
Acta Pharmaceutica Sinica B 2021;11(3):694e707
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.el sev ie r.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
Abrogation of USP7 is an alternative strategy to
downregulate PD-L1 and sensitize gastric cancer
cells to T cells killing
Zhiru Wanga,b, Wenting Kanga, Ouwen Lia, Fengyu Qia,
Junwei Wanga, Yinghua Youa, Pengxing Hea, Zhenhe Suob,
Yichao Zhenga,*, Hong-Min Liua,*
aSchool of Pharmaceutical Sciences, Zhengzhou University; Co-Innovation Center of Henan Province for New
Drug R&D and Preclinical Safety; State Key Laboratory of Esophageal Cancer Prevention and Treatment, Key
Laboratory of Advanced Drug Preparation Technologies, Ministry of Education of China, Zhengzhou 450001
China
bDepartment of Pathology, the Norwegian Radium Hospital, Oslo University Hospital; Department of Pathology,
Institute for Clinical Medicine, Faculty of Medicine, University of Oslo, Oslo 0379, Norway
Received 21 June 2020; received in revised form 1 September 2020; accepted 7 September 2020
KEY WORDS

USP7;

PD-L1;

Epigenetics;

Immunotherapy;

Ubiquitination;
Abbreviations: BCA, bicinchoninic acid

nuclear antigen 1; FDA, U.S. Food and Dr

Analysis; H2O2, hydrogen peroxidase; H

tissues; HDT, well differentiated tumor tis

double minute-2; PBMC, peripheral blood

death ligand-1; PDN, poor differentiated m

qRT-PCR, quantitative real time polymer

TILs, tumor-infiltrating T cells; USP18, u

USP7, ubiquitin-specific processing prote

*Corresponding authors.

E-mail addresses: liuhm@zzu.edu.cn (

Peer review under responsibility of Chine

https://doi.org/10.1016/j.apsb.2020.11.005

2211-3835 ª 2021 Chinese Pharmaceutic

by Elsevier B.V. This is an open access a
Abstract Targeting immune checkpoints such as programmed cell death protein 1 (PD-1) and pro-

grammed death ligand-1 (PD-L1) have been approved for treating melanoma, gastric cancer (GC) and

bladder cancer with clinical benefit. Nevertheless, many patients failed to respond to anti-PD-1/PD-L1

treatment, so it is necessary to seek an alternative strategy for traditional PD-1/PD-L1 targeting immu-

notherapy. Here with the data from The Cancer Genome Atlas (TCGA) and our in-house tissue library,

PD-L1 expression was found to be positively correlated with the expression of ubiquitin-specific proces-

sing protease 7 (USP7) in GC. Furthermore, USP7 directly interacted with PD-L1 in order to stabilize it,
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Gastric cancer;

Immunosuppression;

Cancer biology
while abrogation of USP7 attenuated PD-L1/PD-1 interaction and sensitized cancer cells to T cell killing

in vitro and in vivo. Besides, USP7 inhibitor suppressed GC cells proliferation by stabilizing P53 in vitro

and in vivo. Collectively, our findings indicate that in addition to inhibiting cancer cells proliferation,

USP7 inhibitor can also downregulate PD-L1 expression to enhance anti-tumor immune response simul-

taneously. Hence, these data posit USP7 inhibitor as an anti-proliferation agent as well as a novel ther-

apeutic agent in PD-L1/PD-1 blockade strategy that can promote the immune response of the tumor.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gastric cancer (GC) is the sixth common malignant tumor all over
the world1. The development of GC is a complicated, multistep
process including various genetic and epigenetic alterations2.
Treatment of GC depends on where the disease initiated and the
extent of its metastasis throughout the body, and several types of
standard treatment are used clinically, including surgery, chemo-
therapy and targeted therapy. Nevertheless, the 5-year overall sur-
vival of GC is 31.5% in the United States, and for patients with
metastasis, 5-year overall survival rate is only 5.3%3. Immuno-
therapy is a rising therapy choice in a series of solid tumors, and has
shown promising effect in patients with GC. As a part of immu-
notherapy, checkpoint blockades targeting the programmed cell
death protein 1/programmed death ligand-1 (PD-1/PD-L1) axis
have more superiority in efficiency and fewer side effects4. The
interaction between PD-L1 derived from tumor cells with PD-1
derived from tumor-infiltrating T cells (TILs) results in inhibition
of the T cell receptor (TCR) pathway and suppression of T cell
activity5. Particularly, the use of antibody to block the PD-1/PD-L1
pathway can reactivate the exhausted immune cells in the tumor
microenvironment to kill tumor cells. This treatment method adjusts
the unbalanced anti-tumor immunity and has acquired 10%e40%
response clinically6, and trials that evaluated immune checkpoint
blockade in gastrointestinal cancers are ongoing (NCT04152889,
NCT04157985, NCT03954756, and NCT03755440). Due to
inspiring effects for GC patients, the NCT01848834 trial has
demonstrated that treatment by pembrolizumab (antibody against
PD-1) in PD-L1-positive recurrent or metastatic GC patients
showed prospective antitumor activity and controllable toxicity7.
Based on the results of NCT02335411, pembrolizumab has been
approved for patients with advanced, PD-L1-positive GC or
gastroesophageal cancer by the U.S. Food and Drug Administration
(FDA)8,9. Nevertheless, another trial (NCT02370498) showed that
pembrolizumab failed to prolong overall survival compared to
paclitaxel as second-line therapy for advanced gastric or gastro-
oesophageal junction cancer with PD-L1 combined positive score
of 1 or higher10. Although anti-PD-1/PD-L1 antibodies have been
approved for tumor immunotherapy, they still display several lim-
itations, for example, short half-life, immune-related adverse effects
(irAEs), low permeability, immunogenicity and complex production
process. As a result, small molecule immune checkpoint inhibitors
of PD-1/PD-L1 have been proved to be a meaningful research filed
in the drug discovery11e14. Besides, chemo-immunotherapy15 or
combination small molecule inhibitor with anti-PD-1/PD-L116

shows a higher therapeutic efficacy. Patients with expression of
PD-L1 on either cancer cells or on TILs prefer to respond to anti-
PD-1/PD-L1 therapy17e19. Meanwhile, the expression of PD-L1
can be regulated by many factors20,21. Hence, it is critical to
comprehend the pathways regulating expression and stability of
PD-L1.

As a reversible process that can be erased by deubiquitinating
enzymes (DUB), ubiquitination plays an important role in multi-
ple cellular processes, for instance involving in embryonic
development, advancement of cell cycle, development and prog-
ress of tumor and cellular signaling transduction22,23. Among the
diverse deubiquitinases, USP7, also known as herpes virus-
associated ubiquitin-specific protease (HAUSP), belongs to
ubiquitin-specific proteases subfamily24. Thus far, role of USP7 in
development and progress of tumor has drew more and more
attention25. As USP7 participates in regulating the P53-murine
double minute-2 (MDM2) axis26, abrogation of USP7 is consid-
ered to inactivate MDM2 and subsequently reactivate P53, leading
to cell cycle arrest and apoptosis27. According to these vital dis-
coveries, specific small molecule USP7 inhibitors have been
identified for the treatment of diverse human cancers
recently24,28,29. Yet, the thorough mechanism by which USP7
modifies antitumor immunity still needs to be illuminated. Espe-
cially, whether and how USP7 controls PD-L1-mediated antitumor
immunity is still unknown.

In this study, we show that USP7 is overexpressed in GC and
correlates with PD-L1 expression. Moreover, USP7 is responsible
for PD-L1 protein stabilization in gastric cancer cell lines.
Importantly, abrogation of USP7 not only sensitizes GC cells to T
cell mediated killing by downregulating cell surface PD-L1 levels
and attenuating its interaction with PD-1, but also suppresses the
proliferation of GC cells by stabilizing P53 in vitro and in vivo.
Our data highlight the therapeutic implications of USP7 inhibitors
for treatment of GC.

2. Methods and materials

2.1. Cell lines and compounds

Human gastric cancer cell lines BGC-823, MGC-803, HGC-27
and MKN45 and HEK293 were obtained from Cell Bank of the
Chinese Academy of Sciences, Shanghai, China. AGS, NCI-N87,
SGC-7901 and MFC were obtained from Cell Bank of the Chinese
Academy of Sciences, Beijing, China. Cells were grown in cor-
responding medium with 10% fetal bovine serum (FBS), at 37 �C
with 5% CO2. Almac4 was a gift from Dr. Timothy Harrison.
P5091 (P005091) was purchased from Meilun (Dalian, China).

2.2. Bioinformatics analysis

Two public web servers, Gene-Expression Profiling Interactive
Analysis (GEPIA, http://gepia.cancer-pku.cn), and Kaplan-Meier
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plotter (KM-plotter, http://kmplot.com) were used to conduct
bioinformatics analysis, respectively. In short, GEPIAwas applied
to calculate correlation coefficient of genes; KM-plotter was
applied to explore cancer patient overall survival.

2.3. Immunohistochemical analysis (IHC)

Gastric carcinoma tissues were acquired from the First Affiliated
Hospital of Zhengzhou University. Tissue was collected according
to the clinical protocol approved by the ethics review board of the
First Affiliated Hospital of Zhengzhou University, Zhengzhou,
China. Before taking written consents, patients were informed
about the study. Collected specimens were anonymously
controlled that supported the ethical and legal standards. Depar-
affinization of the slides containing histological sample were
performed by xylene and different concentrations of ethanol and
washed with phosphate buffer saline (PBS) three times. Then the
slides were incubated with 3% hydrogen peroxidase (H2O2) at
room temperature for 20 min and 5% goat serum was applied to
block the nonspecific binding of antibody. Anti-USP7 antibody
was used on the slides at 4 �C overnight. Following day, the slides
washing were done with PBS for three times and were probed with
secondary antibody for 2 h at 37 �C. Subsequently, the slides were
stained with DAB and hematoxylin. Finally, the slides were
dehydrated and mounted. The slides were scanned and analyzed
on Aperio AT2 (Leica, Wetzlar, Germany).

2.4. Protein extraction and Western blotting (WB)

To prepare samples for immunoblotting, protein was extracted
from cells with Radioimmunoprecipitation (RIPA) lysis buffer
containing protease inhibitor to protect protein from degradation.
Cells were washed with PBS, mixed with lysis buffer and then
centrifugation was applied at 12,000�g for 10 min at 4 �C. The
supernatant was then collected and the protein concentration was
measured by a bicinchoninic acid (BCA) protein assay kit.
Following denatured at 100 �C for 10 min samples were subjected
to SDS-PAGE and then protein was transferred to 0.22 mm blot-
ting membrane (nitrocellulose membrane). Then the membranes
blocking was done with 5% nonfat milk prepared in PBS and
incubated at room temperature 2 h. Then, the blot was incubated
with specific primary antibody diluted in PBST at 4 �C overnight.
Followed by, membranes were incubated with horseradish-
peroxidase (HRP) conjugated secondary antibody for 2 h at
room temperature. After the application of first and second anti-
body, the membranes were washed for 4 times with 5 min in every
time. Finally, the membranes were autographed to X-ray film by
chemiluminescence kit from Thermo Fisher Scientific, Waltham,
MA, USA. The relative expression ratio for the control and
experimental groups were analyzed on the basis of density by
Image J software and the GAPDH signal as a reference. Anti-
bodies were used against USP7 (catalog ab10893; Abcam, Cam-
bridge, UK), human PD-L1 (catalog 13684s; Cell Signaling
Technology, Danvers, MA, US), mouse PD-L1 (catalog ab213480;
Abcam), MDM2 (catalog 86934s; Cell Signaling Technology),
P53 (catalog 9282T; Cell Signaling Technology), P21 (catalog
2946T; Cell Signaling Technology), GAPDH (GoodHere No. AB-
M-M 001, Hangzhou, China).
2.5. sgRNA-lentivirus and siRNA transfection and plasmids

Cells were seeded in 96-well plate at 20%e30% confluence for
24 h before sgRNA-lentivirus treatment. After transfection, the
medium was replaced 12 h later. The following sequence was
used: USP7 sgRNA1: GAGTGATGGACACAACACCG; USP7
sgRNA2 sequence: TCTTCAGCACTGCTTGTGCA; mUsp7
sgRNA: AGACCACACCAAAAAAGCGT. The production and
packaging of the lentivirus for USP7 knockout was done by
Shanghai Genechen Co., Ltd., China. USP7 siRNA1: GCAUA-
GUGAUAAACCUGUA; USP7 siRNA2: UAAGGACCCUG-
CAAAUUAU. The production of the siRNA for USP7 knockdown
was done by GenePharma, Shanghai, China.

For plasmids, full-length expression cDNA of PD-L1 (Flag-
PD-L1, HG10084-NF), HA-USP7 (HG11681-CY) and pCMV3-
untagged negative control vector were purchased from Sino Bio-
logical Inc. (Beijing, China). pCDNA-HA-His-Ub was generated
by GENEWIZ, Suzhou, China.

2.6. Detection of cell surface PD-L1

To analyze the cell surface PD-L1, 100 mL staining buffer con-
taining human PE-PD-L1 antibody (catalog557924; BD Bio-
sciences, Franklin Lakes, NJ, USA) was prepared and cells were
suspended in it, and then incubated the mixture at room temper-
ature for 30 min. Same procedure was followed for MFC cells
with mouse PE-PD-L1 antibody (catalog 124308; BD Bioscience),
after which, the cells were washed by the staining buffer and
subjected to FACS analysis using BD FACSCanto flow cytometer
(BD Biosciences).

2.7. Immunoprecipitation (IP)

For protein extraction, HEK293 cells were seeded into 60 mm
plates and transiently transfected with 2.5 mg Flag-PD-L1 and 0,
0.625, 1.25, and 2.5 mg HA-USP7. At 48 h after transfection, cells
were collected for protein extraction and WB analysis. Antibodies
against Flag (catalog 14793s; Cell Signaling Technology), and HA
(GenScript, Nanjing, China) were used.

For immunoprecipitation, HEK293 cells were transfected with
the indicated plasmids and collected at 48 h after transfection. The
cells were lysed in IP lysis buffer (26147, Thermo Fisher Scien-
tific) and were incubated overnight with 1 mg of anti-Flag-M2
affinity gel (FLAGIPT1, SigmaeAldrich, St. Louis, MO, USA) or
anti-HA magnetic beads (88836, Thermo Fisher Scientific) at
4 �C. The beads were then washed with lysis buffer and eluted
with elution buffer. The immunoprecipitated protein complex was
analyzed using SDS-PAGE.

2.8. In vivo ubiquitination assay

HEK293 cells were transfected with 10 mg His-ub, 10 mg Flag-
PD-L1, and 10 mg HA-USP7 by H4000 (Engreen Biosystem Co.,
Ltd., Beijing, China) according to the instruction. The cells were
treated with 10 mmol/L MG132 for 6 h at 48 h post-transfection
and then lysed for immunoprecipitated using anti-Flag-M2 affin-
ity gel.

http://kmplot.com/
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2.9. Protein half-life assay

Initially, cell transfection with sgRNA lentivirus or treated with
Almac4 (5 mmol/L) were done under indicated parameters. After
cycloheximide (CHX, 20 mmol/L) was applied to the medium and
at indicated time points, cells were collected and immunoblotting
was performed to evaluate the corresponding protein levels.

2.10. Quantitative reverse transcription (qRT) PCR assay

Quantitative real-time polymerase chain reaction (qRT-PCR)
assay was performed to analyze the expression level of mRNA.
Total RNA extraction was performed with the TaKaRa MiniBEST
Universal RNA Extraction Kit (Code No. 9767, TaKaRa, Shiga,
Japan). To measure the expression level of mRNA, cDNA was
synthesized from 2 mg purified total RNA using Revert Aid First
Strand cDNA Synthesis Kit (K1622, Thermo Fisher Scientific)
based on the manufacturer’s instructions. qPCR was done in a
real-time PCR machine Quant Studio 6 Flex (Life Technologies,
Rockville, IN, US) using the following primers: human PD-L1, 50-
TCACTTGGTAATTCTGGGAGC-30 (forward) and 50-CTTT
GAGTTTGTATCTTGGATGCC-30 (reverse)30; b-actin, 50-GCAA
AGACCTGTACGCCAACA-30 (forward) and 50-TGCAT
CCTGTCGGCAATG-30 (reverse). All data was analyzed by the
comparative Ct method. Internal control b-actin mRNA was used
to normalize the results.

2.11. PD-L1/PD-1 binding assay

Cells were treated with 20 mg/mL recombinant human PD-1 Fc
protein (Sino Biological) at 25 �C for 2 h. Then cells were washed
with staining buffer and stained with anti-human Alexa Fluor 488
dye conjugated antibody (A32731, Thermo Fisher Scientific) at
25 �C for 30 min. Next cells were washed by staining buffer and
stained with DAPI (Biosharp, Hefei, China) at 25 �C for 10 min
and were examined by Nikon C2 Plus confocal microscope
(Nikon, Tokyo, Japan).

2.12. T cell killing assay and IL-2 expression measurement

MGC-803 Con and USP7 KO cells were planted in a 24-well plate.
Jurkat T cells were incubated with Dynabeads Human T-Activator
CD3/CD28 beads (Gibco, NewYork, NY, USA) for 12 h to activate
Jurkat T cells activity. Then MGC-803 Con and USP7 KO cells
were incubated with activated Jurkat T cells for 84 h, after which,
the cells were fixed. After washing, the cells were stained with
(40,6-diamidino-2-phenylindole) DAPI for 10 min. The cell counts
were measured and analyzed by high content screening system
(ArrayScan XTI, Thermo Fisher Scientific).

MGC-803 Con and USP7 KO cells were planted in a 96-well
plate and put into Xcell Ligence RTCA eSight (Agilent, San
Diego, CA, USA). Human peripheral blood mononuclear cells
(PBMC, derived from health donor) were incubated with Dyna-
beads Human T-Activator CD3/CD28 beads and then cocultured
with MGC-803 Con and USP7 KO cells at 0.1:1, 1:1, 5:1, 10:1
ratio (PBMC:tumor cell). After 84 h, the cells were fixed. After
washing, the cells were stained with DAPI for 10 min. The cell
counts were measured and analyzed by high content screening
system. The level of IL-2 secreted by the PBMC cells was
detected according to the manufacturer instructions (human IL-2
ELISA kits, Thermo Scientific).
2.13. Animals and tumor xenograft model

All animal experiments were performed based on the guidelines of
the Institutional Animal Care and Use Committee of Zhengzhou
University, Zhengzhou, China. Female BALB/c mice (4e5 week-
old, weighing 18e21 g) were obtained from Hunan Slack Scene of
Laboratory Animal Company Ltd. (Hunan, China). Optimum food
and water were supplied to every animal and the nursing was done
under sterilized condition. The right scapular region of the mice
was selected and the cancer cells (5 � 106) were injected. The
weight of mice and the tumors were measured every 3 days. At the
10th day, the tumors were obtained from mice and weighted. The
size of tumor was measured using vernier caliper measurements.

2.14. Tumor-infiltrating lymphocyte profiling analysis

MFC tumors were stripped and the TIL cells were collected after
digestion with collagenase type 4 (LS004188, Worthington, Co-
lumbus, OH, USA)/hyaluronidase (SigmaeAldrich). TIL were
stained with APC-conjugated anti-mouse CD8a (catalog 100714,
BioLegend, San Diego, CA, USA)/FITC-conjugated with anti-
mouse CD3 (catalog 100204, BioLegend) and analyzed by FACS.

2.15. Statistical analysis

Data were represented as the mean � standard deviation (SD). The
statistical significance of the difference between two groups was
measured with Student’s t-test. The real-time PCR data was rep-
resented by analyzing with the 2eDDCT method. P < 0.05 and
P < 0.01 were considered statistically significant.

3. Results

3.1. USP7 and PD-L1 were positively correlated in GC tissues

To overcome the clinical response problem, it is crucial to find
the upstream regulator that may modulate the amount of PD-L1
in GC31,32. Hence, deubiquitinase attracted our eyes as there
have been three deubiquitinases reported to stabilize PD-L1,
including COP9 signalosome 5 (CSN5), ubiquitin specific
peptidase 9 X-linked (USP9X) and ubiquitin specific peptidase
22 (USP22)33e35. Nevertheless, correlation analysis using
GEPIA (http://gepia.cancer-pku.cn)36 indicated that PD-L1 is not
correlated with CSN5, USP9X and USP22 in GC (Fig. 1A),
indicating that all these three deubiquitinases may not be the
upstream regulator of PD-L1 in GC. Hence, the correlation co-
efficients between PD-L1 and other different 66 deubiquitinases
were analyzed (Supporting Information Table S1), and the results
indicate that PD-L1 is correlated with USP7 (Fig. 1B), ubiquitin
specific peptidase 18 (USP18, Supporting Information Fig. S1A)
and ubiquitin specific peptidase 38 (USP38, Fig. S1A) in GC. In
addition, Kaplan-Meier analysis from Kmplot reveals that the
poor differentiated patients with high USP7 expression indicated
worse overall survival time than those with low levels of USP7
(P Z 0.05, Fig. 1C, bottom), but not all patients (P Z 0.32,
Fig. 1C, top) and well differentiated patients (P Z 0.45, Fig. 1C,
middle)37. Besides, the expression of USP18 and USP38 had no
correlation with overall survival in GC (Fig. S1B). Based on the
above data, USP7 was supposed to be the upstream regulator of
PD-L1. To explore the expression of USP7 in diverse tumor
samples and paired normal tissues, Fig. S1C show that USP7 is

http://gepia.cancer-pku.cn/


Figure 1 USP7 and PD-L1 expressions are positively correlated in GC tissues. (A) Correlation between PD-L1 and CSN5 (top), PD-L1 and

USP9X (middle), and PD-L1 and USP22 (bottom) in GC (http://gepia.cancer-pku.cn). (B) Correlation between PD-L1 and USP7 in GC (http://

gepia.cancer-pku.cn). (C) Overall survival analysis conducted by Kaplan-Meier method according to USP7 expression. Top, all patients; middle,

well differentiated patients; bottom, poor differentiated patients (http://kmplot.com). (D) The expression of USP7 in tumor and adjacent normal

tissues of GC patients without classification (top) and under the classification of poor and well differentiation (bottom). (E) Correlation between

PD-L1 and USP7 expressions in human GC tissues (T, tumor; N, normal). ***P < 0.001. P values were calculated using two-tailed t-test sta-

tistical analysis. PDT, poor differentiated tumor tissues; PDN, poor differentiated matched adjacent normal tissues; HDT, well differentiated tumor

tissues; HDN, well differentiated matched adjacent normal tissues.
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overexpressed in breast cancer (BRCA), kidney chromophobe
(KICH), kidney renal clear cell carcinoma (KIRC), kidney renal
papillary cell carcinoma (KIRP), prostate cancer (PRAD) and
GC. In order to further verify this result, expression of USP7 in
286 human GC tissues and paired adjacent normal tissues was
examined with our in-house tissue library using IHC. The IHC
results also show that USP7 is overexpressed in GC patient
tumors compared with adjacent normal tissues significantly
(Fig. 1D) and the expression levels of USP7 in tumors are higher
than adjacent normal tissues no matter the stage of differentia-
tion (Fig. 1D). Besides, clinical relevance of USP7 in the pro-
gression of GC was also investigated. Table 1 shows that USP7
expression is correlated with the stage of differentiation
(P Z 0.033 < 0.05), but not age, gender and metastasis of GC

http://gepia.cancer-pku.cn/
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Table 1 Clinical characteristics of GC patients with

different USP7 expressions.

Variable No. of patient USP7

expression

P value

High Low

Gender

Male 216 105 111 0.492

Female 70 38 32

Age

�51 240 119 121 0.872

<51 46 24 22

Lymph node metastasis

Yes 197 101 96 0.610

No 89 42 47

Differentiation

Well/moderate 135 77 58 0.033

Poor 151 66 85
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patients. To further validate this finding in human GC patient
samples, the correlation between PD-L1 and USP7 expressions
in GC patient samples was analyzed by WB. The WB results
indicate that PD-L1 expression levels are highly correlated with
USP7 expression (r Z 0.44, P < 0.01, Fig. 1E and Supporting
Information Table S2). These results suggest that USP7 is
correlated with PD-L1 expression in GC.

3.2. Inhibition of USP7 decreased PD-L1 expression in GC cells

Due to the identification of the positive correlation between
USP7 and PD-L1, there may be inter-regulation between USP7
and PD-L1. As PD-L1 is a transmembrane protein and USP7
distributes from nucleus to the cytoplasm as a deubiquitinase,
USP7 was supposed as an upstream regulator of PD-L1. To
study the regulation of USP7 on PD-L1, expressions of USP7
and PD-L1 were evaluated in eight gastric cell lines. As shown
in Fig. 2A, USP7 was ubiquitously expressed in all tested cell
lines and six GC cell lines express high amount of USP7
comparing with the cell line of normal gastric epithelium or
GES-1. In addition, BGC-823, MGC-803, NCI-N87 and SGC-
7901 cells lines expressed higher level of PD-L1 than other GC
cell lines, while PD-L1 was absent in MKN45 cells. Among
these cell lines, MGC-803 cell line was chosen to explore the
effect of endogenous USP7 on regulating PD-L1 expression
due to its high expression of PD-L1 and USP7. Firstly, USP7
inhibitor Almac429 was applied to MGC-803 and mouse gastric
cancer cell MFC. As indicated in Fig. 2B, when cells were
treated with Almac4 to inhibit USP7 activity, expression of
PD-L1 was decreased in both of the two cell lines in a time-
dependent manner (Fig. 2B). Moreover, to further verify
these results, USP7 was knocked down in MGC-803 and MFC
cell lines, and PD-L1 expression was significantly reduced
compared to control cells (Fig. 2C). Subsequently, BGC-823,
MGC-803 and SGC-7901 cells were incubated with Almac4,
and results in Fig. 2D suggest that Almac4 treatment decreased
the total amount of PD-L1 in all these three cell lines in a
dose-dependent way. Moreover, treatment of MFC with
Almac4 also dramatically decreased mPD-L1 expression either
(Fig. 2D). As PD-L1 on membrane of cancer cells exhibits
immunosuppressive effect through binding to PD-1 on acti-
vated T cells38, whether USP7 positively regulates membrane
PD-L1 remains unclear. Results in Fig. 2E reveal that the
amount of membrane PD-L1 was lower than that in parental
cells for MGC-803 cells when USP7 was abrogated genetically
or pharmacologically in the presence of Almac4, respectively
(Fig. 2E). Likewise, in the presence of Almac4, amount of
membrane of PD-L1 was decreased in SGC-7901 and MFC
cells (Fig. 2E). Meanwhile, in the presence of P5091, another
USP7 inhibitor, amount of membrane of PD-L1 also decreased
in MGC-803 and BGC-823 cells (Supporting Information
Fig. S2). All these results indicate that USP7 abrogation can
decrease the expression level of PD-L1 in GC cells.

3.3. USP7 directly interacted with PD-L1 and promoted its
deubiquitination and stabilization

As USP7 expression was positively correlated with PD-L1
expression in human GC tissues and abrogation of USP7
decreased the expression of PD-L1 in different GC cell lines, we
next asked how USP7 regulates the PD-L1 expression. First, PD-L1
mRNA levels in MGC-803 cells treated with or without Almac4
were examined. Nevertheless, no significant alteration was
discovered for the mRNA of PD-L1 after Almac4 treatment with
different concentrations or times (Fig. 3A). As USP7 abrogation
can decrease the expression of PD-L1 without impacting on its
mRNA level, and PD-L1 was reported to be ubiquitinated and
subjected to proteasome mediated degradation33,39, whether USP7
erases the ubiquitination of PD-L1 needs to be answered.

When Flag-PD-L1 and HA-USP7 were co-transfected in
HEK293 cells, results in Fig. 3B suggest that they can interact with
each other. To further validate these results, endogenous PD-L1
from MGC-803 and BGC-823 cells was enriched with immuno-
precipitation and the endogenous USP7 can be detected (Fig. 3C).
Moreover, USP7 can promote the amount of PD-L1 in a dose-
dependent manner (Fig. 3D). Then, to further verify that USP7
can deubiquitinate PD-L1, Flag-PD-L1 was co-transfected with
HA-His-Ub in the presence of HA-USP7 or not in HEK293 cells.
Results in Fig. 3E suggest that PD-L1 was strongly ubiquitinated
(lane 2, Fig. 3E) in the presence of MG132 but without HA-USP7,
while HA-USP7 abolished PD-L1 ubiquitination (lane3, Fig. 3E).
Similar results in Fig. 3F show that PD-L1 ubiquitination was
significantly increased when USP7 was absent in MGC-803 cells
in the presence of MG132, while absence of MG132 led to the
sharply decreasing of PD-L1 expression when USP7 was abro-
gated. To test whether endogenous PD-L1 was also subjected to
similar regulation by USP7, USP7 was knocked out genetically
(Fig. 3G and Supporting Information Fig. S3A) or pharmacolog-
ically (Fig. 3H and Fig. S3B) in MGC-803 cells, and results
suggest that endogenous PD-L1 became unstable and degraded
rapidly. Similarly, treatment of MFC cells with mUSP7-sgRNA-
lentivirus (Fig. S3C) or Almac4 (Fig. S3D) also led to similar
results which further confirm the results derived from Fig. 3G and
H. All these results indicate that USP7 interacts with PD-L1 and
deubiquitinates PD-L1 to promote the stability of PD-L1.

3.4. Blockade of USP7 sensitized cancer cells to T cell killing

Based on the above results, whether USP7 abrogation induced
decreasing expression of PD-L1 may affect the binding between
PD-L1 and PD-1 and sensitivity of tumor cells to T cell-mediated
killing remains unclear. Hence, MGC-803 cells were treated with
USP7 sgRNA-lentivirus or Almac4, respectively, followed by
incubation with recombinant human PD-1 Fc chimaera protein



Figure 2 Abrogation of USP7 decreased PD-L1 expression in GC cells. (A) USP7 and PD-L1 expression in eight gastric cell lines. (B) PD-L1

expression in MFC and MGC-803 cells treated with Almac4 (5 mmol/L) for the indicated times. The values were normalized on PD-L1 expression

in control samples. (C) PD-L1 expression in MGC-803 and MFC cells when USP7 was knocked down. The values were normalized on the PD-L1

expression in control samples. (D) PD-L1 expression in BGC-823, MGC-803, SGC-7901 and MFC cells in the presence of different concen-

trations of Almac4 for 4 days. The values were normalized on the PD-L1 expression in control samples. (E) FACS analysis for cell surface PD-L1

expression in MGC-803 USP7 KD cells or MGC-803, SGC-7901 and MFC cells treated with Almac4 (5 mmol/L). Data are shown as mean � SD

(n Z 3), n.s., not significant; *P < 0.05, **P < 0.01, ***P < 0.001. P values were calculated using two-tailed t-test statistical analysis.
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that enabled fluorescent labeling and visualization. As expected,
the binding of PD-1 on the cell surface decreased as a result of
abrogation of USP7 both genetically and pharmacologically
(Fig. 4A). Moreover, the question regarding whether USP7 KO-
mediated PD-L1 downregulation may affect T-cell function
remains to be answered. Hence, T cell killing assay was per-
formed by co-culturing activated Jurkat cells with MGC-803 cells
in the presence of USP7 or not. This mechanistic assay reveals
that knockout of USP7 uninterruptedly activates the cytotoxic T
cell towards tumor cells (Fig. 4B). Moreover, another T cell



Figure 3 Abrogation of USP7 downregulated PD-L1 expression by increasing PD-L1 polyubiquitination. (A) mRNA levels of PD-L1 when

MGC-803 cells were treated with different concentrations of Almac4 or 5 mmol/L Almac4 for different times; the values were normalized on the

PD-L1 expression in control samples. (B) Interaction analysis between Flag-PD-L1 and HA-USP7 using IP. HEK293 cells were transiently

transfected with the indicated plasmids Flag-PD-L1 (left) and HA-USP7 (right) was immunoprecipitated and subjected to WB analysis with the

HA-tag (left) and Flag-tag antibody (right). (C) Endogenous PD-L1 IP in MGC-803 and BGC-823 cells. (D) WB analysis of Flag-PD-L1

expression in HEK293 cells transfected with Flag-PD-L1 and dose increasing amounts of HA-USP7. (E) Polyubiquitination of PD-L1 in

HEK293 cells when Flag-PD-L1 and HA-His-ubiquitin were co-transfected with HA-USP7 or not; cells were treated with MG132 (10 mmol/L) or

not 6 h prior to ubiquitination analysis. (F) Polyubiquitination of PD-L1 in MGC-803 cells when USP7 was abrogated genetically, cells were

treated with MG132 (10 mmol/L) or not 6 h prior to ubiquitination analysis. Turnover of PD-L1 in MGC-803 cells when USP7 was abrogated

genetically (G) or pharmacologically (H) with 20 mmol/L CHX for different times as indicated. Data are shown as mean � SD (n Z 3); ns, not

significant; *P < 0.05; **P < 0.01; ***P < 0.001. P values were calculated using two-tailed t-test statistical analysis.
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killing assay using activated human PBMCs also confirmed that
abrogation of USP7 sensitized MGC-803 cells to T cell in a time-
and T cell number-dependent manner (Fig. 4C D, and Supporting
Information Videos S1eS10). Interleukin 2 (IL-2) was one of the
first cytokines to be discovered and produced by activated T cells
and promoted CD8þ T cell cytotoxicity activity40. USP7
knockout enhances IL-2 expression in PBMC cells (Fig. 4E).
These results demonstrate that abrogation of USP7 can attenuate
the PD-L1/PD-1 interaction and sensitize gastric cancer cells to T
cell killing.

Supporting video related to this article can be found at https://
doi.org/10.1016/j.apsb.2020.11.005

https://doi.org/10.1016/j.apsb.2020.11.005
https://doi.org/10.1016/j.apsb.2020.11.005


Figure 4 Abrogation of USP7 sensitizes gastric cancer cells to T cell killing. (A) Binding of PD-1 with cell surface PD-L1 of MGC-803 cells

when USP7 was abrogated genetically using sgRNA lentivirus or pharmacologically using Almac4 (5 mmol/L) for 4 days. (B) MGC-803 Con and

USP7 KO cells were co-cultured with or without activated Jurkat cells for 4 days. Upper, the cells were stained with DAPI; down, the cell counts

of MGC-803 Con and USP7 KO cells co-cultured with activated Jurkat cells. (C) MGC-803 Con (upper) and USP7 KO cells (down) were co-

cultured with activated PBMC cells for 84 h. (D) The cell counts of (C). (E) Soluble IL-2 levels in MGC-803 Con and USP7 KO cells co-cultured

with activated PBMC cells for 84 h. Data are shown as mean � SD (n Z 3); *P < 0.05; **P < 0.01; ***P < 0.001. P values were calculated

using two-tailed t-test statistical analysis.
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3.5. Abrogation of USP7 suppressed GC cell proliferation
and cell cycle progression

As the above results confirmed that USP7 knockout enhanced the
sensibility to T cell killing, it was also reported that abrogation of
USP7 can suppress tumor growth24,29,41. Next, whether the same
function exits in GC needs to be elucidated. To explore whether
abrogation of USP7 can suppress GC cell proliferation, knockout
of USP7 in MGC-803 was applied. As indicated in Fig. 5A, when
USP7 was genetically inactivated in MGC-803 cells by two



Figure 5 Abrogation of USP7 suppresses GC cell proliferation and arrested cell cycle. (A) Knockout of USP7 in MGC-803 cells using two

different sgRNA lentivirus. (B) Colony formation analysis when USP7 was knocked out in MGC-803 cells. (C) Expression of MDM2 and P53

when USP7 was knocked out in MGC-803 cells. (D) Cell cycle analysis when MGC-803 cells were treated with different concentrations of

Almac4 for 48 h. (E) Colony formation when MGC-803 cells were treated with different concentrations of Almac4 for 10 days. (F) Expression of

P53 and P21 in MGC-803 treated with different concentrations of Almac4 for 48 h. (G) Turnover of MDM2 in MGC-803 treated with Almac4

(5 mmol/L) for different times as indicated. Data are shown as mean � SD (n Z 3); *P < 0.05; **P < 0.01. P-values were calculated using two-

tailed t-test statistical analysis.
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different sgRNA-lentivirus, the colony formation efficiency of
MGC-803 was inhibited (Fig. 5B). Because MDM2 and P53 are
the substrates of USP741,42, expression of MDM2 and P53 in
MGC-803 cells were investigated, and the results show that
MDM2 was reduced and P53 was accumulated upon USP7
knockout (Fig. 5C). As P53 controls the G2/M checkpoint of cell
cycle and regulates growth arrest43, the cell cycle analysis was
performed when cells were exposed to Almac4 and results in
Fig. 5D indicate that Almac4 can induce G2/M phase arrest
(42.22%). Besides, Almace4 can also reduce the colony formation
activity in MGC-803 cells in a dose-dependently manner
(Fig. 5E). Moreover, Almac4 induced the expression of P53 and
P21 in MGC-803 cells in a dose-dependent manner (Fig. 5F) and
accelerated endogenous MDM2 turnover with CHX (20 mmol/L,
Fig. 5G). Hence, abrogation of USP7 inhibits proliferation of GC
cells through promoting the stability of P53.
3.6. Inhibition of USP7 decreased PD-L1 expression in vivo

The results from in vitro analysis prompted us to make a hy-
pothesis that knockdown of USP7 can affect mPD-L1 expression
in vivo, we assessed the ability of USP7-depleted cells to impair
tumor growth in BALB/c mice bearing MFC Con and USP7 KD
cells. Results in Fig. 6A show that knockdown of USP7 in MFC
reduces tumor size compared to control group, and mice bearing
MFC USP7 KD cells had lower mPD-L1 expression in tumors
compared to control mice (Fig. 6B). Moreover, abrogation of
USP7 decreased the tumor volume and weight in USP7 KD
group compared with the control group (Fig. 6C and D). As
cytotoxic CD8þ T cells play a critical role in meditating the
antitumor effect of anti-PD-L1 treatment44 and the tumor-
infiltrated activated CD8þ T-cells were quantified, result in
Fig. 6E suggests that the tumor-infiltrated activated CD8þ T-cell



Figure 6 Abrogation of USP7 decreases mPD-L1 expression and reduces mouse gastric cancer tumorigenesis in vivo. (A) Representative

tumors formed in BALB/c mice bearing MFC Con and USP7 KD cells. (B) Expression of USP7 and mPD-L1 in tumors stripped from BALB/c

mice bearing MFC Con and USP7 KD cells. Tumor volumes (C) and weight (D) in BALB/c mice bearing MFC Con and USP7 KD cells. (E) Ratio

of CD8þ cells in CD3þ T cell populations from the isolated tumor-infiltrating lymphocytes. (F) Ki-67 staining of tumor tissues stripped from

BALB/c mice bearing MFC Con and USP7 KD cells, scale bar Z 500 mm. (G) USP7, MDM2 and P53 staining of tumors stripped from BALB/c

mice bearing MFC Con and USP7 KD cells. Data are shown as mean � SD (n Z 3); ns, not significant; *P < 0.05; **P < 0.01. P values were

calculated using two-tailed t-test statistical analysis.
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population was significantly increased in mice bearing MFC
USP7 KD cells (Fig. 6E). Because the expression of Ki-67,
which is widely used in routine pathological investigation as a
proliferation marker, has strong association with tumor cell
proliferation and growth45, Ki-67 of each tumor was examined.
Result in Fig. 6F shows that Ki-67 positive tumor cells in MFC
USP7 KD significantly decreased compared with MFC Con
group. Moreover, it is commonly known that P53 is a powerful
tumor suppressor and can be functionally activated to eradicate
tumors. However, its function was effectively inhibited through
direct interaction with MDM2. Since both P53 and MDM2 are
substrates of USP7, expression of P53 and MDM2 in each tumor
was tested, and result in Fig. 6G reveals that MDM2 expression
decreased in MFC USP7 KD compared with MFC Con group. At
the same time, expression of P53 accumulated in MFC USP7
KD compared with MFC Con group. Together, abrogation of
USP7 decreased the expression of mPD-L1 and suppressed the
tumor growth.

4. Discussion

USP7 was primarily discovered to be associated with viral pro-
teins such as infected cell protein (ICP0)46 and Epstein-Barr nu-
clear antigen 1 (EBNA1)47. Besides, a lot of research work
reported that USP7 promotes the stability of several other proteins,
including MDM2 and forkhead box O4 (FOXO4)48e51, indicating
that USP7 plays as an oncogene in tumorigenesis. Here, we re-
ported that USP7 is upregulated in clinical gastric cancer tissues,
and poor differentiation patients with high USP7 expression show
worse overall survival rate compared to the patients with low
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levels of USP7. Further, we found that USP7 inhibitor inhibited
tumor proliferation via promoting the stability of P53 in GC and
arrested the cell cycle at G2eM phase. Hence, we demonstrate
that abrogation of USP7 can suppress GC cells proliferation via
stabilizing P53 in vitro and in vivo.

Recently, immunotherapies, such as PD-1/PD-L1 targeting
therapy and chimeric antigen receptor (CAR) T-cell therapy, have
been proved as powerful treatments in clinical oncology. However,
PD-L1 inhibitor pembrolizumab only achieved 22% response
clinically52. To crack this problem, multifactorial biomarkers,
including tumor mutational load, infiltrating CD8þ T cell in-
tensity, and PD-L1 expression levels, have been proposed as bona
fide biomarkers of therapeutic response to anti-PD-L1 therapies53.
However, the overall response rate was 30% in gastric and
gastroesophageal junction (GEJ) cancers irrespective of PD-L1
status54. Moreover, changes in the expression of PD-L1 and
tumor mutational burden are independent biomarkers in most
cancers55. As PD-L1 expression status is insufficient in deter-
mining which patient may be benefit from PD-1/PD-L1 targeting
therapy56, findings of new drug or combinational therapy ap-
proaches that modulate the tumor microenvironment to promote
antitumor immunity are in urgent6,57. In this study, abrogation of
USP7 reduced the expression of PD-L1 in a dose- and time-
dependent manner in GC cells and results in Fig. 2B show that
it took 48 h to decrease expression of PD-L1. We supposed that
USP7 may stabilize PD-L1 in an indirect manner although USP7
can interact with PD-L1 directly. These results demonstrate that
abrogation of USP7 increased PD-L1 polyubiquitinaion,
decreased the PD-1/PD-L1 interaction and sensitized gastric
cancer cells to T cell-mediated killing. All these data suggest that
USP7 acted as an upstream deubiquitinase of PD-L1 in GC and
abrogation of USP7 suppressed tumor growth via downregulating
PD-L1-associated immunosuppression, and thus stabilizing P53
and subsequent cell cycle arrest simultaneously.

As PD-L1 can be regulated at the transcriptional level, post-
transcriptional, post-translational and extracellular levels58,
several post-translational modifications (PTMs) of PD-L1,
including phosphorylation 30,59e62, ubiquitination33,39,63,64, gly-
cosylation65e68 and palmitoylation69,70, have been reported to
regulate PD-L1 stability. In the current study, we show that USP7
deubiquitinates PD-L1 to cause cancer immune resistance to
promote cancer growth.
5. Conclusions

In summary, stabilization of PD-L1 by USP7 supports a role for
USP7 in antitumor immunity and provides insight into the
mechanism how USP7 inhibitor elicits its immunomodulatory
effect. Our data support that small molecule USP7 inhibitors may
be used as novel promoter of the tumor immune response. The
application of USP7 inhibitors to pharmacologically promote
antitumor immunity gives a novel insight for novel drug combi-
nations with checkpoint inhibitor agents that can broaden the
population of patients that respond to PD-L1/PD-1-targeted
therapies.
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