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Abstract: Activation of DNA damage repair pathways in tumor cells may reduce the treatment
efficacy of platinum-based chemotherapeutic agents. Ubiquitin-specific protease 7 (USP7) is
one of the deubiquitinating enzymes that can remove the ubiquitin from target proteins and
protect substrate proteins from degradation. Although ubiquitin-specific protease 7(USP7) is
highly expressed in cervical cancer tissues and plays an important role in DNA damage repair,
the role of USP7 inhibition in the antitumor efficacy of cisplatin remains unknown. This study
explored the effects and mechanisms of a USP7 inhibitor P22077 on the anti-cervical cancer
efficacy of cisplatin. In in vitro studies, P22077 and cisplatin both significantly reduced HeLa
cell proliferation and colony formation, and the combination produced preferable effects. In
in vivo xenograft tumor model, P22077 and cisplatin both demonstrated significant antitumor
efficacy. The drug combination produced greater antitumor activity than the individual drug
alone. Cisplatin evoked DNA damage repair-related molecules and P22077 tended to prevent
this change. The drug combination produced higher cell death rate than the individual drug
alone. Collectively, These results suggest that the USP7 inhibitor P22077 alone has significant
antitumor efficacy and also can enhance the antitumor effects of cisplatin. The USP7 inhibitor
P22077 combined with cisplatin may be an effective treatment strategy for cervical cancer.

Keywords: cervical cancer, DNA damage repair, combination therapy strategy

1 Introduction
Cervical cancer remains one of the leading causes of cancer-related death in women. The

prognosis of patients with advanced/recurrent cervical cancer is not optimistic, with an estimated
604,000 new cases and 342,000 deaths worldwide in 2020 [1–4]. Cisplatin is the most effective
chemotherapeutic agent for advanced/recurrent cervical cancer [5,6]. However, tumor cells may
undergo DNA damage repair when receiving chemotherapy, which will lead to unsatisfactory
tumor treatment effects [7–10].

Cisplatin is generally considered as a cytotoxic drug which kills cancer cells by damaging
DNA and inhibiting DNA synthesis. One of the cisplatin-induced DNA damages is the genera-
tion of DNA double strand break (DSB) [11]. The Mre11-Rad50-Nbs1 (MRN) complex plays a
crucial role in the detection and repair of DNA damage. In response to DNA damage [12, 13],
the MRN complex first detects DSB and then recruits the major DNA damage response (DDR)
signal kinase ataxia telangiectasia mutation [14] to phosphorylate histone H2AX. Subsequently,
DNA damage checkpoint protein 1 (MDC1), another important core component of the initial
DDR signaling, binds to phosphorylated H2AX (γH2AX), and the γH2AX-MDC1 binding
module further promotes the recruitment of the MRN complex and thus ATM to amplify and sus-
tain the damage-sensing and repair signal [15–17]. This continuous activation of DNA damage
repair signal can reduce the antitumor efficacy of cisplatin and even lead to drug resistance [6].

Ubiquitin-specific protease 7 (USP7) is one of the deubiquitinating enzymes that erases
ubiquitin and protects substrate protein from degradation [18, 19]. Many proteins that play
crucial roles in cell cycle, DNA repair, chromatin remodeling and epigenetic regulation have
been identified as substrates of USP7, which makes USP7 an emerging therapeutic target for
the treatment of cancer [20–24]. USP7 is overexpressed in cervical cancer and the level of its
expression positively correlates with worse survival rates in patients with cervical cancer [25].
Thus, USP7 inhibition could be a useful approach against cervical cancer but this hypothesis
has not been tested. In this study, we examined the effects of a USP7 inhibitor, P22077, on the
anti-cervical cancer efficacy of cisplatin and also explored the underlying mechanisms. The
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goal of the study was to evaluate a novel combination therapy by combining a USP7 inhibitor
and cisplatin for the treatment of cervical cancer. (see in Figure 1)

Figure 1 Mechanism of Cisplatin action

2 Materials and methods
2.1 Antibodies and chemicals

The following antibodies were used in the study: USP7 (abcam, UK, 1:1000) MDC1 (abcam,
UK, 1:5000) MDM2 (CST, USA, 1:1000) Cleaved Caspase-3 (CST, USA, 1:1000)γ-H2AX
(CST, USA, 1:1000) ATM (CST, USA, 1:1000) ATR (CST, USA, 1:1000) P-ATM (CST, USA,
1:1000) P-ATR (CST, USA, 1:1000) P53 (Santa Cruz Biotechnology, USA, 1:1000) β-actin
(Beyotime, China, 1:1000). P22077 and Cisplatinwas purchased from MedChemExpress (MCE,
USA, HY-13865, HY-17394)

2.2 Cell culture and treatments
HeLa, SiHa, and CaSki cancer cell lines were purchased from ATCC (Manassas, VA,

USA).Cells were regularly screened for mycoplasma contamination using Mycoplasma Detec-
tion Kits MycoFluor™ (M7006, Thermo Fisher Scientific, USA). The cells were cultured in
DMEM media supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-strepto-
mycin, and incubated at 37 ◦C in a humidified atmosphere containing 5% CO2. All cells were
harvested during the exponential growth phase.

2.3 Cell proliferation assay
The MTT detection assay was based on our previous protocol [26]. Briefly, cells were seeded

into 96-well plates and the test compounds were added the next day. For drug treatments,
cisplatin was given first followed by the addition of the USP7 inhibitor P22077 4 hours later.
Cells were then incubated for 72 h. An MTT solution was added to the cells, which were
incubated for 2 h, followed by the addition of 150 mL DMSO and gently shaking of the 96-well
plates for 10 min. The optical density of the cultures was measured at 570 nm using a plate
reading spectrophotometer (BioTek, USA) to calculate the cell survival rate.

2.4 Colony formation assay
The colony formation experiment was performed following our previously published protocol

[27]. Briefly, cells were treated with the drugs for 72 h after which they were trypsinized and
seeded in a 6-well plate at a count of 1000 cells per plate. After 14 days of incubation, the
colonies were fixed with methanol and stained with crystal violet and then the colony numbers
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were counted. The colonies with ≥ 50 cell count as observed under a stereomicroscope were
included for analysis. The number of colonies derived from the untreated control cells was
set as 100% (reference) for comparison. The surviving fraction was calculated by dividing the
average number of visible colonies in treated versus untreated dishes. All experiments were
performed at least three times, and representative results are shown in Fig. 1D.

2.5 Tumor xenograft experiments
Nude mice (6–8 weeks old, BALB/c, female) were used to develop the ectopic xenograft

tumor model following our published protocol [28]. Briefly, HeLa cells (5 × 106) were
implanted into the back of the mice by subcutaneous injection. When the tumor mass reached
100–200 mm3, the mice were randomly divided into five groups (six animals per group):
control group; P22077 (100 mg/kg); Cisplatin (5 mg/kg); Cisplatin combined with P22077
group (simultaneous administration), and Cisplatin combined with P22077 group (administered
sequentially). Cisplatin was administered on the first day of treatment via intraperitoneal
injection, and P22077 was administered via gavage daily. The tumor growth was measured
every 3rd day during the treatment. At the end of the treatment, mice were sacrificed and the
tumors were removed and weighed. All animals were examined prior to the initiation of studies
to ensure that they were healthy and had acclimated to the laboratory environment. The animals
were housed in standard laboratory conditions (temperature 25 ◦C, 12h light/dark cycle, food
and water were provided ad libitum).

2.6 siRNA transfection
siRNAs were provided by Gene Pharma (Shanghai, China) and used to transfect cells accord-

ing to our previous protocol [29]. Briefly, cells seeded in 6-well plates were transfected with
siRNA (80 pmol) using Lipofectamine 3000 (L3000015, Thermo Fisher Scientific, USA), and
the silencing efficiency was examined using western blot assay 48 h after transfection. siRNA
sequences targeting USP7-1, USP7-2, and USP7-3 were 5′-GACGUUUCGAAUAGAGGAA-3′,
5′-GCACUAAUGCUUACAUGUU-3′ and 5′-GACUUUGAGAACAGGCGAA-3′. respectively.
The Negative control sequence was 5′-UUCUCCGAACGUGUCACGUTT-3′.

2.7 Western blot
Cells were collected after incubation and lysates were prepared to detect the target proteins

as previously described [29]. Briefly, cells were exposed to the test compounds at the indicated
concentrations and then collected and lysed in RIPA (Radio Immuno-precipitation Assay) buffer.
The total cellular protein extract was electrophoresed on 8% SDS-polyacrylamide gels and then
transferred to a PVDF membrane (Millipore, USA). The membranes were incubated overnight
with primary antibodies, followed by incubation with secondary antibodies. The membrane was
developed and then visualized by Image Quant LAS4000 (GE, USA).

2.8 Flow cytometry assay
Cell apoptosis analysis was performed using flow cytometry following our previously pub-

lished protocol [30]. Briefly, the HeLa cells were seeded into 6-well plates with a density of 2
× 105 cells/well to incubate overnight, and then treated with respective drugs for 24, 48, or 72
hours according to the dosing regimen. The effects of the drugs on apoptosis were determined
using PI/FITC-labeled annexin stained cells according to the manufacturer’s recommended
procedures and analyzed by a flow cytometer (BD Biosciences, SanJose, CA, USA).

2.9 Statistical analysis
For statistical comparisons, GraphPad Prism 8 Software was used with one-way ANOVA and

two-way ANOVA. Data were expressed as mean ± SD and P< 0.05 was considered statistically
significant.

3 Results
3.1 Differential sensitivity of the three cervical cancer cell lines to

P22077
As shown in Fig. 1, the expression level of USP7 protein in three cervical cancer cell lines

(HeLa, SiHa, CaSki) was detected by western blot (Figure 2(A)). Meanwhile, the cytotoxicity
of the USP7 inhibitor P22077 on the three cell lines was detected by the MTT (Figure 2(B)).
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The results show that USP7 is highly expressed in HeLa cells, which was also the most sensitive
cell line to the cytotoxic effect of P22077 (IC50 = 15.92). SiHa cells and CaSki cells were
ranked lower than HeLa cells both in the USP7 expression level and the sensitivity to P22077
cytotoxicity, demonstrating a clear positive correlation between the antitumor activity of P22077
and USP7 expression level. Thus, all subsequent in vitro cell studies only used HeLa cells.

3.2 Cytotoxic effects of P22077 and cisplatin used alone or in
combination

The MTT method was used to examine the survival rate of HeLa cells after treatment with
P22077 or cisplatin alone, and in combination (Figure 2(C)). P22077 concentration-dependently
reduced the survival rate between 5 µM and 40 µM across all the three timepoints (24 hr, 48
hr, 72 hr) (P < 0.001). Cisplatin (1-5 µM) also significantly reduced the HeLa cell survival
rate at all time points (P < 0.001). When treated as a combination, 1 µM cisplatin and 10
µM P22077 produced significantly greater cytotoxic effect in HeLa cells as compared to the
individual drug alone (P < 0.001), suggesting the combination produced cytotoxic potentiation
(Figure 2(C)). Importantly, this potentiation was seen regardless of the treatment strategy, as
both combinatorial and sequential treatments produced similar results. Similar results were also
observed in the colony formation experiment as shown in Figure 2(D). While both P22077 at
concentrations of 1 µM and 2 µM and cisplatin at the concentration of 0.1 µM significantly
reduced the colony formation (39% for 1 µM P22077 and 13% for 0.1 µM cisplatin), Compared
with the single treatment the colony formation rate was significantly lower under combined
treatment condition when 1 µM P22077 and 0.1 µM cisplatin were used in combination (5%)
or sequentially (4%) (P < 0.05). These data strongly suggest that the combination of P22077
and cisplatin produced cytotoxic potentiation against HeLa cells.

Figure 2 Effects of P22077 and Cisplatin on HeLa Cells. (A) The expression of USP7 in different cervical cancer cell lines; (B) The
effect of P22077 on the survival rate of different cervical cancer cells. Administration time 24 h; (C) The effect of cisplatin and P22077,
alone or in combination, on the survival rate of HeLa cells after 24 h, 48 h, 72 h. C+P: Simultaneous administration of cisplatin P22077;
C→ P: P22077 given 4h after cisplatin administration. (D) The effect of different treatments on the colony formation in HeLa cells. *P <
0.05 vs control, ** P < 0.01 vs control, *** P < 0.001 vs control. One-way ANOVA with a post-hoc Bonferroni test was used for all the
statistical analyses.

Journal of Pharmaceutical and Biopharmaceutical Research • SyncSci Publishing 221 of 227

https://www.syncsci.com/journal/JPBR
https://www.syncsci.com


Volume 3 Issue 2, March 7, 2022 Jiahao Qiu, Qianwen Ren, Yingjie Wang, et al.

3.3 In vivo antitumor activity of P22077 and cisplatin, alone or in
combination, in mice

Given the clear potentiated cytotoxic effects of the P22077-cisplatin combination in vitro, in
vivo antitumor activity of the combination was evaluated in a mouse HeLa cell xenograft tumor
model. As shown in Figure 3, although both 100 mg/kg P22077 and 5 mg/kg cisplatin tended to
reduce the tumor weight (Figure 3(B)) and tumor volume (Figure 3(C)) without affecting the
body weight (Figure 3(D)) of the mice, but the drug combination produced significantly greater
antitumor activity (P < 0.05). These results confirmed the greater antitumor efficacy of the
combined P22077 and cisplatin treatment in the in vivo tumor model, suggesting the potential
therapeutic value of this novel combination therapy against cervical cancer.

Figure 3 Enhanced anti-tumor activity of combined P22077 and Cisplatin in the xenograft mouse model. Hela cells were implanted in
the BALB/c mice and mice were treated with test compounds after tumors grew to require ed size. (A) Representative photographs of mice
and tumors after last treatment; (B) Tumor weight; (C) Tumor volume; (D) Bodyweight were measured. *P < 0.05 vs control, ** P < 0.01
vs control, *** P < 0.001 vs control. One-way ANOVA with a post-hoc Bonferroni test was used for Figure 3(B); Two-way ANOVA was
used for Figure 3(C, D).

3.4 Effects of P22077 and cisplatin, alone or in combination, on
DNA damage and cell apoptosis

In order to verify the role of USP7 in the DNA damage response, we compared the effect
of adding cisplatin to HeLa cells and knockdown of USP7 on the expression of downstream
molecules. It can be seen from Figure 4(A) that the siRNA used is very effective in knocking
down USP7. With the knockdown of USP7, the expression of MDC1 decreased significantly,
and the expression of P53 increased significantly. Importantly, MDC1, ATM, and ATR, which
are vital molecules in the process of DNA damage repair, will be increased significantly under
the stimulation of cisplatin, but this increase is significantly suppressed in cells with USP7
knockdown. In addition, we found that knocking down USP7 has no significant effect on ATM
and ATR. Similarly, we used P22077 to inhibit USP7 and observed similar results. suggesting
the potential that USP7 inhibition via P22077 may be able to reduce cisplatin-induced DNA
damage repair, thus increasing the antitumor activity of cisplatin. In addition, the combined
use of P22077 and cisplatin also increased the expression of apoptotic proteins γ-H2AX and
C-Caspase3, suggesting the drug combination also can promote tumor cell apoptosis.

Journal of Pharmaceutical and Biopharmaceutical Research • SyncSci Publishing 222 of 227

https://www.syncsci.com/journal/JPBR
https://www.syncsci.com


Volume 3 Issue 2, March 7, 2022 Jiahao Qiu, Qianwen Ren, Yingjie Wang, et al.

At the whole cell level, flow cytometry detection showed that the combination of P22077
and cisplatin significantly increased the death rate as compared to cisplatin treatment alone
(Figure 5, P < 0.05), suggesting that P22077 could enhance cisplatin-induced cell death, which
may contribute to the observed enhanced in vivo antitumor efficacy by the P22077 and cisplatin
combination.

Figure 4 The effect of P22077 on cisplatin-induced DNA damage and repair. (A) Effects of silencing USP7 on the expression of USP7
downstream pathway-related proteins; (B) Effects of different treatments on proteins related to DNA damage and apoptosis. *P < 0.05 vs
control #P < 0.05 vs Cisplatin (1µM) Two-way ANOVA with a post-hoc Bonferroni test was used for all the statistical analyses.

Figure 5 Effects of different treatments on HeLa cell death as measured by flow cytometry. *P < 0.05 vs control, ** P < 0.01 vs control,
*** P < 0.001 vs control. One-way ANOVA with a post-hoc Bonferroni test was used for all the statistical analyses.
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4 Discussion
The primary findings of the present study were that the USP7 inhibitor P22077 demonstrated

significant cytotoxic activity against HeLa cells, a cervical cancer-derived cell line, and enhanced
the cytotoxic activity of cisplatin. Furthermore, using a xenograft tumor model in mice, we
demonstrated that P22077 produced significant antitumor efficacy and enhanced the antitumor
activity of cisplatin. Mechanistically, P22077 reduces cisplatin-activated molecular changes
associated with DNA damage repair and promotes cisplatin-induced apoptosis. Together, these
results demonstrate for the first time that pharmacological inhibition of USP7 exerts significant
anti-cervical cancer activity and that the USP7 inhibitor-cisplatin combination could be a
beneficial combination therapy against cervical cancer.

Deubiquitinase is involved in the regulation of cell cycle, progression, signal transduction
pathway regulation, DNA damage repair, and other biological functions [31–33]. USP7 is
a member of the deubiquitinating enzyme family and is involved in host-virus interaction,
DNA damage and repair, gene expression and protein function regulation and other cellular
processes [14, 34, 35]. USP7 reportedly is involved in the development of several tumors,
including esophagus cancer, myeloma, ovarian cancer and hepatocellular carcinoma. It is
also highly expressed in cervical cancer [25, 36]. In cancer, USP7 can stabilize MDM2 by
de-ubiquitination and subsequently promote the degradation of p53 and has been suggested as
an emerging new drug target for chemotherapy against cancer. Therefore, it is reasonable to
hypothesize that USP7 inhibitor could have antitumor efficacy against cervical cancer. Indeed,
in consistent with the literature [25,37,38], we found that the USP7 protein was expressed in all
the three cervical cancer-derived cell lines, HeLa, SiHa and CasKi, with highest expression level
detected in HeLa cells. Using the HeLa cell line as the cell model, we examined the cytotoxic
effects of a USP7 inhibitor, P22077. Indeed, P22077 demonstrated dose-dependent cytotoxic
efficacy against HeLa cells with highest drug concentration (40 µM) showing violent efficacy.
More importantly, although it is not surprising that cisplatin also showed cytotoxic effect, the
combination of a marginally effective dose of P22077 with a dose of cisplatin further potentiated
the cytotoxic efficacy and colony formation suppressing effect, revealing a clear enhancement
on the cytotoxic effect of the drug combination. To confirm the observed in vitro cytotoxic
effects of the P22077-cisplatin combination, we examined the antitumor efficacy of the drug
combination in a mouse xenograft tumor model. Indeed, in this in vivo tumor model, both
P22077 and cisplatin demonstrated significant antitumor activity and the combination showed
greater effect. Again, the in vivo research support the in vitro results and suggests that the USP7
inhibitor/cisplatin could be a very useful combination therapy strategy against cervical cancer.

Given that USP7 is physically associated with the MRN-MDC1 complex and that MRN-
MDC1 acts as a platform for USP7 to efficiently deubiquitinate and stabilize MDC1 and thereby
sustains DDR [25] and that USP7 promotes cervical carcinogenesis, USP7 inhibition may
produce cytotoxic and antitumor effects via disrupting DDR [39, 40]. Indeed, our mechanistic
study shows that USP7 knockdown significantly reduced MDM2 and MDC1 expression and
increased p53 expression level, which likely contribute to the antitumor activity of the USP7
inhibitor P22077. Interestingly, because one of the mechanism underlying cisplatin-induced
chemoresistance is cisplatin-evoked DNA damage repair process [41], which involves the MRN-
MDC1 complex, the findings that P22077 in combination with cisplatin canceled or reduced
cisplatin-evoked increases of MRN-MDC1 and related molecules suggest that P22077 may also
reduce cisplatin-induced chemoresistance. In addition, because it is known that USP7 inhibitor
can induce cell death in ovarian cancer [42], the current finding that P22077 and cisplatin
combination increased the cell apoptosis related molecules such as γH2AX and C-caspase 3
suggests that the USP7 inhibitor-cisplatin combination also can promote cell apoptosis.

In summary, this research proves for the first time demonstrated that a USP7 inhibitor P22077
alone has anti-cervical cancer activity and facilitates the antitumor efficacy of the traditional
solid tumor chemotherapeutic drug cisplatin and that these effects may be due to the inhibition
of cisplatin-induced DDR and promotion of cell apoptosis. In summary, this research has
proved that P22077 has anti-tumor activity in cervical cancer cells, and P22077 can enhance the
therapeutic effect of cisplatin by inhibiting cisplatin-induced DNA damage repair. These results
suggest that the combination of USP7 inhibitor and cisplatin could be a useful chemotherapeutic
approach against cervical cancer.
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