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Abstract: Cervical cancer (CC) is the fourth most gynecological malignancy in the world. The identification of predic-
tive markers can provide a basis for personalized treatment and prognostic evaluation. Our aim was to identify a new
predictive marker of epiregulin (EREG) gene and explore its functional characteristics of CC and other cancer types.
Differentially highly expressed genes were obtained from Gene Expression Omnibus (GEO) databases. Key genes
can be verified by the Cancer Genome Atlas (TCGA) and Genotype Tissue Expression (GTEx) data, and the functions
of these genes were investigated through gene ontology (GO) enrichment and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis. Survival analysis were performed to determine the key genes (EREG) related
to the prognosis of CC. Then, the expression difference of EREG between tumor and normal tissue was evalu-
ated by real-time polymerase chain reaction (PCR), western blotting, and immunohistochemistry. The relationship
between EREG and prognosis of patients, immune microenvironment, immune checkpoint, immune therapy and
angiogenesis was discussed in 33 tumor types. Finally, the regulatory mechanism of EREG on human umbilical vein
endothelial cells (HUVECs) was also explored. The differential analysis results from multiple databases showed that
EREG was significantly highly expressed in CC, which was further verified in Hela and Siha cell lines. Then, Survival
analysis revealed that EREG was associated with the prognosis of CC and other tumor types, and high EREG ex-
pression was significantly associated with poor prognosis. In addition, in almost all tumor types, the expression of
EREG was related to immune cells infiltration, immune checkpoint genes expression and immunotherapy. Further
analysis exhibited that high EREG expression can promote the high expression of angiogenesis related genes. The
experimental data demonstrated that EREG could promote the proliferative, migration, invasive and tube formation
of HUVECs by interacting with receptors, such as epidermal growth factor receptor (EGFR and ERBB4). EREG may be
an independent prognostic marker for predicting tumor prognosis and immunotherapy response of various cancers,
and may be a potential target of tumor anti-angiogenic therapy in CC.
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Introduction

Cancer is a major public health threat world-
wide, with its incidence rate and mortality
increasing rapidly every year [1]. Among these
cancers, CC is the fourth common gynecologi-
cal malignancy [2]. Surgery and chemo-radio-
therapy are considered the most effective
treatment for early CC. However, treatment
options for patients with recurrent or metastat-
ic cancer are limited [3]. Long-term adverse
outcomes force the exploration of new and
more beneficial therapeutic strategies. Al-
though the molecular basis of CC is complex,
we need key predictive biomarkers to improve

the therapeutic index and increase our under-
standing of drug resistance pathways to help
the development of drug in future.

Epiregulin (encoded by EREG gene) is a
46-amino acid protein belonging to the epider-
mal growth factor (EGF) family, which is usually
low expressed in most normal tissues [4].
Elevated EREG expression in various cancers
mainly regulate angiogenesis and vascular re-
modeling and stimulate cell proliferation by
binding EGFR or ERBB4 [5]. Some studies have
reported that the increase of EREG levels/activ-
ity contribute to invasive growth in colorectal
and gastric cancer [6, 7]. In specific cancer
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types, high expression of EREG is significantly
associated with short survival [8, 9]. Moreover,
based on the gene expression profile of colon
cancer, EREG is considered as a potential bio-
marker for the therapeutic effect of cetuximab
[10]. Jonker et al evaluated the application of
EREG as a prognostic biomarker for advanced
colorectal cancer and found that high EREG
expression was associated with the greater
benefits of cetuximab in patients with pre-treat-
ment and Kirsten ratsarcoma viral oncogene
homolog (KRAS) wild-type colorectal cancer
[11]. Interestingly, several mouse studies have
shown that EREG deficiency leads to a decrease
in the promotion of lung tumor, while the over-
expression of EREG promotes the oncogenic
feedback loop and activates the signaling path-
ways downstream of EGFR/ERBBA4, suggesting
that EREG may be a therapeutic target [12].

Although EREG has been identified as a poten-
tial prognostic biomarker for colorectal cancer,
gastric cancer, head and neck squamous cell
carcinoma and oral cancer [6-9, 13], there are
no systematic study on the role of EREG in CC.
It remains unclear whether the role of EREG
may be context dependent and different in
different cancers. Tumor angiogenesis is an
important part of tumor progression. Previous
studies have reported that EREG can contrib-
ute to the process of angiogenesis [14]. To
date, few studies have explored the regulation
of EREG on endothelial cells (ECs) and its poten-
tial molecular mechanism [14, 15]. For exam-
ple, Sun et al reported that human esophageal
cancer endothelial cells (HECEC) could enhance
the invasion, migration, and metastatic poten-
tial of esophageal cancer cells through EREG
[15]. In this study, we comprehensively ana-
lyzed the expression of EREG in CC and its rela-
tionship with tumor-infiltrating immune cells
and related immune markers. Then, we com-
prehensively analyzed EREG expression and its
relationship with prognosis, tumor-infiltrating
immune cells and immune checkpoint gene
expression and further visualized its predictive
prospect in tumor immunotherapy. Finally, we
explored the molecular mechanisms of EREG
on HUVECs.

Methods
Data acquisition

RNA sequencing data for TCGA pan-cancer, and
the Genotype Tissue Expression (GTEx) were
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extracted from the University of California
Santa Cruz (UCSC) Xena browser (https://xena.
ucsc. edu/), (https://portals.broadinstitute.org/
ccle/data), and (https://gtexportal.org/home/
datasets) for analysis, respectively. The entire
data was filtered to remove missing and dupli-
cated results, and the R package of “RMA” was
used to covert through log2(TPM +1). In addi-
tion, the corresponding patient records were
also downloaded from the UCSC browser, and
the cases without follow-up records were delet-
ed. The gene expression profiles of GSE7803,
GSE9750 and GSE263514 were obtained from
the comprehensive gene expression database.
For GEO data, GEO2R was used for differential
gene analysis (https://www.ncbi.nim.nih.gov/
geo/geo2r), while R package of “limma” was
used for other differential analysis. To screen
the differentially expressed genes between
cancer and normal tissues, a t-test was used to
analyze the expression between cancer and
normal tissues. Then the genes with adjusted P
< 0.05 and |log2FC| > 2 were selected as dif-
ferentially expressed genes.

Cox regression analysis and Kaplan-Meier
survival

To evaluate the relationship between EREG
expression and patients’ prognosis, the pan-
cancer samples were separated into EREG
high- and low-expression groups with the medi-
um cutoff as the cutoff value. Cox regression
analysis was used to evaluate the relationship
between EREG expression and overall survi-
val (0S), disease-specific survival (DSS) and
progression-free interval (PFl) with the TCGA
databases. Subsequently, the Kaplan-Meier
(K-M) method was used to assess the differ-
ence between EREG high- and low-expression
groups, employing R packages of “survminer”
and “survival”. Log-rank P-value, hazard ratio
(HR), and 95% confidence intervals were
examined.

Functional and pathway enrichment analysis

After obtaining CC-related differentially ex-
pressed genes (DEGs), gene annotation enrich-
ment analysis of GO and KEGG were performed
by R package cluster profiler or metascape in
order to further analyze the molecular mecha-
nism (http://www.scape.org/) [16]. Enrichment
analysis helps researchers discover novel bio-
logical functions, genotype-phenotype relation-
ships and disease mechanisms [17].
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Gene set variation analysis

Gene set variation analysis (GSVA) allows the
identification of specific pathways based on
transcriptomic data [18]. According to GSVA
by “limma” package, each sample from the
TCGA database got a score. Differential analy-
ses were then conducted on the feature scores.
The features with a log2 fold change (FC) > 0.4
(adjusted P < 0.05) were determined as signifi-
cant differential expressed characteristics.

Immunological correlation analysis

The tumor immune microenvironment (TIME)
mainly compose of distinct immune cell popula-
tions in tumor, which is highly associated with
the antitumor immunological state in the tu-
mor microenvironment (TME). CIBERSORT was
applied to estimate the relative fractions of 22
infiltrating immune cell types in each tumor
sample using R package [19]. The tumor im-
mune dysfunction and exclusion (TIDE) (Tumor
Immune Dysfunction and Exclusion (TIDE) (har-
vard.edu)) was exploited to infer the immuno-
therapic score for each sample [20]. TIDE score
calculated for each tumor sample could serve
as an alternative biomarker to predict respon-
se to immune checkpoint blockade. It could
assess the possibility of tumor immune escape
in the gene expression profile of a tumor sam-
ple. To assess the predicative value of EREG in
immunotherapy, we analyzed gene expression
profiles and clinical information from two large
cohorts [21, 22]. All samples were categorized
into high and low EREG groups based on medi-
an EREG expression. Then, the response rate of
CR/PR and SD/PD was analyzed, and the sur-
vival analysis was also performed between
high and low EREG groups.

Angiogenesis related genes analysis

For the aim of identifying the relevance between
EREG expression and 17 angiogenesis related
genes, R packages “limma”, “reshape2” and
“RColorBreyer” were applied to evaluate ex-
pression profile data from TCGA [23]. Visua-
lization analysis was performed using the R
package “ggplot”. The correlation was signifi-

cant and positive when P < 0.05 and R > 0.20.
Cell culture and reagents

Two cervical cancer cell lines (HelLa, and SiHa)
and normal cervical cell line (Ectl/EGET7)
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obtained from the Cell Bank of Academia Sini-
ca (Shanghai, China) were used in this study.
Hela, SiHa and Ect1/EGE7 were cultured in
Roswell Park Memorial Institute (RPMI) 1640
with 10% fetal bovine serum (FBS), 100 units/
ml penicillin, 100 pg/ml streptomycin and
0.025 pg/ml Amphotericin B. HUVECs were cul-
tured in F12 supplemented with 10% FBS, 100
units/ml penicillin, 100 pg/ml streptomycin
and 0.025 ug/ml Amphotericin B. All cells were
cultured in a humidified atmosphere with 5%
CO, at 37°C. An anti-glyceraldehyde-3-phos-
phate dehydrogenase (anti-GAPDH) antibody
was obtained from Santa Cruz Biotechnology
(CA, USA). Antibodies against EREG, EGFR and
ERBB4 were purchased from Cell Signaling
Technology (MA, USA). In this study, except for
special interventions, the control group was
treated in the same way as the experimental
group, and the experiment was repeated at
least three times.

Proliferation, migration, invasive and tube
formation assays of HUVECs

Proliferation assays were performed in 96-well
plates and the HUVECs culture medium was
added with or without different concentrations
of EREG. The medium was updated every 3
days and then the cell viability was measured
by a 96-well plate reader to detect light absor-
bance (450 nm) at the specified time points.

Scratch assay was performed to evaluate cell
migration. 1 x 10%° HUVECs were inoculated on
a 6-well culture plates and incubated at 37°C
with 5% CO,. After 8 hours of serum-free incu-
bation, scratch was made with a 200 pl pipette
tip. Then, HUVECs were treated in cell culture
medium with or without EREG. Immediately
photographed with an Olympus camera. After
12 hours of incubation, pictures were taken
again with the same equipment. Image J soft-
ware was used to calculate cell migration rate.
The experiments were repeated three times.

The migration assay was carried out in a
Transwell chamber. Cells were trypsinized,
washed, and suspended with 3 x 10%/24 well,
Matrigel was diluted 8 folds and filled in the
upper chambers, and EREG was added to the
lower wells of the chambers. The plate was
placed in a 37°C incubator for 24 h. After that,
the cells attached to the lower surface were
washed with phosphate buffer saline (PBS),
fixed in 4% paraformaldehyde and stained with
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5% crystal violet for 30 min. Images of the cells
were captures and cell numbers were counted
under a microscope with magnification of x
400.

Finally, the tube formation assays were also
performed. 50 pl of ice-cold Matrigel solution
(BD sciences) were added into a 96-well plate
and incubated at 37°C for 30 min to solidify
the gel. HUVECs were suspended in cell culture
medium with or without EREG and plated at
3 x 10% cells/well. Images were captured at
2 h and 4 h, respectively. And the number of
branched segments and tubular rounds were
measured using Image J.

Western blotting analysis

Cells were lysed using radioimmunoprecipita-
tion (RIPA) lysis buffer (Beyotime Biotechnology)
to collect the total protein, and after that centri-
fuged at 4°C for 10 min. Then we would collect
the supernatant and calculate the protein con-
centration. After being heated 95°C for 5 min,
the protein samples were separated via sodium
dodecyl sulfate polyacrylamide (SDS-PAGE) gel
and electroblotted onto a polyvinylidene fluo-
ride (PVDF) membrane. The membranes were
blocked with 5% milk at room temperature and
incubated with GAPDH, EREG, EGFR and ERBB4
overnight at 4°C. On the next day, after washing
three times with TBST, then the membrane
were incubated with horseradish peroxidase-
conjugated (HRP-conjugated) anti-rabbit/mou-
se IgG for 1 h at room temperature. Im-
munoreactive bands were detected by the che-
miluminescence system and analyzed using
Image J.

Real-time PCR

According to TRIzol reagent instructions
(Invitrogen), total RNA was extracted from cells
and tissues. Following the guidelines of instruc-
tions, the purity and concentration of messen-
ger RNA (mRNA) were identified, and then
was reverse-transcribed into complementary
deoxyribonucleic acid (cDNA). Quantitative real-
time reverse transcription polymerase chain
reaction (real-time PCR) using 384-well optical
plates was performed with 10 pl template in a
SYBR green format. The anti-GAPDH was used
as endogenous control, and a 2-AACT value
method was used to measure the relative
expression level. The samples were tested in
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triplicate. Subsequently, mRNA levels were
determined by real-time PCR using the follow-
ing primers: EREG (F: 5-ATCCTGGCATGTGCT-
AGGGT-3’ and R: 5-GTGCTCCAGAGGTCAGC-
CAT-3’); and GAPDH (F: 5-TCCACCACCCTGT-
TGCTGTA-3” and R: 5-ACCACAGTCCATGCC-
ATCAC-3)).

Statistical analysis

All gene expression data were normalized
through a log2 transformation for the subse-
quent analyses [22]. R (Version 3.2.3) and
Rstudio software were exploited to perform sta-
tistical analysis of the bioinformatics results.
K-M method was used to assess the difference
in survival between high and low EREG expres-
sion in the TCGA database. Cox regression
analysis was used to evaluate the relationship
between EREG expression and OS, DSS and
PFl. In order to determine the relationship
between risk score and pathological character-
istics, Chi-square or fisher’s test were used to
analyze categorical variables. The correlation
between two continuous variables was mea-
sured by Pearson’s correlation coefficient.
Quantitative data analysis was performed with
the open-source software “Image J”. Overall,
P < 0.05 was considered as statistically
significant.

Results
Screening results of DEGs in CC

A flowchart was graphed to describe our study
in Figure 1A. We obtained three gene ex-
pression profiles (GSE63514, GSE9750 and
GSE7803) from the GEO database. GSE7803
included 10 normal cervical samples and 24
tumor samples; GSE9750 included 24 normal
cervical samples and 33 tumor samples;
GSE7803 included 24 normal cervical samples
and 28 tumor samples. According to the criteria
(adjusted P < 0.05 and |log2FoldChange| >
1.5), a venn diagram showed that 193 genes
were differentially expressed in the three data-
sets, of which 76 were down-regulated, and
117 were up-regulated (Figure 1B, 1C and
Table S1). Then, we further verified the results
by analyzing the differences between TCGA and
GTEx. We obtained 4097 up-regulation genes
and 3575 down-regulation genes. Due to a
large number of DEGs, only the top 50 up-regu-
lated and down-regulated genes with the larg-
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Figure 1. Schematic overview of the whole study (A); Venn diagram exhibiting the potential up-regulatory genes (B)
and down-regulatory genes (C) among three GEO datasets; Heatmap plot of the top DEGs between TCGA-CESC and
GTEx database (D); GO enrichment analysis (E); KEGG enrichment analysis (F).

est variations in differences were shown he-
re as heatmaps (Figure 1D). Interestingly, sev-
eral highly expressed genes (including EREG)
screened from GEO also had high expression
levels in TCGA/GTEXx data. Next, GO analysis of
up-regulated genes showed highly enrichment
of DNA replication, chromosome segregation,
neutrophil activation, neutrophil mediated im-
munity, antigen processing and presentation
(Figure 1E). Similarly, KEGG pathway analysis
showed highly expression of cell cycle, DNA rep-
lication, and protein processing in endoplasmic
reticulum, p53 signaling pathway, antigen pro-
cessing and presentation, natural killer (NK)
cell medicated cytotoxicity (Figure 1F).

EREG is a key prognostic gene in CC and pan-
cancer analysis

Cox analysis of 193 DEGs yielded 25 genes
associated with the prognosis of overall surviv-
al (0OS) in CC (Table S2). Then, ten key genes
were obtained by crossing the 193 DEGs with
25 prognosis-associated genes (Figure 2A).
The OS curves of these 10 genes showed the
gene with the highest risk factor: EREG, which
was selected for subsequent studies (Figure
2B). Survival analysis confirmed that high
expression of EREG was associated with poor
prognosis (Figure 2C). Then, protein-protein
interaction (PPI) analysis showed that EREG,
EGFR and fibroblast growth factor receptor-2
(FGFR2) were co-expressed (Figure 2D), indi-
cating that EGFR and FGFR2 were two potential
receptors. Further analysis indicated that EREG
expression was positively correlated with EGFR,
and negatively correlated with FGFR2, which
was consistent with previous studies (Figure
2E). To further confirm the expression of EREG
protein in CC, we performed immunohistoche-
mistry in CC and normal tissue, which showed
that EREG was expressed at a higher level in
tumors than in normal tissues (Figure 2F).
Then, we evaluated the mRNA and protein lev-
els of EREG in three CC cell lines, including
Hela, SiHa and Ect1/EGE7Y. The results showed
that EREG was expressed at higher mRNA and
protein in Hela and SiHa compared with Ectl/
EGE7 (Figure 2G). These results indicated that
EREG is a key prognostic gene in CC and EREG
expression was closely related to the occur-
rence and development of CC.
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In order to further reveal the value of EREG in
tumors, we evaluated the expression of EREG
in 33 pan-cancers. As showed in Figure 3A, the
results showed that the EREG expression in
cervical squamous cell carcinoma (CESC),
colon adenocarcinoma (COAD), esophageal
carcinoma (ESCA), kidney renal papillary cell
carcinoma (KIRP), liver hepatocellular carcino-
ma (LIHC), pancreatic adenocarcinoma (PAAD),
rectum adenocarcinoma (READ), stomach ade-
nocarcinoma (STAD), thyroid carcinoma (THCA),
and uterine corpus endometrial carcinoma
(UCEC) was higher than that in normal tissue.
Then, we analyzed the relationship between
EREG expression and prognosis. Forest plots
showed that in most tumor types, high EREG
expression significantly affected the OS of glio-
blastoma multiforme (GBM), uveal melanoma
(UVM), pancreatic adenocarcinoma (PAAD), kid-
ney renal clear cell carcinoma (KIRC), CESC,
adrenocortical carcinoma (ACC), brain lower
grade glioma (LGG), lung squamous cell carci-
noma (LUSC), THCA, bladder urothelial carcino-
ma (BLCA) and lung adenocarcinoma (LUAD)
(Figure 3B). Similarly, Kaplan-Meier (KM)
curves showed that EREG expression signifi-
cantly affected OS of KICH, GBM, UVM, KIRC,
CESC, ACC, LGG, LUSC, THCA, BLCA, and LUAD
(Figure 3C). Meanwhile, we also explored the
association between EREG expression and dis-
ease-specific survival (DSS) and progression-
free interval (PFI). The results exhibited that
high EREG expression was significantly corre-
lated with DSS in LUAD, KIRP, UVM, PAAD, KIRC
and CESC. KM curves showed that highly EREG
expression was associated with a poor PFl in
PAAD, LUSC, LUAD, LIHC, KIRC, CESC, UVM and
THYM (Eigure S1A, S1B). As can be seen from
the above, EREG was highly expressed in tumor
tissues of CC and that higher expression corre-
lated with poor prognosis of CC patients. These
results indicated that EREG may be a potential
prognostic indicator in various tumor types
especially for CC.

Relationship of EREG with immune cells
infiltration, immune checkpoint genes and im-
munotherapy in CC and pan-cancer analysis

A variety of immune cells with different func-
tions are present in the tumor microenviron-
ment, including immunosuppressive cells and
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Figure 2. Overlap of up-regulated DEGs and prognostic genes (A); KM curves showing the 4 significantly different
genes (B); The percent weight of alive and dead between high and low EREG expression (C); Construction of PPI
network of 10 significant genes (D); The correlation of EREG expression with two most important receptors (EGFR
and FGFR2) (E); Immunohistochemical analysis showing the difference of EREG protein between tumor and normal
tissue (F); Western blotting and real-time PCR exhibiting the difference of EREG expression in Hala, Siha and let7

(control) cell lines (G).

cells that promote tumor immunity. As a result,
it is necessary to continually explore the rela-
tionship between EREG and the infiltration of
immune cells. The above results indicate that
cervical cancer tissue has a stronger immune
response (Figure 1E, 1F); Therefore, we evalu-
ated the connection of EREG expression with
various immune cells in CC. The network of
these cells strongly suggested overall crosstalk
among all immune cells (Figure 4A). Further
analysis showed that high EREG expression
was positively correlated with activated mast
cells, neutrophils and resting NK cells, while
negatively correlated with MO macrophages,
resting mast cells, regulatory cells (Treg) and
CD8 T cells (Figure 4B, 4C). Importantly, high
level of activated NK cells, activated mast cells
and resting memory CD4 T cells were associat-
ed with poor prognosis (Figure S2). These
results indirectly revealed the reason of high
EREG with poor prognosis in CC. Immune
checkpoint targeted therapy has entered the
clinic for the treatment of various tumor types.
We further investigated the association bet-
ween EREG expression and several immune
checkpoint genes. The results showed that
high expression of EREG was associated
with low programmed cell death 1 (PDCD1),
recombinant indoleamine-2,3-dioxygenase 2
(IDO2), cytotoxic T lymphocyte associated anti-
gen (CTLA), killer cell lectin-like receptor G1
(KLRG1), cluster of differentiation 28 (CD28),
hepatitis A virus cellular receptor 2 (HAVCR2),
V-set domain-containing T-cell activation inhibi-
tor 1 (VTCN1) and T cell immunoglobulin and
ITIM domain (TIGIT) expression (Figure 4D),
which provided important evidence for EREG as
a predictive biomarker for immunotherapy.

Then, we also investigated the relationship
between EREG expression and immune cell
infiltration in 33 tumor types. Using the median
expression of EREG as the cutoff value, patients
were divided into high and low expression
groups. We found that high EREG expression
was closely associated with high infiltration lev-
els of resting memory CD4 T cells, activated
mast cells, neutrophils and resting NK cells,
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while low infiltration levels of CD8 T cells, M2
macrophages, resting mast cells and activated
NK cells (Figure S3A). Correlation analysis fur-
ther proved the conclusion (Figure S3B). Further
analysis indicated that patients with high infil-
tration levels of CD8 T cell, naive CD4 T cells,
Treg, activated NK cells, resting dendritic cells,
resting mast cells and naive B cells had better
prognosis (Figure S3C). In addition, we also
evaluated the connection of EREG expression
with immune cells in various tumor types,
respectively. The results showed that high
EREG expression was negatively correlated
with the infiltration levels of CD8 T cells, acti-
vated NK cells, resting mast cells in almost all
tumors (Figure S3D). Finally, we collected com-
mon immune checkpoint genes (B and T lym-
phocyte attenuator (BTLA), CD274, TIGIT,
PDCD1, HAVCR2, CTLA4 and lymphocyte acti-
vation gene-3 (LAG3)) to analyze the relation-
ship between EREG expression and immune
checkpoint genes in pan-cancer. The results
showed that the expression of EREG was nega-
tively correlated with the expression levels of
immune checkpoint genes in various types of
tumors (Figure S3E), which further demonstrat-
ed the value of EREG in predicating the effect of
immunotherapy.

Since EREG expression was highly associated
with the prognosis and immune infiltration den-
sity of CC and pan-cancer, we then tested
whether EREG expression could predict the
immunotherapeutic response of immune
checkpoint inhibitors (ICls). The TIDE web pro-
gram was used to infer the immunotherapy
response of TCGA-CESC patients. We excitedly
found that the response rate of patients with
high EREG expression was higher than that of
patients with low TIDE score (Chi-square test, P
< 0.01) and immune exclusion score (Chi-
square test, P < 0.01) (Figure 4E). To further
validate the predictive ability of EREG expres-
sion in immunotherapy, we analyzed two stud-
ies that evaluated the association of EREG
expression with clinical response and progno-
sis to immunotherapy. In the cohort of Braun et
al [20], the low EREG group was associated
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Figure 3. The difference of EREG expression between tumor and normal tissue in 33 tumor types (A); Forest plot
showing the relationship between EREG expression and OS in 11 cancers with statistical differences (B); KM curves
of high and low EREG expression in 11 tumors with OS survival (C).

with a better clinical response to immunothera-
py (chi-square test, P < 0.05) (Figure S4A).
Survival analysis exhibited that patients with
high LMS score had prognosis prognosis than
those with low LMS score (log-rank test,
P=0.048) (Figure S4B). In the IMvigor210
cohort [21], the proportion of responders (CR/
PR) was higher in the low EREG group than in
high EREG group (chi-square test, P < 0.05)
(Figure S4C). Survival analysis also confirmed
that patients with low EREG expression had
better prognosis than those with high EREG
group (log-rank test, P=0.031) (Figure S4D).
These results further demonstrated that pa-
tients with high EREG expression had poor
response for immunotherapy, and EREG could
be used as a marker for predicting the effect of
immunotherpy.

High EREG was associated with angiogenesis
related signaling pathway

Several studies have reported notable connec-
tions of EREG expression with endothelial cells
(ECs) and angiogenesis-related signaling path-
way [14, 15]. Based on pan-cancer data, GSVA
revealed that EREG expression was involved in
the regulation of many cancer metabolism and
cancer immune signaling pathways (Figure 5A).
High EREG expression was correlated to nota-
ble metabolism-related pathways such as tri-
carboxylic acid cycle (TCA), peroxisome, fatty
acid metabolism and oxidative phosphoryla-
tion. These results indicated that tumor cells
with high EREG expression had high metabolic
capacity. Then, we explored the association of
EREG expression with angiogenesis related
signaling pathways, including the transforming
growth factor-B (TGF-B), fibroblast growth fac-
tor/fibroblast growth factor receptor (FGF/
FGFR), platelet-derived growth factor/platelet-
derived growth factor receptor (PDGF/PDGFR),
and hepatocyte growth factor/hepatocyte
growth factor receptor (HGF/MET) signaling
pathways. We found that high EREG expression
was closely associated with almost all angio-
genesis-related genes in most tumor types
(Figure 5B), indicating that EREG did promote
tumor angiogenesis.
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Regulation of EREG on ECs by EGFR and
ERBBA4 receptors

In order to evaluate the effect of EREG on ECs,
we firstly evaluated the association of EREG
expression with VEGF and TGF-B/smad signal-
ing pathway between high and low-expression
of EREG in 33 tumor types. The activation of
TGF-B/smad signaling pathway could inhibit the
immune function and promote the proliferation
of tumor cells. Violin figure exhibited that high
expression of EREG was associated with high
enrichment level of vascular endothelial growth
factor (VEGF) and TGF-/smad signaling path-
way (P < 0.01) (Figure 6A, 6B). These outcomes
indicated that EREG expression was associat-
ed with tumor angiogenesis. To verify the theo-
ry, we evaluated the effect of EREG on ECs.
Scratch test confirmed that EREG can promote
the migration of ECs and the effect increased
with the increase of EREG concentration (Figure
6C). Statistical analysis showed that the pro-
motion effect was the largest when the concen-
tration of EREG was 10 ng/ml (Figure 6D).
Meanwhile, cell counting kit-8 (CCK8) test and
invasive assay exhibited that EREG could pro-
mote the proliferation and migration of ECs.
When the concentration of EREG was 10 ng/
ml, the effect reached the peak (Figure 6E, 6F).
Overall, our data revealed that EREG could
affect EC proliferative, migration and invasion
of ECs. Finally, we evaluated the effect of EREG
on angiogenesis. Tube formation experiments
showed that high concentrations of EREG could
shape better angiogenesis than low-concentra-
tion of EREG (Figure 6G, 6H). It is reported that
EREG is a relatively widely receptor binding
ligand, which can directly activate EGFR and
ERBB4 homodimers, and activate downstream
signaling pathway. Our results showed that
EREG could promote the high expression level
of EGFR protein and mRNA. With the increase
of EREG concentration, the expression level
gradually increased (Figure 61, 6J). It is report-
ed that EREG-EGFR pathway is the key axis driv-
ing tumorigenesis, and eriotinib is an important
EGFR inhibitor. As shown in Figure S5A, S5B,
the effect of EREG on ECs could be attenuated
by eriotinib. Taken together, these data sug-
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Figure 4. Cellular interaction of immune cells with EREG in TME in CC (A); Immune infiltration level between high-
and low EREG expression (B); The correlation of EREG expression with neutrophils, CD8 T cells, resting mast cells,
activated mast cells, MO macrophages and Treg (C); The difference of immune checkpoint genes between high- and
low EREG expression (D); The difference of TIDE, MSI, immune exclusion and immune dysfunction between high-
and low EREG expression (E). (*P < 0.05; **P < 0.01; ***P < 0.001).
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gested that EREG could promote angiogenesis
by inducing EGFR and ERBB4 expression.

Discussion

Various studies have revealed that EREG is
highly expressed in most cancer tissues and

4655

plays a key role in cancer progression, thus
conferring malignant tumor phenotype [5].
Although EREG plays an important role in regu-
lating various cellular functions in human can-
cers, the oncogenic effect of EREG in CC has
not been thoroughly investigated. In this study,
we found that the expression of EREG in CC tis-
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Figure 6. Violin figure showing the enrichment difference of VEGF signaling pathway between high- and low EREG
expression in CC (*P < 0.05; **P < 0.01; ***P < 0.001) (A); Violin figure showing the enrichment difference of
TGF-B signaling pathway between high- and low EREG expression in CC (B); Scratch test showing the effect of dif-
ferent dose of EREG on ECs migration (C); Statistical analysis exhibiting the migration rate of cells among different
EREG dose (D); CCK8 showing the effect of different dose EREG on cell proliferative (E); Transwell assays exhibiting
the effect of EREG on ECs invasive (F); Tube formation test evaluating the effect of EREG on ECs tubule forming abil-
ity (G, H); Western blotting and real-time PCR exhibiting the effect of EREG on ERBB4 and EGFR protein and mRNA,

respectively (1, J). (*P < 0.05; **P < 0.01; ***P < 0.001).

sue was higher than that in normal tissue and
demonstrated that high EREG expression was
associated with poor prognosis of CC. In pan-
tumor analysis, EREG expression was related to
immune cell infiltration, immune checkpoint
genes, and immunotherapy. Finally, we found
that EREG could regulate the function of ECs
and might be a potential therapeutic target of
CC.

EREG is initially expressed as a transmembrane
precursor and then released from the extracel-
lular region as a mature soluble factor [24].
EREG has been detected in a variety of human
cancers, including colon cancer, oral squamous
epithelial cell carcinoma, lung carcinoma, blad-
der cancer, breast cancer, liver cancer, ovarian
cancer, thyroid cancer, and malignant fibrous
histiocytoma [25]. However, EREG expression
is extremely low in normal tissues correspond-
ing to tumor tissues. In this study, we found
that the expression level of EREG mRNA in CC
was higher than that in normal tissue according
to TCGA and GEO datasets. Importantly, in vitro
experiment, we used immunohistochemistry to
detect the high expression of EREG protein in
CC. Real-time PCR showed that compared with
normal cells, the expression of EREG mRNA in
Hela and SiHa was higher. This result is in
accordance with previous reports on oral squa-
mous epithelial cell carcinoma and gastric can-
cer [26-29]. In pan-cancer analysis, the expres-
sion level of EREG in COAD, ESCA, KIRP, LIHC,
PAAD, and READ tissue was higher than that in
normal tissues. Then, we evaluated the rela-
tionship between EREG expression and the
prognosis of various tumor types. The out-
comes showed that the high expression of
EREG was related to poor prognosis in a variety
of tumor types; therefor, EREG may be a poten-
tial prognostic factor [30, 31].

Increasing numbers of studies have shown that
tumor immune infiltrating cells are closely relat-
ed to the effect of immune checkpoint inhibi-
tion [32, 33]. In order to clarify the relationship
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between EREG expression and prognosis, we
first examined the relative proportion of infil-
trating immune cells. In CC, increased EREG
expression was markedly associated with high-
er levels of immune cell infiltration, such as
neutrophils, activated mast cells, macrophages
MO and resting NK cells, but negatively correc-
tion with CD8+ T cells, resting mast cells and
regulatory T cells. Similarly, in pan-cancer anal-
ysis, we found that EREG expression was widely
associated with immune cells infiltration in
most tumor types. Currently, the presence of
CD8 T cells in epithelial tumors is a well-sup-
ported marker of better prognosis in many
tumor types [34, 35]. Meanwhile, the infiltra-
tion of mast cells may play a key role in the
early stage of innate immune response to
pathogens [32]. Our study demonstrated that
high infiltration levels of resting mast cells and
CD8+ T cells were correlated to better progno-
sis, which is consistent with the EREG signature
in CC. Meanwhile, the expression of immune
checkpoint genes in low EREG expression
group was significantly increased, including
BTLA, CD27, LAG3, CTLA4, PDCD1, and TIGIT.
These data provide important evidence for
EREG as a predictive biomarker for CC
immunotherapy.

Tumor angiogenesis is a process of forming
new blood vessels from existing blood vessels,
which leads to a variety of diseases [36]. It is
believed that it is mainly caused by the secre-
tion of vascular endothelial growth factor-A
(VEGF-A) in a variety of tumors [37]. Anti-
angiogenic therapy for solid tumors is effective
in the treatment of cancer patients [38]. In
order to further explore the potential molecular
mechanism of EREG on tumor angiogenesis,
we evaluated the effect of EREG on ECs. Our
results showed that EREG can promote prolif-
eration, migration, invasive and tube forma-
tion of ECs, suggesting that EREG may result
in angiogenesis during tumor progression. In
addition, we also found that high EREG expres-
sion was correlated to the high enrichment of
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angiogenesis related pathways, such as VEGF,
FGF, PDGF, and/or other angiogenesis signaling
pathways. The positive correlation between
EREG expression and tumor angiogenic genes
suggests indicates that EREG can promote
tumor angiogenesis, which especially explained
the reason why the high expression of EREG
had poor prognosis. Thus, EREG can be consid-
ered as a novel target for tumor anti-angiogen-
enic therapy. Cetuximab, an anti-EGFR mono-
clonal antibody, has shown efficacy in several
epithelial tumors [39]. In particular, cetuximab
combined with chemotherapy can prolong the
survival of patients with advanced colorectal
and head and neck cancer compared with che-
motherapy alone [40]. However, some studies
reported that cetuximab combined with carbo-
platin and paclitaxel did not improve the prog-
nosis in patients with advanced or recurrent CC
[41-44]. Thus, we proposed that the combina-
tion anti-angiogenic therapy and targeted ther-
apy (anti-EGFR monoclonal antibody) may
improve the prognosis of advanced or recurrent
CC.

Even though the functional role of EREG in CC
and pan-cancer was explored and analyzed,
and the results are of clinical significance, there
were still some limitations in the current study.
Bioinformatics methods used for gene identifi-
cation lacks novelty to identify the prognostic
signature, more grouped variable selection
methods should be used. Although our experi-
ments confirmed some conclusions, more in
vitro or in vivo biological experiments are need-
ed to validate our findings and facilitate clinical
applications. Further mechanistic studies will
be beneficial for elucidating the role of EREG at
the molecular and cellular levels. Furthermore,
despite the finding that EREG expression was
correlated with tumor angiogenesis, we were
not sure that whether other signaling pathways
are also involved in the regulatory process.

In conclusion, our study exhibited that EREG is
highly expressed in CC tissue and is associated
with immune cells infiltration. It can be used as
a predictor of immunotherapeutic effect and
CC prognosis. Since EREG is closely related to
the upregulation of tumor angiogenesis related
pathways, EREG may be considered as a novel
target for anti-angiogenesis therapy. Future
prospective studies will focus on the regulatory
function of EREG in tumor immune microenvi-
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ronment and angiogenesis, which may help to
improve anti-cancer strategies based on immu-
nity and angiogenesis.
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Table S1. Differentially expressed genes among three GEO datasets

117 up-regulation genes 76 down-regulation genes
CRNN LAPTM4B
CRISP3 ATP2C1
MAL IGK
SPINK5 FADS1
ENDOU KRT7
CLCA4 CCL18
UPK1A SOx4
SPRR3 IFI6
THSD4 EPCAM
KRT4 ucpP2
EDN3 RRM2
CRCT1 MCM7
ALOX12 ADAM8
KRT1 WHSC1
PPP1R3C FANCI
GREB1 RARRES1
SLURP1 CEL
BBOX1 NCAPH
KLK12 DSG2
KRT13 ASPM
RHCG RPL39L
ZBED2 CxCL1
KLK11 APOE
HPGD PLOD2
SOSTDC1 NEFH
ALOX15B PLSCR1
IVL TYMS
NSG1 WARS
TMPRSS11E NUP210
GPX3 MCM5
ESR1 ISG20
AR LYN
IL1R2 GABBR1
SCEL SYT17
CYP3A5 CENPN
DSG1 TOP2A
PRSS3 AURKA
CWH43 RIBC2
ALOX12B CXCL13
CRABP2 HELLS
CRYAB CDC45
TMPRSS11D GINS1
SPRR1A STAT1
HOPX FN1
CXCL14 ISG15
GYS2 TRIO
KRT2 MARCKSL1
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DSC2 CDK1
EREG CEP55
C2orf54 GINS2
SPRR1B MYBL2
EMP1 MCM2
CDA KRT17
KLK10 NEK2
CXCR2 ECT2
MALL MELK
AKR1B10 ENO2
TP53AIP1 MMP1
DPP4 WDHD1
IL18 DTL
SERPINB1 KNTC1
PRSS3P2 CDKN2A
PRSS2 FOXM1
HSPB8 FOXD1
PTK6 RFC4
GLTP MLF1
CFD APOC1
LOR INHBA
TTC39A SPP1
KLK7 CXCL8
PI3 SYNGR3
SPRR2B HOXC6
PITX1 IFI44L
PDGFD AlM2
OLFM4 MMP12
SLC24A3 SYCP2
KRT15

KLF4

Clorfl16

SPRR2C

FGFBP1

SPON1

ZSCAN18

S100A9

EPB41L3

TP53I3

PAMR1

KCNK7

ZNFO1

LYPD3

SLC16A7

MPZL2

LGALS7B

TST

SERPINB2

CD24

CCND1
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NOD2
ID4
GSTA4
FGFR2
OCA2
KRTGB
CALML3
ABCAS8
NEBL
NMU
SPINK2
PDLIM2
RRAGD
UPP1
FLRT2
VSNL1
AREG
ISL1
CEACAM1
CLDN8

Table S2. The association of significant up-regulated genes with prognosis in CC

Gene p value

CXCL8 6.91E-05

MCM2 0.001230012
EREG 0.002578166
CXCL1 0.004764673
MCM5 0.004809738
SYNGR3 0.005721543
RIBC2 0.00617651
MMP1 0.009270152
SYCP2 0.010203898
GPX3 0.010494776
TP5313 0.011402958
TYMS 0.014361662
DSG2 0.016688614
SPP1 0.017680766
INHBA 0.019860844
GINS2 0.027273954
HOPX 0.027653721
PLOD2 0.030715537
FGFR2 0.038394338
SPON1 0.039650047
ucP2 0.042142338
GLTP 0.043464967
AR 0.045663856
CALML3 0.047188121
LOR 0.047808666
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E Cor: EREG expression vs immune checkpoint genes
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Figure S3. The infiltration difference of immune cells between high- and low EREG expression in 33 tumor types (A); Cellular interaction of immune cells with EREG
in TME in pan-cancer analysis (B); Cellular interaction of immune cells with prognosis in pan-cancer analysis (C); The correlation of EREG expression and immune
cells in 33 tumor types (D); The correlation of EREG expression and immune checkpoint genes in 33 tumor types (E). (*P < 0.05; **P < 0.01; ***P < 0.001).
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Figure S4. Differences in response rate of CR/PR between high and low EREG group in the cohort of Braun et al (A); Survival analysis showing the prognosis of
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Figure S5. Scratch test showing that eriotinib attenuates the effect of EREG on ECs migration (A); Tube formation

test showing that eriotinib attenuates the effect of EREG on ECs tubule forming ability (B). (*P < 0.05; **P < 0.01;
*x*P < 0.001).



