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Deubiquitylating enzymes (DUBs) remove ubiquitin chains from proteins and regulate protein stability and func-
tion. USP7 is one of themost extensively studiedDUBs, sinceUSP7 has several well-known substrates important for
cancer progression, such asMDM2,N-MYC, and PTEN. Thus, USP7 is a promising drug target. However, systematic
identification of USP7 substrates has not yet been performed. In this study, we carried out proteome profiling with
label-free quantification in control and single/double-KO cells of USP7 and its closest homolog, USP47. Our pro-
teome profiling for the first time revealed the proteome changes caused by USP7 and/or USP47 depletion. Com-
bining protein profiling, transcriptome analysis, and tandem affinity purification of USP7-associated proteins, we
compiled a list of 20 high-confidence USP7 substrates that includes known and novel USP7 substrates. We experi-
mentally validated MGA and PHIP as new substrates of USP7. We further showed that MGA deletion reduced cell
proliferation, similar to what was observed in cells with USP7 deletion. In conclusion, our proteome-wide analysis
uncovered potential USP7 substrates, providing a resource for further functional studies.
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Protein ubiquitination is an important post-translational
modification, which plays a prominent role in a variety
of cellular pathways (Ciechanover 1998). Dysregulation
of the ubiquitination process has been implicated in vari-
ous human diseases, including cancer, infection, and neu-
rodegeneration (Tan et al. 2007; Isaacson and Ploegh 2009;
Senft et al. 2018). Ubiquitinationmajorly controls protein
degradation to maintain the homeostasis of the proteome
(Hershko and Ciechanover 1998). Protein ubiquitination
and deubiquitylation are controlled by two sets of en-
zymes. While the E3 ubiquitin ligases are the key en-
zymes responsible for the conjugation of ubiquitin to
protein substrates, deubiquitylating enzymes (DUBs) are
proteases that cleave ubiquitin chains from proteins
(Sun 2008). DUBs play critical roles in protein degradation
and ubiquitin recycling (D’Arcy et al. 2015). Approximate-
ly 100 DUBs encoded by the human genome can be
grouped into seven subclasses that are structurally dis-

tinct (Lange et al. 2022). Previously, five subclasses of
DUBs were classified, with ubiquitin-specific proteases
(USPs), ubiquitin C-terminal hydrolases (UCHs), ovarian
tumor proteases (OTUs), and Machado–Joseph disease
proteases (MJDs) as cysteine-based DUBs, and JAB1/
MPN/Mov34 (JAMMs) as zinc-binding metalloproteases
(Lange et al. 2022). Recently, two new DUB subclasses,
MINDY and ZUP DUBs, were defined as cysteine-based
DUBs, which are highly selective at cleaving K48- and
K63-linked polyubiquitin chains, respectively (Abdul
Rehman et al. 2016; Kwasna et al. 2018). Among these
DUBs, USPs are the largest subclass. Ubiquitin-specific
peptidase 7 (USP7), also known as herpes-associated ubiq-
uitin-specific protease (HAUSP), belongs to this subclass.
USP7 is one of the most extensively studied DUBs, as
many proteins involved in cell cycle, DNA repair,
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chromatin remodeling, and epigenetic regulation are iden-
tified as its substrates (Bhattacharya et al. 2018; Peng et al.
2019).
USP7 was originally identified as an interaction protein

of herpes simplex virus type 1 (HSV1) ICP0, and later as an
interaction protein of other viral proteins such as Epstein–
Barr virus (EBV) EBNA1 (Everett et al. 1997; Holowaty
et al. 2003b; Daubeuf et al. 2009). Since then, more and
more proteins have been identified as interaction proteins
of USP7, which suggests that USP7 may be involved in
multiple cellular processes, such as cell cycle, DNA re-
pair, chromatin remodeling, and epigenetic regulation.
Aberrant gain or loss of function of USP7 may be related
to several human diseases. For example, USP7 was found
to be overexpressed in multiple cancers, and its overex-
pression contributes to tumor progression (Song et al.
2008; Cheng et al. 2013; Wang et al. 2016; Carrà et al.
2017). Additionally, children withUSP7mutations or de-
letions suffer from neurodevelopmental disorders (Foun-
tain et al. 2019; https://www.usp7.org). Although USP7
was first identified in the nucleus, later studies suggest
that USP7 has a dynamic overall cellular distribution,
whichmay depend on pathological conditions and genetic
perturbations (Everett et al. 1997; Becker et al. 2008).
USP7 protects substrates from degradation by removing

ubiquitin chains on its substrates. USP7 contains an
N-terminal MATH domain, a central catalytic domain
(CD), and five C-terminal tandem ubiquitin-like (Ubl) do-
mains (Holowaty et al. 2003a; Faesen et al. 2011; Pozhi-
daeva and Bezsonova 2019). Studies show that different
substrates may bind to different USP7 domains; for exam-
ple, MDM2 and TP53 bind to the N-terminal domain of
USP7, while DNMT1 and UHRF1 interact with its C-ter-
minal Ubl domains (Sheng et al. 2006; Cheng et al. 2015;
Zhang et al. 2015). USP7may regulatemany critical cellu-
lar processes via the large number of identified USP7 sub-
strates, such as TRIM27 in immune response, DAXX and
PTEN in tumor suppression, DNMT1 in epigenetics, and
HLTF and UVSSA in DNA damage (Wang et al. 2019). Of
these substrates, arguably the most prominent one is
MDM2, the E3 ligase for TP53, which supports the devel-
opment of USP7 inhibitors, including FT671, XL177A,
and GNE-6640 (Kategaya et al. 2017; Turnbull et al.
2017; Schauer et al. 2020). However, TP53 is also a sub-
strate of USP7 (Li et al. 2002), which may make the con-
nection between USP7 and MDM2/TP53 complicated.
Moreover, Tp53 deletion cannot rescue embryonic lethal-
ity in Usp7 knockout mice (Kon et al. 2010; Agathangge-
lou et al. 2017). In order to further study the functions of
USP7 and support the development of USP7-specific in-
hibitors, it is critical to reveal the key and the wide-rang-
ing substrates of USP7.
USP47 is another DUB and the closest homolog of

USP7, which shares similar domain structures with and
has 48.4% similarity to USP7 in their catalytic domains
(Catic et al. 2007; Palazón-Riquelme et al. 2018). USP47
may also be an oncology target, since it deubiquitinates
DNA polymerase β (POLB) to regulate DNA base excision
repair (BER) (Parsons et al. 2011). USP7 and USP47 are
known to work together to deubiquitinate NLRP3, which

is required for inflammasome activation, although USP7
and USP47 show different enzymatic properties (Piao
et al. 2015; Palazón-Riquelme et al. 2018). Furthermore,
some earlier USP7 inhibitors (e.g., P22077 and P005091)
inhibit bothUSP7 andUSP47 (Tian et al. 2011;Weinstock
et al. 2012). However, until now, the substrates of USP47
remained limited. It will be interesting to uncover the
substrates of USP7 and USP47 and determine whether
they work together on a subset of these substrates.
To reveal globally the substrates of USP7, we performed

quantitative proteomics analysis using control,USP7KO,
USP47 KO, andUSP7/USP47DKO cells. These analyses,
together with transcriptome and protein–protein interac-
tion studies, revealed 20 high-confidence substrates of
USP7, including two new substrates—MGA and PHIP—
that we experimentally validated in this study. Addition-
ally, we showed that deletion ofUSP7 orUSP47 led to dis-
tinct changes in proteomes, arguing that these two DUBs
have different functions. Furthermore, we showed that al-
though current USP7 inhibitors FT671 and GNE-6640
were able to regulate USP7 substrates, they exerted simi-
lar cytotoxicity in several paired wild-type and USP7 KO
cell lines, implying that they may have other targets be-
sides USP7.

Results

The proteome of USP7 KO cells diverges from that
of USP47 KO cells

Given its higher expression in a variety of cancers (Supple-
mental Fig. S1A), USP7 is becoming one of themost exten-
sively studied deubiquitinates (Lu et al. 2021). USP7 has a
distinct domain structure among USPs, which includes
an N-terminal MATH domain, a central catalytic domain
(CD), and five C-terminal tandem ubiquitin-like (Ubl) do-
mains (Supplemental Fig. S1B; Rougé et al. 2016). USP47
is the closest homolog to and shares similar structure
with USP7 (Supplemental Fig. S1B; Palazón-Riquelme
et al. 2018). To understand comprehensively the proteomes
regulated by USP7 and USP47, HEK293A-derived USP7
KO,USP47KO, andUSP7/USP47DKOcells were generat-
ed by CRISPR/Cas9 genome-editing technology (Fig. 1A;
Supplemental Fig. S2).Moreover, we confirmed the change
of known USP7 substrates, such as MDM2, in USP7 KO
cells (Supplemental Fig. S2B).USP7KOcells showed defec-
tive cell proliferation (Fig. 1B),which is consistentwith pre-
vious results (Shan et al. 2018; Jin et al. 2019; Peng et al.
2019). Of note, USP47 KO did not affect cell proliferation,
while USP7/USP47 DKO led to reduced cell proliferation
(Supplemental Fig. S3A,B). Furthermore, USP7 KO also af-
fected cell proliferation in A549 and HeLa cells (Supple-
mental Fig. S3C).
We conducted an MS-based label-free quantitative pro-

teomics analysis to profile the proteomes in each of these
KO cells (Fig. 1C). We performed four biological replicates
in each of the control and KO cells; a total of 10,300 pro-
tein groups and an average of 8000 proteins in each repli-
catewere identified, and >6000 proteins were consistently
identified in all conditions (Fig. 1D; Supplemental Table
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S1). As expected, several known substrates of USP7 were
reduced in USP7 KO and USP7/USP47 DKO cells but
not in USP47 KO cells (Fig. 1E; Supplemental Table S2;
Pozhidaeva and Bezsonova 2019).

USP47 not only shares a similar catalytic domain with
USP7, but also has similar C-terminal multiple Ubl do-
mains (Supplemental Fig. S1B). We speculated that USP7
and USP47 may have overlapping substrates. However,
principal component analysis clearly revealed that these
samples could be separated into two groups: 293A and
USP47 KO, USP7 KO, and USP7/USP47 DKO (Fig. 2A).
This implies that USP7 deletion was the main driver to
separate these samples, with limited contribution from
USP47KO. Furthermore, unsupervised clustering showed
patterns similar to those of principal component analysis,
and these samples showed high reproducibility (Pearson’s
r > 0.95) (Fig. 2B). Asmentioned previously, several known
substrates were reduced/destabilized in USP7 KO (Fig.
1E). Furthermore,we examined the fold change of proteins
in each KO samples. In line with the above results, results
from USP7 KO correlated highly with those from
USP7/USP47DKO (Fig. 2C), whileUSP47 KO showed re-
stricted correlation with the other two (Supplemental Fig.

S4A,B). Collectively, these data not only demonstrate the
high quality of our proteome-profiling results, but also in-
dicate that USP7 differs from USP47 and that USP47 has
very few substrates in the cell.

Identification of candidate USP7 substrates

To uncover potential substrates of USP7, proteins with
two ormore unique peptides were subjected to a Student’s
t-test with a permutation-based false discovery rate of
<0.05 and S0 = 0.1 using Perseus software (Tyanova and
Cox 2018). In USP7 KO cells, 144 and 320 proteins were
significantly decreased or increased, respectively (Fig.
3A; Supplemental Table S3). Unexpectedly, the level of
TP53 did not change (see Supplemental Fig S2B), although
we identified some known substrates of USP7—such as
TRIM27, DHX40, and DAXX—that have reduced expres-
sion in USP7 KO cells. Gene set enrichment analysis
(GSEA) showed that some proteins involved in metabo-
lism were significantly reduced, including components
of the ribosome, oxidative phosphorylation, and protein
export, while proteins involved in arginine and proline
metabolism and the PPAR signaling pathway were

A

C D

B

E

Figure 1. Label-free quantitative proteo-
mics analysis of USP7 and USP47 single-
and double-knockout cells. (A) Whole-cell
lysates prepared from control HEK293A,
USP7 KO, USP47 KO, and USP7/USP47
DKO were immunoblotted with the indi-
cated antibodies. (B) The proliferation curve
of parental andUSP7KO cells. Experiments
with each cell line were repeated three
times. (C ) The workflow of the label-free
quantitative proteomics analysis. (D) The
number of total quantified proteins of each
replicate. (E) The fold change of reported
USP7 substrates in USP7 and USP47 KO
cells when compared with those in 293A
cells. The list of reported USP7 substrates
was generated based on a previous study
(Pozhidaeva and Bezsonova 2019).
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significantly up-regulated (Fig. 3B). However, we could
not exclude the possibility that these altered metabolism
pathwaysmay be indirect changes due to reduced cell pro-
liferation. Besides the known USP7 substrates and their
associated complexes, such as TRIM27, GMPS, and
DAXX, the polycomb-repressive complex (PRC), respira-
tory chain complex, and interferon complex that were
down-regulated were also revealed by the protein–protein
interaction networks using the STRING database (Fig.
3C). Further molecular function enrichment analysis of
these changed proteins agrees with the results revealed
by protein–protein interaction networks (Fig. 3C). These
analyses indicate that these cellular processes are signifi-
cantly altered in USP7 KO cells.
USP7 is known to stabilize several transcription factors,

such as TP53, FOXOs, and PTEN, implying the involve-
ment of USP7 in transcription regulation (Pozhidaeva
and Bezsonova 2019). Ourmolecular function enrichment
also indicated the role of USP7 in transcription regulation
(Fig. 3C). To eliminate any proteins that may be regulated
indirectly by USP7 via its role in transcription regulation,
we compared transcriptomes and proteomes in control
andUSP7 KO cells (Fig. 3D). Unexpectedly, several top de-
creased proteins, such as MAP7D2, IFIT3, and ISG15,
were also changed at their mRNA levels (Fig. 3D). These
data indicate that some of these proteins that are de-
creased in USP7 KO cells may be reduced via transcrip-
tional regulation and therefore are not direct USP7
substrates.
As mentioned above,USP7 KO andUSP7/USP47DKO

showed similar proteomes. We conducted the same anal-
yses to reveal the proteins changed in USP7/USP47 DKO
cells. In USP7/USP47 DKO cells, 643 and 517 proteins
were significantly decreased or increased, respectively
(Supplemental Fig. S5A; Supplemental Table S4). Again,
the level of TP53 did not change in USP7/USP47 DKO

cells, which is the same as what was observed in USP7
KO cells (see Supplemental Fig S2B). GSEA showed simi-
lar enriched pathways in USP7/USP47 DKO cells when
compared with those in USP7 KO cells (Fig. 3B; Supple-
mental Fig. S5B). Similarly, the protein–protein interac-
tion networks of down-regulated proteins also revealed
the PRC complex and respiratory chain complex (Supple-
mental Fig. S5C), suggesting that these are the common
complexes and that cellular processes changed in both
USP7 KO and USP7/USP47 DKO cells.

Validation of changed proteins byUSP7 reconstitution in
USP7 KO cells

To further validate protein changes observed inUSP7 KO
cells, we confirmed their alternations by Western blot
analysis (Fig. 4A; Supplemental Fig. S6A). CKMT1A is
the top increased protein at both the transcription and
protein levels, which were used as a positive control in
these experiments. Reconstitution of USP7 in USP7 KO
cells reversed protein alternations, including those affect-
ed at mRNA levels, such as ISG15 and IFIT3. To further
confirm that these protein changes are not specific for
293A cells, we also validated some of these proteins in
A549 andHeLa cells (Fig. 4B; Supplemental Fig. S6B). Sim-
ilarly, reconstitution of USP7 rescued the level of proteins
such as MGA and PHIP in both A549 and HeLaUSP7 KO
cells (Supplemental Fig. S6C). Furthermore, USP7 overex-
pression caused accumulation of proteins such as MGA,
PHIP, and the well-known USP7 substrate MDM2 (Fig.
4C). Moreover, FT671 is a selective USP7 inhibitor devel-
oped based on cocrystal structures (Turnbull et al. 2017).
FT671 can destabilize MDM2 in HCT116 cells. We con-
firmed that FT671 and GNE-6640 treatment reduced the
expression of MDM2, a well-known substrate of USP7,
in a dose-dependent manner (Fig. 4D; Supplemental Fig.

A B

C

Figure 2. USP7 KO and USP47 KO cells
show different proteome characteristics. (A)
The two-dimensional principle component
analyses separated samples into two parts;
i.e., wild type and USP47 KO versus USP7
KO andUSP7/USP47DKO. (B) Unsupervised
clustering of results obtained inUSP7KOand
USP7/USP47 DKO cells, based on Pearson
correlation among biological replicates. (C )
The correlation of fold change in USP7 KO
and USP7/USP47 DKO versus control 293A
cells. Each dot denotes a protein. The orange
dots indicate reported USP7 substrates iden-
tified in this study.
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S6D). It also reduced the expression of other potential
USP7 substrates such as MGA and PHIP (Fig. 4D; Supple-
mental Fig. S6D), although FT671 appeared to be more ef-
ficient at reducing MGA than GNE-6640. Altogether,
these data indicate that MGA and PHIP may be generally
regulated by USP7, regardless of cellular background.

As mentioned above, USP7 KO cells showed defective
cell proliferation (Fig. 1B). As controls, we showed that re-
constitutionwithwild-typeUSP7, but not aUSP7 catalyt-
ically inactive mutant (USP7C223S), rescued cell
proliferation defects (Fig. 4E). Also, this USP7 catalytical-

ly inactivemutant of USP7 could not rescue the decreased
protein levels of several potentialUSP7 substrates, such as
MGA and PHIP (Supplemental Fig. S6E)

MGA and PHIP are novel substrates of USP7

To further define the substrates of USP7, we overex-
pressed N-terminal SFB-tagged USP7 and then used our
tandem affinity purification strategy to identify potential
USP7 interaction proteins (Supplemental Fig. S7A; Sup-
plemental Table S5; Srivastava et al. 2018). We reasoned

A

B

C

D

Figure 3. Analysis of proteome changes inUSP7KOversus control cells. (A) Volcano plot showing the differentially expressed proteins in
USP7 KO versus parental 293A cells. Each dot denotes a protein. The brown and olive dots represent significantly up-regulated and down-
regulated proteins, respectively. (B) Gene set enrichment analysis (GSEA) was conducted with a MSigDB KEGG subset based on the pre-
ranked protein list ofUSP7 KO versus 293A cells. (C ) The significantly down-regulated proteins inUSP7 KO cells were subjected to pro-
tein–protein interaction (PPI) analysis with STRING. The top panel shows the PPI network. The bottom panel shows the significant
functional enrichment of the significantly down-regulated proteins. (D) The correlation between the protein changes andmRNA changes
of each gene product in USP7 KO versus 293A.
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that USP7 substrates should change at the protein level
but not at the mRNA level. Moreover, although USP7
may only associate with its substrates transiently, the in-
teraction with USP7 still increases the chance of these
proteins being direct substrates of USP7. Therefore, we
compiled lists of proteins down-regulated at the protein
level and/or at the mRNA level in USP7 KO cells and
compared them with the proteins identified as USP7-in-
teracting proteins (Fig. 5A). A total of 20 high-confidence
substrates of USP7 was identified (Fig. 5A,B). Some
known USP7 substrates and interaction proteins are
included, such as TRIM27, DHX40, and GMPS (Fig.
5B), which were previously identified as strong interac-
tors and substrates of USP7 (Georges et al. 2018, 2019).
Two top candidate USP7 substrates are MGA and PHIP
(Fig. 5B).
MGA, a MAX gene-associated protein, was one of the

top decreased proteins in USP7 KO cells in our proteome
profiling (Fig. 3A). MGA is the largest member of the
MAX-interacting transcription factor network and func-
tions as a dual-specificity transcription factor with two

different DNA binding domains: a T domain at the N ter-
minus and a basic helix–loop–helix zipper (bHLHZip)
domain at the C terminus (Hurlin et al. 1999). MGA
may function as a tumor suppressor, asMGA loss-of-func-
tion mutations were identified in lung cancer and leuke-
mia (De Paoli et al. 2013; The Cancer Genome Atlas
Research Network 2014). MGA, together with
L3MBTL2, PCGF6, E3F6, TFDP1, and others, comprises
the noncanonical PRC1.6 complex (Stielow et al. 2018).
MGAmay act as a scaffold for PRC1.6 assembly and guide
PRC1.6 to specific genomic targets (Qin et al. 2021). USP7
was reported previously to interact with some PRC sub-
units (Maat et al. 2021; Su et al. 2021). Moreover, several
members of this PRC1.6 complex were uncovered in our
USP7 interactome and/or list of down-regulated proteins,
such as L3MBTL2 and PCFG6 (Fig. 5B,C). PHIP, the WD-
40-containing protein, is a substrate receptor of the
CUL4A/B E3 ligase complex (Morgan et al. 2017; Jang
et al. 2018). Furthermore, CUL4A and DDB1, members
of the CUL4A/B E3 ligase complex, were down-regulated
in USP7 KO cells and were shown to interact with USP7

A

C
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E
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Figure 4. Reconstitution of USP7 rescues protein
changes and proliferation defects in USP7 KO cells. (A)
Immunoblots of whole-cell extracts prepared from
293A, USP7 KO, and USP7 KO cells stably expressing
USP7 with the indicated antibodies. Vinculin was used
as a loading control, while CKMT1A was also included
as a control. (B) The candidate proteins from Awere fur-
ther validated in A549 WT, A549 USP7 KO, HeLa WT,
and HeLa USP7 KO cells. (C ) Immunoblotting was con-
ductedwith the indicated antibodies in extracts prepared
from 293A, A549, HeLa, and corresponding cells with
USP7 overexpression. (D) Immunoblot of PHIP, MGA,
CUL4A, and L3MBTL2 in 293A cells treatedwith the in-
dicated concentrations of FT671 for 48 h. Actin was used
as a loading control, and MDM2 was used as a positive
control. (E) The proliferation curve of 293A, USP7 KO,
andUSP7 cells stably expressingwild-typeUSP7 or a cat-
alytically inactive mutant of USP7.
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(Figs. 3C, 5C). XL177A, a highly potent and selectively ir-
reversible USP7 inhibitor, also significantly decreased the
level of MGA and PHIP (Schauer et al. 2020; Bushman
et al. 2021). Additionally, another data-independent ac-
quisition (DIA)-MS study showed that two other USP7 in-
hibitors (FT671 and GNE-6640) not only decreased MGA
and PHIP protein levels, but also increased the ubiquitina-
tion level of MGA and PHIP (Steger et al. 2021). Collec-
tively, these data suggest that MGA and PHIP are likely
candidate substrates of USP7.

We overexpressedN-terminal SFB-taggedMGAor PHIP
and showed that they could pull down endogenous USP7
and other proteins in their respective complexes, such as
L3MBTL2 and CUL4A (Fig. 5D; Supplemental Fig. S7B).
As shown in Figure 5E, treatment with the translation in-
hibitor cycloheximide led to a rapid decline of MGA and
PHIP inUSP7KOcells but not inwild-type orUSP7 recon-
stitution cells. These proteins showed patterns similar to
that of MDM2, which is a well-known substrate of
USP7. To further determinewhether USP7 directly affects
the ubiquitination status of MGA and PHIP, cells express-

ingMGAor PHIPwere transfectedwith constructs encod-
ing WT or lysine mutants (K48 only or K63 only) of HA-
ubiquitin, together with USP7 or vector. MGA or PHIP
was pulled down by S-protein beads under denaturing con-
ditions. USP7 expression reduced wild-type, Lys-48-
linked, and even Lys-63-linked ubiquitination of both
MGAandPHIP (Fig. 5F; Supplemental Fig. S7C). Addition-
ally,MG132 treatment partially restored the protein levels
of MDM2,MGA, PHIP, and L3MBTL2 (Supplemental Fig.
S7D). Taken together, these data indicate that the protein
levels of MGA and PHIP regulated by USP7 are dependent
on the ubiquitination-mediated degradation pathway.

USP7 harbors an N-terminal MATH domain, a central
catalytic domain (CD), and five C-terminal tandem ubiq-
uitin-like (Ubl) domains (Supplemental Fig. S1B; Rougé
et al. 2016). Different substrates may bind to different
USP7 domains (Kim and Sixma 2017). We constructed dif-
ferent N-terminal-tagged USP7 truncation mutants (Sup-
plemental Fig. S7E; Pfoh et al. 2015) and used these
mutants to pull down endogenous proteins. These results
showed that endogenousMGA, PHIP, and their associated

A

C

D

F G

B

E

Figure 5. MGA is a novel high-confidence
substrate of USP7. (A) Venn diagram for
down-regulated proteins, down-regulated
mRNAs, and high-confidence USP7 interac-
tion proteins. (B) The proteins from the over-
lapping down-regulated proteins in USP7 KO
cells and those identified as USP7-interacting
proteins. These proteins are ranked by the
log2 ratio of their abundance in USP7 KO ver-
sus 293A cells. (C ) Potential USP7-interacting
proteins were ranked by intensity-based abso-
lute quantification (iBAQ), identified in this
study. Known interaction proteins annotated
in the CRAPome are labeled in black. The
DHX40 andTRIM27were used as positive con-
trols. (D) Coimmunoprecipitation of USP7
with MGA. MGA was fused with N-terminal
S-protein, FlAG, and streptavidin-binding pep-
tide (SFB) tags. L3MBTL2 and RNF2 were used
as positive controls. (E) Immunoblotting assay
of PHIP, MGA, and L3MBTL2 stability in
293A, USP7 KO, and USP7 KO cells stably ex-
pressing WT USP7. Cells were treated with 50
µg/mL cycloheximide for the indicated times.
(F ) USP7 deubiquitinates wild-type ubiquitin
and “Lys-48”-linked ubiquitin chains from
MGA. HEK293T was transfected with vector
or the indicated plasmid together with con-
structs encoding WT or lysine-specific mu-
tants (K48 only or K63 only) of HA-ubiquitin.
MGA was recovered with S-protein beads un-
der denaturing conditions. (G) HEK293T cells
were transfected with constructs encoding
full-length SFB-taggedUSP7 or its deletion var-
iants and then subjected to coprecipitation
with S-protein beads. Endogenous MGA,
PHIP, L3MBTL2, and CUL4A coimmunopreci-
pitated with SFB-tagged USP7 or its deletion
variants were detected by immunoblotting
with the indicated antibodies. (FL) Full-length,
(AA) amino acid.
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proteins could interact with full-length USP7, and these
interactions are mainly mediated by the Ubl domains of
USP7 (Fig. 5G). Together, these data indicate that MGA
and PHIP are likely USP7 substrates.

MGA KO led to cell proliferation defects

As mentioned above, we validated MGA as a novel sub-
strate of USP7. MGA is a poorly understood transcription

factor. To further study MGA as a substrate of USP7, we
generated MGA KO and MGA/USP7 DKO cells, which
were validated by Western blot and sequencing (Supple-
mental Fig. S8A,B). MGA is indispensable for pluripotent
ICM cells and the growth of ESCs (Washkowitz et al.
2015). A previous study showed that MGA deletion re-
duced cell proliferation (Stielow et al. 2018). Consistent
with the previous report, MGA KO showed reduced cell
proliferation (Fig. 6A). However, USP7 KO and USP7/

A B

C

D

E

Figure 6. MGAKO cells only showmild growth defects when compared withUSP7KO cells. (A) Proliferation of 293A,USP7 KO,MGA
KO, and MGA/USP7 DKO cells was measured. Experiments for each cell line were repeated three times. (B) The two-dimensional prin-
ciple component analyses separated samples into two parts (i.e., WT andMGAKO vs.USP7KO andUSP7/MGADKO) based on RNA-seq
data. (C ) Unsupervised clustering of different genes/proteins in three knockout cell lines based onRNA-seq data. (D) Volcano plot showing
the differentially expressed mRNAs inUSP7 KO versus 293A cells. Each dot denotes an mRNA. The brown and olive dots represent sig-
nificantly up-regulated and down-regulated genes/proteins, respectively. (E) GSEAs of transcripts inUSP7KO versus 293A cells were con-
ducted against MSigDB KEGG and hallmark subsets.
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MGADKO showed more severe reduction in cell prolifer-
ation when compared with MGA KO cells (Fig. 6A).

To further characterize the difference between MGA
KO and USP7 KO cells, we compared the transcriptomes
in these cells (Supplemental Table S6). Unexpectedly,
control wild-type cells and MGA KO cells were clustered
together (Fig. 6B), suggesting thatMGAKO only led tomi-
nor changes in gene transcription. On the other hand,
UPS7 KO and USP7/MGA DKO were clustered together
and showed similar transcription/mRNA patterns (Fig.
6C). Furthermore, we examined the fold change of genes
in these RNA-seq data. In line with the above-mentioned
results, data from USP7 KO correlated highly with those
fromUSP7/MGADKO,whileMGAKO showed restricted
correlation withUSP7KO (Supplemental Fig. S8C). Thus,
the functions of USP7 are likely mediated by many of its
substrates, and MGA is only one of these substrates. To
further support this hypothesis, we knocked down PHIP
by shRNA to a level similar to that observed in USP7
KO cells (Supplemental Fig. S9A). PHIP down-regulation
also reduced cell proliferation; however, USP7 KO cells
still displayed more severe defects in cell proliferation
(Supplemental Fig. S9B). Similar results were also ob-
served inA549 cells (Supplemental Fig. S9C,D), indicating
that both MGA and PHIP contribute to cell proliferation.
Altogether, these results suggest that the functions of
USP7, at least in cell proliferation, are mediated by
many of its substrates.

Immune response is potentially inhibited by USP7 KO

Increasing evidence suggests that USP7 may regulate
immune response by stabilizing a number of USP7 sub-
strates. However, there are contradictory data as to pre-
cisely how USP7 may influence the immune response.
For example, a previous report suggests that inhibition
of USP7 leads to ubiquitination of NF-κB, which down-
regulates TLR- and TNFR-induced expression of interleu-
kins (IL-6) and TNFα (Colleran et al. 2013). USP7 also pos-
itively regulates Treg cell-induced suppression of
autoimmune responses in vitro and in vivo (van Loosdregt
et al. 2013), and chemical inhibition of USP7 leads to ab-
rogated inflammasome formation (Palazón-Riquelme
et al. 2018). On the other hand, other data suggest that
USP7 and TRIM27 negatively regulate antiviral type I in-
terferon signaling (Cai et al. 2018).

To gain further insights into the potential immune re-
sponse regulated by USP7, we analyzed the transcription
changes in USP7 KO cells (Fig. 6D). Interestingly, the in-
terferon regulation genes were the top decreased genes
in USP7 KO cells, which include IFIT2, IFIT3, ISG15,
IRF5, and IRF6 (Fig. 6D). Moreover, IFIT3 and ISG15
were also the top decreased proteins in our proteome pro-
filing (Fig. 3A). Furthermore, GSEA with KEGG and hall-
mark pathway analysis showed that immune response
pathwayswere decreased inUSP7KOcells (Fig. 6E). To in-
vestigate potential transcription factors (TFs) responsible
for the down-regulation of interferon regulation genes,
we used ChEA3 to analyze the decreased gene transcrip-
tion due toUSP7 loss (Supplemental Fig. S9E). As expect-

ed, the top enriched TFs, such as IRF7, SP140, and BATF2,
were those responsible for the regulation of interferon
genes, which cover almost all of the decreased interferon
regulation genes observed in our data set (Supplemental
Fig. S9E). Similar results were reported (Colleran et al.
2013; Liu et al. 2018), although we and others have not
yet been able to establish any direct or indirect relation-
ship between USP7 and TFs such as IRF7. Additionally,
an early study indicated that USP7 may be a positive or
negative regulator of these immune-related genes, de-
pending on subcellular localization and/or contexts (Liu
et al. 2018). However, our results suggest that USP7 plays
a positive role in regulating immune response.

Paired control and USP7 KO cells revealed potential
context-dependent effects of USP7 inhibitors

Given thatUSP7may be involved inmultiple cellular pro-
cesses, there is a lot of interest in developing USP7 inhib-
itors as potential therapeutic agents. Thanks to the
cocrystal structures of USP7, a number of new specific
USP7 inhibitors were developed recently, which include
FT671, GNE-6640, and XL177A (Kategaya et al. 2017;
Turnbull et al. 2017; Schauer et al. 2020). The decreased
MDM2 and increased TP53 were used as biomarkers to
test these inhibitors. However, Tp53 deletion cannot res-
cue embryonic lethality in Usp7 knockout mice (Kon
et al. 2010; Agathanggelou et al. 2017). Thus, USP7 may
play critical roles independent of TP53. In this study, we
used three cell lines. While HEK293A and A549 may ex-
press wild-type TP53, TP53 function is impaired in
HeLa cells due to the targeted degradation of TP53 by
HPV E6 in these cells.

In theory, the loss of target will counteract the cytotox-
icity of target inhibitors. Thus, we treated several of our
paired wild-type and USP7 KO cells with FT671 or
GNE-6640. Unexpectedly, we showed that the cytotoxic-
ity of these inhibitors showedno orminor difference in pa-
rental orUSP7KO cells in HEK293A, A549, andHeLa cell
lines, regardless of whether these cells have functional
TP53 (Fig. 7). Furthermore, to avoid any potential adapta-
tion due to continuous USP7 depletion in these cells, we
transiently knocked down USP7 by shRNA in 293A and
A549 and showed that the cytotoxicity of these inhibitors
remained the same or similar in parental and these knock-
down cells (Supplemental Fig. S10). Thus, these twoUSP7
inhibitors did not display a robust antiproliferation effect
in these three paired cell lines, implying that these USP7
inhibitors may only be effective in specific genetic and/or
tissue contexts.

Discussion

In this study, we generated USP7 KO, USP47 KO, and
USP7/USP47DKO cells and revealed different proteomes
in USP7 KO and USP47 KO cells via in-depth label-free
quantitative proteomics analysis. Because of the mild
changes of proteomes in USP47 KO cells, we focused
our attention on USP7 KO cells. Unexpectedly, the poly-
comb-repressive complex (PRCs), respiratory chain
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complex, and interferon complex are among the top
down-regulated proteins in USP7 KO cells. To further
identify USP7 substrates, we compared protein-profiling
data with RNA-seq data. Interestingly, some of the top
down-regulated proteins identified by proteome profiling,
such asMAP7D2, IFIT3, and ISG15, are also the top down-
regulated genes at their mRNA levels, suggesting that
USP7 likely controls proteomes in part via its involve-
ment in transcriptional regulation. Indeed, our further
bioinformatics analysis implied that USP7 may be re-
quired for proper immune response in the cell.
In order to obtain the high-confidence substrates of

USP7, we also performed tandem affinity purification to
identify USP7-interacting proteins and then combined
them with protein-profiling and RNA-seq data. Our as-
sumption was that USP7 substrates may interact with
USP7 and be down-regulated in USP7 KO cells, but their
mRNA levels should not change in USP7 KO cells. Based
on this assumption, we compiled a list of 20 proteins that
are likely to be USP7 substrates. This list included some
known substrates, such as TRIM27, DHX40, and GMPS,
highlighting the quality of our data. Furthermore, we ex-
perimentally confirmed MGA and PHIP as novel sub-
strates of USP7. However, although MGA deletion
reduced cell proliferation, it could not phenocopy USP7
deletion. Similar results were observed with PHIP knock-
down. Indeed, >20 USP7 substrates have been reported
(Wang et al. 2019).Moreover, USP7may function as a con-
text-specific oncogene or tumor suppressor (Li et al. 2004).

For example, USP7 can directly destabilize TP53 or indi-
rectly stabilize TP53 by deubiquitinating MDM2 (Li
et al. 2002, 2004; Cummins et al. 2004). Of course, our
list of 20 high-confidence substrates of USP7 was generat-
ed based on data obtained from 293A cells, which by no
means is a comprehensive list of potential USP7 sub-
strates. Nevertheless, the two new substrates that we
identified in this study (i.e., MGA and PHIP) are also
among the top changed proteins in a previous proteomics
analysis with a different cell line treated with USP7 inhib-
itors (XL177A, FT671, and GNE-6640) (Bushman et al.
2021; Steger et al. 2021). We also confirmed the changes
of these two proteins in two other cell lines. Thus, it is
likely that MGA and PHIP are two major substrates of
USP7 in a variety of cellular backgrounds.
USP7 is a promising drug target. Increased TP53 is used

as a biomarker to test the specificity of USP7 inhibitors.
USP7 inhibitors can boost TP53 level and thus induce ap-
optosis (Kategaya et al. 2017; Turnbull et al. 2017; Schauer
et al. 2020). Sensitivity to USP7 inhibitor is believed to
correlate with TP53 mutational status (Schauer et al.
2020). However, USP7 is a pretty promiscuous DUB
with many substrates. Even in the TP53 pathway, USP7
can deubiquinate both TP53 and MDM2. Moreover,
USP7 has TP53-independent roles, such as destabilizing
PTEN and FOXOs (Bhattacharya et al. 2018). Moreover,
Tp53 deletion cannot rescue embryonic lethality in
Usp7 knockout mice (Kon et al. 2010; Agathanggelou
et al. 2017). In this study, we tested two recently

A B Figure 7. USP7 inhibitors in parental and
USP7 KO cells. (A,B) CellTiter-Glo assay re-
vealed thatUSP7 KO cells showed similar sen-
sitivity to USP7 inhibitors FT671 (A) and GNE-
6440 (B) when compared with that in control
parental cells. Cells were exposed to the indi-
cated concentrations of inhibitors and cultured
for 3 d. Data are from three technical replicates.
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developed USP7 inhibitors in three paired wild-type and
USP7 KO cells. Unexpectedly, we did not observe anyma-
jor difference in their sensitivities to these USP7 inhibi-
tors. These data suggest that although these inhibitors
could effectively inhibit USP7 activity, they could not
provoke strong antiproliferation effects in these three
paired wild-type and USP7 KO cells. It is possible that
these inhibitors may only be effective in certain genetic
and/or tissue contexts, which need to be further defined.
Another possibility is that Celltiter-Glo assay, as a
short-term assay, cannot reveal the modest difference
due to the defective cell proliferation of USP7 KO cells.
The long-term colony formation and other assays can be
used to further investigate the potential effects of these in-
hibitors in control and USP7 KO cells.

Although our study systematically revealed the prote-
ome and transcriptome landscape in USP7 KO cells and
compiled a list of high-confidence USP7 substrates, there
are several limitations in our study. First, it is likely that
USP7 may have context-dependent function and sub-
strates. However, our experiments were performed main-
ly in one cell line (i.e., HEK293A) and under one condition
(i.e., with or without USP7 deletion). It is possible that
cells may adapt to USP7 KO and therefore preclude the
discovery of some USP7 substrates even in these
HEK293A cells. Second, potential substrates with low ex-
pression abundance and/or moderate change in USP7 KO
cells may not be uncovered in our study. Although mass
spectrometer technology has advanced rapidly in the
past decade, complete coverage and quantification of the
whole proteome are still not achievable with the current
technology. It is likely that potential substrates with
low abundance and/or moderate change were missed in
our study. For example, we did not uncover several known
USP7 substrates such as c-myc and N-myc (Bhattacharya
and Ghosh 2015) in this study. Third, some USP7 sub-
strates may only interact with USP7 weakly and/or tran-
siently. This type of substrate may not be captured by
our tandem affinity purification protocol. Fourth, it is pos-
sible that some USP7 substrates may be deubiquitinated
by USP7, but this regulation does not change their protein
levels. Our approach presented here cannot be used to cap-
ture these substrates. Despite these limitations, our study
is the first proteome-wide profiling of USP7 KO cells.
These data, together with RNA-seq and USP7 interac-
tome data, provide a rich resource to facilitate further
functional analysis of USP7 and the development of
USP7 inhibitors.

Materials and methods

Cell culture

HEK293A, HEK293T, A549, and HeLa cells were purchased from
ATCC. HEK293A, HEK293T, and HeLa cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) plus 10% fetal bo-
vine serum, penicillin, and streptomycin at 37°C in 5% (v/v)
CO2. A549 cells were cultured in RPMI 1640 media plus 10% fe-
tal bovine serum and streptomycin at 37°C in 5% (v/v) CO2.
CRISPR/Cas9 gene-editing technology was used to generate

HEK293A-derived USP7 KO, USP47 KO, and USP7/USP47
DKO clones as described (Nie et al. 2020).

Mass spectrometer analysis

The samples were prepared as described in our previous work
(Nie et al. 2020). Briefly, cells were lysed with 8 M urea and sub-
jected to reduction, alkylation, and Trypsin digestion sequen-
tially. After desalination with Sep-Pak column, tryptic peptides
were subjected to fractionation as previously described (Nie
et al. 2020). The eluent was combined into 10 fractions and
then analyzed in a Q Exactive HF-X mass spectrometer (Thermo
Fisher Scientific) in data-dependent mode.

Cell proliferation and viability assays

Cells were seeded into 24-well or 96-well plates and counted ev-
ery day by a Bio-Rad TC20 automated cell counter (Bio-Rad Lab-
oratories) with Trypan Blue solution to confirm the live cells or
CellTiter-Glo luminescent cell viability assay with BioTek cyta-
tion 5 (BioTek). Growth curves were drawn with three replicates.
For the viability assay following treatment with USP7 inhibi-

tors, cells were plated into 96-well plates at the same density. Af-
ter 24 h, USP7 inhibitors of the indicated concentrations were
added. After 3 d, CellTiter-Glo luminescent cell viability assay
was performed following the manufacturer’s instructions. Lumi-
nescencewasmeasured with BioTek cytation 5 (BioTek) and nor-
malized with DMSO-treated cells. The cell viability curves were
drawn with three replicates.

Protein–protein interaction and ubiquitination pull-down assay

For protein–protein interaction, 2 µg of the indicated plasmids
(Fig. 5D,G; Supplemental Fig. S7B,D) was transfected into
HEK293T cells with 10 µL of polyethylenimines and 200 µL of
Opti-MEM (Thermo Fisher Scientific). Approximately 1 × 106

cells were collected 48 h later and lysedwith chilledNETNbuffer
and sonication. The pull-down was performed with the indicated
beads for 2 h, beads were washed with NETN three times, and
proteins were eluted by boiling for 15 min at 95°C with SDS-
PAGE loading buffer for Western blot.
For ubiquitination pull-down, the indicated plasmids were

transfected into HEK293T cells. Cells were lysed 48 h later
with chilled NETN containing 1% SDS. For denaturation, the ly-
sates were heated for 5 min at 95°C and diluted by 10-fold with
lysis buffer (to 0.1% SDS) and sonication. After centrifugation,
the lysates were incubated with S-protein beads for 2 h. S-protein
beads were washed with lysis buffer three times and subjected to
boiling with SDS-PAGE loading buffer for Western blot.

Identification of USP7-associated proteins

To identify USP7-interacting proteins, we followed the tandem
affinity purification protocol that we published previously
(Chen et al. 2020). Briefly, HEK293T cells with expression N-ter-
minal and SFB-tagged were lysed with chilled NTEN buffer and
sonication. After centrifugation, the lysates were incubated
with streptavidin-conjugated beads and then eluted with 2 mg/
mL Biotin. The elutes were incubated with S-protein beads. The
beads were boiled to elute bound proteins with 2× Laemmli sam-
ple buffer. Next, the eluted proteins were subjected to in-gel
digestion for mass spectrometer analysis.
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RNA-seq and data analysis

Cells were processed with RNeasy mini kit (Qiagen 74104) and
RNase-freeDNase (Qiagen 79254) to extract total RNAaccording
to the manufacturer’s instructions. Approximately 10 µg of total
RNAwas then processedwith the Illumina TruSeq stranded total
RNA library preparation kit including rRNA depletion, followed
by sequencing with NextSeq 500 (Illumina) to generate 75 bp
from paired ends.
The raw data were filtered with FastQC. Salmon (version

0.14.1) was used tomap reads and assemble transcripts into genes
(Patro et al. 2017). The output file from Salmon was processed by
DESeq2 (v 1.28.1) to analyze the fold change and adjusted P-val-
ues of genes. Genes with adjusted P-value≤ 0.01 and fold change
cutoff of 2 were considered as significantly changed genes.

Statistical analysis and bioinformatics

The proteingroup.txt file was imported into Perseus software
(version 1.6.7.0) (Tyanova et al. 2016), followed by filtering pro-
teins annotated with “reverse,” “potential contamination,” and
“only identified by site.” Proteins with at least two unique pep-
tides and 70% valid value in total samples were kept. The signifi-
cantly differential proteins were set as a permutation-based false
discovery rate of <0.05 and S0=0.1.
The ranked list from protein profiling or RNA-seq was import-

ed into R package clusterProfiler for gene set enrichment analysis
(GSEA) (Yu et al. 2012; Isserlin et al. 2013; Wu et al. 2021). The
protein–protein interaction network for down-regulated proteins
was generated by the STRING database withmedium confidence
(0.7) and visualized by Cytoscape (version 3.8.2), and the enrich-
ment analysis was conducted by Cytoscape stringApp (Pinkus
and Said 1977; Doncheva et al. 2019; Szklarczyk et al. 2019).

Data availability

All proteomics data in this study are presented here and in Sup-
plemental Tables S1–S6. The acquired MS/MS raw data (whole-
proteome profiling [Supplemental Table S1] and USP7-associated
protein identification [Supplemental Table S5]) in this study
have been deposited into MassIVE data sets (ftp://massive.ucs
d.edu/MSV000087940). The transcription data were deposited
into the GEO database with accession number GSE181513 (pass-
word: ilsdgesevhqhzcl).
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