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The chromodomain (CD) of the Drosophila Polycomb protein exhibits preferential binding affinity for histone
H3 when trimethylated at lysine 27. Here we have investigated the five mouse Polycomb homologs known as
Cbx2, Cbx4, Cbx6, Cbx7, and Cbx8. Despite a high degree of conservation, the Cbx chromodomains display
significant differences in binding preferences. Not all CDs bind preferentially to K27me3; rather, some display
affinity towards both histone H3 trimethylated at K9 and H3K27me3, and one CD prefers K9me3. Cbx7, in
particular, displays strong affinity for both H3K9me3 and H3K27me3 and is developmentally regulated in its
association with chromatin. Cbx7 associates with facultative heterochromatin and, more specifically, is en-
riched on the inactive X chromosome. Finally, we find that, in vitro, the chromodomain of Cbx7 can bind RNA
and that, in vivo, the interaction of Cbx7 with chromatin, and the inactive X chromosome in particular,
depends partly on its association with RNA. We propose that the capacity of this mouse Polycomb homolog to
associate with the inactive X chromosome, or any other region of chromatin, depends not only on its chromo-
domain but also on the combination of histone modifications and RNA molecules present at its target sites.

During the development of multicellular organisms, highly
orchestrated networks of gene regulators dictate gene expres-
sion patterns, such as those of the homeobox (hox) genes. The
Polycomb (PcG) and Trithorax (TrxG) group proteins main-
tain repression or activation of target genes, respectively, and
allow for “cellular memory” throughout subsequent cell divi-
sions and development (30). The founding member of the PcG
genes is Drosophila melanogaster Polycomb (Pc), mutations in
which result in body segment transformations. Pc is encoded by
a single gene in Drosophila, while the mouse homologs have
expanded into five family members known as Chromobox 2
(Cbx2) (mPc1 or M33), Cbx4 (mPc2), Cbx6, Cbx7, and Cbx8
(mPc3) (34). Importantly, these proteins contain a highly con-
served N-terminal chromodomain (CD), a module first iden-
tified in the Drosophila proteins heterochromatin protein 1 (HP1)
and Pc (24). The CD is found in a wide range of chromatin-
associated proteins, most with transcriptionally repressive
functions. The CD binds to methylated histones: the CD of
Drosophila HP1 binds histone H3K9me2 and me3, while that
of Pc specifically binds K27me3 on H3 (2, 9, 16, 18). Besides
methyl-lysine binding, several reports have also suggested that
certain CDs bind nucleic acids (1, 5).

Consistent with gene silencing functions, PcG proteins have
also been implicated in X inactivation, whereby one of the two
female X chromosomes is inactivated to provide gene dosage

between the sexes. The polycomb repressive complex 2 (PRC2)
containing Eed and E(z) is responsible for trimethylating H3 at
K27. This mark, likely acting in concert with other repressive
methyl marks (see below), is critical for the early stages of silenc-
ing the inactive X chromosome (Xi) (26, 32) and is thought to
facilitate the recruitment of a second complex, PRC1. Some
PRC1 components, including polyhomeotic 1 (Phc1) and Phc2,
Bmi1, and Cbx2, have recently been shown to localize to the Xi
(27), although it is unclear whether they are recruited directly by
K27me3. The noncoding Xist transcript, which coats the X chro-
mosome in cis and triggers X inactivation during early develop-
ment, may also have a role in recruiting both PRC2 and PRC1
proteins to chromatin (7, 26, 27), as inducible Xist transgenes
result in the rapid appearance of PRC2 and PRC1 proteins on
the chromosome. Other histone modifications that are en-
riched on the Xi include H3K9me2 (4, 13) and H4K20me1
(17), although the binding effectors that “read” these marks
and the enzyme complexes that “write” these marks on the Xi
have yet to be identified. In particular, any participation of
these histone modifications in the recruitment of Polycomb
group proteins has not been examined.

In the present study, we examine the binding affinities of all
five mouse Pc-like Cbx CDs for mono-, di-, and trimethylated
K9 and K27 on the histone tail of H3 as well as mono-, di-, and
trimethylated K20 on histone H4. Interestingly, we find that
unlike Drosophila Pc, some of the mammalian Pc-like CDs
bind to K9me3 as well as K27me3 (Cbx2 and Cbx7), Cbx4
prefers K9me3, and Cbx6 and Cbx8 do not bind significantly to
either modification under our assay conditions. Furthermore,
we demonstrate that all Cbx proteins, except Cbx4, localize to
the Xi during female mouse embryonic stem (ES) cell differ-
entiation and that the global association of Cbx7 with chroma-
tin is developmentally regulated. Finally, we show that al-
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though histone methyl marks mediate binding of the Pc-like
proteins, RNA is also an important component for the associ-
ation of Cbx proteins with chromatin. Collectively, these stud-
ies demonstrate that related chromatin-binding motifs exhibit
differences in binding characteristics that likely translate into
distinct biological readouts and highlight the need to carefully
analyze the differences between mammalian and fly chromo-
domain proteins.

MATERIALS AND METHODS

Recombinant proteins and peptide synthesis. Cbx CDs (amino acids [aa] 1 to
62) and full-length Cbx7 were cloned into pGEX-6P-1 (Amersham); glutathione
S-transferase (GST) fusion proteins were produced in Escherichia coli BL21.
Bacterial lysates were purified over glutathione Sepharose 4B (Amersham) as
recommended by the manufacturer. 6� His-tagged human HP1� and Drosophila
Pc proteins were a gift of W. Fischle (aa 15 to 72 and aa 15 to 77, respectively,
both cloned into pET-11a; Promega). Point mutations of caging aromatic resi-
dues in Cbx7 were created using QuikChange site-directed mutagenesis (Strat-
agene). Peptides used for fluorescence polarization were synthesized at the
Rockefeller University Proteomics Resource Center corresponding to H3 1-15, H3
19-35, and H4 12-27 (unmodified, me1, me2, and me3 at H3K9, K27, and H4K20).
5-Carboxyfluorescein was coupled directly to the N terminus. Biotinylated peptides
for pull-down assays were synthesized at either Baylor College of Medicine
Protein Chemistry Facility or Rockefeller University Proteomics Resource
Center.

Fluorescence polarization. Fluorescence polarization assays were performed
essentially as described previously (9). All mouse Pc CDs were analyzed using
buffer containing 20 mM imidazole, 25 mM NaCl, and 2 mM dithiothreitol
(DTT), and mHP1� was assayed using a buffer containing 50 mM Na2HPO4, pH
7, 25 mM NaCl, 1 mM MgCl2, 2 mM DTT. Data were obtained with a Hidex
Chameleon plate reader.

Peptide pull-down assays. Peptide pull-down assays were performed as de-
scribed previously (35): 5 �g of recombinant protein plus 20-fold excess of bovine
serum albumin (internal control) was incubated in assay buffer (150 mM KCl, 20
mM HEPES, and 0.2% Triton X-100), and beads were washed six times in assay
buffer.

Far-Western blotting. Far-Western blottings were performed essentially as
described previously (23) with acid extracted LF2 histones and recombinant H3
(Upstate Biotechnologies, Inc.). Recombinant GST proteins were incubated at
0.3 �g/ml, and peptide competitions were performed at 10 �g/ml.

Chromatin fractionation, mononucleosomal IP, and RNase treatment. Mouse
Cbx7 was cloned into pCMV-Tag 4A (Stratagene), generating a C-terminal flag
fusion. A stable Cbx7-293 cell line was created. Biochemical fractionation and
microccocal nuclease digestion were performed as described previously (21, 35).
Chromatin samples were treated with MNase for 6 min at 37°C to produce
mononucleosomal DNA, and extracts were used for immunoprecipitation (IP).
Extracts expressing the Cbx7-flag and 293 cells were incubated with �-flag beads
(M2 affinity gel; Sigma) for 4 h at 4°C and washed 5� with 1� Tris-buffered
saline. Cbx7-flag protein and bound histones were peptide eluted overnight
(Sigma) and immunoblotted. Chromatin from female ES cells was prepared at
day 6 of differentiation as described above, resuspended in low-salt buffer (10
mM HEPES, 10 mM KCl, and 1.5 mM MgCl2), and treated with RNase A at 0,
2, or 5 �g per 100 �l of chromatin. Samples were incubated at 37°C for 10 min,
and chromatin was run on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis for immunoblots.

Antibodies. Antibodies used include monoclonal �-Flag (M2, Sigma); Upstate
Biotechnologies polyclonal histone antibodies H3K9me2 (07-441), H3K9me3
(07-442), H3K27me3 (07-449), H3K4me3 (07-473), H4K20me1 (07-440), and
H4K20me3 (07-463); monoclonal �-Hp1� (Chemicon); �-GST for far Western
blotting (Amersham); monoclonal �-green fluorescent protein (GFP) (Roche);
monoclonal �-Eed (gift of A. Otte); �-WDR5 (gift of W. Herr); and monoclonal
�-H3K27me3 for immunofluorescence (gift of D. Reinberg).

Cell culture and differentiation. Female ES cell line LF2 (a gift from A. Smith)
was grown and differentiated as previously described (31).

Cbx cDNA fusions. Cbx cDNAs were cloned with BglII/SalI into EGFP-N1
(BD Biosciences), producing C-terminal enhanced GFP (EGFP) fusion proteins.
Cbx2 cDNA was a gift of M. Narita. Cbx4 cDNA was cloned from female ES cell
line HP310 by reverse transcription-PCR; cDNAs for Cbx6 and Cbx8 were
purchased from Open Biosystems; Cbx7 cDNA was previously described (11).
All Cbx cDNAs were verified. Point mutations in Cbx7-EGFP were created as for

recombinant proteins. The Cbx4 CD swap into Cbx7 was made by staggered PCR
by incorporation of overlapping oligonucleotides, and the chimeric cDNA was
cloned into EGFP-N1.

Immunofluorescence and RNase treatment. LF2 cells were transiently trans-
fected at day 2 of differentiation with Lipofectamine 2000 (Invitrogen), and on
day 3 cells were stained as previously described (6). Line histograms were made
with processing software MetaMorph Offline. RNase treatments on living LF2
cells were performed as described previously (23). In brief, 24 h posttransfection,
cells were incubated on ice for 10 min in PNS (20 mM PIPES, pH 6.8, 200 mM
NaCl, 600 mM sucrose)–0.3% Triton X-100. Cells were incubated for 1 h on ice
in PNS with or without RNase A (1 mg/ml) and fixed in 4% paraformaldehyde.
Immunofluorescence was performed as described above.

GST overlay cell assays. GST overlay assays were performed as previously
described (23). Polyclonal �-GST antibody was a gift of A. E. L. Marjou.

RNA gel shifts. RNA was in vitro transcribed with T7 Megascript (Ambion)
and [32P]UTP. Fragments (100 and 500 nucleotides [nt]) of cyclin E were used as
a template for single- and double-stranded RNAs. RNAs were gel purified.
Cyclin E DNA was labeled with [�-32P]ATP using T4 polynucleotide kinase.
Increasing amounts of protein (10 to 500 pmol) were incubated in buffer con-
taining 20 mM HEPES, 100 mM KCl, 2 mM EDTA, 0.01% NP-40, 1 mM DTT,
3 �g tRNA for RNA gel shifts (Ambion), 1 �g poly(dI-dC) for DNA gel shifts
(Amersham), RNasin for RNA gel shifts (Promega), and 10,000 cpm of RNA or
DNA in a total reaction volume of 20 �l. Reactions were incubated on ice for 30
min; a 5% native 0.5� Tris-borate-EDTA gel was prerun at room temperature;
and gels were run at 4°C for 3 h at 250 V and imaged with a FLA-5000
phosphorimager (Fujifilm). For denaturation experiments, proteins were heated
at 95°C for 10 min and assayed as described above.

RESULTS AND DISCUSSION

The Drosophila Polycomb CD binds preferentially to histone
H3 trimethylated at lysine 27 (9, 22). We set out to test whether
or not this tenet holds true for its mammalian counterparts.
Recombinant protein for the CDs of mouse Cbx2, Cbx4, Cbx6,
Cbx7, and Cbx8 as well as full-length Cbx7 was bacterially
expressed and purified. The CDs of these Pc-like proteins are
remarkably conserved at the amino acid sequence level (Fig.
1A), making it plausible that all would behave similarly in their
ability to bind an H3K27me3 peptide. Surprisingly, however,
the Pc-like Cbx CDs do not behave like Drosophila Pc, as
determined by two independent assays. The first assay used
was a quantitative biophysical approach, fluorescence polariza-
tion (FP), in which recombinant CDs were incubated with
fluorescently labeled peptides that mimic histone tails. Un-
modified and modified peptides (me1, me2, and me3) of H3K9
and H3K27 as well as H4K20me1, H4K20me2, and H4K20me3
were tested with each CD in addition to full-length Cbx7.
These marks were chosen because they represent well-charac-
terized repressive histone modifications associated with either
constitutive (e.g., K9me3 on pericentromeres) or facultative
(e.g., K9me2, K27me3, and K20me1 on the Xi) heterochroma-
tin (12, 25). Representative binding curves are shown for the
CDs of the Pc homologs Cbx4, Cbx7, and full-length Cbx7 (Fig.
1B). All FP data collected are summarized in Fig. 1D. Inter-
estingly, Cbx2 and Cbx7 bind both to K9me3 and K27me3, with
Cbx7 having a higher affinity for these modifications (Fig. 1B
and D). Cbx7 has a dissociation constant in the low-micromo-
lar range for both K9me3 and K27me3 (Fig. 1D), similar to
those of Drosophila HP1 for K9me3 and Pc for K27me3 (9),
and full-length Cbx7 behaves identically to its CD in this assay
(Fig. 1B). Notably, Cbx4 was the only Pc-like CD to have
significant preference for K9me3 (Fig. 1B and D), thus func-
tionally representing an HP1-like protein in this regard. More-
over, although K9 and K27 are both embedded in an ARKS
motif in H3, Cbx4 can clearly distinguish between these methyl
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marks, while Cbx7 binds both (Fig. 1B, see histone sequences).
In order to ensure that our FP analysis was consistent with
published results, we examined mouse Cbx5 (HP1�) for its
binding affinity to H3K9 and H3K27 methylated peptides (Fig.
1C and D). Indeed, we find that our binding constants are
reflective of the published work on the mammalian (and Dro-
sophila) HP1 proteins (9, 10).

None of the Polycomb Cbx CDs bind to the mono-, di-, or
trimethylated forms of H4K20 (Fig. 1B and D) or, as expected,
to trimethylated H3K36 (a transcriptional activation mark;
data not shown). Unexpectedly, however, neither Cbx6 nor

Cbx8 binds significantly to K27me3 or to any other modifica-
tion tested (Fig. 1D; FP data not shown), suggesting that these
CDs may bind to another methylation site not yet identified or
tested; perhaps, for example, a mark that is embedded in an
ARKS-like motif of another histone or nonhistone protein.
Furthermore, they may require a factor for methyl-histone
binding that is not present in these recombinant assays.

The second assay used to test binding preferences was a
peptide pull-down approach, in which biotinylated histone tail
peptides conjugated to avidin beads were used as bait for the
recombinant proteins. Results of this assay lend strong support

FIG. 1. Analysis of Pc-like Cbx CD binding affinities for trimethylated H3K9 and H3K27. (A) ClustalW alignment of the five mouse Pc-like CDs
(aa 1 to 62) and the Drosophila Pc CD (aa 16 to 78). The asterisks represent the caging aromatic residues that mediate the histone methyl-lysine
interaction. Note the high degree of conservation among these family members. (B) Fluorescence polarization of Cbx7 (top) and Cbx4 (middle)
to histone tail peptides, including the me1, me2, and me3 states on residues K9 and K27 of H3, and K20me1, K20me2, and K20me3 of H4,
respectively. Full-length Cbx7 (bottom) was tested against all of the above except for the monomethylated forms of H3K9 and H3K27, H4K20me2
and H4K20me3, and behaves identically to its CD for peptides tested. Histone tail sequences are represented above; note the ARKS motifs of
H3K9 and H3K27. See panel D for actual peptides used. (C) Fluorescence polarization of Cbx5 (mouse HP1�) to H3K9 and H3K27 histone tail
peptides in the me1, me2, and me3 states. (D) Dissociation constants (Kd, in micromolars) for Cbx2, Cbx4, Cbx6, Cbx7, and Cbx8, as well as Cbx5
(mHP1�), with each series of methylated peptides for each backbone shown. Low-micromolar binding constants are highlighted in red. The
asterisk depicts weak binding of Cbx7 for H3K9me2 (a mark that is enriched on the Xi). Values represent averages � standard deviations for at
least three independent experiments in all cases (except for Cbx5 with certain peptides). ND, not determined. (E) Peptide pull-down assays. (Left)
All CDs were examined for binding to unmodified and trimethylated peptides representing H3K9, H3K27, and H4K20. Results support those
obtained by FP (D). (Right) Cbx7 CD, Cbx7 caging aromatic point mutant F11A, and human HP1� CD recombinant proteins were tested for the
ability to bind unmodified and me1, me2, and me3 peptides of H3K9 and K27. Note the trimethyl specificity of Cbx7. (Right, bottom) GST and
full-length Cbx7 were examined for binding to unmodified and trimethylated biotinylated peptides of H3K9 and H3K27. Full-length Cbx7 behaves
the same as its CD alone. GST does not bind any peptide, as expected. un, unmodified.
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to the relative binding constants determined by FP: Cbx7 binds
preferentially to both K9me3 and K27me3, whereas Cbx4 pre-
fers K9me3 (Fig. 1E, left panel). Peptide pull-down assays for
Cbx2, Cbx6, and Cbx8 also strongly support the FP results
(Fig. 1E, left panel). Moreover, none of the CDs bind to
H4K20me3, a lysine residue not found in ARKS motif and a
mark of pericentric heterochromatin (Fig. 1E, left panel).
Notably, a Cbx7 methyl-lysine caging aromatic residue
(found to be structurally essential in an HP1 [15]) point
mutant (F11A) fails to bind either K9me3 or K27me3, dem-
onstrating that a functional CD is critical for binding (Fig.
1E, right panel). Human HP1� was used as a control for
K9me binding (Fig. 1E, right panel), and the mouse HP1
homologs show similar results (data not shown). Full-length
Cbx7 was also tested in this assay and behaves like its CD
(Fig. 1E, bottom right).

We next focused our attention on Cbx7, as it showed the
strongest affinity for both K27me3 and K9me3 and is thus
somewhat divergent from Drosophila Pc. Interestingly, Cbx7
has recently been shown to extend the life span of mammalian
primary cells by prolonging senescence (11). Moreover, muta-
tions in critical residues of the CD inhibited the ability of Cbx7
to extend the life span (11). We further investigated the role of
Cbx7 in the context of chromatin and, more specifically, tested
its association with facultative heterochromatin and coupled
histone modifications.

In order to test the binding preferences of Cbx7 for histone
H3 methyl marks in the context of endogenous histones, far
Western blotting assays were performed. Using recombinant
GST-Cbx7, we demonstrate that Cbx7 has specificity for K9me3
and K27me3, as it was competed from histone H3 derived from
female ES cells with these peptides but not the unmodified pep-
tides (Fig. 2A). Although the exact mechanism by which Cbx7
binds the nucleosome is not fully understood, this finding sup-
ports the peptide binding results described above. As expected,
Cbx7 did not bind recombinant H3, which is devoid of modifica-
tions. Moreover, GST alone and the caging point mutations
(F11A and W35A) all failed to recognize endogenously modified
H3 (Fig. 2A).

In order to determine the histone modification profile of
Cbx7-associated chromatin, we took advantage of a biochem-
ical fractionation scheme to isolate chromatin (21, 35). Chro-
matin from a 293-derived Cbx7-flag stable cell line and control
cells was digested into mononucleosomes, and anti-flag immu-
noprecipitations were performed. As expected, input from
control cells and Cbx7-stable cells contained all histone
modifications tested (Fig. 2B). However, histones were only
precipitated from Cbx7-flag cells and were modified with
H3K27me3, H3K9me2, H3K9me3, and H4K20me1 (Fig. 2B).
These marks are characteristic of facultative heterochromatin,
in particular the Xi (see below). Ubiquitylation of H2A by the
E3 ligases Ring1A and Ring1B has also been linked with the Xi
(7, 8, 33), and Cbx7 also specifically associated with histones
bearing this epigenetic modification (data not shown). Inter-
estingly, Cbx7 did not associate with either H4K20me3, a mark
of pericentric heterochromatin, or, as expected, with H3K4me3, a
mark of actively transcribing genes (Fig. 2B).

We next tested the association of Cbx proteins with faculta-
tive heterochromatin in vivo, in particular their association
with the Xi. Various epigenetic mechanisms are thought to be

critical for maintaining the silent state of the Xi, including K27
trimethylation. Due to their role in developmentally regulated
repression in Drosophila, the PcG proteins were proposed to
be involved in maintaining the silent X (30). Recently, mem-
bers of PRC1 have been shown to associate with the Xi (7, 8,
14, 27). A key question that we sought to address is whether
any of the mammalian Pc proteins could be the effectors that
bind K27me3 on the Xi in order to recruit PRC-like com-
plexes. Thus, we created EGFP fusion proteins for Cbx2, Cbx4,
Cbx6, Cbx7, and Cbx8 to assess their association with the Xi in
3-day-differentiated female ES cells, a point at which K27me3
is at its peak on the Xi. Cbx2, Cbx6, Cbx7, and Cbx8 do
associate with the Xi (Fig. 3A; see also the line histograms).
On the other hand, Cbx4, which preferentially binds K9me3, is
not enriched on the Xi (Fig. 3A) or on pericentric heterochro-
matic regions (4�,6�-diamidino-2-phenylindole [DAPI]-dense
chromocenters; data not shown), indicating that K9me3 bind-
ing affinity alone is not driving recruitment. Cbx7, which has
the highest affinity for H3K27me3 in vitro, also shows the most
striking enrichment on the Xi, suggesting a recruitment mech-
anism by this mark. We further performed protein overlay
assays whereby GST and GST-Cbx7 (full-length) recombinant

FIG. 2. Cbx7-associated histone modifications. (A) Far Western
blotting assay. The GST-Cbx7 CD binds to female ES cell (LF2)
histone H3 through K9me3 and K27me3, demonstrated by peptide
competitions (lanes 1 to 6); Cbx7 CD does not bind to recombinant H3
(lane 2); GST alone and caging aromatic mutants fail to associate
(lanes 7 to 9); Ponceau for equal loading of total histones (bottom).
(B) IPs of mononucleosomal extracts prepared from Cbx7-flag stable
293 cells versus control cells. Inputs in both cases show presence of all
histone modifications; Cbx7-flag associated histones (IP) are marked
predominantly by facultative heterochromatic modifications, including
H3K9me2, H3K27me3, and H4K20me1. un, unmodified.
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proteins were incubated with cells at day 3 of differentiation,
followed by GST antibody staining. GST-Cbx7, but not GST, is
enriched on the Xi, confirming our GFP localization studies
(Fig. 3C).

Point mutations of the caging aromatic residues in the CD of
Cbx7-EGFP were found to abrogate its localization to the Xi,
underlining the importance of the chromodomain in the asso-
ciation of Cbx7 with the Xi (Fig. 3B). Furthermore, the en-
richment of Cbx7 on the Xi supports its association with the
histone modifications shown in Fig. 2B, as K20me1, but not
K20me3, is a predominant mark on the Xi in mouse ES cells.
Intriguingly, Cbx6 and Cbx8 do not bind significantly to

K27me3 in vitro (or any other modification tested), suggesting
that this mark does not play a major role in the recruitment of
these particular proteins to the Xi. Thus, it remains to be
determined if another histone methylation (or other) mark on
the Xi is responsible for the recruitment of Cbx6 and Cbx8. It
is also a formal possibility that these Cbx proteins are recruited
to their chromatin-binding sites in a histone methylation-inde-
pendent manner.

To test whether a K27me3-binding CD is necessary for Xi
localization, we replaced the CD of Cbx7 with the CD of Cbx4
(an H3K9me3-binding CD), thus creating a chimeric Pc pro-
tein (Cbx7Cbx4CD). This “swapped” protein was no longer en-

FIG. 3. Cbx proteins associate with the inactive X. (A) All Cbx-EGFP fusion proteins, except Cbx4, localize to the Xi in 3-day-differentiated
female ES cells. The Xi is visualized by K27me3 staining (red). Fluorescence intensity plots (white line from a to b) across the nucleus and including
the K27me3 signal (red) on the Xi illustrate the enrichment for, or lack of, each of the Cbx-GFP fusion proteins (green). (B) Point mutations of
the caging aromatic residues in the Cbx7 CD (F11A, W32A, and W35A) disrupt localization to the Xi. When the CD of Cbx7 is replaced by the CD of
Cbx4 (mCbx7Cbx4CD-EGFP), the chimeric protein no longer strongly associates with the Xi, although it is not disrupted completely (bottom panel). Note
that the K27me3 peak coincides with a Cbx7-GFP peak for the wild-type (WT) and Cbx7Cbx4CD proteins but not for the three mutated versions. (C) GST
overlay assays were performed on 3-day-differentiated female mouse ES cells. Protein was detected on paraformaldehyde-fixed cells using �-GST
antibody (green). The Xi was visualized by �-Eed antibody (red). GST protein does not associate with the Xi (top), while full-length GST-Cbx7
is enriched on the Xi (bottom). It should be noted that although these experiments support our EGFP-fusion results, they were somewhat variable
in their efficiency. (D) Female ES cells were tested throughout differentiation (up to day 7) for Cbx7 association with chromatin (un, undiffer-
entiated). Cbx7 and K27me3 are expressed throughout the differentiation process (top, whole-cell extracts); however, Cbx7 specifically associates
with chromatin on day 6 and onward (compare to HP1� and K27me3 in chromatin extracts at the bottom of the panel).
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riched on the Xi, although its association was not completely
disrupted (see the line histograms at the bottom of Fig. 3B).
This suggests that although a K27me-binding CD is important
for localization of Cbx7 to the Xi, other recruitment mecha-
nisms may be involved, including interacting proteins and/or
RNA interactions (see below). Consistent with this result, the

Cbx7 CD alone fused to EGFP failed to localize to the Xi (as
did those of Cbx6 and Cbx8; data not shown).

The lack of immunofluorescence-compatible Cbx antibodies
has made it difficult to assess the kinetics of their association with
the Xi through ES cell differentiation. Thus, we surveyed the
association of Cbx7 with chromatin on a global level. Chromatin

FIG. 4. Pc-like Cbx CDs bind RNA. Recombinant CDs were tested for RNA binding by gel shift assays. (A) The Cbx5 (mouse HP1�) CD was
compared to Cbx7 (mPc) for RNA binding with a 500-nt single stranded RNA (ssRNA), and only the latter demonstrates a shift. (B) Cbx4, Cbx6,
Cbx7, and Cbx8 CDs interact with RNA, while Cbx1 (mHP1�) and Cbx2 do not. (C) Cbx7 binds to both single-stranded RNA (ssRNA) and
double-stranded RNA (dsRNA). Cbx7 binds dsDNA with only minor affinity. (D) Gel shift analysis of the Cbx7 CD with ssRNA (500mer) was
performed by extensive titration of protein in order to determine a dissociation constant, which is approximately 100 �M. (E) Heat denaturation
of Cbx6, Cbx8, and dPc CD proteins disrupts the interaction with RNA (�, heat denaturation). (F) Point mutations in the caging aromatic residues
of the Cbx7 CD do not abrogate RNA binding. Recombinant GST was used as a negative control.
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was isolated from female ES cells across differentiation, and the
association of Cbx7 with bulk chromatin was assayed by immu-
noblot analyses. Interestingly, although Cbx7 is present through-
out differentiation (whole-cell extracts in Fig. 3D), the protein
only associates with chromatin at later stages of differentiation
typically observed first at day 6 (chromatin extracts in Fig. 3D)
through day 10 of differentiation (data not shown). While these
data represent a global chromatin association, we note that the
histone variant macroH2A first associates with the Xi at a
similar stage (12). It is striking to compare the chromatin associ-
ation of Cbx7 with that of HP1� and the H3K27me3 modifica-
tion, both of which remain globally constant across differentiation
(Fig. 3D). The mechanism underlying this regulation is un-
known but suggests a potentially important role for Cbx7 in
development. For example, the temporal coincidence of Cbx7
and macroH2A recruitment to chromatin indicates a potential
mechanistic link. It should be noted that although Cbx7 asso-
ciates with the Xi at day 3 of differentiation in transient trans-
fection assays (Fig. 3A) and endogenous Cbx7 associates with
chromatin on day 6, the latter represents a global association
and not an Xi-specific one.

In mammals containing more than one X chromosome, the
X inactivation process is initiated during early development by
the noncoding RNA Xist, which coats the X chromosome cho-
sen for silencing. The PRC1 and PRC2 complexes, as well as
the H3K27me3, H3K9me2, and H4K20me1 histone modifica-
tions, become rapidly enriched on the Xist RNA-coated chromo-
some. Subsequently, the incorporation of macroH2A and
DNA (CpG) methylation is observed. It is believed that to-
gether these epigenetic marks assist in maintaining this si-
lenced state (12, 14, 27). Given that the Xist RNA is essential
for silencing (12) and may have a role in recruiting PRC pro-
teins, we tested whether the recombinant Cbx CDs were able
to bind RNA in vitro. Furthermore, numerous PcG- and CD-
containing proteins have been demonstrated to bind RNA (3).
Interestingly, when the CDs of mouse HP1� (Cbx5) and Cbx7
(Pc-like) were directly compared in an electromobility shift
assay with a 500-nt single-stranded RNA, only Cbx7 bound to
the RNA (Fig. 4A). All Pc-like CDs were then assayed, and
with the exception of Cbx2, they were able to bind RNA (Fig.
4B). Although the Cbx2 CD does not bind RNA in this assay,
it is also the only Cbx that contains an AT-hook motif (34),
which lies C terminal to the CD (and thus is not present in our
CD construct) and may represent a nucleic acid binding mod-
ule for this Cbx. The CDs of mouse HP1� (Cbx1) and HP1�
(Cbx5) were unable to bind RNA (Fig. 4A and B), consistent
with previous reports (23). The hinge region of HP1�, which
lies between the CD and the chromoshadow domain (the latter
is not present in Pc-like proteins), has been shown to be re-
quired for RNA binding (23).

The ability to bind RNA was not sequence specific, as the
Cbx CDs bound to various RNAs tested, including Xist se-
quences (data not shown). Similar results have been reported
for other RNA-binding CDs (1, 23), although we cannot rule
out the possibility that the Cbx7 CD has sequence specificity in
vivo. Cbx7 appears to bind single-stranded RNA with higher
affinity than double-stranded RNA and to double-stranded
DNA with minor affinity (Fig. 4C). Furthermore, the affinity of
Cbx7 for single-stranded RNA is approximately 100 �M, as
estimated by gel shift analysis of extensively titrated protein

(Fig. 4D). The GST tag of Cbx7 does not facilitate binding, as
GST protein alone does not bind to RNA (Fig. 4F). Moreover,
Cbx7 with its GST tag removed binds RNA in an identical
manner to GST-Cbx7 CD, as does full-length Cbx7 (data not
shown).

In order to assess whether the secondary structure of the CD
is important for the RNA interaction, the CDs of Cbx6, Cbx8,
and Drosophila Pc (which behaves similarly to its mammalian
homologs; Fig. 4E and data not shown) were heat denatured
followed by gel shift analysis (Fig. 4E). In all cases, the CDs no
longer bound the RNA when denatured, suggestive that an
intact secondary structure is required for binding. Further-
more, point mutations of the caging aromatic residues of the
Cbx7 CD do not completely abrogate RNA binding, suggesting
that the region of the CD responsible for the RNA interaction
may be distinct from that which binds the methyl-lysine residue
(Fig. 4F). This finding suggests that the CD module could
participate in targeting Cbx proteins to chromatin in at least
two ways, via histone methylation and via RNA.

To test this hypothesis more directly, we examined whether
RNA is an important factor for the localization of Cbx7 to the
Xi in vivo. Treatment of ES cells at day 3 of differentiation with
RNase A, which degrades single-stranded RNA, resulted in a
substantial loss of Cbx7 from the Xi (Fig. 5A). As expected, the

FIG. 5. Cbx7 chromatin association is RNA dependent. (A) RNase
treatment of 3-day-differentiated ES cells strongly diminished the ac-
cumulation of Cbx7-EGFP on the Xi. The Xi is visualized by K27me3
staining (red), and the signal of Cbx7-EGFP was enhanced using
�-GFP antibody (green). (B) Degradation of Cbx7 is not observed
after RNase treatment (or DNase I treatment), as detected by Western
blot with GFP antibody. (C) Cbx7 is depleted from 6-day-differentiated
ES cell chromatin by RNase treatment (top), while WDR5 and HP1�
are not affected. See histones for equal loading (bottom).
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Xist RNA signal was abolished by this RNase treatment based
on RNA-fluorescent in situ hybridization analysis (data not
shown), while K27me3 on the Xi was not affected (Fig. 5A).
Moreover, the level and integrity of the Cbx7-GFP protein and
the global level of other proteins were not affected by the
RNase treatment based on Western and Coomassie staining,
respectively (Fig. 5B and data not shown), and immunofluo-
rescence analysis of other nuclear proteins (such as lamin B1)
did not reveal any disruption following RNase treatment (data
not shown). Finally, we also examined whether RNA is involved
in the ability of Cbx7 to associate with chromatin on a global level.
Chromatin from 6-day-differentiated female ES cells was treated
with RNase. Here we observed that the ability of Cbx7 to asso-
ciate with chromatin was also RNA dependent (Fig. 5C). In
contrast, neither WDR5, an effector of H3K4me2 (35), nor HP1�
was affected by RNase treatment (Fig. 5C). Similar RNase studies
performed in mouse cells resulted in depletion of HP1� from
pericentric regions; however, the total amount of HP1� detected
by immunoblot was unaffected (20). While the HP1 isoforms may
differ, our results suggest that HP1 proteins may be displaced
from distinct chromosomal regions by RNase and yet not be
affected on a global chromatin level. Although our results do not
permit the conclusion that Cbx7 interacts with chromatin through
RNA directly, the ability of the CD to bind RNA in vitro suggests
that this interaction may indeed be involved in its recruitment to
target loci, including the Xi. Our data further suggest that the
association of Cbx7 with chromatin, and the Xi in particular, is at
least partially dependent on RNA, the nature of which is currently
under investigation.

Chromodomains are well-recognized methyl-lysine docking
modules that are thought to bring about downstream effects
that ultimately affect the structure of chromatin. Although the
mechanism of chromatin compaction through the recruitment
of repressive binding proteins such as HP1 and Pc is still
unclear, a paradigm has been established whereby HP1 binds
to H3K9me2 and H3K9me3, and H3K27me3 is bound by Pc
(9). However, our investigation of the five mammalian Pc pro-
teins and their distinct binding preferences suggests that this
paradigm is not so straightforward. In support, Ringrose and
colleagues have demonstrated that Drosophila Pc staining on
polytene chromosomes overlaps with both H3K9me3 and
H3K27me3 at PcG target genes and that both trimethylated
H3K9 and K27 peptides compete for Pc from the chromo-
somes (29). While the biological readout of the Cbx binding
preferences remains unclear, it is likely that these proteins
interact with different PRC-like complexes. For example, Cbx2
is a component of the PRC1 complex, which includes Bmi1,
Ring1, and Phc (30). Cbx7, however, has been shown to inter-
act with Ring1 but not Bmi1 (11). Thus, the mammalian Pc
proteins not only seem to show differential methylated histone
binding preferences but also exist in distinct complexes that are
likely to be dynamically regulated throughout development.

The stably silenced state of the Xi is in part regulated by
epigenetic modifications, including K27me3, and the effector
proteins that bind them. Based on our findings with Cbx7, we
conclude that although the H3K27me3 mark seems to be im-
portant for the recruitment of Cbx7 via its CD, other compo-
nents, including RNAs, must also be required for its recruit-
ment and maintenance on the Xi. Indeed, recent reports have
described the recruitment of several PRC1 proteins to the Xi,

which may be part of one or multiple complexes (7, 8, 14, 27).
It will be interesting to identify Cbx7-interacting proteins at
different stages of development in order to understand the
mechanism(s) by which Cbx7 associates with the inactive X
chromosome, and with chromatin in general, during ES cell
differentiation. For example, in addition to representing a po-
tential mechanism by which Ring1 is able to ubiquitylate H2A
on the Xi, the association of Cbx7 with chromatin during ES
cell differentiation may be linked to the rather sudden appear-
ance of macroH2A on the Xi (28). Finally, the role of RNA in
Cbx7 chromatin association is of particular interest in light of
recent evidence in fission yeast, flies, and mammals suggesting
that noncoding RNAs can impact the chromatin template (3,
19). Moreover, TAP-tag purification of Cbx7 from human cells
has demonstrated that this Pc protein interacts with an RNA-
helicase, suggesting the involvement of RNA in Cbx7-medi-
ated repression (J. Nicholls and J. Gil, unpublished observa-
tions). The ability of particular CDs to potentially bind both
methylated histone tails and RNA suggests that a cooperative
binding mechanism may mediate the enrichment of particular
CD-containing proteins in chromatin. Future functional and
structural studies will be required to determine the nature of
this potential synergy, particularly in the case of Cbx7 and Xist
RNA in the context of the inactive X chromosome.
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