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Polycomb repressive complexes (PRCs) are important chromatin regulators of embryonic stem (ES) cell function. RYBP binds
Polycomb H2A monoubiquitin ligases Ring1A and Ring1B and has been suggested to assist PRC localization to their targets.
Moreover, constitutive inactivation of RYBP precludes ES cell formation. Using ES cells conditionally deficient in RYBP, we
found that RYBP is not required for maintenance of the ES cell state, although mutant cells differentiate abnormally. Genome-
wide chromatin association studies showed RYBP binding to promoters of Polycomb targets, although its presence is dispens-
able for gene repression. We discovered, using Eed-knockout (KO) ES cells, that RYBP binding to promoters was independent of
H3K27me3. However, recruiting of PRC1 subunits Ring1B and Mel18 to their targets was not altered in the absence of RYBP. In
contrast, we have found that RYBP efficiently represses endogenous retroviruses (murine endogenous retrovirus [MuERV] class)
and preimplantation (including zygotic genome activation stage)- and germ line-specific genes. These observations support a
selective repressor activity for RYBP that is dispensable for Polycomb function in the ES cell state. Also, they suggest a role for
RYBP in epigenetic resetting during preimplantation development through repression of germ line genes and PcG targets before
formation of pluripotent epiblast cells.

Embryonic stem (ES) cells originate from a transient popula-
tion of uncommitted cells in the inner cell mass of the preim-

plantation blastocyst (44), soon after epigenetic reprogramming
of the fertilized egg (35). ES cells are uniquely endowed with the
ability to undergo orderly differentiation to a variety of cell lin-
eages (36). Self-renewal of such a pluripotent state is achieved
through the robust activity of an interconnected set of transcrip-
tion factors (pluripotency network) that uses chromatin modifiers
to define an ES cell-specific epigenetic landscape (64).

While not strictly required for ES cell self-renewal, Polycomb
group (PcG) proteins are indispensable for execution of genetic pro-
grams that coordinate commitment and differentiation to other cell
states (5, 9, 12, 24, 26, 39). PcG transcriptional roles depend, at least in
part, on histone-modifying activities characteristic of the two major
types of Polycomb repressive complexes (PRCs): PRC2, which trim-
ethylates lysine 27 of histone H3 (H3K27me3), and PRC1, which
monoubiquitylates lysine 119 of histone H2A (H2AK119Ub1)
(49, 51). Although the precise roles of these modifications are still
not fully understood, they correlate with a singular transcriptional
state of promoters by which they are silent but poised for prompt
activation (10, 12, 30, 34, 53). PRC2 and PRC1 appear as assem-
blies of some heterogeneity, around the catalytic component and
other core subunits essential for their stability and optimal histone
modification. Histone monoubiquitylation relies on RING finger
E3 ligases Ring1A and Ring1B (11, 59). Biochemical analysis
shows that, in addition to PRC1 complexes, Ring1A and Ring1B
appear as components of other H2A monoubiquitylating com-
plexes, often containing Ring and YY1 binding protein (RYBP)
(16, 47, 54).

RYBP was identified as a direct interactor with Ring1A (14). It
acts as transcriptional repressor in reporter assays, both in tissue
culture cells and in the fly Drosophila melanogaster (2, 14). RYBP,
or its paralog Yaf2, does not form part of the canonical PRC1

complex (27), perhaps because of the mutually exclusive associa-
tion of either RYBP or PRC1 chromobox subunits with Ring1
proteins (61). Germ line inactivation of RYBP interferes with em-
bryonic development that arrests at early stages around gastrula-
tion (41). RYBP associates in vitro with YY1, a transcription factor
whose DNA binding domain is conserved in Drosophila PcG ho-
mologs Polyhomeotic (Pho) and Pho-l (6, 7, 14). The potential to
associate with a DNA binding protein underlies a proposed role as
recruiter of PcG complexes to their targets. However, despite
some evidence for such an activity (62, 63), chromatin association
studies in ES cells failed to show YY1 colocalization with PcG
targets (33). Importantly, in ES cells RYBP is also part of protein
complexes containing core transcription factors of the pluripotent
network (Pou5f1/Oct4) (57, 60), and ES cell lines cannot be estab-
lished from RYBP-deficient early embryos (41).

Here, we have studied RYBP function in ES cells by using con-
ditionally deficient RYBP cells. We found that ES cell maintenance
is largely independent of RYBP, although it acts as a repressor of
germ line-specific genes and loci typically expressed in preimplan-
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tation development, such as murine endogenous retroviruses
(MuERVs) and genes expressed at the zygotic gene activation
(ZGA) stage. In contrast, repression of PcG target genes was found
to be modest and silencing of developmental regulators was
mostly independent of RYBP. Chromatin association studies in
wild-type and mutant ES cells suggest a role in resetting of the
epigenetic landscape during preimplantation development.

MATERIALS AND METHODS
ES cell culture and differentiation. RYBP-floxed ES cell lines 10 and 15
were derived from blastocysts generated in crosses between mice homozy-
gous for a floxed RYBP allele. Males also carried a Rosa26::CreERT2 gene
for inducible deletion of RYBP sequences. Gene targeting details will be
described in a future work (M. Vidal and H. Koseki, unpublished data).
RYBP inactivation was carried out by adding to the cultures 4=-
hydroxytamoxifen (4=-OHT) at 0.8 �M (Sigma-Aldrich). Control cells
received ethanol (EtOH). After 18 h, cells received fresh medium.
Ring1A�/� Ring1Bfl/fl Rosa26::CreERT2 (Ring1A/B conditional-double-
knockout [dKO]), Eed-KO, Dnmt1-KO, and Dnmt1/3a/3b (triple-
knockout [TKO]) ES cells were described previously (12, 55). ES cells were
cultured using standard conditions on mitotically inactivated mouse em-
bryo fibroblasts. To initiate differentiation to embryo bodies, 200 ES cells
previously cultured for 4 days (�d4) after EtOH or 4=-OHT treatment
were grown in hanging drops in medium without leukemia inhibitory
factor (LIF) for 4 days. Four days later, cell aggregates in the drops were
combined and grown in bulk for the indicated times.

Proliferation and apoptosis assays. Proliferation rates were estimated
using cultures that received 5-bromodeoxyuridine (BrdU; 10 �M; Becton
Dickinson); after 20 min, cells were trypsinized, fixed, permeabilized, and
stained using a fluorescein isothiocyanate (FITC) BrdU Flow kit (Becton
Dickinson). Growth curves were obtained from counts of viable cells in
triplicate 6-cm dishes cultures at the indicated days. TUNEL (terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling)
assessment of apoptosis was done by fluorescence-activated cell sorting
(FACS) after staining with the In Situ Cell Death Detection alkaline phos-
phatase (AP) kit (Roche Diagnostics).

ES cell immunofluorescence and histochemistry. Cells were fixed in
4% paraformaldehyde (PFA), permeabilized, and incubated with anti-RYBP
(1:500) (14), anti-Oct3/4 (1:200; Santa Cruz Biotechnology Inc.; clone C-10),
and anti-SSEA1 antibodies (1:400; mouse ascitic fluid; clone MC-480;
Developmental Studies Hybridoma Bank). Following incubation with
fluorophore-coupled secondary antibodies, cell nuclei were stained with 4=,6-
diamino-2-phenylindole (DAPI). Alkaline phosphatase was visualized using
a histochemistry detection kit (Sigma-Aldrich, St. Louis, MO).

Yaf2 knockdown (KD). Lentiviral particles were produced in 293T
cells by using a calcium-phosphate coprecipitation method with envelope
and packaging plasmids and pLKO lentiviral vectors expressing Yaf2 small
hairpin RNA (shRNA) (TRCN0000095206 and TRCN0000095204) or
control shRNA (RNAi Consortium; distributed by Sigma-Aldrich, St.
Louis, MO). ES cells were cultured with supernatant containing lentiviral
particles for 16 h in the presence of Polybrene (4 �g/ml). On the next day,
fresh medium was added, and on the following day, puromycin selection
(1.1 �g/ml) was applied. Four days later, cells were harvested.

Gene expression microarray analysis and quantitative reverse
transcription-PCR (RT-qPCR). Total RNA was extracted using the
TRIzol reagent (Invitrogen, Carlsbad, CA) and purified with Qiagen
RNeasy separation columns (Qiagen, Hilden, Germany). For microarray
analysis, first-strand cDNA was synthesized and hybridized to Affymetrix
GeneChip Mouse Genome 430 2.0 arrays (Affymetrix, Santa Clara, CA).
The signal intensities (CEL format) of probe sets in each chip were pro-
cessed using open source program R (http://www.r-project.org/) with
bioinformatics package Bioconductor (http://www.bioconductor.org/).
After microarray scans, retrieved signals were normalized using a quantile
normalization algorithm and signals corresponding to present intensity
were aggregated for each gene. Expression changes per each gene between

two experiments were estimated from the geometric mean of intensity
ratios of probes assigned to the gene. Normalization and calculation of
expression change were performed using our in-house program written in
Python. Results were statistically evaluated using methods suitable for
data types. Statistical evaluation of skewness of gene distribution was per-
formed using hypergeometric distribution for contingency tables. Gauss-
ian distributions sharing the same variances were compared using the t
test. Distributions that did not fit t test conditions were compared using
the Mann-Whitney U test.

For RT-qPCR, total RNA was reverse transcribed using a SuperScript
Vilo cDNA synthesis kit (Invitrogen, Carlsbad, CA). A qPCR analysis was
performed in triplicate using 150 ng cDNA per reaction mixture and
SYBR Green-based mixes in Stratagene’s Mx3005P thermal cycler. Gene
expression data were analyzed with MxPro ET software (Agilent Technol-
ogies). �-Actin expression was used for normalization. Sequences of
primer pairs for qPCR are listed in Table S1 in the supplemental material.

Western blotting. Membranes were incubated with anti-RYBP (14),
anti-Lsd1 (Abcam; ab17721), and antitubulin (Sigma; clone B-5-1-2) di-
luted in Tris-buffered saline– 0.05% Tween 20 (TBST) followed by washes
and subsequent incubation with horseradish peroxidase-coupled anti-
IgG antibodies (Bio-Rad Laboratories, Hercules, CA) in TBST.
Membrane-bound antibodies were detected using chemiluminescence
(SuperSignal; Pierce, Thermo Fisher Scientific).

ChIP-qPCR and ChIP-on-chip experiments. Chromatin of wild-
type and mutant ES cells was cross-linked using 1% formaldehyde–
phosphate-buffered saline (PBS), resuspended in RIPA buffer (20 mM
Tris-HCl, pH 8.0, 1 mM EDTA, 140 mM NaCl, 1% Triton X-100, 0.1%
SDS, 0.1% deoxycholic acid) containing protease inhibitors, and soni-
cated into 0.5- to 1.0-kb fragments using a Bioruptor sonicating device
(Diagenode, Belgium). Immunoprecipitation was carried out with an-
tibodies to RYBP, Ring1B, or Mel18 (Santa Cruz; H-115) as described
previously (12). Anti-RYBP antibody performance in chromatin im-
munoprecipitation (ChIP) analysis was validated by the large differ-
ences between amounts of DNA immunoprecipitated from chromatin
of wild-type and RYBP-KO ES cells. Quantification of immunopre-
cipitated DNA was done after DNA purification and qPCR using SYBR
green, with each PCR performed in triplicate. Primers are listed in Table S1 in
the supplemental material. Enrichment (fraction of input DNA immunopre-
cipitated) was calculated from the threshold cycle (�CT) values for each sam-
ple relative to input chromatin. Nonspecific rabbit (RYBP and Mel18) or
mouse (Ring1B) IgG was used as a negative control.

For ChIP-on-chip analysis, immunoprecipitated and input DNA were
labeled and hybridized to the Mouse Promoter ChIP-on-chip microarray
set (G4490A; Agilent, Palo Alto, CA) according to the Agilent mammalian
ChIP-on-chip protocol (v.9.0). Immunoprecipitated DNA with specific
or control antibodies was subjected to T7 RNA polymerase-based ampli-
fication as described previously (56), labeled, and hybridized. Scanned
images were quantified with Agilent Feature Extraction software under
standard conditions and after normalization compared to identify en-
riched regions. Signals that could not be distinguished from background
(P value, �10�7) and without enriched probes around them (500 bp)
were discarded to reduce noise. The most enriched sequences represent a
gene index, and the distributions of these indices were approximated to fit
two Gaussian distributions using the EM algorithm. As lower enrichment
distributions correspond to control signals and upper enrichment distri-
butions correspond to specific antibody-bound sequences, we took the
mean (�) and standard deviation (SD) of lower distribution to define
background signals and genes with indices �� � 2 SDs were scored as
bound genes.

DNA methylation analysis. A bisulfite genomic sequencing approach
was used according to the manufacturer’s instructions (EpiTect Bisulfite
kit; Qiagen, Hilden, Germany). Bisulfite-treated DNA was used in PCRs
to amplify regions of interest using primers shown in Table S1 in the
supplemental material, cloned using TOPO TA cloning, and sequenced as
previously described (50).
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CGI definition and promoter DNA methylation. The CpG island
(CGI) was defined by two criteria, GC composition and the ratio of the
observed CG dinucleotide frequency to the expected frequency (O/E
ratio). GC composition and O/E ratio are calculated using a 200- to
500-bp window. A 250-bp sliding window was used to define whether
a nucleotide is inside or outside CGI from kb �4 to kb �4 of the
transcription start site (TSS). CGI length was given by the number of
bases inside each thus-defined CGI. DNA methylation status was ob-
tained by aggregation of methylated or unmethylated cytosines de-
tected using reduced representation of bisulfite sequencing (RRBS)
(32). Sequences were downloaded, and ratios of methylated CpG di-
nucleotide around TSSs (kb �4 to �4) were calculated.

Microarray data accession number. Complete ChIP-chip and gene
expression data are available from the Gene Expression Omnibus (http:
//www.ncbi.nlm.nih.gov/geo) under accession number GSE32294.

RESULTS

RYBP-deficient ES cells. Attempts to generate ES cells from con-
stitutively RYBP-deficient embryos resulting from intercrosses of
RYBP�/� mice have been reported to be unsuccessful (41). There-
fore, we generated a mouse line bearing a floxed RYBP gene
(RYBPfl) that could be inactivated in the presence of 4=-OHT-
inducible Cre recombinase expressed from a Rosa26::CreERT2
gene. Gene deletion removes most coding potential (amino acids
54 to 226), leaving only a short N-terminal region encoded by
exons located 56 kb upstream of deleted sequences (Fig. 1A; see
also Fig. S1A in the supplemental material). Mutant cells could be
propagated in culture without morphological signals of differen-
tiation, and their proliferation rate, estimated from BrdU incor-

FIG 1 RYBP-deficient ES cells. (A and B) Western blot of cell extracts and phase-contrast images from cultures after 4 days of ethanol (EtOH) or hydroxyta-
moxifen (4=-OHT) treatment. (C) BrdU incorporation during a 20-min pulse in cells grown for different times after treatments (4 or 12 days [�d4 or �d12,
respectively]). (D) Expression of stem cell markers in ethanol-treated (wild-type) or 4=-OHT-treated (RYBP-KO) ES cells identified by immunofluorescence
(Oct4 and SSEA1) or immunohistochemistry (alkaline phosphatase [AP]). RYBP immunofluorescence was included as a control of gene inactivation. (E)
Deregulated differentiation of RYBP-mutant ES cells. Time course (days in x axis) gene expression analysis by RT-qPCR of mRNAs encoding cell lineage markers;
error bars are SDs of relative mRNA levels indicated in the y axis.
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poration, was similar to that of wild-type cells (Fig. 1C). In addi-
tion, 4=-OHT-treated ES cells (RYBP-KO) maintained levels of
Oct4, SSEA1, and alkaline phosphatase activity, markers of pluri-
potent, undifferentiated cells, similar to those of EtOH-treated
cells (wild type, Fig. 1D). We observed a transient decrease in cell
accumulation soon after 4=-OHT treatment (see Fig. S1B) likely
related to the presence of floating, TUNEL-positive cells (see Fig.
S1C). The developmental potential of RYBP�/� ES cells was analyzed
by measuring gene expression during differentiation as embryo bod-
ies formed from mutant and wild-type cells. The data showed that
while expression of pluripotency genes Oct4 and Nanog was com-
monly downregulated, differentiation-driven activation of lineage-
specific genes differed between cells expressing and those lacking
RYBP (Fig. 1E). Together, the data suggest that RYBP is not essential
to the maintenance of the undifferentiated state of ES cells but that its
activity is required for proper differentiation.

RYBP represses preimplantation and germ line-specific
genes. We investigated RYBP control of gene expression in ES
cells using microarray analysis of RNA isolated from RYBPf/f ES
cells cultured for 4 or 12 days after EtOH or 4=-OHT treatment
(�d4 and �d12, respectively). Compared to control cells, 288 and
505 genes were found upregulated (false discovery rate [FDR] � �
0.05; fold change, �2) in �d4 and �d12 mutant ES cells, respec-
tively. Downregulated transcripts (fold change, �0.5), however,
were encoded by smaller gene sets, 47 and 83 genes for �d4 and
�d12 cells, respectively, suggesting that RYBP acts as a transcrip-
tional repressor.

Maximum changes in expression levels corresponded to genes
expressed at preimplantation stages and at the zygotic gene acti-
vation (ZGA) developmental stage (2-cell embryo) in particular
(18). Among them were genes encoding members of protein fam-
ilies such as DUF1438 (Tcstv1, Tcstv3, AF067061, AF067063,
D13Ertd608e, and LOC100038935), E1f1a (Eif1a, EG666806/
Gm8300, and 100039042/Gm2016), and Zscan4 and also retro-
genes such as Zfp352, Tdpoz1, and others. Another significant
group of upregulated transcripts was encoded by germ line-
specific genes such as Dazl, Mael, Ddx4, and Mov10l1 and mem-
bers of the Pramel family of genes (Pramel3 and Pramel4). Figure
2A illustrates upregulation of these two groups of RYBP targets in
�d4 cells. A reduced subset of PcG targets was also upregulated
(some examples appear in Fig. 2A). Interestingly, those marking
the core of developmental regulators (i.e., Ring1B bound, en-
riched in both H3K27me3 and H2AK119Ub1) are poorly repre-
sented (17% versus 40% in Ring1-deficient ES cells for �2-fold-
changed genes and 13% and 48% for �4-fold-changed genes,
respectively) (Fig. 2C). Further support for this conclusion comes
from the frequency of promoter structures within upregulated
genes (see Fig. S2 in the supplemental material) showing statistical
correlation with short (100- to 700-bp) but not with long (�2-kb)
CpG islands (CGIs), characteristic of PcG-repressed developmen-
tal regulators (22). Validation of transcriptome alterations in
RYBP-mutant ES cells by RT-qPCR is shown in Fig. 2B.

Since the overall impact of RYBP on regulation of PcG targets
was smaller than anticipated, we wished to evaluate the possibility
of functional compensation of RYBP deficiency by its paralog
Yaf2. We used a knockdown (KD) approach on conditionally
RYBP-deficient ES cells expressing control or Yaf2 small hairpin
RNAs followed by gene expression analysis using Affymetrix mi-
croarrays. This allowed us to generate Yaf2-KD ES and RYBP-KO
ES cells (single mutants) and also Yaf2-KD RYBP-KO ES cells

(double mutant) when 4=-OHT was given to cells infected with
Yaf2 shRNA-expressing lentiviral particles. Comparing expres-
sion changes of PcG targets in single mutant cells with those in
cells with concurrent inactivation of RYBP and Yaf2, we observed
no synergistic effects such as would be expected for a putative
compensation of RYBP deficiency by Yaf2 (see Fig. S3 in the sup-
plemental material). Thus, in ES cells, RYBP actively represses
preimplantation- and germ line-specific genes whereas it shows a
moderate silencing activity on a specific set of PcG targets.

RYBP-specific silencing of MuERV-family endogenous ret-
roviruses. Many of the preimplantation-specific genes upregu-
lated in RYBP-deficient ES cells are repressed by the histone de-
methylase Lsd1/Kdm1a (28). Lsd1�/� ES cells also derepress a
subset of endogenous retroviruses. Therefore, we asked whether
RYBP would also act as a repressor of repetitive sequences and
used RT-qPCR to test for expression of long terminal repeat
(LTR) retrotransposons in �d4 cells treated with 4=-OHT or
EtOH. We found extensive derepression of MuERV transcripts
(Fig. 3A) but not of MusD or intracisternal A particle (IAP)
mRNAs. MuERV transcripts spanned the entire transcriptional
unit, as detected with primers specific for both 5= and 3= LTRs
and the Gag-encoding region (Fig. 3C). As some of the
preimplantation-specific genes upregulated in Lsd1-mutant ES
cells have their transcripts initiated within cryptic nearby LTRs
(28), we tested such a possibility for three of these genes com-
monly derepressed in RYBP- and Lsd1-KO ES cells. Using forward
primers complementary to LTR sequences 5= to Zfp352, Tcstv3,
and Ubtfl1, together with reverse primers complementary to
protein-coding sequences, we identified by RT-qPCR highly up-
regulated transcripts (see Fig. S4 in the supplemental material),
suggesting that, at least in some cases, cryptic LTRs are also active
in RYBP-deficient ES cells.

The remarkable overlap between derepressed genes in
RYBP�/� and Lsd1�/� ES cells prompted us to ask about a possi-
ble Lsd1 destabilization in RYBP-mutant ES cells and about up-
regulation as an indirect consequence of RYBP inactivation. Fig-
ure 3D is a Western blot showing decreasing levels of RYBP with
time after 4=-OH treatment without decreases in Lsd1 signals, thus
supporting an autonomous role for RYBP repression of retro-
transposons and preimplantation-specific and other genes in ES
cells.

RYBP association with chromatin. Chromatin immunopre-
cipitation followed by identification of isolated DNA using hy-
bridization to Agilent microarrays (ChIP-chip) was used to deter-
mine RYBP association with promoters. We found 239 genes
bound by RYBP. This gene set was particularly enriched in
H3K27me3-marked promoters (3- to 4-fold above expected fre-
quency of K4me3� K27me3� and K4me3� K27me3� [bivalent]
genes). Promoters enriched in H2K119Ub1 nucleosomes were
still further overrepresented within RYBP-bound genes (�7-fold
above expected frequency [Fig. 4A]). Many of these genomic re-
gions correspond, precisely, to PcG targets, although they re-
mained transcriptionally unaffected by RYBP deletion. As ex-
pected, analysis of associated CGIs showed that the fraction of
long, CpG-dense CGIs was particularly overrepresented among
RYBP-bound genes (Fig. 4B), further supporting the notion of
stable association of RYBP with PcG-modified genomic regions.

Relative RYBP and Ring1B enrichment (as intensities of hy-
bridization signals) showed distinct patterns depending on the
transcriptional responses to the absence of RYBP. In general,
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genes upregulated in RYBP-deficient ES cells showed decreased
enrichment in Ring1B and RYBP compared to those showing un-
altered expression. In particular, Ring1B density was reduced in
comparison to that of RYBP. Thus, although quantitative estima-
tions of an RYBP-to-Ring1B ratio cannot be determined (differ-
ent antibodies), the data are consistent with RYBP-repressed pro-
moters containing a relatively higher RYBP content (Fig. 4C).
ChIP-qPCR validation of RYBP and Ring1B binding to genes up-
regulated and not upregulated in RYBP�/� ES cells is shown in
Fig. 4D. This does not imply a unique repressive role for RYBP,
since Ring1A- and Ring1B-double-deficient ES cells also upregu-
late Ddx4, Mael, and Dazl. Interestingly, their expression was un-
changed in Mel18-Bmi1-double-deficient ES cells (see Fig. S5A in
the supplemental material), suggesting a silencing function unre-
lated to PRC1. Together, the data show that no clear transcrip-
tional outcome can be deduced only from the presence of RYBP.
Instead, distinct chromatin structures, perhaps determined by the

nature of associated RYBP complexes, correlate with RYBP re-
pression. Similarly, we found RYBP specifically associated with
LTR-proximal regions of MusD, IAP, and MuERV retroelements
(Fig. 4E), despite the fact that only MuERVs are silenced in an
RYBP-dependent manner. We conclude that both RYBP com-
plex(es) and chromatin context dictate RYBP-dependent tran-
scriptional activity, essential for repression in some cases
(preimplantation- and germ line-specific genes and MuERVs) but
dispensable in others (H2AK19Ub1-PcG targets).

H3K27me3-independent association of RYBP with chroma-
tin. H3K27me3 recognition by chromatin readers promotes both
its maintenance through cell division and PRC1 recruiting (8, 17,
23, 29). Binding of PRC2 core subunit Eed to H3K27me3 nucleo-
somes is essential for mark propagation, and Eed-deficient ES cells
are almost devoid of H3K27me3. Eed-mutant cells fail to recruit
PRC1 (25). Frequent RYBP-H3K27me3 colocalization led us to
ask whether RYBP binding would be affected in the absence of the

FIG 2 Gene expression alterations in RYBP-deficient ES cells. (A) Microarray analysis of preimplantation- and germ line-specific genes upregulated in RYBP-KO
cells shortly (4 days) after 4=-OHT treatment. Polycomb targets include a random set of core targets (Ring1B bound and H3K27me3 and H2AK119Ub1 marked).
Mean values, deduced from fluorescence intensities, and SDs of duplicate experiments with each of two independent ES cell lines. (B) RT-qPCR values of gene
expression changes validating results from microarray analysis indicated as means and SDs of four to six experiments. Bars filled in black, dark gray, or light gray
correspond to preimplantation- and germ line-specific genes and Polycomb targets, respectively. (C) Comparison of genes upregulated in RYBP-deficient and
Ring1A- and Ring1B-deficient ES cells 4 days after 4=-OHT treatment. Absolute number of genes (within bars) and relative number (in parentheses) of
upregulated genes corresponding to chromatin categories defined by H3 and H2A marks and Ring1B binding, as indicated. Note the underrepresentation of core
PcG targets in RYBP-mutant ES cells. Numbers in italics correspond to values when gene expression changes in �d12 RYBP-KO ES cells are considered.
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histone mark. ChIP-chip studies on Eed�/� ES cells identified 432
RYBP-bound genes, most of which had been identified in wild-
type cells (common promoter enrichment, 26.4-fold; P � 7.69 �
10�192). Moreover, quantitative comparison of RYBP enrichment
between wild-type and Eed-mutant ES cells showed almost-
superimposed distributions (Fig. 5A), consistent with RYBP bind-
ing genomic regions in an H3K27me3-independent fashion. In
contrast, Ring1B enrichment in Eed�/� cells differed dramatically
from that of wild-type cells (Fig. 5A), indicating, as expected, a
substantial dependence on H3K27me3 nucleosomes.

Since RYBP is able to bind genomic regions independently of
H3K27me3, we asked whether it would participate in Ring1B re-
cruiting to PcG targets. We used ChIP-qPCR to assay for binding
of PRC1 subunits Ring1B and Mel18 to PcG targets Gata6, Hoxa9,
and Hoxb4 in RYBP-deficient and wild-type ES cells. We found
that Ring1B and Mel18 enrichments at these regions were similar
in the two cell types, whereas that of RYBP decreased, as expected,
in RYBP-mutant cells (Fig. 5B). We conclude that Ring1B and
Mel18 recruitment to targets is independent of RYBP. Further-
more, we found Ring1B association with chromatin of LTR-
retrotransposons also to be independent of RYBP (see Fig. S5B in
the supplemental material).

RYBP and DNA methylation. DNA-methylated germ line-
specific genes and members of the Rhox cluster of homeobox
genes are, as in RYBP-mutant ES cells, derepressed in cells defi-
cient in DNA methyltransferases (13, 38). Indeed, the average ex-
pression of DNA-hypermethylated genes is higher in RYBP�/� ES
cells than in wild-type cells (see Fig. S6A in the supplemental ma-
terial). In agreement with this observation, genes upregulated in
RYBP-mutant ES cells and in Dnmt1�/� ES cells overlapped sig-
nificantly (Fig. S6B) and, to a lesser extent, overlapped with those
upregulated in TKO ES cells lacking all three DNA methyltrans-
ferases (Fig. S6C), suggesting a link between RYBP and DNA
methylation repressive pathways. Therefore, although much of
RYBP localized to unmethylated genes, we asked whether RYBP
binding would be affected in cells lacking Dnmt1. We performed
ChIP-chip analysis on Dnmt1�/� ES cells and identified a total of

344 RYBP-bound genes overlapping, in part, the set of promoters
bound in wild-type cells (common promoter enrichment, 14.3-
fold; P � 5.86 � 10�57). Interestingly, RYBP enrichment for all
genes examined in Dnmt1-KO ES cells tended to be CGI re-
stricted, whereas that in wild-type cells was also found in regions
adjacent to CGIs and in inter-CGI regions. Examples of both
methylated and unmethylated genes are shown in Fig. 6A. These
results make it unlikely that the altered RYBP binding in Dnmt1-
mutant cells is related to DNA methylation status. Therefore, we
asked whether upregulation of methylated genes in RYBP-mutant
cells would be accompanied by DNA methylation changes. The
content in methylated cytosines was determined by sequencing
bisulfite-treated genomic DNA. The results (Fig. 6B) showed that,
following RYBP inactivation, the promoter-proximal CGI of
some genes (Mael and Rhox6) underwent modest DNA demethy-
lation, whereas other genes (Dazl and Ddx4) showed no differ-
ences from wild-type ES cells. On the other hand, LTR-
retroelements remained methylated in RYBP-deficient ES cells,
regardless of their derepressed (MuERV) or unchanged (IAP and
MusD) status (see Fig. S7 in the supplemental material). Together,
the results suggest that RYBP and DNA methylation act as parallel
repressive pathways.

DISCUSSION
RYBP and ES cell state. By using conditionally mutant ES cells, we
have shown that RYBP is largely dispensable for ES cell self-
renewal. As ES cells cannot be established from constitutively
RYBP-deficient blastocysts (41), it is tempting to suggest that
RYBP is required for the generation of the ES cell state but not
after it has been attained. In addition, RYBP is required for or-
derly, coordinated ES cell differentiation, although inactivation of
the pluripotency network takes place in RYBP-deficient ES cells.
These alterations, however, are not unexpected given the develop-
mental abnormalities of RYBP�/� embryos and are also observed
with other epigenetic regulators, which typically are unnecessary
for maintenance of pluripotent ES cells but are required for their
appropriate differentiation (9, 39, 55).

RYBP as an element of repressive strategies for a variety of
loci. The apparently small effects on undifferentiated mutant
ES cells, however, are accompanied by prompt upregulation of
about 300 genes. The group that showed the highest response
to RYBP inactivation contained endogenous retroviruses and
preimplantation-stage genes, of which some may use promot-
ers from nearby LTRs (21, 28), perhaps making them part of
the same altered repressive pathway. Another group of RYBP-
repressed targets is that of germ line genes, whereas, surpris-
ingly, RYBP contribution to silencing of PcG targets is rather
modest.

Repression of LTR-retroelements in ES cells uses distinctive
chromatin modifiers: class I (murine leukemia virus [MLV]) and
class II (IAP and MusD) elements, but not class III elements
(MuERVs), use histone methyltransferase Setdb1 (21, 31). In con-
trast, MuERV silencing depends on Lsd1 (28) and, as we show
here, on RYBP. These alternative repressive pathways may under-
lie different developmental expression patterns by which MuERV
transcript accumulation peaks at the 2- to 4-cell stage, before that
of IAP or MusD transcripts (40). Lsd1 complexes contain histone
deacetylases (HDACs), and indeed, MuERV silencing is abrogated
by HDAC inhibitors (28). RYBP was not among subunits of Lsd1
complexes isolated in ES cells (28). It may be that repression of

FIG 3 RYBP represses endogenous retroviruses. (A) Upregulation of MuERV
mRNAs among those encoded by LTR-retroelements measured by RT-qPCR
of ES cells after 4 days of 4=-OHT treatment. (B and C) Schematic representa-
tion of MuERV retroelements and expression. RT-qPCR expression analysis of
indicated regions. LTR, long terminal repeat; Gag, Pro-pol, and dUTPase, gene
region encoding a Gag-Pro dUTPase polyprotein; PBS, primer binding site;
PPT, polypurine tract. Means and SDs of three experiments are shown. (D)
Lsd1 levels in wild-type and RYBP-mutant ES cells.
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FIG 4 RYBP association with chromatin. (A and B) Distribution of RYBP-bound promoters according to histone marks and CGI length. In panel B, the fraction
of total CGI promoters in each category (defined by CGI length) is indicated. The data showed preferential association with those marked with H3K27me3 (K4�

K27�, P � 4.4 � 10�48; K4� K27�, P � 8.1 � 10�15) and long CGIs. Note the enrichment in promoters bearing H2AK119Ub1 marks (H2AUb1�, P � 1.7 �
10�43); this subset of K4� K27� promoters corresponds to core PcG targets. (C) Distinctive Ring1B and RYBP enrichment around transcription start sites (TSSs)
(denoted by arrows) depending on their response to RYBP inactivation, showing a relatively higher RYBP density on promoters upregulated in RYBP-deficient
ES cells. (D) ChIP-qPCR assay of RYBP and Ring1B enrichment including promoters of preimplantation-specific genes repressed in an RYBP-dependent manner
that are not included in the microarray. (E) RYBP association with genomic regions of LTR-retrotransposons using ChIP-qPCR. IgG was used as a control for
nonspecific binding. Means and SDs of two or three experiments indicated.
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these targets uses both Lsd1- and RYPB-mediated activities and
that when either of them is defective, repression is lost. Thus, a
multiplicity of nonredundant players is at play in MuERV repres-
sion in ES cells, including Kap1, which also participates in silenc-
ing class II retroelements (45). A thorough biochemical character-
ization of complexes containing these players is due in order to
understand their apparently independent workings.

Among RYBP-repressed genes, a subset including germ line-
specific genes is also upregulated in ES cells defective in DNA
methylation machinery (13, 21, 38). If, as it is believed, partial/
total loss of DNA methylation underlies derepression of these tar-
gets, then the absence of changes in DNA methylation that we
observed in RYBP-mutant ES cells implies that RYBP and DNA
methylation-mediated repression would act in parallel. RYBP re-
pression of methylated genes would be yet another example of
complex regulatory strategies used in ES cells to silence DNA-
methylated targets which appear responsive to perturbations in
more than one epigenetic regulator (19, 21). Further evidence of
the multiplicity of epigenetic inputs in the regulation of RYBP
targets is their derepression in Eed-KO ES cells (see Fig. S8 in
the supplemental material), supporting transcriptional control
through nonredundant, parallel silencing mechanisms.

Given its association with Ring1B, the limited effect of RYBP
on repression of PcG targets was unanticipated. The subset of
these targets encoding developmental regulators with promoters
enriched in H2A-monoubiquitylated nucleosomes is particularly
insensitive to RYBP deficiency. We show that this is not due to

compensation by its paralog Yaf2, an observation in line with pre-
vious reports showing distinctive functions for the two paralogs
(48, 52). Moreover, in RYBP-mutant ES cells, these promoters
remain associated with PRC1 subunits. The data support a critical
role for canonical Polycomb complexes in the maintenance of the
silenced state of developmental regulators and argue against a cen-
tral role for RYBP collaborating with PcG in the maintenance of
the ES cell state. While it cannot be ruled out that the minimal
Ring1B association with targets in Eed-KO ES cells depends pre-
cisely on RYBP, it is clear that when Eed is present, RYBP is dis-
pensable for stable association of PRC1 subunits with targets.
Therefore, RYBP function at these sites may relate to dynamic
fine-tuning of the activity of complex(es) with little, direct impact
on transcriptional repression.

RYBP association with chromatin. RYBP colocalizes exten-
sively with H3K27me3- and H3K119Ub1-marked nucleosomes
on long CGI promoters repressed independently of RYBP. More-
over, RYBP density at these loci is higher than that at other loci,
including retroelements and preimplantation- and germ line-
specific genes, whose repression is RYBP dependent. Promoters
with decreased RYBP enrichment tend to locate near short CGIs
or in regions of low CpG density. Thus, differences in RYBP asso-
ciation with chromatin correlate with distinctive chromatin struc-
ture at these genomic regions, suggesting different recruiting
mechanisms, possibly forming part of different complexes. At first
glance, RYBP complexes might exclude H3K27me3 readers, the
chromobox proteins (3), due to their mutually exclusive associa-

FIG 5 RYBP binds genomic regions in an H3K27me3-independent manner but does not contribute to PRC1 recruiting. (A) Distribution of hybridization
intensity signals of coimmunoprecipitated DNA in wild-type (wt) and Eed-deficient ES cells compared to those of control antibodies (dotted lines). RYBP-bound
plots showed no differences between wild-type and Eed-KO ES cells (left), whereas Ring1B enrichment in mutant cells dramatically decreased. The results
indicate distinct responses to histone modification so that RYBP binding to promoters, but not Ring1B, is essentially independent of H3K27me3 marks. (B) PRC1
recruiting to targets is independent of RYBP. ChIP-qPCR analysis of Ring1B and Mel18 (PRC1 subunits) localization to the indicated PcG targets in wild-type
and RYBP-deficient ES cells, showing little or no variation with changes in RYBP levels. RYBP binding was used as a control of RYBP depletion in mutant cells.
Means and SDs of two experiments shown.
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tion with Ring1 proteins (61). However, the stoichiometry of
these complexes is not well established, and if as current evidence
shows, PcG complexes contain more than one Ring1 protein, the
coexistence of RYBP and chromobox proteins in some of the com-
plexes would be feasible. RYBP reportedly binds H2AK119Ub1
(1), thereby providing an alternative recruiting possibility. How-
ever, given that H2A deubiquitylation precedes mitosis (20), a
previous step of PRC1 or PRC1-related association would appear
necessary. Importantly, our finding that RYBP binds genomic re-
gions with no or very low H3K27me3 (Eed-KO ES cells) suggests
additional possibilities for association, although it is not clear to
what extent RYBP binding to genomic regions occurs indepen-
dently of H3K27me3 readers in wild-type cells. Obviously, YY1,
the RYBP interactor able to bind DNA, might act as a recruiter.
Current evidence, however, is not consistent with this possibility,
given the poor overlap between YY1-bound loci and PcG targets
(33). Indeed, RYBP-bound genes or the genes derepressed in
RYBP-mutant ES cells distinguish statistically independent sets
from those of genes bound by YY1 (see Fig. S9 in the supplemental
material). In contrast, another RYBP interactor, the YY1 paralog

Rex1/Zfp42, has been found to associate with some PcG targets
(15), making it worthwhile to explore as a candidate for RYBP
recruitment. Our ChIP data clearly associate RYBP with CGI re-
gions, particularly in cells lacking Dnmt1. Given that in ES cells
only some of these CGIs are methylated while most are not (PcG
targets), it is unlikely that alterations of RYBP-binding-pattern
Dnmt1-KO ES cells relate to DNA methylation. In this regard, our
previous observation of the ability of RYBP to associate nonspe-
cifically with DNA (37) may be pertinent in assisting, guided by
DNA binding proteins, RYBP localization to genomic regions.

A possible role for RYBP in preimplantation development.
The fact that promoters activated very early in development, such
as those of MuERVs and ZGA genes, are repressed in ES cells in an
RYBP-dependent manner makes it conceivable that RYBP also
plays a similar repressive function at later preimplantation stages.
Kap1 and Lsd1 repressions of LTR-retrotransposons in morulae
and blastocysts are examples (28, 45).

Such a hypothetical role during preimplantation development
may not be restricted to only endogenous retroviruses and ZGA
genes. It may also include germ line-specific genes or even PcG

FIG 6 RYBP binding to chromatin in Dnmt1-deficient ES cells and effects of RYBP depletion on DNA methylation. (A) Enrichment profiles of RYBP bound to
methylated promoters (Mael, Dazl, Mov10l1, and Ddx4, upregulated in RYBP-KO ES cells) and unmethylated promoters (Lef1, Bmp6, and Hmx3, not affected
by RYBP deletion). Red sectors indicate CGI locations, and TSSs are depicted by arrows. RYBP enrichment in Dnmt1-mutant cells colocalized closely with CGI
regions regardless of promoter class. (B) Methylation patterns of CGI promoters upregulated in RYBP-mutant ES cells. Cartoons delineate locations of CGIs
relative to TSSs (arrows). CpG nucleotides are shown by black (methylated) or white (unmethylated) circles. Methylation extent is given as percentage of
methylated CpG and shows little or no variation between wild-type (wt) and RYBP-deficient ES cells.
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targets, making RYBP a possible player in resetting the epigenetic
landscape that follows postfertilization erasing of histone marks
and DNA methylation (35, 58). Germ line genes are a major set of
loci that undergo DNA methylation during embryo development
(4). Although ES cells are DNA hypermethylated (42), pluripotent
cells in the blastocyst acquire DNA methylation during the tran-
sition to epiblast cells in the postimplantation embryo (4). This
modification seems to occur on genes previously silent, as part of
a swapping of repressive pathways like that observed for repetitive
elements (46). In this scenario, RYBP might participate in the
priming of such an initial silent state. Likewise, for PcG targets,
although Ezh2 and Ring1B are expressed during preimplantation
development (43), it might be possible that RYBP-mediated si-
lencing would mark sites for subsequent PRC2 and PRC1 local-
ization and repression. RYBP function here would be dependent
on its ability to bind long CGI regions in an H3K27me3-
independent manner. RYBP would serve a seeding function
whereby, once RYBP-assisted PRC1-PRC2 localization takes
place, PcG self-sustained maintenance would make it dispensable,
much as occurs in ES cells.

In summary, we have shown that RYBP is largely dispensable
for maintenance of undifferentiated ES cells but necessary for
faithful execution of their developmental potential. We have also
found that RYBP acts as a transcriptional repressor of endogenous
retroviruses (MuERVs) and preimplantation- and germ line-
specific genes and that, while its contribution to PcG targeting and
repression is rather modest, its ability to bind CGI regions in an
H3K27me3-independent manner suggests a role during epige-
netic landscape resetting at very early developmental stages.
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