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SUMMARY

Polycomb group proteins assemble into multi-protein complexes, known as Polycomb repressive complexes 1 and 2 (PRC1 and PRC2),
that guide cell fate decisions during embryonic development. PRC1 forms an array of biochemically distinct canonical PRC1 (cPRC1) or
non-canonical PRC1 (ncPRC1) complexes characterized by the mutually exclusive presence of PCGF (PCGF1-PCGF6) paralog subunit;
however, whether each one of these subcomplexes fulfills a distinct role remains largely controversial. Here, by performing a CRISPR-
based loss-of-function screen in embryonic stem cells (ESCs), we uncovered a previously unappreciated functional redundancy among
PRC1 subcomplexes. Disruption of ncPRC1, but not cPRC1, displayed severe defects in ESC pluripotency. Remarkably, coablation of
non-canonical and canonical PRC1 in ESCs resulted in exacerbation of the phenotype observed in the non-canonical PRC1-null
ESCs, highlighting the importance of functional redundancy among PRC1 subcomplexes. Together, our studies demonstrate that

PRC1 subcomplexes act redundantly to silence lineage-specific genes and ensure robust maintenance of ESC identity.

INTRODUCTION

Embryonic stem cells (ESCs), derived from the inner cell
mass (ICM), have an extraordinary self-renewal capacity
and yet retain pluripotency, which is the ability of cells to
differentiate into any cell type of the three germ layers
(Evans and Kaufman, 1981; Martin, 1981). A considerable
body of work carried out over the past four decades has led
to the view that the ESC state is transcriptionally controlled
by OCT4, SOX2, and NANOG with chromatin regulators
(Boyer et al., 2005). The Polycomb group (PcG) proteins
are a set of evolutionary conserved factors that form chro-
matin regulator complexes involved in the transcriptional
repression of key developmental genes to preserve cell fates
(Piunti and Shilatifard, 2021; Schuettengruber et al., 2017;
Simon and Kingston, 2009). PcG proteins assemble into
two major chromatin-modifying multi-protein complexes,
Polycomb repressive complexes 1 and 2 (PRC1 and PRC2).
PRC2 is composed of four core components SUZ12, EED,
RBAP46/48, and the histone methyltransferases EZH1/2,
which mono-, di-, and trimethylate lysine 27 of histone
H3 (H3K27mel/2/3) (Piunti and Shilatifard, 2021). In addi-
tion, several sub-stoichiometric PRC2 accessory compo-
nents have been identified, including JARID2, AEBP2, and
PCL1-3, which modulate the recruitment to chromatin
and/or enzymatic activity of the PRC2 complex.
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Drosophila PRC1 contains Polycomb (Pc), Sex Combs Ex-
tra (Sce/dRing), Posterior Sex Combs (Psc), Polyhomeotic
(Ph), and a sub-stoichiometric amount of Sex Comb on
Midleg (Scm) (Saurin et al., 2001). Each of these proteins
has multiple orthologs in mammals classified, respectively,
as the CBX, RING1A/B, PCGF, PHC, and SCMH1/SCML2
families (Simon and Kingston, 2009). Mammalian PRC1
complexes are more heterogeneous in composition than
PRC2 since each of the Drosophila core subunits has several
orthologs that can interact in a combinatorial fashion. The
ubiquitin E3 ligase RING1A/B, which monoubiquitylates
histone 2A on lysine 119 (H2AK119ubl), can interact
with one of six mutually exclusive PCGF paralog subunits
(PCGF1-PCGF6), thereby creating six biochemically
distinct PRC1 subcomplexes (named PRC1.1-PRC1.6)
with diverse subunit composition whose functions are
largely unknown (Gao et al., 2012). In addition to the
core subunits, all PRC1 complexes incorporate versatile
accessory proteins that confer functional specificity to a
given complex. Importantly, these subcomplexes can be
further divided into canonical (cPRC1) or non-canonical
(ncPRC1), with cPRC1-containing PCGF2 or PCGF4, one
of the PHC (PHC1/2/3), SCMH1/SCML2, and one of the
CBX (CBX2/4/6/7/8) proteins that recognizes the
H3K27me3 mark deposited by PRC2 (Gao et al., 2012;
Piunti and Shilatifard, 2021; Schuettengruber et al.,
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2017). Conversely, ncPRC1 contain RYBP or YAF2 instead
of CBX and PHC subunits, one of the four PCGF proteins
(PCGF1/3/5/6), and therefore are targeted to chromatin
independently of H3K27me3.

Although the molecular compositions of distinct PRC1
family complexes have been determined, their diverse bio-
logical functions and the crosstalk among the different
complexes remain to be fully elucidated. While complete
loss of PRC1 in mice via ablation of Ringla/b results in
pre-implantation lethality at the two-cell stage (Posfai
et al., 2012), loss-of-function studies of Pcgfs in mice high-
light major but distinct roles for the different PRC1 com-
plexes in development (Akasaka et al.,, 2001; Almeida
et al., 2017; Dickinson et al.,, 2016; Endoh et al., 2017;
Liu et al., 2020). Obviously, ablation of individual PCGF
proteins independently does not reproduce the loss of
RINGI1A/B activity, suggesting that distinct PRC1 com-
plexes may cooperate to determine Ringla/b biological
functions. Here, we utilize the CRISPR-Cas9 system to
create single or combined Pcgf knockout in ESCs and rigor-
ously investigate their functions in maintaining ESC plu-
ripotency. We demonstrate that simultaneous, but not
individual, ablation of Pcgfs led to loss of pluripotency in
ESCs and triggers impaired self-renewal and spontaneous
differentiation, a phenotype reminiscent of those in
Ringla/b double-deficient ESCs. Collectively, our data pro-
vide evidence that distinct PRC1 family complexes share
a redundant but essential role in the maintenance of the
pluripotent state in ESCs.

RESULTS

CRISPR screen in ESCs reveals the potential
involvement of the Pcgf family in the maintenance of
pluripotency

To explore the molecular mechanisms governing ESC plu-
ripotency, we first screened for components in the PcG
family (Figures 1A-1C), whose deficiency resulted in the
changes of ESC identity genes Oct4 (also known as
Pou5f1), and Sox2. We deleted individual PcG genes via
a dual sgRNA-directed CRISPR-Cas9 system in ESCs and
then evaluated the expression of Oct4 and Sox2 by qRT-
PCR and western blot (Qin et al., 2021) (Figures 1D and
1E). We found that CRISPR-Cas9-mediated knockout of
Mga, but not those of other PcG family members, was
accompanied by a significant reduction in the expression

of Oct4 and Sox2, which is consistent with our previous
findings (Qin et al.,, 2021). In mammals, each of the
PRC1 core subunits has two or more homologs (Figures
1B and 1C). We reasoned that the absence of a loss-of-
function phenotype for PcG core subunits is due to
compensation by their closely related homologs. To this
end, we generated Rybp/Yaf2 or Ringla/b double, Phc1/2/
3 triple, Cbx2/4/6/7/8 quintuple and Pcgf1-6 sextuple
knockout ESCs. We found that knockout of all six Pcgfs
or Ringla/b led to dramatic reduction in the expression
levels of Oct4 and Sox2 (Figure 1E), whereas the loss of
five Cbxs, three Phcs, or Rybp/Yaf2 has no detectable effect
(see below for more details). Interestingly, E3 ubiquitin li-
gases RING1A/B are responsible for the maintenance of
H2AK119ub1 when paired with one of six PCGF partners.
In this study, we decided to further investigate the poten-
tial role of PCGF family in maintaining ESC pluripotency.

Loss of individual PCGF family members has no
significant effect on the maintenance of ESC identity
To rigorously explore the role of PCGF family in ESCs, we
first determined whether these Pcgfs are expressed in
ESCs. As assessed by western blot analysis, each PCGF fam-
ily member is expressed in ESCs (Figure 2A). We generated
cohorts of ESCs deficient in individual Pcgfs (Figures S1A-
S1F). The loss of PCGF protein expression was confirmed
by western blot analysis (Figure 2A). Single knockout of
Pcgfs did not appear to appreciably affect histone modifica-
tions (H2AK119ub1 and H3K27me3) and protein levels of
other PcG family members we examined (Figures 2A and
2B). These mutant cells were monitored for their capacity
to form colonies after seeding on mitotically inactivated
mouse embryonic fibroblast feeder layer. Consistent with
our previous reports (Yan et al., 2017; Zhao et al., 2017a,
2017b), the single Pcgf-null ESCs were viable and retained
a typical undifferentiated state as characterized by colony
morphology, staining for alkaline phosphatase (AP),
expression of the pluripotency-associated transcription
factors, namely Nanog, Sox2, and Oct4, even after long-
term culture (Figures 2B and 2C). Notably, loss of Pcgf6
gave rise to colonies that were smaller in size, whereas the
targeted inactivation of other Pcgfs had no significant effect
on overall cell growth. The teratoma formation in recipient
mice is often considered as gold standard for pluripotency
testing of ESCs. After 4-6 weeks of subcutaneous injection
of mutant ESCs into nude mice, teratomas containing

Figure 1. Effect of ablation of PcG genes on the expression of core pluripotency transcription factors Oct4 and Sox2 in ESCs
(A-C) (A) Schematic representation of the subunit composition of the mammalian PRC2, (B) cPRC1, and (C) ncPRC1 complexes.

(D and E) Effect of CRISPR-mediated knockout of PcG genes on the expression of the pluripotency core regulators Oct4 and Sox2 in ESCs
determined by gRT-PCR (top) and western blot (bottom). Each value was normalized to its corresponding actin value and the expression
levelin wild-type (WT) ESCs was arbitrarily set to 1. Datain (D) and (E) represent mean + SD obtained from three independent experiments,
*p <0.05, **p<0.01, ***p < 0.001 (Student’s t test) compared with the control.
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(A) Western blot analyses showing changes in the global levels of PcG proteins in ESCs of indicated genotypes. Note, the PCGF3 antibody
also recognized PCGF5 (*).
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derivatives of all three embryonic germ layers were
observed, indicating that these cells maintained pluripo-
tency (Figures 2D and 2E). No or a very mild phenotype
in single mutants can likely be attributed to functional
redundancy among the Pcgf members.

RING1A/B play essential and redundant roles in ESC
pluripotency maintenance
RING1A/B are subunits shared by all major PRC1 com-
plexes (Figures 1B and 1C). Therefore, we set out to charac-
terize the functions of RING1A/B in ESCs by generating
ESCs deficient in Ringla (Ringla®’?) or Ringlb (Ring1b*?)
(Figures S1G and S1H). Interestingly, disruption of Ringlb
led to increased RING1A protein levels, and vice versa (Fig-
ure 3A), suggesting that the loss of one can be compensated
by upregulation of the other. In addition, ablation of
Ring1b in ESCs caused complete loss of PCGF2 and dra-
matic upregulation of PCGF4. Ringla“/? or Ring1b** cells
did not show any noticeable phenotype and proliferated
normally in the undifferentiated state (Figures 3B and
3Q). Teratoma studies revealed that, while Ringla“®/? cells
produced teratomas containing all three germ layer line-
ages, Ring1b“/ cells developed teratomas containing struc-
tures pertaining to all three germ layers but with an over-
representation of the endoderm structures (Figure S2A).
To examine possible functional redundancy between
RING1A and RING1B in ESCs, we established Ringla"“;
Ring1b"F ESC lines (Figure S1H), in which Ringlb could
be conditionally ablated by transient expression of Cre re-
combinase. RING1B was completely removed 72 h after
Cre transfection (Figure S2B), and loss of Ringlb resulted
in no detectable H2AK119ubl, which was largely unaf-
fected in any of the single mutants (Figure 3B). Therefore,
throughout this study, unless otherwise stated, the cells
were used for assay after 72 h of Cre transfection. Remark-
ably, in contrast to each single knockout, Ringla/b double-
deficient ESCs exhibited severely impaired self-renewal
capacity, suggesting their redundant role in ESC pluripo-
tency maintenance. Combined deletion of Ringla/b led
to massive cell death by apoptosis (23.3% Annexin V
binding in Ringla/b** cells versus 15.1% in control
Ringla®“;Ring1b™" cells), whereas both single mutants
displayed the same apoptotic rates as the wild type.
Cell-cycle analysis revealed that Ringla/b double, but

not single mutants exhibited a markedly extended G1
phase and a shortened S phase, suggesting that the
impaired growth of Ringla/b*’* ESCs was due to combina-
tory effect of cell-cycle perturbation and apoptosis induc-
tion (Figures S2C and S2D). Double ablation of Ringla/b
resulted in the formation of flat and morphologically
distinct colonies and in a significant decrease of AP stain-
ing indicative of precocious differentiation (Figure 3C).
Ringla/b** ESCs could not be propagated beyond six pas-
sages when cultured under conditions that favor ESC
maintenance, indicating an essential role for maintaining
ESC identity. As cell passages increased, Ringla/b*’* ESCs
gradually lost their proliferation potential, as indicated
by an increased proportion of cells in G1 phase and a
decreased proportion of cells in S phase (Figure S2E).
Because the loss of Ringla/b in ESCs was accompanied
by declines in Nanog, Sox2, and Oct4 mRNA and protein
levels (Figure 3B; Tables S1-S3), we investigated whether
RING1A/B contributed to the maintenance of stem cell
identity through regulation of these core pluripotency
factors. The Ringla/b-null rescue system utilized Ringla®’
4;Ring1b™F ESCs, in which the floxed Ringlb alleles were
excised by Cre recombinase. Introducing Oct4, Nanog, or
Sox2 wusing lentivirus-mediated transduction did not
significantly restore the defects observed in Ringla/b*/”
ESCs (Figures S2F and S2G). In contrast, the range of phe-
notypes observed in the Ringla/b*’“ ESCs were rescued by
the ectopic expression of either Ringla or Ringlb (Figures
3C-3E). Thus, the function of RING1A/B in maintaining
ESC identity appears not to be mediated by keeping the
requisite levels of OCT4, NANOG, and SOX2. In addition,
although Ringla®* or Ringlb** retained the ability to
form teratomas, the capability of producing teratomas
was completely abolished in Ringla/b double knockout
ESCs (Figure S2H), supporting the functional redundancy
of RING1A and RING1B. Thus, RING1A/B play redundant
but collectively essential roles in the maintenance of stem
cell identity.

To gain insight into the molecular mechanisms underly-
ing the observed phenotypic changes, we performed RNA-
seq analysis in single and double Ringla/b knockout ESCs
(Tables S1-S3). Complete loss of Ringla/b in ESCs resulted
in substantial changes in gene expression (3,714 upregu-
lated versus 1,541 downregulated genes) (Figures 3F and

(B) Western blot analyses showing changes in the global levels of pluripotency factors, H2AK119ub1 and H3K27me3 in ESCs of indicated

genotypes. Tubulin and H3 were used as loading controls.

(C) Left: phase-contrast images of ESC colonies cultured on a feeder layer of MEFs. Middle and right: representative images of AP staining of
WT and mutant ESC colonies cultured on a feeder layer of MEFs (middle) or gelatin (right). Scale bar, 100 pum.

(D) Teratoma formation in immunodeficiency mice by ESCs of indicated genotypes.

(E) Representative images of tissues of all three germ layers, including gut epithelium (endoderm), cartilage (mesoderm), and neural
rosette (ectoderm), from H&E staining of teratomas generated from ESCs of the indicated genotypes. Shown is a representative of three

injected mice. Scale bars, 50 pum.
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3G; Table S3). More genes were upregulated than downre-
gulated upon loss of Ringla/b, consistent with their essen-
tial role in transcriptional gene silencing. In contrast,
only 655 (336 up, and 319 down) and 3,541 (2,626 up,
and 915 down) genes were deregulated in Ringla and
Ringlb single mutants, respectively, further supporting
the existence of functional redundancy between RING1A
and RING1B (Tables S1-S3). The genes that were altered
in Ringla®* and Ringlb** ESCs highly correlated and
overlapped with those altered in Ringla/b double null
ESCs (Figures 3H and 3I). Gene ontology (GO) analysis
on differentially expressed genes in Ringla/b-null ESCs
showed that upregulated genes are primarily linked to
developmental processes, including pattern specification
process, cell fate commitment and organ morphogenesis.
In contrast, downregulated genes were specifically en-
riched for genes associated with mechanisms associated
with pluripotency and chemotaxis, consistent with the
observed proliferation defects (Figures S2I and S2J). Impor-
tantly, examination of upregulated genes in Ringla/h*/
ESCs also showed a notable overrepresentation of germ
layer lineage-specific transcripts, including master regula-
tors of endoderm formation (such as Sox7, Gata4, Hnf1b,
Gata6, and Foxa2) (Figure 3]), key markers of ectoderm
(Meis, Lhx5, Otx1, Nestin, and Krt18) or mesoderm (such
as Bmp4, Eomes, Bmp6, Msx2, T, and Handl). In contrast,
expression levels of key markers of trophectoderm (Tead4
and Zebl), either decreased or remained the same in
mutant cells (Table S3). By performing qRT-PCR, western
blot analysis and immunofluorescence (IF), we confirmed
the RNA-seq finding and demonstrated that, while the
expression of these genes was significantly upregulated in
Ringla/b*"* ESCs, their expression was largely unaffected

or moderately increased in Ringla®“ and Ringlb“’* ESCs,
respectively (Figures 3B, 3], and S3). Together, these data
suggest that RING1A/B act redundantly to repress line-
age-specific developmental genes and safeguard self-
renewal and pluripotency in ESCs.

PCGF2/4 is dispensable for both the maintenance and
differentiation of the ESCs

The cPRC1 complexes assemble around the RING1A/B-
PCGF2/4 core and contain one of the CBX2/4/6/7/8 sub-
units and one of the PHC1/2/3 proteins (Schuettengruber
et al., 2017; Shao et al., 1999) (Figure 1B). To overcome
possible functional redundancy and compensation of the
canonical PCGF family members, Pcgf2/4 double knockout
ESC lines (Pcgf2/4“/?) were established. These cells main-
tained compact dome-shaped colony morphology similar
to that of the wild-type ESCs (Figure 4A). Combined dele-
tions of Pcgf2/4 did not appreciably affect the expression
levels of the remaining PcG family members (Figure 4B).
They also expressed high levels of the pluripotency markers
AP, OCT4, NANOG, and SOX2 without any signs of differ-
entiation into three germ lineages (Figures 4A and 4C). In
addition, Pcgf2/4*4 ESCs exhibited high replating efficiency
and they maintain their ability to differentiate into repre-
sentative tissues of the three embryonic germ layers
(Figure 4D). In addition, to explore directly the potential
role for CBX2/4/6/7/8 and PHC1/2/3 in maintaining the
pluripotency of ESCs, we generated triple and quintuple
mutants of the Phc1/2/3 (Phc1/2/3**) and Cbx2/4/6/7/8
(Cbx2/4/6/7/8*’*) subfamilies, respectively (Figures S4A—
S4H). Surprisingly, both mutants, similar to Pcgf2/4*
ESCs, possessed the ability to self-renew in an undifferenti-
ated state under standard culture conditions while retaining

Figure 3. RING1A/B coordinate redundant mechanisms that ensure robust repression of key lineage-specific genes for sustaining
ESC identity

(A and B) (A) Western blot demonstrating changes in the levels of PcG proteins, (B) pluripotency factors, endodermal (GATA4, GATAS,
FOXA2, SOX17), mesodermal (T), and ectodermal (NESTIN) markers in ESCs of indicated genotypes. Tubulin and H3 were used as loading
controls.

(C) Left: phase-contrast images of ESC colonies of indicated genotypes cultured on a feeder layer of MEFs. Middle and right: images of ESC
colonies cultured on feeder layers (middle) or gelatin (right) after AP staining. Scale bar, 100 um.

(Dand E) (D) Western blot for selected PcG proteins, H2AK119ub1, H3K27me3, (E) pluripotency factors and selected germ layer markers in
ESCs of indicated genotypes. The expression levels of the indicated FLAG-tagged proteins were detected with anti-Flag M2 antibody.
Tubulin and H3 were used as loading controls.

(F) Volcano plots of -log10 (p value) against log2-fold change representing the differences in gene expression in ESCs of indicated
genotypes. Upregulated (red) and downregulated (blue) genes are highlighted.

(G) Heatmap depicting fold changes in gene expression in ESCs of indicated genotypes. False discovery rate <0.05. Up- and downregulated
genes are reported as red and green, respectively.

(H) Venn diagram showing overlap of upregulated (top) or downregulated (bottom) genes in Ringla /4, Ring1b*4, and Ring1a/b**
ESCs.

(I) A violin plot comparing log2-fold changes of genes in ESCs deficient for RingZa, Ring1b, or both.

(J) gRT-PCR analysis of changes in the expression of lineage-specific genes. Each value was normalized to actin expression, and for each
gene, the expression level in the wild-type ESCs was arbitrarily set to 1. Data are shown as the means + SD for triplicate analysis. *p < 0.05,
**p <0.01, ***p < 0.001 (Student’s t test) compared with the control.
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(A) Phase-contrast images of ESC colonies on MEF feeders (left). Representative images of AP staining of WT and mutant ESC colonies of

indicated genotypes (right).

(B and C) Western blot demonstrating changes in the levels of indicated PcG proteins, pluripotency factors, and histone modifications in

ESCs of indicated genotypes. Tubulin and H3 were used as loading controls.

(D) Representative images showing H&E staining of histological sections derived from teratomas generated from ESCs of the indicated

genotypes. Shown is a representative of three injected mice. Scale bars, 50 um.

the ability to differentiate into all of the three main germ
layers (Figures 4A-4D). Therefore, cPRC1 complexes are
not the key determinant of self-renewal, and pluripotency
in ESCs.

PCGF1/3/5/6 synergize to preserve ESC identity

Ablation of Pcgf2/4 did not affect PcG-mediated pluripo-
tency in ESCs, suggesting that the remaining PRC1 activities
must be responsible for preserving the pluripotency (Figures
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1B and 1C). Initially, we generated ESCs harboring double
deletion of both Pcgf3 and Pcgf5 (Pcgf3/5%/4), which partici-
pate in nearly identical protein complexes and would likely
possess potential redundant functions. Consistent with pre-
vious observations (Zhao et al., 2017a), Pcgf3/5%* did not
lose ESC properties, nor do these cells show altered levels
of pluripotency genes (Figures 5A-5C). Notably, although
the global levels of H2AK119ubl were not affected
following removal of either Pcgf3 or Pcgf5, loss of Pcgf3/5
in combination caused a moderate reduction in
H2AK119ubl, as evidenced by western blot (Figure 5B). As
both PCGF1- and PCGF3/5-PRC1 complexes contributed
to H2AK119ubl (Fursova et al., 2019), we reasoned that
PCGF1/3/5-PRC1 complexes may collaborate to support
the pluripotency of ESCs. We therefore generated a triple
knockout (Pcgf1/3/54*) ESCs by simultaneous knockout of
Pcgf1/3/5. Although removal of Pcgf1/3/5 resulted in a
further loss of H2AK119ub1 (Figure 5B), Pcgf1/3/5%4 ESCs
formed round and compact colonies with typical
undifferentiated ESC morphology indistinguishable from
Pcgf3/5%4 colonies (Figure 5C). These colonies exhibited a
high level of AP activity, as well as continuing to express
ESC pluripotent markers (Figures 5B and 5C).

To circumvent the lethality or non-physiological re-
sponses associated with the deficiency for ncPRC1, we en-
gineered Pcgfl/3/544 ESCs with conditional Pcgf6™*
(Pcgf1/3/54/4;Pcgf6"”") to eliminate all ncPRC1 activity.
The established Pcgf1/3/54%;Pcgf6"’" lines formed tightly
compact colonies, stained mostly positive for AP, and
continued to express high levels of pluripotency genes
(Figures 5B and 5C). The introduction of Cre recombinase
into the established Pcgf1/3/5%%;Pcgf6"™" lines led to the
efficient ablation of PCGF6 proteins, yielding quadruple
knockout (Pcgf1/3/5/6%%) cells that failed to maintain
their pluripotent state, as determined by the reduced
expression of key pluripotency factors at both the
mRNA and protein levels (Figures 5B and 5C; Table S4).
In concert with the reduced pluripotency factor expres-
sion, the Pcgfl/3/5/6“ ESCs exhibited differentiated
morphology and failed to be stained by AP (Figure 5C).
Lineage-specific transcriptional regulators were aberrantly
upregulated in those cells, consistent with the observed
exit from the pluripotency state (Figure 5B). These results
thus uncovered a previously unappreciated functional

redundancy and cooperation among ncPRC1 complexes
in preserving ESC pluripotent identity. Notably and
consistent with a previous report (Fursova et al., 2019),
ablation of Pcgf6 in addition to Pcgf1/3/5 caused a further
reduction of H2AK119ubl levels and a dramatic reduction
in the levels of H3K27me3 (Figure 5B). In addition, while
Pcgf1/3/5/6*“ ESCs displayed the same apoptotic rates as
the control, cell-cycle analysis revealed these cells had a
markedly extended G1 phase and a shortened S phase,
suggesting that the impaired growth of Pcgfl/3/5/6
ESCs was due to the alteration of the cell cycle (Figures
S5A and S5B). The functional redundancy among mem-
bers of the ncPRC1-associated PCGF family was indepen-
dently confirmed by exogenous expression of the
ncPRC1-associated PCGF, which largely rescued the detri-
mental phenotype of Pcgfl/3/5/6%4 ESCs (Figures 5C,
S5C, and S5D).

Pcgf3/544 maintained the ability to differentiate to deriv-
atives of all three embryonic germ layers, whereas teratomas
derived from Pcgf1/3/5%“ and Pcgf1/3/5%/“;Pcgf6'”* ESCs did
not contain more advanced ectodermal and mesodermal
structures (Figures 5D, SSE, and SSF). Yet rare examples of
differentiation into tissues from endodermal lineages could
be found. Growth of Pcgf1/3/5/6%/“ teratomas was delayed
for several weeks (Figure SSE). In histologic analysis, the
most abundant components of Pcgfl/3/5/6%“ teratomas
were undifferentiated areas and featured a striking paucity
of mature elements (Figures 5D and SSF). Consistent with
these observations, Pcgf1/3/5%4 and Pcgf1/3/5/6** tera-
tomas also showed strongly reduced expression of the three
embryonic germ layer markers when compared with con-
trols, as detected by qRT-PCR (Figure S5G). Therefore, our
teratoma data strongly suggest that Pcgf1/3/5/6“/* ESCs are
significantly impaired in their ability to differentiate prop-
erly. Remarkably, Pcgf1/3/5/6-null ESC lines can readily be
propagated indefinitely in standard cell culture conditions.
Together, ncPRC1 complexes, as opposed to cPRC1 com-
plexes, play a fundamental and redundant role in maintain-
ing pluripotency in ESCs.

cPRC1 and ncPRC1 collaborate to maintain the
pluripotent state of ESCs

It is clear that Pcgf1/3/5/6 loss failed to fully recapitulate the
phenotype observed upon removal of Ringla/b. We

Figure 5. Combined loss of Pcgf1/3/5/6 unleash precocious differentiation of ESCs

(A) Reference legend for cell lines used in this figure and in Figure S5.

(B) Western blot demonstrating changes in the levels of selected PcG proteins, pluripotency factors, germ layer markers, H2AK119ub1, and
H3K27me3 in ESCs of indicated genotypes. Tubulin and H3 were used as loading controls.

(C) Top: phase-contrast images of ESC colonies cultured on a layer of MEFs. Middle and bottom: representative images of AP staining of ESC
colonies of indicated genotypes cultured together with a feeder layer of MEFs (middle) or on gelatin (bottom). Scale bar, 100 pum.

(D) H&E staining of teratoma sections revealed cells from various cell lineages including gut epithelium (endoderm), cartilage (mesoderm)
and neural rosette (ectoderm). Shown is a representative of three injected mice. Scale bars, 50 um.
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reasoned that ncPRC1 synergizes with cPRC1 to ensure
robust maintenance of ESC pluripotency. To this end, we es-
tablished Pcgf1/3/5/2/4%/* ESCs with conditional Pcgf6"”*
(Pcgf1/3/5/2/4%'4;Pcgf6™") to eliminate all PRC1 activity (Fig-
ures 6A-6E). Interestingly, following removal of Pcgf2/4 in
addition to Pcgf1/3/5, no further reduction in global
H2AK119ub1 levels was observed. In addition, Pcgf1/3/5/2/
444 or Pcgf1/3/5/2/4/*;Pcgf6™" ESCs formed colonies
similar to those of undifferentiated Pcgf1/3/5% ESCs (Fig-
ure 6E). These cells also possessed AP activity and expressed
high levels of OCT4, SOX2, and NANOG, supporting their
pluripotent status (Figures 6C and 6E). Transfection of
Pcgfl1/3/5/2/4“/%;Pcgf6'” with a plasmid expressing the Cre
recombinase resulted in the complete loss of PCGF6 protein
and an almost complete loss of H2AK119ub1 (Figure 6C).
Remarkably, Cre-mediated ablation of Pcgf6 from Pcgf1/3/
5/2/4“/*;Pcgf6"* ESCs resulted in a dramatic decrease
in their rate of proliferation relative to control Cre-trans-
fected cells. These effects were due to elevated apoptosis
and G1/S cell-cycle arrest (Figures 6F and 6G). Upon plating
of Pcgf1-6“/2 cells onto a feeder layer, they underwent spon-
taneous differentiation, as evidenced by flattened and
spreading morphology and by loss of AP staining (Figure 6E).
The dramatic change in the colony morphology was accom-
panied by a drastic reduction in the expression of OCT4,
SOX2, and NANOG (Figures 6C and 6]). Similar to Ringla/
b¥4 cells, the phenotypes observed in Pcgfl-6** ESCs
were not rescued by the ectopic expression of Oct4, Sox2,
or Nanog (Figures 6E and 6H), and they could not be
expanded beyond fourth passage and failed to form tera-
tomas when implanted into immunodeficient mice (Fig-
ure 7A). The cellular phenotype in Pcgf sextuple knockout
ESCs closely resembled those observed in Ringla/b®”
ESCs, suggesting a vital role of PCGF family in regulating
the stemness of ESCs.

Consistent with the observed phenotypes, we observed
4,994 (3,235 up, and 1,759 down) versus 7,491 (4,817 up,
and 2,674 down) differentially expressed genes in Pcgf1/
3/5/6/* and Pcgf1-6*/“ ESCs, respectively, compared with

their corresponding controls (Figures 7B and 7C; Tables
$4-S5). There was substantial overlap in genes deregulated
in Pcgf1/3/5/6%% and Pcgfl-6*4 ESCs; however, a large
number of the genes deregulated in Pcgfl-6% but not
Pcgf1/3/5/6%4 was observed (Figures 7D and 7E). GO
analysis showed that among genes upregulated in Pcgf1/
3/5/6“/4 and Pcgf1-6*/* ESCs were genes related to pattern
specification process, cell fate commitment, and tissue
morphogenesis (Figure 7F). Processes related to develop-
mental growth, chemotaxis, and cell-cell adhesion were
over-represented among the genes downregulated in
Pcgf1/3/5/6*“ and Pcgfl-6“/* cells. There was also signifi-
cant overlap in genes deregulated between Pcgf1/3/5/6%,
Pcgf1-6*’* and Ringla/b*" cells; however, a large number
of the genes deregulated in Pcgf1-6*/“ but not Ringla/b*/
was observed (Figures 7D and 7E). This suggests that both
RING1A/B-dependent and -independent PCGF activities
provide critical layers of gene regulation. Integration be-
tween RNA-seq and ChIP-seq data indicated that >38%
and >30% of the deregulated genes in Pcgf1/3/5/6*/* and
Pcgf1-6“/4, respectively, were direct targets of PRCI.
Intriguingly, GO analysis revealed that these direct PRC1
targets were enriched for pattern specification process,
cell fate commitment, embryonic morphogenesis, and
negative regulation of cell differentiation (Figure S6). By
performing qRT-PCR, western blot analysis and IF, we
confirmed the RNA-seq finding and observed that ablation
of both Polycomb complexes had an additive effect on the
expression levels of lineage-affiliated genes (Figures 6D, 6],
and 7G). Altogether, we conclude that cPRC1 and ncPRC1
act redundantly to suppress lineage-specific genes and pre-
serve ESC identity.

As shown in Figure 6B, Pcgf1/3/5/6 and Pcgf1-6 deletion
led to a moderate and substantial reduction, respectively,
in the protein levels of RING1A and RING1B, whereas
loss of Pcgf2/4 did not appear to appreciably affect the
protein levels of RING1A and RING1B. However, RNA-
seq analysis demonstrated that ablation of Pcgf1/3/5/6
or Pcgf1-6 did not alter steady-state levels of Ringla and

Figure 6. Simultaneous ablation of cPRC1 and ncPRC1 triggers spontaneous differentiation and loss of self-renewal

(A) Reference legend for cell lines used in this figure and in Figure 7.

(B-D) Western blot demonstrating changes in the levels of selected (B) PcG proteins, (C) pluripotency factors, histone modifications, and
(D) germ layer markers in ESCs of indicated genotypes. Tubulin and H3 were used as loading controls.

(E) Left: phase-contrast images of ESC colonies of indicated genotypes cultured on a feeder layer. Middle and right: images of ESC colonies
cultured on feeder layers (middle) or gelatin (right) after AP staining. Scale bar, 100 pum.

(F) Representative cell-cycle profiles determined by propidium iodide (PI) staining and FACS analysis.

(G) Flow cytometric quantification of apoptosis with Annexin V and PI. The percentages of Annexin V-positive (apoptotic) cells are within
the two right quadrants.

(H) Western blot analyses using the indicated antibodies on whole-cell lysates from ESCs of indicated genotypes. The expression levels of
the indicated FLAG-tagged proteins were detected with anti-Flag M2 antibody.

(I) IF analysis for SOX2, OCT4 (green), GATA4, T (red), or DAPI (blue) in Pcgf1-5/4;Pcgf6"” " ESCs following lenti-Cre infection. Images were
taken at 63x magnification using confocal microscopy. Merge, merged images.
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Ringlb mRNA in ESCs (Tables S4-S5), suggesting a mech-
anism involving posttranscriptional regulation. A time-
course cycloheximide (CHX) experiment revealed that
RING1A and RINGI1B protein half-lives were markedly
decreased, from approximately 4 and 6 h in Pcgf1/3/5/2/
444:Pcgf6™ ESCs to less than 2 and 3 h, respectively,
in Pcgf1-64/4 cells (Figure 7H), suggesting that PCGF fam-
ily members act redundantly to increases RING1A and
RING1B protein stability. In line with these results, a
cohort of key lineage-specific genes, which were upregu-
lated in Pcgf1-6“/* ESCs and possessed a high enrichment
of RING1B, PCGF2, and H2AK119ubl, were not or only
weakly targeted by the ncPRC1-associated PCGF proteins
(Figure 7I). Collectively, these findings provide novel ev-
idence to suggest how the action of PCGF family on
RING1A/B stability and resultant activity could impact
on ESC fate decisions.

DISCUSSION

Self-renewing ESCs are derived from the ICM of the pre-im-
plantation blastocyst (Evans and Kaufman, 1981; Martin,
1981). They are regarded as an excellent model system for
analyzing the mechanisms governing cell fate transitions
during early embryo development. The hallmark character-
istics of ESCs is their pluripotency, which bestows them
with a capacity to give rise to all cell types of the body.
The lineage-specific differentiation of ESCs in vitro closely
recapitulates the lineage commitment in the embryo that
occurs in vivo. The mechanisms responsible for the mainte-
nance of ESC pluripotency, and those that guide their
commitment into particular cell lineages, remain to be
further explored. In ESCs, PcG proteins bind preferentially
to genes encoding lineage-specific transcription factors to
prevent both exit from pluripotency and premature differ-

entiation (Boyer et al., 2006). Uncovering the underlying
mechanism of PcG-mediated pluripotency maintenance
remains challenging due to the multiple possible combina-
torial permutations within PRC1 complexes (Gao et al.,
2012; Hauri et al., 2016).

The catalytic core of PRC1 is formed by RING1A/B and
one of six PCGF partners, giving rise to an array of bio-
chemically distinct cPRC1 or ncPRC1 complexes (Gao
et al., 2012). Inactivation of Ringla results in fertile mice
with minor skeletal alterations (del Mar Lorente et al.,
2000). In contrast, disruption of Ring1b in mice causes em-
bryonic lethality due to gastrulation arrest (Voncken et al.,
2003). Whereas RING1A and RING1B can have redundant
functions during development (del Mar Lorente et al.,
2000; Voncken et al., 2003), the combined deletion of
Ringla/b causes developmental arrest before the two-cell
stage (Posfai et al., 2012), highlighting the requirement to
genetically delete both genes to fully characterize PRC1
biological roles. Intriguingly, this also corresponds with
the relative importance for maintenance of H2AK119ub1
and pluripotency of these Ring E3 ligases as RING1A or
RING1B loss has no or only mild effect on H2AK119ub1
levels and the property of ESCs, whereas simultaneous
depletion of Ringla/b results in a full loss of H2AK119ub1
and of pluripotency and commitment toward lineages of
the three germ layers with loss of indefinite self-renewal
(Figures 3 and S2).

cPRC1 complexes, which are recruited to specific
genomic sites via recognition of H3K27me3 deposited by
PRC2, have been proposed to be involved in the Poly-
comb-mediated gene silencing (Schuettengruber et al.,
2017). However, recent studies have documented that
loss of cPRC1 complexes has little or no effect on gene
expression (Fursova et al., 2019; Zepeda-Martinez et al.,
2020). Consistently, we found that removal of Pcgf2/4 in
ESCs has no discernible effect on the maintenance of

Figure 7. cPRC1 and ncPRC1 act redundantly to silence lineage-specific genes

(A) Representative images of mice bearing teratomas 28 days after the injection of Pcgf1/3/5/2/4%“;Pcgf6™ " (left side, indicated by a red
arrow) or Pcgf1-6*/* ESCs (right side). Four mice were injected per condition.

(B) Volcano plots of -log10 (p value) against log2-fold change representing the differences in gene expression in ESCs of indicated
genotypes. Upregulated (red) and downregulated (blue) genes are highlighted.

(C) Heatmap illustrating fold changes in gene expression in ESCs of indicated genotypes. False discovery rate <0.05. Up- and down-

regulated genes are reported as red and green, respectively.

(D) Venn diagram showing overlap of upregulated (left) or downregulated (right) genes between Pcgf-4K0, Pcgf-6K0, and Ring1a/b“/*
ESCs. (E) A violin plot comparing log2-fold changes of genes in ESCs deficient for Pcgf2/4, Pcgf1/3/5/6, Pcgfi-6, and Ringla/b.

(F) Gene ontology analysis of overlapping genes upregulated (top) and downregulated (bottom) between Pcgf-4K0 and Pcgf-6K0 ESCs.
(G) gRT-PCR of germ layer markers, measured in WT, Pcgf-4K0, and Pcgf-6K0 ESCs. Each value was normalized to actin expression, and for
each gene the expression level in the wild-type ESCs was arbitrarily set to 1.

(H) ESCs of indicated genotypes were treated with cycloheximide (CHX) as indicated and lysates were blotted with the indicated anti-

bodies. Tubulin was used as a loading control.

(I) Genomic snapshots of the indicated ChIP-seq profiles at selected germ layer gene loci in WT ESCs. Published ChIP-seq data were
obtained from NCBI GEO (accession numbers GSE122715 and GSE107377). Data in (G) represent the mean + SD of three independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test) compared with the control.
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pluripotency (Figure 4). In line with these observations,
mice harboring inactivating mutations of cPRC1 compo-
nents exhibit only minor or delayed defects in embryogen-
esis (Akasaka et al., 2001; Coré et al., 1997; Forzati et al.,
2012; Isono et al., 2005; Lau et al., 2017). In contrast, tar-
geted disruptions to ncPRC1 in mice result in early embry-
onic lethality (Almeida et al., 2017; Endoh et al., 2017; Liu
et al., 2020; Pirity et al., 20035; Qin et al., 2012; Washkowitz
et al., 2015). In vitro differentiation assays indicated that
knockout of single Pcgfin ESCs resulted in moderate defects
affecting the proper formation of the three germ layers (En-
doh et al., 2017; Morey et al., 2015; Yan et al., 2017; Zhao
et al., 2017a, 2017b). However, these single mutant cells
have the potential to form teratomas composed of deriva-
tives from all three germ layers in vivo (Figure 2), suggesting
that inactivation of individual Pcgf family members has no
significant effect on the maintenance of ESC identity. Loss
of ncPRC1 core subunits PCGF1/3/5/6 triggered the spon-
taneous differentiation and derepression of lineage-specific
genes, suggesting a redundant but essential role of PCGF
family in maintaining ESC pluripotency (Figure 5). These
phenotypic discrepancies between cPRC1 and ncPRC1
could reflect distinct roles in ESC identity maintenance.
Alternatively, cPRC1-dependent and cPRC1l-independent
PRC1 complexes might play redundant roles in ESC fate
specification. Interestingly, lineage-specific genes were
strongly derepressed in the Pcgfl-6 knockout cells
compared with Pcgf2/4 or Pcgf1/3/5/6 knockouts, where
they largely remained repressed or were moderately dere-
pressed, respectively. In addition, loss of ESC self-renewal
capacity is achieved only when both cPRC1- and
ncPRC1-associated PCGF proteins are ablated (Figure 6).
Together, our findings demonstrate that cPRC1 and
ncPRC1 function redundantly to silence unwanted line-
age-specific genes and safeguard against exit from ESC
pluripotency.

Our functional interrogation of PRC1 activity indicates
that redundancy among distinct PRC1 complexes is central
to PcG-mediated cell fate specification in ESCs. This is
somewhat surprising given that exogenously expressed
HA-tagged PCGF proteins in 293T cells occupy mutually
exclusive regions of the genome, possibly arguing against
redundancy among different PRC1 complexes (Gao et al.,
2012). In contrast, genomic profiling of endogenous
PCGF proteins in ESCs reveals that ncPRC1 complexes, as
opposed to cPRC1 complexes, largely co-occupy target re-
gions, where they act synergistically to shape genomic
H2AK119ubl and define gene repression (Fursova et al.,
2019). Interestingly, another group reported that PCGF1/
2/4 jointly preserve H2AK119ub1 deposition at common
targets even though PCGF proteins display high binding
specificity (Scelfo et al., 2019). By using combinatorial ge-
netic perturbation coupled with functional evaluation,

1212 Stem Cell Reports | Vol. 17 | 1198-1214 | May 10, 2022

our findings reconcile these apparent discrepancies leading
to the interpretation that ncPRC1 complexes, but not
cPRC1 complexes, predominantly define PcG-mediated
cell fate specification in ESCs (Figure 5). Most importantly,
we discover that genetic ablation of both c¢PRC1 and
ncPRC1 largely phenocopies lineage-specific gene repres-
sion and cellular defects caused by complete loss of PRC1
in ESCs via ablation of Ringla/b (Figures 3 and 6). This sug-
gests that, although biochemically distinct PRC1 subcom-
plexes display high binding specificity, which enables
them to function at defined sites in the genome, for
example, PRC1.6 at germ cell-related genes (Endoh et al.,
2017; Qin et al., 2012, 2021; Stielow et al., 2018), they
also co-occupy target sites, where they act redundantly to
deposit genomic H2AK119ub1 and define lineage-specific
gene repression. Critically, we provide novel evidence to
suggest how the action of PCGF family members on
RING1A/B stability could impact on ESC fate determina-
tion. These findings underscore the need to further explore
the mechanisms that control the levels and activity of
RING1A/B in ESCs. Overall, our discoveries provide
compelling evidence of functional redundancy between
cPRC1 and ncPRC1 in robust repression of key lineage-spe-
cific genes, which is required for governing ESC identity.

EXPERIMENTAL PROCEDURES

Plasmid construction and generation of mutant cell
lines

sgRNAs were designed based on the CRISPR design website (http://
crispor.tefor.net/). A pair of 20-bp oligonucleotides was annealed
and inserted into the Bbsl-digested Cas9 and sgRNA-expressing
PX459 vector (Addgene plasmid no. 62988; http://n2t.net/
addgene: 62988; RRID: Addgene_62988), which was resistant to
puromycin. sgRNA-expressing plasmids were verified by DNA
sequencing. Constructed plasmids were transfected into ESCs by
Lipofectamine 2000 (Life Technologies) according to the manufac-
turer’s instructions. Twenty-four hours after transfection, puromy-
cin-resistant ESCs were selected for 48 h and then grown on mito-
mycin-treated feeder. Subsequently, ESC colonies were picked and
screened by gnomic PCR, and confirmed by RT-PCR and western
blot. Conditional knockout ESC mutants were performed as
described previously (Qin et al., 2021). Details of the mutant ESC
lines used in this study are listed in Table S6. All of the primers
and antibodies used in this study are listed in Table S7 or in a pre-
vious report (Qin et al., 2021).

Statistics

Unless stated otherwise, all data were shown as mean values + SD or
mean values + SEM for experiments performed with at least three in-
dependent experiments. GraphPad Prism 5 was used to perform sta-
tistical tests and generate p values using two-tailed Student’s t test for
comparisons between two datasets, and p values of less than 0.05
were considered statistically significant. Statistical significance was


http://crispor.tefor.net/
http://crispor.tefor.net/
http://n2t.net/addgene
http://n2t.net/addgene

presented in figures in the following manner: *p < 0.05, **p < 0.01,
***p < 0.001.

Data and code availability

The accession number for the sequencing data reported in this pa-
per is NCBI GEO: GEO183646. All other data needed to evaluate
the conclusions in the paper are present in the paper and/or the
supplementary material. All original data, including images and
mutant lines, pertaining to this study will be made available
upon request.
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