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Abstract

The interplay between DNA replication stress and immune microenvironment alterations is known to play a
crucial role in colorectal tumorigenesis, but a comprehensive understanding of their association with and relevant
biomarkers involved in colorectal tumorigenesis is lacking. To address this gap, we conducted a study aiming to
investigate this association and identify relevant biomarkers. We analyzed transcriptomic and proteomic profiles
of 904 colorectal tumor tissues and 342 normal tissues to examine pathway enrichment, biological activity, and
the immune microenvironment. Additionally, we evaluated genetic effects of single variants and genes on
colorectal cancer susceptibility using data from genome-wide association studies (GWASSs) involving both East
Asian (7062 cases and 195 745 controls) and European (24 476 cases and 23 073 controls) populations. We
employed mediation analysis to infer the causal pathway, and applied multiplex immunofluorescence to visualize
colocalized biomarkers in colorectal tumors and immune cells. Our findings revealed that both DNA replication
activity and the flap structure-specific endonuclease 1 (FENI) gene were significantly enriched in colorectal
tumor tissues, compared with normal tissues. Moreover, a genetic variant rs4246215 G>T in FENI was associated
with a decreased risk of colorectal cancer (odds ratio = 0.94, 95% confidence interval: 0.90-0.97, P, =4.70 x 10-9).
Importantly, we identified basophils and eosinophils that both exhibited a significantly decreased infiltration in
colorectal tumors, and were regulated by rs4246215 through causal pathways involving both FENI and DNA
replication. In conclusion, this trans-omics incorporating GWAS data provides insights into a plausible pathway
connecting DNA replication and immunity, expanding biological knowledge of colorectal tumorigenesis and
therapeutic targets.
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Introduction

Colorectal cancer is among the top ten cancer types
globallyl!l; ranking the fourth in terms of incidence,
and the second in terms of mortality in the United
States as of 202212, Both sporadic and hereditary
forms of colorectal cancer arise from complex factors,
such as dietary and environmental hazard exposure, as
well as germline mutations (accounting for up to
6%—10% of all causes)4l. A complete and accurate
DNA replication is not only crucial for genomic
stability but also a vulnerable cellular process that can
initiate colorectal cancer and other cancers(5-l.

The tumor immune microenvironment is a complex
and dynamic entity that comprises various innate and
adaptive immune cells, stromal cells, and extracellular
matrix components!’l. It is noteworthy to mention that
immune cells can exert either anti-cancer or pro-tumor
effects through their interactions with tumor cells, and
the spatial correlation between them can be
investigated by multiplex immunofluorescencels-19l.
Although immunotherapy targeting immune cell
receptors or ligands, such as programmed death-1, has
revolutionized cancer treatment, the emergence of
drug resistance remains an inevitable challengel!!l.

Recent advances in high-throughput technologies,
including genomics, transcriptomics, epigenomics,
and proteomics, have facilitated a comprehensive
understanding of biological systems at multiple
levelsi2l,  The integration of different omics
approaches is a promising strategy that may facilitate
a more detailed molecular understanding of health and
diseasel!>-14], helping in biomarker identification to
clarify disease etiology and guide therapeutic
development(!5-17],

In the current study, we performed integrated
analyses of genomic, transcriptomic, and proteomic
profiles to explore potential causal genetic loci,
susceptibility genes, and biological pathways
associated with colorectal cancer risk, as well as the
association between DNA replication and immunity.

Materials and methods

Ethic approval and consent to participate

Each patient who participated in the study provided
a written informed consent for the biological research,

and the study was approved by the Institutional
Review Board of Nanjing Medical University
(approval No. 2017-515).

Availability of data and materials

Transcriptomic level data from The Cancer Genome
Atlas (TCGA) and Gene Expression Omnibus (GEO)
are both publicly available and open accessible. The
genome-wide association study (GWAS) summary
statistics of East Asian populations are available from
Biobank Japan (BBJ, http://jenger.riken.jp/en/)
without any access restrictions. The GWAS summary
data of European populations were obtained from the
Genetics and Epidemiology of Colorectal Cancer
Consortium (GECCO) via the approval of the
database of Genotypes and Phenotypes (dbGaP, acces-
sion numbers: phs001315.vl.pl, phs001078.v1.pl,
and phs001415.v1.pl). Transcriptomic and proteomic
data from the Nanjing Colorectal Cancer Cohort are
available from the corresponding author upon
reasonable request.

Transcriptomic
colorectal cancer

and proteomic profiles of

The Nanjing Colorectal Cancer Cohort dataset,
which is a long-term follow-up clinical cohort,
provides transcriptomic data for 79 pairs of colorectal
tumor tissues and adjacent normal tissues, as well as
proteomic data for 25 paired tumors and adjacent
normal tissues. The characteristics of participants and
the recruitment protocols have been described
previously(18-20,  Demographic characteristics are
shown in Supplementary Table 1 (available online).

A public dataset with information on 644 tumor
tissues and 51 normal tissues was obtained from
TCGA. Another three independent colorectal cancer
datasets were obtained from GEO, which include
GSE74602 (30 paired normal and tumor samples,
Southeast Asian populations), GSE106582 (77 tumors
and 117 mucosa tissues, European populations), and
GSE117606 (74 tumors and 65 adjacent normal
tissues, European populations).

Genetic association study of colorectal cancer

The dataset of GWAS summary statistics of East
Asian populations covered 7062 colorectal cancer
cases and 195745 controls, with 8678297 single
nucleotide polymorphisms (SNPs) (Supplementary
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Table 1). Details regarding genotyping and imputation
were described elsewherel2!l. The qualified GWAS
summary data were selected according to the
following inclusion criteria: (1) call rate > 95%; (2) P-
value for Hardy-Weinberg equilibrium (HWE)>1 x 10-6;
(3) minor allele frequency (MAF) > 0.05; and (4) R?
(imputation quality measure by Minimac3) > 0.80.

The GWAS summary data of European populations
combined a sample size of 24 476 cases and 23 073
controls, with 6 709 910 SNPs. Detailed information
about GECCO can be found in previous studies!!822-24],
Demographic  characteristics are  shown in
Supplementary Table 1. The inclusion criteria for
qualified GWAS summary data were as follows: (1)
call rate > 95%; (2) MAF > 0.05; (3) Pywg > 1x1075;
and (4) imputation accuracy R2 > 0.30.

Pathway enrichment and activity estimation

Gene set enrichment analysis (GSEA)?5! and gene
set variation analysis (GSVA)20 were performed at
the RNA and protein levels, based on the pathway in
the Kyoto Encyclopedia of Genes and Genomes
(KEGG) in Molecular Signatures Databases
(MSigDB, http://www.gsea-msigdb.org/gsea/msigdb/
index.jsp) via the R packages clusterProfiler?”! and
GSVA, respectively. We reserved enriched pathways
from GSEA with a false discovery rate threshold of
0.05 for further analysis. The difference in pathway
activity between tumor and normal samples calculated
by GSVA was estimated by the R package limmal28l.
We selected pathways from GSVA with an adjusted
P-value cutoff of 0.05 and the absolute value of
log,(fold change, FC) > 0.212°]. To facilitate subsequent
analysis, the resulting pathways were driven by
intersecting the outcomes of GSEA and GSVA.

Gene and gene-set analysis via genetic association
study

Gene and gene-set analyses were performed by
Multi-marker Analysis of GenoMic Annotation
(MAGMA)3% using genome-wide summary statistics
from East Asian and European populations. In the
gene-based  analysis, SNPs located between
transcription start and stop sites of a gene were
annotated to the gene, based on dbSNP version 135
SNP locations and NCBI 37.3 gene definitions, to
assess the joint association of all SNPs in the gene
with the phenotype. Similarly, in the gene-set analysis,
individual genes were aggregated into biological
pathways or cellular functions underlying MSigDB,
showing the potential genetic etiology of phenotypes.
The pathways met the criteria of having significant
associations, as determined by a Bonferroni-adjusted
P-value of less than 0.05, were selected along with

their corresponding genes and SNPs. Comprehensive
information regarding these pathways, genes, and
SNPs can be found in Supplementary Tables 2 and 3
(available online).

Deconvolution of the tumor immune
microenvironment at the transcriptome level

The tumor immune microenvironment was assessed
by CIBERSORTE! and xCelll32 algorithms using
transcriptomic data. CIBERSORT (http://cibersort.
stanford.edu/) provides an estimation of the
abundance of immune cell types associated with the
LM22 gene signature matrix. xCell
(http://xCell.ucsf.edu/), a gene signature-based
method, enables cell type enrichment analysis from
gene expression data for 64 kinds of cell types,
including innate and adaptive immune cells,
hematopoietic progenitor cells, epithelial cells, and
extracellular matrix cells. Detailed immune cell types
are shown in Supplementary Table 4 (available
online).

In silico analysis of genetic locus and functional
annotation

Functional Annotation of Variants-Online Resource
(FAVOR, http://favor.genohub.org/), a method
providing functional annotations for 13 major
categories, was used to annotate the selected SNPs
and plot genetic functions. SAIGE UKB
(https://pheweb.org/UKB-SAIGE/) supplied phenome-
wide association study (PheWAS) summary statistics
of the selected SNPs, which included 1 403 ICD-based
traitst®3]. Region plotsi*Y were generated by
LocusZoom. Genotype and expression data (transcript
and protein levels) were merged to perform expression
quantitative trait loci (eQTL) in colorectal tumor and
normal tissues in a linear regression modell). Details
on genotype data collection, imputation, and
processing have been published beforel!®-36-37],

Causal inference analysis of SNP, pathway, and
immune features

The associations between the candidate variant and
immune features underlying the causal pathway,
mediated by gene expression/pathway activity, were
assessed based on four scenarios: (1) merging all
associations between genetic variants and immunity
(Bc); (2) merging all associations between genetic
variants and gene expression/pathway activity (8,); (3)
merging all associations between gene
expression/pathway activity and immunity (8;); and
(4) causal inference analysis. The indirect effect of
genetic variants on immunity mediated by gene
expression/pathway activity was estimated using the
equation Bingirect =Ba X Bp- The statistical P-value for
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indirect effects was determined using bootstrapping
method®®] via the R package mediation*l. The
correlation between flap structure-specific
endonuclease 1 (FENI) expression/pathway activity
and immunity was analyzed by Spearman correlation
underlying the R package psychl*l, and meta-analysis
was performed via the R package metafort*!l.

Multiplex immunofluorescence analysis

Multiplex — immunofluorescence  staining was
performed at Servicebio Technology Co., Ltd.
(Wuhan, China), and a multiplexed tyramide signal
amplification method was used on 4 pum sections of
the tissue microarray (TMA) containing 30 pairs of
colorectal tumors and adjacent normal tissues from the
Nanjing cohort. The details of TMA were reported
previously(?2l.  After  deparaffinization, antigen
retrieval, and serum blocking, the TMA was
sequentially stained with the primary antibodies anti-
CD3 (GB13440, Servicebio), anti-CD45 (GB113885,
Servicebio), anti-CD22 (66103-1-IG, Proteintech,
Rosemont, IL, USA) and anti-FEN1 (14768-1-AP,
Proteintech), followed by the appropriate secondary
antibodies conjugated with horseradish peroxidase
(HRP) and tyramine signal amplification (TSA)
visualization. DAPI (4',6-diamidino-2-phenylindole)
was finally added to stain nuclei until all four markers
were labeled. Antibody details are shown in
Supplementary Table 5 (available online). The slide
was scanned with the Pannoramic MIDI
(3DHISTECH, Hungary). Multispectral images were
evaluated using the HALO Image Analysis Platform
(Version 3.0.311.314, Indica, US). Basophils
(CD22%), eosinophils (CD45*), T cells (CD3*) and
FENI-positive cells were quantified, and their average
intensity in TMA was calculated.

Statistical analysis

All statistical analyses were performed using R
software (version 4.0.5). The normality of the
variables was assessed using the Shapiro-Wilk test.
The Chi-squared test, Fisher's exact test, Student's #-
test, and Wilcoxon test were used as appropriate for
the respective variables. Correlations between
variables were assessed using either Spearman's or
Pearson's correlation, depending on the normal
distribution of the data. The false discovery rate
correction was used in the RNA-seq analysis to
manage false positives in multiple tests, efficiently
pinpointing genes with significantly differential
expression levels. In the SNP analysis with lower-
dimensional genotype data, Bonferroni correction was
applied to adjust the significance level for the number
of comparisons conducted, reducing the likelihood of

false discoveries. Bonferroni correction provides the
most conservative results, emphasizing highly
significant associations. A P-value less than 0.05, with
a two-tailed test, was considered statistically
significant. To perform the meta-analysis of the
summary-level GWAS results for East Asian and
European populations, we used METAL software,
with the fixed-effects modeling and inverse-variance
weightingl42].

Results

Identification of differential biological pathways in
colorectal tumors

The flowchart of the current study is shown in Fig. 1.
We first analyzed the differentially enriched pathways
between colorectal tumors and adjacient normal
tissues using the GSEA method. Although some
pathways were specifically enriched in individual
datasets, 38 pathways were consistently enriched in
colorectal tumors (Fig. 24, Supplementary Table 6
[available online]). We then used GSVA to estimate
the pathway activity (Supplementary Fig. 1A-IE,
available online) and found four pathways
differentially enriched between colorectal tumors and
adjacient normal tissues across all datasets (i.e., DNA
replication, mismatch repair, proteasome, and RNA
polymerase; Fig. 2B). Remarkably, these four
pathways were the same as those identified by GSEA
(Fig. 2C). Moreover, we performed GSEA
(Supplementary Table 7, available online) and GSVA
(Supplementary Fig. IF, available online) on the
Nanjing cohort proteome profiles, revealing that the
four pathways enriched at the RNA level were also
enriched at the protein level, thus being selected for
further investigation (Fig. 2D).

Estimation of genetic effects in pathways on
colorectal cancer susceptibility

We then assessed genomic information on
colorectal cancer susceptibility to determine key genes
in the four candidate pathways. Interestingly, FENI,
one of 108 genes in the four selected pathways
(specifically the DNA replication pathway), was
significantly associated with colorectal cancer
susceptibility in East Asian populations (Pggnferroni =
0.025; Fig. 34 and Supplementary Table 2 [available
online]), and was subsequently validated in European
populations (P = 4.41 x 104, Supplementary Table
2). Variant-to-gene annotation (Zable 1, Fig. 3B)
revealed that only rs4246215 at 11q12.2 in FENI was
associated with colorectal cancer susceptibility in both
East Asian (OR = 0.92, 95% CI: 0.87-0.95, P =
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Transcriptomic data
GEO (n=393)
TCGA (n=695)
Nanjing cohort (n=158)

o Pathway enrichment
o Activity estimation

¢ Gene-based analysis
¢ Gene-set analysis

Identification of four pathways for further analysis:
DNA replication; mismatch repair; RNA polymerase; proteasome

Identifying DNA replication and harbored gene FENI, as well as

genetic locus rs4246215 for colorectal cancer susceptibility

¢ Immune microenvironment analysis

« Mediation analysis & Multiplex immunofluorescence

Eosinophils and basophils genetically affected by rs4246215 through the mediated pathways of DNA replication and FEN/

Fig. 1 Flow chart of the study design. Omics data and methods used in the current study are shown in cylinders and orange boxes,
respectively. The key results of the study are displayed in red boxes. Four distinct pathways were derived by intersecting the results obtained
from GSEA and GSVA using transcriptomic level and proteomic level datasets. Subsequently, MAGMA analysis was employed with
genome-wide summary statistics to identify pathways that exhibited statistical significance. Additionally, a specific gene of interest, FENI,
and its corresponding SNP (rs4246215) were identified. Notably, the tumor immune microenvironment was also depicted, providing
valuable insights into the interplay between genetic factors and the immune response within the context of tumorigenesis. To further explore
causal associations, mediation analysis, and multiplex immunofluorescence were conducted, enabling a comprehensive understanding of the
underlying mechanisms. Abbreviations: BBJ, Biobank Japan; GECCO, Genetics and Epidemiology of Colorectal Cancer Consortium; GEO,
Gene Expression Omnibus; TCGA, The Cancer Genome Atlas; GSEA, gene set enrichment analysis; MAGMA, Multi-marker Analysis of

GenoMic Annotation; SNPs, single nucleotide polymorphisms.

1.46 x 10°¢) and European (OR = 0.95, 95% CI:
0.92-0.98, P = 4.41 x 10~*) populations and reached
genome-wide significance (OR = 0.94, 95% CI:
0.90-0.97, P=4.70 x 109) without heterogeneity (P =
0.27, I2 = 0.20). However, no pathway passed the
significance threshold of P < 0.05 (Supplementary
Table 3, available online).

Functional annotation revealed that rs4246215 was
located at the 3’-untranslated-region of FENI,
harboring strong functional signals of the enhancer
activity, histone modification and transcription factor
binding calculated by the FAVOR website
(Supplementary Table 8, available online). PheWAS
for pleiotropy evaluation via SAIGE UKB revealed
that rs4246215 was dramatically associated with
multiple phenotypes, especially in solid tumors and
hematologic system tumors (Supplementary Fig. 2A,
available online). Notably, both FEN1 expression
(RNA level: log,FC = 0.32, P < 0.000 1, Nanjing
cohort; protein-level: log,FC = 0.45, P < 0.000 1,

Nanjing cohort) and DNA replication activity (RNA
level: log,FC =0.39, P =1.40 x 107'%, Nanjing cohort;
protein-level: log,FC = 0.34, P = 6.43 x 105, Nanjing
cohort) were significantly increased in colorectal
tumors and were positively associated with one
another at both the RNA (» = 0.85, P <2.20 x 1016,
Nanjing cohort) and protein (» = 0.72, P =2.50 x 1078,
Nanjing cohort) levels (Fig. 3C and Supplementary
Fig. 3 [available online]). Subsequent multiplex
immunofluorescence staining confirmed the high
expression of FEN1 in colorectal tumors (Fig. 3D and
3E).

Evaluation of immune responses in colorectal
tumorigenesis

We then assessed infiltrating immune cells in
colorectal tumors and adjacient normal tissues to
determine whether FENI and DNA replication are
involved in colorectal tumorigenesis via the immune
pathway (Supplementary Fig. 4, available online).



42 Wang S et al. J Biomed Res, 2024, 38(1)

A
Pathway enrichment analysis by GSEA
40 38
30k 30
20l 20
13
10} I oy
55555
[ 399999
SULLLEEN [T TTEEFFFEEPE
S8 GSE106582 O
87 TR TCGA ° I I
99N Nanjing cohort . I [
112 BN GSE74602 . [ I
116 GSE117606 C
100 50 0
B
Pathway activity estimation by GSVA c
80r o
38
60 F
4
40 +
20 15
11 ¢
0 . [ ] 4 2 1 —% RNA polymerase
6  GSE106582 I DNA replication
Proteasome
107 GSE117606 Mismatch repair
30 Nanjing cohort
34mIN GSE74602 I .
120 TCGA o
100 50 0
D
Pathway activity at RNA level
Type Type
RNA polymerase I%Iormal
I | DNA replication & +UmOr
| Proteasome 06
i | | | | Mismatch repair '
0.4
0.2
Pathway activity at protein level
0
Type

| B I RNA polymerase 02
. . r . DNA replication -0.4
] Proteasome I
| N | I I [ | E [ ] Mismatch repair —0.6

Fig. 2 Pathway enrichment analysis and activity estimation at both the RNA and protein levels. A: Significant pathways underlying
the GSEA algorithm across five datasets at the RNA level. B: Significant pathways underlying the GSVA algorithm across five datasets at
the RNA level. C: Four significant pathways were yielded from intersections between GSEA and GSVA analyses across five datasets. D:
Differential activity of four representative pathways between colorectal tumors and normal tissues of the Nanjing cohort at the RNA level
(top) and the protein level (bottom). Abbreviations: GSEA, gene set enrichment analysis; GSVA, gene set variation analysis; TCGA, The

Cancer Genome Atlas.

Across the five datasets, a total of 26 distinct immune types being exclusively present in specific datasets

cells were consistently identified, albeit some cell (Fig. 4A). The proportions of most immune and
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Fig. 3 Genetic effects on colorectal cancer susceptibility and expression pattern of FENI and DNA replication activity. A: Manhattan
plot of the genetic effect at the gene level via MAGMA. The red dotted line shows the significance threshold of Bonferroni-adjusted
P <0.05. B: Regional plot for the association of rs4246215 and colorectal cancer risk derived from BBJ, GECCO, and GWAS meta-analyses.
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intensity of FEN1 in colorectal tumors and normal tissues. The P-value was calculated by Wilcoxon test. **P < 0.01. Abbreviation: SNPs,

single nucleotide polymorphisms.
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Table 1 Association between rs4246215 and colorectal cancer susceptibility in Asian and European populations

Variant CHR BP ;Ej:trzrll; elé Gene Populations EAF OR (95% CI) P Preterogencity 12
East Asian 0.393 0.92 (0.87-0.95) 1.46x10°

rs4246215 11 61564299 G/T FENI European 0.328 0.95 (0.92-0.98) 4.41x10#
Combined 0.94 (0.90-0.97) 4.70x10-° 0.27 0.20

in GRCh37/hg19; EAF, effect allele frequency; OR, odds ratio; CI, confidence interval.

P-values of heterogeneity and meta-analysis were generated using METAL in fixed-effect inverse-variance. Abbreviations: CHR, chromosome; BP, base pair position

stromal cells exhibited a decrease in colorectal tumors,
but the proportions of Thl cells, activated mast cells
and M0 macrophages, showed an increase.

Furthermore, we conducted an additional analysis
to determine the correlation of FENI expression or
DNA replication activity with the infiltration of
immune cells. Interestingly, the infiltration levels of
three immune cell types were significantly correlated
with FENI, and those of eight immune cell types were
significantly correlated with DNA replication
(Fig. 4B). Resting mast cells (FENI: r,,., = —0.42,
P<0.000 1; DNA replication: r,,,, =—0.43, P<0.000 1)
and megakaryocyte-erythroid progenitors (MEP;
FENI: 70, = 0.62, P < 0.0001; DNA replication:
Veta 0.72, P < 0.0001) exhibited consistent
correlation patterns with FENI expression and DNA
replication activity.

Evaluation of the effect of rs4246215 on FENI
expression, DNA replication and the tumor
immune microenvironment

The eQTL mapping was conducted to confirm the
targets of rs4246215. Intriguingly, we observed that
rs4246215 led to a downregulation of FENI
expression in colorectal tumors, while it conversely
upregulated FENI expression in normal tissues
(Fig. 54). In the Genotype-Tissue Expression Project
(GTEx) database, a similar trend was observed in
colon tissues (Bigmoia = —0.003, P = 0.90; B, unsverse =
—0.004, P = 0.80), although the difference was not
statistically significant. In addition, we found that
rs4246215 decreased DNA replication activity in
colorectal tumors but not in normal tissues (Fig. 5B)
and dramatically influenced the proportions of five
immune cells (i.e., basophils, CD4 Tem, eosinophils,
mesangial cells, and Th2 cells; Fig. 5C and
Supplementary Table 9 [available online]). However,
the aforementioned trends were not significant in the
Nanjing cohort (Supplementary Fig. 2B—2D, available
online), potentially due to the limited sample size.

Subsequently, we performed multiplex
immunofluorescence to visualize the colocalized
biomarkers in the aforementioned immune cells
(basophils, eosinophils and T cells) in the tumor

immune microenvironment. Representative
immunofluorescence staining of  basophils,
eosinophils and T cells, represented by CD22*, CD45*
and CD3+ staining, is shown in Fig. 5D. In accordance
with the immune infiltration analysis, the average
levels of basophils (CD22+) and eosinophils (CD45")
infiltration in colorectal tumors were significantly
lower than those in normal colorectal tissues (P =
0.017 and P = 0.003, respectively), but the difference
in T cell (CD3") infiltration levels was not statistically
significant (Fig. 5E).

Causal cascade of rs4246215, DNA replication, and
immunity in colorectal cancer susceptibility

We hypothesized that DNA replication and FENI
could act as mediators to influence the effect of
rs4246215 on the immunity (Fig. 6). Upon the causal
mediation analysis, we observed five significant
indirect pathways, by which rs4246215 affects the
immunity; both FENI and DNA replication mediated
the positive indirect effects of rs4246215 on CD4 Tem
(FENI: PBigirece = 0.0002, P 0.016, 12.78%
effects mediated; DNA replication: f;,4irec; = 0.000 2,
P = 0.016, 16.23% effects mediated), eosinophils
(FENI: Bipgivee: = 0.0003, P = 0.004, 21.42% effects
mediated; DNA replication: f;,4iec; = 0.0004, P =
0.016, 24.83% effects mediated) and mesangial cells
(FENI: Bipgiree: = 0.0003, P = 0.012, 18.38% effects
mediated; DNA replication: f;,4i.c; = 0.0006, P =
0.036, 38.45% effects mediated), whereas they exerted
negative indirect effects on basophils (FENI: B,,4irect =
—0.0008, P = 0.024; DNA replication: Sigirec: =
—0.000 8, P = 0.036) and Th2 cells (FENI: Bigirect =
—0.004 5, P = 0.004, 56.40% effects mediated; DNA
replication: B, 4iree; = —0.0048, P = 0.016, 60.95%
effects mediated).

Discussion

In the current study, we investigated the potential
causal protective locus rs4246215 G>T in FENI, a
locus associated with DNA replication, and its effect
on the colorectal tumor immune microenvironment
involved in tumorigenesis.
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Obstacles that impede DNA replication can lead to
DNA replication stress, a phenomenon causing
genetic mutations and instability!*3. Chronic DNA
replication stress is a hallmark of cancer cells, which

provides a potential therapeutic target for cancer
treatment*l. Our findings highlight the significance of
DNA replication in colorectal cancer and its potential
as a therapeutic target. FENI, a member of the DNA
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Fig. 5 Genetic effect of rs4246215 and multiplex immunofluorescence evaluation. A: The opposite genetic effect of rs4246215 on
FENI in colorectal tumors (left) and normal tissues (right), TCGA dataset. Gene expression data were log, transformed. B: Genetic effect of
rs4246215 on DNA replication activity in colorectal tumors (left) and normal tissues (right), TCGA dataset. C: Genetic effect of rs4246215
on immunity (TCGA dataset). The P-value was calculated by linear regression. D: Representative multiple immunofluorescence images of
CD3, CD22 and CD45 in colorectal tumors and normal tissues. Scale bar: 100 um for the first and third rows and 25 pum for the second and
forth rows, respectively. E: The average intensity of CD3, CD22 and CD45 in colorectal tumors and normal tissues. The P-value was
calculated by the Wilcoxon test. *P < 0.05 and **P < 0.01. Abbreviations: TCGA, The Cancer Genome Atlas; Tem, effector memory T cells.
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replication pathway, is also involved in other DNA
metabolic pathways, including telomere stability
maintenance and apoptotic DNA fragmentation(*5-46].
In vivo and in vitro studies have demonstrated that
FENI is frequently overexpressed in various cancers,
such as breast cancer, glioma, and hepatocellular
cancer, and that its upregulation promotes
tumorigenesis and cancer  progressionl47-501,
Additionally, FENI overexpression can lead to
genome instability and impair DNA replication
through its interaction with PCNA!I. We observed
consistent FEN1 overexpression in colorectal tumors
at both the RNA and protein levels, suggesting that
FEN1 may serve as a promising biomarker for the
diagnosis of colorectal cancer.

Previous studies have reported an association
between rs4246215 and risk of various solid tumors,
including cancers of lung, breast, and colorectum!s2].
The current study adds to the existing knowledge by
demonstrating the functional implications of
154246215 in colorectal tumor immune
microenvironment. Future investigation is warranted
to elucidate functional implications of other potential
SNPs and their interplay with rs4246215, to provide a
better understanding of the genetic mechanisms
underlying colorectal cancer pathagenesis.

Tumor immune microenvironment consists of
tumor cells and various non-tumor cells and plays a
critical role in tumor initiation, progression, and
response to therapy!s3l. In the current study, we

employed the CIBERSORT and xCell algorithms to
investigate the differential infiltration of immune cells
in colorectal tumors, compared with normal tissues.
Our results indicated that macrophages, B cells, and
mast cells were differentially infiltrated in colorectal
tumors. Macrophages, including M1 and M2 polarized
macrophages, have been identified as potential
immunotherapeutic targets!5+35]. B cells are significant
prognostic  factors for cancer, although the
mechanisms underlying their immune-suppressive or
immune-supportive effects remain poorly
understood56-591, In addition, little is known about B
cells as a new target for immunotherapy!60-61l,
Meanwhile, the role of mast cell in the tumor immune
microenvironment  remains  controversial, with
contradictory results from different studies(s2l. These
findings highlight the potential of macrophages and B
cells as immunotherapeutic targets and underscore the
need for further research to elucidate their precise
roles in immunotherapy of colorectal cancer.

Recent studies have demonstrated that targeting
DNA replication stress can modulate the immune
microenvironment and improve immunotherapy
efficacy!®3). The current study contributes to this
knowledge by revealing the intricate interplay among
genetic variants, DNA replication, and the tumor
immune microenvironment
development. Investigating genetic variants that
influence the infiltration of immune cells at the

in colorectal cancer
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genomic level may provide new insights into the
regulation of immune microenvironments and
facilitate the development of novel
immunotherapeutic strategies.

Multiplex immunofluorescence is a powerful tool to
study the spatial tumor immune microenvironment of
limited tissue specimens, which improves the
understanding of tumor-immune interactions!é+¢5l, We
validated our bioinformatic findings by using
multiplex immunofluorescence to quantify immune
cells and DNA replication activity in colorectal tumor
and normal tissues at the protein level. Our results
confirmed the spatial distribution of immune cells and
tumor cells, and revealed differential infiltration of
basophils, eosinophils, and FEN1 in colorectal tumors,
compared with normal tissues. However, further
studies are needed to better characterize other immune
cell components in the colorectal tumor immune
microenvironment.

It is important to acknowledge the limitations of the
current study. We did not conduct in vitro and in vivo
experiments to validate the differentially expressed
genes found in the tumors and immune cell
components. Future experiments should investigate
immune-mediated cytotoxicity as a crucial mechanism
in the tumor microenvironment. Additionally, the
sample size of the cohort used to validate the data
from public datasets was relatively small. Large-scale
omics datasets are needed to confirm our results.
Moreover, the current study focused on one SNP
locus, and future studies should investigate other
potential SNPs and their effects on immune
microenvironment.

In summary, the current study uncovers the
functional involvement of FENI in colorectal cancer
susceptibility through the DNA replication process
and highlights the effect of the causal variant
rs4246215 G>T on the colorectal tumor immune
microenvironment. The current study contributes to
the understanding of the pathogenesis of colorectal
cancer and sheds light on the "SNP-gene/pathway-
immunity" scheme that may have implications for
clinical practice.
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