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USP7 represses lineage differentiation genes in mouse
embryonic stem cells by both catalytic and noncatalytic
activities
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USP7, a ubiquitin-specific peptidase (USP), plays an important role in many cellular processes through its cat-
alytic deubiquitination of various substrates. However, its nuclear function that shapes the transcriptional
network in mouse embryonic stem cells (mESCs) remains poorly understood. We report that USP7 maintains
mESC identity through both catalytic activity–dependent and –independent repression of lineage differentia-
tion genes. Usp7 depletion attenuates SOX2 levels and derepresses lineage differentiation genes thereby com-
promising mESC pluripotency. Mechanistically, USP7 deubiquitinates and stabilizes SOX2 to repress
mesoendodermal (ME) lineage genes. Moreover, USP7 assembles into RYBP-variant Polycomb repressive
complex 1 and contributes to Polycomb chromatin–mediated repression of ME lineage genes in a catalytic ac-
tivity–dependent manner. USP7 deficiency in its deubiquitination function is able to maintain RYBP binding to
chromatin for repressing primitive endoderm–associated genes. Our study demonstrates that USP7 harbors
both catalytic and noncatalytic activities to repress different lineage differentiation genes, thereby revealing
a previously unrecognized role in controlling gene expression for maintaining mESC identity.
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INTRODUCTION
The pluripotent transcriptional network in mouse embryonic stem
cells (mESCs) is controlled by the interplay between DNA binding
transcription factors (TFs) and chromatin regulators (1, 2). Master
TFs including OCT4, SOX2, and NANOG (OSN) establish a core
transcriptional regulatory circuitry by activating pluripotency-asso-
ciated gene transcription and repressing lineage differentiation
genes and therefore are essential to the maintenance of mESC iden-
tity (3, 4). Individual OSN collectively maintains a balanced pluri-
potency state by driving specification into a particular lineage while
inhibiting alternative differentiation trajectories in a mutually ex-
clusive manner (3). For example, SOX2 specifies mESCs into ecto-
derm (ECT) and inhibits a group of mesoendodermal (ME) genes
such as T, Hand1, etc., but on the contrary, OCT4 acts as an ME
lineage specifier and prohibits ECT development (5, 6). The inhibi-
tion of lineage differentiation transcription program by OSN largely
relies on their interplay with repressive chromatin regulators such as
Polycomb group (PcG) proteins (4, 7).

PcG proteins assemble into Polycomb repressive complex 1
(PRC1) and PRC2 that silence developmental genes through inhib-
itory histone modifications (8, 9). PRC2 catalyzes methylation of
histone H3 at lysine-27 (H3K27me3) (10). PRC1 monoubiquitylates
histone H2A at lysine-119 (H2AK119ub1) through E3 ligases
RING1A and RING1B, which, together with one of the six PcG
RING finger proteins (PCGF1 to PCGF6), form six subcomplexes
(PRC1.1 to PRC1.6) (11). While PRC1.2 and PRC1.4 belong to ca-
nonical PRC1, the rest (PRC1.1, PRC1.3, PRC1.5, and PRC1.6) are
variant PRC1 (vPRC1), which contains RYBP/YAF2 together with
various accessory proteins (9, 11). A series of feedback and commu-
nication mechanisms underpin the formation of repressive PRC2-
H3K27me3 and PRC1-H2AK119ub1 chromatin domain that is
thought to repress transcription by restricting access of transcrip-
tional regulators to gene promoters (8, 9, 12). Catalytic activity of
RING1B in vPRC1 is shown to be essential to Polycomb-mediated
gene repression in mESCs through H2AK119ub1 deposition (13,
14). Among vPRC1 complexes, PRC1.1 comprising BCOR,
KDM2B, ubiquitin (Ub)–specific peptidase 7 (USP7), and SKP1 ac-
cessory proteins in addition to RING1B, RYBP, and PCGF1 is re-
sponsible for repressing the largest number of genes in mESCs (15,
16). However, how PRC1.1 subunits such as USP7, a deubiquitinase
(DUB) that regulates posttranslational ubiquitination of both
histone and nonhistone proteins (17), shape the transcriptional
network in mESCs remains unclear.

In this study, we show that USP7 depletion leads to loss of plu-
ripotency characterized by reduced level of SOX2 concomitant with
derepression of lineage differentiation genes. USP7 deubiquitinates
and maintains SOX2. Moreover, USP7 assembles as a subunit of
RYBP-vPRC1 and contributes to H2AK119ub1-mediated repres-
sion of ME lineage genes dependently of its catalytic activity.
USP7 is capable of maintaining RYBP binding on chromatin to
repress primitive endoderm (PE)–associated genes in a catalytic ac-
tivity–independent manner. Overall, our study provides previously

1Center of Stem Cell and RegenerativeMedicine, and BoneMarrow Transplantation
Center of the First Affiliated Hospital, Zhejiang University School of Medicine,
Hangzhou 310058, China. 2Zhejiang University-University of Edinburgh Institute,
Zhejiang University School of Medicine, Haining 314400, China. 3Westlake Labora-
tory of Life Sciences and Biomedicine, Key Laboratory of Structural Biology of Zhe-
jiang Province, School of Life Sciences, Westlake University, Hangzhou 310030,
China. 4Center for Infectious Disease Research, Hangzhou 310030, China.
5Institute of Basic Medical Sciences, Westlake Institute for Advanced Study, Hang-
zhou 310030, China. 6Zhejiang Engineering Laboratory for Stem Cell and Immuno-
therapy, Institute of Hematology, Zhejiang University, Hangzhou 310058, China.
7Department of Geriatrics, Affiliated Hangzhou First People’s Hospital, Zhejiang
University School of Medicine, Hangzhou 310006, China. 8Eye Center, The 2nd
Affiliated Hospital, School of Medicine, Zhejiang University, Zhejiang Provincial
Key Laboratory of Ophthalmology, Zhejiang Provincial Clinical Research Center
for Eye Diseases, Zhejiang Provincial Engineering Institute on Eye Diseases, Hang-
zhou, Zhejiang 310009, China.
*Corresponding author. Email: jijunfeng@zju.edu.cn
†These authors contributed equally to this work.

Liu et al., Sci. Adv. 9, eade3888 (2023) 17 May 2023 1 of 18

SC I ENCE ADVANCES | R E S EARCH ART I C L E



unidentified evidence that USP7 maintains mESC identity through
both catalytic activity and noncatalytic structural function to repress
lineage differentiation genes.

RESULTS
USP7 is highly expressed in mouse pluripotent cells
To investigate the genes encoding USP family proteins that are
highly expressed in mouse pluripotent cells, we first analyzed the
published gene expression data of mESCs and mouse embryonic fi-
broblasts (MEFs) (18). We found that there are 19 USP-coding
genes including Usp1, Usp7, Usp21, and Usp44 that are highly ex-
pressed in mESCs compared to MEFs (Fig. 1A), suggesting that they
may play a role in the maintenance of mESCs. Among the list,
USP21 has been shown to deubiquitinate NANOG to maintain
mESCs (19–21), and USP44 down-regulation is required for
neural differentiation of mESCs by regulating monoubiquitination
of histone H2B on lysine-120 (H2Bub1) (22). Since USP7 is also in-
volved in PRC1.1 (9, 11), we also analyzed the expression of PRC1.1
subunit–coding genes in mESCs and MEFs. Similar to Rybp and
Kdm2b that have been previously reported to maintain mESCs
(23–26), Usp7 was found to be more enriched in mESCs relative
to MEFs (Fig. 1B). To validate the enriched expression of USP7 in
mESCs, we then examined the protein expression of USP7 in MEFs,
undifferentiated mESCs, and differentiated mESCs induced by leu-
kemia inhibition factor (LIF) withdrawal. Our results confirmed
that USP7, similar to OSN, was highly expressed in mESCs relative
to MEFs and the expression level declined during LIF withdrawal–
induced differentiation (Fig. 1C). Similarly, the expression of USP7
declined together with OSN during differentiation of mESCs
induced by retinoic acid (RA) (Fig. 1D). We also found that USP7
was abundantly expressed in human pluripotent stem cells includ-
ing human embryonic stem cells (hESCs) and induced pluripotent
stem cells (hiPSCs) as opposed to human foreskin fibroblasts
(HFFs) (fig. S1A). To further look into Usp7 expression in lineages
during early mouse embryonic development, we performed immu-
nostaining of USP7 in mouse E3.5 (embryonic day 3.5) blastocyst
embryos, and our results showed that USP7 expression appeared
to be enriched in, although not restricted to, inner cell mass
(ICM) (fig. S1B). Furthermore, we analyzed the published single-
cell gene expression data of early mouse embryo (27). Correlation
analysis of Usp7 with pluripotency, PE, and trophectoderm (TE)
lineage markers expression in ICM during mouse embryonic devel-
opment showed that the expression of Usp7 and Sox2 was well cor-
related (Fig. 1E). Our analyzed results showed that, similar to Sox2
and Pou5f1, Usp7 was more notably restricted to ICM than TE
lineage at late 32–cell stage mouse embryos (Fig. 1, F to I, and fig.
S1C). Moreover, we also examined the expression of USP7 together
with other pluripotency-related genes at both RNA and/or protein
levels in naïve mESCs cultured in “2i” inhibitor cocktail comprising
mitogen-activated protein kinase kinase and glycogen synthase
kinase 3 inhibitors plus LIF (2i/LIF) versus LIF/serum conditions
(28). By analyzing the published RNA sequencing (RNA-seq)
data (29), we found that Usp7, Sox2, and Pou5f1 appeared to be
more enriched in mESCs cultured under LIF/serum condition
(fig. S1D), which was also verified by our quantitative polymerase
chain reaction (qPCR) results (fig. S1E). Our immunoblotting
data showed that, unlike NANOG known to be more highly ex-
pressed in naïve mESCs (28), USP7, SOX2, and OCT4 were

expressed at similar protein levels under both 2i/LIF and LIF/
serum conditions (fig. S1F). It suggests that there could be posttran-
scriptional/translational mechanisms to regulate Usp7 expression in
different pluripotent states of mESCs. Together, our results demon-
strated that USP7 is enriched in pluripotent cells, suggesting that it
may be involved in the maintenance of pluripotency.

USP7 is required to maintain mESC identity
In an attempt to assess the functional role of USP7 in regulating
mESCs, we first performed lentiviral short hairpin RNA
(shRNA)–based gene silencing approach using three independent
shRNAs targeting Usp7 (shUsp7#1, shUsp7#2, and shUsp7#3) and
a scrambled negative control (shCtrl). Albeit with varied efficiency,
shUsp7#1, shUsp7#2, or shUsp7#3 all significantly suppressed Usp7
expression in mESCs at 7 days after infection (fig. S2A). Therefore,
the samples at day 7 after infection were selected for further exper-
iments. We observed that knockdown of Usp7 expression robustly
inhibited the growth of mESCs (Fig. 2A), which is likely attributed
to its known role in regulating MDM2-p53 axis (30). Our immuno-
blotting results showed that while Usp7 knockdown decreased
MDM2 level, it did not lead to increased p53 level (fig. S3A), sug-
gesting that USP7 regulates both MDM2 and p53 in mESCs.
Growth curve and cell cycle analyses also confirmed that Usp7
knockdown significantly impaired the proliferation of mESCs (fig.
S3, B and C), consistent with its known role in regulating DNA rep-
lication (31). Nevertheless, in line with p53 result (fig. S3A), we did
not observe significant changes in apoptosis by Usp7 knockdown
(fig. S3D).

Moreover, Usp7 depletion also induced a changed morphology
of mESC colonies suggestive of spontaneous differentiation, sug-
gesting that it plays a role in maintaining the undifferentiated
state of mESCs (Fig. 2A). Usp7 suppression did not lead to signifi-
cant changes in the transcript levels of pluripotency-associated
factors such as Pou5f1, Sox2, Nanog, and Klf4 at different days of
infection as shown by gene expression analysis (Fig. 2B and fig.
S2, C and D). However, immunoblotting analysis revealed that
Usp7 depletion robustly decreased the protein level of SOX2 togeth-
er with RING1B, its known PRC1-related substrate (32), whereas it
had no obvious impact on OCT4, NANOG, RYBP, and
H2AK119ub1 levels (Fig. 2C). The immunofluorescent staining
analyses also confirmed that the Usp7 suppression reduced SOX2,
but not OCT4, signals in mESCs (fig. S2B). These results suggested
that USP7 may posttranslationally regulate Sox2 expression in
mESCs. To further examine the function of USP7 to regulate self-
renewal of mESCs, we performed colony formation assay. Our
results showed that shUsp7#1- and shUsp7#2-mediated knockdown
significantly decreased the colony-forming efficiency compared to
shCtrl (Fig. 2D), demonstrating that USP7 is required for the self-
renewal of mESCs. We next performed teratoma assay to evaluate
the pluripotency of mESCs after Usp7 depletion. Since shUsp7#2 ex-
hibited the best knockdown performance (fig. S2A), we subcutane-
ously injected the shUsp7#2-depleted or shCtrl-infected mESCs
into Balb/c nude mice. We found that the volumes of tumors
formed by shUsp7#2-depleted mESCs were significantly smaller
than that generated by shCtrl-infected mESCs at 5 weeks after injec-
tion (Fig. 2E). Furthermore, the histological analysis showed that
although tumors derived from shUsp7#2-depleted mESCs exhibited
comparable muscle tissue representative of mesoderm to that gen-
erated from shCtrl-infected mESCs, abnormal glandular structure
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and keratinocytes in epidermis representative of endoderm and
ECT, respectively, were observed in shUsp7#2-depleted group
(Fig. 2F). Therefore, our results suggest that knockdown of Usp7
compromised teratoma formation ability of mESCs and support
that USP7 is required for the pluripotency maintenance of
mESCs. To look into how USP7 regulates gene expression, we did

RNA-seq for shCtrl- and shUsp7#2-infected mESCs. We found that
USP7 depletion up-regulated and down-regulated genes largely en-
riched in tissue/embryonic morphogenesis/cell fate commitment
and metabolic process (fig. S2, G to I, and table S3), respectively.
These results suggest that USP7 represses lineage differentiation
genes and maintains cell metabolism–associated genes in mESCs.

Fig. 1. USP7 is highly expressed in mouse pluripotent cells. (A) Usp family gene expression in mESCs versus MEFs by analysis of previously published data (27). (B)
PRC1.1 gene expression in mESCs versus MEFs by analysis of previously published data (27). (C) Immunoblotting of USP7 and OSN at days 0, 3, and 9 of differentiation
induced by withdrawal LIF. ACTIN serves as the loading control. (D) Immunoblotting of USP7 and OSN at days 0, 3, and 9 RA-induced differentiation. ACTIN serves as the
loading control. (E) Corrplot showed the correlation analysis of Usp7, Pou5f1, Sox2, Nanog, PE, and TE lineage marker expression in ICM of 32–cell stage mouse embryos
(27). (F to I) The expression of Usp7, Sox2, Pou5f1, and Nanog in ICM and TE lineages by analyzing the published single-cell RNA-seq data during early mouse embryonic
development (27). ns, not significant. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2. USP7 is required for the maintenance of mESCs. (A) Morphology of mESCs 7 days after infections with shCtrl and three shUsp7. Scale bar, 50 μm. (B) Reverse
transcription (RT) qPCR analysis of Usp7, Pou5f1, Sox2, Nanog, and Klf4 genes at day 7 after infection of mESCs with shCtrl and shUsp7. Biological replicates, n = 3. *P < 0.05;
**P < 0.01. (C) Immunoblotting of USP7, OSN, PRC1 subunits, and H2AK119ub1 in mESCs 5 days after infection with shCtrl and shUsp7. (D) Colony-forming efficiency of
mESCs 7 days after infection with shCtrl and shUsp7 based on alkaline phosphatase staining. Percentages were normalized to the shCtrl. Biological replicates, n = 3; two-
tailed Student’s t tests, **P < 0.01. (E) Analysis of tumor sizes about 5 weeks after subcutaneous injection of shCtrl- and shUsp7-infected mESCs into Balb/c nude mice.
Three nude mice were injected for each group. Two-tailed t tests were used (*P < 0.05). (F) Representative histological images of the tumors in (E) showing gland, muscle,
and epidermis tissues, respectively. Scale bar, 50 μm. (G) Morphology of mESCs after 7 days of treatment with dimethyl sulfoxide (DMSO) or P22077. Scale bar, 100 μm. (H)
RT-qPCR analysis of Usp7, Pou5f1, Sox2, Nanog, and Klf4 at day 7 after treatment of mESCs with DMSO or P22077. Biological replicates, n = 3. (I) Immunoblotting of USP7,
OSN, and PRC1 subunits 5 days after treatment of mESCs with DMSO or P22077. (J) Colony-forming efficiency of mESCs 7 days after treatment with DMSO and P22077.
Percentages were normalized to DMSO treatment. Biological replicates, n = 3; two-tailed Student’s t tests, *P < 0.05 and ***P < 0.001.
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To further test the role of its catalytic activity in maintaining
mESCs, we then treated mESCs with P22077, a known USP7 enzy-
matic inhibitor (33). Compared to the control, P22077 treatment
suppressed the growth of mESCs in a concentration-dependent
manner (Fig. 2G), likely due to the increased p53 level after USP7
inhibition (30). In support of this, our immunoblotting data showed
that P22077 treatment, particularly at high concentration (0.8 μM),
appeared to increase p53 level, which was likely a result of the
reduced level of MDM2 caused by the inhibition of USP7 DUB ac-
tivity (fig. S3E). Consistently, P22077 treatment significantly in-
creased the percentage of mESCs undergoing apoptosis at the
examined concentrations (fig. S3F). It suggests that P22077 treat-
ment appears more robust to inhibit the enzymatic activity of
USP7. Similar to our shRNA-mediated knockdown results,
P22077 treatment also robustly reduced SOX2 and RING1B
protein levels without affecting the transcript levels of pluripo-
tency-related genes (Fig. 2, H and I, and fig. S2, E and F). Moreover,
P22077 treatment also significantly reduced the colony-forming ef-
ficiency of mESCs and almost abolished colony formation at the
concentration of 0.8 μM (Fig. 2J). Together, these results indicate
that the enzymatic inhibitor of USP7 phenocopied the effect of
shUsp7 depletion on mESCs, therefore suggesting that the catalytic
activity of USP7 is indispensable for the self-renewal and pluripo-
tency maintenance of mESCs.

USP7 interacts with SOX2 and vPRC1 subunits
To further look into the mechanisms by which USP7 maintains plu-
ripotency, we first attempted to identify its interactome in the
nucleus by immunoprecipitating USP7 or immunoglobulin G
(IgG) control from the nuclear extracts of mESCs and then per-
forming liquid chromatography–tandem mass spectrometry (LC-
MS/MS) analysis in five well-correlated replicates (fig. S4A). Our
MS experiments identified a total number of 3240 proteins that
were significantly enriched in USP7 immunoprecipitation (IP)
samples versus IgG control (table S4). Gene Ontology (GO)
pathway analysis showed that USP7-interacting proteins were
largely enriched in chromatin organization function (fig. S4B).
Among its nuclear interacting partners were PcG proteins such as
MGA, RNF2/RING1B, PCGF6, EZH1, and PCGF1, in addition to
its known DUB substrate p53 (30), supporting that USP7 is engaged
in PRC as previously reported (Fig. 3A and fig. S4C) (11). The
protein-protein interaction (PPI) analysis of USP7 interactome clas-
sified its interacting proteins into distinct modules comprising PcG
proteins, DNA replication, DNA damage/repair, cell death, and
pluripotency regulation comprising core pluripotent TFs such as
OCT4, SOX2, and NANOG (fig. S4C), suggesting that USP7
might exert its function via being involved in different regulatory
protein modules. To look into this possibility, we performed glyc-
erol gradient fractionation from mESC lysates, followed by immu-
noblotting. Our results showed that USP7 was mainly distributed in
low– and intermediate–molecular weight fractions (fractions 11 to
18) (Fig. 3B). We found that in the low–molecular weight fractions
(fractions 11 to 13), USP7 correlated with PRC1.1 subunits includ-
ing RING1B, RYBP, and PCGF1 (Fig. 3B, red box), whereas USP7
cosegregated with SOX2, OCT4, and RYBP to some extent in the
intermediate–molecular weight fractions (fractions 14 to 18) (Fig.
3B, blue box). Thus, it suggests that USP7 forms distinct protein
complexes together with SOX2, OCT4, and RYBP as well as
PRC1 components, respectively. We then moved on to verify this

by performing IP experiments. Consistent with the MS results
(fig. S4D), our IP results showed that endogenous USP7 was able
to robustly precipitate SOX2 but only weakly pull down OCT4
and NANOG (Fig. 3C). Reversely, endogenous SOX2 could also im-
munoprecipitate USP7 in addition to its known interaction partner
OCT4 (34), but not RING1B and RYBP (Fig. 3D), under high-salt
condition. We then constructed and transfected Flag-USP7 and
hemagglutinin (HA)–SOX2 plasmids into human embryonic
kidney (HEK) 293T cells, and subsequent co-IP results confirmed
the interaction between exogenous USP7 and SOX2 (Fig. 3E).
Therefore, these results suggest that USP7 specifically interacts
with SOX2 among the core pluripotent TFs in mESCs. Moreover,
our IP results also showed that USP7 interacted with RING1B,
RYBP, and PCGF1 (Fig. 3F). USP7 was also able to precipitate
PCGF5 and, less robustly, PCGF3, suggesting that USP7 might be
also involved in PRC1.3/5 regulation. To examine whether bridging
chromatin is involved in the interaction of USP7 with SOX2, we pre-
treated nuclear extracts of mESCs with or without benzonase endo-
nuclease to remove nucleic acids and then performed USP7 IP and
immunoblotting of SOX2 and RING1B. Our results showed that
benzonase pretreatment reduced, but did not abolish, the interac-
tion of USP7 with SOX2, similar to RING1B, suggesting that
DNA/chromatin contributes to but is unlikely entirely responsible
for their interaction (Fig. 3G).

USP7 has been previously shown to consist of a tumor necrosis
factor receptor–associated factor (TRAF) domain, a catalytic center
and a Ub-like domain (Fig. 3H) (35). To further identify which
domain of USP7 interacts with its partners, we generated USP7
wild-type (USP7WT), ΔTRAF (62 to 208 deletion) and ΔEnzy
(208 to 560 deletion) truncates, and C224S or C224A point muta-
tion that disrupts the core site of its DUB catalytic activity (homol-
ogous to C223 in human) tagged with Flag plasmids (Fig. 3H) (32,
36). We transfected them or the control vector into mESCs and then
performed IP, followed by immunoblotting. Our results showed
that neither deletion of enzymatic domain nor catalytic site
mutant (C224S) did impair the interaction of exogenous USP7
with SOX2, RING1B, and RYBP (Fig. 3I). However, absence of
TRAF domain nearly abolished their interaction (Fig. 3I), indicat-
ing that TRAF domain is mainly responsible for the interaction of
USP7 with those partners in mESCs.

USP7 deubiquitinates and stabilizes SOX2
Given that USP7 interacts and positively regulates SOX2 expression
(Figs. 2 and 3), we further examined whether USP7 can stabilize
SOX2 protein. We cotransfected Flag-C224S/A mutants or Flag-
USP7WT in stable PiggyBac transposon overexpression construct
with HA-SOX2 transient overexpression plasmid into HEK293T.
Immunoblotting results showed that overexpression of Flag-
USP7WT sustained the expression of HA-SOX2 5 days after trans-
fection when it was nearly undetectable in the empty vector–trans-
fected cells (Fig. 3J). By contrast, overexpression of Flag-C224S/A
failed to maintain HA-SOX2 level (Fig. 3J). Furthermore, we exam-
ined SOX2 protein turnover at different time points in shCtrl-,
shUsp7#2-, and shUsp7#3-infected mESCs after treatment with cy-
cloheximide (CHX), an inhibitor of protein synthesis. Our results
showed that Usp7 knockdown significantly accelerated SOX2
protein turnover rate (Fig. 3K). Therefore, these results suggested
that USP7 may stabilize SOX2 via its DUB catalytic activity.
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Fig. 3. USP7 interacts with SOX2 and PRC1 subunits. (A) The volcano plot showing representative proteins identified by MS and significantly associated with USP7
versus IgG in mESCs. Biological replicates, n = 5; Student’s t test, P < 0.05. (B) Immunoblotting of mESC lysates fractionated on a glycerol gradient. Red and blue boxes
indicate fractions containing PRC1 complex and most abundant SOX2 and USP7, respectively. (C) Endogenous IP of USP7 from nuclear extracts of mESCs followed by
immunoblotting of USP7 and OSN. (D) Endogenous IP of SOX2 from nuclear extracts of mESCs followed by immunoblotting of SOX2, USP7, OCT4, RING1B, and RYBP. (E)
Flag IP of nuclear extracts from HEK293T cells transfected with Flag-USP7 and HA-SOX2 followed by immunoblotting of Flag and HA. (F) Endogenous IP of USP7 from
nuclear extracts of mESCs followed by immunoblotting of USP7, RING1B, RYBP, PCGF1, PCGF3, and PCGF5. (G) Endogenous IP of USP7 from nuclear extracts of mESCs with
or without treatment of benzonase (250 U/ml) followed by immunoblotting of USP7, SOX2, and RING1B. (H) Schematic of USP7 domains and generation of truncates and
point mutants. ΔTRAF, TRAF domain deficiency; ΔEnzy, catalytic region (amino acids 208 to 560) deficiency; C224A/C224S, mutations of cysteine-224 into alanine or
serine. (I) IP of Flag from nuclear extracts of mESCs after transfection of followed by transfection with empty vector, USP7ΔTRAF, USP7ΔEnzy, C224S, or WT. (J) Immu-
noblotting of Flag and HA from HEK293T cells 5 days after transfection with HA-SOX2 and Flag-USP7WT, C224S, or C224A. (K) Immunoblotting of USP7 and SOX2 in
shCtrl-, shUsp7#2-, and shUsp7#3-infected mESCs with/without treatment with cycloheximide (CHX; 10 μg/ml). Dashed lines indicate the timing for 50% drop of USP7
level after knockdown by shUsp7#2 and shUsp7#3, respectively. Biological replicates, n = 3; *P < 0.05 and ***P < 0.001.
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To further study whether USP7 stabilizes SOX2 protein by deu-
biquitination, we immunoprecipitated SOX2, OCT4, and NANOG
proteins in mESCs infected by shCtrl or shUsp7#2 and then immu-
noblotted Ub. Our results showed that, compared to shCtrl,
shUsp7#2-mediated depletion increased the ubiquitination level of
SOX2 protein (Fig. 4A) but did not obviously change OCT4 and
NANOG ubiquitination (Fig. 4, B and C). We then further trans-
fected the Flag-USP7WT or Flag-USP7 (C224A/S) mutants togeth-
er with HA-SOX2 and Myc-Ub plasmids into HEK293T cells and

immunoprecipitated HA-SOX2 protein, followed by immunoblot-
ting of Myc-Ub. Our results showed that overexpression of Flag-
USP7WT robustly reduced the ubiquitination of HA-SOX2 gener-
ated by Myc-Ub, whereas cotransfection of Flag-USP7 (C224A/S)
mutant plasmids failed to do so (Fig. 4D). Furthermore, P22077
treatment inhibited the ability of Flag-USP7WT to remove ubiqui-
tination of HA-SOX2 (Fig. 4E). These results indicate that SOX2 is a
DUB substrate of USP7. Next, we cotransfected HA-SOX2 and
Myc-Ub-K48 (lysine only at the 48th amino acid site of Ub) or

Fig. 4. USP7 deubiquitinates SOX2. (A to C) IPs of SOX2 (A), OCT4 (B), and NANOG (C) from mESCs after infection with shCtrl and shUsp7#2 followed by Ub immuno-
blotting. (D) IP of HA from HEK293T cells after transfection with HA-SOX2, Myc-Ub, and Flag-USP7WT or Flag-USP7C224S/A followed by immunoblotting of Myc and HA.
(E) IP of HA from HEK293T cells after transfection with Flag-USP7WT, HA-SOX2, and Myc-Ub in the presence of P22077 (0.8 μM) treatment followed by Myc, HA, and Flag
immunoblotting. (F) IP of HA from HEK293T cells after transfection with Flag-USP7WT, HA-SOX2, Myc-Ub, Myc-Ub-K48, or Myc-Ub-K63 followed by Myc, HA, and Flag
immunoblotting. ACTIN serves as the loading control.
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Myc-Ub-K63 (lysine only at the 63th amino acid site of Ub) plasmid
with or without Flag-USP7WT plasmid into HEK293T cells and
then immunoprecipitated HA, followed by immunoblotting of
Myc. We found that cotransfection of Myc-Ub-K48 rather than
Myc-Ub-K63 was able to increase the ubiquitination of HA-SOX2
protein that could be removed by Flag-USP7WT (Fig. 4F), suggest-
ing that the Ub was added to SOX2 mainly at the 48th lysine. To-
gether, our results demonstrated that USP7 deubiquitinates SOX2
to sustain its expression.

USP7 co-occupies lineage differentiation genes with SOX2
and/or RYBP in mESCs
We then went on to further investigate how USP7 might regulate the
transcriptional network of mESCs through SOX2 and/or RYBP-
vPRC1. We first examined the genome-wide occupancy of USP7
by CUT&Tag technology and compared its targets against that of
SOX2 and RYBP by analyzing their published chromatin IP se-
quencing (ChIP-seq) datasets in mESCs (37, 38). By comparing
the distribution of their binding peaks, we found that a large pro-
portion of USP7 binding peaks also exhibited either strongest or
moderate SOX2 and RYBP binding signals, respectively (Fig. 5A,
clusters 1 and 3), whereas strongest RYBP binding peaks were
largely devoid of USP7 or SOX2 binding (Fig. 5A, cluster 2).
Further, Venn diagram analysis showed that approximately 95%
(7038 of 7415) of SOX2 binding genes are also co-occupied by
RYBP (Fig. 5B), suggesting that SOX2 may repress gene expression
through RYBP-vPRC1 complexes. USP7, SOX2, and RYBP co-
occupy 4382 target genes that constitute around 44% (4382 of
9915) of USP7, 59% (4382 of 7415) of SOX2, and 22% (4382 of
19,828) of RYBP binding genes, respectively (Fig. 5B). The
common targets include a group of ME genes such as T encoding
TF Brachyury and Hand1 known to be repressed by SOX2 (Fig. 5B)
(6, 39), suggesting that USP7 may repress this group of ME genes
through coupling the interplay of SOX2 and RYBP-vPRC1 in
mESCs. We also found that approximately 47% (4691 of 9915) of
USP7 targets including PE-related genes Gata6 and Gata4 over-
lapped with RYBP bound genes only without SOX2 binding. It sug-
gests that USP7 may repress this group of genes by RYBP-vPRC1
rather than SOX2 (Fig. 5B).

To further elaborate the ability of USP7 to repress lineage differ-
entiation genes, we performed Usp7 depletion or its catalytic activ-
ity inhibition by shRNA or P22077 treatment in mESCs,
respectively, and analyzed gene expression. Our results showed
that Usp7 depletion increased the expression of PE, ME, and TE
genes (Fig. 5C and fig. S5, A and B), whereas PE genes such as
Gata4 and Gata6 were not derepressed by P22077 treatment (Fig.
5D and fig. S5, C and D). These results suggest that while the
DUB activity of USP7 is required to repress ME and TE genes, re-
pression of PE lineage genes may rely on its structural function
rather than catalytic activity.

Since USP7 deubiquitinates SOX2 that represses ME genes, we
speculate that USP7 indirectly inhibits the expression of ME genes
by maintaining the level of SOX2. To test this hypothesis, we com-
pared the differentially expressed genes between shUsp7#2 versus
shCtrl against USP7- and SOX2-bound genes in mESCs and
found that around 16% (298 of 1811) of Usp7 knockdown-
induced dysregulated genes are co-occupied by USP7 and SOX2
(Fig. 5E), suggesting that these genes are likely directly related to
USP7 and SOX2 occupancy at the chromatin. Moreover, 320 up-

regulated and 182 down-regulated genes were SOX2-bound
targets, respectively (fig. S5, E and F). GO analysis showed that
while the 320 up-regulated genes are mainly related to embryonic
organ, urinary system development, and cell fate determination
(fig. S5G), the 182 down-regulated genes are largely associated
with brain development (fig. S5H), being consistent with the role
of SOX2 in promoting neural development (40).

To further verify that USP7 can inhibit the expression of ME
genes through SOX2, we overexpressed control or Flag-SOX2
vector in shCtrl- and shUsp7#2-infected mESCs (Fig. 5F) and
found that overexpression of SOX2 rescued the expression of ME,
but not PE genes (Fig. 5G). Together, our results suggest that USP7
and SOX2 together with or without RYBP co-occupy distinct
lineage differentiation genes. While USP7 seems to repress ME
genes through its catalytic deubiquitination of SOX2, inhibition
of PE-associated genes likely lies in its noncatalytic activity.

USP7 represses ME and PE genes through its catalytic and
noncatalytic functions
To further delineate the catalytic and noncatalytic functions of
USP7 to regulate gene expression, we first attempted to knock out
Usp7 to obtain Usp7−/− mESCs for rescue experiments using
CRISPR-Cas9 technology. Consistent with the shUsp7 knockdown
results (Fig. 2C), knockout of Usp7 in mESC pool also reduced
SOX2 levels at days 4 and 7 after transfection (fig. S6A). However,
we did not find that SOX2 and RING1B protein levels were down-
regulated in two Usp7−/− clones despite that H2Bub1 levels were
robustly increased as previously reported (fig. S6B) (41), confirming
the role of USP7 in removing H2Bub1 (42). This discrepancy sug-
gests that Usp7−/− cells replenished SOX2 and RING1B levels
through compensation mechanisms to survive under the condition
of USP7 deficiency and culture selection, since we noted that knock-
out of Usp7 severely impaired cell viability and retarded cell growth
during the process of selecting Usp7−/− clones likely due to the
known regulation of p53 by USP7 (30).

To circumvent the culture adaptation and compensation
problem caused by long-term deficiency of USP7, we used an
auxin-inducible degradation (AID) system to rapidly deplete the ex-
ogenous Flag-USP7AID protein by indole-3-acetic acid (IAA) and
then knocked out endogenous Usp7 in mESCs by a pair of
CRISPR-Cas9 single-guide RNAs (sgRNAs) targeting intronic se-
quences flanking exon 1 of Usp7 gene (fig. S6C). We then selected
Usp7-deficient clone 2 where the addition of IAA successfully
induced rapid degradation of exogenous FLAG-USP7AID as
shown by immunoblotting analysis (fig. S6D). We further overex-
pressed HA-C224S catalytic dead mutant or HA-USP7WT in
clone 2 of mESCs for subsequent experiments (Fig. 6A and fig.
S6, C and D). Our results showed that Flag-USP7AID was rapidly
degraded since day 1 upon IAA addition to day 5 examined,
which was accompanied with reduced SOX2 and RING1B levels
(Fig. 6B). These results were consistent the shRNA-based depletion
and P22077 treatment data (Fig. 2, C and I). By contrast, although
RYBP and PRC2 subunits including EZH2, SUZ12, and JARID2
levels decreased at day 1, they recovered from day 3 to day 5 after
IAA treatment (Fig. 6B). It suggests that USP7 unlikely directly
maintains the stability of RYBP, EZH2, SUZ12, and JARID2 as it
does for SOX2 and RING1B, but rather their reductions at day 1
were possibly a result of PRC1.1 and PRC2.2 complexes disassembly
after diminished levels of USP7 and RING1B subunits. We found
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Fig. 5. USP7 co-occupies lineage differentiation genes with SOX2 and/or RYBP in mESCs. (A) Heatmap of USP7 CUT&Tag binding peaks distribution in correlation
with the previously published SOX2 (37) and RYBP (38) ChIP-seq data in mESCs. TSS, Transcription Start Site. (B) Venn diagram analysis of USP7, SOX2, and RYBP binding
genes in mESCs. (C) RT-qPCR analysis of lineage differentiation genes in mESCs 7 days after infection with shCtrl or shUsp7. Means ± SD of n = 3 independent experiments
(*P < 0.05, **P < 0.01, and ***P < 0.001). (D) RT-qPCR analysis of lineage differentiation genes in mESCs 7 days after treatment with DMSO or P22077. Means ± SD of n = 3
independent experiments (***P < 0.001). (E) Venn diagram analysis of differentially expressed genes in shUsp7#2 versus shCtrl overlapping with SOX2- and USP7-bound
genes (37). (F) Immunoblotting of USP7, SOX2, and Flag in shCtrl- or shUsp7#2-infected mESCs with or without Flag-SOX2 overexpression (SOX2-OE). ACTIN serves as the
loading control. (G) RT-qPCR analysis of genes representative of PE and ME lineages in mESCs at day 7 after infection with shCtrl or shUsp7#2 together with or without
Flag-SOX2 overexpression. Means ± SD of n = 3 independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001).

Liu et al., Sci. Adv. 9, eade3888 (2023) 17 May 2023 9 of 18

SC I ENCE ADVANCES | R E S EARCH ART I C L E



that induced Flag-USP7AID degradation in Usp7 knockout back-
ground did not notably change H2AK119ub1 level despite the
reduced RING1B level (Fig. 6B). This is likely attributed to the con-
tribution of RING1A to maintaining H2AK119ub1 level (Fig. 6B),
consistent with a previous study reporting that H2AK119ub1 level
was reserved in mESCs with Ring1b deletion, while Ring1a was pre-
served (43). Furthermore, our results showed that overexpression of

HA-C224S in contrast to HA-USP7WT failed to rescue the reduced
levels of SOX2 and RING1B induced by IAA at day 3 after addition
(Fig. 6C). Similar results were observed for the colony-forming ef-
ficiency of these cells (fig. S6, E and F). Therefore, these data
support that the catalytic activity of USP7 is required to maintain
SOX2, similar to its known deubiquitination substrate RING1B
(32, 44), for the self-renewal of mESCs.

Fig. 6. USP7 represses ME and PE genes through
both catalytic and noncatalytic activities. (A) Sche-
matic illustrating generation of the Flag-USP7 degron
system in mESCs. Addition of auxin (IAA) to cells ex-
pressing auxin-binding receptor Tir1 induces protea-
somal degradation of Flag-USP7AID. See also fig. S6.
AID, auxin-inducible degradation. (B) Immunoblotting
of Flag, USP7, OSN, PcG proteins, H2AK119ub1, and
H2Bub1 in Usp7−/− mESCs expressing Flag-USP7AID

treated with IAA for the indicated time. TUBULIN and
H2B serve as loading controls. (C) Immunoblotting of
Flag, USP7, HA, OSN, PcG proteins, H2AK119ub1, and
H2Bub1 in Usp7−/− mESCs expressing Flag-USP7AID

with overexpression of control vector, HA-USP7C224S,
or HA-USP7WT treated with or without IAA for 3 days.
TUBULIN and H2B serve as loading controls. (D) RNA-
seq heatmap showing differentially expressed genes [P
< 0.05, log2(fold change) > 1] for the cells indicated in
(C). (E and F) The GO analysis of up-regulated [adjusted
P < 0.05, log2(fold change) > 1] (E) or down-regulated
[adjusted P < 0.05, log2(fold change) < −1] (F) gene of
Ctrl + IAA versus Ctrl. GTPase, guanosine triphospha-
tase. (G) The volcano plot depicting gene expression
changes between C224S + IAAversus Ctrl + IAA group.
Up-regulated genes [adjusted P < 0.05, log2(fold
change) > 1] were shown in red. Down-regulated
genes [adjusted P < 0.05, log2(fold change) < −1] were
indicated in cyan. (H and I) The Integrative Genomics
Viewer (IGV) showing RNA-seq binding peaks on PE (H)
and ME (I) representative genes in mESCs indicated in
Fig. 6D.

Liu et al., Sci. Adv. 9, eade3888 (2023) 17 May 2023 10 of 18

SC I ENCE ADVANCES | R E S EARCH ART I C L E



To look into transcriptional changes caused by Flag-USP7AID

degradation together with/without HA-C224S or HA-USP7WT
rescue in Usp7-deficient mESCs (fig. S6), we performed RNA-seq
of mESCs overexpressing control vector without/with IAA addition
(Ctrl/Ctrl + IAA) and HA-C224S mutant/HA-USP7WT with IAA
addition (C224S + IAA/USP7WT + IAA) in triplicates. Our results
showed that loss of Flag-USP7AID induced by IAA addition led to
differential expression of a total of 1268 genes compared to the
control without IAA treatment (Ctrl + IAA versus Ctrl), among
which only 291 genes were down-regulated but 977 genes were
up-regulated (Fig. 6D and table S5). Consistent with shRNA-medi-
ated Usp7 depletion results (fig. S2, G and H), GO pathway analysis
showed that most of the up-regulated genes were associated with cell
fate commitment and embryonic morphogenesis (Fig. 6E).
However, unlike shRNA-mediated Usp7 knockdown (fig. S2I), the
down-regulated genes were mainly involved in response to toxic
substance and metabolic process (Fig. 6F), which is likely due to dif-
ferential effect on gene expression caused by lentivirus-based
knockdown versus IAA-induced degradation of Flag-USP7AID in
the endogenous Usp7-deficient mESCs. Nevertheless, these results
support that USP7 maintains the identity of mESCs largely through
repressing lineage differentiation genes. Furthermore, our results
indicated that, in contrast to USP7WT (USP7WT + IAA versus
Ctrl), C224S overexpression failed to rescue most of the differen-
tially expressed genes caused by Flag-USP7AID degradation
(C224S + IAA versus Ctrl) (Fig. 6D), suggesting that USP7 regulates
gene expression in mESCs predominantly dependent on its catalytic
function. However, further comparison of gene expression between
C224S + IAA and Ctrl + IAA mESCs revealed that 717 and 548
genes were down-regulated and up-regulated in C224S overexpres-
sion mESCs relative to Ctrl + IAA mESCs (Fig. 6G), respectively.
We found that PE genes such as Gata4, Gata6, Sox7, and Sox17
(Fig. 6H and fig. S7A), but not ME genes such as T, Hand1,
Eomes, Flk1, etc. (Fig. 6I and fig. S7B), were among the down-reg-
ulated genes (C224S + IAA versus Ctrl + IAA) (Fig. 6G) that were
derepressed by Flag-USP7AID degradation (Ctrl + IAA versus Ctrl).
It indicates that C224S overexpression was able to repress the ex-
pression of PE rather than ME genes. Together, our results
suggest that USP7 represses ME and PE genes through its catalytic
and noncatalytic functions, respectively.

USP7 represses PE genes through its noncatalytic structural
function to maintain RYBP binding
To look into how catalytic and noncatalytic structural functions of
USP7 in relation to vPRC1 and PRC2 might contribute to gene re-
pression, we examined genome-wide occupancy of H2AK119ub1,
H3K27me3, and RYBP in Ctrl, Ctrl + IAA, C224S + IAA, and
USP7WT + IAA mESCs using CUT&Tag technology. Since our
results showed that RYBP level decreased at day 1 but recovered
at day 3 after the addition of IAA (Fig. 6, B and C), we performed
CUT&Tag at day 3 to avoid the possible effect of RYBP level. Our
results showed that despite the H2AK119ub1 level did not obviously
change after IAA-induced Flag-USP7AID degradation (Fig. 6, B and
C), its enrichment signals on target genes were overall reduced in
Ctrl + IAA relative to Ctrl (Fig. 7A). Overexpression of C224S in
contrast to USP7WT was unable to restore H2AK119ub1 binding
signals (Fig. 7A). These changes in H2AK119ub1 enrichment
signals on chromatin were concomitant with the fluctuations in
the levels of RING1B, the known catalytic substrate of USP7

among PRC1.1 subunits (Figs. 6C and 7A), supporting that USP7
contributes to H2AK119ub1 chromatin landscape by maintaining
its major writer RING1B. Our results also showed that the
changes in H3K27me3 signals were correlated with that of
H2AK119ub1 (Fig. 7B), suggesting that chromatin configurations
of these two histone modifications were coupled when USP7 was
perturbed, both of which were largely dependent on the catalytic
activity of USP7. We found that RYBP binding signals were also
notably attenuated in Ctrl + IAA in comparison to Ctrl mESCs
(Fig. 7C) when the level of RYBP did not change at day 3 of IAA
addition (Fig. 6C), suggesting that degradation of USP7 led to dis-
assembly of RYBP-vPRC1 on chromatin. However, we unexpected-
ly found that overexpression of C224S, similar to USP7WT, restored
overall RYBP binding signals in C224S + IAA to the level in Ctrl
mESCs (Fig. 7C). By further analyzing RYBP binding and
H2AK119ub1 enrichment signals in relation to USP7 peaks, we ob-
served that RYBP occupancy signals on USP7 bound peaks were re-
covered with nearly unchanged H2AK119ub1 enrichment densities
by overexpression of C224S in C224S + IAA compared to Ctrl +
IAA mESCs (Fig. 7D). These results suggest that USP7 deficient
in catalytic activity harbored the ability to recruit RYBP on chroma-
tin for occupying target genes even without sufficient RING1B cat-
alyzing H2AK119ub1 (Fig. 6C).

Approximately 14% (103 of 717) of the down-regulated genes in
C224S + IAA relative to Ctrl + IAA mESCs overlapped with
H2AK119ub1 and RYBP target genes (Fig. 7E), suggesting that
overexpression of C224S repressed these genes mainly through
RYBP-PRC1 independent of its catalytic activity. Moreover,
further analysis revealed that the signals of H2AK119ub1 and
H3K27me3 at the promoter region of the 103 down-regulated
genes (C224s + IAA versus Ctrl + IAA) were partially rescued in
C224S + IAA compared to Ctrl + IAA (Fig. 7, F and G). By contrast,
there was no notable difference of H2AK11ub1 and H3K27me3
signals at the promoter regions of the 4574 genes that were not
down-regulated in C224S + IAA relative to Ctrl + IAA mESCs
(Fig. 7, F and G) despite a similar recovery of RYBP binding
signals in the transcription starting site for both groups of genes
(Fig. 7H). These results suggest that the scaffold of catalytically in-
active USP7 with C224S point mutation is capable of inhibiting
gene expression through Polycomb system.

A closer analysis of our CUT&Tag data revealed that
H2AK119ub1 and H3K27me3 signals were partially rescued at
the promoter regions of down-regulated PE genes such as Gata4
and Gata6 accompanied with recovered RYBP binding in C224S
+ IAA mESCs (Fig. 7, I to K, and fig. S8, A, C, E, G, H, and J).
However, while H2AK119ub1 and H3K27me3 signals also ap-
peared to weakly recover on ME genes such as T and Cdx2 (Fig.
7, L and M and fig. S8, B, D, G, and H), RYBP binding at T and
Cdx2 genes was not recovered in C224S + IAA (Fig. 7N and fig.
S8, F and J). Together, these results suggest that while USP7 repress-
es ME genes in a catalytic activity–dependent manner, its noncata-
lytic structure maintains RYBP binding on chromatin to repress PE
genes via Polycomb system (Fig. 8).

DISCUSSION
Our study revealed the role of USP7 in maintaining the identity of
mESCs and supports a model in which USP7 shapes the transcrip-
tional network of mESCs not only through its catalytic activity–
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Fig. 7. USP7 represses ME genes through its noncatalytic scaffold ability to maintain RYBP binding. (A to C) Heatmaps showing H2AK119ub1, H3K27me3, and RYBP
CUT&Tag signals in Usp7−/−mESCs expressing Flag-USP7AID with overexpression of control vector, HA-USP7C224S, or HA-USP7WT treated with or without IAA for 3 days.
(D) Heatmaps showing H2AK119ub1 and RYBP CUT&Tag signals in relation to wild-type mESC USP7 CUT&Tag binding peaks in Usp7−/− mESCs expressing Flag-USP7AID

with control vector or HA-USP7C224S overexpression after 3 days of IAA treatment. (E) Venn diagram analysis of the overlapping of the down-regulated genes in C224S +
IAA versus Ctrl + IAA with H2AK119ub1- and RYBP-bound genes in C224S + IAA cells. (F to H) Profile plots showing the CUT&Tag signal distribution of H2AK119ub1,
H3K27me3, and RYBP on the 103 and 4574 genes in Usp7−/− mESCs expressing Flag-USP7AID with overexpressing of control vector, HA-USP7C224S, or HA-USP7WT and
after 3 days of IAA treatment. (I to N) The IGV showing H2AK119ub1, H3K27me3, and RYBP binding signals on Gata4 and T genes for cells in (A) to (C).
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dependent repression of ME lineage genes but also via noncatalytic
structural function to repress genes associated with PE development
(Fig. 8). Our results demonstrated that USP7 deubiquitinates and
stabilizes SOX2 to repress genes associated with ME development.
Given that OSN function as specifiers and repressors of mutually
exclusive lineages (5, 6, 39), pluripotency state therefore relies on
precise regulation of their levels, perturbation of which causes dif-
ferentiation into different germ layers (45, 46). Protein ubiquitina-
tion dynamically controlled by Ub ligases and DUBs is an
important posttranslational modification that regulates protein deg-
radation, function, and interaction (47). A number of DUBs have
been reported to regulate pluripotency by deubiquitinating and sta-
bilizing OSN. For example, USP3 has recently been shown to deu-
biquitinate and stabilize OCT4 in hESCs (48), whereas USP21 has
been previously identified to deubiquitinate NANOG in mESCs by
screening a large number of DUBs including USP7 (19–21). Never-
theless, a recent study has claimed that Bach1 regulates NANOG
ubiquitination through recruitment of USP7 in hESCs (49). Our
results support that USP7 predominantly interacts and deubiquiti-
nates SOX2 rather than NANOG and OCT4 in mESCs (Figs. 3C
and 4). These evidences collectively suggest a species-specific de-
pendency of OSN on a major DUB for stabilization in mESCs
versus hESCs. It remains to be further investigated whether USP7
may also regulate the ubiquitination of other pluripotency-associat-
ed factors such as LIN28A shown on its interacting protein list (Fig.
3A and fig. S4C).

In support of USP7 as an epigenetic regulator (17), our MS
results showed that USP7 might interact with multiple PcG proteins
including PRC2 core methyltransferase EZH1 and PRC1 subunits
such as RING1B, BCOR, PCGF1, MGA, and PCGF6 (Fig. 3A and
fig. S4C). Although the direct regulation of EZH1 by USP7 in
mESCs needs further verification, these results are a line with the
previously reported interaction of Elongin BC and PRC2-associated
protein (EPOP), a PRC2 regulator (50), with USP7 to regulate the
levels of H2Bub1, a transcription active histone modification, in
mESCs (41). Regardless that USP7 is a known H2B DUB (42),
our results showed reduced H2Bub1 level upon IAA-induced deg-
radation of Flag-USP7AID in Usp7-deficient mESCs (Fig. 6B). It sug-
gests that other H2Bub1 Ub ligases such as RNF20/40 and DUBs
such as USP22 and USP51 might be involved in regulating
H2Bub1 level upon the induced degradation of exogenous Flag-
USP7AID in mESCs deficient in Usp7 (22, 51). At the gene

transcriptional level, our RNA-seq results revealed a predominant
up-regulation of genes associated with cell fate commitment
induced by degradation of USP7 (Fig. 6E and table S5), which is
unlikely due to the reduced H2Bub1. Therefore, it supports that
USP7 largely functions as a transcriptional repressor in mESCs
beyond H2Bub1. Several previous studies have demonstrated that
USP7 exists in PRC1.1 as a DUB regulator (11, 15). In line with
these studies, our IP results confirmed the interaction of USP7
with RING1B, RYBP, PCGF1, and PCGF3/5 although its associa-
tion with MGA and PCGF6 remains to be verified (Fig. 3F). In
line with our results, very recent studies have identified MGA and
PCGF6 as the new substrates of USP7 (52, 53). Thus, these together
with our results suggest that USP7 may assemble into multiple
RYBP-vPRC1 complexes than previously thought. Consistent with
the previous study showing that USP7 interacts and deubiquitinates
RING1B to stabilize PRC1 (32), our results also showed that USP7
depletion reduced RING1B level in a catalytic activity–dependent
manner (Fig. 6, B and C). This is likely responsible for the observed
attenuation of H2AK119ub1 enrichment signals concomitant with
depression of lineage differentiation genes upon IAA-induced deg-
radation of USP7 that was not rescued by C224S mutant (Fig. 7A).
The changes in H3K27me3 enrichment signal are similar, but not as
robust as H2AK119ub1 (Fig. 7B). These results collectively support
that catalytic activity of RING1B in vPRC1 is essential to Polycomb-
mediated gene repression in mESCs through H2AK119ub1 deposi-
tion as previously reported (13, 14). Our results showed that USP7
contributes to Polycomb chromatin–mediated repression of ME
lineage genes in a catalytic activity–dependent manner. This is con-
sistent with the previously reported role of BCOR-PRC1.1 in re-
pressing key developmental regulators in hESCs (15).

In contrast, our results demonstrated that rapid IAA-induced
degradation of USP7 triggered a decreased RYBP level at day 1,
which then recovered at day 3 and onward (Fig. 6B). Therefore, it
is unlikely that USP7 directly deubiquitinates and stabilizes RYBP
similar to RING1B. Although RYBP level was recovered at day 3
(Fig. 6B), its genome-wide binding signals were obviously
reduced at day 3 after IAA-induced degradation of USP7 (Fig.
7C). It suggests that USP7 depletion induced disassembly of
PRC1 and dissociation of RYBP from chromatin. Nevertheless,
USP7 deficient in its deubiquitination function is able to restore
RYBP binding on chromatin for repressing PE-associated genes,
suggesting that repression of PE genes is dependent on recruitment
of RYBP to chromatin by noncatalytic structural function of USP7.
These results are consistent with the previous studies reporting that
RYBP may regulate PRC1 stability and maintain H2AK119ub1 at
vPRC1 targets (54, 55).

In this study, we report that USP7 deubiquitinates and stabilizes
SOX2 to repress genes associated with ME development in mESCs.
One limitation of our study is that it is unclear if USP7 plays a role in
establishing pluripotency during early mouse embryonic develop-
ment in part by stabilizing SOX2 despite the observed positive cor-
relation between Usp7 and Sox2 expression in ICM. Usp7 knockout
in mice causes early embryonic lethality, and blastocyst of Usp7 de-
ficiency fails to proliferate presumably because of its catalytic regu-
lation of MDM2-p53 pathway (56). ICM cells in blastocyst of Usp7
deficiency mouse embryo were also reported to differentiate exten-
sively, and p53 knockout partially rescued the phenotype of Usp7
knockout mice (56). It suggests that Usp7 knockout mice phenotype
is unlikely exclusively dependent on its regulation of p53. Whether

Fig. 8. The proposed model. USP7 represses ME and PE genes through catalytic
ubiquitination and noncatalytic maintaining RYBP binding to chromatin,
respectively.
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its catalytic activity–dependent stabilization of SOX2 and/or struc-
tural function to repress genes associated with PE development
through RYBP-vPRC1 observed in mESCs model contribute to
early mouse embryonic development needs further investigation.
Moreover, USP7 plays a very important role in tumorigenesis
through its enzymatic regulation of MDM2-p53 pathway and
many other proteins, various inhibitors to block its catalytic activ-
ities have been developed in the past for potential cancer treatment.
Its noncatalytic structural function awaits further study in the
context of tumorigenic process that will likely provide important
insights into development of therapeutic interventions by targeting
USP7.

In summary, our study unravels the molecular mechanism by
which USP7 shape the pluripotent transcriptional network to main-
tain mESC identity through both catalytic and noncatalytic struc-
tural activity–dependent repressions of lineage differentiation
genes. Therefore, our study reveals a novel role of USP7 in regulat-
ing gene transcription that has broad implications with understand-
ing its function in diverse biological processes.

MATERIALS AND METHODS
Animal statement
All in vivo experiments were performed in accordance with proto-
cols from the Institutional Animal Care. The experimental protocol
and ethics were approved by the Animal Care Facility of Zhejiang
University (ZJU20220013). Day 3.5 embryos were collected from
C57BL6 mice (8 weeks old) for immunofluorescent staining exper-
iments. For teratoma formation experiments, BALB/cJGpt-
Foxn1nu/Gpt (nude) (male, 4 to 5 weeks old) were purchased
from GemPharmatech (Nanjing, China) and bred in the Experi-
mental Animal Facility of Zhejiang University.

Cell culture
Mouse E14 embryonic stem cells [CRL-1821, American Type
Culture Collection (ATCC)] were cultured on 0.1% gelatin
(40108ES60, Yeasen, China)–coated plates in Dulbecco’s modified
Eagel’s medium (DMEM) with glucose (4.5 g/liter; 10-013-CVR,
Corning), supplemented with 15% fetal bovine serum (FBS;
catalog no. 10099, Gibco), GlutaMAX (35050-61, Gibco),
minimum essential medium nonessential amino acids (11140-
050, Gibco), penicillin/streptomycin (Gibco), 0.1 mM β-mercaptoe-
thanol (M3148, Sigma-Aldrich), and LIF (1000 U/ml; ESG1107,
Millipore). Naïve mESCs were cultured in N2/B27 2i/LIF media
comprising 1:1 mix of DMEM/F12 and Neurobasal medium con-
taining N2 and B27 supplements, penicillin/streptomycin, 0.1
mM β-mercaptoethanol, 2 mM L-glutamine, and LIF supplemented
with 1 μM PD03259010 and 3 μM CHIR99021 (STEMCELL Tech-
nologies) on irradiated CF1 MEF (0304-500, Innovative Cellular
Therapeutics Co. Ltd.) feeder layer. HEK293T cells (CRL-11268,
ATCC), HFFs (SCRC-1041, ATCC), and MEFs were cultured in
DMEM with glucose (4.5 g/liter), supplemented with 10% FBS.
hiPSCs and H9 hESC line (WA09, WiCell) were cultured on Matri-
gel (BD Biosciences)–coated plate in complete mTeSR1 medium
(STEMCELL Technologies) as previously described (57).

Gene knockdown, knockout, and overexpression in mESCs
For target gene knockdown, sequences of three shRNAs against
Usp7 (table S1) and scramble sequences were inserted into a

pLKO lentiviral vector (Addgene). Lentiviruses were produced by
cotransfection of pLKO-shRNA, psPAX2, and pMD2.G into
HEK293T cells. At 24, 48, and 72 hours after transfection, viral su-
pernatant were harvested. For gene knockout, mESCs were trans-
fected with a px330-Cas9 plasmid (Addgene) together with a pair
of sgRNAs targeting intronic sequences flanking exon1 of Usp7
gene using Lipofectamine 2000 (Life Technologies). After transfec-
tion, cells were cultured under puromycin (2 μg/ml) for 3 days. Cells
were collected for immunoblotting analysis at days 0, 4, and 7 after
transfection, and single clones were also picked for subsequent ex-
periments. To overexpress target genes, the coding sequences were
cloned into pB-CAG vectors and then cotransfected with pBASE
plasmid into mESCs using Lipofectamine 2000. After transfection,
the cells were cultured under puromycin (2 μg/ml) or hygromycin
(200 μg/ml), respectively.

Teratoma formation and histological analysis
A total of 1 × 106 mESCs 7 days after infection with shCtrl or
shUsp7#2 were suspended in 100 μl of DMEM with 30% Matrigel
(354277, BD Biosciences) and subcutaneously injected into the
groin of the nude mice for teratoma formation. Teratomas were har-
vested from the mice 5 weeks after injection, and their sizes from
different groups were measured and quantified. Histological analy-
sis was performed by the Histology Core Facility at School of Med-
icine of Zhejiang University.

Construction of Usp7 knockout mESCs line with auxin-
inducible degron of Flag-USP7
To construct the Usp7-deficient mESCs line with AID of exogenous
Flag-USP7 (Flag-USP7AID) (58), we first cloned mouse Usp7 coding
sequence into a pB-CAG-3 × Flag-AID vector (hygromycin-resis-
tant) and cotransfected with the E3 ligase expression plasmid for
the AID system (PB-Tir1; neomycin-resistant) and a pBASE
plasmid expressing the transposase into mESCs. Those vectors
were provided by Y. Yin’s laboratory at Zhejiang University
School of Medicine. After selection with antibiotics (G418, 280
μg/ml; hygromycin, 200 μg/ml) for 7 days, endogenous Usp7 gene
was deleted by the CRISPR-Cas9 approach using a pair of sgRNAs
targeting intronic sequences flanking exon1, and single clones were
then picked. Clones with homozygous deletion of endogenous Usp7
and rapid degradation of exogenous Flag-USP7AID upon addition of
the auxin analog IAA (500 μM) were used for downstream experi-
ments. The pB-CAG-3 × HA-C224S (USP7 catalytically dead mu-
tation) and pB-CAG-3 × HA-USP7WT (USP7 wild-type) were
overexpressed in Flag-USP7AID cell line for rescue experiments.

RNA extraction, reverse transcription qPCR, and RNA-seq
Total RNA was extracted with RNAiso Plus (9109, Takara) follow-
ing the manufacturer’s instructions. cDNA was then produced by
reverse transcription (RT) using ReverTra Ace qPCR RT Master
Mix (FSQ-201, TOYOBO). RT-qPCR was performed via SYBR
Premix Ex Taq (RR420A, Takara) and the Roche Light Cycler
480. The expression was normalized to the β-Actin. All the
primers used are listed in table S1. RNA-seq library preparation
and sequencing were performed by Novogene in Tianjin, China
on NovaSeq 6000 with 150 base pairs (bp) per read length and
paired end.
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ChIP-seq and ChIP-qPCR
ChIP-seq was performed as previously described (57). ChIP-qPCR
was performed via SYBR Premix Ex Taq (RR420A, Takara) and the
Roche Light Cycler 480. Gapdh served as a control. ChIP-qPCR
primers were listed in the table S1.

Alkaline phosphatase staining
A total of 2 × 103 mESCs were seeded in a six-well plate for 7 days.
The alkaline phosphatase assay was performed with the BCIP/NBT
Alkaline Phosphatase Color Development Kit (C3206, Beyotime Bi-
otechnology) according to the manufacturer’s instructions.

Flow cytometry
For cell cycle analysis, 2 × 105 to 1 × 106 mESCs 6 days after infec-
tion with shCtrl, shUsp7#2 or shUsp7#3 lentiviruses were collected
and fixed in chilled 75% ethanol and stored at −20°C overnight.
DNA staining was performed with a cell cycle staining kit
(40301ES50, Yeasen) according to the manufacturer’s instructions.
For apoptosis analysis of mESCs after Usp7 knockdown, the cells
were infected with shCtrl, shUsp7#2, or shUsp7#3 lentiviruses and
then selected in the culture medium supplemented with puromycin
(2 μg/ml) for 3 days. For apoptosis analysis of mESCs after P22077
treatment, the cells were treated with dimethyl sulfoxide (DMSO),
0.3, 0.5, and 0.8 μM P22077 for 6 days. Then, the cells after infection
or treatment were harvested by incubation in 0.05% trypsin-EDTA
(Gibco) and washed once with phosphate-buffered saline (PBS).
Annexin V staining was performed according to the protocol of
annexin V–fluorescein isothiocyanate/propidium iodide apoptosis
detection kit (A211-01, Vazyme). Flow cytometric data were collect-
ed on a flow cytometer (BD Cytomic FC 500MCL) and analyzed by
the FlowJo software (v7.6).

Immunofluorescence
Immunofluorescent staining was performed according to standard
procedures. The required antibody information is presented in table
S2. Immunofluorescence was observed using Olympus FV3000
confocal microscope.

Ubiquitination assay
Myc-Ub, Myc-Ub-K48, or Myc-Ub-K63 plasmids were provided by
D. Wang’s laboratory at Zhejiang University School of Medicine for
ubiquitination assay. HA-SOX2 sequences were cloned into a
pcDNA5 vector. Plasmids were transfected into HEK293T cells
via polyethylenimine. For the assay of ubiquitination, cells were re-
suspended in IP buffer [50 mM tris (pH 7.8), 150 mM NaCl, 1% (v/
v) NP-40, and 10% (v/v) glycerol] + 2% SDS, heated at 100°C for 10
min, and then diluted by 10-time dilution of IP buffer for 1-hour
lysis. Proteins were immunoprecipitated from cell lysates with indi-
cated antibodies, and then the ubiquitination of indicated proteins
was detected by Western blot analysis.

Co-IP and Western blot
Cells were lysed in IP buffer. For extraction of nuclear proteins, the
cells were lysed by nucleocytoplasmic separation kit (P0027, Beyo-
time Biotechnology, China) according to the manufacturer ’s in-
structions. For IP, cell lysates were incubated with the indicated
antibodies at 4°C overnight, and protein A/G plus magnetic beads
were added and incubated for another 4 hours. After washing five
times with PBS, protein SDS loading buffer was added and boiled

for 5 min. Western blotting was performed according to standard
procedures.

Mass spectrometry
IP samples were prepared, proteins were separated by one-dimen-
sional gel electrophoresis, and peptides were prepared as previously
described (59). Briefly, for data-dependent acquisition (DDA) iden-
tification, each lane was cut into five parts. For data-independent
acquisition (DIA) quantification, the five parts were further com-
bined into two parts, with one part containing the target proteins
and the other with IgG heavy/light chains. Each gel band was cut
into 2-mm3 pieces, followed by reduction with 10 mM tris(2-car-
boxyethyl)phosphine hydrochloride in 25 mM NH4HCO3 at 25°C
for 1 hour, alkylation with 55 mM IAA in 25 mM NH4HCO3 sol-
ution at 25°C in the dark for 30 min, and sequential tryptic digestion
at an enzyme concentration of 10 ng/μl at 37°C for overnight.
Tryptic-digested peptides were extracted using 50% acetonitrile
(ACN)/5% formic acid (FA) for the first time and 75% ACN/0.1%
FA for the second time. After that, peptide solutions were dried
under vacuum and further purified by Pierce C18 Spin Tips
(Thermo Fisher Scientific).

For DDA MS data acquisition, a total of 15 DDA raw data files
from three protein-complex samples (five fractions for each sample)
were generated. Peptides were separated by Ultimate 3000 nanoLC-
MS/MS system (Dionex LC Packings) equipped with a 15 cm–by–75
μm inside diameter (ID) fused silica column packed with 1.9-μm
100-Å C18 (National Institute of Biological Sciences, Beijing,
China). After injection, peptides were trapped at 6 μl/min on a 20
mm–by–75 μm ID trap column (Thermo Fisher Scientific,
Waltham, MA) packed with 3-μm 100-Å C18 aqua in 0.1% FA. Pep-
tides were separated along a 60-min 7 to 30% linear LC gradient
(buffer A, 2% ACN and 0.1% FA; buffer B, 98% ACN and 0.1%
FA) at the flow rate of 300 nl/min. Eluted peptides were ionized
at a potential of +2.1 kV into a Orbitrap Exploris 480 equipped
with FAIMS Pro (Thermo Fisher Scientific, Waltham, MA).
Intact masses were measured at resolution 60,000 [at a mass/
charge ratio (m/z) of 200] in the Orbitrap using normalized AGC
target value of 300% and cycle time setting of 1 s. The peptide
signals (charge states 2 to 6) were submitted to MS/MS in the
HCD cell (1.6–atomic mass unit isolation width and 30% normal-
ized collision energy). MS/MS spectra were acquired at a resolution
of 15,000 (at an m/z of 200) in the Orbitrap using normalized AGC
target value of 75%, a maximum IT of 22 ms. Dynamic exclusion
was applied with a repeat count of 1 and an exclusion time of 50s.
DIA MS data acquisition
For each DIA MS run, 400 ng of peptides were injected. The LC
configuration for DIA data acquisition is as the same as for DDA
data acquisition. The DIA MS setting was described in detail as
follows. A full MS scan was acquired by analyzing 390 to 1010 m/
z at a resolution of 60,000 (at an m/z of 200) in the Orbitrap using
normalized AGC target value of 300% and maximum IT of 50 ms.
Then, the MS/MS scans were acquired, each with a resolution of
30,000 at an m/z of 200, normalized AGC target value of 2000%,
and normalized collision energy as 32%, with the default charge
state set to 3 and a maximum IT set to 54 ms. For the FAIMS CV
of −68 V, the MS scan range is 400 to 585 m/z, the isolation window
is 15 m/z, and the window overlap is 1 m/z, and the number of
Windows is 12. For the FAIMS CV of −48 V, the MS scan range
is 585 to 1000 m/z, the isolation window is 20 m/z, the window
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overlap is 1 m/z, and the number of Windows is 20. The PPI of MS
data was performed by STRING database (60).

Glycerol gradient assay
The glycerol gradient was prepared using 10 and 40% glycerol solu-
tions (IP buffer, 1× protease inhibitor in nuclease-free water) in 15
ml of Beckman tube and kept at 4°C. Cells were lysed in 500 ml of IP
buffer with 1× protease inhibitor and spun down at 12,000g for 10
min at 4°C to remove the debris. Clear lysates were added on the top
of a 10 to 40% of glycerol gradient and then centrifuged at 32,000
rpm with a SW40Ti rotor for 18 hours. The resulting gradient was
then fractionated every 320 ml. Thirty-seven fractions were collect-
ed and subjected to Western blot.

CUT&Tag
We used the Hyperactive In-Situ ChIP Library Prep Kit for Illumina
(pG-Tn5) (TD901, Vazyme, China) to construct CUT&Tag librar-
ies according to the manufacturer ’s instructions. Then, the
CUT&Tag libraries were sent to Novogene (Tianjin, China) for se-
quencing on NovaSeq 6000 with 150 bp per read length and
paired end.

Microarray, single-cell RNA-seq, and bulk RNA-seq analysis
Microarray gene expression data of mESCs and MEFs (GSE71255)
were analyzed with GEO2R with a fold change of >2.0 and adjusted
P < 0.05. Single-cell RNA-seq gene expression processed data
during early mouse embryonic development (GSE84892) was ana-
lyzed using R. The correlation between Usp7 and lineage marker
genes was analyzed by Corrplot (v0.92). For bulk RNA-seq analysis,
the FASTQ data were trimmed with fastp (61) and then mapped to
mouse genome assembly mm10 via HISAT2 (62) to generate count
files. Differentially expressed genes were generated by DESeq2 (63)
with a fold change of >2.0 and P < 0.05. The heatmaps were gener-
ated by R package heatmap (version 1.0.12), and gene annotations
were performed using R package (clusterProfiler) (v4.2.2). GO anal-
ysis was performed on www.metascape.org.

ChIP-seq analysis
The FASTQ data were trimmed with fastp and mapped to mouse
genome assembly mm10 via Bowtie2 in paired-end mode (64).
Peaks were called by MACS2 (65). ChIP-seq enriched regions
were visualized with the Integrative Genomics Viewer (IGV) (66).
Heatmaps and profile plots were generated by deepTools2
(3.3.2) (67).

CUT&Tag analysis
The CUT&Tag data processing and analysis were referred to https://
yezhengstat.github.io/CUTTag_tutorial/ (version 10 August 2020,
accessed date: 9 July 2021). Briefly, the fastq files were checked by
FastQC for quality control, and then aligned to mm10 and Escher-
ichia coli genome (for spike-in calibration) by Bowtie2 using param-
eters: --end-to-end --very-sensitive --no-mixed --no-discordant
--phred33 -I 10 -X 700 (64). The duplication of Input was
removed by Picard (https://broadinstitute.github.io/picard/,
version 2.25.0, accessed date: 9 July 2021). Mapped reads were fil-
tered and file format conversion were performed by samtools. Read
pairs that are on the same chromosome and fragment length less
than 1000 bp were kept. Spike-in calibration was performed by Bed-
tools (68). Peak calling was performed by SEACR (69). Heatmaps

and profiles plots were generated by deepTools2 (67) (3.3.2).
CUT&Tag enriched regions were visualized with the IGV (66).

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Legends for tables S1 to S5

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S5

View/request a protocol for this paper from Bio-protocol.
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