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Background: Replication factor C subunit 4 (RFC4) is crucial for initiating DNA
replication via DNA polymerase 8 and € and is overexpressed in various cancers.
However, its relationship with the tumor immune microenvironment (TIME), and
immunotherapy response in lung adenocarcinoma (LUAD) remains unclear. This
study aimed to determine whether overexpressed RFC4 impacts survival in
patients with LUAD and to explore potential mechanisms of RFC4 in regulating
the TIME using integrated bioinformatics.

Methods: LUAD gene expression data were downloaded from the Cancer
Genome Atlas (TCGA) database and used for exploratory analysis. Differential
expression of RFC4 was validated using gene expression data from the Gene
Expression Omnibus (GEO). Clinical data with survival information from TCGA
and GEO were use to explore and validate the prognostic value of RFC4. The
relationship between RFC4 and TIME was studied by Cell-type identification by
estimating relative subsets of RNA transcripts (CIBERSORT) and Estimation of
Stromal and Immune cells in Malignant Tumor tissues using Expression data
(ESTIMATE). Tumor Immune Dysfunction and Exclusion (TIDE) was used to
predict the therapeutic response of RFC4 to immune checkpoint inhibitors. We
validated the differential expression of RFC4 in LUAD and adjacent tissues using
immunohistochemical staining in a real-world cohort from the Second Affiliated
Hospital of Fujian Medical University.

Results: RFC4 was significantly over-expressed in LUAD at both the RNA and
protein levels. High RFC4 expression levels were associated with poor prognosis
in LUAD, both in TCGA and GEO. High RFC4 levels were significantly associated
with immunostimulators and immune cells infiltration in LUAD tissues.
Correlation analysis revealed a significant relationship between the RFC4 and
ESTIMATE scores. A high RFC4 expression level was associated with a lower TIDE
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score, indicating a stronger therapeutic response to immunotherapy. Functional
prediction of RFC4 suggested that RFC4 mainly participated in DNA replication
and repair, and reshaped the TIME.

Conclusions: RFC4 proved to be a promising biomarker for tumorigenesis and
could effectively predict immunotherapy response in LUAD. RCF4 altered tumor
prognosis by reshaping the TIME, and targeted inhibition of RCF4 may be a
promising new strategy for treating LUAD.

lung adenocarcinoma, replication factor C subunit 4 (RFC4), immune regulatory
factors, tumor immune microenvironment, immune therapy response

1 Introduction

Lung cancer (LC) is the leading cause of cancer-related deaths
worldwide (1), with lung adenocarcinoma (LUAD) is the
predominant histological subtype, accounting for approximately
40%-50% of all LC cases (2, 3). Most patients with LUAD are
diagnosed at an advanced stage or have cancer metastasis, which
results in a poor prognosis with a 5-year overall survival (OS) of
<20% (4, 5). Recent significant progress has been made in
immunotherapy with immune checkpoint inhibitors (ICIs) for
LUAD, resulting in significantly reduced mortality rates (6).
Owing to significant improvements in the clinical efficacy of
immunotherapy for advanced LC, immunotherapy has become
the preferred treatment mode for advanced LC (7). Several
biomarkers have been widely used to predict immunotherapy
response (IMTR) in clinical sets, including programmed death-
ligand 1 (PD-L1) expression and tumor mutation burden (8).
However, these biomarkers do not fully reflect the heterogeneity
of the tumor microenvironment (TME) or the tumor immune
microenvironment (TIME), and immunotherapy can only achieve
remarkable clinical benefits in a few patients with cancer (9).
Therefore, new biomarkers for predicting the prognosis and
therapeutic efficacy of immunotherapy need to be identified.

The replication factor C subunit 4 (RFC4) gene encodes a highly
conserved protein that is involved in many cellular processes related
to DNA repair and DNA replication (10). RFC4 is necessary for
DNA polymerase § and DNA polymerase € to extend primer DNA
templates (11, 12). The RFC family (RFCs) plays a clamp loader role
in DNA synthesis, loading proliferating cell nuclear antigen
(PCNA) onto DNA through adenosine triphosphate (ATP)-
dependent processes (13). During the S phase of DNA
replication, RFC participates in cell cycle checkpoint control by

Abbreviations: GEO, Gene expression omnibus; TCGA, The cancer genome
atlas; DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes; TME, Tumor microenvironment; OS,

Overall survival.
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activating polymerase assembly (14). After DNA damage occurs,
they activate their mismatch and excision repair mechanisms by
forming complexes with PCNA (15). Therefore, RFCs play a crucial
role in DNA repair after DNA damage. RFC4 may play a crucial
role in cancer cell survival, and because of its significant ability to
regulate cell division and proliferation, it may be a promising target
for cancer therapy (16, 17). Although emerging evidence has
demonstrated that RFC4 plays an oncogene role in many human
cancers, its expression patterns and functions in LUAD remain
unclear. In this study, various bioinformatics tools were used to
analyze RFC4 as a potential oncogene and therapeutic target in
LUAD. The future development direction of this field is also
discussed to provide evidence that is more in line with RFC4 as a
promising biomarker in immunotherapy for LUAD.

2 Materials and methods

2.1 Data collection of LUAD samples

RNA sequencing (RNA-seq) data and clinical data were
downloaded from the Cancer Genome Atlas (TCGA) (https://
portal.gdc.cancer.gov/) and Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/, GEO). A total of 586 samples were
collected in the TCGA database, of which 527 were cancerous
tissues and 59 were normal tissues. RNA-seq data was processed
using standard bioinformatics procedures and used for subsequent
analysis. The study flowchart is shown in Figure 1.

We validated the exploration results of TCGA with the GEO
data. The inclusion criteria of the GEO data in our study were as
follows: (1) datasets involving LUAD samples; (2) datasets with
RNA-seq or gene microarrays from any type of sequencing
platform; (3) datasets with normal tissues, which can be used to
verify the differential expression of RFC4; and (4) datasets with
clinical survival information, which can be used to verify the
prognostic value of RFC4. The exclusion criteria for the GEO
datasets were as follows: (1) datasets containing non-LUAD
samples and (2) datasets without survival data and normal
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FIGURE 1

Flow chart of study design. TCGA, The cancer genome atlas; GEO, Gene expression omnibus; LUAD, lung adenocarcinoma; CIBERSORT, Cell-type
identification by estimating relative subsets of RNA transcripts; ESTIMATE, Estimation of Stromal and Immune cells in Malignant Tumor tissues using

Expression data; TIDE, Tumor Immune Dysfunction and Exclusion.

tissues. Finally, three external cohorts downloaded from GEO
database were used to further validate the differential expression
of RFC4: GSE116959 (18), GSE32863 (19), GSE118370 (20). One
external cohort, GSE37745 (21), was used to further validate the
prognostic efficacy of RFC4.

2.2 Differential expressions of RFC4 mRNA
and protein between LUAD tissues and
adjacent tissues or normal lung tissues

The Wilcox test was used to compare differential expression of
RFC4 mRNA between LUAD tissues and adjacent tissues or normal
lung tissues in TCGA and GEO datasets. Subsequently, we applied
the “ggplot2” R package to show the results. The Human Protein
Atlas (HPA, http://www.proteinatlas.org) was used to explore the
protein expression levels of RFC4.
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2.3 Survival analysis and clinical correlation
analysis of RFC4

Clinicopathological features and survival data were extracted
from the TCGA and GEO datasets (GSE37745). The relationship
between RFC4 mRNA and different clinicopathological
characteristics, such as survival status, cancer status, age, gender,
race, and clinical stage, was explored using an independent sample
Wilcox test or one-way analysis of variance. Using the best cutoff
value of RFC4 mRNA in cancer tissues, patients with LUAD were
divided into high expression (RFC4™€") and low expression
(REC4™™) groups. The Kaplan-Meier method was used to plot
the OS curves of the two groups, and log-rank test was used to
compare difference. Next, survival results were further validated in
patients with LUAD and then divided using the same method.
Survival was analyzed using the “survival,” “survminer,” and
“forestplot” packages.
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2.4 Screening and functional analysis of
RFC4 related differentially expressed genes
in LUAD

Using the median value of RFC4 mRNA in TGCA, the patients
were divided into high expression (REC4"8") and low expression
(REC4™") groups. Subsequently, the “limma” package was used to
identify DEGs in cancer tissues between the RFC4'¢" and the RFC4""
groups. The top 50 DEGs closest to REC4 were selected, and a heatmap
was plotted using the “pheatmap” package. RFC4-related DEGs were
selected to perform Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis using the R package
“clusterProfiler”. GO analysis of cell composition, biological processes,
and molecular function was performed using the enrichGO function in
the “clusterProfiler” R package. KEGG analysis was performed using the
enrichKEGG function in the “clusterProfiler” R package. Pathways with
P < 0.05 were considered significantly enriched.

2.5 Immune cell infiltration analysis and
gene set variation analysis

The correlation between RFC4 expression and various infiltrating
immune cells in the TIME was explored and analyzed by Spearman
correlation analysis. Significance was set at P<0.05. Gene sets of
immune-regulatory factors, including immunoinhibitors and
immunostimulators, were screened from previously reported
references (22-24). Correlation analyses between various
immunoregulatory factors and RFC4 expression were displayed using
lollipop plots. To simplify interpretation, we separately analyzed
immunoinhibitors and immunostimulators using the “GSVA” package.

Cell-type identification by estimating relative subsets of RNA
transcripts (CIBERSORT) was used to analyze the infiltration of
immune cells between the REC4™¢" and the RFC4"*" groups (25).
CIBERSORT can obtain the infiltrating characteristics of 22
immune cell types with gene expression profiles and provide
changes in characteristics of TIME in different cancer tissues.

2.6 Estimation of stromal and immune
scores

The Estimation of Stromal and Immune cells in Malignant
Tumor tissues using Expression data (ESTIMATE) was used to
predict tumor purity and stromal/immune cell infiltration (26),
which assess levels of stromal and immune cell infiltration using
expression profiles by the “estimate” R package. Stromal, immune,
ESTIMATE, and tumor purity scores were calculated using RNA
sequencing data from TCGA cohort. A Wilcoxon test was then
performed to compare scores between the two groups.

2.7 Immunotherapy response prediction

Tumor Immune Dysfunction and Exclusion (TIDE) (http://
tide.dfci.harvard.edu/) was used to predict response to immune
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checkpoint blockade therapy. The Wilcoxon test was performed to
compare TIDE scores between the two groups.

2.8 RFC4 protein expression in LUAD

The RFEC4 protein expression in LUAD tissues was evaluated by
immunohistochemical staining in both cancer tissues and normal
tissues, and the data was retrieved and downloaded from the Human
Protein Atlas database (HPA, http://www.proteinatlas.org/).

To verify the differential expression of RFC4 protein, we
recruited 31 patients with LUAD who underwent surgical
treatment at the Second Affiliated Hospital of Fujian Medical
University between January 2021 and May 2024. Postoperative
cancer tissues were donated by the patient or their family
members, and written informed consent was obtained. This study
has been approved by the Ethics Committee of the Second Affiliated
Hospital of Fujian Medical University (2025-001). RFC4 rabbit
polyclonal antibody was purchased from Wuhan Sanying
Company. Immunohistochemical (IHC) staining was conducted
by Na Lin, and the results were interpreted by two members of the
research team (Bingwei Zeng and Jianqing Zheng).

2.9 Statistical analysis

Statistical analysis of the association between RFC4 and
clinicopathological parameters was performed using independent
sample t-test, Wilcoxon test, chi-square test, or Fisher’s exact test.
For survival variables, Kaplan-Meier curves were plotted as well as
log-rank tests. The prognostic value of RFC4 was analyzed using the
Cox proportional risk model via “survminer” and “survival” R
package. Significance was set at P<0.05. The above analyses were
performed using the R software (version 4.3.1).

3 Results

3.1 Expression of RFC4 mRNA in LUAD
tissues

The differential expression of RFC4 mRNA between LUAD
cancer and normal tissue samples is shown in Figures 2A-D. RFC4
expression level was significantly higher in LUAD tissues than normal
tissues in TCGA samples(P<0.001). The differential expression of
RFC4 in LUAD was further validated using the GEO dataset.
Consistent results in the exploration and validation sets indicated
that RFC4 mRNA expression was significantly elevated in LUAD
samples, suggesting the involvement of RFC4 in LUAD tumorigenesis.

3.2 Relationship between RFC4 and clinical
characteristics of patients

We divided the TCGA samples into different groups based on
the following clinical characteristics, survival status (alive: patients
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FIGURE 2

Expression of RFC4 mRNA in LUAD tissues from TCGA and GEO. (A) Expression of RFC4 mRNA between cancer tissues and normal tissue in TCGA
cohort. (B) Expression of RFC4 mRNA between cancer tissues and normal tissue in GSE116959 cohort. (C) Expression of RFC4 mRNA between
cancer tissues and normal tissue in GSE32863 cohort. (D) Expression of RFC4 mRNA between cancer tissues and normal tissue in GSE118370

cohort.

who still lived in the TCGA samples. dead: patients who have died
in the TCGA samples.), cancer status (WithTumor: patients who
still lived or died with tumor. TumorFree: patients who still lived or
died without tumor), gender (males and females), age (younger: <60
years old, older:>60 years old), race (white and non-white),
smoking status (smoker and never smoked), clinical stage (stage I,
stage II, stage III, and stage IV). According to the Response
Evaluation Criteria in Solid Tumors (RECIST), the samples were
divided into complete response, partial response, progressive
disease and stable disease groups. The results of the RFC4
expression in LUAD samples from different groups are shown in
Figures 3A-K. Only survival status demonstrated a significant
relationship with RFC4 expression.
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3.3 Relationship between RFC4 and
prognosis of patients with LUAD

Using best cutoft value of 7.16, patients with LUAD in the
TCGA database were divided into the REC4"¢" group (n=344) and
RFC4"" group (n=136). Kaplan-Meier survival analysis showed
that patients with high RFC4 expression levels had significantly
worse OS than those with low RFC4 expression levels (hazard ratio
[HR] =1.83; 1.25-2.68, P=0.002) (Figure 4A). The 5-year survival
rate was 54.95% (42.39%-71.23%) in the RFC4™" group and
41.25% (33.68%-50.51%) in the RFC4 ™" group, respectively.
Using best cutoff value of 9.31, patients with LUAD in the
GSE37745 dataset were divided into the REC4!igh group (n=112)

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1578243
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

FIGURE 3

RFC4 Expression

%
60
0 wf\s

RFC4 Expression

RFC4 Expression
&

8

°

RFC4 Expression
2 8

8

RFC4 Expression
2 8

8

RFC4 Expression
& 8

8

Gene expression across SurvivalStatus group
twoicn(244.11) = -2.35, p = 0.02, Gitedges = -0.24, Closy, [-0.44, -0.04], nows = 480

Gene expression across CancerStatus group
twein(215.45) = -0.62, p = 0.53, Ghtogges = 0.06, Clasy, [-0.26, 0.14], neps = 495

RFC4 Expression

Aive Dead
(n=317) (n=163)
SurvivalStatus
100.(BF ) = -1.10, Biier, = -2.85, CIST, [:6.12,-0.75), 23, = 0.71

Gene expression across Gender group
twecn(460.42) = -1.22, p = 0.22, Guegges = -0.11, Class; [:0.28, 0.07], nows = 516

TumorFree. WithTumor
(n=375) (n=120)
CancerStatus

10gu(BF o) = 1.98, B, = -0.66, CIST, 286, 1.55) 125, = 0.71

Gene expression across Age group
t1ecr(335.62) = 0.82, p = 0.41, Ghigges = 0.08, Clagy; [-0.11, 0.26], N = 485

RFC4 Expression

Female Male
(n=278) (n=238)
Gender
100u(BF 1) = 1.57, Bipanae = -1.18, CIED, 320, 0.79) rZS,,, = 0.71

Gene expression across Race group
twocn(76.07) = 0.86, p = 0.39, Ghosges = 0.12, Closs [-0.15, 0.40), neys = 449

Younger Oider
(n=143) (n=342)
Age
100,(BF 1) = 1.94, Bimaerss = 0.87, ISR, [4.37, 3.08) rZ5,,, = 0.71
Gene expression across SmokingStatus group
twein(106.15) = -1.71, p = 0.09, Ghoages = -0.21, Closy [-0.45, 0.03), nops = 502

RFC4 Expression

A

Nonwiite whte
(n=60) (n=389)
Race
10g.(BFor) = 1.51, B0, = 1.28, CIT, 168, 410 2, = 071

Never Smoked Smoker
=75 (n=a27)
SmokingStatus

10g4(8Far) =0.73, Bigtet, = 226, CIEL, 510,060} r%,, =071

Gene expression across Stage group % Gene expression across Tstage group g
Fuion(3,99.23) = 0.79, p = 0.50, w? = 0.00, Clogs, 000, 1.00} ngs =516 § Fnoen(3, 74.08) = 1.81, p = 0.16, 2 = 0.03, Clogs, [0.00, 1.00} noss =513 §
g 5
g m g
[} I3
H H
g5 H
1 ;
5

g4 2

© 30
E /) A\ 2

G = 15.19) @7 < .

. 2 8- 25) 5o 29)| §
"
Sge Sagell SagelV B = T ) &
(n=121) (n=84) (n=26) (n=169) (n=278) (n=47) (n=19) 2
Totage H
E

100.(BFor) = 4.26, RPEESE, = 0,00, CII, (0.0, 000} r22,, = 071

Gene expression across Nstage group
Fuieen(3,13.33) = 054, p = 0.66, w? = 0.00, Closs, [0.00, 1.00], N, = 505

RFC4 Expression

1004(BFor) = 2.93, R7Geriicn = 0.00, CIL%, [0.00, 2.84-04), £ 25, =071

Gene expression across Mstage group
twen(27.79) = 1.32, p = 0.20, Giedges = -0.26, Closs; [:0.66, 0.14], noys = 372

o Nt N2 N3
(n=333) (n=96) (n=14) (0=2)
Nstage

100u(BF o) = 3.74, RIS = 0,00, G2, 1000, 000} 225, = 071
Gene expression across RECIST group
Fueicn(3,8.3) = 0.36, p = 0.78, :ﬁ =0.00, Clgsy, [0.00, 1.00), Nops = 46

qlf
[/

StableDisease
(n=14) =3 (n=24) n=5
RECIST

100,(8For) = 2.15, RPESSSS = 0,00, (0.0, 004] rZ2,., = 071

JUBOIUBIS JUMOUS SI8G IIOMOH-SOWES) C1S3] BSIAIEY  JUBDLIUBIS :UMOUS SIBg ‘||OMOH-SOWES) 155} SINIE]

Wit
(=25

Mstage
10g4(BF) = 0.80, Bjgares, = -2.49, CI), 1739, 1.88), 123, = 0.71

10.3389/fimmu.2025.1578243

Relationship between RFC4 mRNA and clinical characteristics of patients. (A) Expression of RFC4 mRNA with different survival status (Alive: Patients
who still lived in the TCGA samples. Dead: Patients who have died in the TCGA samples.). (B) Expression of RFC4 mRNA with different cancer status
(WithTumor: Patients who still lived or died with tumor. TumorFree: Patients who still lived or died without tumor). (C) Expression of RFC4 mRNA
with different gender. (D) Expression of RFC4 mRNA with different survival status. (A) Expression of RFC4 mRNA with different age (Younger: <60
years old, Older:>60 years old). (E) Expression of RFC4 mRNA with different race (white and non-white). (F) Expression of RFC4 mRNA with different
smoking status (smoker and never smoked). (G) Expression of RFC4 mRNA with different clinical stage. (H) Expression of RFC4 mRNA with different
T stage. () Expression of RFC4 mRNA with different N stage. (J) Expression of RFC4 mRNA with different M stage. (K) Expression of RFC4 mRNA with

different RECIST status.
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and RFC4"°" group (n=84). Kaplan-Meier survival analysis showed
that patients with high RFC4 expression had worse overall survival
than those with low RFC4 expression levels had significantly worse
OS than those with low RFC4 expression levels (HR = 1.52; 1.09-
2.13, P=0.015) (Figure 4B). 5-year survival rate was 50.00%
(40.37%-61.92%) in the RFC4™" group, and 35.71% (27.86%-
45.79%) in REC4 ™" group, respectively.

To verify whether RFC4 has an independent prognostic value,
multivariate analysis was conducted. Univariate analysis showed
that the RFC4 expression, clinical stage, cancer status and residual
tumor were potential factors for the OS of patients with LUAD
(P<0.05), as shown in Table 1. A multivariate COX regression
analysis based on the abovementioned four positive variables was
performed, and the results were presented in Table 2. In the
stepwise regression multivariate model, RFC4.AutoCut
significantly affected the OS (HR=1.52, 95%CI: 1.09-2.12,
P=0.007), thus suggesting the independent prognostic value of
RFC4 in LUAD.

3.4 Analysis of DEGs and functional
enrichment related to RFC4

Using the median expression value of RFC4, patients with
LUAD in the TCGA database were divided, and a differential
expression analysis was conducted. Using the absolute value of
log fold change21 and P <0.05 as screening criteria, a total of 1346
DEGs were identified, of which 746 genes were highly expressed
and 600 genes were lowly expressed. Detailed information of DEGs
were listed in Supplementary Table S1. Heatmaps and volcano
maps are provided in Figures 5A, B, respectively.

All DEGs that showed significant differences between the
RFC4"€" and RFC4"" groups were screened and selected for
functional enrichment analyses. The biological processes were
mainly enriched in nuclear division, chromosome segregation,
organelle fission, nuclear chromosome segregation, mitotic
nuclear division, mitotic sister chromatid segregation, sister
chromatid segregation, regulation of mitotic nuclear division,
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DNA-templated DNA replication, and regulation of nuclear
division. The cellular composition was mainly enriched in
condensed chromosomes, chromosomal regions, chromosomes,
centromeric regions, condensed chromosomes, centromeric
regions, kinetochores, outer kinetochores, CMG complexes, DNA
replication pre-initiation complexes, spindles, and mitotic spindles.
The molecular functions were mainly enriched for microtubule
motor activity, microtubule binding, cytoskeletal motor activity,
single-stranded DNA helicase activity, hormone activity, tubulin
binding, serine-type endopeptidase activity, sodium-ion
transmembrane transporter activity, peptidase inhibitor activity,
and DNA helicase activity. The KEGG pathways were mainly
enriched in the cell cycle, neuroactive ligand-receptor interaction,
motor proteins, bile secretion, pancreatic secretion, Fanconi anemia
pathway, cytokine-cytokine receptor interaction, drug metabolism-
cytochrome P450, oocyte meiosis, and the cAMP signaling
pathway. The results of the functional enrichment analysis are
shown in Figures 6A-D. Detailed information on the functional
enrichment analysis is provided in Supplementary Table S2.

3.5 Correlation analysis between RFC4 and
immunostimulators and immunoinhibitors

The detail results of the correlation analysis between RFC4 and
the immunostimulators were listed in Supplementary Table S3 and
shown in Figure 7A. In our study, 43 immunostimulators were
selected for correlation analysis. RFC4 expression was positively
correlated with 14 immunostimulatory factors and negatively
correlated with 13 immunostimulatory factors. We used GSVA to
evaluate the correlation between RFC4 and immunostimulators and
provided a correlation coefficient indicator called GSVA.Meta, which
reflects the GSVA results. The GSVA results showed that RFC4 was
negatively correlated with GSVA.Meta (rtho=-0.164, P<0.001). Based
on these results, we inferred that RFC4 mainly altered the TIME by
suppressing the expression of immune-stimulatory factors.

Similarly, 23 immunoinhibitors were selected for the correlation
analysis. The detail results were listed in Supplementary Table S4 and
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Kaplan—Meier survival analysis of RFC4 expression on survival in LUAD. (A) Overall survival from TCGA. (B) Validation result of survival from GSE37745

dataset.
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TABLE 1 Univariate analysis of the prognostic ability of RFC4 in patients with LUAD.

10.3389/fimmu.2025.1578243

Characteristics Levels Beta SE HR (95% CI for HR)  Statistics (Z value) P
RFC4 0.01 0.01 1.01 (1.00, 1.02) 2.496 0.013
RFC4.Median Low

High 0.27 0.15 1.30 (0.97, 1.76) 1.731 0.083
RFC4.AutoCut Low

High 0.56 0.17 1.75 (1.26, 2.43) 3.360 <0.001
CancerStatus TumorFree

WithTumor 1.45 0.15 4.28 (3.16, 5.80) 9.412 <0.001
Gender Female

Male 0.06 0.15 1.06 (0.79, 1.44) 0.403 0.687
Age_group Younger

Older 0.11 0.17 1.12 (0.80, 1.56) 0.673 0.501
SmokingStatus Never Smoked

Smoker -0.03 0.21 0.97 (0.64, 1.47) -0.140 0.889
TumorSite L-Lower

L-Upper 0.08 0.25 1.08 (0.67, 1.75) 0.316 0.752

R-Lower 0.24 0.25 1.27 (0.77, 2.08) 0.949 0.343

R-Middle 0.24 0.46 1.27 (0.52, 3.11) 0.531 0.595

R-Upper -0.12 0.24 0.89 (0.56, 1.42) -0.500 0.617
Residual Tumor RO

R1/R2 1.43 0.26 4.19 (2.54, 6.93) 5.593 <0.001

Rx 0.27 0.37 1.31 (0.64, 2.68) 0.736 0.462
Stage Stage I

Stage 1I 0.96 0.19 2.62 (1.79, 3.83) 4.966 <0.001

Stage IIT 1.38 0.20 3.98 (2.71, 5.85) 7.024 <0.001

Stage IV 1.50 0.28 4.47 (2.56, 7.80) 5271 <0.001

TABLE 2 Multivariate analysis of prognostic ability of RFC4 in patients with LUAD.

Characteristics Levels Beta SE HR (95% CI for HR) = Statistics (Z value) P
RFC4.AutoCut Low

High 0.42 0.17 1.52 (1.09,2.12) 2.444 0.015
CancerStatus TumorFree

WithTumor 1.16 0.17 3.18 (2.28,4.42) 6.854 <0.001
Residual Tumor RO

R1/R2 0.73 0.28 2.07 (1.21,3.56) 2.650 0.008

Rx -0.09 0.37 0.92 (0.45,1.89) 0.238 0.812
Stage Stage I

Stage II 0.68 0.20 1.96 (1.33,2.90) 3.399 0.001

Stage III 1.11 0.20 3.04 (2.05,4.52) 5.505 <0.001

Stage IV 0.66 0.30 1.93 (1.06,3.50) 2.166 0.030

Frontiers in Immunology 08 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1578243
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

FIGURE 5

Screening of differentially expressed genes in different RFC4 status in LUAD cohort. (A) Heatmap. The figure shows 50 genes with the most
significant upregulation, 50 genes with the most significant downregulation. (B) volcano plot. Differentially expressed genes were selected to

labelled.
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shown in Figure 7B. RFC4 expression was positively correlated with
the expression of 10 immunosuppressive factors and negatively
correlated with the expression of two immunosuppressive factors.
The GSVA results showed that REC4 was negatively correlated with
GSVA.Meta, with no statistical significance (rho=-0.068, P=0.122).

3.6 Relationship between RFC4 and
immune cell infiltration

To evaluate the discriminative potential of RFC4 for TIME and its
applicability in immunotherapy in patients with LUAD, a correlation
analysis between 22 immune cells and RFC4 was conducted using
CIBERSORT, and results were shown in Figure 8A; Supplementary
Table S5. Among them, T cells CD4 memory resting, mast cells
resting, dendritic cells resting, monocytes, macrophages M2, and
plasma cells were negatively correlated with RFC4 gene with
significance, while T cells gamma delta, mast cells activated, T cells
CD4 memory activated, macrophages MO, T cells follicular helper, T
cells CD8, macrophages M1 were positively correlated with RFC4
gene with significance. The infiltration of 22 types of immune cells
between REC4™€" group and RFC4™" group was shown in Figure 8B.
With median expression value of RFC4, our results showed that NK
cells resting, macrophages M0, macrophages M1, mast cells activated,
T cells CD4 memory activated, T cells CD8 and T cells follicular helper

Cor of GSVA=-0.16 , p value = 0.000

0.000
0.000
0.000
0.000
0.000

PVR

MICB
CD276
TNFRSF25
ULBP1
TNFSF4
TNFRSF18
TNFRSF9
KLRC1

IL6

IL2RA
cD70
RAET1E
TNFRSF13C
KLRK1
TNFRSF4
TNFSF138
CD40
cD86
Icos
TNFRSF8
cD8o

Pvalue

~e- <0.001

- <001

- <005
>0.05

corl

® <03

TNFRSF14
cp27
CXCL12
TNFRSF17
cD28
TNFSF14
HHLA2
TNFSF15
TNFRSF138
CD40LG
IL6R
TNFSF13
GSVA.Meta

Correlation coefficient

FIGURE 7

@ o03-05

10.3389/fimmu.2025.1578243

had more infiltration in the REC4™" group, while plasma cells,
dendritic cells resting, mast cells resting, monocytes and T cells CD4
memory resting had more infiltration in the RFC4"" group.
Furthermore, we regrouped immune cells into four categories, and
dendritic cells, macrophages and mast cells showed the most
significant differences between the RFC4™¢" group and RFC4™"
group, as shown in Figure 8C. Immune cell infiltration in different
RFC4 groups and LUAD samples is shown in Supplementary Figures
S1A, S1B.

The ESTIMATE analysis revealed that cancer tissues in the
RFC4"8" group had lower stromal scores, lower immune scores,
lower ESTIMATE scores, and higher tumor purity than those in the
RFC4"" group, as shown in Figures 9A-D. Correlation analyses
between RFC4 expression levels and stromal, immune, ESTIMATE,
and tumor purity from ESTIMATE are shown in Figure 9E. Among
them, stromal, immune and ESTIMATE scores were negatively
correlated with RFC4 expression, whereas tumor purity was
positively correlated with RFC4 expression.

3.7 Potential function prediction of RFC4
We downloaded 14 gene sets with common cancer-related

functions from CancerSEA (http://biocc.hrbmu.edu.cn/
CancerSEA/goDownload) and used GSVA to predict the RFC4

Cor of GSVA=-0.07 , p value = 0.122
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side of each line represent the statistical significance of the correlation coefficient, that is, the P value. corl: the abbreviation of the correlation

coefficient).
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Correlation analysis was conducted using Pearson’s method in (E).

function (27). Except epithelial-mesenchymal transition (EMT) and
metastasis, RFC4 was widely involved in other biological processes,
including angiogenesis, apoptosis, cell cycle, differentiation, DNA
damage, DNA repair, hypoxia, inflammation, invasion,
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proliferation, quiescence and stemness, as shown in Figure 10.
Among them, RFC4 has the strongest positive relationship with
cell cycle, DNA repair and DNA damage, indicating that RFC4 was
mainly involved in these biological processes.
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3.8 Prediction of immunotherapy efficacy
of RFC4 in LUAD

TIDE predicted the efficacy of RFC4 in immunotherapy, as
shown in Figures 11A-D. The REC4"8" group showed a higher

response rate to immune therapy than the REC4"™

group. Lower
TIDE scores were observed in the RFC4"¢" group, indicating
higher immune sensitivity and increased patient benefit from ICIs
treatment. Moreover, high RFC4 expression levels were correlated
with lower dysfunction and higher exclusion. Furthermore, high
RFC4 expression levels were correlated with higher MDSC, higher
CAF, higher CD8 scores and lower TAM.M2 and lower IFNG
scores. Thus, high RFC4 expression levels were correlated with

better immunotherapy sensitivity in patients with LUAD.

3.9 RFC4 protein expression in LUAD

To verify RFC4 protein expression in LUAD tissues, we
analyzed THC images from the HPA database. RFC4 protein
exhibited moderate-to-strong expression in 83.33% (25/30) cases
of LUAD tissues and 22.22% (2/9) case of normal tissues, and the
difference was statistically significant (> = 12.56, P=0.002). The
IHC schematic of RFC4 protein in LUAD and normal lung tissues
from the HPA database is shown in Figures 12A, B.

In our real-world cohort, among 31 cases of LUAD tissue, 24
cases had a strong positive RFC4 expression, 7 cases had a weak
positive expression, and no cases demonstrated a negative
expression. In adjacent tissues, only six cases showed strong

10.3389/fimmu.2025.1578243

positive RFC4 expression, 10 cases showed a weak positive
expression, and 15 cases showed a negative expression. Thus, the
strong positive expression rate of RFC4 in LUAD tissues was
77.42% (24/31), whereas that in adjacent tissues was 19.35% (6/
31), and the difference was statistically significant (XZ = 26.329,
P<0.001). An THC schematic of RFC4 protein in LUAD and normal
lung tissues from our real-world cohort is shown in Figures 13A-D.

4 Discussion

This study has made several important discoveries. First, both
RFC4 mRNA and protein are overexpressed in LUAD cancer
tissues, indicating a strong correlation between RFC4 and
occurrence of LUAD cancer. Second, high RFC4 expression levels
were associated with poor prognosis in patients with LUAD. Third,
a relationship between the expression status of RFC4 and TIME
remodeling was identified. Finally, patients with LUAD with high
RFC4 expression levels may be more likely to benefit
from immunotherapy.

In the past two decades, cancer research has significantly
progressed, with targeted and immunotherapy drugs being
constantly updated. The emergence of ICIs, used alone or in
combination with chemotherapy, marks a milestone in the
treatment of advanced LUAD (28). With the application of an
increasing number of ICIs against PD-1, PD-L1, and CTLA-4, more
treatment options are available and prognoses in patients with
advanced LUAD has significantly improved (29). However, the
current effective of immunotherapy for LUAD is still <40% (30).
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FIGURE 10

Potential Function Prediction of RFC4. (Correlation analysis was conducted using Pearson’s method. The numbers on the right side of each line
represent the statistical significance of the correlation coefficient, that is, the P value. corl: the abbreviation of the correlation coefficient).
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TIDE method predicted the efficacy of RFC4 in immunotherapy. (A) TIDE value of all TCGA samples. (B) Comparison of immune therapy response
rates at different RFC4 expression levels. (C) Comparison of TIDE scores at different RFC4 expression levels. (D) Other immune therapy response

prediction scores. "***":<0.001.

The response of LUAD to these therapies varies greatly, from
patients with complete and long-term remission of metastatic
diseases to those who rapidly progress and die from cancer
despite the use of the latest ICIs. Thus, if patients with LUAD are
not effectively selected, many will receive unnecessary and
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Low High Low High

ineffective immunotherapy (31, 32). Unfortunately, biomarkers
for predicting the effectiveness of immunotherapy in human
cancer are currently lacking. Therefore, new robust markers
still need to be explored to guide clinical treatment decisions
about ICIs.
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FIGURE 12
Interpretation of RFC4 in immunohistochemical staining. (A) High expression of RFC4 in LUAD cancer tissue. (B) Low expression of RFC4 in normal
tissue.
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FIGURE 13

Interpretation of RFC4 in immunohistochemical staining from real-world cohort. (A) High expression of RFC4 in LUAD cancer tissue. (B) Low
expression of RFC4 in LUAD cancer tissue. (C) Positive expression of RFC4 in normal lung tissue. (D) Negative expression of RFC4 in normal lung
tissue.
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RFCs are composed of the following five subunits: REC1, REC2,
RFC3, RFC4, and RFC5 (16). RFCs not only increase the affinity
between DNA polymerase and primer ends, but also reduce the
number of PCNAs required to activate DNA polymerase (33). The
RFCs exhibit DNA-dependent ATPase activity, which is necessary
to activate DNA polymerase (33). The RFC complex contains a new
5" DNA binding site responsible for transferring the 9-1-1
heterotrimeric clamp onto DNA, playing a role in DNA break
repair (34). The role of RFCs in cancer progression has attracted
increasing attention (10, 35). RFCs exhibit biological activities in
various malignant tumors and may play important roles in the
proliferation, progression, invasion, and metastasis of cancer cells
(36, 37). Until recently, the role of RFC4 in cancer progression
remained underexplored or unclear. Many studies have shown that
RFC4 can promote tumor progression and metastasis in lung,
nasopharyngeal, hepatocellular and colorectal cancers (16, 17, 36,
37). RFC4 is a regulatory protein that is primarily present in the
nucleus (38). RFC4 exists mainly in the RFC complex of DNA and
participates in the formation of DNA replication complexes to
initiate the replication process of DNA. RFC4 is also involved in
various important cellular processes, including DNA strand
extension, DNA repair, and the other important signaling
pathways (39). To elucidate the mechanism of RFC4 in LUAD,
we used a series of bioinformatics methods to comprehensively
analyze the gene expression and clinical characteristics of RFC4 in
LUAD as well as the relationship between RFC4 expression and
survival, microsatellite instability, and immune infiltration.

To the best of our knowledge, this study is the first to investigate
the expression levels of REC4 in cancer and normal tissues using the
TCGA, GEO, and HPA databases. RFC4 expression was significantly
upregulated in LUAD, which is consistent with its expression in other
cancers (10, 16, 36). Thus, RFC4 may be involved in LUAD
development and may be an important genetic diagnostic marker
for LUAD. Interestingly, the increase in REC4 expression was highly
correlated with the mortality status of patients with LUAD, with
RFC4 expression significantly elevated in deceased patients. Further
survival analysis suggested that a high RFC4 expression level was an
important prognostic factor. Unfortunately, we did not observe any
correlation between RFC4 expression levels and tumor staging, nor
were they associated with clinical features such as gender, age, and
smoking status. Based on these results, RFC4 may be a potential
prognostic biomarker of LUAD, providing a new targeted therapy
strategy for the treatment of LUAD.

Changes in TIME are important features of tumors, which are
highly correlated not only with cancer prognosis but also with tumor
response to immunotherapy (40, 41). Several types of
immunotherapies, including adoptive cell transfer and ICIs, have
achieved long-lasting clinical responses, with the core mechanism of
reshaping the TIME, enhancing tumor response to immunotherapy,
and promoting tumor cell apoptosis (41). However, the high
heterogeneity and dynamism of TIME hinder the precise isolation
of immune cells within tumors, making it difficult to comprehensively
analyze cancer prognosis. To further investigate the potential value of
RFC4 in LUAD, we explored the correlation between RFC4
expression, immune cell infiltration and immunomodulators.
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Among the selected immunostimulators, RFC4 expression was
positively associated with 14 immunostimulatory factors and
negatively correlated with 13 immunostimulatory factors. These
results hindered the understanding of the role of RFC4 as an
immunostimulator. Therefore, to clarify and summarize the results,
we used GSVA to predict the gene set of immunostimulators. The
GSVA results showed that RFC4 was negatively correlated with
GSVA.Meta (rho=-0.164, P<0.001). The same method was applied
to immune inhibitors. The GSVA result showed that RFC4 was
negatively correlated with GSVA.Meta with no statistical significance
(rho=-0.068, P=0.122). Based on these results, we inferred that RFC4
mainly alters the TIME by suppressing the expression of immune
stimulatory factors. The dual positive/negative correlations between
RFC4 and immunostimulators (as shown in Figure 7A) suggest that
the mechanism by which RFC4 regulates the TIME is very complex.
TIME is a complex system with highly precise regulatory
mechanisms, and complex crosstalk with stromal components
may be key to maintaining the orderly operation of these complex
components (42, 43). A focused study on how RFC4 simultaneously
suppress and activate immune pathways is required.

In addition, although the bioinformatics results were robust, the
biological implications of RFC4 overexpression in LUAD remain
unexplored. The present study is an exploratory study; therefore, we
cannot yet determine the mechanism by which RFC4 affects the
TME, which requires further research. In our preliminary results,
RFC4 expression was positively correlated with PD-L1(CD274, as
shown in Figure 7B), but not with CTLA-4 expression. We
speculated that RFC4 might be related to PD1/PD-L1 pathway.
Although the GO/KEGG analyses highlight the association of RFC4
with DNA repair and cell cycle pathways, direct mechanistic links to
immune evasion (e.g., via PD-L1 regulation or antigen
presentation) remain speculative. Therefore, our future study will
verify the effect of RFC4 on PD-L1 expression through
overexpression or knockdown, demonstrate the direction of gene
regulation, and clarify whether RFC4 is a driver or consequence of
immune evasion. The RFC4/NOTCHL1 signal feedback loop was
identified and revealed the mechanism of RFC4 promoting NSCLC
metastasis and stemness, indicating its therapeutic and diagnostic/
prognostic potential for NSCLC treatment (17).

With breakthroughs in tumor-related immunosuppressants
and immunostimulants, ICIs have been widely used in tumor
immunotherapy and have achieved significant and encouraging
results. ICIs targeting PD-1/PD-L1 have been approved for the
treatment of various malignant tumors, including melanoma,
lymphoma, LC, and many other cancers. Therefore, speculating
that RFC4 expression may regulate the infiltration level of tumor
immune cells and the immune response, ultimately affecting the
prognosis of patients with cancer, is reasonable. To verify this
hypothesis, we employed two methods to explore the impact of
RFC4 expression on immune cell infiltration into the TME. Using
the CIBERSORT algorithm, we found that T cells CD4 memory
resting, mast cells resting, dendritic cells resting, monocytes,
macrophages M2, and plasma cells were negatively correlated
with RFC4 gene with significance, whereas T cells gamma delta,
mast cells activated, T cells CD4 memory activated, macrophages
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MO, T cells follicular helper, T cells CD8, macrophages M1 were
positively correlated with RFC4 gene. Using the ESTIMATE
algorithm, we observed that cancer tissues in the REC4Migh group
had lower stromal and immune scores, lower ESTIMATE scores,
and higher tumor purity. Based on the above analysis results, we
confirmed that RFC4 played an important role in reshaping TIME.
Therefore, the targeted regulation of RFC4 expression may alter the
TIME of patients with LUAD and achieve better immunotherapy
outcomes. Immunotherapy predictions further confirmed our
hypothesis. In the TIDE algorithm, lower TIDE scores were
observed in the RFC4™" group, indicating higher immune
sensitivity and increased patient benefit from ICI treatment.
Moreover, high RFC4 expression levels were correlated with
lower dysfunction and higher exclusion. Furthermore, high RFC4
expression levels were correlated with higher MDSC, CAF, and CD8
scores and lower TAM.M2 and IFNG scores. In tumors with a high
infiltration of immune cells, dysfunctional effector toxic T cells can
effectively kill tumor cells; however, their function is suppressed for
some situation. Lower dysfunction and higher exclusion indicated
that the cancer environment is more suitable for immunotherapy.

Our study also predicted the impact of RFC4 on 14 biological
functions in common cancers. RFC4 is widely involved in other
biological processes, including angiogenesis, apoptosis, cell cycle,
differentiation, DNA damage, DNA repair, hypoxia, inflammation,
invasion, proliferation, quiescence and stemness. According to
previous reports, REC4 is mainly related to DNA replication and
repair, and our research yielded similar results, indicating that our
prediction results have highly accurate (11, 37, 39). The manner by
which RFC4-driven DNA replication/repair processes intersect with
immune evasion requires further investigation. In most cancer tissues,
the expression of DNA replication/repair genes is high (44), which
may reflect the proliferative properties of cancers. High expression of
DNA replication/repair genes is commonly a passive physiological
state, although it is crucial for maintaining genomic stability. Genomic
instability is a hallmark of cancer cell differentiation from normal cells
(45). Genomic instability is an important genetic feature of changes in
the TIME (46). In the presence of ATP, RFC4 can assemble PCNA
and DNA polymerase 8 onto a template using primers, thereby
effectively extending the DNA replication strand. This process is
essential for DNA replication and repair. Therefore, RFC4
expression was highly correlated with DNA repair.

Our findings strengthen the idea that high RFC4 expression levels
were associated with poor prognosis in patients with LUAD. From
the perspective of bioinformatics analysis, RCF4 alters tumor
prognosis by reshaping the TIME, and targeted inhibition of RCF4
may be a promising new strategy for the treatment of LUAD. Our
study has some limitations. First, our study was based only on the
TCGA and GEO databases and should be validated in clinical cohorts
in the future. Second, our study relied on TIDE scores to predict
immunotherapy response but lacked experimental validation. In the
future, a real-world cohort should be collected to verify whether
RFC4 expression correlates with immunotherapy responses. Third,
our study identified RFC4 as a potential therapeutic target but did not
provide functional validation. In the future, silencing (shRNA/
CRISPR) or overexpression of REC4 in LUAD cell lines could be
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used to examine its impact on tumor growth, immune evasion, drug
sensitivity, and cytokine expression. Fourth, the biological function of
RFC4 protein expression in LUAD cells should be experimentally
validated. Further exploration of the factors and upstream and
downstream signaling pathways that regulate RFC4 in vivo is
required. Finally, the biomarkers currently established, such as PD-
L1 expression and tumor mutation burden, have shown very
optimistic predictive value in immunotherapy (47, 48). It is still
unclear whether RFC4 can provide additional predictive value
compared with PD-L1 expression and tumor mutation burden.
Further exploration is required in real-world cohorts.

5 Conclusion

RFC4 may be a promising biomarker for tumorigenesis and
could effectively predict immunotherapy response in LUAD. RCF4
altered tumor prognosis by reshaping the TIME, and targeted
inhibition of RCF4 may be a promising new strategy for the
treatment of LUAD.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of the Second Affiliated Hospital of Fujian Medical
University. The studies were conducted in accordance with the local
legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

JZ: Data curation, Funding acquisition, Methodology, Software,
Writing - original draft. NL: Resources, Validation, Writing — original
draft. BH: Data curation, Formal Analysis, Funding acquisition,
Software, Writing — original draft. MW: Resources, Software, Writing
- review & editing. LX: Data curation, Methodology, Writing - review &
editing. BZ: Data curation, Validation, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. The author(s) declare
that financial support was received for the research and/or
publication of this article. This study was supported by Fujian
Provincial Natural and Scientific Foundation (Grant No:

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1578243
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

2024J01671, to JZ), the Joint Funds for the Innovation of Science
and Technology, Fujian Province (Grant No: 2024Y9358 to JZ),
Science and technology projects of Quanzhou city (Grant No:
2023NS010 to JZ), Science and technology projects of Quanzhou
city (Grant No: 2025QZNG056 to BH) and School-level Project of
Quanzhou Medical College (Grant No: XJK2402A, to BH).

Conflict of interest

The authors declared that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

References

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer ]
Clin. (2021) 71:7-33. doi: 10.3322/caac.21654

2. Torre LA, Siegel RL, Jemal A. Lung cancer statistics. Adv Exp Med Biol. (2016)
893:1-19. doi: 10.1007/978-3-319-24223-1_1

3. Zheng R, Zhang S, Wang S, Chen R, Sun K, Zeng H, et al. Lung cancer incidence
and mortality in China: Updated statistics and an overview of temporal trends from
2000 to 2016. ] Natl Cancer Cent. (2022) 2:139-47. doi: 10.1016/j.jncc.2022.07.004

4. Duma N, Santana-Davila R, Molina JR. Non-small cell lung cancer: epidemiology,
screening, diagnosis, and treatment. Mayo Clin Proc. (2019) 94:1623-40. doi: 10.1016/
j.mayocp.2019.01.013

5. Alexander M, Kim SY, Cheng H. Update 2020: management of non-small cell
lung cancer. Lung. (2020) 198:897-907. doi: 10.1007/s00408-020-00407-5

6. Jasper K, Stiles B, McDonald F, Palma DA. Practical management of
oligometastatic non-small-cell lung cancer. J Clin Oncol. (2022) 40:635-41.
doi: 10.1200/jc0.21.01719

7. Patel SA, Weiss J. Advances in the treatment of non-small cell lung cancer:
immunotherapy. Clin Chest Med. (2020) 41:237-47. doi: 10.1016/j.ccm.2020.02.010

8. Song P, Li W, Guo L, Ying J, Gao S, He J. Identification and validation of a novel
signature based on NK cell marker genes to predict prognosis and immunotherapy
response in lung adenocarcinoma by integrated analysis of single-cell and bulk RNA-
sequencing. Front Immunol. (2022) 13:850745. doi: 10.3389/fimmu.2022.850745

9. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and acquired
resistance to cancer immunotherapy. Cell. (2017) 168:707-23. doi: 10.1016/j.cell.2017.01.017

10. YuL, LiJ, Zhang M, Li Y, Bai ], Liu P, et al. Identification of RFC4 as a potential
biomarker for pan-cancer involving prognosis, tumour immune microenvironment
and drugs. ] Cell Mol Med. (2024) 28:¢18478. doi: 10.1111/jcmm.18478

11. Li X, Burgers PM. Cloning and characterization of the essential Saccharomyces
cerevisiae REC4 gene encoding the 37-kDa subunit of replication factor C. J Biol Chem.
(1994) 269:21880-4. doi: 10.1016/S0021-9258(17)31884-7

12. Zhou Y, Hingorani MM. Impact of individual proliferating cell nuclear antigen-
DNA contacts on clamp loading and function on DNA. ] Biol Chem. (2012) 287:35370-
81. doi: 10.1074/jbc.M112.399071

13. Cullmann G, Fien K, Kobayashi R, Stillman B. Characterization of the five

replication factor C genes of Saccharomyces cerevisiae. Mol Cell Biol. (1995) 15:4661-
71. doi: 10.1128/mcb.15.9.4661

14. Wu G, Zhou J, Zhu X, Tang X, Liu J, Zhou Q, et al. Integrative analysis of
expression, prognostic significance and immune infiltration of RFC family genes in
human sarcoma. Aging (Albany NY). (2022) 14:3705-19. doi: 10.18632/aging.204039

15. Corrette-Bennett SE, Borgeson C, Sommer D, Burgers PM, Lahue RS. DNA
polymerase delta, RFC and PCNA are required for repair synthesis of large looped
heteroduplexes in Saccharomyces cerevisiae. Nucleic Acids Res. (2004) 32:6268-75.
doi: 10.1093/nar/gkh965

Frontiers in Immunology

18

10.3389/fimmu.2025.1578243

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/
fimmu.2025.1578243/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Analysis of tumor-infiltrating immune cells changes in different RFC4 status in
LUAD cohort via CIBERSORT. (A) Cell proportion of 22 immune cells between
RFC4High group and RFC4Low group. (B) Cell proportion of 22 immune cells
in all LUAD cancer samples.

16. Guan S, Feng L, Wei ], Wang G, Wu L. Knockdown of RFC4 inhibits the cell
proliferation of nasopharyngeal carcinoma in vitro and in vivo. Front Med. (2023)
17:132-42. doi: 10.1007/s11684-022-0938-x

17. Liu L, Tao T, Liu S, Yang X, Chen X, Liang J, et al. An RFC4/Notchl signaling
feedback loop promotes NSCLC metastasis and stemness. Nat Commun. (2021)
12:2693. doi: 10.1038/s41467-021-22971-x

18. Moreno Leon L, Gautier M, Allan R, Ili¢ M, Nottet N, Pons N, et al. The nuclear
hypoxia-regulated NLUCAT1 long non-coding RNA contributes to an aggressive
phenotype in lung adenocarcinoma through regulation of oxidative stress. Oncogene.
(2019) 38:7146-65. doi: 10.1038/541388-019-0935-y

19. Selamat SA, Chung BS, Girard L, Zhang W, Zhang Y, Campan M, et al. Genome-
scale analysis of DNA methylation in lung adenocarcinoma and
integration with mRNA expression. Genome Res. (2012) 22:1197-211. doi: 10.1101/
gr.132662.111

20. XuL, LuC, Huang Y, Zhou J, Wang X, Liu C, et al. SPINK1 promotes cell growth
and metastasis of lung adenocarcinoma and acts as a novel prognostic biomarker. BMB
Rep. (2018) 51:648-53. doi: 10.5483/BMBRep.2018.51.12.205

21. Botling J, Edlund K, Lohr M, Hellwig B, Holmberg L, Lambe M, et al. Biomarker
discovery in non-small cell lung cancer: integrating gene expression profiling, meta-
analysis, and tissue microarray validation. Clin Cancer Res. (2013) 19:194-204.
doi: 10.1158/1078-0432.Ccr-12-1139

22. Zhang C, Berndt-Paetz M, Neuhaus J. A comprehensive bioinformatics analysis
of notch pathways in bladder cancer. Cancers (Basel). (2021) 13:1-33 doi: 10.3390/
cancers13123089

23. Gao Y, Chen Y, Liu M, Zeng D, Tan F, Wan H, et al. SLC17A9 as a prognostic
biomarker correlated with immune infiltrates in human non-small cell lung cancer. Am
J Cancer Res. (2023) 13:3963-82.

24. LiJ, Hu K, He D, Zhou L, Wang Z, Tao Y. Prognostic value of PLXNDI and
TGF-B1 coexpression and its correlation with immune infiltrates in hepatocellular
carcinoma. Front Oncol. (2020) 10:604131. doi: 10.3389/fonc.2020.604131

25. Chen B, Khodadoust MS, Liu CL, Newman AM, Alizadeh AA. Profiling tumor
infiltrating immune cells with CIBERSORT. Methods Mol Biol. (2018) 1711:243-59.
doi: 10.1007/978-1-4939-7493-1_12

26. Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-Garcia
W, et al. Inferring tumour purity and stromal and immune cell admixture from
expression data. Nat Commun. (2013) 4:2612. doi: 10.1038/ncomms3612

27. Yuan H, Yan M, Zhang G, Liu W, Deng C, Liao G, et al. CancerSEA: a
cancer single-cell state atlas. Nucleic Acids Res. (2019) 47:D900-d8. doi: 10.1093/nar/
gky939

28. Kawachi H, Yamada T, Tamiya M, Negi Y, Goto Y, Nakao A, et al. Concomitant
proton pump inhibitor use with pembrolizumab monotherapy vs immune checkpoint
inhibitor plus chemotherapy in patients with non-small cell lung cancer. JAMA Netw
Open. (2023) 6:€2322915. doi: 10.1001/jamanetworkopen.2023.22915

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1578243/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1578243/full#supplementary-material
https://doi.org/10.3322/caac.21654
https://doi.org/10.1007/978-3-319-24223-1_1
https://doi.org/10.1016/j.jncc.2022.07.004
https://doi.org/10.1016/j.mayocp.2019.01.013
https://doi.org/10.1016/j.mayocp.2019.01.013
https://doi.org/10.1007/s00408-020-00407-5
https://doi.org/10.1200/jco.21.01719
https://doi.org/10.1016/j.ccm.2020.02.010
https://doi.org/10.3389/fimmu.2022.850745
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1111/jcmm.18478
https://doi.org/10.1016/S0021-9258(17)31884-7
https://doi.org/10.1074/jbc.M112.399071
https://doi.org/10.1128/mcb.15.9.4661
https://doi.org/10.18632/aging.204039
https://doi.org/10.1093/nar/gkh965
https://doi.org/10.1007/s11684-022-0938-x
https://doi.org/10.1038/s41467-021-22971-x
https://doi.org/10.1038/s41388-019-0935-y
https://doi.org/10.1101/gr.132662.111
https://doi.org/10.1101/gr.132662.111
https://doi.org/10.5483/BMBRep.2018.51.12.205
https://doi.org/10.1158/1078-0432.Ccr-12-1139
https://doi.org/10.3390/cancers13123089
https://doi.org/10.3390/cancers13123089
https://doi.org/10.3389/fonc.2020.604131
https://doi.org/10.1007/978-1-4939-7493-1_12
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1093/nar/gky939
https://doi.org/10.1093/nar/gky939
https://doi.org/10.1001/jamanetworkopen.2023.22915
https://doi.org/10.3389/fimmu.2025.1578243
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

29. Shiravand Y, Khodadadi F, Kashani SMA, Hosseini-Fard SR, Hosseini S,
Sadeghirad H, et al. Immune checkpoint inhibitors in cancer therapy. Curr Oncol.
(2022) 29:3044-60. doi: 10.3390/curroncol29050247

30. Tang S, Qin C, Hu H, Liu T, He Y, Guo H, et al. Immune checkpoint inhibitors
in non-small cell lung cancer: progress, challenges, and prospects. Cells. (2022) 11:1-27.
doi: 10.3390/cells11030320

31. Sholl LM. Biomarkers of response to checkpoint inhibitors beyond PD-L1 in
lung cancer. Mod Pathol. (2022) 35:66-74. doi: 10.1038/s41379-021-00932-5

32. Wu B, Lu S. The effect of PD-L1 categories-directed pembrolizumab plus
chemotherapy for newly diagnosed metastatic non-small-cell lung cancer: a cost-
effectiveness analysis. Transl Lung Cancer Res. (2020) 9:1770-84. doi: 10.21037/tlcr-19-605

33. Liu X, Gaubitz C, Pajak J, Kelch BA. A second DNA binding site on RFC
facilitates clamp loading at gapped or nicked DNA. Elife. (2022) 11:e77483.
doi: 10.7554/eLife.77483

34. Li H, O'Donnell M, Kelch B. Unexpected new insights into DNA clamp loaders:
Eukaryotic clamp loaders contain a second DNA site for recessed 5' ends that facilitates
repair and signals DNA damage: Eukaryotic clamp loaders contain a second DNA site
for recessed 5' ends that facilitates repair and signals DNA damage. Bioessays. (2022)
44:€2200154. doi: 10.1002/bies.202200154

35. Bermudez-Guzman L. Pan-cancer analysis of non-oncogene addiction to DNA
repair. Sci Rep. (2021) 11:23264. doi: 10.1038/s41598-021-02773-3

36. Yang WX, Pan YY, You CG. CDK1, CCNB1, CDC20, BUB1, MAD2L1, MCM3,
BUB1B, MCM2, and RFC4 may be potential therapeutic targets for hepatocellular
carcinoma using integrated bioinformatic analysis. BioMed Res Int. (2019)
2019:1245072. doi: 10.1155/2019/1245072

37. Wang XC, Yue X, Zhang RX, Liu TY, Pan ZZ, Yang M]J, et al. Genome-wide
RNAI screening identifies REC4 as a factor that mediates radioresistance in colorectal
cancer by facilitating nonhomologous end joining repair. Clin Cancer Res. (2019)
25:4567-79. doi: 10.1158/1078-0432.Ccr-18-3735

38. Maga G, Mossi R, Fischer R, Berchtold MW, Hiibscher U. Phosphorylation of
the PCNA binding domain of the large subunit of replication factor C by Ca2
+/calmodulin-dependent protein kinase II inhibits DNA synthesis. Biochemistry.
(1997) 36:5300-10. doi: 10.1021/bi962809n

Frontiers in Immunology

19

10.3389/fimmu.2025.1578243

39. Krause SA, Loupart ML, Vass S, Schoenfelder S, Harrison S, Heck MM. Loss of
cell cycle checkpoint control in Drosophila Rfc4 mutants. Mol Cell Biol. (2001)
21:5156-68. doi: 10.1128/mcb.21.15.5156-5168.2001

40. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective therapy.
Nat Med. (2018) 24:541-50. doi: 10.1038/s41591-018-0014-x

41. Zhang Y, Zhang Z. The history and advances in cancer immunotherapy:
understanding the characteristics of tumor-infiltrating immune cells and their
therapeutic implications. Cell Mol Immunol. (2020) 17:807-21. doi: 10.1038/s41423-
020-0488-6

42. Mavatkar AD, Naidu CM, Prabhu JS, Nair MG. The dynamic tumor-stromal
crosstalk: implications of 'stromal-hot' tumors in the process of epithelial-mesenchymal
transition in breast cancer. Mol Biol Rep. (2023) 50:5379-93. doi: 10.1007/s11033-023-
08422-4

43. Du'W, Pasca di Magliano M, Zhang Y. Therapeutic potential of targeting stromal
crosstalk-mediated immune suppression in pancreatic cancer. Front Oncol. (2021)
11:682217. doi: 10.3389/fonc.2021.682217

44. Suzuki M, Takahashi T. Aberrant DNA replication in cancer. Mutat Res. (2013)
743-744:111-7. doi: 10.1016/j.mrfmmm.2012.07.003

45. Li H, Zimmerman SE, Weyemi U. Genomic instability and metabolism in
cancer. Int Rev Cell Mol Biol. (2021) 364:241-65. doi: 10.1016/bs.ircmb.2021.05.004

46. Bakhoum SF, Cantley LC. The multifaceted role of chromosomal instability in
cancer and its microenvironment. Cell. (2018) 174:1347-60. doi: 10.1016/
j.cell.2018.08.027

47. Luchini C, Bibeau F, Ligtenberg MJL, Singh N, Nottegar A, Bosse T, et al. ESMO
recommendations on microsatellite instability testing for immunotherapy in cancer,
and its relationship with PD-1/PD-L1 expression and tumour mutational burden: a
systematic review-based approach. Ann Oncol. (2019) 30:1232-43. doi: 10.1093/
annonc/mdz116

48. Ricciuti B, Wang X, Alessi JV, Rizvi H, Mahadevan NR, Li YY, et al. Association
of high tumor mutation burden in non-small cell lung cancers with increased immune
infiltration and improved clinical outcomes of PD-L1 blockade across PD-L1
expression levels. JAMA Oncol. (2022) 8:1160-8. doi: 10.1001/jamaoncol.2022.1981

frontiersin.org


https://doi.org/10.3390/curroncol29050247
https://doi.org/10.3390/cells11030320
https://doi.org/10.1038/s41379-021-00932-5
https://doi.org/10.21037/tlcr-19-605
https://doi.org/10.7554/eLife.77483
https://doi.org/10.1002/bies.202200154
https://doi.org/10.1038/s41598-021-02773-3
https://doi.org/10.1155/2019/1245072
https://doi.org/10.1158/1078-0432.Ccr-18-3735
https://doi.org/10.1021/bi962809n
https://doi.org/10.1128/mcb.21.15.5156-5168.2001
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1007/s11033-023-08422-4
https://doi.org/10.1007/s11033-023-08422-4
https://doi.org/10.3389/fonc.2021.682217
https://doi.org/10.1016/j.mrfmmm.2012.07.003
https://doi.org/10.1016/bs.ircmb.2021.05.004
https://doi.org/10.1016/j.cell.2018.08.027
https://doi.org/10.1016/j.cell.2018.08.027
https://doi.org/10.1093/annonc/mdz116
https://doi.org/10.1093/annonc/mdz116
https://doi.org/10.1001/jamaoncol.2022.1981
https://doi.org/10.3389/fimmu.2025.1578243
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Comprehensive analysis of RFC4 as a potential biomarker for regulating the immune microenvironment and predicting immune therapy response in lung adenocarcinoma
	1 Introduction
	2 Materials and methods
	2.1 Data collection of LUAD samples
	2.2 Differential expressions of RFC4 mRNA and protein between LUAD tissues and adjacent tissues or normal lung tissues
	2.3 Survival analysis and clinical correlation analysis of RFC4
	2.4 Screening and functional analysis of RFC4 related differentially expressed genes in LUAD
	2.5 Immune cell infiltration analysis and gene set variation analysis
	2.6 Estimation of stromal and immune scores
	2.7 Immunotherapy response prediction
	2.8 RFC4 protein expression in LUAD
	2.9 Statistical analysis

	3 Results
	3.1 Expression of RFC4 mRNA in LUAD tissues
	3.2 Relationship between RFC4 and clinical characteristics of patients
	3.3 Relationship between RFC4 and prognosis of patients with LUAD
	3.4 Analysis of DEGs and functional enrichment related to RFC4
	3.5 Correlation analysis between RFC4 and immunostimulators and immunoinhibitors
	3.6 Relationship between RFC4 and immune cell infiltration
	3.7 Potential function prediction of RFC4
	3.8 Prediction of immunotherapy efficacy of RFC4 in LUAD
	3.9 RFC4 protein expression in LUAD

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




