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Abstract
Objective Head and neck squamous cell carcinoma (HNSCC) is a prevalent cancer that originates from the squamous cells. 
The role of the replication factor C subunit 3 (RFC3) in HNSCC progression remains elusive. The aim of this study was to 
uncover RFC3 significance in HNSCC.
Methods The Cancer Genome Atlas (TCGA-HNSCC) dataset was initially used to assess RFC3 expression and its asso-
ciation with HNSCC clinical features. Subsequently, quantitative reverse transcription PCR (RT-qPCR) confirmed RFC3 
mRNA expression in oral squamous cell carcinoma (OSCC), a primary HNSCC type. Survival rates were evaluated using 
the Kaplan–Meier plot, while the Tumor Immune Estimation Resource (TIMER) database probed RFC3-immune cell inter-
action. Additionally, in silico tools were used to examine the RFC3 protein network and engagement in HNSCC pathways.
Results RFC3 expression is significantly upregulated in HNSCC, including OSCC. Upregulated RFC3 expression was sig-
nificantly correlated with the clinicopathological features of HNSCC, including tumor stage, grade, metastasis, and patient 
survival. RFC3 is also associated with immune cell infiltration. Functional analysis has highlighted its involvement in DNA 
replication, mismatch repair, and cell cycle pathways. Interestingly, RFC3 high expression is linked to well-known oncogenic 
signaling pathways, such as MYC/MYCN, HIPPO, and mTOR.
Conclusions In conclusion, RFC3 can be considered a novel prognostic biomarker for HNSCC, and further studies on its 
functional mechanisms may help to use RFC3 as a therapeutic target for HNSCC.
Clinical relevance The clinical relevance of this study lies in identifying RFC3 as a novel biomarker and prognostic indicator 
for HNSCC, offering insights that could impact future clinical approaches.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) ranks 
among the most prevalent cancers worldwide. Notably, oral 
squamous cell carcinomas (OSCCs) make up the majority 
(around 80–90%) of malignancies within the oral cavity, a 

significant subtype of HNSCC. The prevalence of oral cav-
ity cancers, ranging from the 6th to the 9th most common 
anatomical site for cancer, varies by country and gender [1]. 
The primary causative factors for HNSCC encompass smok-
ing, alcohol consumption, and ultraviolet radiation expo-
sure. Additionally, several other factors, including human 
papillomavirus (HPV) and Candida infections, nutritional 
deficiencies, and genetic predispositions, have been associ-
ated with HNSCC [2]. Clinically, HNSCC typically presents 
with a central necrotic area surrounded by raised margins. 
This condition predominantly affects adults and the elderly 
[3]. Despite advances in surgical resection, radiotherapy, and 
chemotherapy, the high recurrence rate (20–40%) in HNSCC 
leads to lower survival rates [4–6]. Hence, a comprehensive 
understanding of the molecular pathways driving HNSCC 
proliferation and metastasis is imperative for developing 
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novel therapeutic strategies to curb HNSCC progression. 
Furthermore, maintaining the accuracy of DNA replication 
is widely recognized as a crucial aspect of cancer progres-
sion and the cell cycle. When DNA damage repair mecha-
nisms and cell cycle checkpoints malfunction, they become 
significant contributors to genomic instability [7].

One such molecular player is replication factor C (RFC), 
a heteropentameric protein complex pivotal in DNA replica-
tion, DNA damage repair, and cell cycle checkpoint control 
throughout cell cycle progression [8–10]. RFC is a component 
of eukaryotic DNA polymerase [11]. It operates by loading a 
ring-shaped homotrimer called proliferating cell nuclear anti-
gen (PCNA) onto DNA in an ATP-dependent manner to act as 
a sliding clamp for various proteins involved in DNA replica-
tion processes [12]. Furthermore, RFCs have the capability to 
interact with proteins involved in cell cycle checkpoints, ini-
tiating signal cascades downstream of DNA damage check-
points. This involvement extends to participating in the repair 
processes of mismatched DNA and excision repair in cases of 
damaged DNA [13, 14]. RFC consists of a large subunit, rep-
lication factor C subunit 1 (RFC1), and four small subunits, 
replication factor C subunits 2 through 5 (RFC2–5). Particu-
larly, RFC2 and RFC3 have garnered attention for their involve-
ment in tumorigenesis due to their interaction with the c-MYC 
oncogene, which promotes cell division and proliferation [15]. 
It is noteworthy that, except for RFC1, the other four subunits 
of RFC (RFC2–5) exhibit elevated expression levels in vari-
ous malignant tumors [16–20]. RFC3, in particular, has been 
extensively studied in the context of cancer. It forms a complex 
with proliferating cell nuclear antigen (PCNA), and a decrease 
in RFC3 expression restricts cancer cell multiplication [21].

Previous investigations have linked RFC3 to liver, breast, 
esophageal, and ovarian cancers, highlighting its critical role 
in cellular proliferation, invasion, and metastasis [21–24]. An 
interesting observation is the inhibitory effect of 9-cis retinoic 
acid–activated retinoid X receptor α on cancer growth by dis-
rupting the RFC3-PCNA complex, leading to S phase entry 
arrest [25]. These findings collectively suggest RFC3 potential 
significance as a cancer antigen. In esophageal adenocarcinoma, 
RFC3 was found to be overexpressed, and its knockdown exhib-
ited an anti-proliferative effect. This effect appears to stem from 
the induction of cell cycle arrest at the S phase, a critical check-
point governed by DNA replication complex formation and 
function [16]. The knockdown of RFC3 resulted in elevated lev-
els of S phase–associated proteins, including p21, p53, and p57, 
while reducing the expression of cyclin A. In the cell cycle, the 
CDK2/cyclin A complex drives progression through the G1-S 
phase transition, a tightly regulated step in cell proliferation. 
CDK inhibitors p21 and p51 bind to CDK2, inhibiting its activ-
ity and causing cells to remain in the G1/S phase, effectively 
halting cell cycle progression. Moreover, p53, known to activate 
p21 expression, likely plays a role in RFC3-mediated upregula-
tion of p21 and/or p51, leading to the inhibition of G1-S phase 

transition [22]. However, further research is needed to unveil 
the intricate mechanisms underlying RFC3 regulation of cell 
cycle–related proteins, and its role in HNSCC remains largely 
unexplored. In this study, we comprehensively analyze RFC3 
expression in OSCC and HNSCC tumor samples. Our investi-
gation includes examining its clinicopathological correlations, 
tumor infiltration, patient prognosis, and functional pathways in 
HNSCC. By shedding light on RFC3 role in HNSCC, we aim to 
contribute valuable insights into the molecular underpinnings of 
this challenging cancer and potentially identify new avenues for 
therapeutic intervention.

Materials and methods

RFC3 expression analysis using online database

The Cancer Genome Atlas-Head-Neck Squamous Cell 
Carcinoma (TCGA-HNSCC) dataset (n = 520) and normal 
tissues (n = 44) were identified and used to measure RFC3 
gene expression. The expression of RFC3 and the clinico-
pathological features of HNSCC were investigated using the 
UALCAN database (http:// ualcan. path. uab. edu) [26].

Patient and sample collection

To validate RFC3 expression, we collected tumor and adja-
cent normal tissue samples from 30 OSCC patients. During 
surgery, samples of the tumor and surrounding normal tissues 
were collected and immediately stored at − 80 °C until further 
processing. Patient with primary OSCC only is included, and 
patients with systemic disease and recurrence were excluded. 
Patient clinicopathological data were collected such as stage, 
grade, site, and pattern of invasion which are listed in Table 1. 
The Institutional Ethical Committee approved the study and 
followed the principles of the Declaration of Helsinki. Informed 
consent was obtained from the patient or guardian.

RNA extraction and RT‑qPCR analysis

Total RNA was extracted from the tumor and adjacent nor-
mal tissues using TRIzol reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA), according to the manufacturer’s 
instructions. RNA quality and quantity were analyzed using 
a Nanodrop One (Thermo Scientific, USA). RNA was con-
verted into cDNA using the Takara 1st-strand cDNA synthesis 
kit (Takara, Tokyo, Japan) according to the manufacturer’s 
instructions. For RT-qPCR analysis, cDNA was used as a tem-
plate, and gene expression was analyzed. The primer sequence 
was synthesized (Eurofins, Bangalore, India) and collected 
from the literature. The sequence of the primer RFC3 forward 
primer 5′-GCC TGC AGA GTG CAA CAA TA-3′ and reverse 
primer 5′-TCA AGG AGC CTT TGT GGA GT-3′; GAPDH 

http://ualcan.path.uab.edu
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forward primer 5′-TCC AAA ATC AAG TGG GGC GA-3′ 
and reverse primer 5′-TGA TGA CCC TTT TGG CTC CC-3′. 
The following components were used to create a total of 25 µl 
of PCR reactions: 2 µl of cDNA template, 50 mM forward 
and reverse primers, 12.5 µl of 2 × SYBR, and DDH2O. The 
following protocol was used for RT-qPCR provided by Bio-
Rad CFX Opus 96 (Bio-Rad, Hercules, CA, USA). Initial 
denaturation at 95 °C for 3 min, followed by 40 cycles of 
denaturation at 95 °C for 10 s, and annealing at 58 °C for 30 s. 
GAPDH was used as a reference gene. The  2−ΔΔCt method 
was used to calculate the relative gene expression.

Survival analysis by Kaplan–Meier plotter

The Kaplan–Meier plot (https:// kmplot. com/) [27] contains 
TCGA cancer patient data on gene expression to analyze 
patient survival. In this study, the prognostic value of RFC3 
mRNA levels in HNSCC was analyzed using Kaplan–Meier 
survival analysis.

In silico functional analyses

The Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) (https:// string- db. org/) [28] is an online 

database used to analyze protein and protein interaction 
networks. RFC3 protein interactions were analyzed using 
the STRING database. Metascape is another database used 
for gene annotation, network visualization, and functional 
enrichment analysis. The biological significance of gene sets 
or clusters can be inferred by using this information to help 
researchers interpret large-scale omics data. The data were 
obtained from STRING and processed in Metascape (https:// 
metas cape. org/) [29] for functional enrichment analysis of 
RFC3.

cBioPortal, TIMER, and immunohistochemistry 
analysis

cBioPortal (https:// www. cbiop ortal. org/) [30] is a platform 
for the exploratory analysis of massive cancer genomic data-
sets, hosting data from important consortium projects such as 
TCGA and TARGET, as well as individual lab studies. To 
investigate the RFC3 connection between other genes in our 
study, cBioPortal was used. TCGA or user-provided tumor 
profiles can be used with TIMER2.0 (http:// timer. cistr ome. 
org) [31], which uses six cutting-edge algorithms to provide 
a more reliable estimation of immune infiltration levels. In 
our study, we used TIMER to analyze the correlation between 
RFC3 expression and tumor immune cell infiltration. The most 
popular method for identifying proteins in tissues is immuno-
histochemistry (IHC), which is used for histopathological diag-
nosis and research. In contemporary pathology, antibodies are 
crucial in determining the presence and location of particular 
proteins in surgical specimens. We analyzed RFC3 expression 
in HNSCC samples using the Protein Atlas immunohistochem-
istry tool (https:// www. prote inatl as. org/) [32].

Statistical analysis

SPSS software version 25 (SPSS Inc., Chicago, IL, USA) 
and GraphPad Prism version 9.4.0 were used for statistical 
analysis; Student’s t-test or one-way ANOVA and multi-
variate COX regression were performed. The cutoff for 
statistical significance was set at P < 0.05.

Results

RFC3 gene and protein expression was significantly 
upregulated in HNSCC tumors

In this study, we used various databases to analyze RFC3 
expression in various tumor and normal samples. Simi-
larly, all sources revealed that RFC3 expression was 
significantly increased in a variety of cancer samples 

Table 1  Clinical features of patients with oral squamous cell carcinoma

RMT retromolar trigone, GBS gingivobuccal

S. No Variable Category No. of patients (%)

1 Gender Male 24 (80)
Female 6 (20)

2 Age  < 50 years 13 (43)
 > 51 years 17 (57)

3 Grade Well differ 17 (57)
Moderately differ 12 (40)
Poorly differ 1 (3)

4 Site Buccal 9 (30)
Tongue 7 (23)
Other (RMT, 

GBS, maxilla, 
mandible)

14 (47)

5 Stage 1 4 (13)
2 6 (20)
3 6 (20)
4 14 (47)

6 Laterality Left 11 (37)
Right 19 (63)

7 Pattern of invasion Cohesive 17 (57)
Non-cohesive 13 (43)

8 Invasion to adjacent 
sites

Present 12 (40)
Absent 18 (60)

https://kmplot.com/
https://string-db.org/
https://metascape.org/
https://metascape.org/
https://www.cbioportal.org/
http://timer.cistrome.org
http://timer.cistrome.org
https://www.proteinatlas.org/
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compared to the control (Fig.  1A). UALCAN results 
suggest that RFC3 expression was significantly higher 
in HNSCC tissues than in normal tissues (Fig. 1B), and 
our validation results using RT-qPCR were similar to 
the UALCAN results (Fig. 1C). Matched OSCC tumor 
tissues and adjacent normal tissues showed significant 
differences in RFC3 expression (Fig. 1D). RFC3 protein 
expression was analyzed using the UALCAN database 
(Fig. 1E), and immunohistochemistry (Fig. 1F) showed 
that RFC3 is highly expressed in HNSCC tissues.

RFC3 expression is associated 
with clinicopathological features, prognosis, 
and tumor infiltration

The UALCAN database was used to examine RFC3 expres-
sion and clinicopathological features of HNSCC. The UAL-
CAN database results revealed that high expression of RFC3 
mRNA was substantially linked to tumor stage, tumor grade, 
nodal metastasis, and HPV status (Fig. 2A–D). Similarly, 
high expression of the RFC3 protein was associated with 
tumor stage and grade in HNSCC (Fig. 2E, F). Further 
analysis of the proteomics data in the UALCAN database 
suggested that the high expression of RFC3 was linked to 
HNSCC via well-known oncogenic signaling pathways, 

such as MYC/MYCN, HIPPO, and mTOR (Fig. 3A–C). 
We examined the survival rate using Kaplan–Meier plots. 
High RFC3 expression was associated with poor overall and 
relapse-free HNSCC survival rates (Fig. 4A, B). TIMER2.0 
database was used to explore the association between RFC3 
expression and the infiltration of different immune cells. 
RFC3 expression was positively correlated with B cells and 
dendritic cells, whereas it was negatively correlated with 
CD8 + T cells and macrophages in HNSCC (Fig. 4C).

Functional analysis revealed RFC3 and its network 
is strongly associated with HNSCC

The protein network of RFC3 was analyzed using the 
STRING database, which provides details about pro-
tein–protein interactions. Several well-known oncogenic 
proteins, including PCNA, RFC5, RFC2, MCM2, and 
DSCC1, mainly interacted with RFC3 (Fig. 5A). Metascape 
analysis of the RFC3 network revealed that it is significantly 
involved in the cell cycle, DNA replication, and mismatch 
repair (Fig. 5B). Based on the RFC3 network and pathways, 
we identified an association between the RFC3 network and 
HNSCC (Fig. 5C), suggesting that RFC3 plays a crucial role 
in the pathogenesis of HNSCC. We used cBioPortal to ana-
lyze the correlation between RFC3 and oncogene expression 

Fig. 1  UALCAN database showed that RFC3 mRNA is highly 
expressed in various cancers (A) including in HNSCC (B). RT-qPCR 
results are also similar to UALCAN database results, the mRNA 
level significantly upregulated (C) and RFC3 mRNA level signifi-
cantly increased in matched OSCC tissues (D). RFC3 protein was 

significantly increased in HNSCC samples (E). Immunohistochem-
istry results showed that RFC3 protein stained at a medium level in 
the HNSCC sample (F). ****P < 0.0001, ***P < 0.001, **P < 0.01, 
*P < 0.05
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and found that RFC3 expression positively correlated with 
proliferating cell nuclear antigen (PCNA) and Mini chro-
mosome maintenance complex component genes (MCM2) 
(Fig. 5D, E) in HNSCC. Thus, our results suggested that 
targeting RFC3 or its network is a promising approach for 
HNSCC treatment.

Discussion

In this study, we conducted a comprehensive analysis of 
RFC3 gene and protein expression in the context of HNSCC. 
Our findings shed light on the significance of RFC3 in 
this particular cancer type and its potential implications. 
RFC3 expression has also been linked to different cancers, 

including liver, breast, ovarian, and esophageal cancers. 
Previous studies have also shown that RFC3 is involved in 
cellular invasion, progression, and metastasis and predicts 
poor prognosis [21–24, 33].

In a study conducted by Gong et al., an examination of 
RFC3 expression in lung squamous cell carcinoma using 
immunohistology analysis revealed a significant overexpres-
sion of RFC3 in major lung cancer tissues when compared 
to their corresponding normal lung tissue counterparts. This 
overexpression of RFC3 was found to be significantly asso-
ciated with nodal metastasis status and had implications 
for prognosis. Multivariate analysis further underscored 
RFC3 expression as an independent risk factor in this con-
text [34]. Similarly, in another study by Yu-He et al., RFC3 
was found to be highly expressed in breast cancer tissue, 

Fig. 2  RFC3 mRNA expression significantly correlated with the clin-
icopathological features of HNSCC such as tumor stage (A), tumor 
grade (B), nodal metastasis (C), HPV status (D), and the high RFC3 

protein expression associated with tumor stage (E) and tumor grade 
(F). ***P < 0.001, **P < 0.01, *P < 0.05

Fig. 3  The high RFC3 protein expression significantly correlated with the MYC/MYCN pathway (A), HIPPO pathway altered (B), and mTOR 
pathway altered (C) in HNSCC. ***P < 0.001, **P < 0.01



6966 Clinical Oral Investigations (2023) 27:6961–6969

1 3

Fig. 4  The high RFC3 expression is associated with the overall (A) and relapse-free (B) survival rate of HNSCC patients. At the immune infil-
tration level, the RFC3 gene is significantly correlated with B cell, CD4 + T cell, CD8 + T cell, macrophage, neutrophil, and dendritic cell (C)

Fig. 5  STRING database shows the RFC3 protein and its partner pro-
tein interaction network (A) and functional enrichment analysis of 
RFC3 gene associated with cell cycle, mismatch repair (B), and also 

it shows RFC3 network is associated with HNSCC (C). RFC3 expres-
sion positively correlated with PCNA (D) and MCM2 (E) expression 
in HNSCC
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and this heightened expression was significantly associ-
ated with metastasis and poor prognosis [21]. Addition-
ally, investigations into RFC3 expression in hepatocellular 
and ovarian carcinoma have also suggested a potential link 
between RFC3 expression and cancer. Functional knock-
down experiments in cell lines and animal models have 
shown that reducing RFC3 levels leads to decreased cell 
proliferation and migration, as well as increased apoptosis 
[22, 23]. Our current research aligns with these findings, 
as we observed high RFC3 expression in HNSCC tissues. 
This elevated expression was found to be associated with 
advanced stage, higher grade, metastasis, and poorer prog-
nosis in HNSCC patients. Multivariate analysis of our data 
similarly supports RFC3 overexpression as an independent 
risk factor in the development of HNSCC. These collective 
results emphasize the significance of RFC3 in various can-
cer types and its potential as a target for further therapeu-
tic exploration. Because RFC3 is important in the creation 
of the DNA replication complex, it has been proposed that 
RFC3 overexpression is responsible for tumor formation.

Previously, a study by Li et al. analyzed the activity of 
RFC family members using the STRING database and found 
that RFC is mainly involved in telomere maintenance, DNA 
mismatch repair, DNA replication, and nucleotide excision 
repair [28, 35]. RFC can attach DNA polymerase and PCNA 
to a primer-bound DNA template to create the DNA-RFC-
PCNA-DNA polymerase complex. This complex is then 
extended along the DNA template by human single-stranded 
DNA-binding protein (SSB) in the presence of deoxynucleo-
tides (dNTPs). RFC can also connect to cell cycle check-
point proteins to initiate signal transduction after DNA dam-
age checkpoints, allowing it to participate in mismatch and 
excision repair of damaged DNA [13, 14].

The extensive body of research into RFC3 sheds light on 
its multifaceted role in cancer, suggesting its potential as a 
significant biomarker, a key player in cancer cell prolifera-
tion and survival, a determinant of cancer cell invasion and 
metastasis, and a participant in various regulatory networks. 
RFC3 influence on cancer cell proliferation extends beyond 
its individual actions. It interacts with various factors to 
orchestrate cancer cell proliferation in vivo. For instance, 
RFC3 interaction with retinoid X receptor α (RXRα) is 
implicated in the suppression of retinoic acid–sensitive 
breast cancer cell growth [25]. Moreover, in cervical cancer 
tissues, upregulated SIX homeobox 1 (SIX1) expression led 
to the significant upregulation of several DNA replication 
initiation–related genes, including RFC3, RFC4, and RFC5 
[36]. Additionally, E2F and cyclic AMP response element-
binding protein (CREB) were suggested as regulators of 
RFC3 expression in certain cancer cell lines [37]. These 
interactions underline the complexity of RFC3 role in cancer 
cell proliferation and its integration into broader regulatory 
networks. Our study’s proteomic analysis of RFC3 through 

UALCAN also found that high expression of RFC3 is linked 
to HNSCC via well-known oncogenic signaling pathways, 
such as MYC/MYCN, HIPPO, and mTOR. Furthermore, 
STRING and functional enrichment analysis showed that 
RFC3 dysregulation is associated with HNSCC pathogenesis 
via cell cycle, DNA replication, and activation of the pre-
replication complex pathways. Therefore, RFC3 might be 
involved in tumorigenesis through regulating cancer signal-
ing pathways and other oncogenes.

Furthermore, we have analyzed RFC3 interacting genes 
PCNA and MCM2 in HNSCC. PCNA is a nuclear pro-
tein that serves as a marker of cell proliferation. Most 
solid tumor types, including colorectal cancer and breast 
cancer, show a substantial correlation between PCNA 
expression and prognosis, and survival [38, 39]. PCNA is 
significantly overexpressed in HNSCC and can be used as 
a biomarker for HNSCC [40, 41]. Minichromosome main-
tenance proteins (MCMs) perform crucial functions in 
regulating replication time throughout the cell cycle and 
demonstrate helicase activity during replication. Overex-
pression of MCMs has been observed in several malig-
nant tissues, including HNSCC and cancer cell lines [42, 
43]. Our results also showed that RFC3 expression was 
positively correlated with PCNA and MCM2 in HNSCC 
pathogenesis. From these results, we suggest that RFC3 is 
associated with PCNA and MCM2, and may be involved 
in cancer cell proliferation and the cell cycle pathway in 
HNSCC.

In summary, the diverse body of evidence surrounding 
RFC3 emphasizes its multifaceted involvement in cancer, 
ranging from its potential as a diagnostic biomarker to its 
critical roles in cancer cell proliferation, survival, invasion, 
and interaction within complex regulatory networks. Under-
standing RFC3 precise mechanisms in different cancer types 
could pave the way for innovative therapeutic strategies and 
diagnostic approaches. However, the current study is lim-
ited by its small sample size, gene expression, and in silico 
analysis. Further large-scale studies, protein-level expression 
analysis, and functional analysis using in vitro and in vivo 
models will help reveal the molecular mechanism of RFC3 
in HNSCC pathogenesis.

Conclusion

In conclusion, our findings suggest that RFC3 expression is 
significantly increased in HNSCC and that increased expres-
sion is important for HNSCC tumorigenesis. Furthermore, 
findings also suggest that RFC3 is a potential prognostic 
biomarker and therapeutic target in HNSCC. Nevertheless, 
further studies are required to understand the crucial role of 
RFC3 in HNSCC tumorigenesis.
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