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Abstract. Ubiquitin specific protease 22 (USP22) is an 
oncogene that is upregulated in many cancer types, and aber-
rant expression of USP22 correlates with clinical outcome. 
However, its potential functional impact in epithelial ovarian 
cancer (EOC) has not been determined. Here, we report that 
USP22 was upregulated in EOC specimens and EOC cell lines 
with important functional consequences. A high level of USP22 
in EOC tissues was associated with advanced clinical FIGO 
stage, lymph node metastasis and worse prognosis. Patients 
with higher USP22 expression had shorter relapse-free and 
overall survival. Depletion of USP22 suppressed cell prolifera-
tion in vitro and tumor growth in vivo. We found that inhibition 
of USP22 suppressed cell proliferation by inducing G1 phase 
cell cycle arrest through synergy with oncogenic transforming 
growth factor-β1 (TGFB1). Our results indicate that USP22 
functions as an oncogene in EOC, and thus USP22 may serve as 
a potential therapeutic target for individualized EOC treatment.

Introduction

Epithelial ovarian cancer (EOC) is the most lethal gyneco-
logical malignancy worldwide (1,2). As the result of advances 
in surgical management and chemotherapeutic options over 
the last three decades, the median survival for ovarian cancer 
patients has improved (3,4). However, progression-free and 
overall survival have not been significantly altered due to the 
fact that the origin and pathogenesis of EOC are poorly under-
stood (4). In addition, most patients present with advanced 
disease, for which effective therapy is currently unavail-

able (5). Therefore, identification of new molecular targets and 
therapeutic strategies for EOC patients is urgently needed.

Ubiquitin specific protease 22 (USP22), one of the 11 
polycomb/cancer stem cell signature genes that are critical in 
controlling cell growth and death, is involved in the regulation 
of pathological processes, including oncogenesis, cell prolif-
eration and cell cycle progression (6-8). Increasing evidence 
indicates that an oncogenic role of USP22 activation may 
contribute to tumor progression and predict the prognosis in 
a variety of human malignancies, including non-small cell 
lung cancer (9), oral squamous cell carcinoma (10), breast 
cancer (11), duct (12) and gastric carcinoma (13), and colorectal 
cancer (14). However, the molecular mechanisms of USP22 in 
EOC remain to be clarified.

Herein, we evaluated the expression of USP22 in human 
EOC tissues, and analyzed its correlation with clinicopatho-
logical characteristics and the possible prognostic significance. 
The effects of USP22 on cell proliferation and tumor growth 
were assessed in vitro as well as in vivo.

Materials and methods

Patients and follow-up. Paraffin-embedded tissue samples 
from 86 patients with epithelial ovarian tumors and 30 normal 
ovaries from hysterectomy specimens resected for non-ovarian 
disease were obtained from the archives of the Department 
of Pathology, The First Affiliated Hospital of Zhengzhou 
University between 2006 and 2012. The tumor cases were histo-
logically confirmed ovarian serous cystadenocarcinoma. The 
stage of the tumors was assessed according to the International 
Federation of Gynecology and Obstetrics (FIGO).

The follow-up was completed in 86 patients, and the median 
follow-up period was 45 months. Follow-up studies included 
laboratory analysis, physical examination and computed 
tomography if necessary. Excluding criteria were as follows: 
i) patients who had undergone chemotherapy or radiotherapy 
prior to surgery; ii) patients who died within 3 months after 
surgery; iii) patients whose cause of death remained unknown. 
The present study was approved by the Ethics Committee 
of the First Affiliated Hospital of Zhengzhou University. 
Informed consent was obtained from each participant.
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Cell cultures. Ovarian cancer cell lines SKOv3 and OvCAR3 
were purchased from the American Type Culture Collection 
(ATCC). Cells were cultured in RPMI-1640 supplemented 
with 10% FBS (HyClone) and 1% penicillin streptomycin 
(Invitrogen) at 37˚C with 5% CO2.

Immunohistochemistry. Immunohistochemistry was 
performed using the avidin-biotin immunoperoxidase tech-
nique with an immunohistochemistry kit (ab64261; Abcam) 
according to the manufacturer's instructions. The primary 
antibody for the immunohistochemistry was USP22 rabbit 
polyclonal antibody (1:100; ab4812; Abcam). Paraffin-
embedded samples were sectioned at a thickness of 4 mm.

RNA extraction and quantitative real-time PCR analysis. 
Total RNA was extracted using TRIzol reagent. cDNA was 
synthesized with the PrimeScript RT reagent kit (Takara). 
Quantitative real-time PCR analysis was carried out to detect 
mRNA expression using SYBR Premix Ex Taq (Takara), and 
GAPDH was used as an internal control. The primers for 
USP22 (115 bp) were 5'-CTA CCA GGA GTC CAC AAA 
GCAG-3' (forward) and 5'-CAC ATA CGT GGT GAT CTT 
CCGC-3' (reverse). Primes for oncogenic transforming growth 
factor-β1 (TGFB1) (102 bp) were 5'-CGC GTG CTA ATG 
GTG GAA A-3' (forward) and 5'-CGC TTC TCG GAG CTC 
TGA TG-3' (reverse). The primers for GAPDH (138 bp) were 
5'-GCA CCG TCA AGG CTG AGA AC-3' (forward) and 
5'-TGG TGA AGA CGC CAG TGGA-3' (reverse). All reac-
tions were run in triplicate. The cycle threshold (Ct) values 
did not differ by >0.5 among the triplicates. The USP22 and 
TGFB1 levels were normalized to GAPDH to permit calcula-
tions of the 2-ΔΔCt value.

Lentivirus. USP22 and TGFB1 cDNA was amplified by PCR 
and subcloned into Gv115 vectors (GeneChem, China), desig-
nated as pUSP22 and pTGFB1. Lentiviral plasmid vectors 
encoding short hairpin RNAs (shRNAs) targeting USP22 
and TGFB1 were generated by GeneChem (PIEL115080513, 
PIEL115072998).

Western blotting. Protein lysates were prepared, subjected 
to SDS-PAGE, transferred onto NC membranes, and blotted 
according to the standard methods using the USP22 antibody 
(1:1,000; ab4812; Abcam), TGFB1 antibody (1:1,000; #8915), 
cyclin D2 antibody (1:1,000; #2924) (both from Cell Signaling 
Technology), anti-Cdk4 antibody (1:1,500; ab137818), 
anti-Cdk6 antibody (1:1,500; ab151247) and anti-p27kip1 
antibody (1:1,500; ab137736) (all from Abcam). The β-actin 
antibody (1:1,500; #4967; Cell Signaling Technology) was 
used as an internal control.

Cell cycle assay. Cells were transfected with the lentivirus. 
Nocodazole (100 ng/ml; Sigma-Aldrich) was added 48 h 
after transfection, and cells were further incubated for 20 h. 
Floating and adherent cells were harvested, combined, washed 
once in phosphate-buffered saline (PBS), and fixed in 70% 
ethanol overnight. Staining for DNA content was performed 
with 50 mg/ml propidium iodide and 1 mg/ml RNase A for 
30 min. Analysis was performed on a FACScalibur flow 
cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA) with 

Cell Quest Pro software. Cell cycle modeling was performed 
with ModFit 3.0 software (verity Software House, Topsham, 
ME, USA).

Cell proliferation assay. The cell proliferation assay was 
performed with WST-8 Cell Counting Kit-8 (Beyotime, 
Jiangsu, China) according to the manufacturer's instructions. 
Transfected cells were seeded in 96-well plates and cultured 
overnight. CCK-8 solution (10 µl) was added to 96-well plates, 
and the cultures were incubated for 2 h at 37˚C. Cell prolifera-
tion was documented every 24 h by measuring the absorbance 
at 450 nm in an automatic microplate reader (Bio-Rad, 
Hercules, CA, USA). The results presented are averages from 
3 independent experiments.

In vivo tumor growth assay. Female athymic BALB/c nude 
mice were purchased from vital River, a Charles River 
Company (Beijing, China) and were maintained in specific 
pathogen-free conditions. Animal care and experimental 
protocols were conducted in accordance with the guidelines 
of Zhengzhou University Medical Experimental Animal Care 
Commission. OvCAR3 cells (5x107) infected with the lenti-
virus encoding shUSP22 [at a multiplicity of infection (MOI) 
of 50] were subcutaneously injected into the flank of the nude 
mice (6 in each group, female BALB/c nu/nu, 4-5 weeks), and 

Table I. Correlation between USP22 expression and clinico-
pathologic features of EOC tissues.

 USP22
 expression
Clinicopathological Total -----------------------
features cases High Low P-value

Group    0.0085b

  Normal tissue 30 19 11
  Carcinoma tissue 86 45 41
Age (years)    0.8828
  ≤60 37 18 19
  >60 49 27 22
TNM stage    0.0028b

  Ⅰ-Ⅱ 28 9 19
  Ⅲ-Ⅳ 58 36 22
Differentiation    0.8892
  G1 25 10 15
  G2 23 13 10
  G3 38 22 16
Lymph node metastasis    0.0313a

  Yes 48 31 17
  No 38 14 24
Residual tumor size (cm)    0.0774
  ≤1 49 28 21
  >1 37 17 20

aSignificant difference (P<0.05); bsignificant difference (P<0.01). 
USP22, ubiquitin specific protease 22.
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OvCAR3 cells treated with the lentivirus encoding shNon 
were used as negative control (NC). Tumor formation in nude 
mice was monitored over a 6-week period. Tumor volume (v) 
was measured twice weekly using a caliper and calculated as 
v = (tumor length x width2)/2.

Statistical analysis. Overall survival (OS) was defined as the 
interval between surgery and death or between surgery and 
the last observation time point. For surviving patients, the 
data were censored at the last follow-up. Relapse-free survival 
(RFS) was defined as the interval between the date of surgery 
and the date of diagnosis of first recurrence. Kaplan-Meier 
plots and the Cox proportional hazard regression analysis, 
which were applied to identify the prognostic factors, were 
performed with SPSS version 13.0 (SPSS, Inc., Chicago, 
IL, USA). Associations between the OS and the molecular 
changes or clinical characteristics were analyzed initially by 
a univariate Cox proportional hazards regression analysis. 
Significant prognostic factors found in the univariate analysis 
were evaluated further by multivariate Cox regression analysis.

The data are expressed as the means ± standard error of 
the mean (SEM) from at least 3 independent experiments. 
The differences between groups were analyzed by Student's 
t-test when two groups were compared or by one-way ANOvA 
when more than two groups were compared. Analyses 
were performed with GraphPad Prism version 5 (GraphPad 

Software, Inc., San Diego, CA, USA). All statistical tests were 
two-sided and P<0.05 was considered to indicate a statistically 
significant result.

Results

USP22 is overexpressed in primary EOC and is involved 
in EOC development. We examined the expression levels of 
USP22 in 86 human EOC tissues and 30 normal ovarian tissues 
by quantitative real-time PCR analysis, as well as immuno-
histochemistry. Our data showed that USP22 expression in 
the EOC tissues was overexpressed in comparison with that 
in the normal ovarian tissues (P=0.0085; Fig. 1A, D and E). 
We further analyzed the association of USP22 expression with 
clinicopathological parameters in EOC. As shown in Table I, 
the USP22 expression in EOC tissues was significantly corre-
lated with advanced clinical FIGO stage (P=0.0028; Table I, 
Fig. 1B) and lymph node metastasis (P=0.0313; Table I, 
Fig. 1C). However, no significant associations were found 
between USP22 expression and patient age, histological grade 
or tumor size (P>0.05; Table I). These results suggest that a 
higher level of USP22 expression may be involved in EOC 
progression.

High levels of USP22 expression are associated with worse 
prognosis in EOC patients. The potential association between 

Figure 1. USP22 is upregulated in human EOC tissues. (A) The expression of USP22 was determined by real-time qPCR in human epithelial ovarian cancer 
tissues (n=86) and normal ovarian tissues (n=30). The median value of all 86 cases was chosen as the cut-off point for separating the USP22-high expression 
and USP22-low expression groups. (B) Clinical FIGO stage and (C) lymph node metastasis were positively correlated with USP22 expression in the human 
epithelial ovarian cancer tissues. The central horizontal line represents the mean value. The absence (n=38) or presence (n=48) of lymph node metastasis is 
indicated as ‘-’ and ‘+’, respectively. *P<0.05, **P<0.01. (D and E) USP22 expression was also detected by immunohistochemical staining in cancer and normal 
tissues. Magnification, x200. USP22, ubiquitin specific protease 22; EOC, epithelial ovarian cancer.
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the USP22 expression level and RFS or OS was evaluated. 
Kaplan-Meier analysis plots revealed that patients with higher 
USP22 levels (n=45) had a mean OS of 38.6 months, whereas 
patients with lower USP22 levels (n=41) had a mean OS of 
45.7 months. (P=0.027; Fig. 2A, Table II). We also found that 
patients with higher USP22 levels had a mean RFS of 27.2 
months, whereas patients with lower USP22 levels had a mean 

RFS of 37.2 months (P=0.030; Fig. 2B, Table II). However, 
multivariate Cox regression analysis showed that USP22 was 
not an independent risk factor for RFS and OS.

Inhibition of USP22 suppresses the proliferation and 
tumorigenesis of ovarian cancer cells in vitro and in vivo. We 
transfected the ovarian cancer cell lines SKOv3 and OvCAR3 

Figure 2. High level of USP22 expression in EOC tissues is associated with worse prognosis. (A) Overall survival. (B) Relapse-free survival. USP22, ubiquitin 
specific protease 22; EOC, epithelial ovarian cancer.

Table II. Univariate survival analysis of RFS and OS in patients with epithelial ovarian cancer.

 RFS (months) OS (months)
 ------------------------------------------- -------------------------------------------
variables Cases Mean Median P-value Mean Median P-value

Expression group
  USP22 low 41 37.218 44 0.030a 45.742 52 0.027a

  USP22 high 45 27.212 24  38.643 36
Age (years)
  ≤60 37 34.481 24 0.403 42.625 44 0.684
  >60 49 31.992 28  41.876 36
TNM stage
  Ⅰ-Ⅱ 28 41.107 - 0.008b 46.282 - 0.011a

  Ⅲ-Ⅳ 58 29.453 24  40.637 36
Differentiation
  G1 25 37.189 48 0.393 44.284 52 0.585
  G2 23 33.853 32  42.383 52
  G3 38 28.616 24  40.566 36
Lymph node metastasis
  Yes 48 27.738 18 0.017a 38.914 36 0.049a

  No 38 38.980 48  46.440 48
Residual tumor size (cm)
  ≤1 49 37.442 44 0.055 43.980 40 0.045a

  >1 37 29.516 24  40.243 36

aSignificant difference (P<0.05); bsignificant difference (P<0.01).  RFS, relapse-free survival; OS, overall survival; USP22, ubiquitin specific 
protease 22.
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with the USP22 lentivirus encoding shRNA to knock down 
USP22, and examined the effects on cellular proliferation. 
CCK-8 assays revealed that depletion of USP22 significantly 
decreased the growth rate of both ovarian cancer cell lines, 
compared to the negative control transfected empty vector 
cells (Fig. 3A and B).

The effect of USP22 on cell growth was further confirmed 
by in vivo assay in xenografts. As shown in Fig. 3C, the tumors 
in the OvCAR3/NC (empty vector control) group grew more 
rapidly than the tumors in the USP22-deficient OvCAR3/
shUSP22 group. Significant differences in average tumor size 
were observed on day 28 and at the end of the observation 

post injection (tumor volume on day 35, 0.955 vs. 1.526 mm3, 
P=0.021; tumor volume on day 42, 1.149 vs. 1.820 mm3, 
P=0.017; Fig. 3C). Immunohistochemistry staining confirmed 
that the tumors of the USP22-deficient OVCAR3/shUSP22 
group displayed much lower USP22 levels than the tumors 
from the NC control group (Fig. 3D and E).

Collectively, both the in vitro and in vivo studies suggest 
that USP22 promotes EOC progression by promoting cellular 
proliferation and tumor growth.

Inhibition of USP22 suppresses ovarian cell proliferation by 
inducing G1 phase cell cycle arrest. USP22 is known to play 

Figure 3. Depletion of Usp22 suppresses tumor growth in vitro and in vivo. (A and B) OvCAR3 and SKOv3 cells were transfected with lentivirus expression 
shRNA molecules directed against USP22 or the empty vector. Forty-eight hours after transfection, the CCK-8 assay was used to measure cell growth abilities. 
Negative control (NC) cells transfected with the empty vector. (C) Xenograft tumor growth was monitored at the indicated weeks after tumor implantation. 
Tumors developed in the implanted sites in all the 12 mice. The dissected tumors were measured for length (L) and width (W) with calipers and the tumor 
volumes (v) were calculated according to the formula: v = (L x W2) x 0.5. *P<0.05; **P<0.01. (D and E) Representative images of USP22 immunostaining in 
OVCAR3 xenograft tumors. Magnification, x200. USP22, ubiquitin specific protease 22.
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a crucial role in cell cycle regulation (8). We further verified 
the cell cycle distribution of the USP22-deficient OVCAR3 
cells by flow cytometry, to explore the possible mechanism by 
which USP22 regulates ovarian cancer cell proliferation. Flow 
cytometric analysis of cells transfected with USP22 shRNA 
showed a consistent significant decrease in the percentage of 
cells in the S phase and an increase in the G1 phase compared 
with the negative control cells (Fig. 4A and B). These results 
indicate that depletion of USP22 results in G1 phase cell cycle 
arrest in ovarian cancer cells.

TGFB1 is known as a multifunctional growth factor, 
which participates in the regulation of cell proliferation, 
differentiation, cell cycle arrest and other functions in many 
cell types (15-17). Many cells have TGFB1 receptors (18), 
and TGFB1 is frequently upregulated in ovarian cancer 
cells (19,20). Thus, we hypothesized that USP22 may synergize 
TGFB1 to promote tumor cell growth via regulating TGFB1 
downstream cell cycle signaling pathways. We determined the 
mRNA levels of several TGFB1 target genes that are involved 
in cell cycle signaling in OvCAR3 cells by qPCR and western 
blotting including cyclin D2, cyclin-dependent kinase 4 and 6 
(CDK4 and CDK6), and cell cycle inhibitor p27kip1. We found 
that the levels of cyclin D2, CDK4, CDK6 were decreased by 
>1.5-fold, whereas the levels of tumor suppressor p27kip1 were 
increased at least 2-fold after depletion of USP22 or TGFB1 
expression (Fig. 4C and D). We also found that the protein 

levels of TGFB1 were decreased after depletion of USP22 
expression (Fig. 4D). In addition, CCK-8 assays indicated that 
depletion of TGFB1 significantly reduced the growth rate of 
OvCAR3 cells (Fig. 4E). These results suggest that USP22 
may accelerate ovarian cancer cell cycle progression via 
synergizing with TGFB1 to regulate the TGFB1 downstream 
cell cycle pathway, which in turn, promotes ovarian cancer cell 
proliferation.

Discussion

Deubiquitination is an important process for numerous 
cellular mechanisms (21,22), and the imbalance of this process 
can cause severe diseases including cancer (23,24). USP22, a 
novel deubiquitinating enzyme, is involved in the regulation of 
numerous pathological processes. Based on in vitro and in vivo 
evidence, we propose that USP22 is capable of suppressing 
EOC cell proliferation and tumor growth, and overexpression 
of USP22 may facilitate EOC progression.

Recently, increasing experimental and clinical obser-
vations reveal that USP22 plays a crucial role in tumor 
progression (25) and influences clinical prognosis of several 
human malignancies (26). In human invasive breast cancer, 
elevated expression of USP22 was found to be positively 
related to lymph node metastasis and patient recurrence (11). 
In human non-small cell lung cancer, positive expression of 

Figure 4. Depletion of USP22 suppresses tumor cell proliferation by inducing G1 phase cell cycle arrest through synergy with the oncogene TGFB1. 
(A and B) OvCAR3 cells were transfected with lentivirus expression shRNA molecules directed against USP22 or transfected with empty vector cells 
and were stained with propidium iodide. Cell cycle profile was determined by flow cytometry. (C) The effects of USP22 depletion were consistent with 
those of TGFB1 depletion. OvCAR3 cells that were co-tranfected with the following lentivirus combinations NC (empty vector), USP22/NC, NC/TGFB1, 
USP22/TGFB1 were used to detect TGFB1 target gene expression by real-time qPCR. GAPDH was used as an internal control. (D) Western blot assays show 
the expression of TGFB1 and its target genes in OvCAR3 cells from C. β-actin was used as an internal immunoblotting control. (E) CCK-8 assays show the 
cell growth of OvCAR3 cells depleted of USP22 or TGFB1 by shRNA interference. Negative control (NC) cells transfected with the empty vector. *P<0.05; 
**P<0.01, ***P<0.001. USP22, ubiquitin specific protease 22; TGFB1, oncogenic transforming growth factor-β1.
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USP22 is significantly correlated to tumor stage and poor 
overall survival (9). In human colorectal cancer, increased 
mRNA expression of USP22 was associated with advanced 
tumor stage and the high likelihood of therapy failure 
after radical resection (27). In esophageal squamous cell 
carcinoma, USP22 is an independent prognosticator for 
unfavorable disease-specific survival (28). In oral squamous 
cell carcinoma, USP22 is associated with recurrence and 
prognosis (10). However, to our knowledge, the detailed 
mechanism surrounding any role that USP22 may play in 
EOC development has not been reported previously.

In the present study, we identified that the expression level 
of USP22 was significantly overexpressed in EOC tissues 
compared to normal ovarian tissues. Moreover, increased 
USP22 expression was associated with advanced clinical FIGO 
stage and lymph node metastasis. These findings strongly 
suggest that USP22 activation may play an oncogenic role in 
promoting tumor progression of EOC. To further validate the 
potential clinical utility of USP22, we evaluated the prognostic 
value of USP22 in EOC patients. Univariate analysis revealed 
that cancer patients with USP22 overexpression had a signifi-
cantly worse RFS and OS after radical surgery, compared with 
the patients in the low expression group. However, multivariate 
analysis showed that the expression level of USP22 was not 
an independent prognostic factor in EOC patients. The lack of 
large-scale clinical samples may have influenced the results. 
Further studies are needed to expand the large-scale study to 
evaluate the prognostic impact of USP22 expression in ovarian 
cancer patients.

Previous studies have demonstrated that USP22 is involved 
in the regulation of tumor growth and cell cycle progression. 
USP22 is a dedicated subunit of the hSAGA complex, and 
is required for the transcription of target genes regulated by 
the c-Myc oncoprotein (8). c-Myc is a downstream target 
gene of the TGFB1 signaling pathway. TGFB1 encodes the 
transforming growth factor β family of cytokines, which are 
multifunctional peptides that regulate proliferation, differ-
entiation, migration, cell cycle and other functions in many 
cell types (16-18). Many cells have TGFB1 receptors, and the 
protein positively and negatively regulates many other growth 
factors (29-31). We found that depletion of USP22 could inhibit 
cell growth, induce G1 cell cycle arrest in ovarian cancer cells, 
and suppress tumorigenesis in a nude mouse model of EOC 
xenografts. We observed a weak but significant correlation 
between high TGFB1 and high USP22 expression in tumor 
cells. We also examined the expression of a panel of cell 
cycle regulators on TGFB1 downstream pathways. We found 
that the expression of cyclin D2, CDK4, CDK6 and p27kip1 
was indirectly regulated by USP22 dependent on TGFB1. 
Depletion of TGFB1 significantly reduced the growth rate of 
ovarian cancer cells indicating that a similar connection may 
be present in the cancer cells. USP22 may stimulate cell prolif-
eration and cell cycle through TGFB1 release from tumor cells. 
Supporting our findings, USP22 was also found to influence 
the cell cycle of human colorectal cancer cell line HCT116a 
by downregulation of MUP expression (14). In human bladder 
cancer cell line EJ (32), knockdown of USP22 expression by 
siRNA downregulated the expression of Mdm2 and cyclin E, 
resulting in the upregulated expression of p53 and p21 leading 
to cell cycle arrest and inhibition of cell proliferation.

The present study, together with the findinds from other 
groups, has revealed a mechanism involving the regulation of 
cell proliferation and tumor growth by USP22 through synergy 
with the oncoprotein TGFB1. Further study is warranted to 
confirm that this novel deubiquitinating enzyme has clinical 
implication as an individualized treatment strategy for EOC 
patients.
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