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Purpose: Due to the highly heterogeneous and immunosuppressed tumor microenvironment (TME), pancreatic adenocarcinoma
(PAAD) has limited therapeutic options and an abysmal prognosis. Ephrin A 1-5 (EFNA1-5) have been shown to regulate
tumorigenesis and metastasis in various cancers, but its role in PAAD remains unclear.

Methods: We comprehensively analyzed EFNA gene expression levels in pan-cancer and PAAD using the GEPIA and HPA
databases. Then, we assessed the prognostic value of EFNA1-5 using the Kaplan-Meier plotter and nomogram model. Further
exploration of the association of EFNA1-5 with clinicopathological features of PAAD used information from the UALCAN database,
and the TIMER dataset was used to reveal the correlation between EFNA1-5 and the tumor immune microenvironment (TIME) of
pancreatic cancer. In addition, cBioPortal Databases, GSEA, and GSCALite were used to explore gene changes, protein interactions,
and biological functions. Finally, the oncogenic effect of EFNAS was verified in vivo and in vitro.

Results: The expression levels of EFNA1-5 were significantly upregulated in PAAD. The expression of EFNA1/3/4/5 were
significantly associated with overall survival (OS) and relapse-free survival (RFS) in PAAD patients. The high expression of
EFNA2-5 were related to poor clinical features, such as higher tumor stage or grade and a wider range of lymph node metastasis.
EFNA1-5 were closely associated with immune cell infiltration, CAFs, and MDSCs expression. Furthermore, EFNAS5 is an
independent risk factor for poor prognosis in PAAD patients, and it can promote the malignant progression of pancreatic cancer
in vitro and in vivo.

Conclusion: Differential expression of EFNA1-5 is associated with TIME in pancreatic cancer, predicts different survival outcomes,
and maybe a novel prognostic marker reflecting an immunosuppressive state and a potential therapeutic target.
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Introduction
Pancreatic cancer is a highly malignant tumor of the digestive tract. Due to its insidious location, atypical early clinical
symptoms, and rapid disease progression, the efficacy of various treatments are poor, and the five-year survival rate is
still less than 5%.'” Worldwide, the overall incidence and mortality rates of pancreatic cancer are increasing year
by year,* with approximately 85% of cases being Pancreatic adenocarcinoma (PAAD).">° The objective of this study
was to identify a promising molecular target to offer novel insights for addressing the therapeutic challenges associated
with PAAD.

In PAAD, tumor components are dense with significant fibrosis. The accumulation of myeloid cells is abundant while
T cells are relatively absent, forming a nutrient-poor immunosuppressive tumor microenvironment (TME), which is
conducive to tumor cell survival, proliferation, invasion, and metastasis, making it difficult for common drugs to enter the
tumor to take effect, leading to drug resistance and failure of radiotherapy, chemotherapy.”® Despite breakthroughs in
immunotherapeutic strategies in multiple cancer types over the past decade, attempts to suppress immune checkpoints® or
eliminate the stromal barrier to drug delivery'®'" have shown limited and disappointing results in pancreatic cancer.'?
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Currently, the major impediments to pancreatic cancer immunotherapy are activated fibroblasts and myeloid cells with
immunosuppressive functions within the TME, such as cancer-associated fibroblasts (CAFs) and myeloid-derived
suppressor cells (MDSCs)."* CAFs can regulate MDSCs by secreting cytokines and inhibit the function of effector
T cells through multiple pathways.'* These hindrances must be overcome before a T-cell response occurs. Therefore,
finding new molecular targets to remodel the TME against PAAD is significant for guiding future therapeutic strategies.

The Eph receptor subfamily is the largest branch of the Receptor Tyrosine Kinases (RTK) family,'> which plays an
essential role in cell proliferation, differentiation, and embryonic development.'® Ephrin (EEN) are ligand of the Eph
receptors, which can be divided into two isoforms according to their structure and membrane attachment mode: Ephrin
A isoforms are anchored to the cell membrane by glycosyl phosphatidylinositol linkage (GPI-linkage), with five species
(A1-A5); Ephrin B isoforms are single transmembrane proteins, with three species (B1-B3).!” Previous studies have
shown that Eph/Ephrin signal transduction axes play critical roles in biological processes such as axon development,
neural network formation, capillary sprouting, cell migration, and adhesion.'® 2 In particular, some Eph / Ephrin

22,23 25,26

members have been proven to be differentially expressed in a variety of tumors (lung,?' breast, colon,?* liver,

27,28 3233) suggesting that they can exert pro- or anti-cancer effects

melanoma, prostate,”’ nasopharyngeal,***! lymphoma
depending on the microenvironment and are potential targets for cancer therapy.®* Therefore, it is of great clinical
significance to explore the function and mechanism of the Eph receptor and its ligand (Ephrin) in tumor genesis and
development, and the role of this family in PAAD has not yet been reported, which prompted us to analyze the unique
functional and prognostic role of EFNA in PAAD.

This is the first study to fully integrate the analysis of the expression pattern and prognostic value of EFNAI-5 in
PAAD using a bioinformatics approach. Through comprehensively analyzing the data information in large-scale open
databases such as GEPIA, HPA, Cbioportal, UALCAN, and TCGA, the correlation between EFNA gene expression and
immune cell infiltration, clinicopathological features, and clinical outcomes was explored. The expression levels of the
identified key gene were validated in human pancreatic cancer cell lines. The impact of targeted silencing of this gene on
the proliferation, invasion, and migration of pancreatic cancer cells was assessed in vitro. Additionally, in vivo
tumorigenicity experiments were conducted using nude mice. These findings may offer valuable insights for the

development of future targeted therapies for PAAD.

Materials and Methods

Gene Expression Profiling Interactive Analysis
GEPIA (http://gepia.cancer-pku.cn/detail.php) is a newly developed interactive web server for analyzing the RNA

sequencing expression data of 9,736 tumors and 8,587 normal samples from the TCGA and the GTEx projects using
a standard processing pipeline,’® which can be used for cancer and normal gene expression profiling and interactive
analyses. Transcriptional mRNA expression data for 5 EFNAs in various cancers and their corresponding normal
adjacent tissues were retrieved from GEPIA. Meanwhile, GEPIA was used for the transcriptional mRNA expression
of EFNAs between PAAD tissues and normal tissues. p < 0.01 was considered statistically significant. This study has
been approved by the Ethics Committee of the First Affiliated Hospital of Naval Medical University, and the ethics
review number is CHEC2021-071. The study has been registered in the Chinese Clinical Trial Registry (registration
number: ChiCTR2100052378). We promise that all studies involving human data have passed the ethical review and

complied with the regulations.

Human Protein Atlas
The Human Protein Atlas (https://www.proteinatlas.org) is an online tool including immunohistochemistry (IHC)

expression data for protein distribution and expression in 20 cancer tissues, 48 healthy human tissues, 47 cell lines,
and 12 blood cell types, which can be used to query protein expression in tissue atlases and pathology atlases.*® The

protein expression levels of EFNAs between PAAD tissues and normal tissues were obtained from this database.
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Kaplan—Meier Plotter
The Kaplan—Meier plotter (http://kmplot.com/analysis/) can assess the correlation between the expression of 30,000

genes on survival in 21 cancer types.’’ To evaluate the prognostic value of the dysregulated EFNA genes, we estimated
their OS and RFS in Pancreatic ductal adenocarcinoma by using Kaplan-Meier analysis methods. P < 0.05 was
considered statistically significant.

The Cancer Genome Atlas (TCGA) Database

The transcriptome data of pancreatic cancer patients in the TCGA database (https://tcga-data.nci.nih.gov/tcga/) were

downloaded. Inclusion and exclusion criteria were as follows: exclusion of the following three conditions: (1) incomplete
gene expression data; (2) loss of survival follow-up time; (3) incomplete information of patient’s age, gender, histo-
pathological grade, and tumor stage; After excluding the data without the information above, a total of 169 patients with
pancreatic cancer in TCGA database were included in the study. The validation cohort GSE62452 had a total of 65
pancreatic cancer patients included in the study. The “survival” R package was used to analyze the univariate and
multivariate prognostic correlation of the EFNA family. The R packages “survival”, “regplot”, and “rms” were used to

LEINT3 LR N3

construct the nomogram prediction model. The R packages “limma”, “ggplot2”, “ggpubr”, “ggExtra”, and “circlize”

were used to analyze the genes related to EFNAS in pancreatic cancer patients. “limma”, “org.Hs.eg.db”, “clusterProfiler”
and “enrichplot” were used for GSEA enrichment analysis.

UALCAN

UALCAN (http://ualcan.path.uab.edu/index.html) is a comprehensive database that provides diverse, in-depth analysis of

TCGA expression data. We used the UALCAN online database to explore the relationship between the expression level

of EFNAs and clinically relevant characteristics in patients with pancreatic adenocarcinoma.*®

cBioPortal Databases
The cBioPortal (http://cbioportal.org) is an open-access resource for visualizing and analyzing multidimensional cancer

genomics datasets.®” The cBioPortal was used to analyze the genome map of the EFNA genes in pancreatic adenocarci-
noma and obtain the mutation data.

Biological Function and Pathway Enrichment
DAVID (https://david.ncifcrf.gov) is a Database for Annotation, Visualization, and Integrated Discovery, which provides

a comprehensive set of functional annotation tools for investigators to understand the biological meaning behind large
lists of genes.*” The GO function annotation and KEGG pathway enrichment were investigated using the DAVID
database, ranked through P-value, and the top 10 relevant GO function annotation and KEGG pathways (P < 0.05) were
plotted as bubble charts with the Bioinformatics platform (http://www.bioinformatics.com.cn/).

Tumor Immune Estimation Resource (TIMER)

The TIMER database can be utilized to analyze the infiltration of immune-related cells in various types of tumors.*" It
was used to investigate the relationship between EFNA expression levels and the degree of infiltration of various
immune-related cells, cancer-associated fibroblasts, and myeloid-derived suppressor cells in PAAD.

GSCALite
GSCALite offers a web-based platform for Gene Set Cancer Analysis.* It explored the relationship between EFNA
expression levels and tumor-related pathways in PAAD.

Cell Culture and Transfection
HPDE6-C7 (WHELAB C1248), BxPC-3 (WHELAB C1023), CFPAC-1 (WHELAB C1206) were kindly provided by
SHANGHAI WHELAB BIOSCIENE LIMITED, pancreatic adenocarcinoma cell line (PANC1) was purchased from the
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Cell Bank of the Chinese Academy of Sciences (Shanghai, China). HPDE6-C7 cells were cultured in epithelial cell medium
(M1005A, SHANGHAI WHELAB BIOSCIENE LIMITED, China) and 10% foetal bovine serum (Gibco, MA, USA) in an
incubator at 37 °C and 5% CO2 and used as an in vitro model for analysis. The remaining pancreatic cancer cells were cultured
in IMDM medium (Gibco, MA, USA) and 10% foetal bovine serum (Gibco, MA, USA). siRNA treatment was performed
using Opti-MEM medium and lipofectamine 2000 following the manufacturer’s protocol. The efficiency of depletion was
tested by Western blotting.

Western Blotting

Protein concentration was determined by Western blotting. Briefly, The protein concentration of whole-cell lysates was
determined using a bicinchoninic acid protein assay kit (Beyotime, Shanghai, China). Protein samples were separated by
electrophoresis on standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and transferred to 0.2 mm
polyvinylidene difluoride membranes (Millipore). The membrane was blocked with 5% bovine serum albumin for one
h at room temperature and then incubated overnight at four °C with the primary antibodies against Ki67 (1:1000,
ab16667, Abcam), EFNAS (1:500, sc-81945, Santa), MMP2 (1:1000, 87809S, CST), and MMP9 (1:1000, 13667S, CST).
Membranes were exposed to light-sensitive film and quantified using ImageJ software.

Wound Healing Assays

Cell migration was assessed using wound healing assays. The cells were seeded in six-well plates containing serum and
cultured for 1-2 days. A wound was inflicted in the confluent cell layer using a 200-uL pipette tip, and the wells were gently
washed with PBS to remove all floating cells. The cells were cultured in a serum-free medium for 48 hours. Lesion edge
images were acquired using an inverted microscope. The wound healing capacity was calculated from the acquired images.

CCK8 Experiment

The CCKS8 experiment was used to assess cell proliferation capacity. Cells were seeded in 96-well plates and cultured for
24 hours; siRNA was transfected the next day. After 12, 24, 48, and 72 hours of cell culture, the cell proliferation ability
was measured using the CCK8 kit (abbkine, China) and a spectrophotometer (450 nm).

Tumorigenicity Assay in Nude Mice

Four-week-old male BALB/c Nude mice were purchased from Bikai (shanghai). The mice were housed in an SPF
experimental animal facility with a 12-hour light/dark cycle and constant temperature and relative humidity. The First
Affiliated Hospital Ethics Committee of Naval Medical University approved the tumor-forming experiment in nude mice,
and all experiments were performed following the ethics committee regulations and ARRIVE guidelines. Briefly, the
CFPAC-1 cell line was selected and cultured with IMDM medium containing 10% fetal bovine serum until logarithmic
growth; trypsin digested the cells and washed twice with PBS buffer, and cell concentration was adjusted to 1*10"6 by
counting. The nude mice were randomly allocated into two groups, each comprising five individuals. The skin on the
right dorsal side of each mouse was sterilized using an alcohol-soaked cotton ball. A syringe needle was then angled at
30° to perform a subcutaneous injection, during which 100 uL of cell suspension was slowly administered. Subsequently,
the tumors’ length and short diameter were measured every three days using vernier calipers, and the growth curves were
documented. After 18 days of observation, the tumor tissue was removed and photographed for recording.

Statistical Analysis

Bioinformatic analyses and R packages were performed using the R software, version 4.2.0. GraphPad Prism 8 was used
for statistical analysis of molecular biology experiments, and graphs were generated. To detect the differences between
the data of the intervention and control groups, the data of the two groups were independent of each other, and the
outcome variables were continuous variables, conforming to a normal distribution with equal variances, using two
independent samples ¢ test; to detect the expression between different cell lines, the data of each group were independent
of each other, and the outcome variables were continuous variables, conforming to a normal distribution with equal
variances, using a one-way analysis of variance. The difference is statistically significant when P < 0.05.

Cancer Management and Research 2025:17 heeps: 697
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Results

Pan-Cancer Analysis and Expression of EFNAI-5

The pan-cancer analysis aims to examine the similarities and differences in genomic and cellular changes by comparing
multiple tumor types horizontally to find some universal rule.***** Analyzing the publicly available database GEPIA
(Figure 1A), we discovered that EFNA1-5 was differentially expressed in multiple cancer types, suggesting that EFNA1-
5 dysregulation may be associated with different human malignancies.
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Figure | EFNAI-5 expression levels in different types of human cancers. (A) The expression differences of EFNAI-5 in 33 cancers and the corresponding normal tissues in
the GEPIA database. (B) Boxplot showing the transcription levels of EFNA genes in PAAD (GEPIA database) (*p<0.05). (C) Representative immunohistochemistry of EFNAs
in PAAD and normal pancreas tissues.
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We then explored the differential expression of EFNA1-5 between PAAD and normal tissues. The mRNA expression
levels of all five Ephrin A subtype proteins were significantly upregulated in PAAD compared to normal samples
(p<0.05, Figure 1B). Using the HPA database, we further analyzed the protein expression levels of EFNA1-5 in PAAD.
Except for EFNA2, the immunohistochemical results of the remaining four members were presented in the HPA
database, and the results are shown in Figure 1C. EFNA1 was not detected in normal tissues but showed medium
expression in PAAD. EFNA3 was highly expressed in both normal and tumor tissues without significant differences.
EFNA4-5 was moderately expressed in normal tissues but upregulated in PAAD tissues, showing high expression.

The Prognostic Value of EFNA mRNA Expression in Pancreatic Cancer Patients
Next, we evaluated the prognostic value of five EFNA Genes in pancreatic cancer using the Kaplan-Meier plotter. In
addition to EFNA2 (hazard ratio [HR]=1.38 95% confidence interval [CI]: 0.88-2.16, p=0.16), the higher the
expression level of EFNA1 (hazard ratio [HR] = 1.63 95% confidence interval [CI]: 1.08-2.47, p=0.02), EFNA3 (hazard
ratio [HR] = 1.54 95% confidence interval [CI]: 1.02-2.32, p=0.038), EFNA4 (hazard ratio [HR] = 1.57 95% confidence
interval [CI]: 1.04-2.36, p=0.03) and EFNAS5 (hazard ratio [HR]=1.95 95% confidence interval [CI]: 1.29-2.94, p=
0.0013), the worse the overall survival (OS) of the patients, and the difference was statistically significant (Figure 2A).
Further analysis of relapse-free survival (RFS; time until recurrence/death) in patients with pancreatic cancer showed
that the upregulation of EFNA3 (hazard ratio [HR]=2.3 95% confidence interval [CI]: 1.01-5.24, p=0.041), EFNA4
(hazard ratio [HR]=4.58 95% confidence interval [CI]: 1.07-19.66, p=0.025) and EFNAJ5(hazard ratio [HR]=2.39
95% confidence interval [CI]: 1.04-5.45, p = 0.034) were significantly associated with poor RFS. Notably, unlike the role
of EFNA1 in predicting OS (higher EFNA1 expression predicted worse OS), increased EFNA! mRNA levels were
associated with better RFS in pancreatic cancer (hazard ratio [HR]=0.25 95% confidence interval [CI]: 0.06—1.05, p=
0.04). EFNA2 also had no significant correlation with RFS (hazard ratio [HR]=1.85 95% confidence interval [CI]:
0.76-4.51, p=0.17) (Figure 2B).

Relationship Between EFNA Genes Expression and the Clinical Characteristics of
PAAD Patients

To further assess the relationship between EFNA1-5 and PAAD-related clinical features, we analyzed publicly available
data from the UALCAN database. As shown in Figure 3A, the expression levels of EFNA2, EFNA3, and EFNAS5
showed statistical differences among the different individual cancer stages of PAAD. Specifically, EFNA2 and EFNA3 in
stage2 were significantly higher than those of the normal group (p< 1E-12 for EFNA2,p=4.39E-10 for EFNA3), and
EFNAS was significantly higher in stage4 than in the normal group (p=6.60E-03). The results of the analysis regarding
nodal metastasis status showed that EFNA2 and EFNA3 were significantly higher in NO and N1 stages than in the normal
group (p<0.05), predicting worse disease (Figure 3B).EFNA4 and EFNAS were closely related to tumor grade, as shown
by: EFNA4 was significantly differentially expressed between normal group and grade3 (p=3.42E-02), gradel and
grade?2 (p=3.24E-04), gradel and grade3 (p=8.77E-04), grade3 and grade4 (p=3.42E-02); The difference between
EFNAS in gradel and grade2 (p=2.38E-04) and gradel and grade3 (p=4.85E-04) was statistically significant (Figure 3C).

Next, we explored the correlation between EFNA1-5 expression and 7P53 mutation status. Previous studies have
shown that 50%—80% of patients carry TP53-inactivating mutations that can drive pancreatic cancer metastasis.*>**® The
results showed that EFNA3, EFNA4, and EFNAS5 were significantly associated with 7P53 mutation status (Figure 3D).

DNA methylation can regulate gene transcription in cell proliferation and survival. Several studies have demonstrated
that the methylation status of DNA may be a potential novel epigenetic prognostic biomarker.*’*® This study found that
the promoter methylation levels of EFNA2, EFNA3, and EFNAS significantly differed between the normal group and the
primary tumor (Figure 3E).

Tumor-Associated Pathways and Genetic Alteration Analysis of EFNAI-5
We then analyzed the GSCA database for common cancer-related pathway enrichment analysis. The results showed that
EFNAL-5 is closely associated with several pathways widely demonstrated to be involved in malignant tumor
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Figure 2 Survival analysis of pancreatic cancer (Kaplan-Meier plotter). OS (A) and RFS (B) curves comparing the high and low expression of EFNAI-5 in pancreatic cancer.

progression. Examples include apoptosis, cell cycle, DNA damage response, and epithelial-mesenchymal transition
(EMT) (Figure 4A). It is shown that EFNA genes may play an essential role in drug resistance, proliferation, apoptosis,

invasion, and metastasis of pancreatic cancer.
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Using cBioPortal, we further investigated the genetic alterations of EFNA Genes. All five members exhibited varying
degrees of mutation frequency. EFNAI had the highest mutation frequency of 14%. In addition, EFNA3 (11%), EFNA4
(10%), and EFNAS5 (5%) had mutation rates of at least 5%. The genetic alterations in EFNA genes included splice
mutation, amplification, and high mRNA (Figure 4B).

Relationship Between the EFNAI-5 and Tumor-Infiltrating Immune Cells in Patients
with PAAD

Because pancreatic cancer has an immunosuppressive tumor microenvironment, even though immunotherapy has been
shown to be effective in many other cancers, it has not been effective in pancreatic cancer (44). Therefore, to investigate
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mutations in pancreatic cancer.

why pancreatic cancer is insensitive to immunotherapy, we first analyzed the relationship between EFNA1-5 expression
and the level of inflammatory cell infiltration in the tumor microenvironment using the TIMER database.

As shown in Figure SA-E, EFNA1 and EFNA3 were negatively correlated with macrophages and dendritic cell
infiltration. EFNA4 was negatively associated with macrophage infiltration. EFNAS was positively correlated with CD8
+T cell infiltration. No significant correlation has been found between EFNA2 and PAAD immune cell infiltration.
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Figure 5 The relationship between EFNAI-5 and the immunosuppressive state of pancreatic cancer. (A) EFNAI, (B) EFNA2, (C) EFNA3, (D) EFNA4, and (E) EFNAS. (F)
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In addition, in the analysis regarding EFNA1-5 with CAFs and MDSCs, we found that EFNA1-4 were significantly
negatively associated with CAFs (Figure 5F), whereas all five EFNA members were significantly positively correlated
with MDSCs (Figure 5G).

Overall, the above results suggest that the EFNA gene is closely associated with the immunosuppressive state of
pancreatic cancer. Targeted therapy against EFNA1-5 may alleviate the immune cell dysfunction within the tumor
microenvironment.

Survival Prediction Study of EFNAI-5 in PAAD Patients

Based on TCGA transcriptome data, univariate and multivariate Cox regression analyses were used to determine whether
EFNAI1-5 expression was an independent risk factor for poor prognosis in PAAD patients (Figure 6A). The univariate
Cox analysis revealed that EFNA4 (HR = 1.296; 95% CI 1.042—1.612; p < 0.020) and EFNAS (HR = 1.362; 95% CI
1.048-1.770; p < 0.021) were high-risk factors. In the multivariate Cox proportional hazards regression analysis, EFNA4
and EFNAS were independently associated with overall survival (p<0.05). These results suggest that EFNA4 and EFNAS
may play an essential role in the malignant process of PAAD.

To further quantitatively predict the individual survival chances of PAAD patients, we established a quantitative
prognostic nomogram model based on risk scores and clinical characteristics and incorporated 11 relevant variables
including EFNA1-5, among which age, lymph node metastasis, and EFNAS5 expression were meaningful factors
contributing to outcome events (Figure 6B). We then validated the model’s prediction accuracy in the external dataset
GSE62452 to explore its generalization ability. The results presented in Figure 6C demonstrate that the predicted overall
survival (OS) at 1, 2, and 3 years closely aligns with the observed OS. This alignment indicates that the model’s predicted
OS in the external dataset corresponds well with the actual observations, thereby confirming the model’s robust
calibration performance. Taken together, the expression of EFNAS may predict the future survival of PAAD patients.

Functional Enrichment Analysis of EFNAI-5 and Its Co-Expressed Genes in PAAD

Patients

To further analyze the role of EFNA1-5 in the occurrence and development of pancreatic cancer, we obtained the related
genes of EFNA1-5 from the TCGA database (Figure 7A) and uploaded them to the DAVID database for Gene Ontology
(GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. The top 10 most
significant biological processes for each item are shown in the bubble diagram (Figure 7B-E).

The EFNAI1-5 and their related genes were mainly enriched in biological processes related to cell migration and
adhesion (Figure 7B). These genes were involved in the main cellular components of the extracellular exosome and
plasma membrane (Figure 7C). The molecular functions for these genes were mainly cadherin binding and calcium ion
binding (Figure 7D). The results of the KEGG enrichment analysis were primarily focused on the focal adhesion pathway
(Figure 7E).

Previous analyses showed that EFNAS may be the most relevant gene for PAAD prognosis. To further elucidate the
possible biological function of the EFNAS gene tag in PAAD, we downloaded the PAAD transcriptome data from the
TCGA database for the single-gene GSEA enrichment analysis of EFNAS (Figure 7F). The results showed that EFNAS
was mainly enriched in immune-related pathways.

EFNA5 Knockdown Inhibits Malignancy in Human Pancreatic Cancer Cells

The above results indicate that EFNAS is significantly overexpressed in PAAD and is an independent risk factor for poor
prognosis in patients with pancreatic cancer, which may be a valuable research target. We confirmed that EFNAS was
upregulated in three different human pancreatic cancer cell lines compared to human normal pancreatic cells by Western
blot (Figure 8A). Furthermore, small interfering RNA (siRNA) was used to transfect pancreatic cancer cell lines to
investigate the effect of specific silencing EFNAS expression on the proliferation, invasion, and migration of pancreatic
cancer cells. The results are shown in Figure 8B, and the siRNA3 with the highest transfection efficiency was selected for
subsequent experiments. The expression of mesenchymal markers matrix metalloproteinase 2/9 (MMP2/MMP9) and
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Figure 6 Analysis of the prognostic value of EFNAs. (A)Univariate Cox analysis(green) and multivariate Cox analysis(red) were performed to determine whether EFNAI-5
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proliferation indicator ki67 was decreased after knockdown of EFNAS5 (Figure 8C). Trauma healing was slower in the

EFNAS knockdown group than in the control group at 48 h of the wound-healing assay (Figure 8D). Finally, silencing

EFNAS significantly inhibited the proliferation of pancreatic cancer cells in vitro and in vivo, as evidenced by the Cell
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Counting Kit-8 assay (Figure 8E) and the tumorigenicity Assay in Nude Mice (Figure 8F). Overall, EFNAS plays an
essential role in the malignant progression of pancreatic cancer and is expected to be a promising molecular therapeutic
target.
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Figure 8 Effect of EFNAS expression on the malignant progression of pancreatic cancer. (A) Western blotting (WB) results showed that the expression of EFNA5 was
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EFNAS reduced pancreatic cancer tumor volume in vivo. ¥p<0.05,*p < 0.01,** *p< 0.001.
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Discussion

Ephrin-Eph signals were initially identified in the erythropoietin-producing hepatoma cell line, triggering a large number
of studies.'®* They have been shown to regulate angiogenesis, tissue architecture, and cell motility and play an essential
role in cancer development, but detailed insights into the specific mechanisms are still lacking.’*>' Based on a large
amount of public data, this study systematically analyzed the expression level, biological function, clinical value, genetic
variation, immune infiltration, and prognostic significance of EFNA1-5 in pancreatic cancer for the first time and verified
the role of EFNAS in the malignant development of pancreatic cancer in vitro and in vivo. The findings may have
essential theoretical guidance for gaining insight into the molecular mechanisms of pancreatic cancer, improving the
accuracy of predicting prognosis, and designing new targeted therapies.

Previous studies have shown that hypoxia and tumor necrosis factor a (TNF-a) can lead to upregulation of EFNA1
expression in endothelial cells, stimulating vascular and tumor growth.>* Evidence for the involvement of EFNA1 in the
pathogenesis of gastric cancer has also been reported in many ways.”>>* Our results showed that both mRNA and protein
expression levels of EFNA1 were upregulated in PAAD compared with normal tissues, significantly correlating with the
poorer OS. Notably, although high EFNA1 expression predicted worse OS, increased EFNAI mRNA level was
associated with better RFS in pancreatic cancer. More studies are needed in the future to explain this seemingly
contradictory result. In addition, EFNA1 was significantly negatively associated with macrophages and dendritic cell
infiltration, CAFs, and significantly positively correlated with MDSCs. These results demonstrate both the carcinogenic
role and prognostic value of EFNA1 in PAAD, which also seems to play an essential role in the immunosuppressive
microenvironment of pancreatic cancer.

EFNA2 has been shown to promote prostate cancer metastasis by enhancing angiogenesis and promoting epithelial-
mesenchymal transition (EMT), which may be a potential therapeutic target for prostate cancer.”® In our study, the
transcript level of EFNA2 was significantly higher in PAAD than in normal tissues, but its protein level was not
significantly upregulated. In addition, EFNA2 was not significantly associated with OS and RFS in pancreatic cancer.
Interestingly, however, EFNA2 levels were significantly associated with cancer grade, lymph node metastasis, CAFs, and
MDSCs. More studies should be conducted in the future to determine the potential role of EFNA?2 in the occurrence and
development of PAAD.

A recent study showed that miR-210-3p-EFNA3-PI3K/AKT signaling axis plays a vital role in the progression of oral
squamous cell carcinoma (OSCC).”® The upregulation of EFNA3 expression in breast and gastric cancers has also been
associated with poor prognosis.”’* However, the role of EFNA3 in pancreatic cancer is still lacking in research.
According to our analysis results, the transcription level of EFNA3 was significantly upregulated in PAAD, predicting
poorer tumor stage and nodal metastasis status, which were closely associated with poor OS and RFS. In addition, the
promoter methylation level of EFNA3 was statistically higher in PAAD than in normal tissues. The 7P53 mutation or not
was also significantly associated with EFNA3 levels. Like EFNA1/2, EFNA3 may also play a vital role in promoting
immunosuppression in the pancreatic cancer microenvironment, as evidenced by its significant negative correlation with
macrophages and dendritic cells infiltration, CAFs, and significant positive correlation with MDSCs.

EFNA4 has been shown to promote proliferation and metastasis in hepatocellular carcinoma. Its upregulation is
associated with a poor prognosis.”> In this study, both transcription and protein expression levels of EFNA4 were
significantly upregulated in PAAD, usually showing poor OS and RFS. In addition, EFNA4 levels were quite different
among different pancreatic cancer grades, suggesting that it may have potential value in predicting tumor risk levels.
Immune-related analysis data showed that EFNA4 was significantly negatively correlated with macrophage infiltration
and CAFs and positively correlated with MDSCs.

Accumulation of EFNA5 has been shown to promote the development of pancreatic cancer.>® Our results showed that
both mRNA and protein levels of EFNAS were significantly increased in PAAD, predicting a poor patient prognosis. The
expression level of EFNAS was closely associated with pancreatic cancer grade, stage, and 7P53 mutation status. In
addition, a recent study in 2022 reported that neoadjuvant therapy could alter the collagen structure of pancreatic cancer
tissues and, thus, the tumor microenvironment through EFNA5.%° Our study demonstrated that EFNAS5 was involved in

the immunosuppressive mechanism in pancreatic cancer, as its expression was significantly positively correlated with
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MDSCs. Further, it demonstrated that EFNAS overexpression promoted pancreatic cancer proliferation, invasion, and
migration in vitro and in vivo.

CAFs, as a critical component of the PAAD matrix, create a protective niche, which can not only induce the formation
of an acidic microenvironment to inhibit immune cell activity and promote tumor metabolism, invasion, and metastasis
but also act as a barrier to the invasion of anti-tumor drugs and immune cells.'? Interestingly, however, a real-world study
of breast cancer showed a higher 10-year survival rate in breast-conserving patients, confirming the possibility that the
tumor matrix may also impose pressure on cancer clones.’’ The paradox may be because CAFs are not a homogeneous
cell population.®> Tumors have long been thought to be wounds that do not heal, so tumor-suppressive CAFs have
increasingly become attractive research targets.®*%*

MDSCs develop and differentiate from common myeloid progenitor (CMP) cells, which are recruited, amplified, and
activated in peripheral blood, bone marrow, or lesion sites when tumors occur in the body, suppressing innate and
adaptive immunity, promoting tumor angiogenesis and distant metastasis.® Particularly in pancreatic cancer, tumor cells
can produce granulocyte-macrophage colony-stimulating factor (GM-CSF), which contributes to the accumulation of
MDSCs and suppresses T-cell responses.®® Although targeted drugs for MDSCs have been used clinically,®” the signaling
mechanism of their activation is still unclear due to their heterogeneity and lack of specific surface markers. Further in-
depth studies are needed to provide more powerful intervention targets for MDSCs-based studies.®®

Our study found that significantly upregulated EFNA1, EFNA3, and EFNA4 in PAAD were associated with reduced
infiltration of immune cells and increased infiltration of MDSCs, which predicted a poor prognosis. At the same time,
they were negatively correlated with the expression of CAFs. A reasonable explanation is that they weaken the activity of
anti-tumor CAF subsets and thus exert a pro-cancer effect. However, further studies are needed in the future. The role of
EFNAS5 in pancreatic cancer has been preliminarily demonstrated in several studies, and our study provides direct
experimental validation of its malignant role. Although it did not show a significant direct association with CAFs, its
considerable correlation with MDSCs further confirms its potential role in cultivating “soil” for pancreatic tumors. There
is still a lack of reports on the role of EFNA1-5 in the tumor microenvironment of PAAD. Research on EFNA genes will
provide a deeper understanding of pancreatic cancer progression at the genetic level, which is expected to control or
shrink tumors, thus bringing survival benefits to more patients with progressive pancreatic cancer. At the same time, it
may enrich the multi-target combination therapy paradigm to arrest the tumor progression better.

In conclusion, this study identified upregulated mRNA and protein expression of EFNA1, EFNA3, EFNA4, and
EFNAS5 in PAAD, which may be promising prognostic markers. EFNA1-5 and their related genes are mainly involved in
tumor-associated pathways and are closely associated with the immunosuppressive tumor microenvironment of pancrea-
tic cancer. However, the present study has some limitations that should be addressed in future studies. First, this study’s
data and information were obtained from public databases, lacking detailed patient information. Secondly, although this
study provides preliminary results in vitro and in vivo experiments, more in-depth studies are needed to promote the
understanding of the oncogenic mechanism of EFNA1-5, especially the positive association of EFNA genes with CAFs
should receive more attention. Targeting EFNA1-5 may inhibit pancreatic cancer seeds, repair tumor soil, and induce the
formation of a tumor-suppressive microenvironment, offering new possibilities for treating pancreatic cancer.
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