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Abstract: Ovarian carcinoma is one of the most common and lethal malignancies in the world. Replication factor 
C (RFC) plays an important role in DNA replication, DNA damage repair, and checkpoint control during cell cycle 
progression in all eukaryotes. Our previous study found that one unit of RFC complex, RFC3, is over-expressed in 
ovarian tumor tissues. However, its role in the development of ovarian carcinoma remains unclear. Western blot and 
real-time RT-PCR analysis were used to measure the expression of RFC3 in ovarian cancer cells. Lentivirus-mediated 
RFC3-specific shRNA was used to knock down RFC3 expression in ovarian cancer cells. Furthermore, the effect of 
RFC3 on tumor cellular proliferation and growth were examined, respectively. The expression level of RFC3 was 
remarkably up-regulated in ovarian cancer OVCAR-3 cells. With MTS and cell growth assays, the viability and prolif-
eration of RFC3 knocking-down OVCAR-3 cell line were shown to be effectively restrained. Down-regulation of RFC3 
expression arrested the cell cycle of OVCAR-3 cell in the S-phase and induced apoptosis. This study suggests that 
RFC3 may play an important role in the the process of ovarian carcinoma, and that it may be a potential biological 
treatment target in the future.
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Introduction

Ovarian carcinoma is the most frequent cause 
of cancer related death in women. Malignant 
ovarian lesions include primary lesions arising 
from normal structures within the ovary and 
secondary lesions from cancers arising else-
where in the body. It was estimated that more 
than 100,000 new cases was reported every 
year all around the world [1]. Although progress 
has been made in the treatment of ovarian can-
cer by improved debulking surgery and the 
introduction of platinum-taxane chemotherapy, 
the over 5 year survival rate remains less than 
50% [2-4]. Early-stage ovarian carcinoma is fre-
quently asymptomatic and difficult to detect 
and thus, by the time of diagnosis, most women 
have advanced disease. Most of these patients, 
although initially responsive to platinum-taxane 
chemotherapy, eventually develop, succumb to 
drug resistant metastases and relapse.

Replication factor C (RFC) plays an important 
role in DNA replication, DNA damage repair, 

and checkpoint control during cell cycle pro-
gression in all eukaryotes [5-9]. RFC is com-
prised of 5 subunits, including a single 145-kDa 
subunit (RFC140/RFC1) and four 36- to 41-kDa 
subunits (RFC37/RFC2, RFC36/RFC3, RFC40/
RFC4, and RFC38/RFC5) [10-14]. These sub-
units form RFC complex that acts as a clamp 
loader, enabling binding of the proliferating cell 
nuclear antigen (PCNA) clamp onto primed DNA 
in an ATP-dependent reaction [15, 16]. Then, 
this DNA-RFC-PCNA complex recruits DNA poly-
merase to the site of DNA synthesis and initi-
ates the DNA replication [17]. 

The characteristic that RFC plays an important 
role in DNA replication makes RFC identifying 
as one of most important cancer testis anti-
gens. Indeed, many lines of evidence showed 
that over-expression of RFC subunits were 
associated with different kinds of malignan-
cies. RFC2, RFC4 and RFC5 were up-regulated 
in nasopharyngeal carcinomas [18], hepatocel-
lular carcinomas [19] and human papillomavi-
rus-positive squamous cell carcinomas [20], 
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respectively. Our previous study also showed 
that RCF3 was over-expressed in ovarian tumor 
issues and can be used as an independent bio-
marker for predicting ovarian cancer patient 
survival [21]. However, the role of RFC3 in the 
development of ovarian carcinoma remains 
unclear.

In this study, we found that RFC3 was remark-
ably over-expressed in ovarian cancer OVCAR-3 
cells. Further investigation focused on the 
effect of knock-down of RFC3 on the develop-
ment of ovarian tumor. Our findings provide a 
new insight into the role of RFC3 in the process 
of ovarian carcinoma.

Materials and methods

Cells

COV-3, ES-2, OVCAR-3, COV-54, CO-3 cells were 
cultured in Dulbecco’s modified Eagle’s medi-
um (DMEM) (GIBCO, Scotland, UK), supple-
mented with 10% fetal calf serum (Biological 
industries, Beit Haemek, Israel), 100 IU/ml 
penicillin, 100 μg/ml streptomycin (Pen-Strep, 
Biological industries, Beit Haemek, Israel), and 
2% L-glutamine (Biological industries, Beit 
Haemek, Israel) at 37°C and 5% CO2 in a 
humidified atmosphere.

Western blot analysis

Cells were harvested and washed with phos-
phate-buffered saline (PBS), and then resus-
pended and lyzed in the buffer (50 mM Tris, 
150 mM NaCl, 1% Triton X-100, and 0.5% 
deoxycholate, 0.5 mM sodium orthovanadate, 
1 mM phenylmethylsulfonyl fluoride, 1 mg/ml 
aprotinin, and 2 μg/ml leupeptin). Proteins 
were quantified and boiled in electrophoresis 
SDS sample buffer. Then Samples were elec-
trophoresed via 10% SDS-PAGE gel, and trans-
ferred to a polyvinylidine difluoride (PVDF) 
membrane (Millipore, USA). Membranes were 
blocked for 1 h in Tris-buffered saline with 
0.05% Tween 20 (TBST) containing 5% (W/V) 
nonfat milk and incubated with RFC3 specific 
antibody (ab154899; Abcam, Cambridge, MA) 
for 2 h and washed twice with TBST for 15 min, 
then incubated with peroxidase-conjugated 
goat antibody to mouse IgG (1:5000; Amersham 
Pharmacia Biotech) for 30 min. Followed by 
washing three times, the membranes were 
visualized by an enhanced chemiluminescence 
system (ECL; Amersham Pharmacia Biotech).

RNA isolation and real-time RT-PCR

Total RNA were extracted from cells using Trizol 
(Invitrogen) according to the manufacturer’s 
protocol. qRT-PCR assays were performed to 
evaluated the expression of RFC3, and primers 
were designed as follows: RFC3-Fwd: 5’-TGATC-
CCACCTATTCGTAGT-3’; RFC3-Rev: 5’-CAGTCT- 
CCCTCAGATACACC-3’; GAPDH-Fwd: 5’-GAGTC- 
AACGGATTTGGTCGT-3’, GAPDH-Rev: 5’-GACAA- 
GCTTCCCGTTCTCAG-3’; The RFC3 mRNA ex- 
pression levels were standardized to GAPDH 
mRNA by calculating ΔCt = Ct (RFC3)-Ct 
(GAPDH). All experiments were performed at 
least three times.

Construction of RFC3 shRNA lentiviruses

The shRNA target sequence (5’-AACTGC- 
AGAGAAGTCTTGTAGAATTCAAGAGATTCTACAAG- 
ACTTCTCTGCTTTTTT C-3’) was designed for 
RFC3 gene and inserted into the lentiviral vec-
tor LV-008 (Forevergen Biosciences, China), 
which was used to express small hairpin RNAs 
and containing the GFP gene as a reporter. 
Lentiviral production was performed as mature 
method. Briefly, LV-008-shRFC3 plasmids and 
packaging vectors were cotransfected into HEK 
293T cells to generate respective lentivirus. 
The supernatant containing infection lentivirus-
es was collected 72 h post-transfection, and 
the lentiviruses were concentrated by ultracen-
trifugation for 1.5 h at 25,000 rpm in a 
Beckman Instruments (Fullerton, CA, USA) 
SW28 rotor and resuspended in PBS. For lenti-
viruse infection, OVCAR-3 cells were cultured in 
six-well plate at a density of 50,000 cells per 
well and infected with lentiviruse in the pres-
ence of 5-10 μg/ml of polybrene. Cells were 
screened with 2 μg/ml puromycin for 10-15 
days to get RFC3-knockdown cell.

MTS assay

The viability of cells were assessed by MTS 
[3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymeth- 
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] 
assay. Cells were collected in the logarithmic 
growth phase and plated at a density of 1 × 103 
per well in 96-well plates in triplicate. Following 
treatment, every well was incubated with MTS 
reagent in complete medium with a ratio of 
1:10 for 4 h. The absorbance value of each well 
was measured using a microplate reader 
(Diatek) at a wavelength of 490 nm.



RFC gene

8970 Int J Clin Exp Pathol 2015;8(8):8968-8975

Cell growth curves

Cells were digested into single cell suspension 
by 0.25% Trypsin-EDTA (1×) (GIBCO). The num-
ber of living cells was counted using Freshney 
counting plate, and then the cells were seeded 
in three wells of a 12-well plate with approxi-
mately 1 × 105 cells per milliliter. After diges-
tion by trypsin, the living cells were counting at 
day 1, day 2, and day 3. The experiments were 
repeated three times and averages were used 
to plot the cell growth curves.

Cell cycle analysis

ShRFC3 cells and control cells were harvested 
and washed in PBS, and fixed in ice cold 70% 
ethanol for 1 h. Propidium iodide (PI) was added 
and staining the fixed cells in buffer [PBS con-
taining RNase A (50 μg/ml), 0.1% sodium 
citrate and PI (50 μg/ml)] for 30 min at room-
temperature. Cells were analyzed and recorded 
using FACS Calibur flow cytometer (BD 
Biosciences). Cell cycle analysis was performed 
with FlowJo software (TreeStar, Ashland, OR, 
USA). 

Flow cytometry assay

Cell apoptosis was measured using an FITC 
annexin V apoptosis detection kit (BD 
PharMingen, 556547) according to its manu-
facturer’s instructions. Briefly, cells were seed 
in 6-wells plate with approximately 1 × 105 cells 
per milliliter. After incubation 24 h, cells were 
trypsinized digestion, harvested and washed in 
PBS twice. Followed by incubation with annexin 
V-FITC and PI for 15 min in the dark. Samples 
were immediately detected with flow cytometry. 
The percentage of apoptotic cells was deter-
mined on FACS Calibur flow cytometer (BD 
Biosciences) according to manufacturer’s 
guidelines.

Statistical analyses

SPSS 18.0 statistical software was used for 
statistical analysis. Values are presented as 
mean ± SD. Statistical analysis was performed 
using the Student’s t-test or ANOVA. P < 0.05 
was considered to indicate a statistically signifi-
cant difference.

Results

RFC3 was abundantly over-expressed in ovar-
ian cancer OVCAR-3 cell line

Our previous study showed that over-expres-
sion of RFC3 was associated with human ovar-
ian tumorigenesis [21]. Here, we first sought to 
identify an RFC3 sensitive cell line. To this end, 
a panel of five ovarian cancer cell lines was 
used to examine the protein and mRNA accu-
mulation of RFC3 by using Western blot and 
real-time RT-PCR, respectively. As shown in 
Figure 1, the protein accumulation of RFC3 in 
OVCAR-3 and COV-504 cells were relative high-
er than that in other cells, while the mRNA 
accumulation of RFC3 in OVCAR-3 cells was the 
highest. These results indicated that RFC3 was 
abundantly over-expressed in OVCAR-3 cells. 
And OVCAR-3 cells were used in the subse-
quent assays.

Establishment of stable RFC3 knocking-down 
OVCAR-3 cells

To examine the role of RFC3 in ovarian cancer, 
a stable RFC3 knocking-down OVCAR-3 cell line 
was established using lentivirus-mediated RNA 
interference (RNAi) technology. Briefly, a frag-

Figure 1. Expression of RFC3 proteins in ovarian can-
cer cell lines. A. RFC3 expressions were determined 
by Western blot analyses in six ovarian cancer cell 
lines as indicated. B. RFC3 mRNA expression levels 
in six ovarian cancer cell lines were examined by 
quantitative real-time RT-PCR analysis. GAPDH was 
used as an internal quantitative control. Three in-
dependent experiments were performed, and data 
were presented as means ± SD analyzed with AVOVA 
from three independent experiments. **: P < 0.01, 
*: P < 0.05.
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ment targeting RFC3 was designed and 
implanted to a lentiviral vector fused GFP as 
reporter, a non targeting fragment was used as 
negative control (NC). The lentivirus containing 
RFC3 and NC fragments were packaged and 
purified to infect OVCAR-3 cells. The efficiency 
of lentiviral infection was examined via detect-
ing GFP expression, and showed that more 
than 90% of OVCAR-3 cells were infected 
(Figure 2A). Western blot analysis showed that 
the protein level of RFC3 was dramatically 
decreased in shRFC3 cells compared to that in 

NC cells (Figure 2B). Moreover, real-time 
RT-PCR further confirmed that the RFC3 mRNA 
was significantly suppressed in shRFC3 cells 
(Figure 2C).

Knock-down of RFC3 alleviated the viability 
and proliferation of OVCAR-3 cells

We sought to explorer the effect of RFC3 knock-
ing-down on ovarian tumor cells. To this end, we 
examined the viability and proliferation of RFC3 
knocking-down OVCAR-3 cells, respectively. 

Figure 2. Lentivirus-mediated shRNA down-regulated RFC3 expression in OVCAR-3 cells. A. Representative images 
of OVCAR-3 cells showed the lentiviral infection efficiency that OVCAR cells were infected with shRNA-mediated 
RFC3 interfered lentivirus and NC lentivirus as indicated. B. RFC3 protein expression levels in shRFC3 cells and 
NC cells were detected by Western blot analyses. GAPDH is shown as loading control. C. mRNA expression levels of 
RFC3 in RFC3-interfered cells and control cells were detected by qRT-PCR analyses. GAPDH was used as an internal 
quantitative control. Data were presented data were presented as means ± SD analyzed with AVOVA from three 
independent experiments. **: P < 0.01.

Figure 3. Knock-down of RFC3 alleviated cell viability and proliferation in OVCAR-3 cells. A. MTS assays showed that 
knock-down of RFC3 suppressed cell viability in ovarian cancer cells. B. The effect of RFC3-interfering on ovarian 
cancer cell proliferation, and cell proliferation were evaluated via cell growth curve assays. Data were presented 
data were presented as means ± SD analyzed with AVOVA from three independent experiments. **: P < 0.01, *: P 
< 0.05.
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Briefly, RFC3 knocking-down OVCAR-3 and NC 
cells at different time points (Day 1, Day 2 and 
Day 3, respectively) were examined by MTS 
assays. Our findings showed that knock-down 
of RFC3 decreased cell viability compared to 
NC (Figure 3A). Moreover, the cell growth was 
also examined by digesting cells at different 
time points into a single cell suspension and 
counting the living cells. As shown in Figure 3B, 
knock-down of RFC3 notably decreased the 
number of living cells. Taken together, these 
results indicated that knock-down of RFC3 was 
detrimental to the viability and proliferation of 
ovarian cancer cells.

Knock-down of RFC3 arrested cell cycle in the 
S-phase

Because that abnormal cell proliferation is 
highly correlated with dysregulation of cell 
cycle, we examined whether knock-down of 
RFC3 affected cell cycle. Fluorescence activat-
ed cell sortor (FACS) assays showed that the 
ratio of cell numbers in the S phase was signifi-
cantly increased from 18.96% in the NC cells to 
34.96% in the RFC3 knocking-down cells 
(Figure 4), indicating that cell cycle of S-phase 
was arrested. These results suggested that 
suppression of ovarian cancer cells growth by 
knock-down of RFC3 may due to disturbing cell 
cycle.

Knock-down of RFC3 induced cell apoptosis

Cell cycle arrest always caused cell apoptosis, 
which is a genetically determined process of 

cell self-destruction [22]. Therefore, we sought 
to examine whether knock-down of RFC3 was 
implicated in cell apoptosis by flow cytometric 
apoptosis assay. As shown in Figure 5, knock-
down of RFC3 significantly induced a decrease 
of living cells from 89.53% to 80.69% compar-
ing NC cells, while early apoptotic cells and 
necrotic cells were increased from 9.40% in the 
control cells to 15.67% in the shRFC3 cells. 
These findings were consistent with the obser-
vations that suppression of RFC3 inhibited 
cells growth (Figure 3). Taken together, these 
results suggested that knock-down of RFC3 
significantly alleviated ovarian cancer cell pro-
liferation by inducing cell cycle arrest and 
apoptosis.

Discussion

Ovarian cancer is one of the most common and 
lethal malignancies in the world [23]. The iden-
tification of more therapeutic targets that con-
tribute to the development and progression of 
ovarian cancer is obviously desirable to combat 
this deadly disease. RFC is identified as one of 
most important cancer testis antigens due to 
its indispensable role in DNA replication [24]. 
Our previous study showed that over-expres-
sion of RCF3 was tightly associated with ovari-
an cancer, implying its potential role in ovarian 
tumor development [21]. Thus, in the present 
study, we aimed to investigate the biological 
functions of RFC3 in the ovarian tumor cells.

After identifying that RCF3 was associated with 
ovarian cancer, we focused on whether down-

Figure 4. Knock-down of RFC3 arrested cell cycle in the S-phase. A. Cell cycle distribution in OVCAR-3 cells (left) and 
shRFC3 OVCAR-3 cells (right) were shown as analyzed by FACS. B. The percentage of OVCAR-3 cells in S phase was 
significantly higher in shRFC3 cells than that in control cells, indicating a block of DNA replication. Data were pre-
sented data were presented as means ± SD analyzed with AVOVA from three independent experiments. *: P < 0.05.
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regulation of RFC3 would affect the develop-
ment ovarian cancer OVCAR-3 cells. Thus, 
Lentivirus-mediated RNAi methods provide an 
attractive approach to efficiently suppress 
gene expression of RFC3. In this study, we mon-
itored infection efficiency of lentivirus by fluo-
rescence microscope, and confirmed knock-
down of target gene by western blot and 
real-time RT-PCR, which gave a basis for the 
continued observation of RFC3’s role in OVCAR-
3 cells. As with any potential therapeutic model, 
delivery is the rate limiting step. Due to the 
knock-down of target genes in a manner of 
sequence specific, the application of RNAi has 
been becoming one of the most widely used 
gene silencing technologies. These characteris-
tic make RNAi has opened the door to the pos-
sibility of using this technique in a model of 
cancer therapeutics [25, 26].

The RNAi knock-down assays showed that sup-
pression of RFC3 in OVCAR-3 cells led to 
remarkable suppression of tumor cell viability 
and proliferation proliferation. This suppression 
may partly due to inducing tumor cell cycle 
arrest and apoptosis. Our findings were in 
agreement with the previous study that RFC4 
up-regulation was discovered in hepatocellular 
carcinoma (HCC) tissues relative to non-malig-
nant liver tissue, and knock-down of endoge-
nous RFC4 decreased cellular proliferation, 
increased apoptosis, and enhanced the che-
mo-sensitivity of the HCC cell line HepG2 [27]. 
We noticed that knock-down of RFC3 resulted 

in cell cycle arrest in the S-phase. It is known 
that the S-phase checkpoint is activated at rep-
lication complex coordinates DNA replication 
when complex block because of DNA damage 
[28, 29]. Given that RFC3 is one of the key com-
ponents of DNA replication complex, down-reg-
ulation of RFC3 resulted in the block of DNA 
replication complex formation and eventually 
suppressed the DNA replication.

During cell division, epigenetically defined chro-
matin structure is often propagated with high 
fidelity through replication-coupled chromatin 
assembly. Failure to transmit epigenetic modifi-
cations such as histone modifications and DNA 
methylations would lead to changes of gene 
expression patterns in the progeny cells. 
Because of the importance of RFC3 in the for-
mation of DNA replication complex, over-
expression of RFC3 may be responsible for 
DNA replication and repair and inducing tumor 
formation. Indeed, previous pathway analysis 
revealed that an enrichment of genes in the 
Wnt/β-catenin signaling pathway was associat-
ed with RFC3 expression [30]. These genes 
stimulate the transcription of proliferation stim-
ulating genes involving in cellular growth, prolif-
eration and DNA replication, recombination 
and repair [24]. These results suggest RFC3 
could have an integral role in driving cell prolif-
eration in cells and could explain the anti prolif-
erative knock-down effect we observed in ovar-
ian cancer cells.

Figure 5. Knock-down of RFC3 induced ovarian cancer cell apoptosis. Knockdown of RFC3 decreased the persent-
age of survival cells in ovarian cancer cells (89.53% to 80.69%), and increased the proportion of early apoptotic 
cells and neurotic cells (9.40% to 15.67%).
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In summary, this report showed that RFC3 was 
remarkably up-regulated in ovarian cancer 
OVCAR-3 cells. Knock-down of RFC3 sup-
pressed cell viability and proliferation. This sup-
pression may partly due to inducing tumor cell 
cycle arrest and apoptosis. These results indi-
cated that RFC3 may play an important role in 
the the process of ovarian carcinoma. 
Therefore, the specific enzymatic inhibitor to 
RFC3 may have therapeutic significance to 
treat ovarian cancer.
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