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ARTICLE INFO ABSTRACT

Keywords: Background: EEPD1 is vital in homologous recombination, while its role in cancer remains
EEPD1 unclear.

CRC

Methods: We performed multiple pan-cancer analyses of EEPD1 with bioinformatics methods,
such as gene expression, gene alterations, Prognosis and enrichment analysis, tumor microenvi-
ronment, immune cell infiltration, TMB, MSI, immunotherapy, co-expression of genes, and drug
resistance. Finally, RT-qPCR, EdU, and transwell assays helped investigate the impact of EEPD1
on CRC cells.

Results: EEPD1 was dysregulated and correlated with bad prognosis in several cancers. GSVA and
GSEA revealed that EEPD1 was primarily associated with the "WNT_BETA_CATENIN_SIGNAL-
ING," "ribonucleoprotein complex biogenesis," "Ribosome," and "rRNA processing." The infiltra-
tion of CD8™ T cells, MAIT cells, iTreg cells, NK cells, Tc cells, Tex cells, Tth cells, and Th1 cells
were negatively correlated with EEPD1 expression. Additionally, EEPD1 is significantly associ-
ated with TMB and MSI in COAD, while enhanced CRC cell proliferation and migration.
Conclusions: EEPD1 was dysregulated in human cancers and correlated with various cancer pa-
tient prognoses. The dysregulated EEPD1 expression can affect tumor-infiltrating immune cells
and immunotherapy response. Therefore, EEPD1 could act as an oncogene associated with im-
mune cell infiltration in CRC.
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1. Introduction

Globally, cancer is a severe health problem. The CA: A Cancer Journal for Clinicians reveals that, in 2020, there were 19.3 million
incidences and nearly 10 million mortalities associated with cancer worldwide [1]. Colorectal cancer (CRC) is a significant digestive
system cancer. In 2020, CRC accounted for 10% of new cancer cases and 9.4% of cancer deaths [1]. Early colorectal cancer can be
cured using surgical resection, adjuvant radiotherapy, and chemotherapy. However, metastatic CRC is complicated to resect directly
using surgery. Currently, systemic treatments such as cytotoxic chemotherapy and immunotherapy are mainly used. They depict
1-year and 5-year survival rates of about 70%-75% and below 20%, respectively [2]. Therefore, the occurrence and developmental
mechanism of CRC should be studied to identify appropriate therapeutic targets and improve the overall survival rate in advanced
CRC.

DNA double-strand unties and creates a replication fork during replication. The replication fork process slows down or stagnates
during exogenous or endogenous cellular DNA damage, a phenomenon called replication stress [3]. When the replication fork stag-
nates, an extensive range of single-stranded DNA extension [4] usually occurs, causing ATM-and Rad3-Related (ATR)
kinases-mediated replication stress response [5]. This response suppresses cell cycle processes and provides DNA repair time [3].
Primarily, the stressed replication fork is repaired by homologous recombination (HR), which recombines homologous sequences
between non-sister chromatids or within the same chromosome. The stagnated replication forks would create a free double-stranded
DNA end structure. Then, 3’ single-stranded DNA would initiate HR through the 5' end resection for DNA repair [6,7].

Endonuclease/exonuclease/phosphatase family domain containing 1 (EEPD1), first characterized in 2015, is a structure-specific
nuclease with a vital role in rescuing stressed replication forks and HR [8]. According to Wu et al., EEPD1 can initiate HR by facili-
tating the 5 'end resection, enabling the replication fork to resist replication stress and maintain genomic stability [9]. Additionally,
EEPD1 can load DNA repair components onto broken replication forks [9]. Oncogenes induce replication stress through ROS, abnormal
replication initiation, and hyper transcription [10]. The cancer cell DNA will replicate during damage, making cancer cells experience
continuous replication stress [11]. EEPD1 provides DNA resistance to replication stress for better cell survival, indicating its vital role
in the life cycle of tumors. Hromas et al. revealed that HR-deficient breast cancer cells exhibit synthetic lethality during RAD52
depletion, possibly mediated by EEPD1 [12]. However, with limited research on EEPDI, its role in cancer remains unclear.

2. Materials and methods
2.1. Data sources

The gene expression data for the tumor tissues were retrieved from The Cancer Genome Atlas (TCGA) database, while that of
normal tissues was obtained from TCGA and Genotype-Tissue Expression (GTEx) databases maintained by the Xena (https://xena.ucsc.
edu/) database of the University of California, Santa Cruz (UCSC).

2.2. EEPDI1 pan-cancer alterations analysis

Gene alterations and their results were explored and visualized by the cBioportal (http://www.cbioportal.org) and its web tool,
respectively.

2.3. Prognosis analysis

TCGA database provided the clinical survival data. The association between EEPD1 expression and cancer patient survival un-
derwent univariate COX regression analysis using R packages "survival" and "forestplot." "Survminer" and "survival" packaged from R
were used to perform the survival analysis using the Kaplan-Meier method. P value < 0.05 was considered statistically significant.

2.4. Enrichment analysis

We determined the correlation between EEPD1 and other genes using the Pearson method with the colon adenocarcinoma (COAD)
data from TCGA. We selected 300 genes with the most significant positive correlation for Gene Set Enrichment Analysis (GSEA) using
GO, KEGG, rectome databases, and the R package "clusterprofiler." In addition, the HALLMARK pathway dataset of the MsigDB
database was utilized to determine the Gene Set Variation Analysis (GSVA) scores in CRC and analyze the association of EEPD1
expression with its scores.

2.5. Tumor microenvironment (TME) analysis

We calculated TumorPurity, Stromalcore, ImmuneScore, and ESTIMATEScore on the COAD gene expression data using R packages
"ESTIMATE" for elucidating their association with EEPD1 levels. In addition, the CIBERSORT algorithm helped infer TME-related
pathways to analyze their correlation with EEPD1.
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2.6. Immune cell infiltration and immune-related genes

The correlation of gene expression was determined with each infiltration data from immune cells of Pan-cancer retrieved from the
TIMER2 database (http://timer.comp-genomics.org/) through a heat map. (Red boxes indicate positive associations, green depict
negative associations, and boxes with a cross indicate p > 0.05). Also, the Infiltration Score of each immune cell was determined using
the CIBERSORT algorithm in the ImmuCellAI database (http://bioinfo.life.hust.edu.cn/ImmucCellAl#!/). Then the EEPD1 correlation
with each immune cell Infiltration Score in CRC was evaluated and depicted as a line plot. For circle plots, we chose cells with a
Pearson correlation coefficient >0.15 with EEPD1 to perform correlation circle mapping. Red and green depict positive and negative
correlations, respectively, with a stronger correlation as the color darkens. Besides, Pearson correlation analysis was utilized for EEPD1
and immune-related gene expression. This included immune checkpoints, chemokines, chemokines receptors, immune activation
genes, immunosuppressive genes, major histocompatibility complex (MHC) genes, Epithelial-Mesenchymal Transition (EMT) down,
EMT up, pyroptosis, autophagy, TGF-f1 signaling, Wnt/p-catenin signaling, ferroptosis, and mismatch repair (MMR) genes. We plotted
heat maps using the R package "ggplot2".

2.7. TMB and MSI and immunotherapy response

The mutation data of 33 tumors were obtained from TCGA cohort of the Genomics of Drug Sensitivity in Cancer (GDSC) database.
The tumor mutational burden (TMB) was acquired by the ratio of the mutation sites with the total exon length. A previous study
obtained data on Microsatellite Instability (MSI) [13]. The association of EEPD1 levels with tumor immunotherapy response and
patient prognosis post-therapy was obtained using the "IMvigor210CoreBiologies" dataset and R package "IMvigor210CoreBiologies".

2.8. Drug resistance analysis

A correlation analysis was performed between EEPD1 and the IC50 of 192 drugs using the GDSC data and significant statistical
consideration at P < 0.05.

2.9. Nomogram development and verification

EEPD1 expression was determined with mean values, and the samples whose expression was higher than the mean value were
classified as the EEPD1 high expression group. Based on this group, univariate and cox multivariate survival analyses helped determine
the independent prognostic factors of CRC. A nomogram was constructed using these independent prognostic factors, and its accuracy
was evaluated using a calibration plot. ROC curve (receiver operating characteristic curve) helped determine the nomogram efficiency
and clinical factors in foreseeing the survival time in CRC patients at 1 -, 3 -, and 5-years.

2.10. CRC specimens collection

Twenty-three tumor and normal tissue pairs were sampled from CRC patients undergoing surgical intervention at the Zhejiang
Provincial People’s Hospital. Then the tissues were in a refrigerator at - 80 °C. The clinicopathological characteristics of colon cancer
patients were listed in Table s1.

2.11. Cell culture and transfection

Colon cancer cell lines (HCT116, HCT8 and RKO) and the normal colon cell line NCM460 were obtained from the Fuheng Biology.
We cultured HCT116 and NCM460 cell lines in the DMEM medium (Biological Industries, Israel) using 10% fetal bovine serum
(Biological Industries, Israel) and Penicillin-Streptomycin (100 mg/mL) (NCM Biotech, Suzhou, China). Moreover, HCT8 and RKO cell
lines were cultured in the RPMI1640 medium (Biological Industries, Israel) using 10% fetal bovine serum (Biological Industries, Israel)
and Penicillin-Streptomycin (100 mg/mL) (NCM Biotech, Suzhou, China). At 37 °C, we culture the cell lines using a 5% CO» incubator.
EEPD1 stRNA, designed and produced by ribobio (Guangzhou, China), was used to knock down EEPD1 in CRC cells. Lipofectamine
3000 (ThermoFisher Scientific, Massachusetts, USA) was used to transfect stRNA into CRCs. The sequence of stRNA is as follows: st-h-
EEPD1#1 GCCTGTAACTTCAGCAACA; st-h-EEPD1#2 GCCGAGTTCTACACTGAAA,; st-h-EEPD1#3 GCATGACACTCCTGGAAAA.

2.12. Immunohistochemistry (IHC)

We separately took tumor tissue and adjacent tissue from the same patient. Tissue samples were fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned. Tissue sections were incubated with EEPD1 primary (1:1000, OriGene, Wuxi, China) antibody
overnight at 4 °C and followed by HRP-conjugated secondary antibody.

2.13. RT-gPCR

The RNA-Quick Purification Kit (ES Science, Shanghai, China) facilitated the total RNA extraction from cells and tissues. Then, they
were reverse-transcribed into cDNA based on the protocol of PrimeScript RT Kit (Takara, Japan). We performed the RT-qPCR using the
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Fig. 1. EEPD1 Pan-Cancer expression and genetic alteration. (A) EEPD1 Pan-cancer differential expression according to TCGA and GTEx database.
(B) Mean expression of EEPD1 in multiple cancers. (C) EEPD1 expression in COAD tumor tissues and normal tissues. (D) EPD1 expression in paired

COAD tumor tissues and normal tissue. (E) EEPD1 pan-cancer genetic alterations in cBioportal database.
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gPCR SYBR Green Master Mix of Hieff UNICON® Universal Blue (Yeasen Biotechnology, Shanghai, China) and the ABI PRISM 7300
RT-PCR system (Applied Biosystems) on the synthesized cDNA. Triplicate reactions were performed using GAPDH as the reference. We
determined the relative gene expression with the 2-AACt method. The sequence of EEPD1 primers is as follows:

h-EEPD1-144-F GAGGTTCAAGGTGGGAAGTC; h-EEPD1-144-R AGGGTTTCCTGTAGGGTCTGT.

2.14. Western blot

The cells were lysed using RIPA buffer (Boster Biological Technology Ltd., Wuhan, China). The protein concentration was deter-
mined based on the BCA protein assay kit (Boster). Proteins were separated by uusing PAGE Gel Quick Preparation Kit (Yeasen
Biotechnology, Shanghai, China), and the separated proteins were electro-transferred onto a PVDF membrane (Millipore, Bedford, MA,
USA). The membrane was probed with diluted primary antibodies followed by overnight incubation at 4 °C. The next day, the
membrane was labeled with HRP-bound secondary antibody incubation (1:1000, Beyotime, Shanghai, China) and detected using an
ECL system (Bio-Rad, California, USA). The resulting bands were scanned using the ChemiDocTM MP Imaging System (Bio-Rad,
California, USA).

2.15. Cell proliferation experiments

Placing cell slides in a 24-well plate, adding 500ul of serum-free DMEM medium. Subsequently, transferring 10,000 well-growing
cells into the wells with cell slides and incubating overnight in a cell culture incubator. Then, EAU experiments were performed based
on the manufacturer’s instructions from the In Vitro Kit of Cell-Light EQU Apollo567 (Ribobio, Guangzhou, China).and the results were
observed with a Leica laser scanning confocal microscope (Leica, Munich, Germany). Three random fields were obtained to determine
the positive rate.

2.16. Transwell investigations

Transwell experiments in specific chambers helped investigate migration (Corning, New York, USA). We resuspended 2 x 10* cells
in 200ul of serum-free DMEM medium and placed them in the upper chamber. This was followed by adding 600ul of DMEM containing
10% FBS in the lower chamber. Then, they were kept in a 5% CO2 incubator at 37 °C for 48h. The cells migrating to the lower chamber
were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Finally, three random microscopic fields were used to
count the number of migrated cells.

2.17. Statistical analysis

GraphPad Prism 8 was used to perform a t-test and at least three independent replicates were used as mean and standard deviation,
with P < 0.05 indicating the significance level.

3. Results
3.1. EEPDI pan-cancer expression

EEPD1 expression was first analyzed in multiple cancers using the tumor gene expression data downloaded from TCGA, with the
maximum in LGG and minimum in UVM (Fig. 1B). EEPD1 expression in various cancers and normal tissues was also compared by
combining TCGA and GTEx databases, which was higher in 12 cancers than in normal tissues. These cancers included chol-
angiocarcinoma (CHOL), COAD, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma (DLBC), glioblastoma multiforme (GBM),
Kidney Chromophobe (KICH), Kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), Acute Myeloid
Leukemia (LAML), liver hepato-cellular carcinoma (LIHC), pancreatic adenocarcinoma (PAAD), rectum adenocarci-noma (READ) and
Thymoma (THYM). However, there were lower EEPD1 levels in bladder urothelial carcinoma (BLCA), breast invasive carcinoma
(BRCA), esophageal carcinoma (ESCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), ovarian serous
cystadenocarcinoma (OV), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), skin cutaneous melanoma (SCKM),
prostate adeno-carcinoma (PRAD), testicular germ cell tumor (TGCT) and thyroid carcinoma (THCA) than in the normal tissues
(Fig. 1A). CRC tissues indicated substantial statistical enhancement of EEPD1 levels (Fig. 1C,D), promoting tumor occurrence and de-
velopment. Additionally, genetic alterations of EEPD1 in tumor samples from the cBi-oportal database were also analyzed. Fig. 1E
represents the genetic alterations of EEPD1 in various tumors, including COAD, which were mainly "Mutation" and "Am-plification."
However, the alteration frequency was <5%, depicting the relatively con-served sequence of EEPD1 (Fig. 1E). Therefore, EEPD1 was
dysregulated in pan-cancer with a low genetic alteration frequency.

3.2. Correlation between EEPD1 and clinical phenotypes and prognosis of cancer patients
A univariate COX regression analysis of EEPD1 in 33 cancers helped determine the effect of EEPD1 on cancer patient prognosis.

Therefore, the expression level of EEPD1 was associated with OS in patients with lower-grade glioma (LGG) within the brain, Uveal
Melanoma (UVM), COAD, KIRP, THYM, and LUAD (Fig. 2A). EEPD1 was a high-risk factor in UVM, COAD, KIRP, and LUAD, while it
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was low-risk in LGG and THYM (Fig. 2A). Moreover, Kaplan-Meier methods established the survival analyses in these six cancers.
Increased EEPD1 levels in patients did not have a longer survival time than those with low EEPD1 levels in UVM, COAD, KIRP, and
LUAD. In contrast, patients having high EEPD1 expression depicted a better prognosis than in LGG and THYM due to low levels
(Fig. 2B). The pan-cancer tumor stage analysis indicated that EEPD1 expression was higher in advanced tumors in COAD, BLCA, UVM,
KIRC, neck squamous cell carcinoma (HNSC), and ESCA, which was lower in advanced tumors in UCEC (Fig. 2C). Thus, EEPD1 was

associated with the clinical phenotype and overall prognosis of cancer patients.
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Fig. 3. Enrichment analysis of EEPD1 in colorectal cancer. (A) correlation analysis of EEPD1 in colorectal cancer. (B) GEVA of EEPD1 in colorectal
cancer. (C-E) GSEA of EEPD1 based on GO, KEGG pathways and Reactome pathways.
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3.3. GSVA and GSEA

EEPD1 was highly expressed in CRC patients with poor survival. We conducted a correlation analysis between EEPD1 and other
genes to explore its biological function in CRC. Then, the best 50 genes showing significant positive association are depicted in Fig. 3A.
Then, the 300 best positively correlated genes with EEPD1 were selected, and a Gene Set with EEPD1 was formed. A GSVA score was
performed on all tumors to investigate the functional mechanism of EEPD1. The result indicated that EEPD1 is primarily associated
with the WNT BETA_CATENIN_SIGNALING, BILE_ACID_METABOLISM, and PEROXISOME (Fig. 3B). GSEA was performed ac-cording
to GO, KEGG, and Reactome databases. GO analysis showed involvement in "ribonucleoprotein complex biogenesis," "RNA processing,"
and "RNA splicing" (Fig. 3C). KEGG genes were primarily enhanced in the "Ribosome," "Spliceosome," and "Mi-tophagy-animal"
pathways (Fig. 3D). These genes were primarily enriched in "rRNA processing," "Major pathway of rRNA processing in the nucleolus
and cytosol," and "rRNA processing in the nucleus and cytosol" based on Reactome database analysis (Fig. 3E).
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Fig. 5. The correlation between the expression of EEPD1 and pan-cancer immune cell infiltration based on TIMER2 (Red boxes represent positive
associations, green negative associations, and boxes with a cross indicate p > 0.05). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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3.4. EEPD1 and tumor microenvironment

Emerging evidence suggests that TME is closely associated with tumor develop-ment and metastasis [14]. This affects chemo-
therapy and immunotherapy and patient outcomes [15-17]. Therefore, the Tumor Purity, Stromal, Inmune, and ESTIMATE Scores for
each tumor were determined using the ESTIMATE program (Fig. 4A). A negative association was seen between expression and Immune
Score in COAD, which was significant (Fig. 4B). Moreover, EEPD1 was also negatively associated with Immune Scores in CHOL, GBM,
CESC, READ, STAD, LUSC, and SARC. In contrast, EEPD1 showed a positive association in PCPG, UVM, THCA, BRCA, ACC, KIRP,
BLCA, LUAD, LAML, and THYM with Immune Scores (Fig. 4A). Afterward, EEPD1 and TME levels and their association were further
analyzed in COAD, indicating a signifi-cant correlation with CD 8 T effector, Immune Checkpoint, and EMT1 (Fig. 4C). Therefore, the
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Fig. 6. (A)The correlation between EEPD1 expression and immune cell infiltration in colorectal cancer. (B)Circle plot of the correlation between
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expression of EEPD1 affects TME in various cancers, including CRC.

3.5. EEPD1 and immune cell infiltration

Heliyon 10 (2024) e29285

We explored the Pan-cancer immune infiltration data from the TIMER2 database to calculate the correlation with a heat map. (Red
boxes indicate positive associations, green depict negative associations, and boxes with a cross represent p > 0.05) (Fig. 5). EEPD1

A

Points

Age

Stage

EEPD1

Total Points

1-year survival

2-year survival

3-year survival

1.0
F

e

0.8
1 1
—
e E
Se———14]

©
F e 1
3
8§ S
3 o
Q
(¢}
N
e 1-year
— 3-year
—— 5-year

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Nomogram-predicted OS (%)

Fig. 10. (A)The nomogram to predict OS of CRC patients

parameters. (D) ROC curve for nomogram.

60 70 80 90 100
P n L P " J

30 40 50 60 70 80

Stage IV
]

Stage Il
1
T T
Stage | Stage Il
T4 T

T L T i

T3 T2
N2

T L 1
N1 NO

T T T

1000 4000 7000

0 20 40 60 80 100

120 140 160 180 200

r
0.99

T T T 1
09 0.8 0.70.60.5

0.9 0.8 0.70.60.50.40.20.2

T
0.9
e |
- 7
©
o 7 >
2
T o
£
‘@
Q
& =4
g 5]
=
~ —— EEPD1 (AUC=0.713)
=] Age (AUC=0.632)
—— Stage (AUC=0.706)
— T (AUC=0.669)
g - —— N (AUC=0.651)

T T T T T T
0.0 0.2 0.4 06 0.8 1.0

False positive rate

14

T T T T T T T 1
0.8 0.70.60.90.40.30.20.1

e
o
o
> @9
2 =
=4
5 <
(2] o
N
<. —— AUC at 1 years: 0.715
AUC at 2 years: 0.642
o | —— AUC at 3 years: 0.657
o

’I T T T T T
00 02 04 06 08 10

1-Specificity

. (B) Calibration plot for the nomogram. (C) ROC curve for EEPD1 and other clinical



Y. Guo et al. Heliyon 10 (2024) 29285

A B C

-
a -
& * E *kkk
w 20 — s
5 s *k
Q 15 c —
7] 4 2 *
8 - & [
H 3
Q < E
[ z [
@) £ :
o 20
2 ]
® @ S o J
o s Tumor Normal & \“é’ é\" Q‘d‘ ©
=] o &
2}
2}
=
= D RKO HCT8
3 *k = ol
2 : 5
= s s B sy e
3] o —_— i -
Q 5 o 5
g E | — 5
g 210 210
Q g g
< & g
s 3 5
N ; 0.5 ; 0.5
B g £
H H
2 0.0 2 00
g
g 2 5 MNP
RKO & ¥ &s‘*\ ds"‘b & g T IS
o & 0 P
E EEPDI EEPDI A e
DOWN NC DOWN NC F HCTS8 RKO
*ok *

o 2
w® ©
¢ &4
-] ®
2 g 0.2
0 pm 100 0.pm 100 E § ’
0.0
S ¢
O
Q
&
0 ym 100 0 pm 100
HCTS8 RKO
*kk KKk
| — 500 | |
o o 400
2 8
= = 300
2 200 =)
- - 200
i o
o 100 [3) 100
0 0
& ] & O
& ¥ N ¥
'\o \0
™ S
& &
& &
J 154 Ns * *%
. i | Hm NC
-actin
p —— 3
e = EEPD1 DOWN
("]
P21 -y $ 10-
S
x
)
P16 e — R
k|
&
Bad - E——
o_

Bad P16 P21

(caption on next page)

15



Y. Guo et al. Heliyon 10 (2024) 29285

Fig. 11. EEPD1 promote cell proliferation and metastasis in CRC cells lines. (A) EEPD1 was significantly up-regulated in CRC tumor tissues Ac-
cording to immunohistochemistry (B) EEPD1 was significantly up-regulated in CRC tumor tissues According to RT-qPCR. (C) The expression of
EEPDI1 in CRC cell lines was higher than that in normal colorectal cell lines. (D)EEPD1 was knock down in HCT8 and RKO cell lines. (E, F)
knockdown of EEPD1 significantly reduced the EdU-positive rate of EQU assay in RKO and HCTS8 cells. (G, H) knockdown of EEPD1 significantly
reduced the number of cells that cross the TRANSWELL chamber. (I, J) knockdown of EEPD1 significantly promoted the expression of P21 and P16
elnd showed an upward trend in the expression of Bad.

levels showed a positive association with infiltrating CD8 naive T cells, Mono-cytes, Neutrophils, and NKT cells in CRC. However, there
was a negative correlation with infiltrating CD8" T, MAIT, iTreg, NK, Tc, Tex, Tfh, and Th1 cells (Fig. 6A and B).

TMB is an efficacy marker for immune checkpoint inhibitors with better immu-notherapy for a higher TMB effect [18]. MSI
biomarkers can also predict the tumor immunotherapy effect [19]. The correlation between EEPD1, TMB, and MSI was ana-lyzed,
revealing a significant correlation of EEPD1 with TMB in BLCA, COAD, STAD, THCA, THYM, UCS, and PRAD (Fig. 6C) and with
MSI in COAD, STAD, UCS, LAML, PRAD and UVM (Fig. 6D). Especially, EEPD1 was negatively associated with TMB and MSI in COAD.
Then, we analyzed the EEPD1 effect on PD-L1 inhibitors in the imvigor210 cohort. The results showed that tumors with a bad response
to PD-L1 in-hibitors also possessed higher EEPD1 expression (Fig. 6E). Moreover, patients with higher EEPD1 expression showed a
worse prognosis (Fig. 6F), depicting the sup-pressive role of EEPD1 in anti-PD-L1 immunotherapy.

Therefore, EEPD1 expression levels are correlated with immune cell infiltration, affecting immunotherapeutic efficacy.

3.6. EEPDI and immune related genes

Afterward, co-expression analysis of the genes investigated the correlation be-tween EEPD1 and genes associated with immunity.
The analyzed genes included im-mune checkpoints, chemokines, chemokines receptors, immune activation genes, im-
munosuppressive genes, and MHC genes. In addition, the correlation between EEPD1 and tumor-related genes was also analyzed.
This included EMT down and up, pyrop-tosis, autophagy, TGF-f1 signaling, Wnt/p-catenin signaling, ferroptosis, and MMR genes.
Therefore, EEPD1 was negatively associated with almost all immune-related genes in COAD (Fig. 7A-F). Moreover, EEPD1 was
positively correlated with most EMT down, pyroptosis, autophagy, TGF-f1 signaling, Wnt/p-catenin signaling, ferroptosis, and MMR
genes in COAD (Fig. 8).

3.6.1. EEPDI and drug resistance

The GDSC2 database helped analyze the correlation between EEPD1 and tumor resistance, with significantly increased tumor
resistance to multiple drugs, including Docetaxel, Olaparib, Cyclophosphamide, Luminespib, OSI-027, RVX-208, AZD5991,
ULK1_4989, AZD4547, Acetalax, Carmustine, Dactinomycin, MG-132, Buparlisib, GSK2578215A, UMI-77, Sepantronium bromide,
BIBR-1532 and GSK591 (Fig. 9A-S). Moreover, EEPD1 made tumors more sensitive to other drugs, such as Axitinib, Palbo-ciclib,
Oxaliplatin, Trametinib, Uprosertib, SCH772984, and Selumetinib (Fig. 9T-Z).

3.7. EEPDI predicts prognosis in patients with colorectal cancer

CRC patients with high expression of EEPD1 in the TCGA database were screened out. We predicted the 1, 3, and 5 years OS using a
nomogram depending on the EEPD1 expression, age, tumor stage, and T,N,M stages (Fig. 10A), then validating its predictive ability.
According to the calibration plot, the nomogram predicted and actual survival showed a good correlation (Fig. 10B). The AUC value of
the ROC curve for EEPD1 predicted OS was 0.713 (Fig. 10C). Moreover, the nomogram AUC values were 0.715, 0.642, and 0.657 with
1, 3, and 5 years of OS predictions, respectively (Fig. 10D). Therefore, the nomogram can predict the CRC patient prognosis with high
EEPD1 expression.

3.8. EEPDI1 promotes cell proliferation and migration in CRC

EEPD1 levels were substantially upregulated in tumors compared to normal tissues depending on IHC and RT-qPCR analysis of the
collected CRC samples (Fig. 11A and B). In addition, EEPD1 expression was analyzed in various CRC cell lines by RT-qPCR. This
indicated that the EEPD1 expression level in different CRC cell lines was higher than in normal colorectal cell line NCM460 (Fig. 11C).
After that, three EEPD1 stRNAs were used to knock down the EEPD1 expression in RKO and HCT8 cells. The knockdown effect of
stEEPD1#1 in both cell lines was confirmed using RT-qPCR (Fig. 11D). The EdU assay detected cell proliferation with a significantly
reduced EdU-positive rate of RKO and HCT8 cells due to EEPD1 knockdown, indicating that silencing EEPD1 inhibits CRC cell pro-
liferation (Fig. 11E and F). Moreover, EEPD1 can also affect the migration ability of CRC cells. Through transwell assay, it was observed
that EEPD1 knockdown made it more challenging for the cell lines to cross the transwell chamber (Fig. 11G and H). Thus, silencing
EEPD1 can inhibit the migration ability of CRC cells. Furthermore, based on our Western blot analysis of multiple cell cycle-related and
apoptosis-related genes, EEPD1 knockdown resulted in a significant increase in the expression levels of P16 (CDKN2A, cyclin-
dependent kinase inhibitor 2A) and P21 (CDKN1A, cyclin-dependent kinase inhibitor 1A) (Fig. 11 I, J). Besides, EEPD1 knockdown
showed an upward trend in the expression of Bad (BCL2 associated agonist of cell death) (Fig. 11 I, J). This suggests that EEPD1
knockdown may exhibit an inhibitory effect on the cell cycle and a promotional effect on apoptosis.

In general, EEPD1 expression is significantly higher in tumors compared to normal tissues and shows elevated expression levels in
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different CRC cell lines. Through the use of EEPD1 stRNAs to target and silence the EEPD1 gene, it was found that EEPD1 silencing can
significantly inhibit the proliferation and migration abilities of CRC cells. Furthermore, EEPD1 silencing has inhibitory effects on cell
cycle and a promotional effect on apoptosis. Overall, these results suggest that EEPD1 plays an important biological function in CRC
and may be a potential therapeutic target.

4. Discussion

EEPD1 deficiency could be associated with the overall cancer process due to its role in DNA repair and genome stabilization [20].
There is limited research on its relationship with tumor and the expression and function of EEPD1 in cancer remain unclear. This study
showed that EEPD1 was highly expressed in CHOL, COAD, DLBC, GBM, KICH, KIRC, KIRP, LAML, LIHC, PAAD, READ, and THYM
cancers by analyzing TCGA and GTEx gene expression data. In contrast, EEPD1 expression was lower in BLCA, BRCA, CESC, ESCA,
LUAD, LUSC, OV, PRAD, SKCM, TCGT, and THCA cancers than in normal tissues. One potential mechanism underlying the different
prognostic value of EEPD1 in different cancers could be its interaction with specific signaling pathways or molecular networks that are
dysregulated in a cancer type-specific manner. EEPD1 initiates HR by cleaving stressed replication forks, enabling cells to survive
under sustained replication stress. However, EEPD1 cleaves replication forks to produce a lethal toxic intermediate for cells [12].
EEPD1 has complex effects on different tumors due to its ability to repair replication forks and maintain genome stability [20]. The
expression levels of EEPD1 may be influenced by the tumor microenvironment, including interactions with immune cells, stromal cells,
and the extracellular matrix. The presence of specific immune cell subtypes or stromal components in the tumor microenvironment
could impact the prognostic value of EEPD1 by altering its functional role in promoting or suppressing cancer progression. Besides,
genetic alterations or epigenetic modifications in the EEPD1 may contribute to its differential prognostic value across different cancer
types.

EEPDL1 is highly expressed in CRC. Clinical data analysis also revealed that EEPD1 expression in advanced CRC is usually higher
than in early CRC. Moreover, the prognosis of patients with elevated EEPD1 levels is worse than those having low EEPD1 levels.
Therefore, EEPD1 may behave as an oncogene and become an important biomarker indicating CRC prognosis. Consequently, a
nomogram was established based on EEPD1 and several clinical parameters to predict the OS of CRC patients. Calibration plots and
ROC curve validations indicated the good predictive ability of EEPD1. This nomogram can enable clinicians to make decisions
regarding the prognosis of patients and subsequent treatment.

GSVA showed that EEPD1 is primarily associated with the Wnt/p-catenin signaling pathway. It is crucial in animal embryonic
development and organ formation [21]. This signaling has been widely associated with various tumors [22]. Moreover, WNT
hyperactivation due to mutations in adenomatous polyposis coli (APC) is a CRC hallmark [23]. Mutations in p-catenin were frequently
observed in CRC [24] and related to MSI [25]. GSEA based on GO, KEGG, and Reactome databases also revealed that EEPD1 was
closely associated with RNA processing, ribosome, and protein translation, suggesting its crucial role in tumor development. In the
subsequent gene co-expression analysis, EEPD1 was positively correlated with most genes in TGF-pl signaling, Wnt/p-catenin
signaling, and MMR. TGF-p1 controls multiple life processes [26] and is associated with tumor proliferation and EMT [27]. In addition,
the immunotherapy effect with PD-L1 inhibitors can be elevated by inhibiting TGF-p1 [28]. MMR gene mutations can cause MSI in CRC
and are related to immune checkpoint inhibitor efficacy [29]. Moreover, CRC cells extensively proliferate and migrate due to EEPD1,
even though the exact mechanism remains unknown.

TME has been a hot topic in tumors, where immune cell infiltration significantly affects tumor development [30,31]. CD8" T,
MAIT, and NK cells play crucial roles in anti-tumor immune responses, especially CD8" T cells which have a key role in eliminating
tumor cells [32-35]. EEPD1 shows a negative correlation with these cells, suggesting a negative regulatory role in inhibiting the
infiltration and activation of these immune cell types. This negative regulatory effect may lead to an immunosuppressive state in the
tumor immune microenvironment, aiding in the evasion of immune surveillance and tumor development. Then, gene co-expression
analysis indicated that EEPD1 was negatively correlated with most immune-related genes, such as immune checkpoints, chemo-
kines, chemokines receptors, and immune activation genes. Thus, EEPD1 can suppress the immune system response to tumors in
multiple ways. The correlation between EEPD1 and TMB and MSI also suggests its important role in tumor immune therapy. High TMB
and MSI are usually associated with better immune treatment outcomes, and the negative correlation between EEPD1 and TMB and
MSI may affect the sensitivity of tumors to immune therapy, consistent with our previous results. In addition, the association between
EEPD1 and the efficacy of PD-L1 inhibitors and patient prognosis further highlights its important role in anti-PD-L1 immunotherapy.
Elevated expression of EEPD1 may be correlated with poor anti-tumor effects of PD-L1 inhibitors and worse patient prognosis, sug-
gesting that EEPD1 could be a potential immunotherapy target. Taken together, the complex regulatory role of EEPD1 in tumor
immunity suggests that it may be an important regulatory factor that influences the balance of the tumor immune microenvironment
and the sensitivity of tumors to immune therapy. Further research will help to elucidate the specific mechanisms of EEPD1 in tumor
immune regulation and provide an important theoretical basis for developing new immunotherapy strategies.

Although our research has made some progress, there are also some notable limitations that need to be addressed. Firstly, the
number of tissue samples collected in our experiments was not sufficient, which may affect the reliability and generalizability of the
results. Secondly, while we have drawn some important conclusions from the bioinformatics analysis, these conclusions still require
further experimental validation for confirmation and support. Therefore, we honestly acknowledge that addressing these limitations
will require continued support and effort in future research.

In conclusion, we performed the first pan-cancer analysis of EEPD1 and observed that EEPD1 was abnormally expressed in cancers.
EEPD1 was associated with prognosis, TME, immune cell infiltration, TMB, MSI, immune modulation, multiple tumor-related signaling
pathways, and drug resistance across various human cancers. Especially bioinformatic analysis and experimental confirmation
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revealed that EEPD1 was upregulated across numerous samples, predicting a poor CRC prognosis. Then, a nomogram helped deter-
mine the OS of CRC patients depending on EEPD1 expression and several clinical parameters. Furthermore, EEPD1 enhances the
infiltration of CD8 naive T cells, monocytes, Neutrophils, and NKT cells, while inhibiting the infiltration of CD8" T, MAIT, iTreg, NK,
Tc, Tex, Tfh, and Th1 cells. Besides, EEPD1 is related to TGF-f1 and Wnt/f-catenin signaling. Moreover, EEPD1 knockdown suppressed
CRC cell proliferation and migration , and has complex effects on cell cycle. Therefore, the multi-functional roles of EEPD1 in pan-
cancer and its oncogenic role in CRC could be a theoretical basis for precision therapy in human cancers.
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