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Up‑regulated RFC2 predicts unfavorable 
progression in hepatocellular carcinoma
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Abstract 

Background:  Replication factor C (RFC) is closely related to tumor progression and metastasis. However, the func-
tional significance of RFC2 in hepatocellular carcinoma remains unclear.

Materials and methods:  In order to solve this problem, the expression of RFC2 in liver cancer patients was analyzed 
through ONCOMINE, UALCAN, Human Protein Atlas. Survival analysis was conducted using Kaplan–Meier plotter and 
GEPIA. GO and KEGG enrichment analyses were carried out. The protein–protein interaction (PPI) network was per-
formed through Metascape. Western blotting, cell counting kit-8 and transwell assay were used to detect the effect of 
RFC2 on cell proliferation and migration.

Results:  The transcription and protein level of RFC2 in HCC were overexpressed, which was significantly related to 
the clinical individual cancer stage and pathological tumor grade of HCC patients. In addition, in patients with liver 
cancer, higher RFC2 expression was found to be significantly correlated with shorter OS and DFS. Furthermore, the 
function of RFC2 in liver cancer was DNA replication, and its main mechanism was the phase transition of the cell 
cycle. Biological experiments demonstrated that knockdown of RFC2 reduced the proliferation and migration of HCC 
cells.

Conclusion:  RFC2 might promote the development of liver cancer, which might be achieved by regulating cell cycle 
and DNA replication. It could be used as a novel biomarker for the prognosis of liver cancer.
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Introduction
Liver cancer is the second leading cause of cancer-related 
deaths worldwide [1]. Its morbidity and mortality have 
been on the rise in recent years [2]. Hepatocellular carci-
noma (HCC) is the main form of liver cancer (about 90%). 
Its main risk factors including chronic hepatitis B virus 
(HBV) and hepatitis C virus (HCV) infection, alcoholism, 
metabolic diseases, etc., which causes an inflammatory 
environment in the liver [3]. Long-term inflammatory 
stimulation leads to chromosomal instability, genetic and 

epigenetic changes, which may lead to liver cancer [4]. 
In-depth research on the mechanism of the occurrence 
and development of liver cancer has been carried out 
for a long time, however, the molecular events of HCC 
are not yet fully understood. It is important and urgently 
needed to identify more valuable biomarkers for early 
diagnosis and survival prediction.

The latest technology progress and method automa-
tion of RNA sequencing make full transcriptome analysis 
a reality. Previous studies have shown that a large num-
ber of genes are differentially expressed in HCC patients, 
which may become biomarkers for the diagnosis, progno-
sis and targeted therapy of HCC [5]. The fidelity of DNA 
replication is usually closely related to cancer progres-
sion. DNA damage repair and loss of checkpoint function 
can lead to genome instability. Replication factor C (RFC) 
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is a primer recognition factor of DNA polymerase, which 
participates in DNA damage repair and checkpoint con-
trol during the cell cycle process [6–8], and is closely 
related to tumor progression and metastasis [9].

Specifically, the RFC complex recognizes the primer 
on the template DNA and binds to its end. It can load 
proliferating cell nuclear antigen (PCNA) onto the DNA 
template to promote subsequent DNA replication [10]. 
RFC consists of five subunits, including RFC1-5 [11]. 
Among them, the RFC2 gene encodes the third largest 
subunit2 (40  kDa) of the RF-C complex. The cells with 
RFC2 mutation showed increased the incidence of spon-
taneous mitosis [12]. Studies have shown that RFC2 was 
significantly up-regulated in some tumor tissues, such as 
nasopharyngeal carcinoma (NPC) tissue [13] and chorio-
carcinoma tissue [14]. Besides, studies have shown that 
RFC2 was used to predict breast cancer progression and 
metastasis [15]. These findings suggest that RFC2 might 
be one of the most important genes regulating cancer. 
However, the role of RFC2 in the development of HCC is 
still unknown.

In this study, we analyzed the expression of RFC2 in 
HCC patients, its relationship with clinical parameters, 
and survival analysis to solve this problem. In addition, 
we predicted the function and pathway of 100 similar 
genes to RFC2.

Results
Overexpression of RFC2 in hepatocellular carcinoma
To explore the potential therapeutic value of RFC2 for 
HCC, ONCOMINE database (www.​oncom​ine.​org) and 
UALCAN database (http://​ualcan.​path.​uab.​edu) were 
used to analyze mRNA expression of RFC2, and Human 
Protein Atlas (HPA) (https://​www.​prote​inatl​as.​org/) are 
used to analyze protein expression. The transcription 
of RFC2 in various types of cancer was first analyzed 
(Fig.  1a) and compared with normal tissues through 
ONCOMINE database. The mRNA expression of RFC2 
was found to be markedly higher in liver cancer tissues 
in the data set. Specifically, in the Roessler Liver 2 data-
set [16] (Table 1), RFC2 was overexpressed in HCC tis-
sues compared with normal tissues, with a fold change 
of 1.645 (p = 8.11E-44). Then, the mRNA expression of 
RFC2 was further measured through UALCAN based 
on level 3 RNA-seq and clinical data of 31 types of can-
cer from the Cancer Genome Atlas (TCGA) database, 
which was different from the ONCOMINE database. The 
mRNA expression of RFC2 was significantly upregulated 
in primary liver cancer tissues compared with normal 
samples (p < 0.05) (Fig.  1b). Besides, the protein expres-
sion of RFC2 was explored in liver cancer through the 
Human Protein Atlas (HPA). Immunohistochemistry 
images displayed that RFC2 protein was not detected in 

normal liver tissues, however, highly expressed in HCC 
tissues (Fig. 1c). In general, the transcription and protein 
of RFC2 are overexpressed in patients with liver cancer. 
In addition, to find the suitable liver cancer cell line for 
RFC2 research, the mRNA level of RFC2 in liver cancer 
cell lines was examined with the CCLE. JHH7 showed 
the highest RFC2 level and HEPG2 showed the lowest 
(Fig. 2).

Association of RFC2 with clinical stages and tumor grades 
of HCC patients
After the high mRNA and protein expression of RFC2 
was found in HCC, the relationship between the mRNA 
expression levels of RFC2 and clinicopathological param-
eters was analyzed using UALCAN (http://​ualcan.​path.​
uab.​edu). As shown in Fig. 3a, the mRNA expression of 
RFC2 was significantly correlated with the individual 
cancer stage in HCC, and patients in the advanced stage 
of tumor tended to express higher mRNA expression of 
RFC2. The highest RFC2 mRNA expression was found in 
stage 3. The reason why the mRNA expression of RFC2 in 
stage 3 seemed to be higher than that in stage 4 might be 
due to the small sample size (only 6 HCC patients in stage 
4). Similarly, as shown in Fig. 3b, the mRNA expression 
of RFC2 was significantly correlated with tumor grade, 
and as the tumor grade increased, the mRNA expression 
of RFC2 tended to be higher. In short, the above results 
indicated that RFC2 mRNA expression in HCC patients 
was significantly correlated with clinicopathological 
parameters.

Unfavorable effects of elevated RFC2 expression 
on survival
In addition, the Kaplan–Meier plotter (http://​kmplot.​
com/​analy​sis/) was used to analyze the prognostic infor-
mation of RFC2 in HCC. As shown in Fig.  3c-d, the 
mRNA expression of RFC2 was significantly correlated 
with the prognosis of liver cancer patients. The results 
indicated that the higher expression of RFC2 mRNA 
was associated with unfavorable overall survival (OS) 
(HR = 1.59, 95% CI: 1.12 − 2.26 and p = 0.0086), and 
lower expression of RFC2 (HR = 1.59, 95% CI: 1.13 − 2.24 
and p = 0.0068) was associated with better disease-free 
survival (DFS) in patients with liver cancer. These results 

Table 1  Significant overexpression of RFC2 mRNA expression 
between HCC and normal liver tissues in ONCOMINE database

Types of HCC 
VS. Liver

Fold 
Change

P value t-test Ref

RFC2

Hepatocellular 
Carcinoma

1.645 8.11E-44 16.175 Roessler Liver 
2 [15]

http://www.oncomine.org
http://ualcan.path.uab.edu
https://www.proteinatlas.org/
http://ualcan.path.uab.edu
http://ualcan.path.uab.edu
http://kmplot.com/analysis/
http://kmplot.com/analysis/
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Fig. 1  The expression level of RFC2 in HCC. (a) The overview of RFC2 mRNA expression in different types of tumors was analyzed using ONCOMINE. 
(b) Transcriptional expression of RFC2 was over-expressed in HCC compared to normal tissues in TCGA through UALCAN. *** p<0.001. (c) RFC2 
protein was not detected in normal liver tissues, however, it was highly expressed in liver cancer tissues

Fig. 2  Relative mRNA level in various liver cancer cell lines from CCLE. JHH7 showed the highest RFC2 transcriptional level and HEPG2 showed the 
lowest
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showed RFC2 might be used as a useful biomarker for 
predicting the survival of HCC patients.

Functions and pathways of RFC2 and its similar genes 
in HCC
First, 100 genes similar to RFC2 was found through 
GEPIA 2.0 (http://​gepia2.​cancer-​pku.​cn/#​simil​ar). GO 
and KEGG enrichment analysis was performed for simi-
lar genes through Metascape (https://​metas​cape.​org/​
gp/​index.​html#/​main/​step1) to deduce possible enrich-
ment functions and pathways. The enriched items in 
the list of 100 similar genes were shown in Fig.  4. The 
bar graph corresponded to the P value. Biological pro-
cesses (BP), including GO:0,006,260 (DNA replication), 
GO:0,051,301 (cell division), GO:0,010,564 (regulation 
of cell cycle process) were significantly associated with 
RFC2 (Fig.  4a). RFC2 also prominently affected the cel-
lular components (CC), such as GO:0,098,687 (chro-
mosomal region), GO:0,005,657 (replication fork), 
GO:0,005,819 (spindle) (Fig.  4b). In addition, molecular 

functions (MF) such as GO:0,003,688 (DNA replication 
origin binding), GO:0,140,097 (catalytic activity, act-
ing on DNA), GO:0,003,682 (chromatin binding) were 
remarkably regulated by RFC2 in HCC (Fig. 4c). KEGG 
analysis showed that the most important pathways 
included hsa03030 (DNA replication), hsa04110 (cell 
cycle), hsa00240 (pyrimidine metabolism), hsa03430 
(mismatch repair) (Fig. 4d).

Protein–protein interaction analysis
PPI analysis was performed by Metascape (Fig.  5a). In 
the input list of 100 similar genes (S1), the main interac-
tion networks were DNA replication initiation (Fig. 5b); 
DNA replication (Fig.  5c); chromosome, centromeric 
region (Fig.  5d). In general, DNA replication initia-
tion was the most important interaction network, and 
the proteins involved mainly included MCM2, MCM3, 
MCM4, MCM6, MCM7, MCM10, CDC6, CDK2, 
CDT1, CLSPND, DBF4 and ORC1. In addition, studies 

Fig. 3  The clinical value of RFC2 expression level in HCC patients. (a) RFC2 mRNA expression were significantly related to clinical stages, and 
as stages increased, the expression of RFC2 tended to be higher. *p<0.05, **p<0.01, ***p<0.001. (b) mRNA expression of RFC2 were markedly 
correlated with HCC grades, and patients with increased grades tended to express higher RFC2 mRNA. *p<0.05, **p<0.01, ***p<0.001. (c) 
Overexpression of RFC2 mRNA were associated with unfavorable OS in HCC. (d) Lower expression of RFC2 was correlated with better DFS in liver 
cancer patients

http://gepia2.cancer-pku.cn/#similar
https://metascape.org/gp/index.html#/main/step1
https://metascape.org/gp/index.html#/main/step1
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have shown that MCM6 in HCC indicates poor tumor 
characteristics and poor prognosis and promotes cell 
cycle progression [17], which is consistent with our 
study.

Regulation of RFC2 expression on proliferation of HCC cells
Western blotting of RFC2 showed that the level 
of RFC2 was up-regulated in HCC cells compared 
with normal hepatocytes (Fig.  6a-b). A functional 
study was conducted to evaluate the role of RFC2 
in the hepatocarcinoma cell line HEPG2. RFC2 was 
silenced with siRNA (Fig. 6c-d), and its effect on cell 

proliferation was evaluated by CCK8 analysis. Com-
pared with the control cell line, the OD450 value of 
the siRFC2 group was significantly lower, indicating 
that RFC2 regulates the proliferation of HCC cells 
(Fig.  6g). In addition, the protein expression level of 
proliferation marker, proliferating cell nuclear anti-
gen (PCNA), were detected by Western blot analysis. 
As shown in Fig. 6e-f, compared with the control cell 
line, the expression of PCNA in the siRFC2 group was 
reduced, which further indicates that RFC2 has a reg-
ulatory effect on the proliferation of HCC cells. Tran-
swell assay was used to evaluate the effect of RFC2 

Fig. 4  Functions and pathways of RFC2 and its similar genes in HCC. (a-c) Three main functions of RFC2 and its similar genes were predicted 
through GO enrichment analysis, including biological process, cellular components and molecular functions. (d) KEGG analysis showed the most 
important pathways of RFC2 and its similar genes in HCC
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on cell migration. Compared with the control group 
(CTR), siRFC2 inhibited cell migration in the HEPG2 
cell line, which was confirmed by the positive staining 
of crystal violet in the larger purple area of the lower 
chamber (Fig.  6h-i), implying that RFC2 may affect 
the metastasis of HCC cells.

Materials and methods
Ethics
The research has been approved by the Ethics Commit-
tee of the Sixth People’s Hospital Affiliated to Shanghai 
Jiaotong University. All data is from an online database, 
which has obtained all written informed consent.

ONCOMINE
ONCOMINE database is a publicly accessible online can-
cer microarray database (www.​oncom​ine.​org) [18]. In 
this study, the mRNA expression of RFC2 was obtained 
from the ONCOMINE database between different tumor 
tissues and their corresponding adjacent normal control 
samples. The differences in transcription expression were 
compared through students’ t-test. The specific settings 
were as follows: fold change: 1.5, P value: 0.01.

UALCAN
UALCAN (http://​ualcan.​path.​uab.​edu) is a user-friendly 
and comprehensive web resource for analyzing cancer 
data, which is based on the TCGA database and contains 
a large amount of clinical data [19]. In this study, UAL-
CAN was used to analyze the relative transcriptional 
expression of RFC2 in HCC tissues and the relation-
ship between RFC2 and clinicopathological parameters, 
including clinical stages and HCC grades. The t-test was 
used to compare the expression of RFC2 in HCC and 
normal tissues. P value < 0.05 was considered statistically 
significant.

Cancer Cell Line Encyclopedia (CCLE)
Cancer Cell Line Encyclopedia (https://​porta​ls.​broad​
insti​tute.​org/​ccle) is an online database jointly developed 
by the Broad Institute and the Novartis Institute of Bio-
medicine, Novartis Research Foundation, and the Insti-
tute of Genomics [20]. This project aims to describe in 
detail the genetics and pharmacology information of a 
large number of human cancer models, comprehensive 
computational analysis that links different pharmaco-
logical vulnerabilities and genomic patterns and use cell 

Fig. 5  Analysis of RFC2 related proteins based on PPI network. (a) Protein-protein interaction network generated using Metascape. (b) Mcode1: 
DNA replication initiation. (c) Mcode2: DNA replication. (d) Mcode3: chromosome, centromeric region

http://www.oncomine.org
http://ualcan.path.uab.edu
https://portals.broadinstitute.org/ccle
https://portals.broadinstitute.org/ccle
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line integrated genomics to stratify cancer patients. In 
this study, the mRNA expression data of RFC2 in can-
cer cell lines was downloaded from CCLE. Then, we 
screened out the mRNA expression of RFC2 in liver can-
cer cell lines.

Human Protein Atlas
The Human Protein Atlas (HPA) (http://​www.​prote​inatl​
as.​org/) uses transcriptomics and proteomics techniques 
to study protein expression in different human tissues 
and organs from the RNA and protein levels.

HPA is mainly divided into three sections: Cell, Tissue 
and Pathology, which respectively show the expression 
of protein in cells, normal tissues and cancerous tissues 
[21–23]. This study used immunohistochemical images 
to compare the protein expression of RFC2 between 
human normal tissues and HCC tissues.

Kaplan–Meier plotter
Kaplan Meier Plotter (http://​kmplot.​com/​analy​sis/) is an 
online website dedicated to prognostic analysis [24]. In 
this study, the overall survival (OS) was carried out with 
Kaplan–Meier plotter analysis, and the prognostic value 
of the characteristic RFC2 with high expression found in 
HCC samples was evaluated. The log-rank P was calcu-
lated accordingly.

Gene Expression Profiling Interactive Analysis (GEPIA)
GEPIA (http://​gepia2.​cancer-​pku.​cn/#​index) is a newly 
developed interactive web server that analyzes RNA 
sequencing expression data from TCGA and GTEx 
projects [25]. In this study, we used GEPIA to find 100 
similar genes for RFC2, which were used for subsequent 
functional analysis.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis
GO and KEGG analyzed the functions and pathways of 
100 similar genes in Metascape (http://​metas​cape.​org/) 
[26]. Terms with p value < 0.01, minimum count 3 and 
enrichment factor > 1.5 were collected through Metas-
cape, and they were grouped according to the similarity 
of their members. GO enrichment analysis predicted the 
function of RFC2 and 100 similar genes [27]. KEGG anal-
ysis predicted the metabolic and regulatory pathways of 
RFC2 and 100 genes similar to it from the perspective of 
molecular networks [28].

Protein–Protein Interaction (PPI) enrichment analysis
The PPI network of 100 similar genes was obtained 
using the Metascape [26]. For a given gene list (S1), PPI 
enrichment analysis was performed with the following 
databases: BioGrid, InWeb_IM, OmniPath [29, 30]. The 

Fig. 6  RFC2 promoted the malignant characteristics of HCC cells. (a, b) Western blotting analysis of RFC2 in LO2 and HEPG2 (a) and corresponding 
protein level quantification (b). (c, d) Western blotting analysis of RFC2 in different groups of HEPG2 (c) and corresponding protein level 
quantification (d). (e, f) Western blotting analysis of PCNA in different groups of HEPG2 (e) and corresponding protein level quantification (f). (g) 
CCK8 proliferation abilities of HEPG2with different expression pattern of RFC2. (h, i) Representative images of cell migration by Transwell assay (h) 
and quantification of cells stained with crystal violet in each group (i). Scale bar: 200 μm.  *P < 0.05, **P < 0.01, ***P < 0.001

http://www.proteinatlas.org/
http://www.proteinatlas.org/
http://kmplot.com/analysis/
http://gepia2.cancer-pku.cn/#index
http://metascape.org/
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Molecular Complexity Detection (MCODE) algorithm 
was further applied to identify densely connected net-
work components if the network contains 3 to 500 pro-
teins. Pathway and process enrichment analysis has been 
applied to each MCODE component respectively, and 
the three best score items obtained by P value are used as 
the function description of corresponding components.

Cell culture and transfection
LO2 and HepG2 cells (Cell Bank of Chinese Academy of 
Sciences, Shanghai, China) were maintained in DMEM, 
10% FBS (Gibco, Carlsbad, USA) in a humidified con-
dition containing 5% CO2 at 37  °C. All cells used in 
the experiment were passaged 3–5 times. In order to 
regulate RFC2 expression in  vitro, siRNA (RiboBio, 
Guangzhou, China) was transfected into HepG2 with 
Lipofectamine®3000 (Invitrogen). When the cells grew 
to 80% fusion, the original medium was discarded. In 
short, siRNA and Lipofectamine®3000 were incubated 
with Opti-MEM (Invitrogen) for 5  min respectively, 
and then mixed at 25 °C for 10 min. The mixture (with 
a final concentration of 50 nM siRNA) was added to the 
cells and replaced with serum medium after 4–6 h. The 
siRNA sense sequence is CCA​CAA​GCA​TTC​TGT​GCT​
T. SiRNA-control (UAA​GGC​UAU​GAA​GAG​AUA​C) 
was used as a negative control.

Western blot
Total protein was harvested using RIPA lysis buffer and 
PMSF (Beyotime Institute of Biotechnology, Shanghai, 
China), and centrifuged at 4  °C, 12,000  g for 30  min. 
Protein concentrations were measured using Bicin-
choninic Acid (BCA) Protein Assay Kit (Beyotime 
Institute of Biotechnology, Shanghai, China). Protein 
samples were separated by sodium dodecyl sulphate–
polyacrylamide gel electrophoresis and then trans-
ferred to polyvinylidene difluoride (PVDF) membranes 
(0.45, Millipore, Billerica, MA, USA). Antibody dilu-
tions were 1: 1000 for the anti-RFC2 antibody, 1: 2000 
for the anti-PCNA antibody and 1: 5000 for the anti-
GAPDH antibody (Santa Cruz Biotechnology, Santa 
Cruz, USA). After incubation with primary antibodies, 
membranes were extensively washed and then incu-
bated with the horseradish peroxidase-conjugated-con-
jugated secondary antibody (1:1000 diluted, Beyotime 
Institute of Biotechnology, Shanghai, China) for 1 h at 
room temperature. The protein bands were visualized 
by enhanced chemiluminescence substrate Kit (GE 
Healthcare, NA, UK) and photographed by GE Amer-
sham imager 600 imaging system. β-tubulin (Cell Sign-
aling Technology, Beverly, MA, US) was used as the 
control.

Cell counting Kit‑8 assay
To detect the proliferation ability of cells, cell viability 
was detected with Cell Counting Kit-8 every 24 h. HEPG2 
cells were seeded in the 96-well plates at a density of 5000 
cells per well and grown in an incubator with 5% CO2 
at 37 ℃. After cell adhesion, each well was replenished 
with 10 μl cell-counting kit-8 (CCK-8; Yeasen, Shanghai, 
China) solution and the sample was incubated at 37  °C 
for 2  h. Finally, the cell optical density (OD) was tested 
at 450  nm by Molecular Devices Spectra Max i3x. Cell 
viability (%) was calculated based on the percentage of 
control. The experiments were carried out in triplicate.

Transwell assay
Transwell chamber (Costar, Corning, USA) was used for 
migration. Specifically, cells were seeded into the upper 
chamber of the Transwell system (1 × 105 cells per well). 
600  μl medium containing 10% FBS was added to the 
lower chamber of the 24 well Transwell system. The cells 
were then incubated at 37° C for 24 h to migrate. After 
that, the non-migrating cells in the upper chamber of 
Transwell system were removed with cotton swabs. The 
cells on the sub-membranous surface were fixed, stained 
and photographed, and five random areas of each area 
were counted under the inverted microscope (Leica, 
Germany). Image J was used for statistical analysis of the 
number of migrated cells.

Discussion
The fidelity of DNA replication is usually closely related 
to the progression of cancer, including liver cancer. The 
strict regulation of cell cycle growth signals controls the 
proliferation of normal cells. DNA damage repair and 
loss of checkpoint function can lead to genome insta-
bility, causing cancer cells to proliferate out of control. 
RFC is involved in DNA damage repair and checkpoint 
control during the cell cycle, and has been showed to be 
an important regulator of the malignant progression of 
many cancers [13, 14, 31]. Among them, RFC2 has been 
proven to promote a variety of tumor proliferation [13–
15]. However, the biological function of RFC2 in HCC 
has not been explored. In this study, the expression, func-
tion, interaction pathway and prognostic value of RFC2 
in HCC were analyzed for the first time to guide the 
future research of liver cancer. Further functional stud-
ies in the HCC cell line showed that knockdown of RFC2 
could inhibit proliferation and migration.

Existing studies have shown that RFC2 is significantly 
upregulated in some tumors, such as nasopharyngeal car-
cinoma [13], choriocarcinoma [14], and colorectal can-
cer [32]. Our results found that RFC2 is overexpressed 
in HCC, which is consistent with previous studies. In 
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addition, the protein expression level of RFC2 was fur-
ther checked through the HPA database. The immu-
nohistochemical staining intensity of tumor samples is 
much higher, which is consistent with mRNA expression.

Previous studies have shown that RFC2 is related to 
the progression and metastasis of breast cancer and 
can be used as a prognostic indicator for breast cancer 
patients. CRC patients with higher RFC2 levels showed 
poor clinicopathological symptom [32]. In this study, 
the expression of RFC2 mRNA is significantly related 
to the clinical stage and tumor grade of liver cancer. 
Patients with advanced cancer and high tumor grade 
tend to express higher RFC2 mRNA. Further survival 
analysis showed that higher expression of RFC2 mRNA 
was associated with poor overall survival (OS) and dis-
ease-free survival (DFS).

Previous studies have found that the inhibition of 
RFC2 can enhance the cytotoxicity of temozolomide to 
glioblastoma [33]. This article analyzed the functions 
and pathways of 100 similar genes of RFC2 in HCC 
patients. We found that DNA replication is the most 
significant functional enrichment term, which is con-
sistent with our functional findings in vitro. In terms of 
protein interaction, the PPI network composed of pro-
teins associated with the DNA replication origin was 
most affected (these proteins included: MCM2, MCM3, 
MCM4, MCM6, MCM7, MCM10, CDC6, CDK2, 
CDT1, CLSPND, DBF4 and ORC1).

Some limitations exist in our research. First, all the 
data in our study comes from online databases. In vivo 
tests including larger sample sizes are needed to ver-
ify the findings in this article and explore the clinical 
application of RFC2 in the treatment of liver cancer. 
Secondly, the potential diagnostic and therapeutic role 
of RFC2 in liver cancer has not been evaluated, so fur-
ther studies are needed to explore whether RFC2 can 
be used as a diagnostic marker or therapeutic target. 
Finally, although the possible pathways are analyzed in 
this article, further research is needed to explore the 
direct mechanism of RFC2 on HCC in the future.

In summary, our results show that the transcription 
and protein of RFC2 in HCC are overexpressed, which 
is significantly related to the clinical individual cancer 
stage and pathological tumor grade of HCC patients. 
In addition, in patients with liver cancer, higher RFC2 
expression was found to be significantly correlated 
with shorter OS and DFS. RFC2 may be a prognostic 
biomarker for the survival of liver cancer patients. In 
addition, the function of RFC2 in liver cancer is DNA 
replication, and the main mechanism is cell cycle phase 
transition. The JHH7 and HEPG2 cell line may be suit-
able for the study of the mechanism of RFC2 in liver 
cancer. This study is the first to study the prognostic 

correlation of RFC2 in liver cancer, and we believe that 
the results are worthy of further study.

Abbreviations
HCC: Hepatocellular carcinoma; RFC2: Replication factor C; TCGA​: Cancer 
genome atlas; GO: Gene ontology; KEGG: Kyoto encyclopedia of genes and 
gnomes; BP: Biological processes; CC: Cellular components; MF: Molecular 
functions; OS: Over survival; DFS: Disease free survival; CTR​: Control.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s41065-​021-​00179-9.

Additional file 1. 

Authors’ contributions
Jianbo Wang conceived and designed the research. Zaixiong Ji and Jiaqi 
Li implemented the research, analyzed the data, and wrote this paper. The 
author(s) read and approved the final manuscript.

Funding
This work was supported by the Shanghai Science and Technology Commis-
sion Research Project (Grant No. 17411966700) and the Shanghai Municipal 
Health and Family Planning Commission Smart Medical Special Research 
Project (Grant No. 2018ZHYL0217).

Availability of data and materials
The data used to support the findings of this study are included in the 
manuscript.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
No conflicts of interest.

Author details
1 Department of Interventional Radiology, Shanghai Jiao Tong University 
Affiliated Sixth People’s Hospital, No. 600, Yishan Road, Xuhui District, Shang-
hai 200233, China. 2 Shanghai University of Traditional Chinese Medicine, 
Shanghai 201203, China. 

Received: 4 September 2020   Accepted: 13 April 2021

References
	1.	 Slotta JE, Kollmar O, Ellenrieder V, Ghadimi BM, Homayounfar K. 

Hepatocellular carcinoma: Surgeon’s view on latest findings and future 
perspectives. World J Hepatol. 2015;7(9):1168–83.

	2.	 Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin 
DM, Forman D, Bray F. Cancer incidence and mortality worldwide: 
sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer. 
2015;136(5):E359–E386.

	3.	 Yang JD, Roberts LR. Hepatocellular carcinoma: A global view Nat Rev 
Gastroenterol Hepatol. 2010;7(8):448–58

	4.	 Dhanasekaran R, S Bandoh S, Roberts LR. Molecular pathogenesis 
of hepatocellular carcinoma and impact of therapeutic advances. 
F1000Res. 2016;5:879.

https://doi.org/10.1186/s41065-021-00179-9
https://doi.org/10.1186/s41065-021-00179-9


Page 10 of 10Ji et al. Hereditas          (2021) 158:17 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	5.	 Agarwal R, Narayan J, Bhattacharyya A, Saraswat M, Tomar AK. Gene 
expression profiling, pathway analysis and subtype classification reveal 
molecular heterogeneity in hepatocellular carcinoma and suggest sub-
type specific therapeutic targets. Cancer Genet. 2017;37(51):216–7.

	6.	 Shimada M, Okuzaki D, Tanaka S, Tougan T, Tamai KK, Shimoda C, H 
Nojima. Replication factor C3 of Schizosaccharomyces pombe, a small 
subunit of replication factor C complex, plays a role in both replication 
and damage checkpoints. Mol Biol Cell. 1999;10(12):3991–4003.

	7.	 Pascucci B, Stucki M, Jónsson ZO, Dogliotti E, Hübscher U. Long patch 
base excision repair with purified human proteins DNA ligase I as patch 
size mediator for DNA polymerases delta and epsilon J Biol Chem. 
1999;274(47):33696–702.

	8.	 Sancar A, Lindsey-Boltz LA, Unsal-Kaçmaz K, Linn S. Molecular mecha-
nisms of mammalian DNA repair and the DNA damage checkpoints. 
Annu Rev Biochem. 2004;73(39):85.

	9.	 Li Y, Gan S, Ren L, Yuan L, Liu J, Wang W, Wang X, Zhang Y, Jiang J, F Zhang 
F, Qi X. Multifaceted regulation and functions of replication factor C fam-
ily in human cancers. Am J Cancer Res. 2018;8(8):1343–55.

	10.	 Mossi R, Hübscher U. Clamping down on clamps and clamp loaders–the 
eukaryotic replication factor C. Eur J Biochem. 1998;254(2):209–216.

	11.	 Bowman GD, O’Donnell M, Kuriyan J. Structural analysis of a 
eukaryotic sliding DNA clamp-clamp loader complex. Nature. 
2004;429(6993):724–30.

	12.	 Noskov VN, Araki H, Sugino A. The RFC2 gene, encoding the third-
largest subunit of the replication factor C complex, is required for 
an S-phase checkpoint in Saccharomyces cerevisiae. Mol Cell Biol. 
1998;18(8):4914–23.

	13.	 Xiong S, Wang Q, Zheng L, Gao F, Li J. Identification of candidate molecu-
lar markers of nasopharyngeal carcinoma by tissue microarray and in situ 
hybridization. Med Oncol. 2011;28(Suppl 1):S341–S348.

	14.	 Cui JQ, Shi YF, Zhou HJ. Expression of RFC2 and PCNA in different gesta-
tional trophoblastic diseases Ai Zheng. 2004;23(2):196–200.

	15.	 Gupte RS. Replication factor C-40 (RFC40/RFC2) as a prognostic marker 
and target in estrogen positive and negative and triple negative breast 
cancer, US Patent. 2018:9(970):012.

	16.	 Roessler S, Jia HL, Budhu A, Forgues M. Ye QH, JS Lee, Thorgeirsson SS, 
Sun Z, Tang ZY, Qin LX, Wang XW. A unique metastasis gene signature 
enables prediction of tumor relapse in early-stage hepatocellular carci-
noma patients. Cancer Res. 2010;70(24):10202–12.

	17.	 Liu Z, Li J, Chen J, Shan Q, Dai H, Xie H, Zhou L, Xu X, Zheng S. MCM family 
in HCC: MCM6 indicates adverse tumor features and poor outcomes and 
promotes S/G2 cell cycle progression. BMC Cancer. 2018;18(1):200.

	18.	 Rhodes DR, Yu J, Shanker K, Deshpande N, Varambally R, Ghosh D, Bar-
rette T, Pandey AM. Chinnaiyan ONCOMINE: a cancer microarray database 
and integrated data-mining platform Neoplasia. 2004;6(1):1–6.

	19.	 Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-
Rodriguez I, Chakravarthi B, Varambally S. UALCAN: A portal for facilitating 
tumor subgroup gene expression and survival analyses neoplasia. 
2017;19(8):649–58.

	20.	 Ghandi M, Huang FW, Jané-Valbuena J, Kryukov GV, Lo CC, McDonald 
ER, Barretina ET, Gelfand 3rd J, Bielski CM, Li H, Hu K, Andreev-Drakhlin 
AY, Kim J, Hess JM, Haas BJ, Aguet F, Weir BA, Rothberg MV, Paolella BR, 
Lawrence MS, Akbani R, Lu Y, Tiv HL, Gokhale PC, de Weck A, Mansour AA, 
Oh C, Shih J, Hadi K, Rosen Y, Bistline J, Venkatesan K, Reddy A, Sonkin D, 
Liu M, Lehar J, Korn JM, Porter DA, Jones MD, Golji J, Caponigro G, Taylor 
JE, Dunning CM, Creech AL, Warren AC, McFarland JM, Zamanighomi M, 
Kauffmann A, Stransky N, Imielinski M, Maruvka YE, Cherniack AD, Tsh-
erniak A, Vazquez F, Jaffe  JD, Lane AA, Weinstock DM, Johannessen CM, 
Morrissey  MP, Stegmeier F, Schlegel R, Hahn WC, Getz G, Mills GB, Boehm 
JS, Golub TR, Garraway LA, Sellers WR. Next-generation characterization 
of the Cancer Cell Line Encyclopedia. Nature. 2019;569(7757):503–8.

	21.	 Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardino-
glu A, Sivertsson Å, Kampf C, Sjöstedt E, Asplund A, I Olsson I, Edlund K, 
Lundberg E, Navani S, Szigyarto CA, Odeberg J, Djureinovic D, Takanen 
JO, Hober S, Alm T, Edqvist PH, Berling H, Tegel H, Mulder J, JRockberg 
J, Nilsson P, Schwenk JM, Hamsten M, von k, Feilitzen M, Forsberg L, 
Persson F, Johansson M, Zwahlen G, von Heijne, Nielsen J, Pontén 
F.Proteomics. Tissue-based map of the human proteome. Science. 
2015;347(6220):1260419.

	22.	 Thul PJ, Åkesson L, Wiking M, Mahdessian D, Geladaki A, Ait Blal H, Alm 
T, Asplund A, Björk L, Breckels LM, Bäckström A, Danielsson F, Fagerberg 
L, Fall J, Gatto L, Gnann C, Hober S, Hjelmare M, Johansson F, Lee S, Lind-
skog C, Mulder J, Mulvey CM, Nilsson P, Oksvold P, Rockberg J, Schutten 
R, Schwenk JM, Sivertsson Å, Sjöstedt E, Skogs M, Stadler C, Sullivan DP, 
Tegel H, Winsnes C, Zhang C, Zwahlen M, Mardinogl A, Pontén F, von Feil-
itzen K, Lilley KS, Uhlén M, Lundberg E. A subcellular map of the human 
proteome. Science. 2017;356(6340):eaal3321.

	23.	 Uhlen M, Zhang C, Lee S, Sjöstedt E, Fagerberg L, Bidkhori G, Benfeitas 
R, Arif M, Liu Z, Edfors F, Sanli K, von Feilitzen K, Oksvold P, Lundberg E, 
Hober S, Nilsson P, Mattsson J, Schwenk JM, Brunnström H, Glimelius B, 
Sjöblom T, Edqvist PH, Djureinovic D, Micke P, Lindskog C, Mardinoglu A, 
Ponten F. A pathology atlas of the human cancer transcriptome. Science. 
2017:357(6352):eaan2507.

	24.	 Nagy A, Lánczky A, Menyhárt O, Győrffy B. Validation of miRNA prognostic 
power in hepatocellular carcinoma using expression data of independent 
datasets. Sci Rep. 2018;8(1):9227.

	25.	 Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for cancer 
and normal gene expression profiling and interactive analyses Nucleic 
Acids Res. 2017;45(W1):W98–w102.

	26.	 Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, 
Benner C, Chanda SK. Metascape provides a biologist-oriented resource 
for the analysis of systems-level datasets. Nat Commun. 2019;10(1):1523.

	27.	 Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP, 
Dolinski K, Dwight SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, Kasarskis 
A, Lewis S, Matese JC, Richardson JE, Ringwald M, Rubin GM, Sherlock G. 
Gene ontology: tool for the unification of biology The Gene Ontology 
Consortium. Nat Genet. 2000:25(1):25–9.

	28.	 Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. 
Nucleic Acids Res. 2000;28(1):27–30.

	29.	 Stark C, Breitkreutz BJ, Reguly T, Boucher L, Breitkreutz A, Tyers M. 
BioGRID: a general repository for interaction datasets. Nucleic Acids Res. 
2006;34(Database issue):D535–9.

	30.	 Li T, Wernersson R, Hansen RB, Horn H, Mercer J, Slodkowicz G, Workman 
CT, Rigina O, Rapacki K, Stærfeldt HH, Brunak S, Jensen TS, Lage K. A 
scored human protein-protein interaction network to catalyze genomic 
interpretation. Nat Methods. 2017;14(1):61–4.

	31.	 HB Koch, R Zhan, B Verdoodt, A Bailey, CD Zhang, JR Yates, Menssen 3rd 
A, Hermeking H. Large-scale identification of c-MYC-associated proteins 
using a combined TAP/MudPIT approach. Cell Cycle. 2007;6(2):205–17.

	32.	 Hu T, Shen H, Li J, Yang P, Gu Q, Fu Z. RFC2, a direct target of miR-744, 
modulates the cell cycle and promotes the proliferation of CRC cells. J 
Cell Physiol. 2020;235(11):8319–33.

	33.	 Ho KH, Kuo TC, Lee YT, Chen PH, Shih CM, Cheng CH, Liu AJ, Lee CC, 
Chen KC. Xanthohumol regulates miR-4749-5p-inhibited RFC2 signal-
ing in enhancing temozolomide cytotoxicity to glioblastoma. Life Sci. 
2020;254(117):807.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Up-regulated RFC2 predicts unfavorable progression in hepatocellular carcinoma
	Abstract 
	Background: 
	Materials and methods: 
	Results: 
	Conclusion: 

	Introduction
	Results
	Overexpression of RFC2 in hepatocellular carcinoma
	Association of RFC2 with clinical stages and tumor grades of HCC patients
	Unfavorable effects of elevated RFC2 expression on survival
	Functions and pathways of RFC2 and its similar genes in HCC
	Protein–protein interaction analysis
	Regulation of RFC2 expression on proliferation of HCC cells

	Materials and methods
	Ethics
	ONCOMINE
	UALCAN
	Cancer Cell Line Encyclopedia (CCLE)
	Human Protein Atlas
	Kaplan–Meier plotter
	Gene Expression Profiling Interactive Analysis (GEPIA)
	Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
	Protein–Protein Interaction (PPI) enrichment analysis
	Cell culture and transfection
	Western blot
	Cell counting Kit-8 assay
	Transwell assay

	Discussion
	References


