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Abstract. Ovarian cancer is the most common cause of 
gynecological cancer-related mortality. Serine/threonine 
protein phosphatase 5 (PP5, PPP5C) has been recognized to 
be involved in the regulation of multiple cellular signaling 
cascades that control diverse cellular processes, including cell 
growth, differentiation, proliferation, motility and apoptosis. 
In this study, to evaluate the functional role of PP5 in ovarian 
cancer cells, lentivirus‑mediated RNA interference (RNAi) 
was applied to silence PPP5C in the human ovarian cancer cell 
line CAOV‑3. Cell viability was measured by 3‑(4,5‑dimethyl
thiazol‑2‑yl)-2,5‑diphenyltetrazolium bromide assay. Cell 
colony forming ability was measured by colony formation. 
Cell cycle progression was determined by propidium iodide 
staining and flow cytometry. The results demonstrated that 
lentivirus‑mediated RNAi specifically suppressed the expres-
sion of PPP5C at the mRNA and protein levels in CAOV‑3 
cells. Further investigations revealed that PP5 knockdown 
significantly inhibited the proliferation and colony formation 
of CAOV‑3 cells. Moreover, the cell cycle of CAOV‑3 cells was 
arrested at the G0/G1 phase following PP5 knockdown. This 
study highlights the crucial role of PP5 in promoting ovarian 
cancer cell proliferation, and provides a foundation for further 
study into the clinical potential of lentiviral‑mediated delivery 
of PP5 RNAi therapy for the treatment of ovarian cancer.

Introduction

Ovarian cancer is the most common invasive malignancy of the 
female genital tract in the USA, with an estimated 22,240 cases 
diagnosed annually. Approximately 14,030 females succumb 

every year to ovarian cancer, representing the most common 
cause of mortality among females with gynecological malig-
nancies (1). Surgical resection and platinum‑based combination 
regimens offer a modest but significant survival advantage in 
ovarian cancer patients with advanced or metastatic disease, 
although most patients eventually experience disease progres-
sion  (2). These data highlight the need to identify new 
approaches that, along with the current treatments, may assist 
in bringing about a better outcome for ovarian cancer patients.

Protein kinases and phosphatases work together to control 
cellular processes and signaling pathways  (3,4). Although 
much more is known about protein kinases and their relevant 
substrates compared with protein phosphatases  (5‑7), the 
significance of studying protein phosphatase enzymes 
and their targets has been demonstrated for disease states 
attributed in part to malfunctioning protein phosphatase 
enzymes (8). Protein phosphatase 5 (PP5; gene name, PPP5C) 
is a ubiquitously expressed serine/threonine protein phospha-
tase related to PP1, PP2A and PP2B (9). Structural analysis 
has revealed that PP5 contains a C‑terminal catalytic domain 
and three N‑terminal tetratricopeptide repeats (TPRs) that are 
unique in the phosphoprotein phosphatase family (10). PP5 
is auto‑inhibited by intramolecular interactions with its TPR 
domain (11).

PP5 has been implicated in numerous cellular processes, 
including MAPK‑mediated growth and differentiation (12), 
cell cycle arrest and DNA damage repair via the p53, ataxia 
telangiectasia mutated (ATM) and ATM and Rad3‑related 
(ATR) pathways (13,14), regulation of ion channels via the 
membrane receptor for atrial natriuretic peptide (15), cellular 
heat shock response as mediated by the heat shock transcription 
factor, and steroid receptor signaling, in particular glucocor-
ticoid receptor  (16,17). Notably, another steroid, estradiol, 
upregulates PP5 expression in MCF‑7 breast cancer cells (18). 
PP5 was observed to promote proliferation of breast cancer 
cells and growth of tumors in a mouse xenograph model (19). 
Until now, the issue of whether PP5 is involved in other types 
of gynecological cancer, including ovarian cancer, has been 
unclear. Therefore, this study was designed to investigate the 
the biological role of PP5 in human ovarian cancer. Herein, we 
successfully silenced PPP5C mRNA and protein expression in 
CAOV‑3 ovarian cancer cells using RNA interference (RNAi) 
technology. Functional analysis revealed that PP5 knockdown 
significantly inhibited the proliferation and colony formation 
of CAOV‑3 ovarian cancer cells, as well as G0/G1 phase cell 
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cycle arrest. This study provides new evidence that PP5 plays 
a significant role in ovarian cancer development.

Materials and methods

Cell lines and reagents. The human ovarian mucinous 
adenocarcinoma cancer cell line CAOV‑3 and the human 
embryonic kidney cell line 293T were obtained from the 
Cell Bank of the Chinese Academy of Science (Shanghai, 
China). The CAOV‑3 cell line was cultured in RPMI‑1640 
(Hyclone, Pittsburgh, PA, USA) supplemented with 10% fetal 
bovine serum (FBS; Biowest, Nuaillé, France) at 37˚C with 
5% CO2. The HEK293T cell line was cultured in Dulbecco's 
modified Eagle's medium (Hyclone) with 10% FBS at 37˚C 
with 5% CO2. Short hairpin RNA (shRNA) expression vector 
pFH‑L and helper plasmids pVSVG‑I and pCMVΔR8.92 were 
purchased from Shanghai Hollybio (Shanghai, China). Lipo-
fectamine 2000 and TRIzol were purchased from Invitrogen 
Life Technologies (Carlsbad, CA, USA). M‑MLV reverse 
transcriptase was purchased from Promega (Madison, WI, 
USA). AgeI, EcoRI and SYBR‑Green master mix kits were 
purchased from Takara (Dalian, China). All other chemicals 
were obtained from Sigma‑Aldrich (St. Louis, MO, USA). The 
antibodies used were as follows: anti‑PP5 (1:3,000 dilution; 
Abcam, Cambridge, UK), anti‑GAPDH (1:10,000 dilution; 
Proteintech Group, Inc., Chicago, IL, USA), and anti‑rabbit 
horseradish peroxidase (HRP; 1:5,000 dilution; Santa Cruz 
Biotechnology, Inc. Dallas, TX, USA).

Construction of PPP5C shRNA containing lentivirus and 
transduction into ovarian cancer cells. CAOV‑3 cells were 
transduced with PPP5C shRNA following the manufacturer's 
instructions. To create a PPP5C shRNA‑silenced sub‑cell line, 
we used the following shRNA sequence designed against the 
PPP5C gene: 5'‑GAGACAGAGAAGATTACAGTACTCGAG 
TACTGTAATCTTCTCTGTCTCTTTTT‑3'. The control 
shRNA sequence was 5'‑GCGGAGGGTTTGAAAGAATAT 
CTCGAGATATTCTTTCAAACCCTCCGCTTTTTT‑3'. 
Each nucleotide sequence was inserted into the pFH‑L shRNA 
expressing vector. Lentiviruses were generated by triple transfec-
tion of 80% confluent 293T cells with modified pFH‑L plasmid 
and pVSVG‑I and pCMVΔR8.92 helper plasmids using Lipo-
fectamine 2000 according to the manufacturer's instructions. 
Then the lentiviral particles were harvested by ultra‑centrifuga-
tion (4,000 x g at 4˚C) for 10 min, filtered through a 45‑µm filter 
and centrifuged again (4,000 x g at 4˚C) for 15 min.

For cell infection, CAOV‑3 cells were seeded in a volume 
of 2 ml at a density of 5x104 cells/well in six‑well plates and 
transduced with the constructed lentiviruses containing PP5 
shRNA (shPPP5C) and non‑silencing shRNA (shCon) at a 
multiplicity of infection of 20. The infection efficiency was 
observed after 96 h through a fluorescence microscope for the 
green fluorescence protein expression.

Quantitative polymerase chain reaction (qPCR). Total RNA 
was extracted from cells using TRIzol reagent and synthesized 
into cDNA by M‑MLV reverse transcriptase according to the 
manufacturer's instructions. qPCR was performed on a 
Connect real‑time PCR platform (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA) using a SYBR‑Green master mix kit. In 

brief, each PCR reaction mixture containing 10 µl 2X SYBR 
Premix Ex Taq, 0.8 µl sense and antisense primers (2.5 µM), 
5 µl cDNA and 4.2 µl ddH2O was run for 40 cycles with initial 
denaturation at 95˚C for 1 min, denaturation at 95˚C for 5 sec 
and extension at 60˚C for 20  sec. β‑actin was used as an 
internal control. Relative gene expression levels were calcu-
lated using 2‑ΔΔCT analysis. The primers were as follows: 
PPP5C (forward), 5'‑CCCAACTACTGCGACCAGAT‑3'; 
PPP5C (reverse), 5'‑CCCGTCACCTCACATCATTC‑3'; 
β‑actin (forward), 5'‑GTGGACATCCGCAAAGAC‑3'; β‑actin 
(reverse), 5'‑AAAGGGTGTAACGCAACTA‑3'.

Western blot analysis. CAOV‑3 cells were collected 7 days 
after lentivirus infection and lysed in 2X sodium dodecyl 
sulphate (SDS) sample buffer [100 mM Tris‑HCl (pH 6.8), 
10 mM EDTA, 4% SDS and 10% glycine). The protein content 
was measured using the Lowry method. To detect target 
proteins, equal amounts of protein samples were separated 
by SDS‑polyacrylamide gel electrophoresis and transferred to 
polyvinylidenedifluoride membranes. The membranes were 
incubated with Tris‑buffered saline and Tween‑20 (TBST; 
25  mM Tris, pH 7.4, 150  mM NaCl and 0.1% Tween‑20) 
containing 5% nonfat dry milk at room temperature for 1 h. 
After washing with TBST three times, the membranes were 
probed with the primary antibody (anti‑PP5 rabbit mAb or 
anti‑GAPDH rabbit mAb) at 4˚C overnight followed by incuba-
tion with goat anti‑rabbit IgG, HRP‑linked antibody for 1 h at 
room temperature. The blots were detected with an enhanced 
chemiluminescence detection kit (Pierce Biotechnology, Inc., 
Rockford, IL, USA) according to the manufacturer's instruc-
tions. GAPDH was used as the reference control.

Cell viability assay. Following lentivirus infection, CAOV‑3 
cells were seeded in a volume of 200  µl at a density of 
4x103  cells/well in 96‑well plates. Following incubation 
for 1, 2, 3, 4 and 5 days, respectively, 20 µl 3‑(4,5‑dimethyl 
thiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide (MTT; 
5.0 mg/ml) was added into each well and incubated with 
cells for 4 h. Then 100 µl acidic isopropanol (10% SDS, 5% 
isopropanol and 0.01  mol/l HCl) was added to each well 
after removing the medium and MTT from the wells. The 
absorbance was measured using a microplate reader (BioTek, 
Winooski, VT, USA) at 595 nm.

Colony formation assay. Following lentivirus infection, 
CAOV‑3 cells were were seeded in a volume of 2 ml at a 
density of 1.5x103 cells/well in six‑well plates. The medium was 
changed every three days. After nine days of culture, the cells 
were washed with phosphate‑buffered saline (PBS) and fixed 
with 4% paraformaldehyde. The fixed cells were stained purple 
with freshly prepared crystal violet staining (Sigma-Aldrich) 
for 20 min. The colony formation was observed through a 
light/fluorescence microscope to obtain the colony numbers.

Cell cycle analysis. The cell cycle distribution was analyzed by 
flow cytometry using propidium iodide (PI) staining. Following 
lentivirus infection for 6 days, CAOV‑3 cells were seeded in a 
volume of 5 ml at a density of 2x105 cells/well in 6‑cm dishes. 
Cells were harvested and fixed in 70% ice‑cold ethanol for 12 h 
at 4˚C. After washing with PBS three times, cells were stained 
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for DNA content by use of 300 µl PBS containing 50 µg/ml PI 
and 50 µg/ml preboiled RNase A. The suspension was incu-
bated in the dark at room temperature for 30 min and then 
subjected to FACSCalibur flow cytometry (BD Biosciences, 
San Jose, CA, USA). Data were analyzed with the ModFit DNA 
analysis program  (Verity Software House, Maine, USA).

Statistical analysis. Data were presented as the mean ± stan-
dard deviation from at least three independent experiments. 

Statistical analysis was performed using Student's t‑test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Lentivirus‑mediated RNAi suppresses PP5 expression in 
CAOV‑3 ovarian cancer cells. To examine the function of PP5 
in ovarian cancer cells, we firstly applied lentivirus‑mediated 
RNAi to specifically suppress PPP5C in the ovarian cancer 

Figure 1. Effect of lentivirus‑mediated short hairpin RNA silencing on protein phosphatase 5 (PP5) expression in CAOV‑3 cells. (A) Green fluorescence 
protein (GFP) expression recorded under a fluorescence microscope. Representative images are from one of three independent experiments. Scale bar, 100 µm. 
(B) Relative expression levels of PPP5C in non‑treated cells (Con), and cells treated with lentiviruses containing non‑silencing shRNA (shCon) and PP5 
shRNA (shPPP5C) were determined by quantitative polymerase chain reaction analysis. (C) Expression levels of PP5 in non‑treated, shCon‑treated and 
shPPP5C‑treated cells were determined by western blot analysis. Data are presented as the means ± standard deviation of three independent experiments 
performed in triplicate. **P<0.01 vs. shCon. 

Figure 2. Effects of protein phosphatase 5 (PP5) knockdown on the proliferation and colony formation of CAOV‑3 cells. (A) Cell proliferation was measured 
using 3‑(4,5‑dimethyl thiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay. (B) Size and number of colonies in CAOV‑3 cells recorded under a fluorescence 
microscope. Representative images are from one of three independent experiments. Scale bar, 250 µm. (C) Statistical analysis of colony numbers in non‑treated 
cells (Con), and cells treated with lentiviruses containing non‑silencing shRNA (shCon) and PP5 shRNA (shPPP5C). Data are presented as the means ± stan-
dard deviation of three independent experiments performed in triplicate. ***P<0.001 vs. shCon. GFP, green fluorescence protein.
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cell line CAOV‑3 long term. As shown in Fig. 1A, the ratio 
of cells with green fluorescence protein (GFP) expression 
to shRNA‑treated cells was >80%, indicating a satisfactory 
infection efficiency. As shown in Fig. 1B, the mRNA level of 
PPP5C was significantly (P<0.01) reduced in shPPP5C‑treated 
cells compared with non‑treated and shCon‑treated cells. The 
knockdown efficiency of PP5 was calculated as 79.0% in 
CAOV‑3 cells. Moreover, the protein level of PP5 was signifi-
cantly downregulated in shPPP5C‑treated cells compared with 
non‑treated and shCon‑treated cells (Fig. 1C). The data indi-
cated that the lentivirus‑mediated shRNA silencing efficiently 
suppressed the expression of endogenous PP5 in CAOV‑3 
ovarian cancer cells.

PP5 knockdown inhibits the proliferation and colony forma‑
tion of CAOV‑3 ovarian cancer cells. The effect of PP5 
silencing on the proliferation of CAOV‑3 cells was determined 
by MTT assay. The cell viability was observed for 5 days in 
non‑treated, shCon‑treated and shPPP5C‑treated cells. As 
shown in Fig. 2A, the growth curve of shPPP5C‑treated cells 
started to drop from the second day, compared with that of 
non‑treated and shCon‑treated cells. The decline reached 34.4% 
(P<0.001) on the fifth day, compared with shCon‑treated cells. 
There was no difference with regard to cell viability between 
non‑treated and shCon‑treated cells. The data indicated that 
PP5 knockdown significantly inhibited the proliferation of 
CAOV‑3 ovarian cancer cells.

The long‑term effect of PP5 silencing on the colony forming 
ability of CAOV‑3 cells was determined by colony formation 
assay. As shown in Fig. 2B, the size of independent colonies 
was much smaller in shPPP5C‑treated cells compared with 
non‑treated and shCon‑treated cells. Moreover, the number of 
colonies formed in CAOV‑3 cells was significantly (P<0.001) 

decreased following PP5 knockdown (Fig.  2C). The data 
indicated that PP5 knockdown also significantly inhibited the 
colony formation of CAOV‑3 ovarian cancer cells.

PP5 knockdown arrests CAOV‑3 cells at the G0/G1 phase. To 
investigate the mechanisms underlying the growth suppres-
sion effect of PP5 knockdown, the cell cycle distribution of 
CAOV‑3 cells was analyzed using a flow cytometer. The results 
shown in Fig. 3 indicate that shPPP5C‑treated cells presented 
an increased G0/G1‑phase population and a decreased 
S‑phase population (P<0.001), compared with non‑treated and 
shCon‑treated cells. The data revealed that PP5 knockdown 
arrested the cell cycle at the G0/G1 phase. Taken together, we 
suggest that PP5 knockdown suppresses ovarian cancer cell 
growth via the blockade of cell cycle progression.

Discussion

Ovarian cancer is the leading cause of mortality from gyne-
cological cancers and the fifth most common cause of cancer 
mortality among females (20). An increased understanding 
of the molecular and genetic changes causing ovarian cancer 
progression is likely to produce strategies to predict and prevent 
the occurrence of refractory disease. Targeted therapy is a type of 
medication that blocks the growth of cancer cells by interfering 
with the specific molecules needed for carcinogenesis and tumor 
growth, rather than interfering with all rapidly dividing cells. In 
this study, PP5 was identified as a specific molecule that drives 
ovarian cancer progression. Using lentivirus‑mediated shRNA 
silencing, we potently suppressed the expression of PPP5C at 
the mRNA and protein levels in CAOV‑3 ovarian cancer cells. 
PP5 knockdown significantly inhibited the proliferation and 
colony formation of CAOV‑3 cells.

Figure 3. Effect of protein phosphatase 5 (PP5) knockdown on cell cycle of CAOV‑3 cells. (A) Flow cytometric analysis of cell cycle. Representative images 
are from one of three independent experiments. (B) Statistical analysis of G0/G1‑phase, S‑phase and G2/M‑phase populations in non‑treated cells (Con), and 
cells treated with lentiviruses containing non‑silencing shRNA (shCon) and PP5 shRNA (shPPP5C). Data are presented as the means ± standard deviation of 
three independent experiments performed in triplicate. ***P<0.001 vs. shCon. 
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A previous study has reported that treatment of cells with 
PP5 antisense RNA leads to hyperphosphorylation of p53 
and subsequent G1 growth arrest  (21). Herein, PI staining 
combined with flow cytometry analysis was performed to 
determine whether PP5 knockdown using lentivirus‑mediated 
RNAi blocks cell cycle progression in CAOV‑3 cells. As 
expected, PP5 knockdown significantly arrested CAOV‑3 cells 
at the G0/G1 phase, which was in accordance with the growth 
suppression effect of PP5 knockdown.

Finally, it is known that PP5 plays a crucial role in DNA 
damage repair and cell cycle arrest by attenuating the activi-
ties of ATM and ATR, two closely related checkpoint kinases. 
A more recent study utilizing cells from PP5‑deficient mice 
has confirmed the role of PP5 in ATM signaling (22). Thus, 
further study is desired to examine whether PP5 attenuates 
the checkpoint kinases ATM and ATR in ovarian cancer cells. 
Furthermore, PP5 has been observed to act as a suppressor 
of apoptosis signal‑regulating kinase 1 (23,24), p53 (25) and 
DNA‑dependent protein kinase catalytic subunits  (26). It 
is likely that PP5 promotes ovarian cancer cell growth by 
inducing cell cycle arrest, as well as cell apoptosis. Therefore, 
the effect of PP5 knockdown on the apoptosis of ovarian 
cancer cells should also be determined in a subsequent study.

In conclusion, this study highlights the crucial role of PP5 
in promoting ovarian cancer cell proliferation and demon-
strates that silencing PP5 with targeted shRNA delivered to 
tumor cells via lentivirus is an effective method to reduce PP5 
activity in the long term. These results provide a foundation for 
further study into the clinical potential of lentiviral‑mediated 
delivery of PP5 RNAi therapy for the treatment of ovarian 
cancer.
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