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treatment experiments were applied to investigate the function of ETV4 in vivo.
The Cancer Genome Atlas (TCGA) database mining and pathological analy-
sis were carried out to determine the correlation of ETV4 with tumor necrosis
factor-alpha (TNF-or) and mitogen-activated protein kinase 11 (MAPK11).
Results: We revealed that ETV4 was highly expressed in HCC. High levels of
ETV4 predicted a poor survival rate of HCC patients. Then we identified ETV4
as a transcription activator of TNF-a and MAPKI11. ETV4 was positively cor-
related with TNF-o and MAPKI1 in HCC patients. As expected, an increase
in hepatic TNF-a secretion and macrophage accumulation were observed in
the livers of ETV41ePTC mice. The protein levels of TNF-a, MAPKI11, and
CD68 were significantly higher in the livers of ETV4"PTC mice compared
with wild type mice but lower in ETV41/ alb-cre mice compared with ETV41/1
mice as treated with DEN-CCL,, indicating that ETV4 functioned as a driver
of TNF-a/MAPK11 expression and macrophage accumulation during hepatic
inflammation. Hepatocyte-specific knockout of ETV4 significantly prevented
development of DEN-CCL,-induced HCC, while transgenic expression of ETV4
promoted growth of HCC.

Conclusions: ETV4 promoted hepatic inflammation and HCC by activating
transcription of TNF-a and MAPKI1. Both the ETV4/TNF-a and ETV4/MAPKI11
axes represented two potential therapeutic targets for highly associated hepatic
inflammation and HCC. ETV4+TNF-a were potential prognostic markers for

HCC patients.

KEYWORDS

1 | BACKGROUND

Liver cancer is the second most lethal cancer, with a very
low 5-year survival rate. Each year, 905,000 new liver can-
cer cases are diagnosed, and 830,000 liver cancer-related
deaths occur [1]. Liver cancer accounts for 4.7% of all
new cancer cases and 8.3% of all cancer-related deaths
[1]. Hepatocellular carcinoma (HCC) accounts for 80%
of liver cancer cases and is the most common form of
liver cancer [2, 3]. Hepatitis B virus (HBV) and hepatitis
C virus infection, alcohol abuse, obesity and diabetes-
associated nonalcoholic steatohepatitis (NASH) are the
main risk factors for HCC [4, 5]. Although the incidence of
alcoholic hepatitis and metabolic syndrome-related NASH
is increasing faster in western countries, HBV infection
remains the major risk factor for HCC in China [6, 7].
Sustained inflammation accelerated the development
and aggressiveness of HCC by promoting the survival of
hepatocytes [8, 9], enhancing angiogenesis [10], increasing
HCC escape of immune surveillance [11], and enhanc-
ing invasion and metastasis [12, 13]. Interleukin-6 (IL-6)

ETV4, TNF-a, MAPKI1, macrophage, hepatocellular carcinoma, hepatic inflammation

produced by Kupffer cells activated the signal trans-
ducer and activator of transcription 3 (STAT3) pathway
in hepatocytes and induced the transcription of myelocy-
tomatosis oncogene (MYC), B-cell lymphoma-2 (BCL-2)
and Cyclin B to promote the proliferation and survival of
hepatocytes [14, 15]. Tumor necrosis factor-alpha (TNF-
a) activated the downstream inhibitor of nuclear factor
kappa-B kinase subunit beta (IKK-f)/nuclear factor kappa
B (NF-xB) signaling pathway and increased the num-
ber and size of diethylnitrosamine (DEN)-induced mouse
HCC tumors [16]. Lymphotoxin o/ expression induced
chronic liver injury and hepatitis, which further stimu-
lated the compensatory proliferation of hepatocytes and
led to tumorigenesis [17]. Both dietary and genetic obe-
sity enhanced liver inflammation and carcinogenesis by
inducing TNF-a and IL-6 expression [14, 15]. TNF receptor
1 (TNFRI1)-deficient mice had decreased tumor forma-
tion than wild-type mice when DEN and a high-fat diet
(HFD) were used to induce HCC tumorigenesis [18].
Inflammation played a key role in HCC development, and
inflammatory cytokines were reported mainly expressed in
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immune cells. It has been reported that inflammatory cell-
secreted TNF-a played a critical role in inducing chronic
inflammation of the liver [19-21], and macrophage infil-
tration had important impact on tumor progression [22].
However, the mechanisms of hepatocytes secreting TNF-
a during HCC development and efficacy of TNF-a on
regulating macrophages infiltration were unclear.

ETV4 is a transcription factor which belongs to the E26
transformation-specific (ETS) family. All the members of
this family have a conserved ETS DNA-binding motif. It
has been reported that ETV4 played an important role in
tissue development, such as neuronal differentiation and
kidney morphogenesis [23]. ETV4 was also defined as an
oncogene that promoted the growth and metastasis of gas-
tric cancer and the development of prostate cancer [24].
However, the detailed mechanism of how ETV4 regulating
inflammation is not fully elucidated.

In this study, we focused on the function of ETV4 in liver
inflammation and HCC development. We investigated the
association of ETV4 with HCC formation by analyzing
the clinical samples and diethylnitrosamine (DEN)-carbon
tetrachloride (CCL,)-induced HCC mice. We explored the
functions of ETV4 in liver inflammation via acute and
chronic liver inflammation mouse model. These stud-
ies were expected to uncover the mechanisms of ETV4
regulating liver inflammation and HCC formation.

2 | MATERIALS AND METHODS

2.1 | Celllines

The human embryonic kidney cell line 293T were pur-
chased from American Type Culture Collection (ATCC)
(Manassas, VA, USA). The human hepatoma cell line
HepG2 were purchased National Collection of Authenti-
cated Cell Cultures (Shanghai, China). The HBV trans-
genic cell line HepG2-4D14 and human hepatoma cell
line Huh7 were gifts from Dr. Dongping Xu (The Fifth
Medical Center of Chinese PLA General Hospital, Bei-
jing, China). The Huh?7 cell was verified by short tandem
repeat sequence in 2023. All the cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, 12800-017,
Gibco, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS, ST30-3302, PAN-Biotech, Aidenbach,
Germany).

2.2 | Datasets and analysis

The differentially expressed genes (DEGs) in HCC tis-
sues compared to normal tissues were downloaded from
Gene Expression Profiling Interactive Analysis (GEPIA) in

which the RNA expression data from the Cancer Genome
Atlas (TCGA, http://gepia.cancer-pku.cn/) were analyzed,
and they were overlapped with the DEGs in HepG2-
4D14 compared to HepG2 cells. The Cancer Genome Atlas
Liver Hepatocellular Carcinoma (TCGA-LIHC) datasets
were downloaded from TCGA, and the ETV4 mRNA level
in tumors and normal tissues was analyzed. GSE64041,
GSES83148, GSE94660 and GSE84005 were obtained from
National Center for Biotechnology Information Gene
Expression Omnibus (NCBI GEO) profiles, and the relative
ETV4 mRNA level in these cohorts was analyzed. JASPAR
(https://jaspar.genereg.net/) was used to predict the ETV4-
binding sites on the promoter of TNF-a or MAPK11. HCC
single-cell transcriptome data were from public database
(https://db.cngb.org/PRHCCdb/), in which the expression
profiles of tumor cells and different kinds of immune cells
were obtained [25]. xCell (https://comphealth.ucsf.edu/
app/xcell) was used to perform cell type enrichment analy-
sis from gene expression data, and enumerate immune cell
subsets from TCGA-LIHC transcriptomes [26].

2.3 | Patient samples

Twenty-seven HCC tumor tissues and paired peritumoral
tissues were defined as Cohort 1 in which the patients
were underwent surgery between August 2012 and Decem-
ber 2014. Total RNA was extracted from all the tumor
tissues and nontumor tissues and analyzed by quantita-
tive real-time PCR (qQRT-PCR) to measure ETV4 mRNA
levels. A total of 128 formalin-fixed paraffin-embedded
(FFPE) primary HCC liver specimens were defined as
Cohort 2 and subjected to Immunohistochemistry (IHC)
staining for ETV4, TNF-a, MAPKI11 and CD68. Patients
in Cohort 2 were hospitalized and underwent surgery
between Jun 2012 and Dec 2013. The patients were all
diagnosed with primary HCC, with no cholangiocarci-
noma or other cancers. Patients in Cohort 2 were divided
into HBV-low (<40 DNA copies/mL) and HBV-high (>40
DNA copies/mL) groups according to the serum HBV
DNA copy number before surgery. Sixty-six HCC patients
who underwent surgery between July 2012 and Novem-
ber 2013 were defined as Cohort 3. The patients in
Cohort 3 were divided into HBV-negative (both HBsAg
and HBeAg were negative, and HBV DNA was unde-
tectable in serum) and HBV-positive groups. The clinical
characteristics of the enrolled patients are listed in Sup-
plementary Table S1. All the patient samples were col-
lected from the Fifth Medical Center of Chinese PLA
General Hospital. All the participants provided written
informed consent. The patient samples were assigned
arbitrary identification numbers based on the order of
enrollment.
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For the single-marker overall survival (OS) analyses, the
quartile was used to set the group cutoff according to the
levels of ETV4, TNF-o or MAPKI11. The top 25% was classi-
fied as high, the bottom 25% was classified as low, and the
medium 50% was classified as intermediate.

For the double-marker OS analyses, firstly the medium
was used to set the group cutoff according to the levels
of ETV4, TNF-a or MAPKI1, in which the top 50% was
classified as high, the other 50% was classified as low.
Then, patients with both ETV4-high and TNF-a-high were
defined as ETV44+TNF-a-high, while patients with both
ETV4-low and TNF-a-low were defined as ETV4+TNF-a-
low. The other patients were classified as intermediate. The
same group classification was applied for ETV4+MAPKI11
groups.

2.4 | Real-time quantitative PCR
(QRT-PCR)

The human and mouse liver tissues were homogenized
with the tissue grinder. Total RNA was extracted from
tissues and cell lines with TRIzol (1559608, Invitrogen,
Carlsbad, CA, USA). cDNA was synthesized with Hifair II
18 strand cDNA Synthesis SuperMix (11123ES60, YEASEN,
Shanghai, China). The random and oligo(dT)s primer mix-
tures were used for the cDNA synthesis. The reaction
mixture was pre-denatured for 5 min at 95°C, then dena-
tured for 10 s at 95°C, annealed and extended for 30 s
at 60°C, for a total 40 cycles. qRT-PCR was performed
with qPCR SYBR Green Master Mix (11202ES08, YEASEN,
Shanghai, China). The primers specific for the indicated
genes used in qRT-PCR are listed in Supplementary Table
S2.

2.5 | RNA sequencing and analysis

The human ETV4 gene was cloned into the lentivi-
ral vector pLL-IRES-puro (provided by Dr. Wenjun Liu,
Institute of Microbiology, Chinese Academy of Sciences,
Beijing, China) and named as pLL-ETV4. Short hairpin
RNAs (shRNAs) targeting human ETV4 were cloned into
the pSIH1-GFP lentiviral plasmid. The pLL-ETV4 vec-
tor or the pSIH1-GFP-shETV4 vector and the lentivirus
packing plasmids were co-transfected into 293T cells.
Lentivirus was harvested 72 h post transfection. HepG2
cells were infected with lentivirus carrying ETV4 to build
the ETV4-overexpressing HepG2 cells (HepG2-ETV4-oe).
Huh7 cells were infected with lentivirus carrying ETV4
shRNA to build the ETV4-knockdown Huh?7 cells (Huh7-
shETV4). Total RNA was extracted from HepG2-ETV4-oe
and control cells or Huh7-shETV4 and control cells. The

mRNAs were enriched and subjected to mRNA library
construction and sequencing by BGI (BGISEQ-500 plat-
form, Shenzhen, China). The raw reads were filtered
and quantity controlled to obtain clean reads. Then, the
clean reads were aligned with the Homo sapiens genome
(GCF_000001405.37_GRCh38.pll). The gene abundance
was measured in fragments per kilobase of exon per mil-
lion fragments mapped (FPKM). The genes with fold
change higher or lower than 2 in HepG2-ETV4-oe vs
HepG2 cells, or Huh7-shETV4 vs. Huh7 cells, were defined
as DEGs. The DEGs within the groups were further ana-
lyzed with Kyoto Encyclopedia of Genes and Genomes
(KEGG) for signaling pathway enrichment.

2.6 | Dual-luciferase reporter assay

Human TNF-a and MAPKII promoters and their mutants
were cloned into the pGL4 basic vector. HEK293T cells
were seeded in 24-well plates (3x10° cells per well) and
transfected with the pLL-ETV4 or control vector together
with the pGL4-TNF-a/MAPKII promoter and pRL-TK
Renilla reporter plasmids as an internal control for 24
h. Then, the cell lysates were harvested and subjected to
luciferase assay with the dual-specific luciferase reporter
assay system (E1980, Promega, Madison, WI, USA).

2.7 | Chromatin immunoprecipitation
(CHIP) assay

The CHIP assay was performed with the CHIP assay kit
(P2078, Beyotime, Wuhan, Hubei, China). Briefly, Huh7
cells were cross-linked with 4% formaldehyde for 10 min,
then treated with 125 mmol/L glycine for 5 min. Cells were
collected and sonicated. The samples were centrifuged
for 10 min at 8,000 g at 4°C. The supernatants were
subjected to immunoprecipitation (IP) with IgG or anti-
ETV4 antibodies for 4 h, followed by incubation with
protein A Sepharose beads for 2 h. The IP samples were
eluted and treated with proteinase K, and then the DNA
were extracted with phenol-chloroform and subjected to
qRT-PCR with indicated primers.

2.8 | Mouse models

C57BL/6 ETV4 conditional knockout mice (ETV41/fl. alb-cre)
were generated with the CRISPR/Cas9-guided homolo-
gous recombination system (Biocytogen, Beijing, China).
Briefly, an ETV4 targeting vector containing the ETV4
genome sequence from exon 6 to exon 13 with 5’loxp and
3’loxp flanking sites was constructed. Small guide RNA
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(sgRNA) sequences that effectively targeted intron 6 and
the downstream sequence of exon 13 were selected with
the UCA™ assay, and Cas9/sgRNA plasmids were con-
structed. The ETV4 targeting vector and Cas9/sgRNA plas-
mids were microinjected into zygotes from the oviducts
of 4-week-old female C57BL/6 mice. The genotype of 7-
day-old male and female ETV4"! mice was confirmed
by Southern blotting and DNA sequencing. For Southern
blotting, the genomic DNA was digested with Asel, and
then subjected to hybridization with digoxin-labeled probe
of ETV4 exon 5. Hepatocyte-specific ETV41/1alb-cre mice
were generated by crossing ETV4Y/1 mice with Alb-Cre
mice.

To generate hepatocyte-specific ETV4 conditional
transgenic mice (ETV4Rosa26—ﬂ0xp—gfp—ﬂ0xp—mETV4/+, alb—cre’
ETV4HePT6) floxp-gfp-polyA-floxp mouse ETV4 (mETV4)
was inserted into the Rosa26 locus of C57BL/6 wild type
mice. Rosa26 is a non-coding gene on chromosome 6 of the
mice. In general, the gene inserted into Rosa26 locus can
be expressed normally while did not affect the expression
of neighboring genes. The ETV41PTC mice were gener-
ated by crossing ETV/4Rosa26-floxp-gfp-floxp-mETV4/+ pjce with
Alb-Cre mice.

HCC mouse model was generated as follows: 2-week-
old male ETV41T and ETV41/f2lbcre or wild type and
ETV41ePTC mice were intraperitoneally injected with 25
mg/kg DEN (NO0756, Sigma Aldrich, Saint Louis, MO,
USA), followed by intraperitoneally injection of 0.5 mL/kg
CCL, (C0731530924, Nanjing Reagent, Nanjing, China)
every two weeks. The mice were euthanized via cervical
dislocation at the 21-week-old. The livers were harvested
and imaged, and the tumor number and size were mea-
sured. Hematoxylin and eosin (H&E) staining was per-
formed and scanned by Leica digital pathology scanner
Aperio CS2 (Wetzlar, Germany). The numbers of micro-
scopic tumors were counted. The diameter of the tumor
and the total tissue area were measured by Image Scope.
Numbers of tumors per cm? were calculated.

For the acute inflammation model, 8-week-old male
wild type and ETV41ePTC mice were intraperitoneally
injected with DEN (100 mg/kg) for 8 h and euthanized.
Then the livers were fixed with formalin and subjected to
IHC staining.

To establish chronic inflammation model, 2-week-
old male ETV4Y1 and ETV41/alb-cre or wild type and
ETV41ePTC mice were intraperitoneally injected with a
single dose of DEN (25 mg/kg), followed by CCL, (0.5
mL/kg) treatment every two weeks, and euthanized at
16 weeks. The livers were fixed with formalin and sub-
jected to H&E staining or THC staining with the indicated
antibodies.

To deplete macrophages, 8-week-old male wild type
and ETV41ePTC mice were intravenously injected with 10

mg/kg GdCl; (203289, Sigma Aldrich, Saint Louis, MO,
USA) every two days for 3 times [27, 28].

All the mice in this study were housed under spe-
cific pathogen-free (SPF) conditions at 25°C with 50%
humidity. The mice were euthanized via cervical dislo-
cation at the end of experiments. All the experiments
were approved by the Ethical Review Committee of the
Institute of Microbiology, Chinese Academy of Sciences
(APIMCAS2019009).

2.9 | IHC analysis

The human and mouse FFPE samples were sliced in 5
mm thickness and subjected to standard THC procedures.
In brief, the sections were treated with xylene firstly, and
then hydrated in series of ethanol (99.9% ethanol, 95%
ethanol, 75% ethanol, 50% ethanol, H,0). The antigen
retrieval was performed as follows: for ETV4 and TNF-q,
the sections were treated with 1 mmol/L EDTA/10 mmol/L
Tris HCI (pH 9.0); for MAPK11 and CD68, the sections
were treated with 10 mmol/L sodium citrate (pH 6.0)
for 30 min. The sections were blocked with 5% bovine
serum albumin (BSA) (0032, Amresco, Solon, OH, USA)
and incubated with primary antibodies (anti-ETV4, 1:50,
overnight at 4°C; anti-MAPK11, 1:125, 2.5 h at room tem-
perature; anti-TNF-a, 1:500, 2.5 h at room temperature;
anti-CD68, 1:300, overnight at 4°C) and then incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibody (PV-9000, ZSGB-BIO, Beijing, China) for 40 min
at room temperature. The whole slide image was scanned
by a NanoZoomer 2.0 HT (Hamamatsu, Japan) and ana-
lyzed with a HALO 2.3 digital pathology analysis system
(Indica Labs, NM, USA). The tumor and adjacent non-
tumor areas were manually defined by using the HALO
software (Albuquerque, NM, USA). The average density
and percentage of positive cells for H-score was calculated
with the equation: H-score = weak positive cell percentage
X 1 + moderately positive cell percentage X 2 + strongly
positive cell percentage X 3.

2.10 | Primary mouse hepatocyte
isolation

Mouse primary hepatocytes were isolated accord-
ing to the procedures of Wen Zhang’s Lab
(http://www.mouselivercells.com/).  Briefly, 8-week-
old wild type or ETV4ePTC male mice were anesthetized
by intraperitoneally injection of 400 ug/g 2,2,2-
tribromoethanol (T48402, Sigma Aldrich, Saint Louis,
MO, USA), and then perfused with 100 units/mL type
IV collagenase (17104, Gibco, Carlsbad, CA, USA) via
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the portal vein for 3-5 min until the livers were digested
sufficiently. The livers were dissected out and teared apart
to release the hepatocytes. The hepatocytes were collected
after centrifugation (3 min, 50 g at 4°C) and plated. The
ETV4, TNF-a and MAPKII mRNA levels were measured
by qRT-PCR.

2.11 | Enzyme-linked immunosorbent
assay (ELISA)

HepG2 cells overexpressing ETV4 or control cells were
seeded in 24-well plates (2x10° cells per well) for 36 h.
Then, the supernatants were collected and subjected to
ELISA with a human TNF-a ELISA kit (KIT10602, Sino
Biological, Beijing, China).

2.12 | Flow cytometry analysis

The mouse livers were minced into 1 mm?> pieces, fol-
lowed by digestion with collagenase for 30 min. The cells
were centrifuged at 350 g at 4°C for 3 min, and puri-
fied in 40% percoll. Subsequently, the cells were stained
with anti-CD68 (137009, FA-11), anti-F4/80 (123110, BMS),
anti-CD45 (103115, 30-F11), anti-CD11b (101212, M1/70),
anti-CD3 (100205, 17A2), anti-CD4 (100515, RM4-5), anti-
CD8 (100733, 53-6.7), anti-Ly6G (127617, 1A8) antibodies
(BioLegend, San Diego, CA, USA), and sorted using a BD
FACSAria II Cell Sorter (BD Bioscience, San Jose, CA,
USA).

2.13 | Statistical analysis

The OS of HCC patients after diagnosis was analyzed
with the Kaplan-Meier estimator and calculated with
the log-rank test. Student ¢ test was used for two-group
comparisons, and two-way analysis of variance (ANOVA)
was used for multiple-group comparisons. P < 0.05 was
considered significance.

3 | RESULTS

3.1 | Thelevel of ETV4 was negatively
associated with the survival of HCC
patients

To investigate the HBV-related genes involved in the devel-
opment of HCC, we overlapped the DEGs in the HBV
transgenic cell line HepG2-4D14 compared to the parental
cell line HepG2 and the DEGs in HCC tumor tissues

compared to normal tissues in the TCGA-LIHC cohort
(Figure 1A). Sixty-nine overlapped genes were identified
(Supplementary Table S3), and the differential expression
pattern is shown in Figure 1B. Among these 69 genes,
ETV4 expression level was the most significantly associ-
ated with the OS of HCC patients (Supplementary Figure
S1A), and the mRNA level of ETV4 was much higher in
tumor tissues than in normal tissues according to the data
from TCGA (Supplementary Figure S1B) and GEO HCC
datasets (Supplementary Figure S1C). We next compared
the mRNA level of ETV4 in 27 pairs of HCC tissues and
their paired adjacent peritumoral tissues, and found that
ETV4 was upregulated in HCC tumor tissues comparing to
their paired adjacent peritumoral tissues (Figure 1C). The
HCC datasets from GEO also showed that ETV4 was higher
in tumors than in their paired peritumoral tissues (Supple-
mentary Figure S1C-E). Then, we performed IHC staining
of ETV4 in 128 HCC liver tissues which were collected
from patients who underwent surgery between 2012 and
2013. The mean intensity of ETV4 staining was evaluated
and representative images are shown in Figure 1D. Kaplan-
Meier analysis demonstrated that patients with higher
ETV4 levels had poorer survival rate (Figure 1E), which
was consistent with the results shown in Supplementary
Figure S1A, and both the percentage of ETV4-positive cells
(Figure 1F) and the H-score (Supplementary Figure S1F)
were higher in tumor tissues than in paired adjacent per-
itumoral tissues. All these data demonstrated that ETV4
was highly expressed in HCC tumor tissue, indicating
that ETV4 level might predict poor survival rate of HCC
patients.

3.2 | ETV4 expression was upregulated in
HBV-positive HCC and chronic hepatitis
liver tissues

Both ETV4 mRNA and protein levels were higher in
HepG2-4D14 cells than in parental HepG2 cells (Sup-
plementary Figure S1G-H), which is consistent with the
results in Figure 1B. We analyzed the relative ETV4 level
in the GEO dataset (GSE83148), which included gene
expression data from 122 liver samples from chronic
hepatitis B (CHB) patients and 6 liver samples from
healthy controls. The results indicated that the mRNA
level of ETV4 was higher in the CHB samples than in the
normal samples (Supplementary Figure SII). Also, the
mRNA levels of ETV4 were higher in tumor tissues from
HBV-positive patients than in those from HBV-negative
patients in Cohort 3 (Figure 1G). We then divided the
HCC samples in Cohort 2 into two groups (HBV-low and
HBV-high) according to the HBV DNA copy numbers
in the serum of patients before surgery. The data of IHC
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FIGURE 1 ETV4is highly expressed in HCC and HBV-positive liver tissues, and its expression is negatively correlated with the survival
of HCC patients. (A) Total RNA was extracted from HepG2 and HBV transgenic cell lines HepG2-4D14 and subjected to RNA deep sequencing
analysis. The differentially expressed genes in HepG2-4D14 cells compared to HepG2 cells overlapped with the abnormally expressed genes in
HCC tumors compared to normal tissues in the TCGA-LIHC cohort. (B) Heatmap of the overlapping genes in A. (C) The ETV4 level in 27
pairs of HCC tissues and their adjacent nontumoral tissues was determined by qRT-PCR. (D-F) A total of 128 paraffin-embedded primary
HCC specimens were subjected to IHC staining with an anti-ETV4 antibody. The intensity of ETV4 staining was quantitatively scored with
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staining demonstrated that the protein level of ETV4 was
higher in tumor tissues from patients with a higher HBV
load than in those from patients with a lower HBV load
(Figure 1H). These data suggested that the ETV4 level was
upregulated in HBV-related HCC.

In addition, we analyzed the TCGA dataset and found
that the level of ETV4 mRNA was also higher in alcohol
or non-alcoholic fatty liver disease-associated HCC tumors
than in normal tissues (Supplementary Figure S1J).

3.3 | ETV4directly promoted the
transcription of TNF- and MAPK11

To identify downstream genes regulated by ETV4, we com-
pared the transcription profiles of ETV4-overexpressing
HepG2 cells (HepG2-ETV4-oe) and control cells (HepG2-
Ctrl) and ETV4-knockdown Huh7 (Huh7-shETV4) cells
and control cells (Huh7-shR) by RNA sequencing. We over-
lapped the DEGs in the 2 sets described above and identi-
fied 159 potential ETV4 downstream genes (Figure 2A-B).
By using KEGG pathway analysis, we found that ETV4-
upregulated genes were mainly involved in TNF, NF-xB
and MAPK signaling pathways (Figure 2C). TNF-« is
an inflammatory cytokine that abnormally expressed in
many kinds of chronic or acute liver injury/inflammation
[17, 29, 30]. MAPKI11 (p38B) belongs to the family of
the p38 MAPKs, which can induce the production of
TNF-a and IL-13 [31-33]. Therefore, TNF-a and MAPKI1
were evaluated in priority as they played critical roles in
inflammation.

First, we confirmed that ETV4 knockdown in Huh7
cells caused a reduction in the mRNA levels of TNF-a
and MAPKII (Figure 2D) as well as the protein level of
MAPKI1 (Figure 2E). In contrast, overexpression of ETV4
in HepG2 cells enhanced both the mRNA and protein lev-
els of TNF-a and MAPKI1 (Figure 2F-H). We predicted
the ETV4-binding sites on the promoters of TNF-a and
MAPKII on the JASPAR website. Then, we generated
the luciferase reporters for the promoters of TNF-a and

MAPKII and performed luciferase assays. The data showed
that ETV4 could significantly enhance the activities of the
TNF-a and MAPKI1 promoters (Figure 2I-J). Furthermore,
we also performed luciferase assays with the promoters of
TNF-a or MAPKII in which the potential ETV4-binding
sites were mutated, and identified the regions in the TNF-
and MAPKI1 promoters that were critical for ETV4 binding
(Figure 2I-J). In addition, we performed the CHIP assay,
and the data showed that ETV4 could bind to the pro-
moters of the TNF-a and MAPKII directly in Huh?7 cells
(Figure 2K). In conclusion, ETV4 can directly promote the
transcription of TNF-a and MAPKII.

3.4 | ETV4enabled macrophage
accumulation and facilitated liver
inflammation

To test whether ETV4 could regulate the expression
of TNF-a and MAPKII and enhance the liver inflam-
mation in vivo, we generated hepatocyte-specific ETV4-
transgenic mice (named as ETV4"PTC) by crossing
ETV4Rosa26-floxp-gfp-floxp-mETV4/+ mjce with Alb-Cre mice
(Figure 3A and Supplementary Figure S2A). The geno-
type of ETV4HePTC was confirmed by PCR (Supple-
mentary Figure S2B) and ETV4 protein was deter-
mined by immunoblotting (Figure 3B). We also generated
hepatocyte-specific ETV4-knockout mice (ETV41/fl, alb-cre)
by crossing ETV4"1 with Alb-Cre mice (Figure 3C-D and
Supplementary Figure S2C-D). No significant changes of
liver/body ratio were observed in 8-week-old ETV4 trans-
genic or ETV4 knockout mice (Supplementary Figure
S2E-F).

The protein levels of hepatic TNF-a, MAPK11 and CD68
were examined. The data showed that levels of TNF-«,
MAPKI1 and CD68 were higher in ETV4¢P-TC than that
in wild type (WT) mice (Figure 3E-F). To further explore
whether ETV4 enhanced the transcription of TNF-o and
MAPKII in hepatocytes, we isolated primary hepatocytes
from the WT or ETV4"ePTG mice, and found that the

the HALO digital pathology system, and samples were classified into three subgroups (high, medium and low) according to their scores.

Quartile was used to set the group cutoff. Representative images are shown in D. The overall survival of patients analyzed with Kaplan-Meier

analysis is shown in E. The medium was classified as intermediate group. The percentage of ETV4-positive cells in peritumoral and tumor

regions in each sample according to IHC staining was calculated by the HALO digital pathology system (F). (G) The relative mRNA level of
ETV4 in HBV-negative (n = 6) and HBV-positive (n = 60) HCC tissues was measured by qRT-PCR. (H) HCC patients were divided into two
groups (HBV-low, n = 62; HBV-high, n = 66) according to the HBV viral load in their serum. The ETV4 protein levels in HCC tissues were
measured by THC, and the average intensity of ETV4 staining was quantified using the HALO digital pathology system. In the Box and

whiskers plots, boxes represented 25-75% percentile, whiskers were min to max, and division line was median. In the scatter plots, division
line was mean, whiskers were Standard deviation. * P < 0.05, ** P < 0.01, *** P < 0.001.

Abbreviations: ETV4, ETS translocation variant 4; HBV, hepatitis B virus; HepG2-4D4, HBV Transgenic cell; HCC, hepatocellular carcinoma;
TCGA, The Cancer Genome Atlas; LIHC, liver hepatocellular carcinoma; qRT-PCR, real-time quantitative PCR; PT, peritumoral tissue; T,

tumor; IHC, immunohistochemistry.
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FIGURE 2 ETV4regulates the transcription of TNF-a and MAPKII. (A, B) HepG2-Ctrl and ETV4-overexpressing HepG2
(HepG2-ETV4-oe), Huh7-shR and ETV4 knockdown Huh7 (shETV4#1, shETV4#2) cells were harvested, and total RNA was extracted and
subjected to RNA sequencing. The differentially expressed genes between HepG2 and HepG2-ETV4-oe cells or between Huh7-shR and
Huh7-shETV4 cells are shown in a Venn diagram (A) and heatmap (B). (C) KEGG pathway analysis was performed with the genes whose
expression levels were upregulated in HepG2-ETV4-oe cells compared to HepG2 cells. (D, E) Total RNA extracted from Huh7-shR,
Huh7-shETV4#1, and Huh7-shETV4#2 cells were subjected to qRT-PCR to quantify the mRNA levels of ETV4, MPAKII and TNF-a, three
replicates were performed (D). The protein levels of ETV4 and MAPK11 in the cells mentioned above were determined by immunoblotting
with actin as the internal control, two replicates were performed (E). (F-H) Total RNA extracted from HepG2-Ctrl and HepG2-ETV4-oe cells
was subjected to qRT-PCR to measure the mRNA levels of ETV4, MAPKII and TNF-a, three replicates were performed (F). TNF-a and
MAPKI11 protein levels in the cells mentioned above were measured by immunoblotting with the indicated antibodies, three replicates were
performed (G). TNF-a levels in the supernatant were measured by ELISA, four replicates were performed (H). (I) 293T cells were transfected
with pLL-ETV4 and the TNF-a promoter luciferase reporter (WT) or a luciferase reporter with the potential ETV4 binding sites mutated
(Mutl-4) for 24 h. The cell lysates were harvested and subjected to luciferase assay. Two replicates were performed. (J) 293T cells were
transfected with pLL-ETV4 and the MAPKII promoter luciferase reporter (WT) or a luciferase reporter with the potential ETV4 binding sites
mutated (Mutl-3) for 24 h. The cell lysates were harvested and subjected to luciferase assay. Three replicates were performed. (K) CHIP assay
was performed in Huh7 cells with anti-ETV4 antibodies or anti-IgG control. qRT-PCR was used to quantify the relative fold change of ETV4
on TNF-a or MAPKII promoter. Two replicates were performed. The column bar graphs were presented as the mean + SD. * P < 0.05, ** P <
0.01, *** P < 0.001.

Abbreviations: ETV4, ETS translocation variant 4; TNF-«, tumor necrosis factor alpha; MAPK11, mitogen-activated protein kinase 11; oe,
overexpression; shR, control shRNA; Ctrl, control; WT, wild type; Mut, mutation; ELISA, enzyme-linked immunosorbnent assay; CHIP,
chromatin immunoprecipitation; qRT-PCR, real-time quantitative PCR; Luc, luciferase.
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ETV4 upregulates TNF-a/MAPKI1 expression and liver inflammation. (A) The genomic map of conditional ETV4-transgenic

mice (ETV4Rosa26-floxp-glp-floxp-mETV4/+) ‘"The F] and R1 primers were used for genotyping. (B) ETV4R0s226-floxp-glp-floxp-mETV4/+ mjce were crossed
with hepatocyte-specific Cre mice to generate ETV41PTCG (ETY4Ros226-floxp-glp-floxp-mETV4/+, alb-cre)y mjce The cell lysates from liver tissues of
8-week-old WT or ETV41PTC mice were subjected to immunoblotting with an anti-ETV4 antibody. (C) The genomic map of conditional
ETV4-knockout mice (ETV4%/falb-cre). £ and R2 represent the primers used for genotyping. (D) The lysates from the total liver tissues (left)
and hepatocyte isolated by perfusion (right) of 8-week-old ETV4V1 or ETV41/1 alb-cre mice were subjected to immunoblotting with an
anti-ETV4 antibody. (E, F) WT (n = 5) or ETV4"®PTC (i = 3) mice were sacrificed at 8 weeks of age, and liver tissues were harvested and
subjected to IHC staining of TNF-a, MAPK11 and CD68. Representative images are shown (E). Black arrow, TNF-a positive hepatocyte; Blue
arrow, TNF-« in intracellular area; Red arrow, TNF-a positive immune cell. The intensity of TNF-a, MAPK11 and CD68 staining was
quantified (F). (G) Hepatocytes were isolated from WT (n = 7) or ETV4"°PTC (n = 8) mice. The relative mRNA level of ETV4, TNF-a and
MAPKI11 were determined by qRT-PCR. (H, I) The proportions of CD68* (H) and F4/80* (I) cells were analyzed by flow cytometry in
8-week-old WT and ETV4H¢PTS mice liver. The column bar graphs were presented as the mean =+ SD. * P < 0.05, ** P < 0.01, *** P < 0.001.
Abbreviations: ETV4, ETS translocation variant 4; TNF-a, tumor necrosis factor alpha; MAPK11, mitogen-activated protein kinase 11; WT,
wild type; Alb-Cre, cre driven by albumin promoter; IHC, immunohistochemistry; qRT-PCR, real-time quantitative PCR.

mRNA levels of TNF-a and MAPKII in hepatocytes were
significantly higher in ETV4"¢PTC than that in WT mice
(Figure 3G). We further performed the flow cytometry
analysis and found that both CD68* and F4/80% cells
were significantly enriched in ETV4"¢PTC than in WT
mice (Figure 3H-I). The neutrophils were also higher in
ETV4HePTG mice than in WT mice, but there was no dif-
ference of CD4* T cells and CD8" T cells between WT
and ETV41ePTC mice (Supplementary Figure S3). Taken
together, these results indicated that ETV4 promoted the
expression of TNF-a and MAPKII in hepatocytes and

the accumulation of macrophages and neutrophils in the
liver.

To investigate whether ETV4 promoted the expression of
TNF-a and MAPKI11 and the accumulation of macrophages
during liver inflammation, we measured the protein lev-
els of TNF-a, MAPKI11 and CD68 in the livers of control
mice and mice treated with DEN to induce acute inflam-
mation and found that TNF-a, MAPKI11 and CD68 were
expressed higher in the ETV41PTC mice than in the WT
mice (Figure 4A-B). We also performed macrophage deple-
tion with GdCl; in mice treated with DEN and found that

85U8017 SUOWIIOD BAIIE8.D 8|qed! (dde 8Ly Aq peusenob a2 seoile YO 8sn JO S9N 10} A%ug18UIIUO /8|1 UO (SUONIPUOD-PUB-SWIBI W0 A8 | 1M AleIq Ul UO//:SANY) SUONIPUOD pue swie 1 84} 89S *[6202/20/90] U Akeid18uluo A8]IM BuIyD8URIYI0D AQ Z82T 23e0/Z00T OT/I0p/Wwod"Ae | Arelq1jeuljuo//sdiy woiy papeojumod ‘2T ‘€202 ‘8rSEEZse



Cancer
164 | COMMUNICATIONS, Qi ErAL

(A) DEN induced acute liver inflammation

TNF-a MAPK11 CD68 (B) mwT
T ———— : : . — — [ ETV4Hep-TG
TNF-
>20 “ 0.056
= ‘@ T
= S 157
©
o 101
= *
PBS & 59
[0}
o ﬂ: o.
g PBS DEN
[}
I
N
E 240 MAPK11 0.11
w @
| S 301
©
® 20
=
101 _**
; [0}
- X o
< PBS DEN
DEN 210 cbe8
3 5 .
e 3 6.
z 2 4]
L, =
> o 5
= 0]
u.l = m 0 4
] PBS DEN
(©) ~_DEN  CCLa biweekly
|
DEN and CCLa induced i l [ 13d
chronic liver inflammation week 0 2 4 16

G W™ _ MAPK11 v CD68

(E) wmwT mmETY4HeRTC

E TNF-a MAPK11 CD68
3, _** * 2.0
> 35 > *k
2 24 215
2 (0] [}
kel T 3 kel
ek 2 2, 210
5 5 %05
[0) [0] [Ola
E ; 4 ¢’ o
m 0 0 0.0

(G) mETY. 4fI/ﬂ V=Y 4ﬂ/fl,alb-cre

TNF-a MAPK11 CD68

.‘?1-5 * 31.5 *kk 3‘15 *
(2] ‘B ‘@
S c c
© 1.0
3 % 1.0 % 1.0
o o) )
= 2 2
% 0.5 E 0.5 s 0.5
4 & 4

0.0 0.0 0.0

FIGURE 4 ETV4enhances macrophage accumulation and inflammation in liver under injury. (A, B) Eight-week-old WT or ETV41epT6
mice were intraperitoneally injected with DEN (100 mg/kg) or PBS for 8 h, and the livers were harvested and subjected to IHC staining to
measure the protein levels of TNF-a, MAPKI11 and CD68 (A). The intensities of the proteins mentioned above were calculated (B). WT PBS (n
= 4), ETV41>TC PBS (n = 4), WT DEN (n = 4), ETV4"¢PTC DEN (n = 4). (C) Schematic of DEN-CCL, induced chronic liver inflammation in
mice. (D-G) Wild-type and ETV4"ePT6 or ETV4Y! and ETV4%/1. 21b-cre mice were treated as shown in C. The liver tissues were harvested from
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TNF-a expression was still higher in ETV4HPTC than in
WT mice (Supplementary Figure S4A-B). The above data
indicated that ETV4 could upregulate TNF-a expression
and enhance macrophage accumulation in the liver during
acute inflammation. To uncover the effect of ETV4 dur-
ing chronic liver injury and inflammation, we treated the
mice with DEN combined with CCL, (Figure 4C). IHC
staining showed that the levels of TNF-a, MAPK11 and
CD68 in the livers of the ETV4HPTC mice were higher
than those in WT mice (Figure 4D-E), indicating that ETV4
could trigger liver inflammation and macrophage accu-
mulation via upregulating TNF-o and MAPK11 expression
when there was chronic liver injury. Otherwise, knockout
of ETV4 caused a marked reduction in the TNF-a, MAPK11
and CD68 levels (Figure 4F-G). To completely exclude the
possible influence of acute liver injury caused by CCly,
we further measured the protein levels of TNF-o, MAPK11
and CD68 in the liver samples from the mice 7 days after
the final injection of CCL, (Supplementary Figure S4C)
and obtained consistent results in the ETV4ePTC mice
(Supplementary Figure S4D-E) and the ETV4{l/f alb-cre
mice (Supplementary Figure S4F-G). Overall, these results
demonstrated that ETV4 enabled macrophage accumula-
tion and facilitated liver inflammation via modulating the
ETV4-TNF-a and ETV4-MAPK11 axis.

The data showed that ETV4 could promote the inflam-
mation in the liver. In order to know whether inflam-
mation could influence the level of ETV4, we treated the
mice with DEN or CCL,, and observed that the mRNA
level of ETV4 in the liver was increased after treatment
with DEN or CCL, (Supplementary Figure S5), indicat-
ing that inflammation may also trigger the transcription of
ETV4.

3.5 | ETV4 promoted liver tumorigenesis

Chronic inflammation plays an important role in HCC
development. To identify whether ETV4 could promote
liver tumorigenesis in vivo, we established the DEN-CCLy,-
treated HCC model in transgenic mice (Figure 5A). After
DEN-CCL, treatment, the number of total surface tumors
and the number of tumors larger than 1 mm?® were lower
in the livers of the ETV41/%albcre mice than in those of
the ETV4"/1 mice (Figure 5B-D), and the liver/body weight

ratio was also lower in the ETV4/1alb-cre mice than in
the ETV4"/1 mice (Figure 5E). In addition, the number of
microscopic tumors in the ETV41/1 alb-cre mice were lower
than that in the ETV4"! mice (Figure 5F-H). These data
indicated that knockout of ETV4 in hepatocytes suppressed
liver tumor formation in DEN-CCL, HCC model.

A DEN-CCL, HCC model with ETV41ePTC mice was
also established (Figure 5I). Total number of surface
tumors in the livers of the ETV4HePTC mice was higher
than those in the WT mice (Figure 5J-K). No significant
difference was observed in the number of surface tumors
larger than 1 mm? and the liver/body ratio between the
ETV41ePTC and WT mice (Figure 5L.-M), but total numbers
of microscopic tumors and the numbers of large micro-
scopic tumors were robust higher in the ETV41PTC mice
than in the WT mice (Figure 5N-P). All these data sug-
gested that ETV4 promoted HCC formation and could
be a potential therapeutic target for HCC. In addition,
the protein levels of TNF-a, MAPKI11 and CD68 were
lower in the liver tissues of the ETV41/1alb-cre mjce than
in those of the ETV4"/ mice (Figure 5Q-R) and signifi-
cantly higher in the ETV4'PTC mice than in the WT mice
(Figure 5S-T), suggesting that ETV4 promoted the expres-
sion of TNF-a and MAPKI11 and hepatic macrophage infil-
tration during the development of DEN-CCL,-induced
HCC.

3.6 | ETV4 expression was positively
correlated with TNF-o« and MAPK11
expression and liver inflammation in
human HCC samples

As shown in Figure 1C and Supplementary Figure S1C-F,
the level of ETV4 was higher in HCC tumors than in
adjacent peritumoral tissues. If ETV4 promoted liver
tumorigenesis through TNF-a and MAPK11, there should
be higher levels of TNF-a and MAPKI11 in tumor tissues
than in peritumoral tissues. As expected, there were more
TNF-a- and MAPKIl1-positive cells and higher H-scores
of TNF-a and MAPKI11 in tumors than in peritumoral
tissues according to the IHC staining results of Cohort
2 (Figure 6A-D, Supplementary Figure S6). TNF-a and
MAPKI11 expression were also higher in tissues with high
ETV4 expression than in tissues with low ETV4 expression

the sacrificed mice and subjected to THC staining for TNF-a, MAPK11 and CD68. Representative images are shown in D, F. The intensities of
TNF-«, MAPKI11 and CD68 staining were quantified (E, G). WT (n = 8), ETV41PTC (n = 8), ETV411 (n = 5), ETV4V/%-alb-cre (53 = 7), The
column bar graphs were presented as the mean + SD. * P < 0.05, ** P < 0.01, *** P < 0.001.

Abbreviations: ETV4, ETS translocation variant 4; TNF-a, tumor necrosis factor alpha; MAPK11, mitogen-activated protein kinase 11; DEN,
diethylnitrosamine; PBS, phosphate buffered saline; WT, wild type; Alb-Cre, cre driven by albumin promoter; CCL,, carbon tetrachloride;

THC, immunohistochemistry.

85UB017 SUOLILLIOD BAFER1D 3|qedlidde 8Ly Aq pausenob ke ssppiie VO ‘s o S3InJ 10} Afeiq 1 8UIIUO 8|1 UO (SUORIPLIOD-PUR-SBY WD A3 1M AL1g 1 [BUIUO//STNY) SUORIPUOD PUe SWis L 83 39S *[5202/£0/90] U0 Afiqi8ulluO A8|IM BUIYORURIL00D AQ Z8172T 2980/200T OT/I0p/W00" A3 Im A%eiq 1 putjuo//Sdny Wwoly papeojumoq ‘2T ‘€202 ‘8rSEEeSe



CANCER
1366 | (COMMUNICATIONS

(A)

A~ DlEN CCLa4 biweekly
week 0 2 4 ETv4
ETV. 4ﬂ/fl alb-cre
(E)
o ETV4M
gm. N ETV4ﬂ/fI,aIb—cre***
£ 8- Y
3 =
lgw TF
3. CK
S
3 27
=
— 0 T T
PBS DEN-CCLa4
0]
DEN CCLa4 biweekly

week 0 2 4

WT
ETv4Her TG
(M)
o WT
S gq = ETV4TePTC _ 1
> [ ]
E ns 4 ..:
=) 6 % 'ng®
e g T
> 4 1]
el
o
Q2
)
>
30 T

! 7d
20

DEN-CCL4

QI ET AL.
c i/ D A
ETV4ﬂ/fI £Tv4Malb-cre (&) . ETV4ﬂ/fI N D) o ETV4
1501 u ETY/4"E0CE _wax 404« ETV4MMalb-cre _ *x
Q ° o °
[} (S
g 100 ) g £ %0 .
n P €N X m
“— O N
2 Eso - e
o2 = D o g
Qo Q 10
e e *_ gg N
Z o T rams Zz ol , . %
PBS DEN-CCL4 PBS DEN-CCLs
(G) (H)
o ETV4" o ETV4
% 60 m ETV4ﬂ/ﬂ alb-cre g 301 = ETV4fI/ﬂ,aIb-cre
8 .° 8 NE °
@ (7] °
i :3 .. BEm :
E o e E A
“— O ° = .
S E . ° 5
&3 gEe" i "'"
E . - 5 oL e
z PBS DEN-CCL. % PBS DEN-CCL«
) wr ETV4HerTG (K) o« WT L) o« WT
150, ® ETv4Mer-TC s0, = ETV4Her-TG
[0) Q ns
3 & E 40
£ . s EE :
2 0100 o " & < 30
«-S g I.l. ‘*6 * "]
© 2 L oo e
o™ 50 n Qo £ o ngu®
E . Eamw W
z ot , , Z 9 . —=
PBS DEN-CCLa4 PBS DEN-CCLa4
(0) (P)
£ : \g;w”ep'm il
8' 80 o g- 2 . ETV4Hep—TG
[&] o
o L O %
E 40 o s =Y o o=
5 & S o E 010 .
§ 320 w28 ot
£ -~ £3° =
S oA . : €
= PBS DEN-CCLe 2 °° ' '
‘ PBS DEN-CCLs

MAPK11
)

(R) mm =7y mm ey 40/f2l0-cre

TNF-a MAPK11 CD68
>15 >15 >15
2 2 2
1.0 1.0 1.0
© o el
o [ [
205 205 205
= = =
K] © ©
go.0 Fo.0 Foo

M wmwr  =mEeTVgHeTE
TNF-a
_é‘ 4 % _@2‘0
(72} (72}
c3 €15
3 3
°2 010
= =
E 1 5 0.5
[0) [0)
o 0.0

MAPK11
*%

CD68

225 **
220

(5}
©1.5
Q1o

=
©0.5

0.0

85UB017 SUOLILLIOD BAFER1D 3|qedlidde 8Ly Aq pausenob ke ssppiie VO ‘s o S3InJ 10} Afeiq 1 8UIIUO 8|1 UO (SUORIPLIOD-PUR-SBY WD A3 1M AL1g 1 [BUIUO//STNY) SUORIPUOD PUe SWis L 83 39S *[5202/£0/90] U0 Afiqi8ulluO A8|IM BUIYORURIL00D AQ Z8172T 2980/200T OT/I0p/W00" A3 Im A%eiq 1 putjuo//Sdny Wwoly papeojumoq ‘2T ‘€202 ‘8rSEEeSe



QIET AL.

ANCER
COMMUNICATIONS

1367

(Figure 6E). Then the mRNA levels of ETV4, TNF-a and
MAPKI1I in the HCC tumors in Cohort 3 were analyzed
by qRT-PCR. The data showed that ETV4 expression was
positively correlated with TNF-a and MAPKII expression
(Figure 6F-G). By analyzing the HCC single-cell transcrip-
tome data from public database. we further found that
ETV4 was mainly expressed in tumor cells (Figure 6H),
and TNF-a and MAPKI1 were co-expressed with ETV4
in tumor cells (Figure 6I-J). We divided the patients in
Cohort 2 into different groups according to the levels of
TNF-a, MAPKI11 and ETV4 and performed Kaplan-Meier
survival analysis. The results demonstrated that patients
with higher TNF-a level had poorer survival than those
with lower TNF-a level (Figure 6K), while the OS had
no significant difference between patients with higher
MAPKI11 and those with lower MAPK11 (Figure 6L). Fur-
thermore, patients with higher levels of ETV4+TNF-« had
an even worse survival rate than those with lower levels
of ETV4+TNF-« (Figure 6M), while patients with higher
levels of ETV44+MAPKI1 had poorer survival rate than
those with lower levels of ETV4+MAPK11 (Figure 6N).
These data suggested that ETV4+TNF-a might be used as
prognostic markers for HCC patients. We analyzed the cor-
relation of ETV4 level in tumor with the scores of immune
cell types enumerated by xCell, and found that there were
more monocytes (Figure 60) and macrophages (Figure 6P)
in ETV4-high tumors than that in ETV4-low tumors, indi-
cating more monocyte and macrophage infiltration in
ETV4-high tumors.

Taken together, our data suggested that ETV4 pro-
moted liver inflammation and tumorigenesis via
enhancing the TNF-a and MAPK11 signaling pathway
(Figure 7).

4 | DISCUSSION

In the present study, we found that ETV4 in hepatocytes
could promote the inflammation and macrophage accu-
mulation in the liver of mice. Overexpression of ETV4
(ETV4HePT6) promoted the HCC formation in mice, while
knockout of ETV4 (ETV41/1. alb-crey jnhibited the HCC for-
mation. ETV4 promoted the transcription of TNF-a and
MAPKII both in vitro and in vivo. The ETV4+TNF-a
level was negatively correlated with the survival of HCC
patients.

As a transcription factor, ETV4 was shown to promote
the development of different kinds of cancer by increasing
cell proliferation and metastasis. ETV4 directly regulated
the transcription of matrix metalloproteinase 13 (MMP13)
and promoted the invasion and metastasis of breast cancer
[34]. ETV4 also downregulated Cyclin-dependent kinase
inhibitor 1A (CDKN1A) expression by binding to the
promoter of CDKNIA and increased the proliferation of
prostate cancer cells [35]. In addition, ETV4 facilitated
Yes-associated protein (YAP)/TEA domain family member
(TEAD)-mediated transcriptional activation and enhanced
the progression of HCC [36], and regulated the expres-
sion of MMP family members to promote tumor metastasis
[34, 37, 38]. In this study, we revealed that ETV4 promoted
HCC development by regulating liver inflammation via the
TNF-a pathway.

TNF-a is an inflammatory cytokine which is abnor-
mally expressed in the liver during damage, and it plays
a key role in HCC development. For instance, TNF-a
expression was upregulated during DEN- or CCL,-induced
acute liver damage [39]. TNF-a expression was enhanced
under the conditions of HFD-, choline-deficient and

FIGURE 5

ETV4 promotes DEN-CCL,-induced HCC formation. (A) Schematic of DEN-CCL,-induced HCC in ETV4"1 and

ETV4/1 alb-cre mice, (B-H) The liver tissues from sacrificed mice as shown in A were harvested. Representative images of the livers of ETV4"/1

and ETV41/falb-cre mice are shown (B). The total number of surface tumors and the number of surface tumors larger than 1 mm? were
calculated (C, D). The liver/body weight of the mice was measured (E). The livers were fixed and subjected to H&E staining. Representative
images are shown (F). The total number of microscopic tumors per cm? and the number of microscopic tumors larger than 1 mm? per cm?
were calculated according to the H&E staining in F (G, H). ETV4"1 PBS (n = 12), ETV4%/1. alb-cre pRS (n = 14), ETV4"! DEN (n = 21),
ETV4VA, alb-cre EN (5 = 24). (I-P) Schematic of DEN- and CCL,-induced HCC in WT and ETV4"¢PTC mice (I). The mice were sacrificed at
the indicated times, and the livers were harvested. Representative images of the livers of WT and ETV4HPT¢ mice are shown (J). The number
of surface tumors and the number of surface tumors larger than 1 mm? were calculated (K, L). The liver/body weight of the mice was
measured (M). The livers were fixed and subjected to H&E staining, and representative images are shown (N). The total number of

microscopic tumors per cm? and the number of microscopic tumors larger than 1 mm? per cm? were calculated according to the H&E staining
in N (O, P). WT PBS (n = 12), ETV4"¢PTC PBS (n = 17), WT DEN (n = 15), ETV4"¢PT6 DEN (n = 16). (Q-T) The DEN-CCL,-induced HCC in
ETV4"1 and ETV41/ alb-cre o WT and ETV4"¢PTC mice were sacrificed, the livers of mice were subjected to IHC staining for TNF-ct, MAPKI11
and CD68. Representative images are shown in Q and S. The intensities of TNF-a, MAPK11 and CD68 staining were quantified in R and T.
ETV4VA (n = 3), ETV4V alb-ere (3 = 3) WT (n = 3), ETV4PTC (n = 3). The column bar graphs were presented as the mean + SD. In the
scatter plots, division line was mean, whiskers were Standard deviation. * P < 0.05, ** P < 0.01, *** P < 0.001, ns, not statistically significant.

Abbreviations: ETV4, ETS translocation variant 4; TNF-a, tumor necrosis factor alpha; MAPK11, mitogen-activated protein kinase 11; DEN,

diethylnitrosamine; PBS, phosphate buffered saline; d, days; WT, wild type; Alb-Cre, cre driven by albumin promoter; CCL,, carbon

tetrachloride; H&E, hematoxylin and eosin staining; IHC, immunohistochemistry.
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ethionine-supplemented (CDE) diet- or CCL,-induced
chronic liver injury [21]. TNF-a expression was also ele-
vated in the livers with hepatic dysfunction, such as
cholestasis [20, 40]. Loss of TNFR1 reduced the liver
tumorigenesis induced by DEN and HFD [18]. Deple-
tion of TNFRI inhibited HCC development in MUP-uPA
mice, which had high urokinase plasminogen activa-
tor (uPA) expression [40]. Our findings revealed that
ETV4 promoted the expression of TNF-a and enhanced
tumor formation. It is possible that interference of TNF-
a or TNFR1 may reduce tumorigenesis induced by ETV4
overexpression.

It had been reported that the inflammatory cytokines
IL-6, TNF-a, 1L-18 and lymphotoxin-A accelerated the
development and aggressiveness of HCC in a mouse model
[14-18]. Previous studies had revealed that TNF-a was
mainly produced by non-hepatocytes in mdr2-/- mice [20]
and was mostly secreted by inflammatory cells during CDE
diet-induced liver inflammation [21]. In this study, we sur-
prisingly found that ETV4 promoted the transcription of
TNF-a in hepatocytes and led to the higher level of TNF-
a in the liver, which induced inflammation and promoted
tumorigenesis. It would be worth to further investigate the
function of hepatocyte-secreted TNF-« in tumor microen-
vironment and the transition of chronic inflammation to
tumor.

A previous study reported that ETV4 could promote the
transcription of C-X-C motif chemokine ligand 1 (CXCL1)
and CXCLS5 in HCC cells and led to the changes of immune
cells in the subcutaneous tumors [36]. However, whether
the phenotype obtained from the subcutaneous tumor
model would truly occur under the physiological con-
dition needed further investigation. By using orthotopic

xenograft models, Xie et al. [41] found that ETV4 upreg-
ulated the transcription of programmed cell death-ligand
1 (PD-L1) and C-C motif chemokine ligand 2 (CCL2) and
promoted HCC metastasis. Their results may represent
the microenvironment in late stage during tumor devel-
opment since they performed the experiments with the
tumor cell line Hepal-6. In the present study, we found
that ETV4 enhanced the inflammation and tumorigenesis
by promoting the transcription of TNF-a and MAPK11 in
hepatocyte-specific ETV41ePTC and ETV41/1 albcre mice,
These data implied that ETV4 played an important role in
inflammation-tumor transition at the early stage of tumor
formation, suggesting that ETV4 could affect multiple sig-
naling pathways at different stages of HCC development.
HBV is one of the risk factors that induces chronic hep-
atitis. Other types of hepatitis are observed in the clinic,
such as NASH, alcoholic steatohepatitis and cholestasis-
induced hepatitis [2, 4]. The present study indicated that
HBYV induced the expression of ETV4, which promoted
liver tumorigenesis. In addition, we found that ETV4
was upregulated in alcohol assumption- and non-alcoholic
fatty liver disease-associated HCC compared to normal liv-
ers. We also observed that the level of ETV4 mRNA was
increased in the livers of mice treated with DEN or CCL,.
These data indicated that inflammation could also trigger
the transcription of ETV4. It suggested that inflammation
and ETV4 formed positive feedback. If so, it is possible that
ETV4 also plays a critical role during the development of
inflammation-related liver diseases other than HCC.
Previous studies showed that the monocyte-derived
macrophages played an important role during the HCC
development [42-44]. Our data showed that there was
more macrophage accumulation in ETV4HePTC mice.

FIGURE 6

ETV4 expression is significantly correlated with TNF-o and MAPK11 expression in liver tissues of HCC patients. (A-D) A

total of 128 paraffin-embedded liver tissues from HCC patients were subjected to IHC staining for TNF-a and MAPKI11. The numbers of
TNF-a- and MAPKI1-positive cells in the peritumoral (PT) and tumoral (T) tissues were calculated using the HALO digital pathology system.
The proportion of TNF-a- and MAPK11-positive cells are shown in A and C. The H-scores of TNF-a and MAPKI11 are shown in B and D.
H-score = weak positive cell percentage X 1+ moderately positive cell percentage X 2+ strongly positive cell percentage x 3. (E) IHC staining
of ETV4, TNF-a and MAPKI11 were performed in Cohort 2. The samples were subclassified into ETV4-High or ETV4-Low groups according to
the average intensity of ETV4, the presentative images of TNF-a and MAPK11 in ETV4-High or -Low groups were shown in E. (F, G) HCC
samples from 66 HCC patients (Cohort 3) were collected, and total RNA was extracted and subjected to qRT-PCR to determine the mRNA
levels of ETV4, TNF-a and MAPKII. The Pearson correlation coefficient () and P value of ETV4 with TNF-a or ETV4 with MAPKII were
analyzed. (H-J) The expression of ETV4 (H) and the double positive of ETV4 with TNF-a (I) or ETV4 with MAPKI1 (J) were analyzed based on
the scRNA-seq of HCC tumor specimens (https://db.cngb.org/PRHCCdb/). (K-N) Based on the IHC staining for ETV4, MAPK11 and TNF-«
from cohort 2, the average intensity of the staining for those proteins was analyzed using a HALO digital pathology system. The samples were
classified into high and low groups for TNF-a, MAPK11, ETV4+TNF-a, or ETV4+MAPKI11. The Kaplan-Meier overall survival of patients in
different groups was analyzed. (O-P) The cell subsets were enumerated by xCell (https://comphealth.ucsf.edu/app/xcell) based on LIHC
RNA-seq data in TCGA. The monocytes (O) and macrophage (P) score was shown in ETV4-low and ETV4-high groups. ETV4-low and -high
were classified in quartile according to the ETV4 level in TCGA LIHC. In the Box and whiskers plots, boxes represented 25-75% percentile,

whiskers were min to max, and division line was median. * P < 0.05, ** P < 0.01, *** P < 0.001.
Abbreviations: ETV4, ETS translocation variant 4; TNF-a, tumor necrosis factor alpha; MAPKI1, mitogen-activated protein kinase 11; PT,
peritumoral tissue; T, tumor; HCC, hepatocellular carcinoma; scRNA-seq, single cell RNA sequencing; LIHC, liver hepatocellular carcinoma;

TCGA, The Cancer Genome Atlas; IHC, immunohistochemistry; qRT-PCR, real-time quantitative PCR.
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FIGURE 7 The model of ETV4 promoted liver inflammation
and tumorigenesis. ETV4 was upregulated by HBV infection, the
upregulation of ETV4 promote the hepatocyte released TNF-o and
hepatic TNF-a secretion, thus facilitated macrophages
accumulation and promoted tumorigenesis.

Abbreviations: ETV4, ETS translocation variant 4; HBV, hepatitis B
virus; TNF-a, tumor necrosis factor alpha; MAPK11,
mitogen-activated protein kinase 11.

However, we did not examine whether the macrophage
enhancement in ETV4°PTC mice was from monocyte dif-
ferentiation or Kupffer cell proliferation, which needed
further investigation. In addition, the functions of differ-
ent subpopulations of macrophages were divergent during
HCC development [22, 45, 46]. Therefore, it is worthwhile
to further explore which subpopulation of macrophage
is affected by ETV4 to better understand the function
of ETV4 in inflammation and HCC formation. We also
observed more neutrophil accumulation in ETV41ep-TG
mice. It has been reported that N2 neutrophils promoted
tumor formation by enhancing reactive oxygen species
[47]. It will be worth to study what type of neutrophils was
accumulated in ETV41°PTC mice in the future.

5 | CONCLUSIONS

In conclusion, we found that ETV4 was highly expressed
in HCC, and its expression was negatively associated
with the survival of HCC patients. ETV4 promoted
liver inflammation and enhanced liver tumorigenicity
in vivo. Mechanistically, ETV4 could promote the tran-
scription of TNF-a and MAPK11 directly, and enhanced
liver inflammation by increasing macrophages and neu-
trophils. We demonstrated that the level of ETV4+TNF-«
was negatively associated with the survival of HCC
patients, which may be potential prognostic markers for
HCC patients.
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were performed according to the application guidelines
and regulations (APIMCAS2019009).
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