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Abstract. Poly (ADP‑ribose) polymerase 1 (PARP‑1) is involved 
in DNA repair and has been implicated in chemoresistance. The 
present study investigated whether PARP‑1 promotes angiogen-
esis in ovarian cancer. PARP‑1 and vascular endothelial growth 
factor  A (VEGF‑A) expression and CD34+ microvascular 
density (MVD) were assessed using immunohistochemistry in 
60 human epithelial ovarian cancer specimens. PARP‑1 was 
stably knocked‑down in SKOV3 cells using a specific small 
interfering RNA (siRNA); angiogenic capacity was assessed 
using the human umbilical vein endothelial cell (HUVEC) 
tubule formation assay; and PARP‑1 and VEGF‑A expression 
were examined by reverse transcription‑quantitative polymerase 
chain reaction, western blotting and ELISA. PARP‑1 was 
found to be expressed in 73.3% (44/60) of the human epithelial 
ovarian cancer specimens and was significantly associated with 
VEGF‑A, MVD, tumor size, histological grade and lymphatic 
metastasis (P<0.05). Compared with cells transfected with a 
negative control siRNA, knockdown of PARP‑1 significantly 
suppressed the ability of SKOV3 cell‑conditioned media to 
promote HUVEC tubule formation on Matrigel in vitro. Knock-
down of PARP‑1 in SKOV3 cells also significantly reduced 
VEGF‑A mRNA and protein expression and secretion. In 
summary, PARP‑1 is overexpressed and may enhance angio-
genesis in epithelial ovarian cancer by upregulating VEGF‑A.

Introduction

Epithelial ovarian cancer is highly invasive and has the highest 
mortality rate among the various types of gynecological 
malignancy (1). At the time of diagnosis, >70% of patients have 

advanced stage disease (1). Currently, the standard treatment is 
cytoreductive surgery followed by platinum‑ and paclitaxel‑based 
chemotherapy. However, the efficacy of chemotherapy is chal-
lenged by chemoresistance and tumor recurrence (2). Therefore, 
molecular targeted therapy for ovarian cancer has become a 
novel field of research in recent years (3). Existing molecular 
targeting agents are predominantly monoclonal antibodies 
that target proteins that are abnormally expressed in tumor 
cells, or small molecule protein kinase inhibitors that regulate 
cell growth or inhibit angiogenesis; these agents have a higher 
specificity and lower toxicity compared with traditional chemo-
therapeutic agents (4).

Poly (ADP‑ribose) polymerase 1 (PARP‑1) is expressed in 
the nuclei of most eukaryotic cells and participates in DNA 
damage repair, gene transcription, the cell cycle, chromo-
some function, genomic stability and cell death (5). PARP‑1 
contains three structural domains: A DNA binding domain, an 
auto‑modification domain and a catalytic domain (6). Once acti-
vated by DNA damage, PARP‑1 rapidly forms homodimers that 
recognize and bind DNA nicks, whereupon it catalyzes ADP 
ribosylation of itself and histones (7), leading to chromosomal 
relaxation and thereby recruitment of DNA polymerase β, X‑ray 
repair cross‑complementing protein 1 and DNA ligase III to 
sites of DNA damage to initiate DNA repair (8). When DNA 
damage is severe, PARP‑1 becomes over‑activated, which can 
lead to the depletion of NAD+ and ATP and subsequently induce 
cell death (9).

Our previous research demonstrated that PARP‑1 inhibi-
tors can enhance the chemosensitivity of ovarian cancer cells 
in  vitro  (10). Notably, the PARP‑1 inhibitor PJ34 can also 
inhibit angiogenesis in the chorioallantoic membrane assay (11). 
In order to investigate whether PARP‑1 may be involved in 
angiogenesis in ovarian cancer, the present study examined the 
expression of PARP‑1 and its association with markers of angio-
genesis in human epithelial ovarian cancer. Furthermore, the 
effect of PARP‑1 on the angiogenic capacity of ovarian cancer 
cells in vitro was investigated.

Materials and methods

Patients and samples. Tissue samples from 60 patients with 
epithelial ovarian cancer treated at the Department of Gyne-
cology, Provincial Hospital Affiliated to Shandong University 
(Jinan, China) between January 2013 and June 2014 were used. 
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The mean age of the patients was 58 years (range, 38‑77 years). 
No patients had a prior history of chemotherapy, radiotherapy or 
immunotherapy. All patients were staged at the time of surgery 
according to the International Federation of Gynecology and 
Obstetrics (FIGO) staging guidelines (FIGO 2000). The tissues 
were collected from patients after obtaining informed consent 
from the patients' families. The study was approved by the ethics 
committee of the Provincial Hospital Affiliated to Shandong 
University.

Immunohistochemistry. Formalin‑fixed, paraffin‑embedded 
epithelial ovarian cancer tissues were sectioned (4  µm), 
deparaffinized, and incubated with 3% hydrogen peroxide 
followed by rabbit monoclonal anti‑PARP‑1 (Cell Signaling 
Technology, Inc., Danvers, MA, USA; 9532S; dilution, 1:1,000), 
mouse monoclonal anti‑VEGF‑A (Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA, USA; sc‑57496; dilution, 1:50) or mouse 
monoclonal anti‑CD34 (a marker for vascular endothelial cells) 
(Santa Cruz Biotechnology, Inc.; sc‑19621; dilution, 1:100) at 
4˚C overnight. Subsequently, the sections were processed using 
a secondary biotinylated antibody kit (SP‑9000 detection kit; 
OriGene Technologies, Inc., Beijing, China), following the 
manufacturer's instructions. For negative controls, primary 
antibody was replaced with PBS.

All sections were examined by two independent pathologists 
who were blinded to the clinical data. PARP‑1 was predomi-
nantly localized to the tumor cell nuclei. Samples in which 
>10% of cells were positive were considered PARP‑1‑positive. 
A VEGF‑A staining score was calculated by multiplying the 
score for the percentage of positive cells (0, no positive tumor 
cells; 1, ≤25% positive tumor cells; 2, 26‑50% positive tumor 
cells; 3, 51‑75% positive tumor cells; and 4, ≥76% positive tumor 
cells) by the staining intensity score (0, negative; 1, weak; 2, 
moderate; 3, strong). A score of 0‑3 was considered to indicate 
low expression and a score of ≥4 was considered to indicate high 
expression. 

Measurement of microvessel density (MVD). MVD was 
measured by assessing the CD34‑positive vessels in five fields of 
view. In each case, the most vascularized area was selected and 
the microvessels within a high‑power magnification (x200) field 
of vision were counted three times. Macrovascular structures 
with smooth muscle cells were excluded. The mean of the three 
highest counts per tumor was used for analysis.

Knockdown of PARP‑1. SKOV3 human ovarian cancer cells 
and human umbilical vein endothelial cells (HUVECs) were 
obtained from the Central Laboratory of the Provincial Hospital 
Affiliated to Shandong University, and were cultured in Hyclone 
RPMI‑1640 medium (GE Healthcare Life Sciences, Logan, 
UT, USA) supplemented with 10% fetal bovine serum (FBS) 
(Hyclone; GE Healthcare Life Sciences) at 37˚C in a humidi-
fied incubator with 5% CO2. A small interfering RNA (siRNA) 
(5'‑AAGATAGAGCGTGAAGGCGAA‑3') that specifically 
targets PARP‑1 (GenBank accession number, NM_001618) 
and negative control (NC) siRNA that does not target any 
known human gene (5'‑TTCTCCGAACGTGTCACGT‑3') 
were designed and inserted into lentiviral vectors (pGCL green 
fluorescent protein vector) by Shanghai Genechem Co., Ltd. 
(Shanghai, China).

SKOV3 cells (~5x104) were seeded into 12‑well plates, and 
cultured for 24 h in RPMI‑1640 medium supplemented with 
10% FBS. The media was then replaced with 500 µl of suspen-
sion solution containing 5 µg/ml polybrene, 250 µl Enhanced 
Infection Solution (GeneChem Co., Ltd.) and the lentiviral 
constructs (25 µl). After 16 h, the suspension was replaced with 
complete medium containing puromycin (1 µg/ml) to select 
stably transfected cells.

HUVEC tubule formation assay. Matrigel (BD Biosciences, 
Bedford, MA, USA) was added to 96‑well culture plates 
(60 µl/well) and allowed to polymerize at 37˚C for 30 min. 
Conditioned media was collected from SKOV3 cells transfected 
with NC‑siRNA or PARP‑1‑siRNA, and was centrifuged for 
5 min at 1,000 x g at room temperature to remove cells. HUVECs 
were resuspended in the conditioned media (2.5x105 cells/ml), 
and 100‑µl aliquots were seeded onto the Matrigel, incubated 
at 37˚C for 18 h, and imaged using an inverted phase contrast 
microscope.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was isolated from SKOV3 cells 
using Invitrogen TRIzol reagent (Thermo Fisher Scientific, 
Inc., Carlsbad, CA, USA) according to the manufacturer's 
protocol. The purified RNA was suspended in diethyl pyrocar-
bonate‑treated water. Total RNA (10 µl) obtained from each of 
the cell cultures was converted into cDNA using oligo‑dT15 
primers and M‑MLV reverse transcriptase (Promega Corpora-
tion, Madison, WI, USA). Primers specific to PARP‑1 (forward, 
5'‑GCC​CTA​AA​GGC​TCA​GAA​CGA​C‑3', and reverse, 5'‑CAC​
CAT​GCC​ATC​AGC​TAC​TCG‑3'), VEGF‑A (forward, 5'‑TCG​
AGA​CCC​TGG​TGG​ACA​TC‑3', and reverse, 5'‑CTA​TGT​GCT​
GGC​CTT​GGT​GAG‑3') and β‑actin (forward, 5'‑AGC​GAG​
CAT​CCC​CCA​AAG​TT‑3', and reverse, 5'‑GGG​CAC​GAA​GGC​
TCA​TCA​TT‑3') were designed and synthesized by Sangon 
Biotech Co., Ltd. (Shanghai, China). qPCR was performed in 
20‑µl reaction mixtures containing 10 µl SYBR Green Realtime 
PCR Master Mix (Toyobo, Osaka, Japan), 4 µl of each forward 
and reverse primer (10 µmol/l) and 2 µl cDNA in a Lightcycler 
2.0 (Roche Diagnostics, Indianapolis, IN, USA). The thermal 
conditions were 5 min at 95˚C, followed by 45 cycles of 5 min at 
95˚C, 10 sec at 60˚C and 10 sec at 72˚C. The expression levels of 
PARP‑1 and VEGF‑A were normalized to that of β‑actin using 
the 2‑ΔΔCq method (12).

Western blotting and ELISA. Total cellular protein was extracted 
and protein concentrations were determined using Protein 
Assay Dye Reagent (Bio‑Rad Laboratories, Inc., Cambridge, 
MA, USA). Subsequently, equal amounts of total cellular 
protein extracts were separated using 10% SDS polyacrylamide 
gel electrophoresis and transferred to a nitrocellulose membrane 
(Pierce; Thermo Fisher Scientific, Inc., Rockford, IL, USA). 
Membranes were incubated for 2 h in TBS containing 0.1% 
Tween‑20 and 5% bovine serum albumin to block non‑specific 
binding. Membranes were then incubated overnight with primary 
antibodies at 4˚C, and then with the appropriate secondary 
antibodies for 2 h at room temperature. The primary antibodies 
used were against PARP‑1 (9532S, Cell Signaling Technology, 
Inc.; dilution, 1:1,000), VEGF‑A (sc‑57496, Santa Cruz Biotech-
nology, Inc.; dilution, 1:300) and β‑actin (sc‑47778, Santa Cruz 
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Biotechnology, Inc.; dilution, 1:1,000). The secondary antibodies 
used were as follows: Horseradish peroxidase‑conjugated goat 
anti‑rabbit immunoglobulin (Ig)G (Santa Cruz Biotechnology, 
Inc.; sc‑2004; dilution, 1:8,000) and goat anti‑mouse IgG (Santa 
Cruz Biotechnology, Inc.; sc‑2005; dilution, 1:8,000). Signals 
were detected using a Pierce enhanced chemiluminescence kit 
(Thermo Fisher Scientific, Inc.), and protein expression levels 
were quantified using Gel‑Pro Analyzer software v6.0 (Media 
Cybernetics, Inc., Rockville, MD, USA). Results were normal-
ized to the β‑actin content in the samples.

The VEGF‑A content of cell supernatants was measured 
using a VEGF‑A ELISA (R&D Systems, Inc., Minneapolis, 
MN, USA) following the manufacturer's instructions.

Statistical analysis. All in vitro experiments were performed in 
triplicate. Data were analyzed using SPSS software version 19.0 
(IBM SPSS, Armonk, NY, USA). The associations between 
PARP‑1 and clinicopathological features were assessed using 
the χ2 test or Fisher's exact probability test. The Student's t‑test 
was used to compare experimental groups. P<0.05 was consid-
ered to indicate a statistically significant difference and all 
data are expressed as the mean ± standard error of the mean.

Results

Expression of PARP‑1 and association with VEGF‑A, MVD 
and clinicopathological features of human ovarian cancer. 

The rate of positive PARP‑1 staining in the human ovarian 
cancer specimens was 73.3% (44/60). VEGF‑A was expressed 
in all 60 samples (mean score, 3.05±1.61; range, 1‑6) and the 
mean MVD was 19.14±6.24 per field (Fig. 1A).

The mean VEGF‑A staining score was significantly 
higher for patients with PARP‑1‑positive tumors (3.80±1.69) 
compared with those with PARP‑1‑negative tumors 
(2.30±1.16; P=0.026; Fig. 1B). Additionally, patients with 
PARP‑1‑positive tumors had a significantly higher MVD 
(23.86±4.67 per field) than patients with PARP‑1‑negative 
tumors (14.43±3.26 per field; P=0.01; Fig. 1C).

Positive expression of PARP‑1 was significantly associ-
ated with tumor size (P=0.018), histological grade (P=0.001) 
and lymphatic metastasis (P=0.005), but not age (P=0.464) 
or FIGO stage (P=0.302) in the 60 cases of human ovarian 
cancer (Table I).

Silencing of PARP‑1 reduces the angiogenic capacity of SKOV3 
cells and downregulates VEGF‑A. RT‑qPCR and western blot 
analyses confirmed that PARP1‑siRNA‑transfected SKOV3 
cells expressed significantly lower levels of PARP‑1 than cells 
transfected with the NC‑siRNA (Fig. 2).

HUVECs cultured on Matrigel in conditioned media from 
SKOV3 cells transfected with PARP‑1‑siRNA formed signifi-
cantly fewer tubules than HUVECs cultured in conditioned 
media from cells transfected with NC‑siRNA (14.67±1.21 vs. 
8.83±1.47 per high‑power field; P=0.005; Fig. 3), suggesting 

Figure 1. Association of PARP‑1 with VEGF‑A and MVD in human epithelial ovarian cancer. (A) Representative images of PARP‑1, VEGF‑A and CD34 
(used to determine MVD) immunohistochemistry in PARP‑1‑positive and PARP‑1‑negative human ovarian cancer tissues (magnification, x200). (B) VEGF‑A 
immunostaining score and (C) MVD values (per field) of PARP‑1‑positive (n=44) and PARP‑1‑negative (n=16) human ovarian cancer tissues. Data are pre-
sented as the mean ± standard deviation of three independent experiments. *P<0.05. PARP‑1, poly (ADP‑ribose) polymerase 1; VEGF‑A, vascular endothelial 
growth factor A; MVD, microvessel density.
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Figure 2. Knockdown of PARP‑1 by siRNA. (A) Representative fluorescence and bright‑field micrographs of SKOV3 cells transfected with lentiviruses 
expressing GFP and PARP‑1‑siRNA or NC‑siRNA show that cells began to express GFP 12 h after transfection. The efficiencies of transfection were 89% and 
86% for (a) NC‑siRNA and (b) PARP‑1‑siRNA, respectively. (B) Reverse transcription‑quantitative polymerase chain reaction and (C) western blot analyses of 
PARP‑1 in SKOV3 cells transfected with PARP1‑siRNA or NC‑siRNA confirmed the knockdown of PARP‑1 expression in PARP‑1‑siRNA‑transfected cells. 
(D) Quantification of western blot analysis. Values are presented as the mean ± standard deviation of three independent experiments; *P<0.05. PARP‑1, poly 
(ADP‑ribose) polymerase 1; siRNA, small interfering RNA; GFP, green fluorescent protein; PARP‑1‑siRNA, siRNA targeting PARP‑1; NC‑siRNA, negative 
control siRNA.

  A   B

  C

  D

  a

  b

Table I. Association between PARP‑1 and the clinicopathological features of human epithelial ovarian cancer.

	 Number of patients
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Feature	 All 	 PARP‑1‑positive 	 PARP‑1‑negative	 Positive rate (%)	 χ2	 P‑value

Age (years)					       0.536	 0.464
  <50	 13	   8	   5	 61.5
  ≥50	 47	 36	 11	 76.6
Tumor size (cm)					       5.556	 0.018
  <2	 18	   9	   9	 50.0
  ≥2	 42	 35	   7	 83.3
Histological grade					     10.484	 0.001
  G1+G2	 28	 15	 13	 53.6
  G3	 32	 29	   3	 90.6
FIGO stage					       1.065	 0.302
  I+II	 20	 13	   7	 65.0
  III+IV	 40	 31	   9	 77.5
Lymphatic metastasis					       7.934	 0.005
  No	 27	 15	 12	 55.6
  Yes	 33	 29	   4	 87.9

PARP‑1, poly (ADP‑ribose) polymerase 1; FIGO, International Federation of Gynecology and Obstetrics.
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that PARP‑1 may enhance the ability of ovarian cancer cells to 
promote angiogenesis.

To investigate the mechanism by which PARP‑1 affects 
the ability of ovarian cancer cells to promote endothelial cell 
tubule formation, the expression levels of VEGF‑A in SKOV3 
cells transfected with PARP‑1‑siRNA or NC‑siRNA were 
examined. RT‑qPCR demonstrated that SKOV3 cells trans-
fected with PARP‑1‑siRNA expressed lower levels of VEGF‑A 
mRNA compared with cells transfected with NC‑siRNA. 
Western blotting demonstrated that knockdown of PARP‑1 
significantly reduced the relative VEGF‑A protein expres-
sion in SKOV3 cells (0.41±0.08 vs. 0.90±0.18 for NC‑siRNA; 
P=0.008; Fig. 4B and C). The level of VEGF‑A in the cell 

supernatant was also reduced in PARP‑1‑knockdown cells 
compared with the NC‑siRNA‑transfected cells (248.12±82.74 
vs. 447.22±188.52 pg/ml; Fig. 4D), as demonstrated by ELISA. 
Collectively, these results indicate PARP‑1 may upregulate 
VEGF‑A in ovarian epithelial cancer cells.

Discussion

PARP‑1 is overexpressed and serves important roles in the 
progression of breast cancer (13), prostate cancer (14) and 
pancreatic cancer (15). Additionally, PARP‑1 has been associ-
ated with tumor invasion and lymph node metastasis in gastric 
cancer  (16), and its overexpression associated with tumor 

Figure 3. Silencing of PARP‑1 reduces the angiogenic capacity of SKOV3 cells in vitro. Representative images (magnification, x100) show tubule formation by 
human umbilical vein endothelial cells plated on Matrigel and cultured in conditioned media from SKOV3 cells transfected with PARP1‑siRNA or NC‑siRNA. 
PARP‑1, poly (ADP‑ribose) polymerase 1; siRNA, small interfering RNA; PARP‑1‑siRNA, siRNA targeting PARP‑1; NC‑siRNA, negative control siRNA.

Figure 4. Silencing of PARP‑1 downregulates VEGF‑A in SKOV3 ovarian cancer cells. (A) Reverse transcription‑quantitative polymerase chain reaction and 
(B) western blot analyses indicated reduced VEGF‑A levels in SKOV3 cells transfected with PARP1‑siRNA compared with NC‑siRNA‑transfected cells; 
(C) quantified western blot analysis results are shown. (D) ELISA of VEGF‑A in the supernatant of SKOV3 cells expressing PARP‑1‑siRNA or NC‑siRNA 
revealed reduced VEGF‑A levels in the former group. Values are presented as the mean ± standard deviation of three independent experiments; *P<0.05. 
PARP‑1, poly (ADP‑ribose) polymerase 1; VEGF‑A, vascular endothelial growth factor A; siRNA, small interfering RNA; PARP‑1‑siRNA, siRNA targeting 
PARP‑1; NC‑siRNA, negative control siRNA.

  A   B

  C   D
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stage, overall survival and prognosis in breast cancer (17). 
Indeed, PARP‑1 is currently being investigated as a target for 
cancer therapy and a number of PARP‑1 inhibitors have been 
tested in phase II clinical studies (18). In the present study, 
PARP‑1 was found to be overexpressed in 73.3% (44/60) of 
the human epithelial ovarian cancer tissues examined, and 
was associated with tumor size, pathological grade and lymph 
node metastasis. These data indicate that PARP‑1 may also be 
involved in the progression of ovarian cancer.

Angiogenesis is necessary for continued tumor growth 
and is a prerequisite for tumor invasion and metastasis. A 
high MVD is associated with poor prognosis in a range 
of tumor types, including esophageal (19), breast (20) and 
ovarian cancer  (21). An association between PARP‑1 and 
angiogenesis has also been reported in other types of cancer. 
For example, PARP‑1 was found to be associated with MVD, 
and overexpression of PARP‑1 enhanced the angiogenic 
capacity of colon cancer cells (22). Additionally, the PARP 
inhibitor DPQ was demonstrated to significantly inhibit the 
growth of human hepatocellular carcinoma xenografts in 
nude mice and attenuate angiogenesis during tumor progres-
sion via a process involving altered gene expression (23). 
In the present study, an association between PARP‑1 and 
the MVD in human epithelial ovarian cancer was identi-
fied, indicating that PARP‑1 exerts a pro‑angiogenic effect 
in epithelial ovarian cancer. Additionally, knockdown of 
PARP‑1 significantly suppressed the ability of conditioned 
media from SKOV3 cells to promote HUVEC tubule 
formation in vitro, suggesting that PARP‑1 may promote 
angiogenesis in ovarian cancer.

VEGF‑A is a well‑characterized pro‑angiogenic factor 
that activates multiple downstream effectors, including extra-
cellular signal‑regulated kinases, Src and phosphoinositide 
3‑kinase/Akt, to stimulate endothelial cell proliferation, 
invasion and basement membrane degradation (24). Based 
on the present observations indicating a correlation between 
PARP‑1 and VEGF‑A in human epithelial ovarian cancer, 
we hypothesized that PARP‑1 promotes angiogenesis by 
upregulating VEGF‑A. In confirmation of this hypothesis, 
knockdown of PARP‑1 significantly decreased the expres-
sion and secretion of VEGF‑A in SKOV3 cells. These results 
are consistent with a study by Rajesh et al (5), who demon-
strated that the PARP inhibitors 3‑AB and PJ34 inhibited 
the VEGF‑induced proliferation, migration and angiogenic 
capacity of HUVECs. However, the underlying mechanism 
by which PARP‑1 directly or indirectly regulates VEGF‑A 
requires further investigation.

In summary, the present study suggests that PARP‑1 
is overexpressed and promotes angiogenesis in epithelial 
ovarian cancer by regulating VEGF‑A. As it is overexpressed 
in ovarian cancer and is important in tumorigenesis and 
angiogenesis, PARP‑1 may represent a potential therapeutic 
target for ovarian cancer.
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