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Abstract: The aim of the present study was to investigate the function of 29 E26 (ETS) transcription factor families
in gastric cancer (GC) and determine their association with prognosis. Our analysis of the expression of the ETS
family revealed that 28 genes were dysregulated in GC, and that their expression was associated with multiple clini-
copathological features (P<0.05). Based on the expression signature of the ETS family, consensus clustering was
performed to generate two gastric cancer subtypes. These subtypes exhibited differences in overall survival (OS,
P = 0.161), disease-free survival (DFS, P<0.05) and GC grade (P<0.01). Functional enrichment analysis of the tar-
get genes associated with the ETS family indicated that these genes primarily contribute to functions that facilitate
tumor progression. A systematic statistical analysis was used to construct a prognostic model related to OS and DFS
in association with the ETS family. This model demonstrated that the maximum area under the curve (AUC) values
for predicting OS and DFS were 0.729 and 0.670, respectively, establishing ETS as an independent prognostic fac-
tor for GC Furthermore, a nomogram was created from the prognostic signature, and its predictive accuracy was
confirmed by a calibration curve. Finally, the expression and prognostic significance of the six genes comprising the
model were also examined. Among these, ELK3 was found to be significantly overexpressed in GC clinical samples.
Subsequent in vitro and in vivo studies verified that ELK3 regulates GC proliferation and metastasis, highlighting its
potential as a therapeutic target for gastric cancer.
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Introduction diagnosis of GC, the disease often begins in-

sidiously and lacks specific symptoms, leading

Gastric cancer (GC) is a common malignhant
tumor within the digestive tract which origi-
nates from the epithelium of the gastric muco-
sa. Recent data indicate that annually, the
global incidence of GC exceeds one million new
cases. Despite a global decline in incidence
and mortality rates over the past five years, GC
continues to be the third leading cause of can-
cer-related deaths [1]. However, GC ranks sec-
ond and third in morbidity and mortality in
China, respectively [2]. While the widespread
adoption of gastroscopy in China and other
nations has somewhat enhanced the early

patients to seek medical attention for dyspeptic
symptoms like malignancy and vomiting, with a
few experiencing melena due to upper gastroin-
testinal bleeding [1, 3]. Current treatment strat-
egies are challenged by high recurrence rate
and drug resistance, resulting in a 5-year sur-
vival rate of less than 30% [4]. Moreover, tradi-
tional tumor markers, such as carcinoembryon-
ic antigen and CA199 offer limited sensitivity
and specificity in the early stages of GC, under-
scoring the urgent need for novel markers capa-
ble of accurately predicting GC and its progno-
sis to improve patient quality of life.
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The E26 (ETS) transcription factor family is one
of the largest families of transcription factors. A
characteristic shared by all ETS transcription
factors is the highly conserved ETS domain,
comprising approximately 85 DNA binding sites
that form a wing-like helix-turn-helix motif. This
domain specifically recognizes the core con-
sensus DNA sequence 5-GGA(A/T)-3’, known
as the ETS binding site [5, 6]. To date, 29 ETS
such factors have been discovered, with 28 in
humans and 27 in mice. These transcription
factors regulate various normal developmen-
tal and physiological processes, including cell
cycle, differentiation, proliferation, apoptosis,
tissue remodeling, and angiogenesis [7]. Fur-
thermore, ETS transcription factors also play a
crucial role in tumorigenesis, participating in
tumor development through gene fusion or
chromosomal rearrangement [8, 9], amplifica-
tion or overexpression [10, 11], and point muta-
tions [12]. In GC, specific ETS factors are asso-
ciated with poor prognosis and contribute to
tumor proliferation [13, 14].

RNA-seq data from The Cancer Genome Atlas
(TCGA) and The Genotype-Tissue Expression
(GTEx) databases to comprehensively analyze
the expression patterns of 29 ETS transcription
factors. Through consensus clustering analy-
sis, two GC patient groups with distinct progno-
ses were identified. The association between
the ETS transcription factors and with patient
clinicopathological characteristics was ana-
lyzed, along with the investigation of their tar-
get genes and potential regulatory mechanisms
in GC. A prognostic model comprising ETS tran-
scription factors was established based on uni-
variate Cox regression analysis and least abso-
lute shrinkage and selection operator (LASSO)
regression analysis to predict overall survival
(0S) and disease-free survival (DFS) demon-
strated good prognostic performance. Public
databases and collected GC surgical speci-
mens were employed to validate the expression
and prognostic potential of the key genes con-
stituting the OS and DFS models. Experimental
research on ELK3 confirmed the role of ELK3
in promoting tumor cell proliferation and metas-
tasis, highlighting its potential as a therapeutic
target for GC.

Materials and methods
Data source and processing
Clinical information and fragments per kilobase

million (FPKM) expression data of 32 normal
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stomachs and 375 stomach adenocarcinomas
(STAD) were downloaded from TCGA (https://
portal.gdc.cancer.gov/) and the FPKM data we-
re converted into transcripts per million (TPM)
[15, 16]. TPM data for normal tissues were
obtained from the GTEx database (https://
www.gtexportal.org/), from which the gastric
normal tissue expression data for 359 normal
gastric tissues were extracted. The ‘sva’ pack-
age in R was utilized to merge and standardize
the expression data from TCGA and GTEX, thus
mitigating the batch effect between the two
databases [17]. The Ensembl ID and gene ID
for 29 ETS transcription factor families were
obtained from the Human Transcription Factor
Database (Human TFDB, http://bioinfo.life.
hust.edu.cn/HumanTFDB#!/) [18]. The expres-
sion levels of the 29 ETS transcription factors
were extracted from the combined GC and nor-
mal gastric tissue expression datasets, and the
Wilcoxon test of the ‘limma’ package in R was
employed to examine the expression differenc-
es of these genes [19]. Additionally, the asso-
ciation of the 29 ETS transcription factors with
clinicopathological features of gastric cancer
was analyzed using the chi-square test.

Protein-protein interaction (PPIl) network con-
struction and correlation analysis

A total of 29 ETS transcription factors were
uploaded to String (https://string-db.org/) [20],
and the minimum correlation value was set to
0.150. The results were imported into Cyto-
scape 3.7.2 software for visualization [21], and
network analysis tools were utilized to evaluate
the connectivity degree of each gene, with
genes ranked according to their degree of con-
nectivity. R software version 3.6.1 (https://
www.r-project.org/) was used to analyze the
expression correlation between 29 tumor-relat-
ed ETS transcription factors in 375 patients
with STAD.

Consensus clustering of ETS transcription fac-
tors in GC

In order to examine the association between
the expression of ETS transcription factors and
clinical phenotypes, the consensus clustering
method was employed to classify the TCGA-
STAD samples into k (k = 2-9) clusters. This
approach involved assessing similarities bet-
ween consensus indices and gene expression
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to determine the optimal k value. Furthermore,
a survival analysis focusing on overall survival
(0S) and disease-free survival (DFS) was con-
ducted based on the clinical data.

Analysis of the mechanisms of ETS transcrip-
tion factors regulating GC

The professional version of TRANSFAC data-
base (http://gene-regulation.com/) [22] and
Transcriptional Regulatory Relationships Un-
raveled by Sentence-base Text mining (TRRUST,
https://www.grnpedia.org/) [23] were utilized
to identify the target genes of ETS transcription
factors as reported in the literature. Visualiza-
tion was performed using Cytoscape 3.7.2 [21].
The ‘clusterProfiler’ R package (version 4.4.1;
https://doi.org/10.1016/j.xinn.2021.100141)
was employed to conduct Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes
(KEGG) functional enrichment analyses on
these transcription factors and their target
genes [24], adopting P<0.05 and FDR <0.05 as
thresholds to explore the potential mechanisms
through which ETS transcription factors regu-
late the onset and progression of GC. The
‘GOplot’ R package was used for visualization
[25].

Construction of ETS transcription factors-relat-
ed OS and DFS prognostic models of GC

The relationship between the expression level
of each ETS transcription factor and overall sur-
vival (0S) and disease-free survival (DFS) was
investigated using univariate Cox regression
analysis, with P<0.05 set as the selection crite-
rion for hub genes associated with OS and DFS.
LASSO regression analysis was then applied to
further examine the hub ETS transcription fac-
tors related to OS and DFS, leading to the con-
struction of corresponding prognostic models.
Each patient with GC was assigned a risk score
according to the formula: Risk score = Bl x
EXP1 + B2 x EXP2 + ... + Bi x EXPi, where
represents the coefficient value and EXP
denotes the gene expression level.

Based on these risk scores, patients with STAD
were categorized into high- and low-risk groups.
The ‘survival’ R package was utilized to gener-
ate Kaplan-Meier curves, and the log-rank test
was applied to evaluate the survival differenc-
es between these two groups. The area under
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the receiver operating characteristic curve
(ROC) was calculated to determine the predic-
tive accuracy of the prognostic model. Addi-
tionally, the clinical information of each STAD
patient was analyzed, and both univariate and
multivariate Cox regression analyses were con-
ducted to assess whether the prognostic model
could independently predict patient outcomes,
beyond other clinical variables.

Nomogram construction and evaluation

Based on the constructed risk model, the ‘rms’
package (Version 6.3-0, https://github.com/
harrelfe/rms) was used to draw a nomogram,
which allocates specific scores to different lev-
els of gene expression. This allows for the visu-
al determination of individual gene scores and
the total score by drawing a vertical line, facili-
tating the evaluation of patient survival. Con-
sequently, this tool can assist clinicians in
making more precise patient assessments.
Additionally, a calibration curve was generated
to assess the accuracy of the nomogram.

Hub ETS transcription factors and prognosis,
and expression verification

The Kaplan-Meier Plotter (http://kmplot.com/),
which aggregates data from various GC expres-
sion microarrays [26], was utilized to verify the
correlation between hub gene expression and
prognosis. The Human Protein Atlas (HPA,
https://www.proteinatlas.org/), containing ex-
pression data for approximately 24,000 pro-
teins [27], was used to analyze the protein
expression levels of hub genes.

Analysis of ELK3 expression in GC samples
and cell lines using reverse transcription-quan-
titative PCR

This study highlights the significance of ELK3.
After receiving written informed consent from
the patients and approval from the Second
Affiliated Ethics Committee of Nanchang Uni-
versity (ethical approval numbers: 2020093,
2022051), 30 pairs of GC surgical samples
were collected. Clinical information relevant to
these samples was also gathered for further
analysis. Total RNA was extracted from these
50 mg tissue samples using TRIzol® reagent
(Thermo Fisher Scientific, Inc.) and reverse-
transcribed to cDNA using the PrimeScript RT
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Reagent Kit with gDNA Eraser (RRO47A, Takara
Bio, Inc.), following the manufacturer’s proto-
col. RT-gPCR analysis was conducted using the
TB Green Premix Ex Taq Il (RR820A, Takara Bio,
Inc.) on the 7900HT Fast Real-Time PCR System
(Applied Biosystems; Thermo Fisher Scientific,
Inc.), with B-actin (ACTB) serving as the internal
control. Primers, synthesized by Sangon Bio-
tech (Shanghai) Co., Ltd., had the following
sequences: ACTB forward, 5-CACCATTGGCAA-
TGAGCGGTTC-3’ and reverse, 5-AGGTCTTTGC-
GGATGTCCACGT-3’; ELK3 forward, 5-GAGAG-
TGCA ATCACGCTGTG-3’ and reverse, 5-GT-
TCGAGGTCCAGCAGATCAA-3'. The 2%%¢ value
for ELK3 was calculated using the formula:
AACC{ = A(:("1e><;)e|'imental group Achontrol group’ where

ACq = tharget gene Cqmternal reference (28]

Cell culture and transfection

mRNA data for ELK3 in GC cell lines were
downloaded from the Cancer Cell Line Ency-
clopedia (CCLE, https://sites.broadinstitute.
org/ccle), and ELK3 expression was analyzed in
each cell line. Based on the GC cell lines in
CCLE, the Hs746t and AGS cell lines, which
exhibited the highest ELK3 expression, were
acquired from The Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences.
The cells were cultured in DMEM or RPMI 1640
(Beijing Solarbio Science & Technology Co.,
Ltd.) supplemented with 10% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc.)
and maintained in a 5% CO, atmosphere at
37°C. According to the manufacturer’s instruc-
tions for Lipofectamine 3000® (Thermo Fisher
Scientific, Inc.), shRNA#1 (5-CCTGCGATACTA-
TTATGAC-3’), shRNA#2 (5-ATCAGGTTTGTGA-
CCAATA-3"), shRNA#3 (5-TGGATCAGAAACATG-
AGCA-3’, mass/concentration: 7.5 pg, 960 ng/
pL), and shNC (5-TTCTCCGAACGTGTCACGT-3/,
mass/concentration: 7.5 yg, 1040 ng/uL) pro-
vided by Sangon Biotech (Shanghai) Co., Ltd.,
were transfected into cells in 6-well plates.
Lentiviral packaging was carried out using
psPAX2 and pMD2.G, and a GC cell line
(Hs746t) with stable knockdown of ELK3 was
established.

Cell proliferation assay

To evaluate the impact of ELK3 knockdown on
GC cell proliferation, cells were stained using
the 5-ethynyl-2’-deoxyuridine (EdU) staining kit
(US Everbright Inc.) according to the manufac-
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turer’s protocol. Cells were incubated with EdU
at 37°C for 4 hours, followed by sequential pro-
cedures at room temperature: fixation with 4%
paraformaldehyde for 15 minutes, treatment
with 100 pl YF®594 azide (Everbright Inc., USA)
for 30 minutes, and DNA staining with 100 pl
DAPI for 30 minutes. A fluorescence micro-
scope (magnification, x50; Olympus Corpora-
tion) was used to capture images from three
randomly selected fields of view for analysis.
Additionally, cell proliferation was assessed by
measuring the optical density (OD) at 450 nm
at 0, 24, 48, and 72 hours using a multi-func-
tional reader, as per the CCK-8 kit (Hanbio Inc.)
instructions and growth curves were plotted to
assess cell proliferation capability.

Cell invasion and migration assay

To investigate the effects of ELK3 on tumor
invasion and migration, a wound healing assay
was conducted to assess cell migration. When
cell confluency reached approximately 95%, a
200 pl pipette tip was used to create a vertical
scratch in the cell monolayer. Subsequently,
cell debris was removed with phosphate-buff-
ered saline (PBS), and an inverted microscope
(magnification, x50; Olympus Corporation) was
used to capture images of the wound gap at O,
24, and 48 hours post-injury to evaluate migra-
tory capability. For assessing vertical migration,
cells were resuspended in serum-free medium,
and 2x10* cells were plated in the upper cham-
ber of an 8.0 um Transwell® plate (Corning,
Inc.). In the invasion assay, the upper chamber
was pre-coated with Matrigel (BD Biosciences)
for 2 hours, with subsequent steps mirroring
those of the migration assay. The lower cham-
ber was filled with 800 ul of serum-enriched
medium and incubated for 72 hours. Cells that
invaded the lower chamber were fixed with
methanol for 15 minutes at room temperature
and examined using an inverted microscope
(magnification, x50; Olympus Corporation).

Western blot analysis

Proteins were extracted from transfected cells
using RIPA lysis buffer (Beijing Solarbio Science
& Technology Co., Ltd.). Protein concentration
was determined using a BCA kit (Beyotime
Institute of Biotechnology). Proteins were then
separated by 10% SDS-PAGE gel electrophore-
sis, followed by transfer onto PVDF membranes
(MilliporeSigma) The membranes were blocked
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with 5% non-fat dry milk for 1 hour at room tem-
perature. Subsequently, membranes were incu-
bated with primary antibodies against ELK3
(1:2500 dilution, cat. no. NBP1-83960; Novus
Biologicals), proliferating cell nuclear antigen
(PCNA; 1:1000 dilution, cat. no. A0264; AB-
clonal Biotech Co., Ltd.), cyclin D1 (1:1000 dilu-
tion, cat. no. A19038; ABclonal Biotech Co.,
Ltd.), N-cadherin (1:2000 dilution, cat. no.
ab76057; Abcam), Vimentin (1:5000 dilution,
cat. no. ab137321; Abcam), and GAPDH
(2:20000 dilution, cat. no. 20536-1-AP; Pro-
teinTech Group, Inc.) at 4°C for 12 hours. Af-
ter aspirating primary antibody solutions and
membrane washing, HRP-labeled goat anti-
rabbit IgG (cat no. BA1070) and goat anti-
mouse IgG (cat no. BM2002I) secondary anti-
bodies (CWBio) were applied at a 1:10000 dilu-
tion and incubated at room temperature for 1
hour. Blots were washed and chemilumines-
cent detection was performed using an ultra-
sensitive ECL kit (Everbright Inc., USA). Images
were analyzed with Image Lab software 5.2.1
(Bio-Rad Laboratories, Inc.).

Nude mouse xenograft model and Immunohis-
tochemistry analysis

Six female BALB/c nude mice (5 weeks old)
were acquired from Hangzhou Ziyuan Labora-
tory Animal Technology Co., Ltd., China, and
maintained in specific pathogen-free, normal
conditions. Each nude mouse was injected with
5x108 stably transformed Hs746t GC cells. The
length and width of the tumors were measured
every 5 days following tumor formation, and the
tumor volume = (width)? x length/2 was calcu-
lated. Mice were euthanized using carbon diox-
ide when tumor length reached 15 mm. Tumor
tissues were then paraffin-embedded and sec-
tioned for immunohistochemistry to assess
the expression of Ki67 (dilution: 1:500, cat.
no. A23722; ABclonal Biotech Co., Ltd.) and
E-cadherin (dilution: 1:500, cat. no. ab40772;
Abcam), aiming to determine the impact of
ELK3 on gastric cancer proliferation and me-
tastasis. The experiment was conducted at
Nanchang Royo Biotech Co., Ltd. and received
approval from The Institutional Animal Care
and Use Committee of Nanchang Royo Bio-
tech Co., Ltd. (approval number: RYE2022-
011001).
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Statistical analysis

R software version 3.6.1 was utilized for bioin-
formatics analysis. The analysis included the
use of an unpaired t-test for assessing differ-
ences in ETS transcription factor expression,
Pearson correlation for analyzing correlations
among ETS transcription factors, the Log Rank
test for evaluating prognostic differences, and
the Chi-square test for investigating the asso-
ciation between ETS transcription factors and
clinicopathological features. GraphPad Prism
version 8.0 (GraphPad Software, Inc.) was
employed for statistical analysis of both in vivo
and in vitro experiments, with data presented
as mean * standard deviation. Experiments
were conducted with greater than three repli-
cates. Student’s unpaired t-test was applied for
comparisons between two groups. A P-value of
<0.05 was used for determination of statistical
significance.

Results
Expression of ETS transcription factors in GC

The present study first analyzed the differences
in expression of ETS transcription factors in by
integrating data from the TCGA and GTEx data-
bases, and visualized the findings using heat-
maps and violin plots. The analysis showed that
(Figure 1A and 1B), among the 29 ETS tran-
scription factors, EHF, ELF1, ELF3, ELF4, ELK1,
ELK3, ELK4, ERF, ERFL, ETS1, ETS2, ETV1,
ETV3, ETV3L, ETV4, ETV5, ETV6, ETV7, GABPA,
SPI1, SPIB, and SPIC were significantly overex-
pressed in GC (P<0.001); conversely, ELF2,
ELF5, ERG, FEV, FLI1, and SPDEF were highly
expressed in normal gastric tissues (P<0.05).
Among these, ETV2 exhibited low expression in
GC, though this difference did not reach statis-
tical significance (P=0.179). Network analysis
of the constructed PPI network revealed that
the degree values of EHF, ELF3, ELF4, ETV6,
ETS1, and ETS2 were all greater than 20, signi-
fying a robust interaction capability with other
ETS transcription factors (Figure 1C). Addi-
tionally, the study assessed the correlations
among ETS transcription factors, finding vary-
ing degrees of association, predominantly posi-
tive. Specifically, ETV6, ELF1, EHF, ETS1, ELK4,
ELK3, SPI1, and ELK1 showed positive correla-
tions with other genes, whereas ERG was nega-
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CDF, cumulative distribution function.

tively correlated with most ETS transcription
factors (Figure 1D). These findings highlight
ETV6, ETS1, and EHF as key genes within the
ETS transcription factor PPl network.

Clustering of ETS transcription factors in GC

The study utilized 375 clinical samples from the
TCGA-STAD dataset for consensus clustering.
The stability of clustering varied from k = 2 to
9, with analyses of gene expression similarity
and cumulative distribution function (CDF) sug-
gesting k = 2 as the optimal cluster solution.
Cluster 1 comprised 310 samples, whereas
cluster 2 included 65 samples (Figure 2A-C).
Kaplan-Meier survival analysis was performed
to compare OS and DFS between these two
subgroups. The analysis indicated that cluster
1 exhibited poorer OS and DFS compared to
cluster 2 (P = 0.011); however, it is important
to note that the Kaplan-Meier analysis for OS
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yielded a P-value of 0.161 (Figure 2D and 2E).
Furthermore, the study examined the relation-
ship between cluster categorization and vari-
ous clinical parameters including microsatellite
instability (MSI), AJCC stage, T stage, N stage,
M stage, grade, sex, age, and survival time,
using the Chi-squared test. The results revealed
(Supplementary Figure 1A) that the majority of
GC samples in cluster 1 were classified as
grade 3, while samples in cluster 2 were pre-
dominantly grades 2 and 3 (P<0.01). The asso-
ciation between ETS transcription factors and
these clinical characteristics was further ana-
lyzed and visualized through heatmaps. This
analysis revealed (Supplementary Figure 1B)
that the expression of ETS transcription factors
was most strongly associated with grade, T
stage, AJCC stage, and MSI, and to a lesser
extent with M stage and N stage. Specifically,
ETS1, FLI1, ETV2, ETV3, and ETV6 were all sig-
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Figure 3. Screening of ETS factors that can predict the prognosis of gastric cancer. A. Univariate Cox regression
analysis identified four ETS factors associated with 0S. B. LASSO regression analysis further identified four hub
ETS factors of OS. C. Univariate Cox regression analysis identified four ETS factors associated with DFS. D. LASSO
regression analysis further identified four hub ETS factors of DFS. OS, overall survival; DFS, disease-free survival.

nificantly associated with the clinical character-
istics of the four cases (P<0.05).

Regulatory mechanisms of ETS transcription
factors in GC

In the TRANSFAC database and TRRUST, 26
ETS transcription factor target genes were
identified (Supplementary Figure 2A). Notably,
ETS1, ETS2, SPI1, and ELK1 had a greater
number of target genes, whereas no target
genes were identified for ERFL, ETV2, and
ETV3L. GO and KEGG enrichment analyses
were conducted to elucidate the potential regu-
latory mechanisms of the ETS transcription fac-
tors in GC. The GO enrichment results revealed
(Supplementary Figure 2B) that the genes were
enriched in biological processes, such as the
regulation of hemopoiesis, leukocyte migra-
tion, and response to molecules of bacterial ori-
gin; cellular components like the external side
of the plasma membrane, secretory granule
lumen, and membrane raft; and molecular
functions including cytokine receptor binding,
growth factor receptor binding, and growth fac-
tor binding. The KEGG enrichment analysis
results revealed (Supplementary Figure 20C)
that these genes were mainly enriched in PI3K/
Akt signaling, microRNAs in cancer, JAK-STAT
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signaling, Epstein-Barr virus infection, NF-kB
signaling, IL-17 signaling, TNF signaling, HIF-1
signaling, MAPK signaling, PD-1/PD-L1 immune
checkpoint and other key pathways, suggest-
ing that ETS transcription factors play a critical
role in these signaling pathways in tumors.

Construction of OS and DFS prognostic sigha-
tures based on ETS transcription factors

Univariate Cox regression analysis was utilized
to assess the prognostic value of the 29 ETS
transcription factors for OS and DFS of patients
with GC. The analysis revealed that four factors
were significantly associated with OS and DFS
(P<0.05). Among the OS-related genes, ELK3
(HR = 1.012, 95% ClI = 1.005-1.020) and ERG
(HR = 1.068, 95% CI = 1.024-1.114) were con-
sidered to be predictive OS risk genes, and
ETV2 (HR = 0.796, 95% Cl = 0.681-0.930) and
ETV6 (HR =0.982, 95% Cl = 0.964-1.000) were
considered to be protective genes for predict-
ing OS (Figure 3A). For DFS, ETV1 (HR = 1.035,
95% Cl =1.011-1.059), ELK3 (HR = 1.010, 95%
Cl = 1.000-1.020), and SPIC (HR = 1.264, 95%
Cl=1.063-1.502) were identified as risk genes,
and ETV2 (HR = 0.782, 95% CI = 0.592-0.895)
as a protective gene (Figure 3C). LASSO regres-
sion analysis was subsequently applied to fur-
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ther refine the ETS transcription factors related
to OS and DFS, resulting in the construction of
risk proportion prognostic models. The results
of LASSO regression analysis suggested that
the prognostic signatures for OS included ELK3,
ERG, ETV2, and ETV6 (Figure 3B), and the risk
score calculation formula related to the OS of
each patient was as follows: Risk score =
(0.007 x EXP,,,) + (0.030 x EXP__) + (-0.024
x EXP.¢) T (-0.186 x EXP_,,.). The prognostic
signatures for constructing DFS included ETV1,
ELK3, SPIC, and ETV2 (Figure 3D). The risk
score calculation formula for DFS of each
patient was as follows: Risk score = (0.033 x
EXP__ )+ (0.005 x EXP_ ) + (0.169 x EXP

ETVL

+(-0.238 x EXP

ELK3 SPIC)

ETV2) .

Validation of OS and DFS prognostic models

Based on the median value of the OS-related
risk score and DFS-related risk score, all
patients in the OS prognostic model and DFS
prognostic model were divided into the high-
and low-risk groups. First, a scatter plot of the
survival status against risk score was drawn.
The plot demonstrates that with an increase in
risk score, the mortality rate of GC patients
gradually increased (Supplementary Figure 3A
and 3B). Kaplan-Meier analyses indicated that
patients with high risk scores had significantly
shorter 0OS (P<0.0001, Supplementary Figure
3C and 3E) and DFS (P<0.05, Supplementary
Figure 3H) compared to those with low risk
scores. Furthermore, the predictive accuracy
of the OS and DFS prognostic models was
assessed using the area under the ROC curve
(AUC). For the OS prognostic model (Supple-
mentary Figure 3D), AUC values were 0.660 at
1 year, 0.612 at 3 years, 0.646 at 5 years, and
0.729 at 7 years, suggesting moderate prog-
nostic capability. The DFS prognostic model
(Supplementary Figure 3F) exhibited AUC val-
ues of 0.590 at 1 year, 0.664 at 3 years, 0.670
at 5 years, and 0.639 at 7 years, indicating
median predictive performance. Additionally,
the integration of clinicopathological features
from the TCGA-STAD dataset was performed to
evaluate whether the risk score functioned as
an independent prognostic factor. Univariate
Cox regression analysis (Supplementary Figure
3G) identified N stage, T stage, AJCC stage, and
OS risk score as risk factors for GC patient
survival. Multivariate Cox regression analysis
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(Supplementary Figure 3H) further determined
that age (HR = 1.039, 95% Cl = 1.019-1.059,

P<0.001) and the OS risk score (HR = 2.899,
95% Cl = 1.817-4.628, P<0.001) were indepen-
dent risk factors for OS. For DFS, univariate
analysis (Supplementary Figure 3J) identified
sex, N stage, AJCC stage, and DFS risk score
as risk factors, while multivariate analysis
(Supplementary Figure 3K) showed sex (HR =
1.873, 95% Cl = 1.140-3.079, P = 0.013) and
DFS risk score (HR = 1.458, 95% CI = 1.230-
1.729, P<0.001) as independent prognostic
factors for DFS. The 5-year AUC values were
calculated to compare the prognostic abilities
of risk scores and various clinicopathological
characteristics. The results demonstrated that
in the OS prognostic model, the risk score
(0.654) surpassed that of age (0.592)
(Supplementary Figure 3l), while in the DFS
model, risk score AUC was marginally lower

than that of sex (Supplementary Figure 3L).

Nomogram construction and verification

To accurately predict the prognosis of GC,
nomograms were developed by integrating the
four signatures from both the OS and DFS mod-
els, enabling the prediction of OS and DFS
probabilities from 1 to 5 years (Figure 4A and
4C). The calibration chart (Figure 4B and 4D)
demonstrated that the nomogram closely pre-
dicted the actual survival outcomes with a
slope approximating 1 for the 5-year OS and
DFS, indicating their excellent predictive accu-
racy. These nomograms can thus provide valu-
able insights for patients with GC and assist
clinicians in making more precise clinical de-
cisions.

Verification of the prognostic value and expres-
sion of Hub ETS transcription factors

To further investigate the prognostic signifi-
cance of key ETS transcription factors in devel-
oping OS and DFS prognostic models, Kaplan-
Meier plotter was used to analyze the as-
sociation between these hub genes and 0S
and DFS. The Kaplan-Meier plotter determined
that the expression levels of ELK3 and ERG
were associated with an overall poor prognosis
of patients with GC, while the expression levels
of ETV2 and ETV6 were associated with an

improved OS (Supplementary Figure 4A). For
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Figure 4. Construction and verification of OS/DFS related nomograms. A. Multivariate Cox regression was used

to construct OS-related nomograms and predict the

1-5-year survival rates. B. Calibration detected the difference

between the 5-year predicted survival rate and the actual survival rate of the OS nomogram. C. Multivariate Cox
regression was used to construct DFS-related nomograms and predict the 1-5-year survival rates. D. Calibration de-
tected the difference between the 5-year predicted survival rate and the actual survival rate of the DFS nomogram.

0S, overall survival; DFS, disease-free survival.

patients with GC, the expression levels of
ELK3, ETV1, and SPIC were associated with
poor DFS; however, the log-rank test of survival
in association with SPIC did not yield signifi-
cant results (P>0.05), and the expression of
ETV2 was associated with an improved DFS
(Supplementary Figure 4A). The HPA database
was also used to verify the protein expression
of the six hub genes that constitute the prog-
nostic model of OS and DFS. In this database,
only three genes were found. The results indi-
cated that the protein expression levels of
these three, ELK3, ERG and ETV6, were con-
sistent with their mRNA levels (Supplementary
Figure 4B). Among these ELK3 was implicated
in influencing both OS and DFS in GC patients.
ELK3 expression was further examined in GC
clinical samples (Figure 5A) revealing elevated
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ELK3 levels in 30 pairs of gastric cancer sam-
ples, with 18 samples showing high ELK3
expression and 12 exhibiting low expression.
Analysis of the clinical and pathological charac-
teristics of ELK3 indicated a significant associ-
ation with T stage (Table 1).

ELK3 acts as an oncogene in GC

In vitro and in vivo experiments were perform-
ed to assist in elucidating the potential role of
ELK3 in GC. The CCLE database identified that
ELK3 was most highly expressed in Hs746t and
AGS cell lines (Figure 5B). Three shRNA plas-
mids were utilized to suppress ELK3 expres-
sion in Hs746t cells, with Western blot results
showing that all three shRNAs effectively inhib-
ited ELK3 protein expression, while RT-PCR
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Figure 5. A. The high expression of ELK3 was confirmed in 30 pairs of samples. B. The Cancer Cell Line Encyclopedia
database demonstrated that the Hs746t cell line had the highest expression of ELK3. C. Western-blot verifies the
efficiency of ELK3 inhibition. D. rt-PCR verified the inhibition efficiency of ELK3. *"P<0.01, ""*P<0.001, ***P<0.0001.

confirmed significant suppression of ELK3
mRNA levels (Figure 5C and 5D, P<0.01).
Subsequent experiments were conducted us-
ing the shELK3#2 and shELK3#3 plasmids.
The present study first analyzed the effects of
ELK3 on proliferation. EdU staining indicated
reduced proliferation in cells with ELK3 knock-
down (P<0.05, Figure 6A and 6B), accompa-
nied by decreased levels of proliferation-asso-
ciated proteins, PCNA and cyclin D1 (Figure
6C). Furthermore, ELK3 knockdown resulted
in diminished horizontal migration (P<0.05,
Figure 7A), reduced vertical migration and inva-
sion (P<0.01, Figure 7C), and reduced expres-
sion of metastasis-related proteins, N-cadherin,
and vimentin (Figure 7B). These findings sug-
gest the involvement of ELK3 in GC cell me-
tastasis. Notably, in vitro experiments demon-
strated significantly reduced tumorigenic po-
tential in Hs746t cells following ELK3 knock-
down compared to the control group (P<0.01,
Figure 8A). Immunohistochemical analysis of
tumor tissues indicated that reduced ELK3
expression was associated with decreased
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Ki67 and increased E-cadherin expression
(Figure 8B). In vivo experiments showed that
ELK3 can promote gastric cancer proliferation
and metastasis, collectively indicating the abil-
ity of ELK3 to function as an oncogene in GC.

Discussion

The ETS transcription factor family has been
discovered for more than 30 years. Over the
past 10 years, the understanding of the func-
tion of this family in solid tumors has increased
exponentially Studies have highlighted that the
abnormal expression of ETS transcription fac-
tors plays a critical role in the occurrence and
development of tumors [7]. This study leverag-
es data from the GTEx and TCGA to perform a
comprehensively analysis of the expression of
29 ETS transcription factors in GC, finding that
28 of these are abnormally expressed. The
majority of these factors are upregulated and
are closely associated with tumor progression.
For example, the study by Zhang et al. [29] dem-
onstrated that PDEF was highly expressed in
GC and was closely related to GC cell prolifera-
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Table 1. Relationship between ELK3 and clini-
copathological features of gastric cancer

Clinicopathologic High. Low . P value
expression expression

Gender 0.88
Male 11 7
Female 7 5

Age (years) 0.87
<60 13 9
>60 5 3

CEA (ng/ml) 0.77
<5 8 6
>5 10 6

CA199 (U/ml) 0.18
<37 12 5
>37 6 7

Histologic grade 0.15
Poor 4 8
Moderate-Well 14 4

T stage 0.02
Tris-T2 7 11
T3-T4 11 3

N stage 0.37
NO 9 8
N1-3 9 4

tion, migration, and invasion, potentially th-
rough a positive feedback loop with FOXM1
that stimulates cell proliferation [14]. Notably,
this study found that ETS2 is highly expressed
in GC and positively correlates with the grade of
GC. This conclusion differs from the findings
reported in the study by Liao et al. [30]. They
confirmed that ETS2 was expressed at low
levels in GC and functioned as a tumor sup-
pressor gene [30]. However, Das et al. demon-
strated that ETS2 is significantly upregulated in
Helicobacter pylori-infected GC, promoting the
expression of Siah1 and enhancing the degra-
dation of membrane-bound B-catenin, thereby
significantly promoted the invasiveness of GC
[31, 32]. These findings suggest the unique role
of ETS2 in GC. In addition, based on the ex-
pression patterns of ETS transcription factors
and using consensus clustering, the present
study identified two unique subgroups of GC.
Systematic analysis revealed significant differ-
ences between these two subgroups OS, DFS
and grade. This observation further suggests
that the expression patterns of ETS transcrip-
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tion factors are closely associated with the pro-
gression and prognosis of gastric cancer (GC).
Several of these factors, including ETS1 [33-
36], EHF [13], ETV1 [37], and ETV4 [38, 39],
have been extensively reported in GC. These
factors are highly expressed in GC and promote
the progression of GC, thereby serving as effec-
tive biomarkers.

Previous research has established that ETS
transcription factors are involved in various
critical processes related to tumor develop-
ment, including tumor cell self-renewal and
survival, DNA repair and genome stabilization,
the regulation of chromatin dynamics and epi-
genetics, the regulation of metabolism, and
tumor microenvironment [40]. The present
study analyzed the role of the ETS transcription
factor family in GC by identifying and conduct-
ing functional enrichment analyses on the tar-
get genes of each factor, in conjunction with
examining their association with the clinico-
pathological characteristics of GC. Analysis
revealed a positive association between ETS
transcription factors and clinicopathological
parameters of grade, M stage, N stage, T sta-
ge, and AJCC stage, suggesting their potential
role in promoting GC progression. KEGG analy-
sis of all target genes suggested that the ETS
family might influence GC cell development and
progression through various pathways, includ-
ing PI3K-Akt signaling, JAK-STAT signaling,
NF-kB signaling, microRNAs in cancer, HIF-1
signaling, MAPK signaling, platinum resistance,
TGF-B signaling, and other pathways regulating
the occurrence and development of GC cells.
Although some of these conclusions have not
yet been confirmed in GC, they have been
reported in other tumors. For instance, Xu et al.
[41] demonstrated that ETV4 promotes clear
cell carcinoma metastasis via a PI3K-Akt-
dependent activation of FOSL1. ELK3 was
found to breast cancer sensitivity to adriamy-
cin through the same pathway [42]. In addition,
ELK3 has been implicated in enhancing liver
cancer migration and invasion by regulating
HIF-1a [43]. ETS1 has been shown to promote
cisplatin resistance in triple-negative breast
cancer by activating the NF-kB pathway through
direct binding to the IKKa promoter [44]. NF-kB
can also form a positive feedback loop with
ELF3, which constitutively activates NF-«kB
and drives prostate cancer progression [45].
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Figure 6. The cell proliferation ability decreased after ELK3 inhibition. A. EdU staining revealed that the proliferation of gastric cancer cells was inhibited by ELK3
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Figure 7. A. Knockdown of ELK3 reduced the horizontal migratory ability of gastric cancer cell. B. Knockdown of
ELK3 led to a decreased expression of N-cadherin and vimentin in gastric cancer cells. C. Knockdown of ELK3 re-
duced the ability of gastric cancer cells to invade and migrate vertically. “P<0.05, “*P<0.01.
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Figure 8. A. In vivo experiments revealed that the tumorigenic ability of Hs746t cells in which ELK3 was stably
knocked down decreased. B. Immunohistochemistry showed that knocking down ELK3 resulted in downregulation
of Ki67 and upregulation of E-cadherin expression in the tumorigenesis of nude mice. “*P<0.01.

Furthermore, the ERG fusion gene can activate
NF-kB via Toll-like receptor 4 [46]. It has also
been demonstrated that this family is involved
in other inflammatory pathways. EHF can
directly inhibit IL-6, thereby preventing the acti-
vation of STAT3 and inhibiting the growth of
prostate cancer stem cells [47]. ELF3 can also
participate in other pathways. In a previous
study on thyroid cancer, ELF3 was found to not
only act as a prognostic marker, but also to reg-
ulate the transcription of the human epidermal
growth factor receptor 2 family and regulate
the activity of the MAPK/Erk pathway, forming
a positive feedback loop. It was also found to
play a role in promoting cancer [48]. The TGF-3
signaling pathway, crucial for cell growth, differ-
entiation, and apoptosis, is differentially regu-
lated by the ETS transcription factor family. Yao
et al. [49] confirmed that ELF5 inhibits TGF-p3-
driven epithelial-mesenchymal transition in
prostate cancer by blocking SMAD3 phosphory-
lation. Conversely, evidence suggests that the
ETS family plays a significant role in promoting
certain pathways. Wang et al. [50] suggested
that EHF directly upregulated the expression of
TGF-B1 at the transcriptional level and activat-
ed the signal transduction. Similarly, the ERG
fusion gene is known to induce this signaling
pathway in prostate cancer, fulfilling a similar
function [51].
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Another key finding of this study involves utiliz-
ing univariate Cox regression analysis and
LASSO regression analysis to construct prog-
nostic signatures for predicting OS and DFS.
The OS prognostic signatures comprise ELK3,
ERG, ETV2, and ETV6, while the DFS prognos-
tic signatures include ETV1, ELK3, SPIC, and
ETV2. Among these, ELK3, ERG, ETV1 and SPIC
are posited to act as oncogenes, a theory sup-
ported by multiple reports. ELK3, in particular,
has been identified with high expression in vari-
ous cancers including breast cancer [52-54],
liver cancer [43], non-small cell lung carcinoma,
and prostate cancer, playing roles in tumor
development and progression [55, 56]. Studies
have shown that ELK3 can activate the PI3K-
Akt pathway to regulate autophagy-mediated
sensitivity of breast cancer to adriamycin che-
motherapy [42]. Yoo et al. demonstrated that
ELK3 can also activate the transcription of
c-fos and enhance breast cancer cell growth
and transformation [57]. Moreover, ELK3 has
been reported to promote liver cancer cell
migration and invasion by regulating HIF-1a
[43]. This study confirms the overexpression of
ELK3 in GC and demonstrates that inhibiting its
expression both in vitro and in vivo can sup-
press GC cell progression. ERG is critically
involved in cell proliferation, differentiation,
angiogenesis, inflammation, and apoptosis; it

Am J Cancer Res 2024;14(4):1831-1849



The oncogene ELK3 was identified from the prognostic model of E26 TFs in GC

can influence the Warburg effect by binding to
the HK2 promoter and affecting cervical cancer
progression [58]. Research on prostate cancer
has indicated that ERG directly targets and
activates FZD8 of the Wnt pathway by binding
to its promoter, promoting tumor metastasis
[59]. ETV1, known to be upregulated in GC,
acts as a favorable prognostic factor by induc-
ing epithelial-mesenchymal transition through
Snail transcription regulation [37]. In pancreat-
ic cancer, it can regulate the expansion and
metastasis of the stroma [60]. In aggressive
prostate cancer, overexpressed ETV1 promotes
TGF-B signal transduction and tumor progres-
sion [61]. Research in lung cancer suggests
SPIC activates SNHG6 transcriptionally, induc-
ing the miR-485-3p/VPS45 axis to promote
non-small cell lung cancer progression [62],
and upregulates PARP9 in cervical cancer to
enhance tumorigenicity [63].

To evaluate the prognostic signature against
other clinicopathological features, ROC curves,
univariate, and multivariate Cox regression
analyses were employed. The constructed pro-
gnostic signature outperformed other clinico-
pathological features in predicting GC patient
prognosis. A nomogram was developed to pre-
dict 1-5 years OS and DFS probabilities for GC
patients. Calibration plot verification indicated
that both nomograms accurately forecast GC
patient survival, offering valuable insights into
effective treatment options for clinicians. Fur-
thermore, hub genes within the prognostic sig-
nature were validated using an external data-
base, confirming their association with survival
and protein-level expression. Specifically, ELK3,
pivotal in both OS and DFS prognostic signa-
tures, was found highly expressed in GC com-
pared to matched normal samples in 30 clinical
specimens. High ELK3 expression correlates
with significant clinical and pathological char-
acteristics. In vitro and in vivo experiments
showed that ELK3 knockdown in GC cells dimin-
ished tumor proliferation, invasion, and migra-
tion capabilities, suggesting ELK3 as a poten-
tial therapeutic target for GC treatment.
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Supplementary Figure 1. Clinical outcomes of TCGA-STAD patients have in association with ETS factors and the two different clusters. A. Heatmap and clinicopatho-
logical characteristics of the two clusters defined by the shared expression of ETS factors. B. Heatmap illustrating the association between ETS factors and patient
clinical characteristics. “P<0.05, **P<0.01, “*P<0.001, "***P<0.001. TCGA, The Cancer Genome Atlas; STAD, stomach adenocarcinoma.
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Supplementary Figure 3. Construction and verification of OS and DFS prognostic signatures. A and B. Distribution of survival status in the OS/DFS signature as the
risk score increased. C and E. Survival analysis of the two subgroups stratified based on the median of OS/DFS risk scores calculated by multivariate Cox regression
analysis. D and F. ROC curve for evaluating the predicting ability of the prognostic signature. G and J. Univariate Cox analyses of the OS/DFS signature based on the
risk score and clinicopathological parameters in the TCGA-STAD cohort. H and K. Multivariate Cox analyses of the OS/DFS signature based on the risk score and
clinicopathological parameters in the TCGA-STAD cohort. | and L. ROC curve evaluating the prognostic performance of the OS/DFS risk score and other clinicopatho-
logical parameters. OS, overall survival; DFS, disease-free survival; TCGA, The Cancer Genome Atlas; STAD, stomach adenocarcinoma.




The oncogene ELK3 was identified from the prognostic model of E26 TFs in GC
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Supplementary Figure 4. Validation of the prognosis and expression of hub ETS factors. A. Validation of OS for four OS-related hub ETS factors using the Kaplan-
Meier plotter; Validation of DFS for four DFS-related hub ETS factors using the Kaplan-Meier plotter. B. The Human Protein Atlas database was used to verify the
protein expression of ELK3, ERG and ETV6. OS, overall survival; DFS, disease-free survival.



