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Abstract

Background: Colorectal cancer remains a major cause of cancer-related mortality, and reliable biomarkers
associated with prognosis and the tumor immune microenvironment are still needed. Replication-associated
proteins, including RFCI, RPAI, and POLE, participate in DNA replication and repair processes and may
contribute to colorectal cancer biology. However, their expression patterns and clinical significance remain
insufficiently characterized. This study investigated the mRNA and protein expression of RFCI, RPA1, and POLE
in colorectal cancer and their associations with clinicopathological features, survival outcomes, and the tumor
immune microenvironment.

Methods: RNA sequencing clinical data for colorectal cancer were obtained from The Cancer Genome Atlas
and analyzed for differential gene expression, clinicopathological associations, and survival outcomes. Immune
infiltration and immune correlations were evaluated using transcriptomic deconvolution and public immune
databases. Survival analyses were performed using Kaplan—Meier estimates and Cox proportional hazards
regression. Findings were validated in an independent institutional colorectal cancer cohort using
immunohistochemical analysis of RFC1 and RPAI protein expression.

Results: At the mRNA level, RPAI expression was downregulated in colorectal cancer, POLE was upregulated,
and RFCI showed no significant differential expression. High mRNA RFCI expression was associated with
improved overall survival in univariate analysis, but this association was not retained in multivariate analysis,
while RPA] and POLE were not prognostic. Transcriptomic analyses revealed gene-specific associations with the
tumor immune microenvironment, with RPAI showing the most consistent associations with immune checkpoint
molecules and cytotoxic immune signatures, while RFCI and POLE showed weaker immune associations. In the
independent validation cohort, RFC1 protein expression was reduced in tumor tissues and showed an
association with overall survival in univariate analysis, whereas RPA1 was overexpressed in tumors but was not
associated with survival outcomes. No specific nuclear POLE immunoreactivity was detectable in colorectal
cancer cells under the conditions used for immunohistochemical assessment. No significant associations
between protein expression and clinicopathological features were observed in multivariate analysis.

Conclusions: RFC1, RPAI, and POLE demonstrate distinct, gene-specific roles in colorectal cancer. RFC1 is
most consistently associated with patient outcomes, whereas RPAI is linked to an immune-active tumor
microenvironment. Discrepancies between transcriptomic and protein-level findings highlight the importance of
multi-level biomarker validation. These findings suggest that replication-associated genes may represent
potential prognostic and immunological biomarkers in colorectal canc
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Introduction

Colorectal cancer (CRC) is the third most
common malignancy worldwide, accounting for
almost 10% of new cancer cases and the second leading
cause of cancer-related deaths [1]. In recent years,
molecularly targeted therapies and immune
checkpoint inhibitors (ICIs) have improved outcomes
for some patients; however, a substantial proportion
still experience disease recurrence or progression,
highlighting the need for reliable biomarkers that can
inform prognosis and guide personalized therapy [2,
3].

Accurate DNA replication and effective repair of
genomic damage are essential for maintaining
genomic stability, and dysregulation of these
pathways is a fundamental feature of cancer
development and progression [4]. DNA polymerases,
together with accessory proteins, coordinate the
faithful duplication of the genome and support DNA
repair processes [5].

POLE and POLDI1, the catalytic subunits of
polymerase € and 9, drive leading- and lagging-strand
synthesis, respectively, while RFC1, the largest
subunit of replication factor C (RFC), and RPA1, the
main subunit of replication protein A (RPA),
coordinate polymerase activity and stabilize single-
stranded DNA [5]. Functional alterations in these
subunits can impair replication fidelity, induce
replication stress, and promote genomic instability,
contributing to tumorigenesis [4, 5]. Therefore, these
features make them promising candidates for
prognostic and predictive biomarkers across multiple
cancer types [2, 6].

Mutations in POLE and POLD1 are increasingly
recognized for their clinical significance in cancer. In
endometrial cancer, POLE-mutated tumors define a
distinct molecular subtype with favorable prognosis,
while in CRC, POLE/POLD1 mutations are associated
with high tumor mutational burden and may predict
responsiveness to ICls [7-9]. Moreover, POLE/POLD1
proofreading-deficient tumors frequently display an
ultra-mutated phenotype with elevated neoantigen
load, enhanced T-cell infiltration, and increased
expression of immune checkpoints, features that can
shape the tumor immune microenvironment and
influence immunotherapy outcomes [9-13].

However, these mutation-driven effects
represent a distinct biological dimension, and
comparatively little is known about the role of
expression of these polymerase subunits and their
accessory proteins in cancer biology. Emerging
evidence across multiple cancer types suggests that
altered expression of POLE and related replication
factors may be associated with tumor aggressiveness,
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immune contexture, and clinical outcomes,
independent of mutational status [11, 14, 15]. Despite
this, the expression of POLE, RFC1, and RPA1 remains
poorly characterized in CRC.

In this study, we investigated the mRNA
expression of RFC1, RPA1, and POLE in CRC using
The Cancer Genome Atlas (TCGA) data and assessed
their associations with clinicopathological
characteristics, survival outcomes, and the tumor
immune microenvironment. These findings were
subsequently validated at the protein level in an
independent cohort of CRC patients using
immunohistochemistry (IHC).

2. Materials and Methods

2.1 Bioinformatics analysis

RNA sequencing (RNA-seq) gene expression
data and  corresponding  clinicopathological
information for CRC were obtained from TCGA
database [16], cBioPortal for Cancer Genomics
(https:/ /www.cbioportal.org/; accessed on 18
November 2024 [17]), and UCSC Xena
(https:/ /xenabrowser.net/; accessed on 18 November
2024 [18]). The analysis included colon
adenocarcinoma (COAD) and rectal adenocarcinoma
(READ) cohorts.

Paired RNA-seq expression data from 32
matched CRC and normal colorectal tissue samples
retrieved from UCSC Xena were used for comparative
expression analyses.

Clinicopathological, molecular, and survival
analyses were performed using TCGA/cBioPortal
datasets. Patients with complete data regarding age,
sex, TNM classification, overall survival (OS), and
disease-free survival (DFS) were included in this part
of the analysis, resulting in a final cohort of 494
primary tumor samples. DFS analyses were based on
TCGA disease-free status data, where events included
recurrence and/or progression.

mRNA expression levels of RFC1, RPA1, and
POLE were analyzed in tumor tissues and compared
with normal colorectal samples. RNA-seq data were
normalized and log2-transformed prior to analysis.
Patients were stratified into high- and low-expression
groups based on median expression values for
analyses of associations with clinicopathological
variables.

Associations between RFC1, RPA1, and POLE
expression and clinicopathological as well as
molecular features, including age, sex, tumor
localization, TNM stage, perineural and vascular
invasion, microsatellite instability (MSI) status
(classified as MSI-high versus MSI-low/stable based
on previously published TCGA-derived
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supplementary data [19]), tumor mutational burden
(TMB), and KRAS mutation status, were subsequently
evaluated.

2.2 TIMER3 and TIMEDB analysis

To investigate the relationship between RFCI,
RPA1, and POLE expression and the tumor immune
microenvironment in CRC, transcriptomic analyses
were performed using the Tumor Immune Estimation
Resource, version 3 (TIMER3), platform [20]. Gene
expression data from TCGA COAD and READ cohorts
were analyzed separately. Correlation analyses were
conducted to assess associations between RFC1, RPA1,
and POLE expression and key immune checkpoint
molecules, as well as selected functional immune
markers.

In addition, immune infiltration data were
obtained from the Tumor Immune Microenvironment
Database (TIMEDB) (https:/ /timedb.deepomics.org/;
accessed on 18 January 2026 [21]), based on immune-
cell abundance estimates derived using the
CIBERSORTx deconvolution method in TCGA
colorectal cancer samples. A total of 618 patients from
the TCGA COAD and READ cohorts with complete
data available for both immune infiltration and
expression levels of the analyzed genes (RNA-seq)
were included in the analysis. Estimated immune
infiltration levels were subsequently compared
between tumor groups stratified according to the
expression levels of the analyzed genes.

2.3 Validation Cohort and collection of tissue
samples

For protein-level validation of the transcriptomic
analyses, a cohort of patients with CRC who
underwent surgical treatment between 2010 and 2012
at our institution (Clinical Hospital of the Ministry of
Internal Affairs and Administration with the Warmia-
Mazury Oncology Centre, Olsztyn, Poland) was
included. The study group comprised 78 patients,
including 48 men and 30 women, with a median age of
67.5 years (range: 32-90 years). Detailed demographic
and clinicopathological characteristics of the cohort
are presented in Table 3.

None of the patients had received preoperative
chemo- or radiotherapy. Patients with a history of
other malignancies or inflammatory bowel disease
were excluded from the study. All participants
provided written informed consent prior to inclusion.
Clinical, demographic, and preoperative blood
parameter data were collected at the time of
enrollment, and OS data were available for all patients.
The median follow-up time was 69.7 months (range:
1.7-105.8 months).

Matched colorectal tissue samples were obtained
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intraoperatively from patients undergoing partial
surgical resection of the large intestine at the
Department of Surgical Oncology of our institution.
For each case, two types of specimens were collected:
(i) tumor tissue and (ii) macroscopically normal
mucosa from a distant region of the resected colon. All
samples were collected within 20 minutes of resection
and immediately fixed in 10% neutral buffered
formalin, followed by standard processing and
embedding in paraffin blocks for histopathological
and immunohistochemical analyses.

The study was conducted in accordance with the
ethical standards and approved by the Bioethics
Committee of the University of Warmia and Mazury
in Olsztyn, Poland (approval no. 4/2010 and 21/2017).
Written informed consent was obtained from all
patients prior to inclusion in the study.

2.4 Immunohistochemistry, and evaluation of
RPAI1 and RFCI immunoreactivity

RPA1 and RFC1 immunostaining was performed
on formalin-fixed, paraffin embedded paired tumor
and non-cancerous large intestine tissue sections of
CRC patients following previously established
protocols [15, 22].

Rabbit monoclonal anti-human antibodies
directed against RPA1 and RFC1 [both diluted 1:800 in
phosphate-buffered saline, #ab79398 and #ab180613,
respectively, Abcam, Cambridge, UK] were applied.
The specificity of immunohistochemical staining was
checked by omitting the primary antibody and by
replacing it with the rabbit serum.

All immunostained sections of CRC and
corresponding non-cancerous large intestine were
evaluated by a pathologist (H.M.), blinded to clinical
data. Representative images were captured using an
Olympus BX41 light microscope for documentation.

The immunoreactivity levels of RPA1 and RFC1
were evaluated in tumor and non-cancerous large
intestine tissue of CRC patients according to the 12-
point immunoreactive score system (IRS) of Remmele
and Stegner [23].

2.5 Statistical analysis

Statistical analyses were performed using
Statistica 13.1 (Statsoft, Tulsa, OK, USA) and R4.3.2 (R
Foundation for Statistical Computing, Vienna,
Austria) software with the stats package.

Associations between gene or protein expression
and categorical clinicopathological variables (for
instance, sex, age, TNM stage) were assessed using
Fisher’s exact test. Correlations between RFC1 and
RPA1 protein immunoexpression and preoperative
blood parameters were evaluated using Spearman’s
rank correlation coefficient (Spearman’s rho).
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Comparisons of mRNA expression levels of
RFC1, RPA1, and POLE in the TCGA cohort, as well as
IRS for RFC1 and RPA1 proteins in our patient cohort,
were performed using the Mann-Whitney U test
implemented in Python (SciPy). The expression and
immunoexpression plots were generated using the
Matplotlib library.

For survival analyses, optimal cut-off points for
RFC1, RPA1, and POLE expression were determined
using receiver operating characteristic (ROC) curve
analysis with Youden’s ] statistic. OS and DFS were
estimated using Kaplan-Meier method and compared
with the log-rank test in univariate analyses
(GraphPad Prism version 8.4.3 for Windows;
GraphPad Software, San Diego, CA, USA). Variables
with p<0.1 in univariate analysis were included in
multivariate Cox proportional hazards regression
models (Statistica version 13; TIBCO Software Inc.,
Palo Alto, CA, USA) to identify independent
predictors of patients’ survival. Hazard ratios (HRs)
with 95% confidence intervals (95% Cls) were
calculated.

For immune infiltration analyses derived from
the TIMEDB database, estimated immune cell
fractions were compared between high- and low-
expression groups using an unpaired Student’s t-test.
Correlations between gene expression and immune
checkpoint molecules or functional immune markers
within the TIMER3 platform were assessed using
Spearman’s rank correlation analysis.

A p-value <0.05 was considered statistically
significant for all analyses.

3. Results

3.1 Differential and correlative mRNA
expression of RFCI1, RPAI1, and POLE in
colorectal cancer (TCGA)
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Analysis of the TCGA cohort demonstrated
differential mRNA expression patterns of RFC1, RPA1,
and POLE in CRC tissues compared with normal
samples (Figure 1). RPA1 expression was reduced in
tumor tissues, whereas POLE expression was
upregulated. In contrast, RFC1 expression did not
show a significant difference between cancer and
normal samples.

3.2 Clinicopathological and prognostic
associations of RFCI1, RPAI, and POLE
expression (TCGA)

To further evaluate the clinical and molecular
context of RFC1, RPA1, and POLE expression, TCGA
data comprising 494 cases of CRC (COAD and READ
combined) were analyzed with respect to selected
clinicopathological and molecular features. Patients
were stratified into high and low expression groups
based on median cut-offs, and associations with
demographic variables, tumor characteristics, MSI
status, TMB, and KRAS mutation status were
evaluated (Table 1).

Patients were stratified into high and low
expression groups based on median mRNA levels. The
table summarizes the distribution of expression across
sex, age, tumor localization, TNM stage, perineural
and vascular invasion, microsatellite instability (MSI)
status, tumor mutational burden (TMB), and KRAS
mutation status in the TCGA colorectal cancer cohort
(COAD + READ, n=494), with corresponding p-values
for statistical comparisons. For variables with fewer
available cases, analyses were restricted to patients
with available corresponding clinical or molecular
annotations in the TCGA database. Statistically
significant associations (p<0.05) are shown in bold.
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Figure 1. Comparative mRNA expression of RFCI, RPAI, and POLE in colorectal cancer and normal tissues (TCGA). Boxplots of normalized mRNA expression quantified
using RNA-Seq by expectation maximization (RSEM) in CRC tissues and matched normal samples (n=32) from the TCGA cohort. Tumor tissues show decreased RPA| and increased POLE
expression, while RFCI levels remain largely unchanged. Boxes represent the interquartile range, horizontal lines indicate the median, and whiskers depict the full range of values.
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Table 1. Associations of RFCI, RPA1, and POLE expression in TCGA colorectal cancer

Parameter Number of RFC1 low RFC1lhigh  p-value RPAL1 low RPA1high  p-value POLE low POLE high  p-value

cases

Sex

Men 256 122 (47.7%) 134 (52.3%) 03219 124 (484%) 132 (51.6%)  0.5285 123 (48.0%) 133 (52.0%) 04177
Women 238 125 (52.5%) 113 (47.5%) 123 (51.7%) 115 (48.3%) 124 (52.1%) 114 (47.9%)

Age

<67 261 125 (47.9%) 136 (52.1%) 03675 124 (47.5%) 137 (52.5%)  0.2794 123 (47.1%) 138 (52.9%)  0.2070
>67 233 122 (52.4%) 111 (47.6%) 123 (52.8%) 110 (47.2%) 124 (532%) 109 (46.8%)
Localization

Cecum+Right 283 143 (50.5%) 140 (49.5%)  0.8557 153 (54.1%) 130 (45.9%)  0.0453 147 (51.9%) 136 (48.1%)  0.3631
Left+Rectum 211 104 (49.3%) 107 (50.7%) 94 (445%) 117 (55.5%) 100 (47.4%) 111 (52.6%)

T status: T1-3 437 220 (50.3%) 217 (49.7%)  0.7784 219 (50.1%) 218 (49.9%)  1.0000 220 (50.3%) 217 (49.7%)  0.7784
T status: T4 57 27 (47.4%) 30 28 (49.1%) 29 27 (47.4%) 30

(52.6%) (50.9%) (52.6%)

N status: NO 283 143 (50.5%) 140 (49.5%)  0.8557 142 (502%) 141 (49.8%)  1.0000 146 (51.6%) 137 (48.4%)  0.4669
N status: N1+N2 211 104 (49.3%) 107 (50.7%) 105 (49.8%) 106 (50.2%) 101 (47.9%) 110 (52.1%)

M status: negative 426 210 (49.3%) 216 (50.7%) 05140 212 (49.8%) 214 (50.2%)  0.8962 209 (49.1%) 217 (50.9%)  0.3607
M status: positive 68 37 (544%) 31 (45.6%) 35(51.5%) 33 (48.5%) 38(55.9%) 30 (44.1%)

TNM stage: I+11 276 140 (50.7%) 136 (49.3%)  0.7858 139 (50.4%) 137 (49.6%)  0.9278 143 (51.8%) 133 (482%)  0.4148
TNM stage: TIT+IV 218 107 (49.1%) 111 (50.9%) 108 (49.5%) 110 (50.5%) 104 (47.7%) 114 (52.3%)
Perineural invasion: 148 34(23.0%) 114 (77.0%) 03533 38(25.7%) 110 (74.3%)  0.8540 39(264%) 109 (73.6%) 07162
negative

Perineural invasion: 51 15(294%) 36 (70.6%) 14 (27.5%) 37 (725%) 15(294%) 36 (70.6%)

positive

Vascular invasion: 321 153 (47.7%) 168 (52.3%)  0.3718 149 (46.4%) 172 (53.6%)  0.3700 155 (48.3%) 166 (51.7%)  0.2643
negative

Vascular invasion: 106 56 (52.8%) 50 (47.2%) 55(51.9%) 51 (48.1%) 58 (54.7%) 48 (45.3%)

positive

MSI status: low/stable 191 77 (403%) 114 (59.7%)  0.5872 80 (41.9%)  111(58.1%)  0.0261 77 (403%)  114(59.7%)  1.0000
MSI status: high 37 13 (351%) 24 (64.9%) 8 29 (78.4%) 15 (405%) 22 (59.5%)

(21.6%)
TMB: <10 135 126 (93.3%) 9 (6.7%) 0.6825 126 (93.3%) 9 0.1236 120 (88.9%) 15 (11.1%) 0.1035
(6.7%)
TMB: >10 25 23(920%) 2 21 (84.0%) 4 19(76.0%) 6
(8.0%) (16.0%) (24.0%)

KRAS mutation: wild- 24 2 22 (91.7%) 0.0047 11 (45.8%) 13 (54.2%) 0.5735 5 19 (79.2%) 0.5319
type (8.3%) (20.8%)

KRAS mutation: 28 13 (46.4%) 15 (53.6%) 10 (35.7%) 18 (64.3%) 9 19 (67.9%)

positive (32.1%)

No significant differences in RFC1, RPAI1, or
POLE expression were observed with respect to
patients’ sex or age.

RFC1 expression was significantly associated
with KRAS mutation status (p=0.0047), with a higher
proportion of RFCI-high cases in KRAS wild-type
tumors.

RPA1 expression was significantly associated
with tumor localization (p=0.0453), with higher
expression observed in left-sided and rectal tumors,
and with MSI status (p=0.0261), with a greater
proportion of RPA1-high cases in MSI-high tumors.

POLE expression was not significantly associated
with the analyzed clinicopathological or molecular
features, although a tendency toward higher
expression in tumors with elevated TMB was observed
(p=0.1035).

Next, survival analyses were performed to
evaluate the prognostic significance of RFC1, RPA1,
and POLE expression. Kaplan-Meier analysis
followed by log-rank test demonstrated that high

RFC1 expression was associated with improved OS
(HR=0.53,95% CI: 0.33-0.85, p=0.0266), whereas POLE
and RPA1 expression showed no significant
association with OS (Figure 2A-C). Among
clinicopathological variables, older age (>67 years;
HR=2.08, 95% CI: 1.37-3.04, p<0.0004), advanced T
stage (HR=3.70, 95% CI: 1.76-7.80, p<0.0001), positive
nodal status (HR=2.56, 95% CI: 1.71-3.84, p<0.0001),
and the presence of distant metastases (HR=5.12, 95%
CI: 2.63-9.96, p<0.0001) were associated with
significantly worse OS (Figure 2D-I). In contrast, the
expression levels of RFC1, POLE, and RPA1 were not
significantly associated with DFS (Figure 3A-C),
whereas advanced T stage (HR=4.22, 95% CI: 1.67-
10.66, p<0.0001), positive nodal status (HR=2.31, 95%
CL: 1.50-3.55, p<0.0001), and distant metastases
(HR=3.37, 95% CI. 1.53-7.44, p<0.0001) were
associated with significantly worse DFS (Figure 3D-I).

In multivariate analysis, RFC1 expression did not
retain independent prognostic significance for OS,
whereas older age (>67 years; HR=2.51, 95% CI: 1.63-
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3.85, p<0.0001), advanced T stage (HR=2.25, 95% CI:
1.30-3.88, p=0.0038), positive nodal status (HR=1.68,
95% CI: 1.03-2.74, p=0.0385), and the presence of
distant metastases (HR=4.05, 95% CIL: 2.40-6.84,
p<0.0001) remained independently associated with
worse OS (Table 2). Similarly, in multivariate analysis
for DFS, advanced T stage (HR=3.07, 95% CI: 1.79-
5.25, p<0.0001), positive nodal status (HR=1.72, 95%
CL: 1.08-2.74, p=0.0217), and distant metastases
(HR=2.14, 95% CI: 1.22-3.78, p=0.0084) remained
independently associated with worse DFS, whereas
age was not a significant predictor (Table 2).
Variables with p<0.1 in univariate analysis were
included in the multivariate model. The table
summarizes the impact of clinicopathological factors
and RFCI mRNA expression on overall survival (OS;
n=494) and clinicopathological factors on disease-free
survival (DFS; n=432). In the OS model, older age (>67
years), advanced T stage, positive nodal status, and
distant metastases remained independent predictors
of worse survival, whereas RFCI mRNA expression
was not independently associated with OS after
adjustment. In the DFS model, advanced T stage,
positive nodal status, and distant metastases remained
independently associated with poorer DFS, while age
did not reach statistical significance. Hazard ratios

1986

(HR), 95% confidence intervals (95% CI), and
corresponding p-values are presented. Statistically
significant associations (p<0.05) are shown in bold.

Table 2. Multivariate Cox analysis of survival in the TCGA
colorectal cancer cohort.

Multivariate Cox regression

Parameter HR (95% CI)  p-value
Overall survival

RFC1 mRNA 0.75 0.3251
(high vs low) (0.42-1.34)

Age 2.51 <0.0001
(>67 years vs <67 years) (1.63-3.85)

Tumor location 1.39 0.1327
(Rectum + left colon vs right colon + cecum) (0.91-2.12)

T status 225 0.0038
(T4 vs T1-3) (1.30-3.88)

N status 1.68 0.0385
(N1-2 vs NO) (1.03-2.74)

M status 4.05 <0.0001
(M1 vs MO) (2.40-6.84)

Disease-free survival

Age 0.92 0.7034
(>67 years vs <67 years) (0.60-1.41)

T status 3.07 <0.0001
(T4 vs T1-3) (1.79-5.25)

N status 1.72 0.0217
(N1-2 vs NO) (1.08-2.74)

M status 214 0.0084
(M1 vs MO) (1.22-3.78)

100 s 100 100
HR*O'.)S_%(&%%OBS) HR=0.72 (0.46-1.14) HR=1.14 (0.76-1.71)
L e Y =0.1959 o p=0.5357
§ 75 £ 75 i £ 75
2 £ 2
S 50 g 50 < 50
(2] (2] (2]
3 T 5
g 251 —— low RFCT mRNA g 251 —— Jow RPAT mRNA g 251 —— Jow POLE mRNA
—— high RFCT mRNA —— high RPA7 mRNA —— high POLE mRNA
0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84 o 12 24 36 48 60 72 84
Months Months Months
1006 180 HR=2.08 (1.37-3.04) A
_ HR=0.93 (0.62-1.38) . p=0.0004 . HR=1.40 (0.94-2.10)
2 p=0.7032 5 75 2. p=0.0946
g g g
b2 e 2
5 s0 5 50 S 50
(2] 12 1]
T T T
é’ 25 é’; 251 —— <67 years old g 251 -~ Rectum+Left Colon
=~ > 67 years old —— Cecum+Right colon
0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84
Months Months Months

HR=3.70 (1.76-7.80)
p<0.0001

—— T1+T2+T3
-~ T

Qverall Survival (%)
3

Overall Survival (%)
@
3

=}
=)

HR=2.56 (1.71-3.84)
p<0.0001

HR=5.12 (2.63-9.96)
p<0.0001

o
@

Overall Survival (%)
N @
b 3

T T T T T T 1 0+ T T
0 12 24 36 48 60 72 84 0 12 24

Months

T
36

Months

T T T 1 0+ T T T T
48 60 72 84 0 12 24 36 48 60 72 84
Months

Figure 2. Overall survival in the TCGA colorectal cancer cohort according to molecular and clinicopathological variables. Kaplan-Meier curves for overall survival in the
TCGA colorectal cancer cohort stratified according to RFCI, RPAI, and POLE expression levels and clinicopathological characteristics. (A) RFCI expression; (B) RPAI expression; (C) POLE
expression; (D) sex; (E) age; (F) tumor location; (G) T stage; (H) N stage; and (I) metastatic status. Statistically significant associations (p<0.05) are shown in bold.
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Figure 3. Disease-free survival in the TCGA colorectal cancer cohort according to molecular and clinicopathological variables. Kaplan—Meier curves for disease-free
survival in the TCGA colorectal cancer cohort stratified according to RFCI, RPAI, and POLE expression levels and clinicopathological characteristics. (A) RFCI expression; (B) RPA| expression;
(C) POLE expression; (D) sex; (E) age; (F) tumor location; (G) T stage; (H) N stage; and () metastatic status. Statistically significant associations (p<0.05) are shown in bold.

3.3 Tumor immune microenvironment
analysis in relation to RPAI, RFCI, and POLE
expression

To  characterize  the tumor  immune
microenvironment associated with RPA1, RFC1, and
POLE expression in CRC, we performed
complementary analyses based on TCGA-derived
immune deconvolution approaches. Immune cell
composition differences were assessed in the
combined TCGA COAD/READ cohort by stratifying
tumors according to gene expression levels. In parallel,
the TIMER3 platform (CIBERSORT-ABS-based
immune deconvolution framework) was used to
evaluate correlations between gene expression and
immune checkpoint molecules as well as functional
immune signatures, analyzed separately in TCGA-
COAD and TCGA-READ cohorts.

3.3.1 Immune cell composition according to gene
expression levels

To characterize whether variation in gene
expression was associated with changes in the tumor
immune microenvironment, we compared immune
cell fractions between high and low expression groups

of RPA1, RFC1, and POLE in the TCGA cohort
(combined COAD and READ).

Tumors with high RPAI1 expression were
characterized by higher proportions of naive B cells,
CD8+ T cells, and resting memory CD4+ T cells, as
well as macrophage subsets (MO, M1, and M2),
whereas the fraction of eosinophils was lower in the
RPA1-high subgroup (Supplementary Figure 1).

A similar but less pronounced pattern was
observed for RFCI, where high expression was
associated with increased proportions of naive B cells,
CD8+ T cells, resting memory CD4+ T cells, and
macrophages (M0 and M1), along with reduced
fractions of plasma cells and eosinophils
(Supplementary Figure 2).

In contrast, POLE expression demonstrated a
distinct profile, with no enrichment of major immune
cell populations and instead showing reduced
proportions of plasma cells, resting dendritic cells,
eosinophils, and neutrophils in the POLE-high
subgroup (Supplementary Figure 3).

Notably, the magnitude of these differences was
consistently small across all genes, indicating subtle
but reproducible shifts in immune cell composition
rather than pronounced alterations of the tumor
immune microenvironment.
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3.3.2 Immune checkpoint gene associations

To further explore the immunological context,
correlation analysis between RFC1, RPA1, and POLE
expression and key immune checkpoint molecules
revealed distinct patterns within CRC.

RPA1 expression demonstrated the strongest and
most consistent positive correlations with multiple
immune checkpoints, including PDCD1 (encoding
PD-1), CD274 (encoding PD-L1), CTLA4, LAG3, TIGIT,
HAVCR2 (encoding TIM-3), and VSIR (encoding
VISTA), particularly in COAD (all p>0.250, p<0.05).
RFC1 expression showed more selective positive
associations, including CD274, CTLA4, and TIGIT (all
p>0.200, p<0.05), while a negative correlation was
observed with VSIR in READ (p=-0.213, p<0.05). In
contrast, POLE expression exhibited weaker and less
consistent correlations with immune checkpoint
genes, with modest positive associations observed in
READ for CD274, CTLA4, and LAG3 (all p>0.200,
p<0.05) (Supplementary Table 1). These findings
indicate that RPA1 expression is more consistently
associated with immune-related features than RFCI or
POLE, although the magnitude of these correlations
was modest.

3.3.3 Functional immune signature analysis

Correlation analysis between RPA1, RFC1, and
POLE expression and functional immune markers
revealed gene-specific patterns.

In COAD, RPA1 expression showed modest
positive correlations with cytotoxic and interferon-
related markers, including PRF1 and CXCL9
(encoding perforin and C-X-C motif chemokine ligand
9, respectively; both p>0.300, p<0.05), with an
additional moderate association with IFNG (encoding
interferon gamma; p=0.229, p<0.05). RFCI1 also
demonstrated positive correlations with functional
markers, particularly CXCL9 (p=0.233, p<0.05),
although these associations were generally weaker
than those observed for RPAI. In contrast, POLE
exhibited weaker and less consistent correlations, with
rho values below 0.150 for all functional markers
analyzed.

In READ, none of the analyzed genes showed
statistically significant correlations with functional
immune markers, suggesting that these associations
are less pronounced in distal colorectal tumors
(Supplementary Table 2).

3.4 Clinicopathological and Prognostic
Associations of RFC1 and RPAI1 protein
expression in colorectal cancer
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3.4.1 Differential protein immunoreactivity of RFCI
and RPAI in colorectal cancer

To provide independent protein-level validation
of the transcriptomic findings from the TCGA cohort,
IHC analysis was performed to evaluate protein
immunoexpression of RFC1 and RPA1 in matched
CRC tissues and non-cancerous mucosa from our
patient cohort (n = 78) (Figure 4A). Notably, the
direction of protein-level expression changes observed
for RFC1 and RPA1 did not fully mirror the
transcriptomic patterns identified in the TCGA cohort.

RFC1 exhibited cytoplasmic localization and
decreased immunoreactivity in tumor tissues relative
to matched non-cancerous colon, with a median IRS of
5 (Q1-Q3: 2-8) in cancer versus 8 (Q1-Q3: 3-12) in
morphologically non-cancerous tissue (p=0.0304)
(Figure 4B). Descriptive comparison of matched
tumor-normal pairs showed decreased RFC1
immunoreactivity in half of cases (50.0%), while
increased and stable immunoexpression was observed
in 23.7% and 26.3% of cases, respectively.

In contrast, RPA1 demonstrated predominantly
nuclear  staining and  showed  increased
immunoreactivity in tumor samples compared with
corresponding non-cancerous tissue, with a median
IRS of 2 (Q1-Q3: 0-4) in cancer versus 0 (Q1-Q3: 0-2)
in epithelium of non-cancerous mucosa (p=0.0010)
(Figure 4B). Descriptive comparison of matched
tumor-normal pairs showed increased RPA1l
immunoreactivity in 55.3% of cases, decreased
immunoreactivity in  18.4%, and unchanged
immunoreactivity in 26.3%. Notably, absent RPA1
immunoexpression (IRS=0) was observed in nearly
one-third of tumor samples (30.3%).

IHC revealed POLE nuclear immunoreactivity in
non-cancerous cellular compartments, including
intratumoral and peritumoral stromal cells, cells of the
lamina propria and muscularis mucosa, as well as
endothelial cells.

In contrast, no specific nuclear POLE
immunoreactivity was detectable in CRC cells or in the
epithelial compartment of non-cancerous mucosa of
large intestine under the conditions used for IHC
assessment. Given the lack of detectable tumor-cell
immunoreactivity, POLE was not included in further
protein-level analyses.

3.4.2 Associations with clinicopathological features
and preoperative blood parameters

No significant associations were observed
between RFC1 or RPA1 immunoexpression and
clinicopathological characteristics in the analyzed
cohort (Table 3).
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Figure 4. Differential immunoreactivity of RFC1 and RPALI in colorectal cancer versus non-cancerous mucosa. (A) Representative immunohistochemical images of RFCI and
RPALI protein immunoexpression in matched tumor and non-cancerous colon tissues (n=78). RFCI showed predominantly cytoplasmic staining and decreased immunoreactivity in tumor
samples, whereas RPA| exhibited nuclear localization with increased immunoexpression in colorectal cancer samples. Main images were acquired at 200% magnification, with corresponding
insets shown at 50x magnification. Scale bars represent 20 um in the main images and 100 um in the corresponding insets. (B) Comparison of immunoreactive score (IRS) for RFCI and
RPALI in colorectal cancer cells and matched non-cancerous tissues. Boxplots show median IRS values with interquartile ranges (IQR); whiskers indicate £1.5% IQR. Each dot represents a

single observation.

Table 3. Clinicopathological features by RFC1 and RPAI immunoreactivity in institutional colorectal cancer cohort

Parameter Number of cases RFC1 low RFC1 high p-value RPAT low RPA1 high p-value
Sex

Men 48 42 (87.5%) 6 (12.5%) 0.5203 33 (68.8%) 15 (31.3%) 0.7980
Women 30 24 (80.0%) 6 (20.0%) 22 (73.3%) 8 (26.7%)

Age

< 67 years old 39 31 (79.5%) 8 (20.5%) 0.5203 28 (71.8%) 11 (28.2%) 1.0000
> 67 years old 39 35 (89.7%) 4 (10.3%) 27 (69.2%) 12 (30.8%)

Localization

Left+Rectum 49 40 (81.6%) 9 (18.4%) 0.5185 37 (75.5%) 12 (24.5%) 0.3041
Right 29 26 (89.7%) 3 (10.3%) 18 (62.1%) 11 (37.9%)

Grade

G2 71 60 (84.5%) 11 (15.5%) 1.0000 53 (74.6%) 18 (25.4%) 0.2111
G3 7 6 (85.7%) 1(14.3%) 2(28.6%) 5 (71.4%)

T status

T1+T2+T3 63 53 (84.1%) 10 (15.9%) 1.0000 48 (76.2%) 15 (23.8%) 0.3195
T4 15 13 (86.7%) 2 (13.3%) 7 (46.7%) 8 (53.3%)

N status

NO 43 37 (86.0%) 6 (14.0%) 0.7591 31 (72.1%) 12 (27.9%) 0.8054
N1+N2 35 29 (82.9%) 6 (17.1%) 24 (68.6%) 11 (31.4%)

M status at diagnosis

Negative 68 56 (82.4%) 12 (17.6%) 0.3458 49 (72.1%) 19 (27.9%) 0.4696
Positive 10 10 (100.0%) 0(0.0%) 6 (60.0%) 4 (40.0%)
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Baseline demographic and clinicopathological
characteristics of colorectal cancer patients treated at
our institution (n=78) stratified by RFC1 and RPA1
immunoreactivity status. Variables included sex, age,
tumor localization, histological grade, and TNM stage.
No statistically significant associations were observed
between RFC1 or RPA1l expression and
clinicopathological variables in this cohort.

However, analysis of preoperative blood-derived
parameters revealed limited but significant
associations (Supplementary Table 3). Higher RPA1
immunoexpression was correlated with increased
platelet count (p=0.253, p=0.0373) and systemic
immune-inflammation index (SII; p=0.262, p=0.0322).
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3.4.3 Survival Analysis According to RFC1 and RPAI
Expression

In wunivariate analysis, clinicopathological
variables such as tumor stage, T stage, N status, and
the presence of metastases at diagnosis were
significantly associated with OS. Higher T stage (T4;
HR=2.43, 95% CI: 1.28-8.61, p=0.0137), lymph node
involvement (HR=2.60, 95% CI: 1.32-5.12, p=0.0044),
and metastatic disease (HR=5.72, 95% CI: 1.50-21.86,
p<0.0001) were all associated with worse prognosis
(Figure 5F-H). Among the analyzed biomarkers, RFC1
immunoexpression was significantly associated with
OS (HR=0.26, 95% CI: 0.11-0.60, p=0.0452), with
higher RFC1 expression indicating better survival,
whereas RPA1 immunoexpression showed no
significant association (Figure 5A-B).
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Figure 5. Overall survival in the study colorectal cancer cohort according to molecular and clinicopathological variables. Kaplan—Meier curves for overall survival in the
institutional colorectal cancer cohort stratified according to RFCI and RPAI immunoexpression levels and clinicopathological characteristics. (A) RFCl immunoexpression; (B) RPAI
immunoexpression; (C) sex; (D) age; (E) tumor location; (F) T stage; (G) N stage; and (H) metastatic status. Statistically significant associations (p<0.05) are shown in bold.
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In multivariate analysis, the presence of distant
metastases (HR=3.97, 95% CI: 1.72-9.14, p=0.0012) and
lymph node involvement (HR=2.13, 95% CI: 1.02-4.44,
p=0.0443) were independent predictors of overall
survival. Although RFCl immunoexpression was
associated with OS in univariate analysis, it did not
retain independent prognostic significance in the
multivariate model (HR=0.28, 95% CI. 0.07-1.21,
p=0.0879) (Table 4).

Table 4. Multivariate Cox analysis of overall survival in the
validation colorectal cancer cohort.

Parameter Multivariate Cox regression

HR p-value
(95% CI)
RFC1 protein immunoexpression in CRC cells 0.28 0.0879
(high vs low) (0.07-1.21)
T status 1.85 0.1159
(T4 vs T1-3) (0.86-4.00)
N status 213 0.0443
(N1-2 vs NO) (1.02-4.44)
M status 3.97 0.0012
(M1 vs MO) (1.72-9.14)

Variables with p<0.1 in univariate analysis were
included in the multivariate Cox regression model.

The  table  summarizes the  impact  of
clinicopathological variables and RFC1
immunoexpression on overall survival in the

institutional colorectal cancer cohort (n=78), including
35 deaths during follow-up. Distant metastases and
lymph node involvement remained independent
predictors of worse overall survival, whereas RFC1
immunoexpression did not retain independent
prognostic  significance  after adjustment for
clinicopathological factors. Hazard ratios (HR), 95%
confidence intervals (95% ClI), and corresponding p-
values are presented. Statistically significant
associations (p<0.05) are shown in bold.

Discussion

We performed a multi-level analysis integrating
transcriptomic, protein-level, and immune
microenvironment data, revealing distinct, gene-
specific roles of RFC1, RPA1, and POLE in CRC. RFC1
expression showed the most consistent links to clinical
outcome, whereas RPA1 was primarily associated
with immune-related features, suggesting distinct
roles of these replication-associated proteins in CRC
biology.

Expression  patterns differed  between
transcriptomic and protein levels. While RFC1 showed
no significant differences at the mRNA level, its
decreased protein expression in tumor tissues and
association with OS suggest a role in tumor

1991

progression. In contrast, RPA1 displayed discordant
patterns, with reduced mRNA levels in the TCGA
dataset but increased protein immunoreactivity in
tumor cells in our cohort.

RFC1 emerged as the most clinically relevant of
the three genes, showing associations with OS at both
transcriptomic and protein levels. However, these
associations were not retained in multivariate analysis,
suggesting that RFCl1 expression is not an
independent prognostic factor after adjustment for
established clinicopathological factors. Nevertheless,
the consistent trend toward poorer outcomes in
patients with lower RFC1 expression suggests a
potential role in disease progression, although its
prognostic value may be influenced by other clinical
and pathological factors. Higher RFCI mRNA
expression was observed in KRAS wild-type tumors,
which may indicate an association with less aggressive
molecular subtypes, providing additional context for
its link with improved survival. Reduced RFCl1
protein immunoreactivity in tumor tissues further
supports its involvement in CRC biology, potentially
reflecting alterations in DNA replication or repair
processes. This observation is consistent with previous
evidence suggesting that dysregulation of RFC family
members may contribute to CRC progression through
disruption of DNA replication fidelity and DNA
repair pathways, supporting a potential tumor-
suppressive role of RFC1 in colorectal carcinogenesis
[24]. Notably, miR-26a-5p and miR-636 have recently
been proposed as upstream regulators of RFC1, with
their increased expression linked to RFCI
downregulation and unfavorable prognosis in CRC
[25]. Beyond clinical associations, RFC1 expression
showed limited but detectable links to the tumor
immune microenvironment. In the combined
COAD/READ TCGA cohort, RFC1 expression was
associated with modest differences in immune cell
composition, particularly involving macrophages MO,
naive B cells, and resting memory CD4+ T cells. RFC1
also demonstrated selective correlations with immune
checkpoint molecules, including CD274, CTLA4, and
TIGIT, and an inverse association with VSIR in rectal
tumors. Additionally, a modest correlation with
CXCL9 suggests a potential link to T-cell recruitment
[26], although overall these immune associations were
less pronounced than those observed for RPA1.

In contrast, RPA1 was not associated with patient
survival, suggesting a less direct link to clinical
outcome in CRC. Instead, RPA1 expression
demonstrated consistent associations with features of
the tumor immune microenvironment. Higher RPA1
expression was observed in MSI-high tumors, as well
as in left-sided and rectal cancers. Notably, the
association with MSI-high status aligns with the
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increased mutational burden and enhanced
immunogenicity characteristic of this subgroup [27].
Given the central role of RPA1 in DNA replication and
repair [28], its enrichment in MSI-high tumors may be
related to the increased DNA damage burden and
genomic instability associated with mismatch repair
deficiency [27]. Experimental studies have further
demonstrated a role for RPA1 in replication fork
protection and genome stability maintenance,
supporting its potential importance in CRC biology
beyond conventional DNA repair processes [29]. In the
combined TCGA cohort, RPAI expression was
associated with increased infiltration of selected
immune cell populations, particularly adaptive
immune cells (naive B cells, resting memory CD4+ T
cells, and CD8+ T cells) and macrophage subsets (M1
and M2). However, these associations were modest
but consistent, indicating a subtle but coordinated
immune-enriched phenotype. In contrast, eosinophil
infiltration was reduced in RPAI-high tumors. RPA1
expression was also associated with elevated
expression of key immune checkpoint molecules,
particularly LAG3 and HAVCR2 (encoding TIM-3).
Interestingly, a recent bioinformatic study in
hepatocellular carcinoma linked the RPA1-ETAA1
axis to immune checkpoint regulation and remodeling
of the tumor immune microenvironment [30]. Given
the emerging clinical relevance of these pathways,
including the recent introduction of anti-LAG3
therapies and ongoing clinical development of TIM-3-
targeting agents, these findings may have potential
implications for immunotherapeutic strategies [31, 32].
Associations of RPA1 expression with cytotoxic and
interferon-related markers were modest but may
reflect its association with an immune-enriched tumor
microenvironment. Consistently, higher RPA1
immunoexpression in our cohort was accompanied by
modest increases in systemic inflammatory markers,
including platelet count and SII.

Integrating these findings, RPA1—and to a lesser
extent RFCl—was associated with an immune-
infiltrated tumor microenvironment, although with
distinct patterns. RPA1 was linked to adaptive
immune infiltration, macrophage presence, immune
checkpoint expression, and cytotoxic signaling,
consistent with a subtly immune-enriched phenotype.
In contrast, RFC1 showed more selective associations
involving a limited set of immune cell populations and
a narrower range of immune checkpoint interactions,
suggesting a more restricted role in tumor-immune
dynamics. These differences highlight functional
divergence despite shared roles in DNA replication
and repair.

POLE demonstrated a distinct profile compared
to RFC1 and RPA1. Although transcriptomic analyses
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indicated increased POLE expression in CRC and
modest associations with selected features, no specific
nuclear POLE immunoreactivity was detectable in
CRC cells in our cohort under the conditions used for
IHC assessment, precluding further protein-level
analyses. The absence of detectable tumor-cell staining
should therefore not be interpreted as evidence of a
biological absence of POLE protein, as technical factors
such as assay sensitivity or epitope accessibility cannot
be completely excluded. Consistent with prior
findings by Siraj et al., who observed positive POLE
IHC staining in a proportion of Middle Eastern CRC
cases and reported that low POLE protein expression
was associated with adverse clinicopathological
features but not with exonuclease domain mutations
[33], our results suggest that expression-based
assessment may not fully capture the biologically
relevant role of POLE in CRC. Rather, the functional
consequences of POLE alterations are likely to depend
predominantly on pathogenic mutations within the
exonuclease domain, which impair proofreading
activity and can result in an ultramutated phenotype,
rather than on the level of POLE expression itself [34].

An important strength of this study is the
integration of transcriptomic, immunological, and
protein-level data, enabling cross-validation and a
more comprehensive understanding of gene function
in CRC. At the same time, the observed discrepancies
between transcriptomic and protein-level findings
emphasize the complexity of gene regulation in CRC
and support the need for multi-level biomarker
assessment. Such discordance is well documented in
cancer biology, where mRNA abundance often shows
only moderate correlation with protein levels due to
post-transcriptional — regulation,  differences in
translational efficiency, and variable protein stability
and degradation [35, 36]. In addition, bulk RNA
sequencing  reflects gene expression  across
heterogeneous cellular populations within the tumor
tissue, whereas IHC may provide a more spatially
restricted assessment of protein expression,
particularly when staining is evaluated in tumor cells.
Differences in cellular composition, including the
relative contribution of tumor, stromal, and immune
cells, may therefore contribute to apparent
discrepancies between transcriptomic and protein-
level findings. These factors may be particularly
relevant to the discordant RPA1 findings observed in
the present study, although the specific biological
basis of this discrepancy cannot be established from
the available data. These considerations further
highlight the importance of functional studies,
including in vitro and in vivo models, to determine how
alterations in RFC1, RPA1, and POLE expression
influence tumor cell behavior, DNA replication and
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repair processes, and interactions with the tumor
microenvironment. Such investigations may help
clarify the biological mechanisms underlying the
associations identified in the present study.

This study has several limitations. Immune
infiltration analyses were derived from TCGA
transcriptomic data using computational
deconvolution methods, which depend on algorithmic
assumptions and provide indirect measurements. In
addition, identified immune associations are
correlative and do not allow conclusions regarding
causality between gene expression and tumor-
immune interactions. Differences between mRNA and
protein expression further reflect post-transcriptional
regulation and methodological differences between
bulk RNA sequencing and IHC. In particular, the lack
of detectable POLE immunoreactivity in tumor cells
prevented  protein-level  validation of the
transcriptomic findings; because no orthogonal
protein-level validation was performed, technical
factors affecting antibody sensitivity or epitope
accessibility ~cannot be completely excluded.
Therefore, the absence of detectable tumor-cell POLE
staining should not be interpreted as evidence of a
biological absence of POLE protein. Finally, the
relatively small, single-center validation cohort may
limit generalizability of the findings.

Taken together, these findings suggest that
replication-associated genes contribute to CRC
biology through distinct mechanisms, with RFCl1
primarily linked to clinical outcome, RPA1 to immune
microenvironment modulation, and POLE to
mutation-driven processes that may not be fully
captured by expression-based analyses.
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