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Abstract. The function of human epidermal growth factor 
receptor 2 (HER2) in the chemosensitivity of ovarian carci-
noma has not been fully investigated, therefore, the present 
study aimed to analyze the potential role of HER2 in ovarian 
carcinoma chemosensitivity in further detail. SKOV3 cells 
were transfected with lentiviral‑mediated HER2‑small 
hairpin RNA (shRNA) molecules to establish the stable 
expression of HER2‑shRNA in the SKOV3 cell line (knock-
down cells; KD) and negative control cell line (NC). The 
untransfected SKOV3 cell line served as the blank control 
(CON) group. Reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR) and western blot analysis were 
used to detect the expression of HER2 in the three different 
cell types, which were subsequently examined for growth 
inhibition using a cell counting kit‑8 assay. The CON and 
KD cell strains were utilized to establish xenograft models 
in nude mice, primarily to detect the expression of the HER2 
protein, and additionally to observe tumor size changes under 
the treatment of cisplatin (DDP) chemotherapy. RT‑qPCR and 
western blot analysis demonstrated a significant decrease in 
the levels of HER2 mRNA and protein in the KD cells. The 
suppression of HER2 expression resulted in an increase of 
chemotherapy sensitivity in the SKOV3 cells. HER2 protein 
expression decreased significantly following transduction 
with specific HER2‑shRNA. Additionally, growth slowed 
significantly under treatment with DDP in ovarian cancer 
transplantation tumors. In conclusion, lentivirus‑mediated 
HER2‑shRNA effectively inhibits the expression of the 
HER2 gene, and increases the chemosensitivity to DDP in 
ovarian carcinoma.

Introduction

Ovarian carcinoma is a lethal gynecological malignancy 
with a 5‑year survival rate of 25‑30% (1). At present, 60% of 
advanced‑stage patients will experience disease recurrence (2), 
whilst the average life expectancy is 12  to 18 months  (3). 
The primary treatment for ovarian cancer is cytoreductive 
surgery and adjuvant platinum‑based chemotherapy (3). The 
low ovarian carcinoma survival rates are known to be largely 
impacted by the development of chemotherapy resistance (4), 
with improved treatments now required for patients.

Human epidermal growth factor receptor 2 (HER2), a 
member of the epidermal growth factor receptor (EGFR) 
family, is located on the chromosome 17 q21 band. As a key 
gene involved in cell survival, differentiation, proliferation, 
apoptosis and migration, HER2 gene amplification and protein 
overexpression may result in malignant transformation (5‑8). 
The present study demonstrates that the HER2 gene is highly 
expressed in ovarian carcinoma and is closely associated with 
cancer cell growth, as well as differentiation, chemical resis-
tance, malignant transformation and patient prognosis (9‑12). 
RNA interference (RNAi) technology is now recognized as a 
common research tool for the silencing of target genes (13), 
and as a revolutionary class of therapeutics for the treatment of 
cancer (14). RNAi may be activated by double‑stranded RNAs, 
which are processed into small fragments (21‑23 base pairs) 
by the Dicer enzyme (15);these fragments are then loaded into 
the RNA‑induced silencing complex (RISC). Following this, 
the activated RISC‑guide strand complex is directed to the 
target mRNA complementary region, which is then degraded 
and therefore inhibited from being translated (16). A previous 
study demonstrated that the transfection of HER2 small inter-
fering RNA (siRNA) into SKOV3 cells induced apoptosis, and 
inhibited proliferation and the invasive and migratory pheno-
types of the SKOV3 cells (4).

In the present study, RNAi technology was utilized to 
design siRNAs that targeted different regions within the 
open reading frame of HER2 mRNA, in order to examine the 
chemosensitivity of ovarian carcinoma.

Materials and methods

Cell lines and culture. The ovarian cancer SKOV3 cell line was 
obtained from the Jiangsu Institute of Hematology (Suzhou, 
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China). Cell culture was performed according to the manu-
facturer's protocols. The cells were routinely maintained in 
RPMI 1640 Medium (HyClone; GE Healthcare Life Sciences, 
Logan, UT, USA), supplemented with 10% fetal bovine serum 
(HyClone; GE Healthcare Life Sciences), 1% penicillin and 
1% streptomycin in a well‑humidified incubator with 5% CO2 

at 37˚C. SKOV3 cells were transfected with lentiviral‑mediated 
HER2‑small hairpin RNA (shRNA) molecules to establish 
the stable expression of HER2‑shRNA in the SKOV3 cell line 
(knockdown cells; KD) and negative control cell line (NC). 
The untransfected SKOV3 cell line served as the blank control 
(CON) group.

siRNA preparation and infection. HER2 cDNA sequences 
(NM_004448) were selected based on HER2 target sites 
(obtained from GenBank; www.ncbi.nlm.nih.gov/genbank) 
using the BLOCK‑iT™ RNAi Designer (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). siRNA design 
principles described by Tuschl (17) were used for the design of 
the three target sequences of RNAi and to aid the selection of 
a negative control (NC) sequence. In previous experiments, the 
present study designed three target sequences of RNAi and an 
NC sequence: HER2-RNAi-1, sense TCT​GCG​GTG​GTT​GGC​
ATT​C (2204-2222; 57.89% GC); HER-2-RNAi-1, sense ATA​
TGT​GAA​CCA​GCC​AGA​T (3652-3670; 42.11% GC); HER2-
RNAi-3, sense GTG​CCA​ATA​TCC​AGG​AGT​T (1311-1329; 
47.37% GC); and HER2-RNAi-NC, sense TTC​TCC​GAA​CGT​
GTC​ACG​T. Following screening the most effective interfer-
ence sequence was HER2-RNAi-1 sense.  Using 
Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.), the 
siRNAs were transfected into 293T cells, and viral superna-
tants were harvested and infected into the human ovarian 
cancer SKOV3 cell line. Following a total of 12 h post‑infec-
tion, the medium was replaced with medium containing 
puromycin (1.5 µg/ml), and 2 weeks later the medium was 
replaced by normal medium and cells were cultured to expand. 

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted using TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocols, and was stored at ‑80˚C. The RNA 
concentration and purity was measured using a spectrophotom-
eter (BioPhotometer Plus; Eppendorf, Hamburg, Germany). 
According to the Transcriptor One‑Step RT‑PCR kit (Roche 
Diagnostics, Basel, Switzerland) protocols, 1 µg total RNA 
(Promega Corporation, Madison, WI, USA) was reverse‑tran-
scribed. Reverse transcriptase was purchased from Roche 
Diagnostics, (Basel, Switzerland). β‑actin was used as an 
internal reference. DNA polymerase/DNase was purchased 
from Promega Corp. (Madison, WI, USA). The primer 
sequences (Shanghai Sangon Biological Engineering Tech-
nology Services Ltd., Shanghai, China) used were as follows: 
Forward, 5'‑CTG​AAC​AAT​ACC​ACC​CCT​GTC‑3'; and reverse, 
5'‑AGA​TGT​CCT​TCC​ACA​AAA​TCG​T‑3'. The reaction condi-
tions were a two‑step procedure hot‑start activation at 95˚C for 
2 min and 40 cycles, with denaturation at 95˚C for 15 sec, 
followed by annealing/elongation at 60˚C for 60 sec and finally 
dissociation at 60‑95˚C. Abosorbance values were read and the 
2‑ΔΔCq was used to calculate target gene expression. PCR was 
performed on the ABI 7500 PCR System (Applied Biosystems; 

Thermo Fisher Scientific, Inc.). Furthermore, each sample was 
subjected to RT‑qPCR testing using the same conditions in 
triplicate, and the average values were used for data analysis.

Western blot analysis. Extraction of total protein from the cells 
was performed using radioimmunoprecipitation assay buffer 
and protein quantification was conducted using Coomassie 
brilliant blue stain. A total of 50 µg protein was loaded onto 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
gels (8%), electrophoresed at 200 V for 2 h and subsequently 
transferred onto Immobilon®‑P polyvinylidene difluoride 
membranes (EMD Millipore, Billerica, MA, USA). The 
membranes were then incubated with the primary antibodies 
against HER2 (rabbit polyclonal; catalog no., ab58616; dilu-
tion, 1:150; Abcam, Cambridge, MA, USA) and β‑actin (mouse 
monoclonal; catalog no., AA128; dilution, 1:1,000; Beyotime 
Institute of Biotechnology, Shanghai, China), followed by 
incubation with the appropriate goat monoclonal anti‑rabbit 
and rabbit polyclonal anti‑mouse secondary antibodies conju-
gated with alkaline phosphatase (catalog nos., A0208 and 
A0216, respectively; dilution, 1:1,000; Beyotime Institute of 
Biotechnology). Enhanced chemiluminescence chromogenic 
exposure and X‑ray exposure were used for visualization.

Cell inhibition assay. Cell inhibition was analyzed using 
Cell Counting Assay kit‑8 (CCK‑8; Dojindo Molecular 
Technologies, Inc., Gaithersburg, MD, USA) according to 
the manufacturer's protocols. Briefly, the cell suspension was 
seeded in 96‑well plates at a density of 5x103 cells, with varying 
concentrations of cisplatin (DDP) added (0.312, 0.625, 1.25, 
2.5, 5, 20, 40 and 20 µg/ml), and cultured for 24 h. A total of 
10 µl WST-8 was added to each well. The cells were incubated 
at 37˚C for 1 h with 5% CO2. An automatic microplate reader 
(Multiskan™ MK3 Microplate Photometer; Thermo Fisher 
Scientific, Inc.) measured the absorbance (A) of each well at 
450 nm. The inhibition rate was calculated using the following 
equation: Inhibition rate = (1 ‑ Adosing group / Acell control group) x 100.

Tumorigenicity assay in nude mice. Thymus‑null BALB/c 
nude mice (female, 3‑4 weeks old) were purchased from 
the Experimental Animal Center of Lake Hayes (Shanghai, 
China). All animal procedures were performed according 
to approved protocols and were in accordance with recom-
mendations for the proper use and care of laboratory animals 
at the Experimental Animal Center of Soochow University 
(Suzhou, China). A total of 100 µl of CON group and KD 
group cell solutions (~4x106 cells) were seeded in 25 nude 
mice subcutaneously, near the right armpit, to form three 
groups: The CON, CON + DDP and KD + DDP groups. The 
transplanted tumor diameters of the five nude mice were 
~5 mm. The CON + DDP and KD + DDP mice groups were 
intravenously injected with DDP at a dose of 5 mg/kg, once 
per week, over a period of 4 weeks. Tumor diameter was 
measured using Vernier calipers, and was used to calculate 
the tumor volume as 0.5ab2 (with a and b as the long and 
short diameters, respectively). At the end of the experiment, 
the mice were sacrificed by cervical dislocation. The tumors 
were excised, and immunohistochemical detection of HER2 
protein expression and hematoxylin and eosin staining of 
tumor tissue was performed.
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Statistical analysis. All data are presented as the 
mean ± standard deviation. Statistical significance was deter-
mined by conducting analysis of variance or χ2 tests, using 
SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Stable expression of HER2‑shRNA in the SKOV3 and 
NC cells. Lentiviral vector‑infected SKOV3 cells were 
selected with puromycin for 2 weeks. Fluorescence micros-
copy (Fig. 1A) and flow cytometry (Fig. 1B) determined that 

  B

  A

Figure 1. (A) Fluorescence expression of SKOV3 cell transfection with the lentiviral‑mediated HER2‑shRNA. Magnification, x200. (B) Fluorescent flow 
cytometry detected fluorescence expression of SKOV3 cell transfection with lentiviral‑mediated HER2‑shRNA. CON, blank control; NC, negative control; 
KD, SKOV3 RNA interference cell line; shRNA, small hairpin RNA; FITC, fluorescein isothiocyanate; SS, side scatter; FS, forward scatter; HER2, human 
epidermal growth factor receptor 2.
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the infection efficiency of the NC and KD groups was >98%. 
The results demonstrate the successful establishment of stable 
HER2‑shRNA and NC expression in the SKOV3 cell lines.

Stable expression of HER2‑shRNA in the SKOV3 cells 
downregulates the HER2 gene. The relative mRNA content 
(HER2/β‑actin) in the CON, NC and KD cells was 1.000, 
0.837 and 0.045, respectively. HER2 mRNA levels in the KD 
group compared with the CON and NC group were lower, and 
the difference was statistically significant (P<0.01) (Fig. 2A). 
Western blot analysis of HER2 protein expression following 
transfection of the three cell groups delivered results consis-
tent with the mRNA levels (Fig. 2B).

Chemosensitivity to DDP in the SKOV3 cells. Following 
RNAi, chemosensitivity to DDP in the SKOV3 cells increased. 
With increasing concentrations of DDP administered, the 
proliferation rate of all three cell groups decreased; however, 
the decrease in the KD cell proliferation curve was more 
significant compared with the NC and CON groups (P<0.01; 
Fig. 3).

HER2 silencing inhibits ovarian cancer growth in  vivo. 
The results demonstrated that the tumor volume in the 
KD  +  DDP group was significantly less than that of the 
CON and CON + DDP groups (P<0.05), therefore indicating 

that DDP significantly inhibited the tumor growth rate. 
Lentivirus-mediated HER2-shRNA increased the sensitivity 
of the ovarian cancer xenografts to DDP (Fig. 4A and B).

  A
  B

Figure 2. (A) Expression of HER‑2 mRNA, as detected by reverse transcription‑quantitative polymerase chain reaction following transfection with the 
lentiviral‑mediated HER2‑small hairpin RNA. Differences in the expression of HER‑2 mRNA between the KD and NC and CON groups were significant 
(P<0.01; n=3). **P<0.01. (B) Western blot analysis to detect HER2 and actin protein expression in the SKOV3 cells. HER2 expression was decreased in the KD 
group when compared with the CON and NC groups (P<0.01; n=3). CON, blank control; NC, negative control; KD, SKOV3 RNA interference cell line; HER2, 
human epidermal growth factor receptor 2.

Figure 3. Cell viability of the SKOV3 cells following exposure to cisplatin at 
different concentrations, assessed by the cell counting kit‑8 assay. KD group 
viability decreased significantly when compared with the NC and CON 
groups (P<0.05; n=3). *P<0.05. CON, blank control; NC, negative control; 
KD, SKOV3 RNA interference cell line; DPP, cisplatin.
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Figure 4. (A) Significant differences in tumor suppression in mice inoculated 
with the lentiviral‑mediated HER2‑shRNA SKOV3 cells and treated with DDP 
compared with the other four groups (*P<0.05; n=5). (B) Images of the tumors 
of the five groups. (C) Immunohistochemistry images showing significant 
differences in tumor suppression in mice inoculated with the lentiviral‑mediated 
HER2‑shRNA SKOV3 cells and treated with DDP, compared with the other 
four groups (P<0.05; n=5). CON, blank control; NC, negative control; KD, 
SKOV3 RNA interference cell line; DPP, cisplatin; HER2, human epidermal 
growth factor receptor 2; shRNA, small hairpin RNA.
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Immunohistochemical staining in the SKOV3 cells. Immu-
nohistochemical staining of the CON group revealed that the 
area surrounding the nucleus was a deep brown color, showing 
positive staining for HER2. In the CON + DDP group, there 
were fewer of the brown particles compared with the CON 
group, showing weakly positive staining (P<0.05). The 
KD + DDP group had a significantly decreased number of 
brown particles, indicating that HER2 protein expression was 
significantly reduced (Fig. 4C).

Discussion

The treatment of ovarian cancer remains a challenge for 
clinicians (18). Despite the introduction of platinum‑based 
chemotherapy and its improvement of the ovarian cancer 
patient survival rates, the long‑term survival of patients remains 
low due to tumor recurrence and chemoresistance (19). Resis-
tance to chemotherapeutics has been studied thoroughly and 
a number of mechanisms as to how this may occur have been 
proposed. A potential molecular marker that may improve 
the prediction of the patient response to a given treatment is 
HER2 overexpression, which affects the growth, proliferation, 
invasion and metastasis of cells (20). HER2 is the predomi-
nant cause of gynecological cancer mortality, and it has been 
demonstrated in vitro that the reduction of HER2 expression, 
by antisense or siRNA, resulted in the inhibition of growth 
and the initiation of apoptosis in HER2+ breast and ovarian 
cancer cells (4,21,22). Despite chemotherapeutic agents such 
as trastuzumab benefiting a large number of HER+ patients, 
the development of drug resistance and toxic side effects may 
compromise the therapeutic effect (9).

In the present study, ovarian carcinoma SKOV3 cells were 
utilized as a model to analyze the effect of HER2 expression 
and signaling levels on DDP sensitivity. RNAi was used to 
produce stable cell lines and the inhibition of HER2 gene 
expression was detected following the inhibition of the HER2 
gene; furthermore, SKOV3 cell chemosensitivity to DDP was 
significantly enhanced. In vivo experiments demonstrated that 
the tumor volume in the KD + DDP group was significantly 
smaller than that of the other four groups. Tumor tissue immu-
nohistochemistry indicated that the HER2 protein expression 
in the KD + DDP group was significantly lower than that in the 
other two groups, suggesting that lentiviral vector‑mediated 
HER2‑shRNA increases cell sensitivity to DDP in ovarian 
cancer. Such results provide a theoretical basis for novel thera-
pies for chemotherapy‑resistant ovarian cancers.

In the current study, lentiviral‑mediated shRNA expression 
vectors, as compared with plasmid‑mediated siRNA, were 
stably expressed for a long period of time, and the preparation 
of cell lines stably expressing shRNA was the most effective 
means for the in vivo experiments. The use of lentivirus in an 
organism may induce gene mutations and function as a poten-
tial biological hazard; therefore, it is important to demonstrate 
that they can be safely applied to the human body (23). As 
technology continues to advance, the use of RNAi may become 
an important means for future cancer gene therapy.

In conclusion, the present study demonstrated that HER2 
serves an important role in the chemoresistance of ovarian 
cancer. However, further clarification of its functional charac-
terization is required. The results of the present study provide 

support for the possible development of a novel gene therapy 
targeting HER2, ultimately aiming to prevent chemoresistance 
in human ovarian cancer.
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