, 2004
cytospun onto slides in 2% PFA (100 �l/slide, 8 min, 1800 rpm), Published online: November 1, 2004
rinsed in PBS, and permeabilized. Immunofluorescence was carried
out as described by Mak et al. (2002). Procedures for immunofluo- References
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