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ABSTRACT

Although extended pluripotent stem cells (EPSCs)
have the potential to form both embryonic and ex-
traembryonic lineages, how their transcriptional reg-
ulatory mechanism differs from that of embryonic
stem cells (ESCs) remains unclear. Here, we discov-
ered that YY1 binds to specific open chromatin re-
gions in EPSCs. Yy1 depletion in EPSCs leads to a
gene expression pattern more similar to that of ESCs
than control EPSCs. Moreover, Yy1 depletion triggers
a series of epigenetic crosstalk activities, including
changes in DNA methylation, histone modifications
and high-order chromatin structures. Yy1 depletion
in EPSCs disrupts the enhancer-promoter (EP) inter-
actions of EPSC-specific genes, including Dnmt3l.
Yy1 loss results in DNA hypomethylation and dra-
matically reduces the enrichment of H3K4me3 and
H3K27ac on the promoters of EPSC-specific genes
by upregulating the expression of Kdm5c and Hdac6
through facilitating the formation of CCCTC-binding
factor (CTCF)-mediated EP interactions surrounding
their loci. Furthermore, single-cell RNA sequencing
(scRNA-seq) experiments revealed that YY1 is re-
quired for the derivation of extraembryonic endo-

derm (XEN)-like cells from EPSCs in vitro. Together,
this study reveals that YY1 functions as a key regu-
lator of multidimensional epigenetic crosstalk asso-
ciated with extended pluripotency.
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INTRODUCTION

Mouse blastocysts consist of the following three lineages be-
fore implantation: the epiblast (EPI), which is a precursor of
all embryonic germ layers, and extraembryonic lineages, in-
cluding primitive endoderm (PrE) and trophectoderm (TE)
(1,2). Embryonic stem cells (ESCs) and trophoblast stem
cells (TSCs) can be derived from the EPI and TE, respec-
tively, while extraembryonic endoderm (XEN) cells are de-
rived from PrE (3). Traditionally, ESCs are cultured in a
defined medium containing two inhibitors, PD0325901 and
CHIR99021 (4), which mainly contribute to embryonic lin-
eages but have limited capacity in developing extraembry-
onic tissues (5,6). More recently, ESCs with expanded devel-
opmental potential designated extended pluripotent stem
cells (EPSCs) or expanded potential stem cells capable of
contributing to both embryonic and extraembryonic lin-
eages in chimeras have been derived (7–10). Indeed, EPSCs
could be used to derive both TSCs and XEN cells in vitro
(7,11). Furthermore, blastocyst-like structures can be gen-
erated from EPSCs, providing a unique in vitro model for
understanding early embryogenesis (12,13).

The stability of EPSCs at both the genetic and epigenetic
levels may contribute to the robust developmental potency
of these cells (14). Compared with ESCs, EPSCs show sig-
nificantly lower levels of copy number variation (CNV) mu-
tations after long-term culturing with improved genetic sta-
bility (14). EPSCs have higher global levels of 5mC modi-
fication on DNA than ESCs (7) and still retain normal ge-
nomic imprinting at the H19 and Snrpn loci after long-term
culturing, suggesting their epigenetic stability (14). In addi-
tion, EPSCs have more bivalent genes marked by histone
H3K4me3 and H3K27me3 than ESCs (7). Except these,
there is still less study on EPSC epigenetic features in the
field.

YY1 is a Gli–Kruppel-type zinc finger transcription fac-
tor (15) that binds active enhancers and promoter-proximal
elements and forms dimers that facilitate the EP interac-
tions of these DNA elements (16). Moreover, YY1 par-
ticipates in the regulation of imprinted genes (17,18) and
X-chromosome inactivation (XCI) (19). Yy1 knockdown
during oogenesis resulted in the loss of DNA methylation
on Peg3 and Xist (20). YY1 is essential for early embryo-
genesis and adult tissue formation (21), and its deficiency
causes peri-implantation lethality during mouse embryonic
development (22). In addition, YY1 positively regulates
transcription by targeting promoters and super-enhancers
through the BAF complex in ESCs (23). However, the roles
of YY1 in the regulation of the expanded developmental
potential of EPSCs remain unclear.

In this study, we found that Yy1 depletion in EPSCs trig-
gered a series of epigenetic crosstalk among DNA methyla-
tion, histone modifications and high-order chromatin struc-
tures. Yy1 knockdown reduced the EP interactions among
placental development-specific genes. Yy1 depletion glob-
ally reduced DNA methylation, facilitated the binding of
CTCF to hypomethylated DNA regions in EPSCs and fur-
ther enhanced the CTCF-mediated EP interactions of the
histone H3K4me3 demethylase gene Kdm5c and the histone
deacetylase gene Hdac6, thereby promoting the expression
of these genes. These changes led to the reduced enrichment

of H3K4me3 and H3K27ac on EPSC-specific gene promot-
ers. Moreover, the in vitro F4H-induced differentiation ex-
periments in combination with the scRNA-seq analysis sug-
gested that YY1 plays an important role in the regulation of
the differentiation of EPSCs toward an XEN-like cell phe-
notype.

MATERIALS AND METHODS

Mice

ICR mice were purchased from Beijing Vital River Lab-
oratory and used to generate mouse embryonic fibroblast
(MEF) feeder cells. The animals were individually housed
under a 12 h light/dark cycle and provided food and wa-
ter ad libitum. The animal experiments were performed ac-
cording to the Guidelines for the Care and Use of Labora-
tory Animals of the National Institutes of Health. The pro-
tocols were approved by the Committee on the Ethics of An-
imal Experiments of Guangzhou Institutes of Biomedicine
and Health, Chinese Academy of Sciences.

Cell culture

HEK293T and MEF feeder cells were maintained in
DMEM high-glucose media (HyClone, SH30022.01) with
10% FBS (Excell) under 5% CO2 at 37◦C. Mouse EPSCs
and ESCs were cultured in N2B27-LCDM medium and 2i
medium, respectively, under 5% CO2 at 37◦C as previously
described (8). In total, 500 ml of N2B27 medium were pre-
pared with 240 ml of DMEM/F12 (Thermo Fisher Sci-
entific, 11330–032), 240 ml of neurobasal (Thermo Fisher
Scientific, 21103-049), 2.5 ml of N2 supplement (Thermo
Fisher Scientific, 17502-048), 5 ml of B27 supplement
(Thermo Fisher Scientific, 12587–010), 1% GlutaMAX
(Gibco, 35050061), 1% nonessential amino acids (Gibco,
11140050), 0.1 mM �-mercaptoethanol (Life Technolo-
gies, 21985023) and 1% penicillin–streptomycin (Gibco,
15070063). To prepare the N2B27-LCDM medium, small
molecules and cytokines were added to the N2B27 medium
at the following final concentrations: 10 ng/ml recombi-
nant human LIF (L, Peprotech, 300-05), 3 �M CHIR99021
(C, Selleck, S2924), 2 �M (S)-(+)-dimethindene maleate
(D, Tocris, 1425) and 2 �M minocycline hydrochloride
(M, Santa Cruz Biotechnology, sc-203339). The 2i medium
contains N2B27 medium with 10 ng/ml recombinant hu-
man LIF (Peprotech, 300-05), 3 �M CHIR99021 (Selleck,
S2924) and 1 �M PD0325901 (Selleck, S1036). Both EP-
SCs and ESCs were maintained on mitomycin C-inactivated
MEF feeder cells (∼3 × 104 cells per cm2)-coated dishes.
The medium was changed every day, and the cells were pas-
saged with 0.25% trypsin–EDTA (Gibco, 25200114). Both
EPSCs and ESCs are clonal cell lines with the same genetic
background (8).

Mouse XEN cells, which were provided by Prof. Jie Na at
the School of Medicine, Tsinghua University, were cultured
as previously described (24). The XEN cells were cultured in
70% MEF-conditioned and 30% fresh IDG medium with-
out any additional supplements on gelatin-coated plates.
The IDG medium contained high-glucose DMEM (Hy-
Clone, SH30022.01), 15% FBS (Gibco, 10082147), 1%
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NEAA (Gibco, 11140050), 0.1 mM �-mercaptoethanol
(Life Technologies, 21985023), 1 mM GlutaMAX (Gibco,
35050061), 1 mM sodium pyruvate (Gibco, 11360–070) and
20 mM HEPES (Gibco, 15630080). The XEN cells were
passaged using 0.25% trypsin–EDTA (Gibco, 25200114)
and replated at a 1:20 ratio once the cells reached approxi-
mately 80% confluency.

Plasmid construction

For the generation of short hairpin RNA (shRNA) vectors,
the following fragments were inserted into the pLKO.1 vec-
tor (25). The shRNA sequences targeting Yy1 were as fol-
lows: shYy1-1#: 5′-CCCTAAGCAACTGGCAGAATT-3′
and shYy1-2#: 5′-CGACGGTTGTAATAAGAAGTT-3′.
For overexpression, Yy1 cDNAs were cloned into the pSin-
Flag vector (26). The plasmids used for the transfections
were purified with a HiPure Plasmid EF Mini Kit (Magen,
P1112-03). The sequences of the shRNA oligos used in this
study are described in Supplementary Table S1. The primers
used for the Yy1 CDS amplification are listed in Supple-
mentary Table S2.

Generation of Yy1-depleted EPS stable cell lines and Yy1
stably overexpressing ES cell lines

Lentiviral supernatants for pLKO.1-Ctrl, pLKO.1-shYy1-
1#, pLKO.1-shYy1-2#, pSin-Flag and pSin-Flag-Yy1 were
generated with the assistance of psPAX2, pMD2.G in
HEK293T cells. EPSCs grown on MEF feeder-coated
dishes were infected with lentiviruses generated from
pLKO.1-Ctrl, pLKO.1-shYy1-1#, and pLKO.1-shYy1-2#.
The positive cells were selected with 2 �g/ml puromycin
(25,26). Then, single colonies were picked up and expanded
individually on gelatin-coated dishes in N2B27-LCDM
medium containing 2 �g/ml puromycin. ESCs grown on
MEF feeders-coated dishes were infected with lentivirus
produced from pSin-Flag or pSin-Flag-Yy1. The cells were
selected with 2 �g/ml puromycin. Then single colonies
were picked up and expanded on gelatin-coated dishes in
2i medium with 2 �g/ml puromycin.

Stable control shRNA-treated and two Yy1 shRNA-
depleted EPSC lines were grown on MEF feeder-coated
dishes in N2B27-LCDM medium, and stable Flag-control
and Flag-Yy1 ESC lines were grown on MEF feeders-
coated dishes in 2i medium. For the functional analysis, the
cells were cultured for one passage on gelatin-coated dishes
in medium with 2 �g/ml puromycin to further select posi-
tive cells and remove the MEF feeders.

Differentiation of extraembryonic cells from ESCs or EPSCs

ESCs and EPSCs were cultured on gelatin-coated plates
for three passages to remove residual MEF feeders.
The cells were plated into six-well plates with 1 × 104

cells per well in TS basic medium with slight mod-
ifications, which was called F4H medium (11,27,28),
containing 30% MEF medium [DMEM high-glucose
media (HyClone, SH30022.01) with 10% FBS (Gibco,
10082147), 2 mM L-glutamine (Gibco, 25030–81), 1%
NEAA (Gibco, 11140050) and 1% penicillin–streptomycin

(Gibco, 15070063)], 70% TS basic medium [RPMI-1640
(Gibco, C11875500BT), 20% FBS (Gibco, 10082147),
1% penicillin–streptomycin (Gibco, 15070063), 2 mM L-
glutamine (Gibco, 25030-81), 1 mM sodium pyruvate
(Gibco, 11360-070), and 0.1 mM �-mercaptoethanol (Life
Technologies, 21985023)] (29), 25 ng/ml FGF4 (Stem Cell,
78103.1) and 1 �g/ml heparin (Stem Cell, 07980).

Cell viability assay

Approximately 1000 control and Yy1-depleted EPSCs
(without MEF feeders) were plated into 96-well plates
coated with gelatin in 100 �l of N2B27-LCDM medium.
The cell viability was detected at the indicated time points
by using Cell Counting Kit-8 (CCK8, Beyotime, C0039) ac-
cording to the manufacturer’s instructions. In brief, 10 �l of
CCK8 solution were added to each well and incubated for 3
h, and then, the absorbance at 450 nm was measured. Wells
with no cells were used as a control. The data are presented
as the mean ± SD of two independent experiments, each
with five technical repeats.

Colony formation assay

In total, 1000 control and Yy1-depleted EPSCs (without
MEF feeders) were seeded into individual wells of a six-well
plate. Alkaline phosphate (AP) staining was performed with
a BCIP/NBT Alkaline Phosphatase Color Development
Kit (Beyotime, C3206) after 5 days of culture according to
the manufacturer’s instructions. The number of clones was
counted. The data are presented as the mean ± SD of three
independent experiments.

Genomic DNA isolation and DNA methylation analysis

Genomic DNA (gDNA) was extracted with a TIANamp
Genomic DNA Kit (Tiangen, RT121). The DNA methyla-
tion analysis was performed as previously described (30).
Two micrograms of gDNA were digested overnight at
37◦C with 10 U HpaII (NEB, R0171S) or McrBC (NEB,
M0272L) in a 20 �l total reaction volume. Digested gDNA
was loaded on a 0.8% agarose gel, and gDNA fragments
were separated by electrophoresis. The quantification of the
DNA signal in the gel was performed using ImageJ soft-
ware.

Quantitative RT-PCR

The cells were collected and washed with PBS, and the total
RNA was extracted using TRIzol® reagent (MRC, TR118-
200). RNA was extracted with phenol/chloroform, precip-
itated with ethanol, resuspended in RNase-free water and
quantified using a Nanodrop (Thermo Fisher Scientific).
For the quantitative PCR, cDNAs were synthesized with
HiScript® III RT SuperMix for qPCR (+ gDNA wiper)
(Vazyme Biotech, R323-01). Real-time PCR was performed
using SYBR Green mix (Genstar, A301-01) on a CFX96
real-time PCR system (Bio-Rad) according to the manu-
facturer’s instructions. The data were analyzed by using the
��Ct method (31), and Gapdh was used as an internal con-
trol. The primers used for the RT-qPCR assays are listed in
Supplementary Table S3.
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Western blot analysis

Cells were resuspended in RIPA buffer [1% Triton X-100,
0.1% sodium dodecyl sulfate (SDS), 150 mM KCl, 50 mM
Tris–HCl (pH 7.4), 1 mM EDTA and 1% sodium deoxy-
cholate], 1 mM PMSF, and 1 × protease inhibitor cocktails.
The total soluble proteins were obtained by centrifugation
at 15 294 × g for 10 min. The samples were separated on an
SDS-PAGE gel and transferred onto a polyvinyl difluoride
(PVDF) membrane (Millipore, IPVH00010). The PVDF
membrane was blocked with 5% milk in TBS-T buffer. Im-
munoblot analysis was performed with the indicated anti-
bodies. Then the membrane was washed with TBS-T buffer
and immunoblotted. The antibodies used in this study
included anti-YY1 antibody (Abcam, ab109237), anti-�-
Actin antibody (Sigma-Aldrich, A2228), anti-DNMT3A
antibody (Proteintech, 19366-1-AP), anti-DNMT3B anti-
body (Abcam, ab2851), and anti-DNMT3L antibody (Cell
Signaling Technology, 13451).

RNA sequencing (RNA-seq) and bioinformatics analysis

The total RNA was extracted as described above. RNA
sequencing libraries were constructed using a VAHTS
mRNA-seq V3 Library Prep Kit (Vazyme Biotech,
NR611). Two rounds of mRNA purification were per-
formed to guarantee the removal of rRNA. In brief, 50
�l of mRNA capture beads were incubated with 1.5 �g
of total RNA at 65◦C for 5 min and then 25◦C for 5 min.
The supernatant was discarded, and 200 �l of beads wash
buffer were added to the clean beads. Fifty microliters
of Tris buffer were added to resuspend the beads, and
the sample was incubated at 80◦C for 5 min to release
mRNA. Then, 50 �l of beads binding buffer were added to
facilitate the binding of mRNA to the beads. Furthermore,
ribosomal-depleted mRNAs were fragmented at 85◦C for
6 min, and cDNAs were synthesized. The cDNA was puri-
fied with AMPure XP beads (Beckman Coulter, A63882),
followed by end repair, adaptor-ligation, size selection of
the library, and library amplification. The libraries were
purified using AMPure XP beads and then sequenced
on Illumina NovaSeq (Annoroad Gene Technology Co.,
Ltd.).

The raw reads were mapped to the mouse genome
(mm10) using the STAR aligner (32). The transcript iden-
tification and counting were processed by HTSeq (33). The
DESeq2 package was used to analyze the differentially ex-
pressed genes (DEGs) (34). The top Gene Ontology (GO)
processes were enriched by the Metascape web-based plat-
form (35).

scRNA-seq and bioinformatics analysis

For the 10× Genomics scRNA-seq, the cells derived from
the EPSCs with or without Yy1 depletion and the ESCs
with or without Yy1 overexpression on day 6 after the
F4H treatment were dissociated with 0.25% trypsin–EDTA
(Gibco, 25200114) at 37◦C for 10 min. Single cell popula-
tions were resuspended in PBS with 0.04% BSA. Single-
cell libraries were created using Chromium Single Cell 30
Reagent Kits and sequenced on a Novaseq 6000 sequencer.
Approximately 10000 cells were captured at each time point.

The gene expression matrices were generated using Cell-
Ranger software (version 6.0.2, 10 × Genomics). The fol-
lowing quality control steps were performed: (i) genes ex-
pressed by less than two cells were not considered; (ii) cells
that expressed fewer than 400 genes and more than 8000
genes were excluded from further analysis and (iii) cells in
which over 5% of unique molecular identifiers (UMIs) were
derived from the mitochondrial genome were removed. The
Seurat package (version 4.0.4) (36) was used to perform
the single-cell analysis from whole-cell clustering. Briefly,
the data normalization and scaling were performed us-
ing the SCTransform function with the default parame-
ters. The single-cell samples were merged with the Integrate-
Data function with the following parameters: normaliza-
tion.method = ‘SCT’ and dims = 1:30. A shared-nearest-
neighbors (SNN) graph was constructed using the first 30
principal components before clustering the cells using the
FindClusters function with a resolution of 0.4 and the de-
fault parameters. We performed a differential expression
analysis to define the genes that marked each cluster us-
ing the FindconservedMarkers function with the settings
min.pct = 0.1 and logfc.threshold = 0.25 using a Wilcoxon
test. Each cluster for specific cell type was annotated ac-
cording to the expression of the markers showing in Sup-
plementary Table S4.

Assay for transposase accessible chromatin using sequencing
(ATAC-seq) and bioinformatics analysis

The ATAC-seq experiments were performed as previously
described (37). In brief, 50,000 cells were harvested, washed
once with 50 �l of cold PBS and then resuspended in 50 �l
of lysis buffer [10 mM Tris–HCl (pH 7.4), 10 mM NaCl,
3 mM MgCl2, and 0.2% (v/v) IGEPAL CA-630]. The sus-
pension of nuclei was centrifuged at 500 × g at 4◦C for
10 min. The pellet was resuspended in 50 �l of transposi-
tion reaction mix (10 �l of TD buffer, 5 �l of Tn5 trans-
posase and 35 �l of nuclease-free H2O) and incubated at
37◦C for 30 min. Finally, DNA was isolated using a MinE-
lute PCR Purification Kit (Qiagen, 28006). ATAC-seq li-
braries were constructed and purified with AMPure XP
beads (Beckman Coulter, A63882) and then sequenced on
HiSeq X-Ten (Annoroad Gene Technology Co., Ltd.). Af-
ter trimming the adaptor sequence with Cutadapt (v.0.6.1)
(38), the ATAC-seq reads were aligned to the mm10 genome
by using Bowtie2 (v.2.4.1) (39) with the default param-
eters. Low-mapping-quality reads were filtered by SAM-
tools (v.1.9) (40), and duplicate reads were removed by
Picard tools (v1.90). MACS2 (41) was used to call the
ATAC peaks (p-value < 0.01), and the common peaks
were merged by bedtools (v2.25.0) (42). ATAC-seq read
counts for each sample were then calculated by the mul-
ticov function in bedtools with default settings. The DE-
Seq2 package was used to analyze the differential ATAC
peaks (34). Significantly differential ATAC peaks were de-
fined as peaks with a q-value < 0.05 and |log2FC| > 1. Mo-
tif analysis was performed by HOMER using default set-
tings (43). Motifs were only kept if the p-value was < 1e–20
and (the percent of target/the percent of background) was
> 2.
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ChIP-seq and bioinformatics analysis

The ChIP experiments were performed as previously de-
scribed (44). In total, 1 × 107 cells were crosslinked with
1% formaldehyde at room temperature for 10 min. Then,
the reaction was stopped by adding glycine (final concen-
tration, 0.125 M). The crosslinked cells were lysed in ChIP
SDS lysis buffer [1% SDS, 10 mM EDTA, and 50 mM Tris–
HCl (pH 8.0)] containing 1 × protease inhibitor cocktail
and PMSF and then sonicated to achieve a chromatin size
of 200–400 bp. After sonication, we collected 1% of the total
supernatant for input, and the remaining supernatant was
diluted with IP buffer and then co-incubated with antibody-
Dynabeads protein A/G (1:1 mixed) at 4◦C overnight with
rotation.

ChIP for histones. The crosslinked cells were lysed in 200
�l MNase digesting buffer (0.5% NP-40, 0.5% Tween and
0.1% SDS) containing 1 × protease inhibitor cocktail and
PMSF. Then, 200 �l of MNase working buffer [100 mM
Tris–HCl (pH 8.0) and 2 mM CaCl2] and 500 U micrococ-
cal nuclease (NEB, M0247S) were added to digest the nu-
cleosome fragments at 37◦C. The reaction was stopped by
adding 100 �l of MNase stopping buffer [50 mM Tris–HCl
(pH 8.0) and 25 mM EDTA]. Then, 2 × RIPA buffer (1%
Triton X-100, 280 mM NaCl, and 0.1% SDS) was added,
and the tubes were rotated at 4◦C for 10 min. After rota-
tion, the sample was diluted with 1 × RIPA buffer [10 mM
Tris-HCl (pH 8.0), 140 mM NaCl, 1% Triton X-100 and
0.1% SDS], and 1% of the total sample was used as input.
The remaining sample was co-incubated with antibody-
Dynabeads protein A/G (1:1 mixed) at 4◦C overnight with
rotation. The next steps were the same as those described
above.

Immune complexes were washed with the following
buffers: low salt wash buffer [0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris–HCl (pH 8.0) and 150 mM NaCl],
high salt wash buffer [0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris–HCl (pH 8.0) and 500 mM NaCl],
LiCl wash buffer [0.25 M LiCl, 1% IGEPAL-CA630, 1%
deoxycholic acid (sodium salt), 1 mM EDTA and 10 mM
Tris–HCl (pH 8.0)] and TE buffer [10 mM Tris–HCl (pH
8.0) and 1 mM EDTA]. Antibody-bound chromatin was
reverse-crosslinked, and the ChIPed DNA samples were pu-
rified for the ChIP-seq library generation. The antibodies
included YY1 (Abcam, ab109237), CTCF (Active Motif,
61311), H3K27ac (Active Motif, 39133), H3K4me1 (Active
Motif, 39297), and H3K4me3 (Millipore, 07-473).

The ChIP-seq libraries were constructed using a VAHT-
STM Universal DNA Library Prep Kit for Illumina®

V2 (Vazyme Biotech, ND606-01). After the PCR library
amplification, size selection of adaptor-ligated DNA was
performed using Agecourt AMPure XP Beads (Beckman
Coulter, A63882). The libraries were sequenced on Illu-
mina NovaSeq (Annoroad Gene Technology Co., Ltd.). Af-
ter trimming the adaptor sequence with Cutadapt (v.0.6.1)
(38), the ChIP-seq reads were aligned to the mm10 genome
by using Bowtie2 (v.2.4.1) (39) with the default parame-
ters. Low-mapping-quality reads were filtered by SAMtools
(v.1.9), and duplicate reads were removed by Picard tools
(v1.90). MACS2 (41) was used to call the peaks for YY1
ChIP-seq in EPSCs (p-value < 0.001); the other samples

had q-value < 0.01. The differential peaks were identified
by the MAnorm pipeline (45), and peaks with high confi-
dence were chosen by a p-value < 0.05 and |log2M-value| >
0.58. BigWig files were generated by deeptools (46) by the
RPKM normalization method and visualized in the WashU
Epigenome Browser (47).

CUT&Tag and bioinformatics analysis

The CUT&Tag experiments were performed as previously
described (48). In brief, 100 000 cells were harvested and
washed twice with 200 �l of wash buffer. 10 �l concanavalin
A beads (Bangs Laboratories, BP531) were added per sam-
ple and incubated at room temperature for 15 min. Then,
100 �l of dig-wash buffer containing 2 mM EDTA and 1
�g of primary antibody were added. The primary antibody
anti-H3K27ac (Active Motif, 39133) was added and incu-
bated on a rotating platform at 4◦C overnight. Two hundred
microliters of dig-wash buffer were added to remove the un-
bound antibodies. Then, the reaction was incubated with
pAG-Tn5 (homemade) at 4◦C for 2 h. Two hundred mi-
croliters of dig-med buffer were added to remove unbound
pAG-Tn5 protein. Next, the cells were resuspended in 100
�l of tagmentation buffer and incubated at 37◦C for 1 h. To
stop tagmentation, 2.25 �l of 0.5 M EDTA, 2.75 �l of 10%
SDS and 0.5 �l of 20 mg/ml proteinase K were added and
incubated at 55◦C for 30 min and then at 70◦C for 30 min
to inactivate proteinase K. Then, DNA was extracted.

To generate the sequencing libraries, 21 �l DNA were
mixed with 2 �l of a universal i5 and a uniquely barcoded
i7 primer (49) using a different barcode per sample. A vol-
ume of 25 �l of NEBNext high-fidelity 2 × PCR master
mix (NEB, M0541L) was added and mixed. The sample
was placed in a thermocycler with a heated lid using the
following cycling conditions: 72◦C for 5 min (gap filling);
98◦C for 30 s; 14 cycles of 98◦C for 10 s and 63◦C for 30 s;
final extension at 72◦C for 1 min; and hold at 8◦C. Post-
PCR clean-up was performed by adding 1 × volume of
Ampure XP beads (Beckman Counter, A63882), and the li-
braries were incubated with beads at room temperature for
15 min, washed twice gently with 80% ethanol, and eluted
in 25 �l of 10 mM Tris (pH 8.0). The libraries were se-
quenced on Illumina NovaSeq (Annoroad Gene Technol-
ogy Co., Ltd.). After trimming the adaptor sequence with
Cutadapt (v.0.6.1) (38), the CUT&Tag reads were aligned
to the mm10 genome by using Bowtie2 (v.2.4.1) (39) with
the default parameters. Low-mapping-quality reads were
filtered by SAMtools (v.1.9), and duplicate reads were re-
moved by Picard tools (v1.90). MACS2 (41) was used to call
peaks with a q-value < 0.01. BigWig files were generated by
deeptools (46) by the RPKM normalization method and vi-
sualized in the WashU Epigenome Browser (47).

Whole-genome bisulfite sequencing (WGBS) and bioinfor-
matics analysis

DNA was isolated using standard phenol/chloroform ex-
traction and ethanol precipitation. WGBS was performed
as previously described (50). The C-T transformation of 1
�g genomic DNA and bisulfite treatment were performed
by using an EZ DNA Methylation Gold™ Kit. Then, the
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modified DNA was treated as follows: DNA fragment, end
repair, A-tailing, and ligation of methylated adapter. The
target DNA samples were selected and treated with bisulfite.
Then, the WGBS libraries were amplified and sequenced on
Illumina NovaSeq (Annoroad Gene Technology Co., Ltd.).

Subsequently, the raw reads were mapped to the com-
putationally bisulfite-converted mouse reference genome
(GRCm38/mm10) by using Bismark (51). Potential PCR
duplicates were removed using the deduplicate bismark
command. Approximately 2 kb tiles were calculated for all
chromosomes with a 1 kb offset. UHC of 2 kb tile methy-
lation was performed using the R hclust command with the
‘ward’ method. The correlation matrix was calculated by the
R corrplot package.

Bridge-linker-Hi-C (BL-Hi-C) analysis

The BL-Hi-C libraries were constructed as previously de-
scribed (52). Briefly, 5 × 106 cells were treated with 1%
formaldehyde at room temperature for 10 min, and the
crosslink was quenched by adding 2.5 M glycine to a fi-
nal concentration of 0.2 M. Then, the cells were resus-
pended with BL-Hi-C lysis buffer 1 and incubated on ice
for 15 min. After centrifugation, the cell pellet was resus-
pended in BL-Hi-C lysis buffer 2 and rotated at 4◦C for
15 min. The cell pellet was washed once with BL-Hi-C ly-
sis buffer 1, resuspended with 0.5% SDS and incubated at
62◦C. At the end of the incubation, SDS was quenched
by adding 10% Triton X-100 and ddH2O incubation at
37◦C for 10 min. Subsequently, the genome was digested
overnight at 37◦C with 100 U of HaeIII (NEB, R0108L)
into blunt-end fragments. Cleaved chromatin was A-tailed
by adding 10 mM dATP solution (NEB, N0440S) and
Klenow Fragment (3′→5′ exo-) (NEB, M0212L) with rota-
tion at 37◦C for 40 min. Then, chromatin was treated with
adenine and ligated with biotinylated bridge linker S2 (an-
nealed by/5Phos/CGCGATATC/iBIOdT/TATCTGACT
and/5Phos/GTCAGATAAGATATCGCGT) at 16◦C for 4
h. After centrifugation at 3500 g at 4◦C for 5 min and re-
moval of the supernatant, the pellet was resuspended in a
mixture of ddH2O, Lambda Exonuclease buffer, Lambda
Exonuclease (NEB, M0262L) and Exonuclease I (NEB,
M0293L) and rocked at 900 rpm at 37◦C for 1 h in Ther-
moMixer C. Next, the samples were treated with SDS and
proteinase K at 55◦C overnight to digest the proteins, and
the DNA was purified using phenol:chloroform:isoamyl al-
cohol (25:24:1) extraction followed by ethanol precipita-
tion. Then, the DNA was fragmented into 300 bp fragments
on average by sonication, and the biotin-labeled DNA frag-
ments were pulled down with Dynabeads M-280 Strepta-
vidin beads (Thermo Fisher Scientific, 11205D). The beads
were washed twice with 2 × B&W buffer and blocked
with 1 × I-Block buffer at room temperature for 45 min.
Then, the beads were washed twice with 1 × B&W buffer
and treated with 1 mg of pre-heated Salmon Sperm-DNA
(Thermo Fisher Scientific, 15632011) with rotation at room
temperature for 30 min. After washing with 1 × B&W
buffer, the beads were resuspended with 2 × B&W buffer,
combined with sonicated DNA and rotated at room tem-
perature for 45 min. The beads were washed five times
with 2 × SSC containing 0.5% SDS, twice with 1 × B&W

buffer and once with Buffer EB (Qiagen, 19086). The
DNA on the beads was end-repaired using T4 DNA poly-
merase (NEB, M0203L), T4 polynucleotide kinase (NEB,
M0201L) and large (Klenow) fragment (NEB, M0210L)
with shaking at 900 rpm at 37◦C for 30 min. After wash-
ing twice with 1 × TWB at 55◦C for 2 min, the DNA
on the beads was A-tailed using Klenow fragment (3′→5′
exo-) (NEB, M0212L) with shaking at 900 rpm at 37◦C
for 30 min. The beads were washed twice with 1 × TWB
at 55◦C for 2 min and once with 1 × Quick ligase buffer
(NEB, M2200L). The DNA on the beads was ligated with
adaptor using Quick ligase (NEB, M2200L) and 20 mM
Y-Adaptor (annealed by/5Phos/GATCGGAAGAGCAC
ACGTCTGAACTCCAGTCAC and TACACTCTTTCC
CTACACGACGCTCTTCCGATCT) at room tempera-
ture for 45 min. The beads were washed twice with 1 × TWB
at 55◦C for 2 min and once with buffer EB (Qiagen, 19086).

The libraries were constructed using Q5 Hot Star DNA
Polymerase (NEB, M0493L) for the PCR amplification.
PCR products between 300–700 bp were purified using Am-
pure XP beads (Beckman Coulter, A63882) and subjected
to Illumina NovaSeq (Annoroad Gene Technology Co.,
Ltd.) for sequencing.

BL-Hi-C data analysis

The BL-Hi-C data were processed with ChIA-PET2
v0.9.2 software (53) with the parameter ‘-A ACGCGA
TATCTTATC -B AGTCAGATAAGATAT -s 1 -m 1
-t 4 -k 2 -e 1 -l 15 -S 500’ to identify chromatin
interactions annotated in genome mm10. The biologi-
cal replicates of each group were merged to perform
the A/B compartment and topologically associated do-
main (TAD) analysis. ChIA-PET2 bedpe2Matrix was
used to generate the contact matrices. Normalization
was performed by HiCExplorer (54) hicCorrectMatrix (–
correctionMethod KR). A/B compartments at 40 kb bins
were identified by HiCExplorer hicPCA (–method lieber-
man –extraTrack H3K4me3 chip.bw –histonMarkType
active). TADs and TAD boundaries were defined by
HiCExplorer hicFindTADs (–correctForMultipleTesting
fdr –thresholdComparisons 0.05 –minDepth 120000 –
maxDepth 200000 –step 40000) at 40-kb resolution.

High confidence interactions were defined as those with a
false discovery rate (FDR) < 0.05 for the downstream anal-
ysis. Promoters were defined as 2.5 kb upstream and 2.5 kb
downstream of TSSs. Enhancers were defined as H3K27ac
binding sites that did not overlap with promoters. To iden-
tify the loops mediated by YY1 and CTCF, we performed
a combination analysis of the Hi-C data and ChIP-seq data
(both YY1 and CTCF) generated in this study. The dif-
ferential EP interactions mediated by YY1 or CTCF were
identified using the diffloop pipeline (55) with the quickAs-
soc function, which was based on an overdispersed Poisson
regression model. Then, differential interactions with high
confidence were chosen as follows: first, interactions with
p-value < 0.05 and |log2FC| > 1 were selected as primary
differential interactions. Then, in these primary differen-
tial interactions, for the Yy1 shRNA-depleted EPSC versus
the control shRNA-treated EPSC enhanced interactions,
the interactions produced in the cells from two replicates of
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Yy1 shRNA-depleted EPSC must not be zero. Similarly, for
the control shRNA-treated EPSC versus the Yy1 shRNA-
depleted EPSC enhanced interactions, the interactions that
either replicate of the control shRNA-treated EPSC is zero
will be filtered. Finally, the filtered differential interactions
were considered as differential interactions with high con-
fidence and were used for further analysis. The data were
further visualized in the WashU Epigenome Browser (47).

Transposable elements (TEs) analysis of ATAC-seq, ChIP-
seq and WGBS

For the TEs analysis of ATAC-seq, ChIP-seq and WGBS,
the multi-mapped reads were retained, but only the best
alignment was retained for those reads; if more than one
equivalent best alignment was found, one random align-
ment was retained. The coordinates and annotations of the
TEs were downloaded from the UCSC Genome Browser
(mm10) version of RepeatMasker. TE types with < 200
copies were deleted from the analysis. The average coverage
signal on each TE copy was calculated using deeptools (46).
The YY1 enrichment values for TEs were calculated by the
average ChIP-seq signal divided the average input signal.
The TEs were used for further analysis if the enrichment
value was > 1.5.

Quantification and statistical analysis

The data are presented as the mean value ± SD unless oth-
erwise indicated in the figure legend. The sample numbers
and experimental repeats are indicated in the figure leg-
ends. Statistical significance in the two group comparisons
was determined by Student’s t-test (two-tailed). The differ-
ences in means were considered statistically significant at p
< 0.05. The significance levels are as follows: *p < 0.05;
**p < 0.01 and ***p < 0.001.

RESULTS

Transcriptome analysis of both ESCs and EPSCs

We cultured mouse EPSCs and ESCs in N2B27-LCDM
medium and 2i medium, respectively, as previously de-
scribed (8). Relative to ESCs, EPSCs were more homoge-
neous, and their colonies exhibited a clear domed morphol-
ogy (Supplementary Figure S1A). To examine whether EP-
SCs and ESCs showed similar gene expression programs as
previously described (7,8), we performed RNA-seq exper-
iments using both EPSCs and ESCs with three biologi-
cal replicates. Hierarchical cluster analysis (HCA) indicated
that the gene expression patterns of the EPSCs and ESCs
used in this study were highly similar to those in previously
reported data (Supplementary Figure S1B). Then, we exam-
ined the DEGs (q-value < 0.05 and fold-change > 1.5) be-
tween the ESCs and EPSCs by using DESeq2. Our data in-
dicated that there were 1270 genes with upregulated expres-
sion and 1812 genes with downregulated expression show-
ing more than a 1.5-fold difference in expression between
the EPSCs and ESCs (Supplementary Figure S1C). For ex-
ample, Lin28a, Gja1, and Spry4 showed significantly up-
regulated expression, while Calcoco2, Arl14epl and Col12a1
showed downregulated expression in the EPSCs relative

to the ESCs (Supplementary Figure S1D), suggesting that
these genes might be markers that can distinguish EPSCs
from ESCs. The Metascape enrichment analyses of the
DEGs revealed that the upregulated genes identified in EP-
SCs were highly enriched in the negative regulation of the
Wnt and MAPK signaling pathways, in utero embryonic de-
velopment, and placenta development (Supplementary Fig-
ure S1E, F), as previously described (7,8). Therefore, we
defined the 1270 upregulated genes found in the EPSCs
as EPSC-specific genes and the 1812 downregulated genes
found in the EPSCs as ESC-specific genes.

Chromatin accessibility landscape between ESCs and EPSCs

To identify the differences in the chromatin accessibility
landscape between ESCs and EPSCs, we performed ATAC-
seq experiments and observed high reproducibility among
three biological replicates (R > 0.9, Supplementary Figure
S2A). We found that 3512 regions were more accessible in
EPSCs than in ESCs; however, 6668 peaks were less acces-
sible in EPSCs than in ESCs (Figure 1A, B). These data in-
dicated that EPSCs have less accessible chromatin regions
than ESCs. We further noticed that these hyperaccessible
regions in EPSCs had relatively higher enrichments in pro-
moters and distal intergenic regions than the hypoaccessible
regions (Supplementary Figure S2B). These hyperaccessible
and hypoaccessible chromatin regions were further corre-
lated with changes in gene expression (Supplementary Fig-
ure S2C). We found that approximately 20.59% (105/510)
of the genes associated with hyperaccessible regions were
EPSC-specific genes and that ∼26.28% (231/879) of the
genes associated with hypoaccessible regions were ESC-
specific genes (Figure 1C). Histone H3K27ac has been re-
ported as an active enhancer marker (56). We found that
Lin28a and Gja1, two EPSC-specific genes, showed higher
ATAC and H3K27ac signals surrounding their promoter or
enhancer regions in EPSCs compared to ESCs (Supplemen-
tary Figure S2D, E). In contrast, Calcoco2 and Arl14epl,
two ESC-specific genes, showed lower ATAC and H3K27ac
signals surrounding their promoter or enhancer regions in
EPSCs compared to ESCs (Supplementary Figure S2F, G).
Altogether, these results indicated that EPSCs and ESCs
have different chromatin features globally.

YY1 and H3K27ac are highly enriched in hyperaccessible re-
gions in EPSCs

To identify potential binding factors in the hyperaccessi-
ble and hypoaccessible regions of EPSCs, we investigated
the transcription factor-enriched motifs within these re-
gions. EKLF and TCFCP2L1 motifs were found in the hy-
poaccessible regions in EPSCs, suggesting that EKLF and
TCFCP2L1 might have little effect on the maintenance of
EPSCs but are important for maintaining ESCs (Figure 1D)
(57). Interestingly, we found that the YY1 motif showed the
greatest enrichment at the hyperaccessible sites of EPSCs
(Figure 1E). We examined the YY1 expression levels in both
ESCs and EPSCs by RT-qPCR and Western blot analysis
and found that YY1 was highly expressed in EPSCs relative
to ESCs (Figure 1F). To further confirm that YY1 could
bind the hyperaccessible regions of EPSCs, we performed
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Figure 1. Chromatin accessibility features of both ESCs and EPSCs. (A) Volcano plot of the chromatin accessibility profiles of EPSCs and ESCs (n = 3
biological replicates). Red and blue dots represent significantly hyperaccessible and hypoaccessible regions, respectively, in EPSCs relative to ESCs (q-
value < 0.05, fold-change > 2). (B) Heatmaps of ATAC-seq enrichment [normalized reads per kilobase per million (RPKM)] in hyperaccessible (left) and
hypoaccessible (right) regions (center ± 5 kb) of EPSCs relative to ESCs (n = 3 biological replicates). (C) Overlap between genes with hyperaccessible regions
and EPSC-specific genes (upper). Overlap between genes with hypoaccessible regions and ESC-specific genes (lower). The p-value was calculated with the
hypergeometric distribution test. (D) Enrichment of transcription factor (TF) motifs in hypoaccessible regions of EPSCs relative to ESCs. (E) Enrichment
of TF motifs in hyperaccessible regions of EPSCs relative to ESCs. (F) RT-qPCR and Western blot analysis were used to examine YY1 expression in ESCs
and EPSCs. mRNA expression was tested in triplicate in three independent experiments. The data are shown as the mean ± SD. P-values were determined
by two-sided Student’s t-test. (G) Read count tag density pileups (in RPKM) of the ChIP-seq signals of YY1 from EPSCs and ESCs at hyperaccessible
regions of EPSCs. (H) Read count tag density pileups (in RPKM) of the ChIP-seq signals of histone H3K27ac from EPSCs and ESCs at hyperaccessible
regions of EPSCs.
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YY1 ChIP-seq experiments in both ESCs and EPSCs. As
expected, consistent with H3K27ac binding, YY1 was sig-
nificantly enriched at the hyperaccessible regions of EPSCs
relative to ESCs (Figure 1G, H). And we found that approx-
imately 21.84% (767/3512) of the hyperaccessible regions
overlapped with the YY1 binding sites in EPSCs and that
approximately 16.4% (576/3512) of the hyperaccessible re-
gions co-bound with H3K27ac in EPSCs (Supplementary
Figure S2H, I). Taken together, these results showed that
YY1 and H3K27ac are highly enriched in hyperaccessible
regions in EPSCs.

Yy1 depletion in EPSCs results in a more similar gene ex-
pression pattern to ESCs than control EPSCs

To investigate the role of YY1 in maintaining EPSCs, we
generated control shRNA and two Yy1-depleted stable
EPSC lines (Figure 2A). Our data indicated that both Yy1-
depleted stable EPSC lines had a cell morphology similar
to that of the control shRNA-treated EPSC lines (Supple-
mentary Figure S3A). The knockdown of Yy1 slightly in-
hibited the viability and colony formation of EPSCs (Sup-
plementary Figure S3B, C). We further performed RNA-
seq experiments in EPSCs subjected to either the control
shRNA treatment or Yy1 depletion, and we analyzed the
obtained data along with RNA-seq data from ESCs and
wild-type EPSCs to examine the effects of Yy1 knockdown
on gene expression in EPSCs. Interestingly, the HCA in-
dicated that the gene expression pattern of EPSCs became
more similar to that of ESCs after Yy1 depletion (Supple-
mentary Figure S3D). We further analyzed the DEGs (q-
value < 0.05 and fold-change > 1.5) and found that 1529
and 1033 genes had significantly up- and downregulated
expression, respectively, after Yy1 depletion in the EPSCs
(Supplementary Figure S3E). Notably, we found that 25.6%
(264/1033) of the genes with downregulated expression af-
ter Yy1 knockdown were EPSC-specific genes (Supplemen-
tary Figure S3F). However, 33.4% (511/1529) of the genes
with upregulated expression after Yy1 knockdown were
ESC-specific genes (Supplementary Figure S3G). More-
over, we found that the EPSC-specific genes related to em-
bryonic development in utero, such as Zp3, Epas1 and Eno1,
showed downregulated expression after Yy1 knockdown in
both EPSC clones examined (Supplementary Figure S3H).
Taken together, these results indicated that Yy1 loss globally
disrupts the gene expression pattern of EPSCs and leads to
a more similar gene expression pattern to ESCs than control
EPSCs.

Yy1 depletion in EPSCs disrupts the EP interactions of
EPSC-specific genes

Since YY1 could mediate EP interactions as a general fea-
ture of mammalian gene control (16), we performed BL-
Hi-C experiments (52) and investigated the EP interactions
in EPSCs with or without Yy1 knockdown. Our Hi-C data
indicated that each library exhibited > 90% valid paired-
end tags (PETs) in the mapped PETs (Supplementary Fig-
ure S4A), approximately 80% of which were found to be
unique after removing PCR duplicates (Supplementary Fig-
ure S4B). Our BL-Hi-C data showed high reproducibil-
ity between different samples (Supplementary Figure S4C).

These data demonstrated that the control shRNA-treated
EPSCs and the Yy1-depleted EPSCs showed similar dis-
tributions for both the A and B compartments (Supple-
mentary Figure S4D). The correlation analysis revealed a
minimal difference in TADs between the control shRNA-
treated and Yy1-depleted EPSCs (Supplementary Figure
S4E).

We subsequently analyzed the YY1 binding peaks using
data from the ChIP-seq experiments along with the BL-Hi-
C data to identify YY1-mediated EP interactions in EP-
SCs. Our data indicated that the interactions between the
YY1-occupied enhancers and promoters significantly de-
creased after Yy1 depletion (Supplementary Figure S4F,
G), and 33.7% of the genes regulated by YY1-mediated
EP interactions showed significant changes in their expres-
sion (Supplementary Figure S4H). We divided these genes
into the following three categories after Yy1 depletion in
EPSCs: (i) genes with significantly upregulated expression,
(ii) genes that were not significantly changed and (iii) genes
with significantly downregulated expression. We observed
that compared to both the genes with significantly upreg-
ulated expression and the genes that were not significantly
changed, the genes with significantly downregulated expres-
sion had more reduced EP contact frequencies than in-
creased contacts in response to Yy1 depletion (Figure 2B).
Furthermore, our data indicated that Yy1 depletion re-
sulted in a significantly decreased contact frequency of 3005
YY1-mediated EP interactions (Figure 2C). Moreover, we
found that 221 genes with downregulated expression (in-
cluding 39 EPSC-specific genes) had a significant decrease
in EP interactions after Yy1 depletion (Figure 2D, Supple-
mentary Table S5). Importantly, GO analysis revealed that
these 221 genes, such as Epas1, were involved in placental
development and embryonic development in utero (Figure
2E, F and Supplementary Table S6). We further found that
these genes with downregulated expression mediated by a
reduced number of EP interactions were involved in DNA
methylation and genomic imprinting (Figure 2E and Sup-
plementary Table S6). We also found that Yy1 depletion sig-
nificantly reduced EP interactions of Dnmt3l (Figure 2G),
which could stimulate de novo methylation by Dnmt3a and is
thought to be required for the establishment of maternal ge-
nomic imprinting (58), suggesting that YY1 might regulate
DNA methylation by modulating the expression of DNA
methyltransferase.

Yy1 depletion induces DNA hypomethylation in EPSCs

To investigate how YY1 regulates DNA methylation in EP-
SCs, we measured the global DNA methylation levels in
both ESCs and EPSCs with two restriction enzymes, HpaII
(which cleaves unmethylated DNA) and McrBC (which
cleaves methylated DNA). Our data showed that EPSCs ex-
hibited higher levels of DNA methylation than ESCs, as
previously reported (7) (Supplementary Figure S5A). Since
our data indicated that YY1 positively regulates the EP in-
teractions of Dnmt3l, we investigated whether YY1 regu-
lates global DNA methylation by altering the expression of
DNA methylation-associated genes. To test this hypothesis,
we examined both the mRNA and protein levels of Dnmt3a,
Dnmt3b and Dnmt3l. As expected, our data indicated that
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Figure 2. Yy1 depletion disrupts the YY1-mediated EP interactions of EPSC-specific genes. (A) RT-qPCR and Western blot analysis were performed to
determine the Yy1 knockdown efficiency in EPSCs. mRNA expression was tested in triplicate in three independent experiments. The data are shown as
the mean ± SD. P-values were determined by two-sided Student’s t-test. (B) Change in the normalized interaction frequency (log2 fold change) upon Yy1
depletion in the following three different categories of EP interactions: genes with significantly upregulated expression, genes that were not significantly
changed, and genes with significantly downregulated expression. (C) Heatmap representation of significantly decreased (blue) YY1-mediated EP inter-
actions after Yy1 depletion. The color key indicates the log2(fold change) values of the Yy1 shRNA-depleted EPSCs versus the control shRNA-treated
EPSCs (n = 2 biological replicates). (D) Venn diagrams showing the overlap between the genes with decreased EP interactions and genes with downregu-
lated expression after Yy1 depletion. P-values were calculated with the hypergeometric distribution test. (E) GO categories of the overlapping genes shown
in Figure 2D. (F and G) Representative genomic loci showing YY1 and H3K27ac binding and decreased chromatin interactions after Yy1 knockdown in
EPSCs. The promoters of Epas1 (F) and Dnmt3l (G) are highlighted with yellow-shaded rectangles, and their interacting enhancers are highlighted with
red-shaded rectangles.
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Yy1 depletion reduced both the RNA and protein levels
of Dnmt3l, Dnmt3a and Dnmt3b (Figure 3A, B). Next, we
found that the DNA methylation level in EPSCs was dra-
matically reduced after Yy1 depletion (Supplementary Fig-
ure S5B).

To further explore the effects of YY1 on genome-wide
DNA methylation, we performed WGBS in the control
shRNA-treated and Yy1-depleted EPSCs. Our WGBS data
showed high reproducibility between two biological repli-
cates (Supplementary Figure S5C). We analyzed the DNA
methylation data of ESCs (59) and EPSCs subjected to ei-
ther the control shRNA treatment or Yy1 depletion. The
bioinformatic analysis demonstrated that Yy1 depletion re-
duced DNA methylation in EPSCs (Figure 3C). Further-
more, unsupervised hierarchical clustering (UHC) analysis
revealed that the DNA methylome of the Yy1-depleted EP-
SCs showed similarities to the DNA methylation patterns
of the ESCs (Figure 3D). We further found that Yy1 deple-
tion in EPSCs led to relatively low levels of cytosine DNA
methylation on enhancers, non-CpG island (nonCGI) pro-
moters, and transposable elements (LINE, LTR, and SINE)
(Figure 3E and Supplementary Figure S5D) but had a lim-
ited effect on CGI promoters (Figure 3E).

DNA hypermethylation prevents the binding of CTCF
to its target sites (60–62). CTCF regulates gene expression
by forming EP interactions (63–65). To determine whether
YY1 regulates CTCF binding through DNA methylation in
the genome, we performed CTCF ChIP-seq experiments us-
ing both the control shRNA-treated and Yy1-depleted EP-
SCs to determine whether the reduction in DNA methyla-
tion by Yy1 knockdown could affect CTCF binding in the
genome. The integration analysis indicated that Yy1 deple-
tion indeed reduced the DNA methylation level at CTCF
binding sites (Figure 3E). These data suggested that CTCF
might be involved in the genome organization of EPSCs me-
diated by YY1.

Yy1 depletion facilitates CTCF-mediated EP interactions by
decreasing the DNA methylation levels at CTCF binding sites
in EPSCs

To investigate the change in the genome-wide binding
of CTCF after Yy1 depletion, we identified 73 325 and
74 593 CTCF peaks in the control shRNA-treated and
Yy1-depleted EPSCs, respectively. In these sites, we ob-
served that Yy1 depletion only reduced 3653 binding peaks
but resulted in 6274 peaks enriched relative to the con-
trol shRNA-treated EPSCs. Moreover, we found that the
increased CTCF binding occupancy was accompanied by
notable decreases in DNA methylation at these 6274 sites
(Figure 4A, B). Furthermore, we identified 1102 CTCF-
mediated EP interactions that showed an increased con-
tact frequency upon Yy1 depletion (Figure 4C). Our data
also indicated that 131 genes (including 32 ESC-specific
genes, such as Nefm) that showed upregulated expression
upon Yy1 depletion were associated with an increase in
the EP interactions mediated by CTCF (Figure 4D, E and
Supplementary Table S5). Concomitantly, the expression of
Nefm and other ESC-specific genes, such as Ralb, Sirpa,
Zfp182, Serping1 and Ube2l6, was upregulated after Yy1
knockdown in both EPSC clones examined (Figure 4F).

These results suggested that Yy1 depletion promoted ab-
normally high expression of ESC-specific genes with de-
creasing DNA methylation levels in the regions mediated
by CTCF-mediated EP interactions.

Yy1 depletion dramatically reduces the enrichment of
H3K4me3 and H3K27ac on the promoters of EPSC-specific
genes

The GO analysis revealed that the 131 genes with upregu-
lated expression with CTCF-mediated EP interactions were
involved in histone modification, covalent chromatin mod-
ification, and chromatin organization (Figure 4G). Among
these genes, lysine (K)-specific demethylase 5C (Kdm5c) and
histone deacetylase 6 (Hdac6), two histone-modifying en-
zymes associated with gene repression, attracted our atten-
tion (Supplementary Table S7), and both genes showed up-
regulated expression after Yy1 knockdown in two EPSC
clones (Figure 5A, B). Yy1 depletion increased the EP in-
teractions of both the Kdm5c and Hdac6 genes (Figure
5C, D). KDM5C demethylates di- and trimethylated hi-
stone 3 lysine 4 (H3K4), and HDAC6 regulates histone
deacetylation (66–68). Hence, we compared the enrichment
of H3K4me3 and H3K27ac on the promoters of all genes,
ESC-specific genes and EPSC-specific genes. We found that
the enrichment of both H3K4me3 and H3K27ac between
ESCs and EPSCs showed a limited difference among all
genes (Figure 5E, F). In contrast, H3K4me3 and H3K27ac
were less abundant among the ESC-specific genes but sig-
nificantly enriched among the EPSC-specific genes in EP-
SCs compared to ESCs (Figure 5E, F). Moreover, we ob-
served that the increased enrichment of H3K4me3 and
H3K27ac among the EPSC-specific genes was more sig-
nificant than the decreased enrichment of H3K4me3 and
H3K27ac among the ESC-specific genes (Figure 5E, F).
These data indicated that both active markers, H3K4me3
and H3K27ac, are highly associated with EPSC-specific
genes.

To explore whether Yy1 knockdown altered the enrich-
ment of H3K4me3 and H3K27ac in EPSC-specific gene
promoters, we further performed H3K4me3 ChIP-seq and
H3K27ac CUT&Tag experiments using both the control
shRNA-treated and Yy1-depleted EPSCs. Consistent with
the upregulation of Kdm5c expression by Yy1 knockdown
(Figure 5A), we found that the enrichment of H3K4me3
in all three groups of gene promoters (all genes, ESC-
specific genes, and EPSC-specific genes) was reduced (Fig-
ure 5G). Additionally, the enrichment of H3K4me3 in the
EPSC-specific gene promoters was the most significantly
decreased (Figure 5G). The enrichment of H3K27ac was
slightly reduced in all genes and ESC-specific genes but
markedly reduced in the EPSC-specific genes (Figure 5H).
Taken together, we concluded that Yy1 depletion dramati-
cally reduces the enrichment of both active histone marks,
H3K4me3 and H3K27ac, in EPSC-specific gene promoters
by upregulating the expression of both Kdm5c and Hdac6.

Yy1 overexpression endows ESCs with the expression of par-
tial EPSC specific genes

Next, we speculated whether the forced expression of Yy1
facilitates extended pluripotency in ESCs. To test this pos-
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Figure 3. Yy1 knockdown reduces DNA methylation in EPSCs. (A) RT-qPCR analysis of Dnmt3a, Dnmt3b and Dnmt3l mRNA expression in the control
shRNA-treated EPSCs and the two Yy1 shRNA-depleted EPSCs. Each gene was tested in triplicate in two independent experiments. The data are shown
as the mean ± SD. P-values were determined by two-sided Student’s t-test. (B) Western blot analysis of the DNMT3A, DNMT3B, DNMT3L and YY1
protein levels in the control shRNA-treated and two Yy1 shRNA-depleted EPSCs. (C) Violin plots showing the CpG methylation distribution of 2 kilobase
(kb) genomic tiles in ESCs and control shRNA-treated and two Yy1 shRNA-depleted EPSCs (n = 2 biological replicates, indicated as r1 and r2). (D) UHC
of the methylation levels of 2 kb genomic tiles in ESCs and control shRNA-treated and two Yy1 shRNA-depleted EPSCs (n = 2 biological replicates). (E)
Methylation profiles of enhancers, promoter CGIs, promoter nonCGIs, and CTCF binding regions in ESCs and the control shRNA-treated and two Yy1
shRNA-depleted EPSCs (n = 2 biological replicates).

sibility, we overexpressed Yy1 in ESCs under 2i/LIF con-
ditions (Supplementary Figure S6A). Relative to the con-
trol ESCs, ESCs with Yy1 overexpression showed much
greater homogeneity and a domed cell morphology (Sup-
plementary Figure S6B), similar to the characteristics of
wild-type EPSCs. To investigate the changes in gene expres-
sion induced by Yy1 overexpression, we performed RNA-
seq experiments in both the control and Yy1-overexpressing
ESCs. Interestingly, HCA illustrated that the gene expres-
sion pattern of the ESCs after Yy1 overexpression became

more similar to that of EPSCs than control ESCs (Supple-
mentary Figure S6C). We further examined the DEGs (q-
value < 0.05 and fold-change > 2) and found that 1644 and
2055 genes showed significantly up- and downregulated ex-
pression, respectively, in the Yy1-overexpressing ESCs. No-
tably, we found that 21.2% (436/2055) of the genes with
downregulated expression after Yy1 overexpression were
ESC-specific genes (Supplementary Figure S6D). However,
15.7% (258/1644) of the genes with upregulated expression
after Yy1 overexpression were EPSC-specific genes (Sup-
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Figure 4. Yy1 knockdown increases CTCF-mediated EP interactions by decreasing the methylation levels at CTCF binding sites in EPSCs. (A) Tag density
profile of significantly increased CTCF occupancy after Yy1 knockdown. These tags were from RPKM normalized ChIP-seq signals. (B) Methylation
profiles of CTCF binding sites showing significant increases after Yy1 knockdown. (C) Heatmap representation of significantly enhanced EP interactions
mediated by CTCF after Yy1 knockdown. (D) Venn diagrams showing the overlap between the genes associated with enhanced EP interactions and the
genes with upregulated expression after Yy1 knockdown. P-values were calculated with the hypergeometric distribution test. (E) Representative genomic
loci showing YY1 and H3K27ac binding, DNA methylation, accessible chromatin, and enhanced chromatin interactions after Yy1 knockdown in EPSCs.
The promoter of Nefm is indicated with yellow-shaded rectangles, and its interacting enhancers are highlighted with red-shaded rectangles. (F) RT-qPCR
analysis of genes with upregulated expression related to CTCF-mediated EP interactions after Yy1 depletion. Each gene was tested in triplicate in two inde-
pendent experiments. The data are shown as the mean ± SD. P-values were determined by two-sided Student’s t-test. (G) GO categories of the overlapping
genes shown in Figure 4D.
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Figure 5. Effects of Yy1 depletion on the H3K4me3 and H3K27ac levels on EPSC-specific genes. (A and B) RT-qPCR analysis of the expression of Kdm5c
(A) and Hdac6 (B) in the control shRNA-treated and two Yy1 shRNA-depleted EPSCs. The gene was tested in triplicate in two independent experiments.
The data are shown as the mean ± SD. P-values were determined by two-sided Student’s t-test. (C and D) Representative genomic loci showing YY1
and H3K27ac binding, DNA methylation, accessible chromatin, and enhanced chromatin interactions after Yy1 knockdown in EPSCs. The promoters of
Kdm5c (C) and Hdac6 (D) are highlighted with yellow-shaded rectangles, and their interacting enhancers are highlighted with red-shaded rectangles. (E
and F) Boxplot showing enrichment fold change (FC) of H3K4me3 (E) and H3K27ac (F) in EPSCs versus ESCs in regions of all genes, ESC-specific genes
and EPSC-specific genes. The centerline indicates the median value, while the box and whiskers represent the interquartile range (IQR) and 1.5 × IQR,
respectively. ***p-value < 0.001 by the Mann–Whitney U test versus the FC of all genes. (G and H) Boxplot showing enrichment FC of H3K4me3 (G)
and H3K27ac (H) in Yy1 shRNA-depleted EPSCs versus the control shRNA-treated EPSCs in regions of all genes, ESC-specific genes and EPSC-specific
genes. The centerline indicates the median value, while the box and whiskers represent the IQR and 1.5 × IQR, respectively. ***p-value < 0.001 by the
Mann–Whitney U test versus the FC of all genes.
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plementary Figure S6E). Additionally, Yy1 overexpression
in ESCs upregulated the expression of DNA methylation-
associated genes (Dnmt3a, Dnmt3b and Dnmt3l) and
extraembryonic-associated genes (Eno1, Phlda2, Zfp36l1,
Zp3, Erf and sh3pxd2a), although the increase in ex-
pression was not comparable to that of EPSCs (Supple-
mentary Figure S6F). Taken together, these results indi-
cated that the overexpression of Yy1 could induce rela-
tive low, but detectable expression of partial EPSC specific
genes.

YY1 balances in vitro extraembryonic derivatives between
ESCs and EPSCs

To determine whether YY1 could promote the formation
of extraembryonic cells, we derived extraembryonic cells
from either ESCs with/without Yy1 overexpression or EP-
SCs with/without Yy1 knockdown for six days using F4H
medium (Figure 6A). We observed significant differences in
the colony morphology between ESCs and EPSCs starting
on day 2 (Supplementary Figure S7A). Subsequently, the
ESC-derived cells formed a flat monolayer (green circled re-
gion), and the EPSC-derived cells were domed and formed
a dense multilayer (red circled region) on day 6 (Supple-
mentary Figure S7A). These data revealed that different
derivation capacities exist within these cell types. Based on
this system, our data showed that the Yy1-depleted EPSCs
formed a flatter cell monolayer similar to the ESC-derived
cells (Supplementary Figure S7B). Moreover, the Yy1-
overexpressing ESC-derived cells displayed domed cells and
formed a denser cell multilayer similar to the EPSC-derived
cells on day 6 after differentiation (Supplementary Figure
S7B). The bulk RNA-seq experiments indicated that the
gene expression pattern of Yy1-depleted EPSC-derived cells
was somewhat similar to that of the ESC-derived cells, while
the derivatives of the Yy1-overexpressing ESCs were some-
what similar to the EPSC derivatives (Supplementary Fig-
ure S7C).

To examine whether the derivatives of ESCs or EPSCs ex-
press TSC- or XEN-specific marker genes during extraem-
bryonic differentiation, we analyzed gene expression in the
cells derived from ESCs and EPSCs on day 0 and 6 after
F4H treatment, respectively. Our data showed that the ex-
pression of pluripotency genes was significantly decreased
and that the TSC marker genes showed slightly upregulated
expression in both the ESC- and EPSC-derived cells on day
6 (Supplementary Figure S7D). Interestingly, we noted that
the expression of XEN marker genes in the EPSC-derived
cells was significantly upregulated relative to that in the
ESC-derived cells, indicating that EPSCs have a stronger
XEN-derivatization ability than ESCs in this system (Sup-
plementary Figure S7D). Meanwhile, we found that the ex-
pression of some XEN marker genes was not highly in-
duced upon Yy1 depletion (Supplementary Figure S7D). To
further assess whether YY1 affects the expression of XEN
marker genes after F4H treatment, RT-qPCR analysis indi-
cated that the induction of Gata4, Gata6 and Sox17, three
XEN marker genes, was lower in the derivatives of both
Yy1-depleted EPSCs on day 6 (Supplementary Figure S7E,
left). However, the Yy1 overexpression did not upregulate
the expression of all three marker genes we tested (Supple-

mentary Figure S7E, right). These data suggested that YY1
might regulate the derivation of XEN-like cells from EPSCs.

YY1 is required for the derivation of XEN-like cells from EP-
SCs

Although the expression level of XEN marker genes was sig-
nificantly upregulated in the F4H-treated EPSCs on day 6,
the expression level was much lower than that in XEN cells
(Supplementary Figure S7E). To further dissect the cellular
heterogeneity and explore the regulatory function of YY1,
we performed scRNA-seq of the cells derived from EPSCs
with or without Yy1 depletion and ESCs with or without
Yy1 overexpression on day 6 after F4H treatment (Figure
6B). In total, 11 102, 6072, 8634 and 8814 single-cell tran-
scriptomes were obtained from these four samples after the
quality control (Supplementary Figure S8A). The Pearson
correlations between the mRNA numbers and reads in these
four samples were > 0.9 (Supplementary Figure S8B). Di-
mensionality reduction and visualization via uniform man-
ifold approximation and projection (UMAP) allowed us
to divide these cells into eleven distinct clusters designated
and annotated as clusters 0 to 10 based on known marker
genes as follows (Supplementary Table S4) (28,69,70): ante-
rior primitive streak-like cells (cluster 1, Eomes and Mixl1),
mesenchyme-like cells (cluster 4, Acta2 and Pmp22), pri-
mordial germ cell (PGC)-like cells (cluster 6, Dnd1 and
Dppa3), XEN-like cells (cluster 7, Gata6 and Sox17) and
unknown cells (remaining clusters that could not be anno-
tated) (Figure 6C–E and Supplementary Figure S8C, D and
Supplementary Table S8). As expected, the extraembryonic
derivatives displayed a high degree of heterogeneity with a
low percentage of XEN-like cells in the differentiated cell
populations (Figure 6E). Interestingly, the ratio of XEN-
like cells among the EPSC derivatives was approximately
5-fold higher than that among the ESC derivatives (Figure
6E). Furthermore, Yy1 depletion reduced the ratio of XEN-
like cells among the EPSC derivatives (cluster 7, chi-square
test p-value < 0.001) and caused an abnormal increase in
anterior primitive streak-like cells (cluster 1, chi-square test
p-value < 0.001) and mesenchyme-like cells (cluster 4, chi-
square test p-value < 0.001) (Figure 6E and Supplemen-
tary Figure S8E). Consistent with the in vitro differentia-
tion phenotype of the ESCs overexpressing Yy1 (Supple-
mentary Figure S7E, right), Yy1 overexpression did not en-
hance the ratio of XEN-like cells among the ESC deriva-
tives (Figure 6E and Supplementary Figure S8E). Taken to-
gether, these results indicated that in vitro extraembryonic
derivatives show high heterogeneity and that YY1 is neces-
sary but not sufficient for the derivation of XEN-like cells
from EPSCs.

DISCUSSION

The organization of accessible chromatin across the genome
provides an opportunity for permissible physical interac-
tions between chromatin-binding factors and DNA cis
elements to cooperatively regulate gene expression (71).
Pluripotent stem cells contain more open chromatin than
differentiated cells, resulting in a more complex regulatory
network (72). This study showed that YY1 acts as a key reg-
ulator in the modulation of genome organization through
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Figure 6. YY1 promotes the formation of XEN-like cells in vitro. (A) Strategy for the derivation of extraembryonic cells from ESCs and EPSCs. RNA
was collected, and the expression of genes was tested at day 0 and day 6. (B) Dimensionality reduction and clustering of the scRNA-seq data of the
control shRNA-EPSC-derived cells (n = 11 102), Yy1-depleted EPSC-derived cells (n = 6072), Flag-control-overexpressing ESC-derived cells (n = 8634),
and Flag-Yy1-overexpressing ESC-derived cells (n = 8814). Different colors represent different clustered cell groups. The cluster names are from the cell
annotation file in Supplementary Table S4. (C) Dot plot showing average scaled expression and the percentage of cells within each cluster for selected
marker genes. Color intensity of each dot represents the average expression level of marker genes in the cells per cluster. And dot size reflects the percentage
of cells expressing the marker genes per cluster (the cutoff value was 0.1). (D) Violin plots showing the expression levels of marker genes. (E) Fractions of
different clusters in the control shRNA-EPSC-derived cells, Yy1-depleted EPSC-derived cells, and Flag-control or Flag-Yy1-overexpressing ESC-derived
cells. Asterisks denote chi-square test p-value < 0.001.
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multiple layers of epigenetic crosstalk to maintain the EPSC
identity. First, Yy1 depletion decreased the expression of
Phlda2, Dnmt3l and Zfp36l1, which are important for the
development of the mouse placenta (73–76), and Spry2
and Spry4, which participate in a negative feedback loop
of MAPK activation (77), by disrupting the formation of
EP interactions in EPSCs (Supplementary Table S5). Sec-
ond, Yy1 knockdown altered DNA methylation by regu-
lating the expression of Dnmt3a, Dnmt3b and Dnmt3l and
CTCF global occupation. CTCF is a DNA methylation-
sensitive binding factor (62), and mediates long-range chro-
matin interactions (63,64). The decrease in DNA methy-
lation led to an increase in CTCF-mediated EP interac-
tions, which could explain the abnormally high expression
of ESC-specific genes in the EPSCs after Yy1 depletion.
Third, the epigenetic crosstalk between DNA methylation
and histone H3K4me3 (78), between RNA methylation and
histone H3K9me2 (79), and between DNA methylation and
CTCF-mediated chromatin looping (80) play important
roles in gene regulation and cell fate determination. Yy1
knockdown reduced the binding of both H3K4me3 and
H3K27ac to EPSC-specific genes by increasing the CTCF-
mediated EP interactions of the kdm5c gene encoding his-
tone H3K4me3 demethylase and the Hdac6 gene required
for histone deacetylation.

The LINE, IAP, and MERVL TEs contain the YY1 mo-
tif (81). YY1 can bind IAP in ESCs (82,83). Indeed, we also
observed that YY1 could bind RLTR10D2, RLTR10A and
IAPEY LTR in EPSCs (Supplementary Figure S9A, B).
YY1 also plays a functional role in the regulation of chro-
matin accessibility and DNA methylation at these TEs since
Yy1 depletion increased chromatin accessibility (Supple-
mentary Figure S9C, D) but reduced the DNA methylation
(Supplementary Figure S9E, F) of RLTR10D2, RLTR10A
and IAPEY LTR bound by YY1. Taken together, our
data also suggested that YY1 can regulate the accessi-
bility and DNA methylation of specific TEs by binding
them.

Whether ESCs can be used to derive extraembryonic cells
is still controversial. Conventional studies have reported
that ESCs cannot differentiate into TE and PrE derivatives
(7,84). However, several studies have indicated that ESCs
can be derived from extraembryonic cells, such as TSCs
or XEN cells, by adjusting the culture conditions (85–87).
In vitro EPSC derivation is also controversial. Yang et al.
successfully induced TSC-like cells that could differentiate
into mature trophoblasts using improved TX medium with
feeder cells as the substrate (7). In contrast, Posfai et al.
could not obtain cells expressing TSC marker genes from
EPSCs derived with TS medium (28). These results demon-
strated that the culture conditions play critical roles in reg-
ulating the in vitro developmental potential of cells. FGF4
is sufficient for XEN cell derivation (87); moreover, FGF4
and heparin could be used to establish XEN cell lines from
ESCs and blastocysts (27,88). We developed an F4H culture
medium containing FGF4 and heparin and derived some
XEN-like cells from both EPSCs and ESCs, although the
in vitro-derived cell population showed high heterogeneity.
Through this strategy, we found that EPSCs produced more
XEN-like cells than ESCs (Figure 6E), which is consistent
with previous conclusions (7).

In addition, Yy1 depletion reduced the XEN-
derivatization ability of EPSCs (Figure 6E). However,
Yy1 overexpression in ESCs did not increase the ratio
of XEN-like cells among the ESC derivatives (Figure
6E and Supplementary Figure S8E), which might also
be due to the limitations of the in vitro culture system
we used. Although the YY1 level in the ESCs with Yy1
overexpression was approximately 10-fold higher than that
in the wild-type ESCs, the expression of DNMT genes and
extraembryonic-associated genes was still relatively low
compared with the expression in EPSCs (Supplementary
Figure S6F), indicating that YY1 alone is not sufficient to
switch epigenetic environments during cell fate transition
from ESCs.

YY2 binds to a consensus sequence similar to YY1
(89,90), although both shared and mutually exclusive sites
have been identified in ESCs (91). YY2 is also expressed
in the embryonic stages preceding blastocysts and TSCs
(89,92). Although we found that Yy2 was highly expressed
in EPSCs relative to ESCs, the relative expression level of
Yy2 was lower than that of Yy1 (data not shown). There-
fore, we focused on the role of YY1 in the regulation of the
fate of EPSCs; however, the synergistic regulation of EPSC
identity by YY2 and/or YY1 should be explored in future
studies.

Our scRNA-seq data showed that, under the right cul-
ture conditions, both ESCs and EPSCs could turn into cells
expressing combinations of marker genes representative of
anterior primitive streak cells, mesenchyme cells and PGCs,
and these cell groups appeared during the establishment
of the antero-posterior (A-P) axis (E5.5–E6.5) before the
formation of the gastrula during mouse embryonic devel-
opment (1,69,93). This phenomenon might be due to in
vitro FGF4-induced Bmp4 expression (Supplementary Fig-
ure S7D), which has been shown to facilitate the establish-
ment of the A-P axis during early embryonic development
(94). Additionally, our data indicated that Yy1 promotes the
production of PGC-like cells from ESCs, which may provide
ideas for improving ESC-to-PGC transformation efficiency
by modulating Yy1 levels.

Overall, this study revealed that YY1 functions as an im-
portant epigenetic factor in regulating different epigenetic
crosstalk, which in turn affect the maintenance and differ-
entiation potential of EPSCs.
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