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The Polycomb group (PcG) proteins have an important role in
controlling the expression of key genes implicated in embryonic
development, differentiation, and decision of cell fates. Emerg-
ing evidence suggests that Polycomb repressive complexes 1
(PRC1) is defined by the six Polycomb group RING finger pro-
tein (Pcgf) paralogs, and Pcgf proteins can assemble into nonca-
nonical PRC1 complexes. However, little is known about the
precise mechanisms of differently composed noncanonical
PRC1 in the maintenance of the pluripotent cell state. Here we
disrupt the Pcgf genes in mouse embryonic stem cells by
CRISPR-Cas9 and find Pcgf6 null embryonic stem cells display
severe defects in self-renewal and differentiation. Furthermore,
Pcgf6 regulates genes mostly involved in differentiation and
spermatogenesis by assembling a noncanonical PRC1 complex
PRC1.6. Notably, Pcgf6 deletion causes a dramatic decrease in
PRC1.6 binding to target genes and no loss of H2AK119ub1.
Thus, Pcgf6 is essential for recruitment of PRC1.6 to chromatin.
Our results reveal a previously uncharacterized, H2AK119ub1-
independent chromatin assembly associated with PRC1.6
complex.

The Polycomb group proteins are a conserved family of epi-
genetic transcriptional repressors with well defined roles in
stem cell maintenance and development (1, 2). Polycombs par-
ticipate in one of two distinct multiprotein complexes known as
Polycomb repressive complex 1 (PRC1)2 and PRC2. In mam-
mals the PRC2 complex is composed of the core components
Eed, Ezh2, and Suz12 and catalyzes the trimethylation of lysine

27 on histone H3 (H3K27me3). The canonical PRC1 complex
(c-PRC1) contains orthologs of Drosophila Polycomb (Cbx2/4/
6/7/8), Posterior sex combs (pcgf1– 6), Sex comb extra
(Ring1A/B), and Polyhomeotic (Phc1–3) (3). The c-PRC1 com-
plex can recognize and bind to H3K27me3 through Cbx pro-
teins and thus facilitate the recruitment of c-PRC1 to PRC2-
target genes. The heterodimeric E3 ligase Ring1B/Pcgf1– 6 in
the c-PRC1 complex then catalyzes the monoubiquitination of
histone H2A at lysine 119 (H2AK119ub1), which is thought to
contribute to chromatin compaction and gene silencing (1, 2,
4). However, this hierarchical model of sequential PRC2-depen-
dent PRC1 recruitment has been challenged recently by the
biochemical characterization of noncanonical PRC1 com-
plexes, which do not require PRC2 activity to mediate
H2AK119ub1 (5–7). On the biochemical level, the noncanoni-
cal PRC1 complexes contain Rybp/Yaf2 but no CBX or Phc
subunits. Recently, proteomic profiling of PRC1 components
has revealed the existence of six distinct groups as PRC1.1-
PRC1.6 based on available Pcgf subunit, yet their diverse bio-
logical and molecular activities remain to be fully understood
(8).

Recently, we demonstrated that mice deficient in L3mbtl2
gene, encoding a genuine component of PRC1.6 complex in ES
cells, displayed embryonic lethality soon after implantation (9).
Accordingly, ES cells lacking L3mbtl2 showed a severe prolif-
eration defect and were unable to properly differentiate.
L3mbtl2 null ES cells exhibited aberrant de-repression of lin-
eage-specific genes, especially germ cell-related gene. Notably,
genome wide studies revealed that most L3mbtl2 target genes
were not bound by canonical PRC1 and PRC2. Consistent with
this finding, we detected H2AK119ub1 at 10-fold lower levels
than that at canonical PRC1 targets, and the absence of L3mblt2
at promoters did not correlate with the change of H2AK119ub1
enrichment, indicating H2AK119ub1 is not involved in
L3mbtl2-mediated gene repression. We also noted that
L3mbtl2 is required for optimal recruitment of some compo-
nents (i.e. Ring1B, E2F6, G9A, and Hdac1) of PRC1.6 complex
to selected germ cell genes (9). These observations prompted us
to further explore the precise functions of each subunit in
PRC1.6 and delineate the relative contributions of each to
maintain a balanced state of gene expression in ES cells.
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Pcgf6 (also known as MBLR) has been characterized as a
subunit of the repressive E2F6-containing complex in HeLa
cells together with E2F6, DP1, HP1�, Max, Mga, L3mbtl2,
Ring1B, Ring1A, G9a, GLP, and Yaf2 (10). Subsequently, the
majority of these previously described components were iden-
tified to be associated with L3mbtl2 in ES cells (9), and this
complex was categorized into a noncanonical PRC1 subgroup
referred to as PRC1.6 in somatic cells (8). Reportedly, Pcgf6 was
previously identified in an RNAi screen for the factors involved
in maintenance of ES cell pluripotency (11). In recent knock-
down studies, Pcgf6 was identified as a key regulator of ES cell
pluripotency and iPS reprogramming (12, 13). Due to residual
Pcgf6 activity caused by incomplete and transient knockdown,
we hypothesized that Pcgf6 knock-out may elicit more pro-
found effects.

Here, we initially examined the role of Pcgf family in ES cells
via the CRISPR/Cas9 system, and Pcgf6 was identified as a
strong candidate vital for ES cell self-renewal. In addition to the
severe proliferation defect, Pcgf6 null ES cells showed unsched-
uled expression of genes mostly involved in differentiation and
spermatogenesis and skewed differentiation into the endoderm
lineage in embryoid bodies in vitro. Pcgf6 was necessary for the
stability of the PRC1.6 complex, as ES cells deleted in Pcgf6 did
not have a L3mbtl2-Max and Ring1B-Rybp association. Inter-
estingly, although we detected high levels of PRC1.6 complex

on Pcgf6 target promoters, its enrichments correlated with
almost baseline levels of H2AK119ub1. Furthermore, despite
the loss of Pcgf6 resulting in dramatically reduction of this com-
plex at these promoters, no significant changes in the status of
H2AK119ub1 were observed. This finding implies that PRC1.6
complex functions independently of the enzymatic activity of
Ring1B. Taken together, our data strongly indicate that Pcgf6 is
important for the stable assembly and efficient recruitment of
the PRC1.6 complex to maintain ES cell state.

Results

Targeted Deletion of Pcgf Family Genes by CRISPR-Cas9 with
a Pair of sgRNAs—Polycomb Group RING finger homologs
(Pcgf1– 6) are extensively considered to be integral subunits of
PRC1 in ES cells yet no systematic investigation of their role in
ES cell property has been reported to date (8). We thus gener-
ated individual Pcgf-deficient ES cell line by utilizing CRISPR-
Cas9 technology (14, 15). For each Pcgf member, we first designed
a pair of single guide RNAs (sgRNAs) for two sites flanking DNA
fragment containing one or two exons encoding the RING domain
of Pcgf (Fig. 1A and supplemental Figs. 3A and 4A). Genomic
DNA was isolated from the mouse ES cell colonies transfected
with plasmids encoding Cas9 and a pair of sgRNAs (14). Subse-
quently, deletions were determined by PCR with primers out-
side the expected cleavage site (Fig. 1C and supplemental Figs.

FIGURE 1. Generation of Pcgf6 null ES cells by two sgRNAs (spanning exon 2 to 3) guiding Cas9. A, schematic overview of the strategy to delete a genomic
fragment (407 bp) containing exons 2–3 of the pcgf6 gene. PAM sequences are in red after the sgRNA sequence highlighted in blue. The scissor symbol indicates
the predicted Cas9 cleavage position of the sgRNA sequence. The locations of genomic PCR primers (F, forward; R, reverse) are indicated by green arrows
(external to the deletion). B, direct sequencing of the PCR product from pcgf6�/� confirmed deletion of the 407-bp DNA fragment. Each DSB occurred exactly
3 bp upstream of the PAM sequence. C, genotyping of pcgf6 knock-out ES cells using primers upstream and downstream of the deleted region. D, RT-PCR
analysis for residual Pcgf6 mRNA revealed a shorter band in the mutant consistent with a shorter message as predicted. �-Actin served as a loading control. E,
Western blot analysis using an antibody recognizing pcgf6 demonstrated the absence of the protein in knock-out ES cells. Note that no mutant protein band
was detected from pcgf6�/� ES samples.
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3C and 4C). Additionally, the precision of targeted deletion was
confirmed by Sanger sequencing of the PCR products (Fig. 1B
and supplemental Figs. 3A and 4A). Targeted deletions were
further verified by reverse transcription (RT)-PCR and sequencing
(Fig. 1D and supplemental Figs. 1, 3B, 3D, 4B, and 4D). Finally,
Western blot analysis showed a complete loss of Pcgf pro-
tein in targeted deletion mutant ES cells (Fig. 1E and supple-
mental Figs. 3E and 4E).

Pcgf6 Is the Only Pcgf Family Member Essential for ES Cell
Self-renewal—To characterize ES cells deficient in a Pcgf mem-
ber, we analyzed their ability to form colonies after seeding on
mitomycin-C-irradiated mouse embryonic fibroblasts (MEFs).
ES cells were dissociated with trypsin and replated to allow the
ES cells to expand into colonies. The Pcgf null ES cells were
viable and retained a typical undifferentiated ES cell morphol-
ogy when cultured on feeder layers, forming tight dome-shaped
colonies indistinguishable from those formed by wild type cells
(Fig. 2A). In addition, the lack of deficits in ES cell proliferation
in Pcgf3 or its closest family member Pcgf5 single knock-out is
not likely caused by each other’s compensation because double
knock-out ES cells (Pcgf3�/� Pcgf5�/�) did not exhibit signifi-
cantly worse defects than single knock-out. However, upon loss
of Pcgf6 but not Pcgf1, Pcgf3, and Pcgf5, ES cell colony size was
drastically reduced (in which the doubling time increased from
�13 h to �22 h). Remarkably, however, lentiviral expression of
FLAG-tagged Pcgf6 entirely restored normal ES cell growth
and protein expression (Fig. 2A). To test whether Pcgf6 might
be involved in the proliferation of other cell types, mouse pri-
mary embryonic fibroblasts were transfected with a pair of
sgRNAs targeting Pcgf6 as described for ES cells. In contrast to
ES cells, MEFs retained normal proliferation after Pcgf6 dele-

tion (supplemental Fig. 2). These findings corroborate previous
observations made by us (9) and imply that Pcgf6 selectively
regulates proliferation in the context of ES cells. Consistent
with their undifferentiated morphology, Pcgf6�/� ES cells
maintained similar levels of pluripotency markers (Oct4,
Nanog, and Sox2) and alkaline phosphatase activity to wild type
cells (Fig. 2, B and C). Additionally, Pcgf6�/� ES cells retained
near wild type protein levels of other components of PRC1.6
(L3mbtl2, Ring1A, Ring1B, Rybp) as well as PRC2 member
Suz12 (Fig. 2B). Given that Pcgf4/Bmi1 knock-out mice are via-
ble and mice lacking Pcgf2/mel-18 survive to birth (16), we
hypothesize that Pcgf6 is the only member of the Pcgf family
that is critical for the maintenance of the self-renewal state of
ES cells. Therefore, in the rest of this paper we will specifically
focus on understanding the functional and mechanistic role of
Pcgf6 in regulation of pluripotency.

ES Cells Deficient in Pcgf6 Displays Skewed Differentiation
toward Endoderm—To examine whether Pcgf6 deletion leads
to a specific defect in differentiation, Pcgf6�/� and control ES
cells were tested for their capacity to form embryoid bodies
(EBs) in vitro. Upon leukemia inhibitory factor (LIF) with-
drawal, ES cells form cell aggregates known as EBs (Fig. 3A) in
which cells differentiate into the three germ layers (endoderm,
mesoderm, and ectoderm) (17). This process is highly corre-
lated with expression of a panel of specific lineage markers.
Pcgf6�/� ES cells did form EBs, but they were greatly reduced in
size than those of the wild type during the differentiation pro-
cess (Fig. 3, B and C). The RT-quantitative PCR (qPCR) analysis
revealed that Pcgf6�/� EBs expressed markers for definitive
ectoderm, mesoderm, and endoderm, whereas the expression
levels of the pluripotency markers Oct4 and Nanog were sub-
sequently down-regulated during differentiation in EBs defi-
cient in Pcgf6 as they were in control cells (Fig. 3D). However,
throughout Pcgf6�/� EB culture the expression of endoderm
markers including Sox17, Gata6, Gata4, and Foxa2 was dramat-
ically increased with respect to control EBs, indicating that
Pcgf6 prevents the differentiation of ES cells into endoderm
(Fig. 3D). Remarkably, lentiviral expression of FLAG-tagged
Pcgf6 was able to rescue the pattern of expression of endoderm
markers to levels similar to those in control cells. Notably, we
previously reported that L3mbtl2 represses the expression of
Sox17 and Foxa2 (9), key regulators essential for all endodermal
lineage development, via direct binding to their promoter
regions. Moreover, the data in this manuscript demonstrated
that Pcgf6 is required for the ordered chromatin recruitment of
L3mbtl2 (see Fig. 8A). Therefore, we propose that Pcgf6 dis-
plays specificity toward endoderm formation through modu-
lating L3mbtl2 activity.

Pcgf6 Null ES Cells Show Unscheduled Expression of Genes
Mostly Involved in Differentiation and Spermatogenesis—To
understand the mechanistic basis of the requirement for Pcgf6
in ES cell maintenance, we analyzed the impact of loss of Pcgf6
function on mRNA expression. For this, we established
genome-wide gene expression profiles of wild type, Pcgf6�/�,
and Pcgf6�/� rescued with Pcgf6-F ES cells using Agilent
microarrays. Microarray analysis identified 2542 genes with
�2-fold altered expression levels in Pcgf6�/� compared with
wild type ES cells (Fig. 4A, supplemental Table 3). Strikingly,

FIGURE 2. Pcgf6 is an indispensable Pcgf family member in ES cell self-
renewal. A, phase-contrast pictures of ES cells of indicated genotypes grow-
ing on feeders cells. Notably, Pcgf6�/� ES cell colony size was strikingly
reduced but fully restored by lentiviral expression of Pccgf6-F. Shown was
colony-size 6 days after seeding single cell suspensions onto MEF feeder lay-
ers in the presence of LIF. B, Western blot demonstrating changes in the levels
of Oct4, Sox2, and PcG proteins and transcription factors in ES cells of the
indicated genotypes. �-Actin was used as a loading control. C, the mainte-
nance of alkaline phosphatase positive colonies in Pcgf6�/� ES cells.
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re-expression of Pcgf6-F was accompanied by 57% of these
genes changed �2-fold in the opposite direction (Pcgf6-F-in-
fected cells compared with Pcgf6�/�). Together, these criteria
revealed a set of 1444 Pcgf6 target genes. 1179 (82%) genes were
up-regulated in the absence of Pcgf6, whereas only 265 genes
(18%) were down-regulated (Fig. 4B). Expression of some of the
transcripts identified as up-regulated by microarray analysis
was evaluated independently by RT-qPCR (see Fig. 7A). There-
fore, Pcgf6 acts predominantly as a transcriptional repressor in
ES cells. Gene Ontology (GO) analysis for these up-regulated
genes found significant enrichment with several categories con-
sistent with the phenotype we observed as well as with germ-
cell-related gene ontology terms (i.e. meiosis, spermatogenesis)
(Fig. 4C). Furthermore, of the 49 up-regulated genes with a
�10-fold increase in expression, 20 either have been reported
to be essential in spermatogenesis or were expected to have a
function in meiosis or spermatogenesis based on unique
expression profile or molecular property (Fig. 4D) (9, 18). Of
note, the ES cells we used for our experiments were male (XY).
Our ongoing study is to define the role of Pcgf6 in spermato-
genesis-related events in a XX-ES cell line. Moreover, although
only 9% of genes up-regulated �2-fold in L3mbtl2�/� ES cells
overlapped with these in Pcgf6�/� cells through microarray
analysis (see Fig. 8D), the top up-regulated genes were similar
between Pcgf6 and L3mbtl2 knock-out cells (i.e. these six genes
mentioned below) by RT-qPCR (see Figs. 7A and 8B). This dis-
crepancy may be due to the sensitivity limits of a hybridization-
based microarray approach. Taken together, these results indi-
cate that Pcgf6 controls a transcriptional cascade to govern ES

cell self-renewal, pluripotency, and repression of germ cell-spe-
cific genes in ES cells.

Identification of the Pcgf6 Region Essential for Its Biological
Activities in ES Cells—To search for structural features of Pcgf6,
we took advantage of the above-mentioned observation that
reexpression of FLAG-tagged Pcgf6 fully restored normal ES
cell growth and protein expression. We generated serial dele-
tion and point mutants and tested their ability to rescue self-
renewal and transcriptional activity defects associated with
deletion of the Pcgf6 gene (Fig. 5A). As summarized in Fig. 5A,
N-terminal deletion mutants (�2–50, �51–100, and �2–100)
fully restored wild type levels of growth in ES cells. However,
further progressive deletion mutants from the N-terminal 100
amino acids virtually eliminated their ability to rescue the col-
ony-growth defect. Notably, deletions of the RING domain
(�137–175) and even point mutations (C137A/C140A, C153A/
H155A) of the zinc-coordinating residues abolished Pcgf6’s
potential to rescue proliferation. It has previously been docu-
mented that Ser34 of Pcgf6 is phosphorylated during mitosis
(19). We found that Pcgf6 antibody detected two differently
migrating bands in ES cells (Fig. 1E and 2B). To confirm that
Ser34 of Pcgf6 was phosphorylated, it was replaced with alanine
by site-directed mutagenesis (S34A). We found that the substi-
tution of Ser34 abolished the slowly migrating band of Pcgf6
when S34A was stably expressed in ES cells (Fig. 5B). Accord-
ingly, N-terminal deletion mutants (�2–50 and �2–100), but
not other deletion mutants, were accompanied by the disap-
pearance of the slowly migrating band, confirming that Ser34 is
the only phosphorylation site in Pcgf6. Nonetheless, as shown

FIGURE 3. EB formation and differentiation. A, EBs were formed in hanging drops and subsequently maintained in rotating cultures. B, ES cells lacking Pcgf6
retained the potential to form EBs after LIF withdrawal, but EBs were compromised for growth. C, bar graphs indicate the mean diameters of 20 EBs from
cultures of indicated genotypes. D, real-time RT-PCR was used to measure the expression of pluripotency and lineage-specific markers in control and Pcgf6�/�

mRNA samples derived from ES cells and in 12-day differentiated EBs. Marker genes for all germ layers were expressed in mutant and wild type EBs, but
endodermal marker genes were significantly overexpressed at different time points in Pcgf6�/� EBs. Shown is the mean relative mRNA expression (ratio of
measured mRNA/to �-actin mRNA).
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in Fig. 5, A and C, like �2–50, �51–100, and �2–100, S34A fully
restored wild type levels of ES cell growth and the expression of
Pcgf6 target genes.

We next compared the contribution of those mutants to
transcriptional regulation. As expected, wild type expression
levels of Pcgf6 target genes (ZSCAN4C, TDRKH, and
RHOX10) were restored in the Pcgf6 N-terminal deletion
mutants (�2–50, �51–100, and �2–100) reconstituted null
cells (Fig. 5C). All deletions downstream from residue 100 abro-
gate transcription ability. Thus, the N-terminal 100 amino acid
residues are dispensable for Pcgf6-mediated ES cell self-re-
newal and transcriptional repression of target genes. When
considered as a whole, the data from colony and transcription
assays clearly indicate that a region extending from residue 100
to the C terminus, although required for self-renewal, sup-
presses Pcgf6-mediated transcription. Within this the RING
domain, �137–175 therefore appears to be critical to the
proper function of Pcgf6 in ES cells.

Pcgf6 Is Required for PCR1.6 Complex Integrity—To demon-
strate an in vivo interaction between Pcgf6 and other compo-
nents in PRC1.6 complex, we performed co-immunoprecipita-
tions in protein extracts of wild type and Pcgf6�/� ES cells
using a Pcgf6-specific antibody (IgG as a control). Endogenous
Pcgf6 readily co-immunoprecipitated with endogenous
L3mbtl2, Max, Ring1B, and Rybp, but not Pcgf3 or Pcgf5, in
wild type ES cells, whereas Pcgf6 antibody failed to precipitate
these components in the complex from Pcgf6�/� extracts (Fig.
6A). The interaction of Pcgf6 with L3mbtl2, Ring1B, and Rybp
was further confirmed by reverse endogenous co-immunopre-
cipitation with antibodies specific for L3mbtl2, Ring1B, and
Rybp, three of which coprecipitated Pcgf6, whereas preimmune
IgG did not. In striking contrast, we found that L3mbtl2 and
Max were not detected in the anti-Ring1B or anti-Rybp immu-
noprecipitated samples and that Ring1B and Rybp were not
detected in the samples immunoprecipitated with anti-
L3mbtl2 antibodies in Pcgf6�/� ES cells, although they existed

FIGURE 4. Gene expression profiling in ES cells lacking Pcgf6. A, log2 expression values in Pcgf6�/� versus wild type ES cells from expression microarray.
Probes were considered to be up-regulated (red) or down-regulated (green) if they had a log2-fold change of �1 or ��1, respectively. The number of
differentially expressed genes they represented is indicated. B, microarray heat map depicting gene expression in wild type, Pcgf6�/� and Pcgf6�/� infected
with Pcgf6-F ES cells. Columns showed 2542 bars that represent genes with �2-fold expression differences between wild type (second column) and Pcgf6�/�

ES cells (third column). C, Gene Ontology analysis of Pcgf6 target genes. Shown is Gene Ontology analysis of biological functions of Pcgf6 up-regulated target
genes; p values were plotted in �log; PiRNA, Piwi-interacting RNA. D, -fold changes in the expression of the top 49 genes, each of which showed �10-fold
up-regulation in Pcgf6�/� compared with wild type. Red bars, germ cell-specific genes; green bars, XLR (X-chromosome-linked lymphocyte-regulated) gene
family. Microarray data were deposited at the Gene Expression Omnibus under accession number GSE92476.
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in the same complex in wild type extracts. Unexpectedly, the
interaction between L3mbtl2 and Max was severely impaired in
Pcgf6�/� ES cells, whereas depletion of Pcgf6 did not disrupt
the interaction between endogenous Rybp and Ring1B (Fig.
6A), indicating that Pcgf6 is required for interaction between
L3mbtl2-Max and Ring1B-Rybp. Thus, the integrity of the
PRC1.6 complex depends on the presence of Pcgf6.

To provide an in vivo test of the Pcgf6 interaction domain,
some of the above-mentioned FLAG-tagged deletion and point
mutants were stably expressed in Pcgf6�/� ES cells. Cell lysates
were prepared, and the FLAG-tagged proteins were immuno-
precipitated with anti-FLAG antibodies followed by Western
blotting with the antibodies indicated in Fig. 6B. L3mbtl2,
Ring1A, Ring1B, and Rybp binding were observed in the FLAG
immunoprecipitates from cells reconstituted with the full-
length wild type or point mutant S34A (Fig. 6B). The RING
domain deletion (�137–175) and point mutations (C137A/
C140A), however, failed to coimmunoprecipitated Ring1A,
Ring1B, and Rybp although it retained the ability to coprecipi-

tate with L3mbtl2 to an extent similar to that of the full-length
wild type (Fig. 6B). These indicate that the RING domain is
essential to accommodate interaction of Pcgf6 with Ring1A,
Ring1B, and Rybp, whereas the L3mbtl2-binding site is mapped
to the C-terminal domain of Pcgf6. Together, our data suggest
that Pcgf6 bridges Ring1B and Rybp with chromatin protein
L3mbtl2, which in turn brings together the PRC1.6 to the pro-
moters of target genes.

The Pcgf6-L3mbtl2 Interaction Is Required for the Proper Tar-
geting of PRC1.6 Complex to Target Genes—As mentioned pre-
viously, loss of Pcgf6 in ES cells was not associated with overall
expression changes of its interactor Ring1B. Consistent with
this, the chromatin modification deposited by this enzyme
(H2AK119ub1) was not globally changed (Fig. 7D). On the con-
trary, in the absence of Ring1B (Ring1B�/�), levels of
H2AK119ub decreased markedly. It is worthy of note that
residual levels of H2AK119ub are most likely due to the expres-
sion of Ring1A, the closely related homolog of Ring1B in ES
cells (20).

FIGURE 5. Structure/function analysis of Pcgf6 in ES cells. A, schematic representation of PCGF6 deletion and point mutants in this study and summary of
their ability to rescue Pcgf6�/� ES cell growth defect. The thick solid bars indicate the region of Pcgf6 encoded by each mutant. Deletions in the Pcgf6 coding
regions are depicted as thin bent lines. The numbers representing each mutant also indicate the amino acid residue numbers at the boundaries of the deletions.
B, Western blot analysis demonstrated the protein expression level of all mutants. Serial Pcgf6 deletion constructs were transfected into Pcgf6�/� ES cells and
analyzed by Western blotting with anti-FLAG antibody. Of note, a Ser343Ala34 (S34A) point mutant and deletion mutants (�2–50, �2–100) of Pcgf6 were not
phosphorylated. C, transcriptional ability of Pcgf6 deletion and point mutants. Changes in expression levels for the selected Pcgf6 target genes as determined
by real-time PCR. Expression levels were normalized to a �-actin control and depicted as -fold changes relative to the wild type ES cells. Error bars are based on
the S.D. as derived from triplicate PCR reactions.
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To determine whether Pcgf6 is required for PcG chromatin
binding by using Pcgf6�/� ES cells, we probed six Pcgf6 direct
target genes (TDRKH, TCAM1, LUZP4, RHOX10, MAGEB4,
and ZSCAN4C) and three cPRC1 targets (Sox17, Foxa2, and
Hoxb8). Their differential expression and Pcgf6 occupancy sta-
tus were confirmed by RT-qPCR and chromatin immunopre-
cipitation (ChIP)-qPCR, respectively (Fig. 7, A, B, and C). We
first studied the effect of ablating Pcgf6 on the recruitment of
c-PRC1 and PRC2 to their targets. As expected, Rybp and
Ring1B , shared components between variant PRC1 and cPRC1
in ES cells, and Suz12 (a core component of PRC2) were
strongly enriched at PRC1/2 targets (Fig. 8A). Accordingly,
high levels of H3K27me3 and H2AK119ub1 were detected at
Sox17, Foxa2, and Hoxb8, and moreover, their enrichments
were not altered after disruption of Pcgf6 (Fig. 7C). As expected,
Pcgf6 and L3mbtl2 were absent at these targets and were not
altered after knock-out of Pcgf6. Thus, Pcgf6 is not required for
the recruitment or activity of PRC1 or PRC2 at c-PRC1/2-
bound targets.

Next, we wanted to test whether loss of Pcgf6 protein in
PRC1.6 complex affects the chromatin targeting of other mem-
bers of the complex in vivo. ChIP-qPCR experiments demon-
strated that Pcgf6 colocalized with other components in the
PRC1.6 complex (i.e. Ring1B, L3mbtl2, and Rybp) on Pcgf6 tar-
get promoters (Fig. 8A). However, their enrichments were dra-
matically reduced in the Pcgf6�/� ES cells at these target genes.

Of note, despite our observation that global H3K27me3 was not
affected by loss of Pcgf6, we observed that H3K27me3 enrich-
ment was reduced by 2–3-fold in the Pcgf6�/� ES cells at these
specific targets of Pcgf6 (Fig. 7C). As these targets did not bind
PRC2 (i.e. Suz12), the H3K27me3 signal may be generated by a
component of PRC1.6, G9a, which has been shown to methyl-
ate H3K27 in vivo (21). Unexpectedly, despite exhibiting high
levels of Ring1B, the promoters of these targets were associated
with extremely low amounts of H2AK119ub1, whereas the loss
of Pcgf6 at these promoters did not correlate with the change of
H2AK119ub1 enrichment, suggesting that transcriptional
repression by Pcgf6 (or even PRC1.6 complex) is likely indepen-
dent of the H2AK119ub1 mark (Fig. 7C). Intriguingly, the tar-
geting defect due to the loss Pcgf6 is reminiscent of the pheno-
type we previously observed in ES cells after deletion of
L3mbtl2 (9). In L3mbtl2�/� ES cells, there was a greatly
reduced occupancy of the PRC1.6 components (i.e. Ring1B,
E2F6, G9A, and Hdac1) compared with wild type ES cells. Addi-
tionally, ChIP-qPCR was done on the L3mbtl2�/� cells to
determine the effect of L3mbtl2 depletion on Pcgf6 occupancy
at specific target promoters (Fig. 8, B and C). We found that
Pcgf6 was mostly displaced from its targets in L3mbtl2 null ES
cells. Although it has been shown that L3mbtl2 is able to bind to
chromatin through its malignant brain tumor (MBT) domains
in vitro (22), our data clearly indicated L3mbtl2 alone is not
enough for the recruitment of the whole PRC1.6 complex, a
result consistent with our previous finding that Ring1B was not
entirely lost at L3mbtl2’s targets after L3mbtl2 disruption.
Together, our observations suggest that Pcgf6 cooperatively
interacts with chromatin-associated protein L3mbtl2 and that
mutual interaction plays a significant role in coordinating the
assembly and chromatin targeting of the PRC1.6 complex.

Discussion

As mentioned earlier, several different noncanonical-PRC1
complexes have been identified recently, all of which are com-
posed of the Ring1B together with different combinations of the
other various subunits (and or family members) with distinct
genomic localization and lineage expression patterns (8, 23, 24).
Given their recent discovery, the potentially biological func-
tions of each type of noncanonical PRC1 complex remain
largely unknown. Using CRISPR-Cas9 technology, we have
generated single and double mutants homozygous for the Pcgf
family in ES cells. Although these mutants retain ES cell mor-
phology, alkaline phosphatase activity, and express high levels
of Oct4 and Sox2, Pcgf6-deficent ES cells display significant
growth retardation compared with control (Fig. 2, A and B).
Additionally, Pcgf6-deleted ES cells fail to efficiently differenti-
ate along endodermal lineages during embryoid body forma-
tion (Fig. 3). These results are similar to those observed for
L3mbtl2�/� ES cells (9), underscoring the molecular and func-
tional overlap between Pcgf6 and L3mbtl2 in ES cells. Several
recent reports propose that, similar to PRC2 (25, 26), PRC1 is
required for ES cell differentiation but not for ES cell self-re-
newal (3, 4, 27). However, this conclusion was drawn based on
the studying of c-PRC1. Our present study together with the
previous investigations by us and others clearly illustrate the
critical roles of Pcgf6, L3mbtl2, Max, and Mga (9, 11, 28 –30),

FIGURE 6. Essential role for Pcgf6 in PRC1. 6 complex integrity. A, physical
interaction of L3mbtl2, Pcgf6, Ring1b, and Rybp in cell extracts from wild type
and Pcgf6�/� ES cells demonstrated by reciprocal co-immunoprecipitation
assays. Antibodies used for immunoprecipitation (IP, top) and immunoblot-
ting are indicated. B, the Ring domain is required for interaction of Pcgf6 with
Ring1a, Ring1b, and Rybp. FLAG-Pcgf6 wild type (WT) and mutants (S34A,
�137–175, C137A/C140A) stable-transfected into Pcgf6�/� ES cells were
immunoprecipitated with the FLAG antibody and analyzed by Western blot
with the indicated specific antibodies.
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components of PRC1.6, in regulating ES cell self-renewal. Fur-
ther elucidating of the molecular mechanisms underlying the
distinctive transcriptional profile should provide more insight
on how PRC1.6 complex orchestrates ES cell self-renewal and
differentiation.

Our results clearly show that when Pcgf6 is completely elim-
inated from ES cells, the cells are highly compromised in their
self-renewal ability and undergo skewed differentiation into the
endoderm lineage in embryoid bodies (Fig. 3). This is highly
reminiscent of the phenotype observed in ES cells deficient in
L3mbtl2, another integral component of the PRC1.6 complex
(9). However, other studies showed that transient Knockdown
of Pcgf6 in ES cells led to lower expression levels of core tran-
scription factor (Oct4, Sox2, and Nanog) (11, 13) and elevated
expression of mesodermal lineage markers (12). This discrep-
ancy may indicate that Pcgf6 acts in a dose-dependent manner.
Interestingly, Oct-3/4 maintains ES cell characteristics in a
dose-dependent manner (31). Transgene-mediated overex-
pression of a Oct-3/4 �2-fold increase above baseline expres-
sion levels in ES cells triggers the differentiation of these cells
into primitive endoderm and mesoderm, and reducing the
expression of Oct-3/4 induces loss of pluripotency and dedif-
ferentiation to trophectoderm. The expression level of Pcgf6
may affect the fate of ES cells in a similar way. Reduction of
Pcgf6 protein to �20% of endogenous expression levels
resulted in elevated expression of mesodermal lineage markers
(12), whereas complete disruption of the Pcgf6 gene led to
unscheduled differentiation into the endoderm lineage in
embryoid bodies. Therefore, the amount of Pcgf6 must be
tightly regulated to maintain stem-cell identity.

The molecular composition of the PRC1.6 complex has been
characterized fully by mass spectrometry (8, 9), and several

components of this complex have been shown to be essential
for ES cell function (9, 29, 30). However, surprisingly little is
known about its chromatin-based mechanism for maintaining
pluripotency in ES cells. In this study we report the first detailed
structure and function of Pcgf6, the core subunit of PRC1.6
complex. We show that Pcgf6 acts as a bridge for the complex
assembly interacting with Ring1B, Rybp, and L3mbtl2, and
Pcgf6 interacts via the RING motif with Ring1B and Rybp,
whereas the C-terminal domain is required for its association
with L3mbtl2 (Fig. 6, A and B). The interaction of Pcgf6 with the
chromatin protein L3mbtl2 and the presence of the zinc finger
domain (called RING domain in Pcgf6) in both proteins suggest
that the Pcgf6 proteins might act as a bridging factor in the
PRC1.6 complex for Ring1B and Rybp to act on nucleosomes.
To test this hypothesis, we performed chromatin immunopre-
cipitation assays in ES cells deficient in Pcgf6. As shown in Fig.
8A, Ring1B and Rybp occupancy at Pcgf6’s selected target genes
was significantly reduced in the Pcgf6 null ES cells, supporting
the idea that Pcgf6 in the PRC1.6 complex functions to bridge
Ring1B and Rybp to chromatin protein L3mbtl2 and/or Max
(Fig. 8A). This is consistent with our previous observation that
L3mbtl2 is required for optimal recruitment of some compo-
nents (i.e. Ring1B, E2F6, G9A, and Hdac1) of PRC1.6 complex
to selected germ cell genes (9). Additionally, as shown in Pcgf6,
occupancy at target promoters was reduced in L3mbtl2�/�

cells. These data clearly show that the Pcgf6-L3mbtl2 interac-
tion is essential for the assembly of PRC1.6 complex and the
proper recruitment of the complex to the promoters of target
genes in vivo.

The noncanonical PRC1 complexes are characterized by the
absence of Cbx and Phc subunits and the presence of either
Rybp or Yaf2 and, therefore, cannot follow the canonical model

FIGURE 7. Pcgf6 colocalized with baseline levels of H2AK119ub1 at its target genes. A, expression analysis by RT-qPCR of RNA from ES cells for selected
genes. Shown is relative mRNA expression (ratio of measured mRNA/to �-actin mRNA). B, ChIP of Pcgf6 followed by quantitative PCR analysis. Purified rabbit
IgG was a negative control. C, ChIP of H2AK119ub1 and H3K27me3 followed by qPCR analysis of selected gene DNA in ES cells. A–C, bar graphs represent the
mean of three independent biological samples and S.D. Significance: two-tailed Student’s t test. D, Western blot demonstrating changes in the levels of
H2AK119ub1, H3K27me3, Pcgf6, Ring1A, and Ring1B in ES cells of indicated genotypes. Histone 2A or �-actin was used as a loading control.
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of dependence of PRC1 on PRC2 (5, 7, 32) for their genomic
localization. Our results indicated that although H3K27me3
enrichment at Pcgf6 targets was mildly reduced in the Pcgf6�/�

ES cells, the baseline levels of occupancy of PRC2 subunits
Suz12 at Pcgf6 targets was not altered in Pcgf6 null ES cells
compared with wild type (Fig. 7). Additionally, lower amounts
of H2AK119ub1 signals were also detected over the promoter
regions of Pcgf6 targets and was not affected by loss of Pcgf6 (9).
Apparently, our observations suggest an H3K27me3-indepen-
dent mechanism for the PRC1.6 recruitment on chromatin.
This unique characteristic of PRC1.6 gives hints for a possible
involvement of the DNA direct binding in the recruitment of
this complex (10). Future studies in our laboratory are focused
on deciphering the DNA binding ability of components of
PRC1.6 (including Mga/Max) responsible for chromatin
recruitment, although we previously detect a mild association
between genomic L3mblt2 binding sites and E-box motifs
which is bound by Mga/Max (9, 33).

Of note, some of PRC1 components exhibit chromatin com-
paction properties in a histone modification-independent man-
ner: the Drosophila Psc (Pcgf paralog) (34), the mouse Ring1B

(35), and L3mbtl2 (22). Additionally, it has been shown that the
E3 enzymatic activity of Ring1B is dispensable for early mouse
development and for global target gene (36) or Hox loci repres-
sion (37) in mouse ES cells and in Drosophila embryos (38),
which raises the question of the precise function of this post-
translational modification. We suggest that regulation of chro-
matin conformation might be central to stable gene silencing by
the PRC1.6 complex. Based on our findings, we propose a pre-
liminary model as shown in Fig. 8E in Pcgf6 null ES cells;
although L3mbtl2 loosely associated with Max/Mga and chroma-
tin, it failed to silence target gene expression due to the disassem-
bly of the PRC1.6 complex. In the presence of Pcgf6, L3mbtl2
interacts with Ring1B and Max/Mga to form a functional multim-
eric PRC1.6 complex as illustrated in our model to stably repress
target genes by compacting chromatin. Future genetic and bio-
chemical experiments should provide evidence for the direct
involvement of other components of the PRC1.6 complex, such as
Max/Mga, in this process and the precise order in which this com-
plex is recruited to target genes in ES cells.

It is well established that primordial germ cells are initially
formed as a cluster (around 40 cells) of Prdm1-positive cells

FIGURE 8. Pcgf6 has a key role in regulating PRC1.6 complex recruitment to its target genes. A, ChIP of L3mbtl2, Ring1B, Rybp, and SUZ12 followed by
qPCR analysis of selected gene DNA in ES cells. B, expression analysis by RT-qPCR of RNA from ES cells of the indicated genotype for selected genes. C, ChIP of
Pcgf6 followed by quantitative PCR analysis in ES cells of indicated genotypes. Purified rabbit IgG was a negative control. A–C, bar graphs represent the mean
of three independent biological samples and S.D. Significance: two-tailed Student’s t test. D, Venn diagram illustrating the overlap of L3mbtl2-up-regulated
genes with a gene set of Pcgf6-up-regulated target genes. E, model showing that the PRC1.6 complex is recruited by Pcgf6-L3mbtl2 interaction and indepen-
dent of H2AK119ub1 (see “Discussion” for a detailed description).
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within the extraembryonic mesoderm near the posterior part of
the primitive streak between E6.5 and E7.5 (39). Our microar-
ray analysis reveals that Pcgf6 knock-out in ES cells results in
derepression of some germ cell-specific genes (Fig. 4). Thus,
Pcgf6 knock-out ES cells may have converted to a germ cell-like
state. To test this possibility, we examined the expression of
several representative germ cell markers in Pcgf6-deleted ES
cells. Real-time PCR shows that expression of early primordial
germ cell markers (Prdm1, Dppa3, and Nanos3) (39 – 42) and
meiosis marker (Scp3) (43, 44) in Pcgf6-deleted ES cells is not
changed, although expression of some germ cell-specific genes,
including Tcam1 and Rhox13, is significantly increased (data
not shown), which is consistent with our microarray analysis.
Therefore, although Pcgf6 knock-out in ES cells leads to dere-
pression of some germ cell-specific genes, it does not elicit a
true germ cell-like state in these cells at least in the experimen-
tal conditions in this study. So far, five members of the PRC1.6
complex, Pcgf6, Rybp (45), Max (28, 46), Mga (29), and L3mbtl2
(9), have been reported to be capable of repressing germ cell-
related genes in ES cells. A number of studies demonstrated
that E2F6, another component of PRC1.6 complex, acted as a
repressor of germ cell-related genes in somatic tissues (47–50).
Moreover, mutations in l(3)mbt, a Drosophila homologue of
L3mbtl2, exhibited ectopic expression of germ cell-specific
genes in larval brain (51). Therefore, the role of PRC1.6 com-
plex in the repression of germ cell-related gene seems to be at
least to some extent cell type-independent or conserved
between species. As Pcgf6 is also expressed in adult somatic
cells (19), Pcgf6 is likely involved in repression of germ cell-
related genes in somatic cells as well. Further studies using mice
with a conditional Pcgf6 mutant will provide a unique oppor-
tunity to address this aspect.

Experimental Procedures

Mouse ES Cell and MEF Culture—ES cells were cultured with
MEFs inactivated with mitomycin-C in DMEM supplemented
with 15% fetal calf serum (Gibco), LIF, L-glutamine (Invitro-
gen), nonessential amino acids (Invitrogen), 0.1 mM �-mercap-
toethanol (Sigma), and penicillin/streptomycin (Invitrogen) as
described (9). All ES cell lines were maintained at 37 °C in 5%
CO2. MEFs were derived and cultured essentially as described
previously (9).

Construction of sgRNAs and Transfection—Genes of interest
were assessed for sgRNA specificity and efficiency using MIT’s
CRISPR Design Tool. The bicistronic expression vector pSp-
Cas9 (BB) (pX330; Addgene plasmid ID 42230) was used to
express wild type Cas9 under the CBh promoter and the CAG
enhancer, and the expression of sgRNA was driven by the
strong early U6 promoter (14). The vector was digested with
BbsI and then treated with calf intestinal phosphatase to
remove terminal phosphates. CACC was added to the 5� end of
the sgRNA-specifying 20-mer and AAAC was added to the 5�
end of the reverse complement of the sgRNA-specifying
20-mer for cloning using the BbsI restriction enzyme. G was
added immediately after CACC if the first nucleotide was not
G (in these cases C was added at the 3� end of the reverse
complement 20-mer). The adapters served to accommodate
ligation into the BbsI-linearized vector. A pair of oligos (Fig.

1A, supplemental Figs. 3A and 4A) for each targeting site was
annealed, phosphorylated, and ligated to the linearized vector
as follows: guide sequence oligo, guide sequence reverse com-
plement oligo, T4 ligation buffer, and T4 polynucleotide kinase
with the following temperature conditions: 37 °C for 2 h, 95 °C
for 10 min, and then slowly cooled to room temperature. Lin-
earized vector, 10� buffer and T4 DNA ligase were added to
ligation reactions and incubated at 37 °C for 2 h. An aliquot of
each reaction was then transformed into a vial of competent
cells. Clones containing inserts were sequenced with the U6
forward primer: 5�-ACTATCATATGCTTACCGTAAC-3�.
For the deletion of a large segment of genomic DNA we used a
pair of sgRNAs against the targeted locus. Two target sites with
the pattern N20NGG were selected at the boundary of the tar-
get region.

ES cells were seeded onto 6-well plates (Corning) at a density
of 5 � 105 cells/well 24 h before transfection. ES Cells were
transfected with a total of 2 �g of Cas9 plasmid using Lipo-
fectamine 2000 (Life Technologies) at 80 –90% confluency fol-
lowing the manufacturer’s recommended protocol. 24 h after
transfection ES cells were trypsinized and replated at a low den-
sity on feeder layers (DR4 MEFs). Puromycin (4 �g/ml) was
added 24 h after replating and taken off after 48 h. After recov-
ering for 7–9 days, individual colonies were picked and geno-
typed by PCR. Primer sequences are given in supplemental
Table 2.

Embryoid Body Formation and Analysis—EB differentiation
was performed using the hanging drop method as described (9,
17). Briefly, trypsinized ES cells (10,000 cells/ml) were resus-
pended in medium without LIF (IMDM, 2 mM L-glutamine,
penicillin/streptomycin, nonessential amino acids, 50 �g/ml
ascorbic, 200 �g/ml iron-saturated holo-transferrin, 1 mM

sodium pyruvate, 450 �M monothioglycerol, and 15% ES cell
grade serum). 30 �l (300 cells) were pipetted on Petri dish
lids. Hanging drops were cultured for 72 h (37°,5% CO2).
Then EBs were collected from the drops, left in culture in
noncoated Petri dishes, and cultured on a rotating shaker (50
rpm, 37 °C, 5% CO2). Medium was added every 2 days. Total
RNA was collected (TRIzol, Invitrogen) at various time
points and analyzed by RT-PCR. Primer details are given in
supplemental Table 2.

Whole Cell Lysates and Histone Extraction—To obtain whole
cell extracts, ES cells were harvested and lysed in radioimmune
precipitation assay buffer (50 mM Tris-HCl, pH 8.0, 150 mM

NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1
mM EDTA, 2 mM Na3VO4, 100 mM NaF, 1 mM DTT, 10 mg/ml
PMSF, and protease inhibitor mix (Sigma)). Histone extraction
and Western blots for histone modifications were performed as
described (9, 52). Briefly, histone extraction was performed
after two washes with ice-cold PBS and extracted with a Triton
extraction buffer (PBS, 0.5% Triton, 2 mm PMSF, 0.02% NaN3).
The lysate was centrifuged, and the pellet was washed twice
with Triton extraction buffer and then resuspended in 0.2 N

HCl. The nuclei were extracted overnight at 4 °C, and the resi-
due was microcentrifuged for 10 min.

Co-immunoprecipitation and Western Blot Analysis—For
coimmunoprecipitation analysis, ES cells were harvested and
lysed in radioimmune precipitation assay buffer without SDS.
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Cell lysates were clarified by centrifugation, and the superna-
tant was incubated with antibodies and protein-A/G-Sephar-
ose overnight at 4 °C. Immunoprecipitates were washed 3 times
with lysis buffer with 500 mM NaCl, subjected to SDS-PAGE,
and probed with the appropriate antibodies as indicated. For
controls, either rabbit or mouse IgG antibody was used. All of
the antibodies used in this study are listed in supplemental
Table 1.

RNA Extraction and Analysis—Cells were first rinsed in PBS
and then lysed in TRIzol reagent (Invitrogen). Total RNA was
extracted according to the manufacturer’s recommendations.
RT was carried out with 5 �g of total RNA using Oligo-dT,
random hexamers, and Moloney murine leukemia virus reverse
transcriptase (Invitrogen). Real-time PCR was performed on a
StepOnePlusTM Real-Time PCR Systems with PowerUpTM

SYBR Green Master Mix (Applied Biosystems) and analyzed
with associated software. Primer sequences are provided in
supplemental Table 2.

Microarray Analysis—RNA was isolated from ES cells by dis-
ruption in TRIzol reagent (Invitrogen) and was further purified
using RNeasy columns (Qiagen) according to the manufactu-
rer’s instructions. Total RNA was precipitated with isopropyl
alcohol, washed with 70% ethanol, and dissolved in DEPC dis-
tilled H2O. Total RNA (2.5 ug) was labeled with Cy-3 or Cy-5
using an Agilent Low RNA Input Fluorescent Linear Ampli-
fication kit. Fluorescently labeled targets were hybridized to
SurePrint G3 Mouse Gene Expression 8 � 60K Arrays.
Microarray hybridization, scanning (Agilent G2565 CA
microarray scanner), and data analysis were performed as
described previously (9). Microarray data were deposited at
the Gene Expression Omnibus under accession number
GSE92476.

ChIP—ChIP was performed essentially as described previ-
ously with minor modifications (9). Briefly, formaldehyde
was added to a final concentration of 1% for 10 min while
gently shaking. Cross-linking was quenched by adding of 125
mm glycine for 5 min. Cells were washed twice with chilled
PBS. The pellet was resuspended in lysis buffer (50 mM Tris,
pH 8.0, 10 mM EDTA, 1% SDS, protease inhibitors). Chro-
matin was sheared by sonication (Bioruptor) to around
500-bp fragments. Immunoprecipitation of the chromatin
was performed overnight in 1� dilution buffer (16.7 mM

Tris, pH 8.0, 1.2 mM EDTA, 0.01% SDS, 1% Triton X-100, 165
mM NaCl, protease inhibitors) with the indicated antibodies.
After extensive washes, immunocomplexes were eluted in
1% SDS and 100 mM NaHCO3 at 65 °C. To reverse cross-
linking, samples were incubated with 0.3 M NaCl overnight at
65 °C. Samples were purified using Qiagen columns and ana-
lyzed by quantitative PCR using gene-specific primer pairs.
The fraction of immunoprecipitated material for a specific
fragment was calculated by dividing the amount of PCR
product obtained from immunoprecipitated DNA by the
amount obtained from total DNA (IP/Input). The relative
enrichment was calculated as 2�Ct, where �Ct 	
Ct (Input) � Ct (ChIP). Primers utilized for ChIP are listed
in supplemental Table 2.
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