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SUMMARY

Polycomb group (PcG) proteins exist in distinct multi-protein complexes and play a central role in silencing developmental genes, yet the
underlying mechanisms remain elusive. Here, we show that deficiency of retinoblastoma binding protein 4 (RBBP4), a component of the
Polycomb repressive complex 2 (PRC2), in embryonic stem cells (ESCs) leads to spontaneous differentiation into mesendodermal line-
ages. We further show that Rbbp4 and core PRC2 share an important number of common genomic targets, encoding regulators involved
in early germ layer specification. Moreover, we find that Rbbp4 is absolutely essential for genomic targeting of PRC2 to a subset of devel-
opmental genes. Interestingly, we demonstrate that Rbbp4 is necessary for sustaining the expression of Oct4 and Sox2 and that the forced
co-expression of Oct4 and Sox2 fully rescues the pluripotency of Rbbp4-null ESCs. Therefore, our study indicates that Rbbp4 links main-

tenance of the pluripotency regulatory network with repression of mesendoderm lineages.

INTRODUCTION

The polycomb group (PcG) proteins function as chro-
matin-based transcriptional repressors that are essential
for the specification and maintenance of cell fates (Kuroda
et al., 2020; Schuettengruber et al., 2017). They broadly
assemble into two biochemically and functionally distinct
chromatin-associated complexes, the polycomb repressive
complexes 1 and 2 (PRC1 and PRC2). PRC1 mono-ubiqui-
tylates histone H2A at position 119 (H2AK119ub1) using
its E3 ubiquitin ligase subunits, RING1A/B. Multiple
PRC1 sub-complexes have been identified, which are char-
acterized by the incorporation of distinct PCGF homologs
and versatile accessory partners and can be grouped into ca-
nonical and non-canonical PRC1 (cPRC1 and ncPRC1).
The cPRC1 is composed of four core subunits: RING E3
ligase (RING1A/B), PCGF (Pcgfl-6), PHC (polyhomeotic
homologs; PHC1/2/3), and CBX (polycomb; CBX2/4/6/7/
8) (Di Croce and Helin, 2013; Simon and Kingston, 2009;
Turner and Bracken, 2013). In ncPRC1 complexes, RYBP,
or its paralog YAF2 replaces CBX and PHC subunits found
in cPRC1s (Turner and Bracken, 2013).

PRC2 consists of four core proteins, SUZ12, EED, RBBP4/7,
and either of the two histone H3K27 methyltransferases,
EZH1 or EZH2, which mono-, di-, and tri-methylates histone
H3 at lysine 27 (H3K27me1/2/3) (Margueron et al., 2008;
Piunti and Shilatifard, 2016). In addition to the four core
subunits, PRC2 interacts with several auxiliary components
that fine-tune its enzymatic activity and/or modulate its
recruitment to chromatin. The PRC2.1 contains one of the
three PCL1-3 (Polycomb-like protein 1-3) paralogs, whereas
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PRC2.2 is characterized by the presence of AEBP2 together
with JARID2 (Holoch and Margueron, 2017). Notably, it
has long been thought that PRC2-mediated H3K27me3,
recognized by a chromodomain-containing CBX protein
subunit of cPRC1, is required for recruiting PRC1 at PcG
repressed sites, providing a functional bridge between the
two major PcG complexes. However, this view was chal-
lenged by the identification of ncPRC1 complexes, which
lack H3K27me3-binding CBX subunits. Furthermore, recent
studies have shown that the ncPRC1 complex, but not the
cPRC1 complex, promotes H2AK119ub-dependent recruit-
ment of PRC2, suggesting a critical role for ncPRC1 in PcG-
mediated gene control (Blackledge et al., 2014).

Mice deficient for Suz12, Ezh2, or Eed exhibited embry-
onic lethality due to gastrulation defects (Faust et al.,
1998; O’Carroll et al., 2001; Pasini et al., 2004), underscor-
ing the importance of these core components of PRC2 in
early embryogenesis. In line with this, embryonic stem
cells (ESCs) lacking Ezh2, Eed, and Suz12, were deficient
in somatic cell reprogramming by cell fusion (Pereira
et al., 2010a). Interestingly, ESCs deficient for Suz12, Eed,
or Ezh2 appear to be normal with little effect on
morphology and self-renewal, indicating that PRC2 may
be dispensable for overall maintenance of pluripotency
(Chamberlain et al., 2008; Montgomery et al., 2005; Pasini
et al., 2007). It is worth highlighting here that functional
redundancy among members of the PRC2 complex could
account for the mild to no phenotype of mutants lacking
individual PRC2 subunits in ESCs.

Retinoblastoma binding protein 4 (RBBP4) and RBBP7
are a pair of WD40 motif containing proteins sharing a
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sequence identity of 92%, which often exist together in
multiple chromatin modifying complexes, such as the
PRC2 (Conway et al., 2018), the NuRD complex (Feng
and Zhang, 2003), and Sin3/HDAC complex (Kuzmichev
et al., 2002). WD40 domain proteins are involved in a vari-
ety of fundamental biological processes, in which WD40
domains, containing 40-60 residues with a defining trypto-
phan-aspartate (WD) dipeptide, serve as scaffolds for com-
plex assembly or provide platforms to recruit diverse mole-
cules that form functional complexes. A recent study
indicated that Rbbp4 is essential for early embryonic devel-
opment in mice (Miao et al., 2020). However, the exact
cause of early embryonic lethality of Rbbp4 knockouts
and its potential roles in maintenance of stem cells or plu-
ripotency have not been studied.

In this report, we demonstrate that ablating Rbbp4 gene
expression in ESCs results in a loss of the undifferentiated
state and the initiation of differentiation along mesendo-
dermal lineage. Mechanistically, we demonstrate that
Rbbp4 plays an important role in guiding the PRC2 to the
loci of developmental genes where they establish and
maintain the repressive states of lineage-specific genes in
ESCs. Our study therefore identifies RBBP4 as an essential
chromatin factor for the maintenance of ESC pluripotency
and shows that it functions within the PRC2 complex to
repress mesendoderm specification.

RESULTS

Rbbp4 is essential in the maintenance of self-renewal
and pluripotency in ESCs

To circumvent the potential lethality that results from com-
plete loss of Rbbp4 and to gain insight into the role of this
gene in ESCs, we generated Rbbp4 conditional knockout
mouse ESCs (Figures 1A and S1A-S1C), in which the third
coding exon of both Rbbp4 alleles was flanked by parallel

loxP sites, based on Cre-loxP system. In this Rbbp4 condi-
tional floxed ESC line (Rbbp4™), Rbbp4 was completely
removed 72 h after transfection with a plasmid encoding
Cre, as evident in western blot (Figures 1B and S1D). There-
fore, the cells were used for assay after 72 h of transfection
throughout this study unless otherwise stated in the figure
legends. Notably, Rbbp4™”F showed normal RBBP4 protein
levels and formed robust colonies that were morphologi-
cally indistinguishable from wild-type ESCs. However, as
shown in Figure 1C, in contrast to the Rbbp4"*, ablation
of Rbbp4 resulted in flat and spreading colonies without
smooth edges. Importantly, ablation of Rbbp4 dramatically
decreased secondary ES colony formation (Figure 1D).
Consistently, in ESC competition assays, complete abolish-
ment of Rbbp4 resulted in loss of self-renewal similar to dele-
tion of Oct4 (Figure 1E). Rbbp4/ ESCs displayed the same
apoptotic rates as the Rbbp4™F, as shown by annexin V stain-
ing (Figure 1F). Cell-cycle analysis revealed cells lacking
Rbbp4 have a markedly extended G1 phase and a shortened
S phase, suggesting that the impaired growth of Rbbp4“/
ESCs was due to an altered cell-cycle profile (Figure 1G). Af-
ter alkaline phosphatase (AP) staining, Rbbp4™F as well as
wild-type ESC colonies stained bright and uniform, while
the Rbbp4“/* colonies appeared dim, weak, and mosaic, sug-
gesting loss of ESC self-renewal capability (Figure 1H).
Consistent with the AP staining results, the expression of
pluripotency genes Oct4, Sox2, and Nanog dramatically
declined upon loss of Rbbp4 gene expression (Figure 1I).
Importantly, lentivirus-mediated delivery of FLAG-tagged
full-length Rbbp4 fully rescued the defective phenotypes
associated with Rbbp4 deficiency. Remarkably, the complete
loss of Rbbp7 (Figures S2A-S2E), which shares 92% of
sequence identity with Rbbp4, caused no detectable defects
in ESCs (Figures 1C and 1H). Together, these data indicate
that Rbbp4 plays an important role in governing the plurip-
otent state in ESCs.

Figure 1. Rbbp4 is essential in the maintenance of self-renewal and pluripotency in ESCs
(A) Schematic representation of the production for conditional inactivation of Rbbp4 in ESCs.
(B) Western blot showing RBBP4 levels in Rbbp4"”-transfected Cre recombinase for different time points.

(C) Morphology of ESC colonies of indicated genotypes. Bright-field images of ESC colonies after 7 days of culture (grown from a single
ESC). ALL ESC colony images were photographed at day 7 after seeding single-cell suspensions on feeder layers. Scale bar, 100 um. The
outlines of obviously defective colonies were circled in red. Rbbp4%/“ ESCs expressing empty FLAG vector (Rbbp4“/“/EV) and vectors
encoding wild-type RBBP4-FLAG (Rbbp4"/"/WT) are also shown.

(D) Secondary ES colony-replating assay. Bar graph shows the number of cells with AP-positive staining in the absence of RBBP4. Error bars
represent means and STD from three 6 cm dishes.

(E) ESC growth competition assay. Oct4 knockout ESCs serve as a negative control.

(F) Representative fluorescence-activated cell sorting plots of annexin V and propidium iodide (PI) levels in Rbbp4™" and Rbbp4%/“ ESCs.
Percentages of cells with different apoptosis marker levels are shown.

(G) Cell-cycle analysis of indicated ESCs. Percentages of cells in different phases are indicated. Representative histograms presented here
show distribution of cells in sequential phases (G0/G1, red; S, light blue; and G2/M, red) of cell cycle.

(H) Alkaline phosphatase activity staining on each indicated ESC colony. Scale bar, 100 um.

(I) Western blot analysis of 0CT4, SOX2, NANOG, RBBP4, and RBBP7 protein expression in indicated ESCs; ACTIN served as a loading control.
See also Figures S1 and S2.
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Up- and downregulated genes are colored red and blue, respectively.

(legend continued on next page)
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Loss of Rbbp4 results in aberrant expression of ESC
core pluripotency factors and differentiation-
associated genes

To explore the molecular basis of phenotypic alterations
observed in Rbbp4-null ESCs and to rule out the possibility
that loss of the undifferentiated state and self-renewal
observed in Rbbp4“/? ESCs was due to a general impairment
in cell proliferation, we performed gene expression analysis
for Rbbp4™F and Rbbp4“/* ESCs by RNA sequencing (RNA-
seq) analysis. There were 4,078 genes that were differen-
tially expressed by more than 2-fold upon Rbbp4 ablation
(Figures 2A and 2B). About an equal number of genes
were upregulated (2,186) or downregulated (1,892) in
Rbbp4*’“ ESCs. Gene ontology (GO) analysis showed that
among genes downregulated in Rbbp4“/* ESCs were genes
related to stem cell population maintenance, regulation
of cell morphogenesis, and negative regulation of cell dif-
ferentiation. Processes related to cell fate commitment,
stem cell differentiation, pattern specification process,
and tissue morphogenesis, were over-represented among
the genes upregulated in the Rbbp4?/? ESCs (Figure 2C).
By performing qRT-PCR analysis, we confirmed the differ-
ential expression of selected genes observed by RNA-seq
analysis and showed that, while the expression of these
genes was significantly reduced or increased in Rbbp4“/
ESCs (Figure 2D), their expression was largely unaffected
in Rbbp74/4 ESCs (data not shown). Importantly, among
Rbbp4*”* downregulated genes, our analysis revealed the
pluripotency signature genes and transcription factors,
including Oct4 (Pou5f1), Sox2, Nanog, Nr5a2, DppaSa, and
Esrrb (Figure 2D), which were shown to have critical roles
in maintaining pluripotency in ESCs. In addition, qRT-
PCR analysis of several lineage-specific markers demon-
strated that loss of Rbbp4 led to the upregulation of mesen-
doderm markers (Foxa2, Gata6, Gata4, Sox17, Brachyury,
Msx2, and Tbx2) and trophectoderm markers (Cdx2, Ets2,
Gata3, and Krtl8), whereas ectoderm markers (Pax6,
Sox11, Neurodl, Oligl, and Olig2) were instead either un-
changed or slightly decreased (Figure 2D). Consistent
with our cell-cycle analysis (Figure 1G), we found a substan-
tial number of genes involved in proliferation to be differ-

entially expressed in Rbbp4%“ cells. These include

p21WAFVCIPL 4 potent inducer of G1 arrest, and members
of the cyclin family, key regulators in cell-cycle machinery
(Figure 2D). Interestingly, deficiency of Rbbp4 in ESCs was
associated with substantially reduced levels of the phos-
phorylated and hyperphosphorylated (ppRb) forms of the
Rb protein at several residues (Figure S3A). As expected, a
large number of the genes de-regulated in Rbbp4“/* cells
was also observed in ESCs deficient for Suz12, Ezh2, and
Eed (Figure 2E), consistent with the idea that they exist in
the same complex. Moreover, transcriptional changes in
Rbbp4“™ cells significantly overlapped with those seen in
Oct4-, Sox2-, or Nanog-deficient ESCs, and those overlap-
ping genes were enriched for pluripotency and cell differ-
entiation. Altogether, the evidences collected so far clearly
suggest that Rbbp4 has key roles in controlling the pluripo-
tent state of ESCs.

RBBP4 shares target genes with PRC2

Given the rapid changes in gene expression patterns
observed in Rbbp4“/* ESCs, we hypothesized that Rbbp4
may directly regulate both pluripotency and lineage-spe-
cific genes. We performed chromatin immunoprecipita-
tion followed by high-throughput sequencing (ChIP-seq)
analysis of RBBP4 binding. We found that the RBBP4 pro-
tein bound to 2,804 sites. A total of 16.1% of these sites
were around gene promoters (defined as up to 2 kb up-
stream from the transcription start sites of the gene), 44%
were within gene coding sequences, and 39.9% were inter-
genic-enhancer binding sites (Figure 3A). Thus, our ana-
lyses suggest that, on the genome, RBBP4 is mostly present
at distal intergenic and intronic regions. Interestingly, GO
analysis showed significant enrichment in genes involved
in neuron development, pattern specification process,
and regulation of cell differentiation (Figure 3B), strikingly
resembling classical GO of PRC2 targets (Pereira et al.,
2010b). Comparison of the de-regulated genes in Rbbp4“/
cells with the occupancy of RBBP4 in ESCs revealed that,
among 2,186 genes that were upregulated in Rbbp4</4,
218 genes were bound by RBBP4, whereas 132 of 1,892
downregulated genes were RBBP4 bound (Figure 3C). GO

(B) Heatmap illustrating the RNA expression in Rbbp4™" and Rbbp4?/ ESCs of RNA-seq analysis for 2-fold expression differentially ex-
pressed genes. False discovery rate < 0.05. Up- and downregulated genes are reported as red and green, respectively.
(C) Gene ontology (GO) enrichment analyses for biological processes associated with genes differentially expressed upon Rbbp4 deletion in

ESCs. Analysis was carried out using Metascape (Zhou et al., 2019).

(D) Validation of RNA-seq data by gRT-PCR analysis. Relative mRNA levels of indicated cell-cycle-related genes, lineage-specific genes, and
pluripotency-related genes in Rbbp4™" after 3 days of Cre transfection were measured and data were normalized to B-actin relative to
Rbbp4™. Data are pooled from three independent experiments and the error bars represent standard deviation of triplicate qPCR data.
(E) Venn diagrams (top) showing the overlap of the target genes between Rbbp4 and the core subunits of the PRC2 complex, respectively
(Das et al., 2015; Pasini et al., 2007). Venn diagrams (bottom) showing the numbers of the regulated genes between Rbbp4 and plu-
ripotency markers (Oct4, Sox2, and Nanog) (Ding et al., 2015; Loh et al., 2006).

See also Figure S3.
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analysis of these overlapping genes again demonstrated a
strong enrichment of terms involved in neuron differenti-
ation, cell fate commitment, and pattern specification pro-
cess. Since RBBP4 is physically associated with PRC2, as ex-
pected, we found that 210, 203, or 230 of Rbbp4 targets are
also bound by SUZ12, EED, and H3K27me3, respectively
(Figure 3D). Many of these genes were known critical regu-
lators of pattern specification process, primary germ layer
formation, cell fate commitment, and neuron differentia-
tion (Figure 3E). Importantly, a detailed examination of
RBBP4 ChlIP-seq revealed that RBBP4 bound to the pro-
moters of a group of genes associated with pluripotency
or mesendodermal differentiation (Figure 3F).

To identify the regions within the RBBP4 protein that are
required for its chromatin targeting, we generated a set of
FLAG-tagged Rbbp4 deletion mutants and introduced
them into Rbbp4"”* ESCs (Figure S4A). Notably, all mutants
were expressed at similar levels as evaluated by western
blotting (Figure S4B). To test whether these mutants could
retain recruitment to targets and to examine the ability of
these mutants to maintain the expression of Rbbp4 target
genes in the absence of endogenous Rbbp4, the cells were
transduced with Cre recombinase and assayed 14 days later.
ChIP-qPCR analyses demonstrated that the N-terminally
deleted protein and the mutants with deletion of WD40
domains (individual or tandem), did not bind to targets
(Figures S4C and S4D). Consistent with their failure to
bind chromatin in ESCs, these mutants also lost the ability
to restore target gene expression (Figure S4E). In contrast,
the C terminus of RBBP4 was dispensable for binding and
thus maintain these gene expressions as effectively as the
wild type. To gain insight into the ability of these mutants
to rescue self-renewal defect observed in Rbbp4“/4 ESCs, we
analyzed their ability to produce colonies after seeding on
mouse embryonic fibroblasts (MEFs). As shown in Figures
S4F-S4H, C-terminal deletion mutants fully rescued wild-
type levels of growth in ESCs. However, RBBP4 lacking
the WD40 domains or N-terminal virtually abolished its
ability to restore the colony growth defect. Taken together,
these results indicate that both N-terminal and WD40 do-
mains are essential for the chromatin targeting of RBBP4

and show that these regions confer upon RBBP4 the capac-
ity to control ESC properties.

Rbbp4 governs pluripotency via maintaining the
expression of Oct4 and Sox2

To evaluate transcriptional mediators responsible for loss
of pluripotency and lineage specification upon Rbbp4 defi-
ciency, we examined the temporal mRNA expression of
pluripotency-related genes as well as three germ layer
marker genes in Rbbp4™F ESCs after transfection with
Cre. As shown in Figure 4A, real-time qRT-PCR analysis re-
vealed that Oct4, Sox2, and Nanog mRNA levels signifi-
cantly decreased within 3 days after Rbbp4 ablation and
declined steadily thereafter to baseline levels on day 7.
In contrast, mesendoderm markers (Gata4, Gata6, Sox17,
Hand1, Msx2, and Brachyury) and trophectoderm markers
(Cdx2 and Gata3) were upregulated at the same time point
that the mRNA of core pluripotency factors decreased.
The precocious differentiation of Rbbp4%/4 ESCs was also
monitored by immunofluorescence microscopy to detect
the expression profile of germ layer markers alongside plu-
ripotency factors (Figure 4B). In Rbbp4™F ESCs, OCT4,
SOX2, and NANOG expression was high, whereas positiv-
ity for FOXA2, GATA6, and CDX2 was rarely observed,
indicating the undifferentiated state of the cells. After
transient transfection of a Cre recombinase expression
plasmid, FOXA2, GATA6, and CDX2 expression gradually
increased in a time-dependent manner, which was accom-
panied by the decreased expression of a panel of pluripo-
tency genes.

We found RBBP4 binding enrichment at genes encoding
critical components of the pluripotency network, such as
Kif4, Sox2, and Oct4, whose expression is downregulated
upon Rbbp4 ablation (Figures 3F, 4A, and S4C). These obser-
vations support the notion that Rbbp4 silences differentia-
tion programs in ESCs through regulation of these genes.
Therefore, it would be extremely interesting to know if
the defects observed in Rbbp4“/* ESCs depend on lack of
Oct4, Nanog, or Sox2 repression. To this end, we attempted
to rescue Rbbp4“/? ESCs by introducing the transgenes of
Oct4, Nanog, or Sox2. The Rbbp4-null rescue system utilized

Figure 3. RBBP4 shares target genes with PRC2

(A) Pie chart showing the distribution of RBBP4 binding sites in mouse ESCs.

(B) GO enrichment analyses for genes that RBBP4 binds to. The biological processes of the top 20 are shown.

(C) Venn diagram showing the overlap between genes differentially expressed after Rbbp4 deletion and those occupied by RBBP4. GO
analysis for biological processes associated with the overlapping genes.

(D) Venn diagram showing the overlap between genes that RBBP4 binds to and those occupied by SUZ12, EED, or H3K27me3.

(E) GO analysis of overlapping genes between RBBP4 binds and PRC2 targets.

(F) Genome browser tracks to show RBBP4 occupancy near lineage-specific markers for trophectoderm (Cdx2), mesoderm (Brachyury,
Thx2), and endoderm (Sox17, Gata4), Oct4 and Sox2 (up). ChIP-gPCR data showing binding of RBBP4-FLAG to representative RBBP4 target

promoters (bottom).

Data are plotted as mean + SD. (n = 3). *p < 0.05, **p < 0.01. See also Figure S4.
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Figure 4. Rbbp4 knockout significantly reduces the expression of pluripotency-associated genes and promotes mesendodermal

gene expression in ESCs

(A) Time-course analyses of pluripotency-associated genes and the lineage-specific markers for trophectoderm, mesoderm, and endoderm
expression levels in Rbbp4™* ESCs after transient expression of Cre recombinase. Expression is normalized by B-actin.

(legend continued on next page)
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Rbbp4™ ESCs, in which the floxed Rbbp4 alleles were
excised by Cre recombinase (Figure 5A). Introducing Nanog
(Rbbp4“/4|Nanog) did not significantly restore the self-
renewal defect observed in Rbbp4“/4 ESCs, but introducing
either the Oct4 (Rbbp4®/“/Octd) or Sox2 (Rbbp4*/*/Sox2)
transgenes successfully partially rescued the propagation
of Rbbp4*/4 ESCs. Most importantly, forced (ectopic)
expression of both Oct4 and Sox2 together (Rbbp4“/4|
Oct4/Sox2) completely rescued the proliferation defect of
Rbbp4-deficient ESCs (Figures 5B-SE). The Rbbp4%/“/Oct4,
Rbbp4“/?/Sox2, or Rbbp4“/*/Oct4/Sox2 cells were able to
form viable colonies on feeder cells and expand continu-
ously for at least 50 passages without any significant
change in colony morphology. It is worth noting that,
although these three rescued lines exhibited similar expres-
sion levels of Oct4 and Sox2 (Figure SF), the expression
levels of other pluripotency-associated genes, such as
Fgf4, DppaSa, Utfl, Leftyl, Nr5a2, and Tcll, in Rbbp4/4/
Oct4 or Rbbp4*/*/Sox2 were relatively higher than those
in Rbbp4“/4/0ct4/Sox2 (Figure 5G).

We next examined the potential of these rescued cells to
undergo in vitro differentiation. Rbbp4*/“/Oct4, Rbbp4“/*/
Sox2, or Rbbp4*/4/0Oct4/Sox2 and control ESCs were tested
for their capacity to form embryoid bodies (EBs) (Figure 6A).
Rbbp4“/4 ESCs failed to form EBs. However, as shown in Fig-
ures 6B and 6C, Rbbp4“/4/Oct4/Sox2 ESCs produce EBs com-
parable with those of the wild type in size. Rbbp4/“/Oct4 or
Rbbp4“/*/Sox2 had the capacity to form EBs, but they were
greatly reduced in size than those of the wild type during
the differentiation process. In addition, qRT-PCR analysis
revealed that Rbbp4®/“/Oct4 or Rbbp4“/*/Sox2 EBs ex-
pressed reduced mRNA levels of marker genes for the three
germ layers (endoderm, mesoderm, and ectoderm),
whereas the expression levels of these germ layer markers
in Rbbp4#“/Oct4/Sox2 EBs were similar to that of wild
type (Figure 6D). In contrast to the expression of these
germ layer-specific genes, pluripotency-related genes,
namely Oct4, Nanog, and Sox2, were sharply depleted dur-
ing the course of wild-type and Rbbp4/“/Oct4/Sox2 EB dif-
ferentiation, while Rbbp4“/4/Oct4 or Rbbp4*/“/Sox2 EB ex-
hibited similar trends, but of a lesser magnitude
(Figure 6E). Consistent with these results, teratomas
derived from wild-type and Rbbp4/“/Oct4/Sox2 ESCs con-
tained multiple tissue types from all three germ layers,
whereas Rbbp4“/4/Oct4 or Rbbp4“/*/Sox2 teratomas lacked
ectodermal, endodermal, and mesodermal structures (Fig-
ures 6F and 6G). The differentiation defects observed in

Rbbp4“/4/Oct4 or Rbbp4“/*/Sox2 might be due to higher
expression levels of a subset of pluripotency-associated
genes.

RBBP4 guides PRC2 recruitment and H3K27
trimethylation at genomic loci

RBBP4 has been found to exist in a complex with PRC2
(Conway et al., 2018). ESCs lacking a single component
of the PRC2 complex, such as Eed, Ezh2, or Suz12, show
marginal disruption of self-renewal (Chamberlain et al.,
2008). However, the functional redundancy among the
members of the PRC2 complex has not yet been addressed.
To characterize the ability of each PRC2 member to support
the self-renewal of ESCs, we generated individual or com-
bined PRC2-deficient ESC lines by using CRISPR-Cas9 tech-
nology (Figures SSA-S5J and S6A-S6I) and analyzed their
ability to form colonies after seeding on mitotically inacti-
vated MEFs. The ESCs deficient for each of the PRC2 sub-
units were viable and formed dome-shaped undifferenti-
ated AP-positive colonies, which were morphologically
indistinguishable from those formed by wild-type cells
(Figure 7A). In addition, the lack of deficits in ESC prolifer-
ation in Ezh1, Jarid2, and Phf1, or their closest family mem-
bers Ezh2, Aebp2, and Mtf2/Phf19, respectively, single
knockout is not likely caused by each other’s compensation
because double or triple knockout ESCs (Ezh14/4; Ezh24/,
Jarid2#4; Aebp2/4, or Phf1*/*; Mtf2*/%; Phf194/?) did not
display significantly worse defects than single knockout
ESCs. However, quadruple PRC2 knockout ESCs (Ezh14/;
Ezh24/4; Eed®’?; Suz12%/%) exhibited reduction of both col-
ony number and size with an increased proportion of
partially and fully differentiated populations and reduced
AP activity, suggestive of a degree of functional redundancy
among core members of the PRC2 family (Figures 7A and
SSK-S5M). Interestingly, the mesendoderm (Brachyury,
Msx2, Gata4, Gata6, and Sox17) and trophectoderm genes
(Cdx2) in Ezh1%/4; Ezh2/4; Eed*’; Suz12%/* ESCs reached
similar levels as those in Rbbp4%“ ESCs, suggesting that
the induction of this lineage-specific gene expression is
the result of loss of function of the PRC2 complex in which
RBBP4 is a component. These lineage-specific genes also
showed significant elevations in their expression levels in
Suz124/4, Eed*, or Ezh1¥/%; Ezh2* ESCs, although the
magnitude of the elevation was not as prominent as that
observed in Rbbp4?“ ESCs (Figure 7B). However, no such
induction was evident in Jarid2%/?; Aebp2*/* or Phf1*/4;
Mtf24/4; Phf19%/4 ESCs. The distinct phenotypes observed

(B) Immunofluorescence showing co-staining of the pluripotency markers (0CT4, SOX2, and NANOG) and the lineage-specific markers
(FOXA2, GATA6, and CDX2) at the indicated time points after expressing Cre recombinase in Rbbp4”" ESCs, respectively. DAPI (blue),
pluripotency marker genes (green), the lineage-specific markers (red), and the merge picture are shown. Magnification, 63 X.

Data are represented as mean + SD of three independent experiments.
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in Ezh14/4; Ezh2*; Eed*’*; Suz12%/*, Jarid2/*; Aebp2*/, or
Phf1%/4; Mtf24/4; Phf19*/? ESCs strongly suggest that addi-
tional recruitment mechanisms contribute to recruiting
the PRC2 complex to its genomic targets.

To confirm the interaction between RBBP4 and PRC2
core members, we performed endogenous coimmunopreci-
pitation experiments in ESCs and demonstrated that
RBBP4 coprecipitated RBBP7, EZH1, EZH2, EED, and
SUZ12. Importantly, immunoprecipitation analysis for
SUZ12 in Rbbp4*“ ESCs revealed that Rbbp4 ablation did
not affect the association of core PRC2 components (Fig-
ure 7C). Furthermore, as shown in Figure 7D, Rbbp4 dele-
tion did not appear to adversely affect the protein levels
of the components of PRC2. We next examined a possible
cooperation between RBBP4 and PRC2 at the chromatin
level. Thus, we analyzed PRC2 at its target genes in
Rbbp4“’“ ESCs by utilizing ChIP-qPCR assays. These exper-
iments showed an impairment of genomic EZH2, SUZ12,
and EED binding at target loci that we examined in the
absence of RBBP4 but not RBBP7, accompanied by a dra-
matic decrease in H3K27me3 (Figure 7E). The global
H3K27me3 levels were similar in wild type (Figure 7F),
Rbbp4"™*, and Rbbp4“/* ESCs, showing that the observed
reduction of H3K27me3 at the PRC2 target promoters is
due to changes in local EZH1/2 deposition. Collectively,
these results demonstrate that RBBP4 is absolutely crucial
for genomic loading of the entire PRC2 complex and for
H3K27 methylation at its target genes in ESCs.

DISCUSSION

RBBP4 is a ubiquitously expressed nuclear protein that is a
member of a highly conserved subfamily of WD repeat-
containing proteins (Qian etal., 1993), and targeted disrup-
tion of Rbbp4 leads to preimplantation embryonic lethality
in mice (Miao et al., 2020), but the underlying molecular
mechanisms are largely undetermined. Here, our data
demonstrated that Rbbp4 maintains the pluripotent and
self-renewal state of ESCs by promoting transcription of

pluripotency factors and repressing the expression of line-
age-specific genes. We also show that Rbbp4 targets the
PRC2 complex to the promoters of lineage-specific genes
to repress their expression in ESCs; thus, RBBP4 activity ap-
pears to be a key determinant of cell fate specification and
lineage commitment in ESCs. Surprisingly, despite the
striking similarity of the sequence shared by RBBP4 and
RBBP7, and although both of them are often found within
the same complexes, Rbbp4 but not Rbbp7 null mutants
displayed severe defects, suggesting a specific role of
Rbbp4 in sustaining ESC identity. The reason for such strik-
ing differences between Rbbp4 and Rbbp?7 is not fully un-
derstood but it may be related to their chromatin binding
ability in ESCs (Figure 7E).

RBBP4 tightly associates with EED, EZH1/2, and
SUZ12 to form the core PRC2 complex

Although EZH1/2 catalyze H3K27me2/3, all the PRC2 core
members are required for EZH1/2 to exert their catalytic ac-
tivity. In addition, there are several substoichiometric
accessory factors that associate with PRC2. In mammals,
these include JARID2, AEBP2, PHF1, MTF2, and PHF19.
Although these accessory components seem not particu-
larly essential for PRC2 catalytic activity, they appear to
modulate PRC2 enzymatic activity and/or its targeting to
specific genomic loci. In this study, we demonstrated that
Rbbp4-deficient ESCs, despite maintaining normal
H3K27me3 levels, lost their normal undifferentiated col-
ony morphologies and gave rise to flattened fibroblast-
like cells. In addition, Rbbp4*/# cells failed to efficiently
form colonies in secondary replating assays. Therefore,
spontaneous differentiation induced by the ablation of
Rbbp4 in ESCs resulted in the loss of self-renewal and plu-
ripotency. Apart from Rbbp4, no other PRC2 members has
been shown to play an essential role in the maintenance
of self-renewal of ESCs (Chamberlain et al., 2008). Impor-
tantly, concomitant disruption of Ezh1/2, Eed, and Suz12
triggers spontaneous differentiation of ESCs toward primi-
tive endoderm and mesoderm, a phenotype reminiscent

Figure 5. Rbbp4 governs pluripotency by maintaining the expression of Oct4 and Sox2
(A) Left: reference legend for cell lines used in Figure 5. Right: experimental diagrams of rescue assay.
(B) Representative images of the ESC colony of the indicated genotypes cultured for 7 days. Top, phase-contrast microscopy; bottom, AP

staining.

(C) Percentage of isolated single ESCs of the indicated genotypes giving rise to macroscopic colonies.
(D) Bar graphs show the mean diameter of 30 random ESC colonies of the indicated genotypes.
(E) Quantitative analysis of colony formation assay in ESCs of indicated genotypes. AP-stained colonies were scored as undifferentiated

(undiff.), mixed or differentiated (diff.).

(F) Western blot analysis of 0CT4, SOX2, and NANOG protein levels after the overexpression of Oct4, Sox2, and Nanog in Rbbp4™T ESCs and

Rbbp4%/4 ESCs.

(G) Time-course analysis of pluripotency-associated gene expression after expressing Cre in the corresponding cell lines by gRT-PCR.
Data in (C-E) represent the mean + SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t test)

compared with the control.
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(C) Phase-contrast images of floating EB derived from indicated ESCs at day 6 and day 12. Scale bar, 100 pum.

(legend continued on next page)
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of, but not as severe as, that seen in Rbbp4“/* ESCs. Notably,
a considerable number of RBBP4 target regions was also
occupied by EZH1/2, EED, and SUZ12, and was decorated
with H3K27me3. These findings strongly implicate
RBBP4 in recruitment of the PRC2 complex to target loci
in ESCs. Indeed, EED, SUZ12, and EZH2, as well as the
H3K27me3 mark, were absent or markedly reduced in
Rbbp4*’“ but not Rbbp74/* ESCs. The most severe pheno-
type of Rbbp4“/4 ESCs is accordance with the crucial impor-
tance of RBBP4 for genomic PRC2 targeting. As RBBP4 can
associate with protein complexes other than PRC2 (Feng
and Zhang, 2003; Kuzmichev et al.,, 2002), the severe
phenotype in Rbbp4“/? ESCs can also be explained by the
impaired function of these complexes in which RBBP4 is
a common component. Notably, Rbbp4 was previously
identified as being essential for the maintenance of human
ESCs (O’Connor et al., 2011). It will be interesting to see
whether a similar mechanism also exists in human ESCs.
Our study establishes a critical role of RBBP4 in the recruit-
ment of the PRC2 complex to genes essential for ESC differ-
entiation along the mesendoderm lineage. Dissecting the
potential contribution of JARID2, AEBP2, PHF1, MTF2,
and PHF19 to RBBP4-guided PRC2 chromatin occupancy
is warranted for future investigation.

The maintenance of self-renewal and pluripotency of
ESCs depends mostly on three core transcription factors
namely SOX2, OCT4, and NANOG, which induce genes
necessary for sustaining the undifferentiated state and
repress others involved in lineage commitment and termi-
nal differentiation (Loh et al., 2006; Young, 2011). Interest-
ingly, these three master transcription factors jointly sus-
tain each other’s transcription in autoregulatory and
feedforward loops in ESCs (Boyer et al., 2005). Here, we
show that knockout of Rbbp4 in ESCs dramatically reduces
the expression of Oct4, Sox2, and Nanog. ChIP-seq and
ChIP-qPCR demonstrated that the promoters of Oct4 and
Sox2 were bound by RBBP4, suggesting that Rbbp4 posi-
tively regulates their expression. Oct4 and Sox2 are of inter-
est as they have been shown to be critical for the pluripo-
tency and self-renewal of ESCs. Importantly, forced
expression of Oct4 or Sox2 but not Nanog could partially

rescue the defect in Rbbp4-deficient ESCs. In addition, the
phenotypes in Rbbp4*/* ESCs could be fully rescued by
co-overexpression of both Oct4 and Sox2. However, several
ChIP-seq studies have consistently failed to identify OCT4
and SOX2 as PRC2 target genes (Hgjfeldt et al., 2019; Tam-
burri et al., 2020), suggesting that Rbbp4 keeps the ESCs in
a pluripotent state by maintaining the requisite levels of
OCT4 and SOX2 in a PRC2-independent manner. In
conclusion, our study strongly supports our model in
which RBBP4 maintains ESCs in a pluripotent state by pre-
venting mesendoderm specification and by regulating
expression of Oct4 and Sox2 (Figure 7G).

RBBP4 was originally identified based on its interaction
with the Rb tumor suppressor protein (Qian et al., 1993),
which is essential for the maintenance of self-renewal
and pluripotency in human ESCs (Chetty et al., 2013; Con-
Kklin et al., 2012; Conklin and Sage, 2009; Li et al., 2018b).
The results of these studies in human ESCs together with
our finding consolidate the notion that cell-cycle machin-
ery and the maintenance of pluripotency are intricately
connected to safeguard ESC identity (Pauklin and Vallier,
2013; Ruiz et al., 2011; Shcherbina et al., 2019). Interest-
ingly, prevalent overexpression of Rbbp4 has been impli-
cated in a variety of malignancies (Li et al., 2018a), suggest-
ing that induction of carcinoma cell differentiation by
directly targeting Rbbp4 might be a promising therapeutic
approach for tumor treatment.

EXPERIMENTAL PROCEDURES

CRISPR-Cas9-mediated genome editing

The pSptCas9(BB)-2A-Puro(PX459) V2.0 vector was obtained from
Addgene (no. 62988) and sgRNAs were designed using online
CRISPR design tool (http://crispor.tefor.net). To generate stable
knockout ESC lines, ESCs were transfected with a pair of Cas9
guides flanking the deletion region using Lipofectamine 2000 ac-
cording to the manufacturer’s instruction. Genomic DNA samples
from individual ESC clones were PCR screened for the desired dele-
tion and correct clones were validated by both qRT-PCR and west-
ern blot. To generate a conditional knockout of Rbbp4 in ESCs,
ESCs were subjected to genomic engineering to flank the third

(D) gRT-PCR analysis of lineage-specific markers at day 0, day 6, and day 12 during EB formation from the indicated ESC lines. Fgf5, Nestin
(ectoderm), Brachyury, Flk1 (mesoderm), and Gata4, Gataé (endoderm). Data are normalized to the expression levels in ESCs. Error bars

represent + SD (n = 3).

(E) qRT-PCR mRNA analysis of pluripotency markers during time-course differentiation of Rbbp4™F, and rescue of Rbbp4 in Rbbp4“/4 EBs.

Samples were collected at different days.

(F) In vivo differentiation potential of formation teratomas of indicated ESCs. Left: the morphological characteristics of teratomas are
shown. Right: average teratoma size at 4 weeks after injection in the indicated groups.

(G) Histological analysis of teratomas. (A-F) Histological sections of hematoxylin and eosin-stained teratomas. (A, B, C, F) Each teratoma
contained three embryonic germ layer tissues. (D and E) Immature germ layer differentiation is shown. Scale bar, 50 um.

Data in (B and D-F) represent mean + SD obtained from three independent experiments. *p < 0.05 and **p < 0.01 (Student’s t test)

compared with the control.
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coding exon of Rbbp4 (exon 3) with loxP sites in a parallel orienta-
tion using homology arms of approximately 2 kb and appropriate
Cas9 guides. Correct Rbbp4™F clones were validated by both qRT-
PCR and western blot to confirm Rbbp4 removal by transient trans-
fection of a Cre-expressing plasmid.

Statistics

Statistical analysis was carried out using GraphPad Prism 8.0 soft-
ware. All experiments were carried out in at least three indepen-
dent biological replicates for each group unless stated otherwise.
All data are expressed as mean =+ SD. Statistical significance is pre-
sented in the figures as *p < 0.05, **p < 0.01, ***p < 0.001, and
not significant (ns, p > 0.05) (Student’s t test).

Data and code availability

Sequencing data performed for this study are deposited in GEO
database under the accession numbers GSE144155 (RNA-seq)
and GSE155029 (ChIP-seq). Additional datasets used in this study
are detailed in Table S4.
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