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Background: Considerable studies show that ETS variant 4 (ETV4) plays an important roles in multitudinous
tumor. This study investigated its function in cholangiocarcinoma (CCA) progression and revealed the underlying
mechanisms.

Methods: The expression of ETV4 in CCA was evaluated using TCGA database and the single-cell analysis based
on GSE189903 dataset. ETV4 expression in CCA human specimens was detected by reverse transcription-
quantitative PCR, immunohistochemistry, and western blot. Cell Counting Kit-8, EdU, colony formation,
wound healing, and Transwell assays were used to analyze the effects of ETV4. Extracellular acidification rate,
oxygen consumption rate, glucose uptake, and lactate production were used to measure glycolysis in CAA cells.
Western blot was performed to explore glycolysis-related proteins. Tumor growth was evaluated in mice xeno-
graft tumors.

Results: ETV4 was up-regulated in CCA epithelial cells. The high-expression of ETV4 was associated with poor
prognosis of patients with CCA. ETV4 overexpression enhanced the proliferation, migration, invasion, and
glycolysis of CCA cells; ETV4 silencing led to the contrary effects. Mechanistically, ETV4 activates TGF-$/Smad2/
3 signaling pathway. In mice xenograft mode, ETV4 silencing inhibits the tumor growth, the expression of
glycolysis-related proteins and TGF-f/Smad2/3 pathway proteins.

Conclusions: ETV4 functions as an essential factor in the roles of TGF-p1 in CCA cells, and may be a promising

target for TGF-pl-mediated CCA progression.

Introduction

Cholangiocarcinoma (CCA) is an uncommon cancer in the bile ducts
[1]. CCA is linked to high mortality rate [2]. Since no obvious symptoms
in early stage CCA, no distinct risk factors, and lacking standardized
program for cancer diagnosis, patients receives late treatment and has a
poor prognosis [3]. Surgical resection offers the only potential chance of
recovery from CCA [4]. However, surgical resection could be performed
in 20 %—30 % cases of CCA [4]. Numerous genes with altered expression
have been identified in patients with CCA compared to healthy people
[5]. In the last few years, the advancements in targeted therapies have
increased the treatment option to patients with CCA [6]. Therefore,
having a deeper comprehending of the biological process of CCA will
help researchers in exploring targeted treatment strategies for patients
suffering from CCA. Further discovery of therapeutic targets are needed
to enhance patient survival rate.

ETS variant 4 (ETV4), a member of the ETS family polyomavirus
enhancer activator 3 subfamily, that plays critical roles in multiple
malignancies [7-9]. ETV4 aggravates metastasis of pancreatic ductal
adenocarcinoma via activating the CXCL13/CXCR5 signaling [10].
ETV4 regulates the activity of estrogen receptor alpha and the pro-
gression of endometrial cancer [11]. ETV4 potentiates the progression of
hepatocellular carcinoma through activation of YAP [12], TNF-a [13],
and ANXA2 [14]. ETV4 controls the malignant progression of gastric
cancer through mediating KDM5D [15]. To date, the roles of ETV4 in
CCA still unclear.

Transforming growth factor p (TGF-p) signaling participates in
plentiful biological processes, including proliferation, differentiation,
and migration [16]. In early-stage cancer cells, TGF-p signaling exists
tumor-suppressor functions by inducing cell-cycle arrest and stimulating
apoptosis. On the contrary, in late-stage cancer cells, TGF-p promotes
metastasis of cancer cells [17]. The cascade system among TGF-p
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signaling and other signaling pathways, including glycolysis, enriches
our knowledge of its functions in cancer [18-20]. In glioblastoma cells,
TGF-B1 promotes glycolysis via inducing PFKFB3 by stimulating p38
MAPK and PI3K/Akt signaling [21] TGF-p induces glycolysis and pro-
motes migration in pancreatic cancer cells [22]. In lung cancer cells,
ANGPTL2 potentiates glycolysis through activating TGF-B-ZEB1-GLUT3
axis [23]. Owing to extensive effects of TGF-p, restraint of TGF-p gives
numerous therapeutic prospects. Hence, the future expectations for
therapy that inhibits the TGF-p signaling in CCA appears bright.

In the study, we describe the effects of ETV4 on CCA cells. We
declined ETV4 expression and induced overexpression of ETV4 in CCA
cells, and determined to study whether ETV4 regulated CCA cells
through the TGF-p signaling. The findings of this study will provide a
therapeutic target in CCA.

Materials and methods
Single-cell analysis

The GSE189903 single-cell dataset was download from Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/). A total of
14 tissue samples were filtered for data analysis, including 11 CCA
tumor tissue samples and 3 paracancer tissue samples. The single-cell
analysis was carried out using the R package Seurat (version 5.0.3)
[24] in the R program (version 4.3.0) [25]. Firstly, cells with UMI counts
less than 200 or more than 5000, mitochondrial content greater than 5
% and features greater than 1500 were filtered out. Use the ‘Normal-
izeData’ function for data normalization, scale. factor=10,000. The
‘FindVariableGenes’ function and vst method were used to identify
variable genes and select the first 2000 features. The ‘ScaleData’ func-
tion was used to standardize and centralize the features. Secondly,
‘RunPCA’ function was used for principal component analysis, and 50
principal components were retained. ‘JackStraw’ function was used to
determine the significance of PCA score. Using R package harmony
(version 1.2.0) [26] to integrate all sample data. Cell clusters were
identified using the ‘FindClusters’ function (resolution=0.8) based on
the shared nearest neighbor (SNN) modular optimization clustering al-
gorithm. ‘RunUMAP’ function was used to reduce the Uniform Manifold
Approximation and Projection (UMAP) dimension and the ‘DimPlot’
function was used for visualization. Then, using the CellMarker2.0
database [27] and artificially collated reported marker genes to anno-
tate cell clusters. Finally, ETV4 gene expression matrix annotated as bile
duct epithelial cells was extracted. The significance difference of ETV4
gene expression between Tumour group and Normal group was
analyzed using R packet rstatix (version 0.7.2) by the T test. Hypothesis
test correction method was Benjamini-Hochberg. The analysis results
were visualized as bar graphs using the R package ggplot2 (version
3.5.0) [28].

TCGA database analysis

TCGA database is utilized to analyze ETV4 expression in CCA.
Overall survival was predicted using GEPIA with ETV4 expression in
CHOL-TCGA. The differential genes identified based on CHOL-TCGA
data were enriched and analyzed by HALLMARK gene set and KEGG
pathway. Gene Set Enrichment Analysis (GSEA) was conducted using
HALLMARK and KEGG gene sets.

Human specimens

Human CCA and adjacent tissues (n = 27) were collected from pa-
tients who underwent tumor resection between December 2020 and
November 2022 at our hospital. The CCA and normal tissues were stored
at —80 °C. This study was collected with informed consent in writing
and approved by the Institutional Ethics Committee of our hospital.

Translational Oncology 47 (2024) 102035
Histological analysis

For histological analysis, tumor were fixed, embedded, and sectioned
into slices (5-pm). The sections were deparaffinized by xylene at room
temperature for 10 min, rehydrated by ethanol gradient for 2 min, and
blocked endogenous peroxidase activity by 3 % H30, at room temper-
ature for 10 min. After blocking with blocking solution, sections were
incubated with anti-ETV4 (1:200, 10,684-1-AP, Proteintech) and anti-
Ki67 (1:200, ab15580, Abcam) overnight at 4 °C. After washing, sec-
tions were incubated with secondary antibody and the color was
developed using 3,3" diaminobenzidine tetrahydrochloride and hema-
toxylin. Images were measured using a microscope (Nikon, Japan). The
histological score was calculated by multiplying the intensity and pos-
itivity scores. The staining intensity was scored as follows: O-negative,
1-weak, 2-medium or 3-strong. The staining positivity, i.e., the per-
centage of positive staining areas of tumour cells in relation to the whole
tumour area, was scored as follows: 0 (0 %), 1 (1-25 %), 2 (26-50 %), 3
(51-75 %) and 4 (76-100 %). The staining was evaluated by two pa-
thologists who blinded to this study.

Cell culture

Human CCA cell lines RBE (CL-0191, Procell, Wuhan, China),
HuCCT1 (CL-0725, Procell), and HCCC9810 (CL-0095, Procell) were
maintained in RPMI-1640 medium with 10 % fetal bovine serum (FBS;
HyClone, USA). CCLP1 cell lines (MZ-2377, MINGZHOUBIO, Ningbo,
China) were cultured in DMEM medium with 10 % FBS (HyClone). Cells
were cultured at 37 °C with 5 % CO».

Cell transfection

siRNA was utilized to knock down the ETV4 in HuCCT1 and
HCCC9810 cells. pcDNA3.1-ETV4 was used to elevate ETV4 expression
in RBE cells. The siRNAs and pcDNA3.1-ETV4 were synthesized by
RiboBio (Guangzhou, China). The sequence of negative control siRNA
(si-NC) was as follows: 5-UUCUCCGAACGUGUCACGUTT-3,
5_ACGUGACACGUUCGGAGAATT-3'. The sequence of sil-ETV4 was:
5'-CCGAUACUAUUAUGAGAAAGG-3/, 5 -UUUCUCAUAAUAGUAUCG
GAG-3'. The sequence of si2-ETV4 was: 5-GCAGAGCUUUAAGCAAGA
AUA-3', 5-UUCUUGCUUAAAGCUCUGCUG-3. Transfections of the
siRNAs and pcDNA3.1-ETV4 were performed by using Lipofectamine
2000 (ThermoFisher Scientific, USA). For in vivo experiments, HuCCT1
cells were transfected with sh-ETV4 by the lentivirus (RiboBio, China)
and screened with puromycin for 14 days. The sequence of sh-ETV4 was
as follows: 5-GGTGGTGATCAAACAGGAA-3, 5-TTCCTGTTTGATCA
CCACC-3". The sequence of sh-NC was as follows: 5-TTCTCCGA
ACGTGTCACGTTT-3, 5-ACGTGACACGTTCGGAGAATT-3'.

Cell counting kit-8 (CCK-8)

The cells in 96-well plate were incubated at 37 °C for 1, 2, 3, and 4
days. At each time-point, CCK-8 solution (10 pl; C0037, Beyotime) was
added to each well and incubated at 37 °C for 2 h. Microplate reader
(Bio-Rad, USA) was utilized to read the absorbance at 450 nm.

EdU

Cells were incubated in 24-well plates (2 x 104) for 24 h. EdU re-
agent (Beyotime) was added to cells for 2 h. Cells were fixed with 4 %
paraformaldehyde and stained by DAPI. Images were acquired using a
fluorescence microscope.

Colony formation

Cells were incubated in 6-well plates (800 cells/well) for 2 weeks.
Cells were fixed with methanol for 15 min and stained with 0.1 % crystal
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Fig. 1. Increased expression of ETV4 in CCA (A) Single-cell analysis of ETV4 expression in CCA using GSE189903 dataset. (B) ETV4 expression in tumor epithelial
cells of single-cell analysis results. (C) TCGA data analysis of ETV4 expression in CCA and normal tissues. (D) Kaplan-Meier analysis of survival curve of patients with
ETV4 low expression and ETV4 high expression based on TCGA data. (E-G) ETV4 expression in CCA tissues was detected using qRT-PCR (E), IHC (F), and western blot
(G). (H and I) ETV4 level in CCA cell lines was detected by qRT-PCR (H) and western blot (I). Data were analyzed using the unpaired t-test. *p < 0.05 and **p < 0.01
compared with Normal group.
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Fig. 2. ETV4 depletion decreases the growth of CCA cells. (A) Western blot analysis of ETV4 expression after transfection. (B-D) CCK-8 assay (B), EAU (C), and clone
formation (D) for detecting cell proliferation after transfection. Data in (B) were analyzed using the two-way ANOVA analysis followed by Bonferroni’s post-hoc test.
Data in (C and D) were analyzed using the one-way ANOVA analysis followed by Tukey’s post-hoc test. **p < 0.01 compared with si-NC or vector group.
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violet (Sigma-Aldrich) for 20 min. Colonies was counted with a
microscope.

Would healing assay

CCA cells grown to monolayer in 6-well plates. Monolayer was
wounded using a 200 pl pipette tip. Cells were cultured for 24 h. Images
were captured at 0 h and 24 h using a microscope and wound size was
measured using Image J software.

Transwell assay

A sample of 2 x 10° cells in serum-free medium were plated into the
upper chamber of Transwell system (Corning, USA). Culture media with
10 % FBS was added to the lower chambers. After incubation for 24 h,
cells on the lower surface were fixed with methanol, stained with 0.1 %
crystal violet for 20 min, and counted with a microscope. For the in-
vasion, the upper chamber was pre-coated with Matrigel (BD
Biosciences).

Cellular respiration and glycolytic activity

Extracellular acidification rate (ECAR) and oxygen consumption rate
(OCR) were detected using Seahorse XF Cell Mito Stress Test kit and
Seahorse XF Glycolysis Stress Test kit (Agilent Technologies, USA) on
the Seahorse XF96 analyzer (Seahorse). Briefly, transfected cells (1 x
10%) were seeded into a Seahorse XF 96 microplate for 10 h and
measured ECAR and OCR. For ECAR, glucose, oligomycin, and 2-DG
were sequentially added into each well at 30, 60, 90 min. For OCR,
oligomycin, FCCP, and Rote/AA were sequentially added [29].

Glucose uptake and lactate production

The glucose uptake levels was detected using a Glucose Uptake Assay
Kit (ab136955, Abcam). The lactate production levels was detected
using a lactate assay kit (MAK064, Solarbio, China).

Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was extracted from the CCA tissues and cells using
Beyozol (R0011, Beyotime). The cDNA was synthesized using HiScript I
Q Select RT SuperMix (R223-01, Vazyme, China). qRT-PCR was per-
formed using ChamQ SYBR qPCR Master Mix (Q311-02, Vazyme) with
the Applied Biosystems system 7500 (Thermo Fisher Scientific). The
following primers for genes: ETV4 5-GAAAAACAAGTCGGTGCGCT-3,
5-TTTCCGGGCGATTTCTGAGG-3. p-actin, 5~AACACCCCAGCCATG
TACGTT-3, 5-CCATCTCTTGCTCGAAGTCCA-3'.

Western blot

CCA tissues and cells were lysed with RIPA (Beyotime). Proteins
were separated by SDS-PAGE gels and transferred to membranes (Mil-
lipore). After blocking, membranes were incubated with anti-ETV4
(1:1000, 10,684-1-AP, Proteintech), hexokinase-II (HK2; 1:1000,
ab209847, Abcam), pyruvate kinase M2 (PKM2; 1:1000, 15,822-1-AP,
Proteintech), lactate dehydrogenase A (LDHA; 1:2000, 19,987-1-AP,
Proteintech), Vimentin (1:2000, 10,366-1-AP, Proteintech), N-cadherin
(1:2000, 22,018-1-AP, Proteintech), E-cadherin (1:20,000, 20,874-1-
AP, Proteintech), and p-actin (1:5000, 81,115-1-RR, Proteintech) at 4 °C
overnight, and then incubated with anti-Rabbit IgG (1:10,000,
SA00001-2, Proteintech) for 1 h at room temperature. The membranes
were detected by enhanced chemiluminescence.

Xenograft mice models

Female BALB/c nude mice (6-8 weeks) were purchased from
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GemPharmatech Co., Ltd. (Nanjing, China). Mice were randomly
assigned into two groups (n = 5). After a week of adaptive feeding, 5 x
106 stable transfected HuCCT1 cells were subcutaneously injected into
the flanks of mice. Tumor diameters were measured every three days.
Volume (mm?) = (length x width 2)/2. After 31 days, tumors were
excised, imaged, and weighed.

TUNEL staining

The tumor tissue sections were fixed in 4 % paraformaldehyde for 30
min, washed with PBS for twice, and permeabilized in 0.3 % Triton X-
100 at room temperature for 5 min. After incubation with 0.3 % H30,
for 20 min, the tissue sections were stained using a TUNEL Apoptosis
Assay Kit (Beyotime, Shanghai, China). The TUNEL-stained cells were
captured under a fluorescence microscope (Nikon, Japan) and counted.

Statistical analysis

Data are shown as mean + standard deviation. Prism version 7.0
software was used for statistical analysis. Comparisons between two
groups were carried out using unpaired t-test. One-way ANOVA fol-
lowed by Tukey’s post-hoc test or two-way ANOVA followed by Bon-
ferroni’s post-hoc test were used for multiple-group comparisons. P <
0.05 was considered statistically significant.

Results
Increased expression of ETV4 in CCA

The result of single-cell analysis using GSE189903 dataset showed
that, ETV4 was extensively expressed in CD8" T cells, CD4" T cells,
macrophages & monocytes, fibroblasts, B cells, and epithelial cells
(Fig. 1A). Compared to normal group, ETV4 was highly expressed in
tumor epithelial cells (Fig. 1B). Also, TCGA data showed that ETV4 was
upregulated in tumor tissues (Fig. 1C) and its high-expression is asso-
ciated with the predicted poor survival of patients with CCA (Fig. 1D).
Next, we examined ETV4 expression in the collected human tissues.
ETV4 mRNA expression was higher in CCA tissues than the paired
normal tissues (Fig. 1E). Consistent results were showed from IHC and
western blot results (Fig. 1F and G). Furthermore, we analyzed ETV4
expression in four CCA cell lines through qRT-PCR and western blot
analysis (Fig. 1H and I). HuCCT1 and HCCC9810 cells with higher
expression of ETV4 and RBE cells with lower expression of ETV4 were
selected for use in the following.

ETV4 depletion decreases the growth of CCA cells

To elucidate the role of ETV4 in CCA, cells were transfected with sil-
ETV4, si2-ETV4, pcDNA3.1-ETV4, or the negative controls. sil-ETV4
and si2-ETV4 transfection markedly knocked down ETV4 expression
in HuCCT1 and HCCC9810 cells. pcDNA3.1-ETV4 transfection signifi-
cantly increased ETV4 expression in RBE cells (Fig. 2A). ETV4 knock-
down significantly declined cell viability, In contrast, ETV4
overexpression elevated cell viability (Fig. 2B). ETV4 silencing
decreased the rate of EdU-positive cells, whereas ETV4 overexpression
significantly enhanced the rate of EdU-positive cells (Fig. 2C). In addi-
tion, a decreased colony number upon ETV4 knockdown was observed
in HuCCT1 and HCCC9810 cells, whereas an increased colony number
upon ETV4 overexpression was observed in RBE cells (Fig. 2D). Above
findings indicated that ETV4 knockdown suppressed the proliferation of
CCA cells.

ETV4 depletion decreases the migration and invasion of CCA cells

ETV4 knockdown significantly suppressed scratch healing, whereas
ETV4 overexpression promoted scratch healing (Fig. 3A). ETV4
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Fig. 4. ETV4 depletion decreases the glycolysis of CCA cells. (A and B) Extracellular acidification rate (ECAR; A) and oxygen consumption rate (OCR; B) were
measured using the Seahorse XF96 analyzer. (C and D) Glucose uptake (C) and lactate production (D) were used to measure glycolysis in CAA cells. (E) Western blot
analysis of the expression of HK2, PKM2, and LDHA in CAA cells. Data were analyzed using the one-way ANOVA analysis followed by Tukey’s post-hoc test. *p < 0.05

and **p < 0.01 compared with si-NC or vector group.

knockdown significantly reduced migration and invasion of CCA cells;
whereas, ETV4 overexpression markedly induced migration and inva-
sion of CCA cells (Fig. 3B). In addition, ETV4 knockdown decreased
Vimentin and N-cadherin expression, and increased E-cadherin expres-
sion; whereas, ETV4 overexpression lead to the opposite regulation on
these proteins (Fig. 3C). Thus, the migration and invasion in CCA cells
was mediated by ETV4.

ETV4 depletion decreases the glycolysis of CCA cells

Increased glycolysis potentiates cell proliferation by meeting energy

requirements of cancer cells [30]. We evaluated ECAR, a mark of overall
glycolytic flux and OCR, which reflects mitochondrial oxidative respi-
ration. We found that ETV4 knockdown declined ECAR and elevated
OCR in HuCCT1 and HCCC9810 cells, whereas ETV4 overexpression
elevated ECAR and declined OCR in RBE cells (Fig. 4A and B). Silencing
of ETV4 decreased glucose uptake and lactate production levels in
HuCCT1 and HCCC9810 cells. In contrast, ETV4 overexpression
increased glucose uptake and lactate production levels in RBE cells
(Fig. 4C and D). To further investigate the roles of ETV4 in glycolysis, we
detected key enzymes in glycolysis. The expression of HK2, PKM2, and
LDHA was declined in HuCCT1 and HCCC9810 cells with ETV4
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Fig. 5. ETV4 depletion inhibits the TGF-p signaling in CCA cells. (A) The bubble chart of enriched pathway using HALLMARK enrichment analysis. (B) GSEA with
hallmark gene sets showed that ETV4 expression was linked to glycolysis in CHOL-TCGA dataset. (C) The bubble chart of enriched pathway using KEGG enrichment
analysis. (D) GSEA with KEGG gene sets showed enrichment of TGF-p signaling in CHOL-TCGA tissues with high ETV4 expression (E) Western blot analysis of the
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knockdown, while was enhanced in RBE cells with ETV4 overexpression
(Fig. 4E). Overall, above results indicated that silencing of ETV4
inhibited the glycolysis of CCA cells.

ETV4 depletion inhibits the TGF-$ signaling in CCA cells

The molecular mechanism was further elucidated by HALLMARK
gene set and KEGG pathway enrichment analysis. HALLMARK gene set
enrichment analysis revealed the enrichment of TGF-$ and glycolysis
(Fig. 5A). GSEA with hallmark gene sets showed that ETV4 expression
was linked to glycolysis in CHOL-TCGA dataset (Fig. 5B). KEGG pathway

enrichment analysis instructed an enrichment of TGF-p (Fig. 5C). GSEA
with KEGG gene sets found an enrichment of TGF-f signaling in CHOL-
TCGA tissues with high ETV4 expression (Fig. 5D). Thus, we appraised
the effects of ETV4 on TGF-p activation. ETV4 knockdown decreased
TGF-f1 expression and Smad2/3 phosphorylation, while ETV4 over-
expression increased TGF-f1 expression and Smad2/3 phosphorylation
(Fig. 5E). Thus, we inferred that upregulation of ETV4 is essential for
TGF-f1/Smad2/3 to promote glycolysis-induced tumor cell growth
(Fig. 5F).
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Fig. 7. ETV4 depletion decreases the glycolysis of CCA cells via regulating the TGF-f signaling. HuCCT1 cells were treated with TGF-p1 ad RBE cells were treated
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of the expression of HK2, PKM2, and LDHA in CAA cells. Data were analyzed using the one-way ANOVA analysis followed by Tukey’s post-hoc test. *P < 0.05 and **p

< 0.01 compared to the indicated group.

ETV4 depletion decreases the growth, migration, and invasion of CCA cells
via regulating the TGF-f signaling

To test our hypothesis, we added TGF-p1 and its inhibitor SB525334
into the culture medium of HuCCT1 and RBE cells, respectively. EQU and
colony formation results showed that TGF-p1 significantly eliminated
the inhibitory effect of ETV4 knockdown on the proliferation of HuCCT1
cells. In RBE cells, SB525334 partly reversed ETV4 overexpression-
mediated promotion of proliferation (Fig. 6A and B). Treatment with
TGF-B1 reversed ETV4 knockdown-reduced migration and invasion.
Treatment with SB525334 reversed ETV4 overexpression-induced
migration and invasion (Fig. 6C). Overall, these findings specified that
ETV4 enhanced proliferation, migration, and invasion of CCA cells by
regulating the TGF-f signaling.

ETV4 depletion decreases the glycolysis of CCA cells via regulating the
TGF-p signaling

Next, we investigate whether ETV4 regulates glycolysis in CCA cells
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by mediating the TGF-p signaling. Treatment with TGF-p1 reversed the
effects of ETV4 knockdown on ECAR, OCR, glucose uptake, and lactate
production. Treatment with SB525334 reversed the effects of ETV4
overexpression on ECAR, OCR, glucose uptake, and lactate production
(Fig. 7A-D). Furthermore, TGF-f1 partly neutralized ETV4 knockdown-
reduced HK2, PKM2, and LDHA expression, whereas SB525334 reversed
ETV4 overexpression-induced HK2, PKM2, and LDHA expression
(Fig. 7E). Together, these data indicated that ETV4 mediated glycolysis
of CCA cells via the TGF-f signaling.

ETV4 depletion inhibits the oncogenicity of CCA cells in vivo

To further confirm above results, we subcutaneously injected
HuCCT1 cells into nude mice. The expression of ETV4 in the excised
tumours was detected for confirming the shRNA in vivo efficacy. Results
in Fig. 8A showed that, as compared to the sh-NC group, ETV4 was lower
expressed in sh-ETV4 group. ETV4 knockdown reduced the growth of
xenograft tumors (Fig. 8B-D). ETV4 knockdown in vivo markedly
inhibited the cholangiocyte overgrowth, as the Ki67-positive cell rate
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Fig. 8. ETV4 depletion inhibits the oncogenicity of CCA cells in vivo. (A) Western blot analysis of the expression of ETV4 in the excised tumor tissues. (B) Tumor
images at day 31. (C) Cell growth curve of tumor with control or ETV4 knockdown. (D) Tumor weight at day 31. (E) Ki67 and TUNEL staining of tumor sections. (F)
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Others were analyzed using the unpaired t-test. **p < 0.01 compared with sh-NC group.

was reduced and the TUNEL-positive cell rate was increased (Fig. 8E).
Moreover, the expression of HK2, PKM2, and LDHA was markedly
decreased in xenograft tumors by ETV4 knockdown (Fig. 8F). TGF-f1
expression and Smad2/3 phosphorylation were declined in xenograft
tumors upon ETV4 knockdown (Fig. 8G). Thus, above results elucidated
that ETV4 knockdown suppressed the oncogenicity of CCA cells in vivo.

Discussion

In this research, we elaborated that ETV4 markedly promoted the
growth, migration, invasion, and glycolysis by activating the TGF-
/Smad2/3 signaling, which confirmed the carcinogenic effects of ETV4
on CCA.

ETV4 is highly expressed in plentiful cancers and its high expression
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is linked to poor outcomes [31-33]. Yao et al. elucidated that ETV4 is
highly expressed in colon adenocarcinoma and indicated advanced stage
in patients [32]. Dumortier et al. revealed that ETV4 is associated with
worse survival of patients with breast cancer [33]. Cheng et al. observed
the up-regulation of ETV4 in lung adenocarcinoma [34]. Our research
data from TCGA and tissues collected from patients with CCA showed
that ETV4 expression was elevated in CCA tissues as compared to the
adjacent normal tissues. In vitro, ETV4 obviously increased proliferation,
migration and invasion of CCA cells. In vivo, the volume of tumor was
decreased upon ETV4 knockdown. These results was agreed with pre-
vious studies that ETV4 facilitates the progression of breast [35], lung
[36], pancreatic [37], and papillary thyroid cancers [38].

Cancer cells take advantage of glycolysis for proliferation [39]. HK2
is an enzyme that catalyzes the phosphorylation of hexose [40]. It is the
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first enzyme in the glycolysis and also the rate-limiting enzyme in the
glycolysis [41]. PKM2 is dominating exist in proliferating cells with
abundant anabolic requirements, such as embryo and tumors [42].
LDHA catalyzes the conversion of pyruvate to lactate [43]. These en-
zymes are overexpressed in tumors and are responsible for supporting
tumor growth [44]. Restraining the function of these enzymes may
blockade glucose utilization and could be an excellent therapeutic op-
tion for inhibiting cancer progression [45]. Jing et al. reported that
NCAPD3 interacts with c-Myc to increase glycolytic regulators, and
stimulates glycolysis, and finally boosts progression of colorectal cancer
[46]. Wu et al. instructed that SETD1A and HIF1a together accelerated
glycolysis and aggravate progression of gastric carcinoma [47]. To
assess the role of ETV4 in glucose utilization in CCA cells, we analyzed
ECAR, OCR, glucose uptake, and lactate production, and glycolytic en-
zymes in ETV4 knockdown and overexpression CCA cells. Silencing of
ETV4 reduced ECAR, elevated OCR, diminished glucose uptake and
lactate production levels, and declined HK2, PKM2, and LDHA expres-
sion in HuCCT1 and HCCC9810 cells. These opposite results were
observed in RBE cells with ETV4 overexpression. Similarly, ETV4 fa-
cilitates breast cancer cell stemness through stimulating glycolysis and
sonic hedgehog pathway [35]. Overall, above results indicated that
silencing of ETV4 inhibited glycolysis.

Important evidence has confirmed that TGF-f/SMAD2/3 signaling
pathway is critical for progression of cancer [48-50]. circPTEN1 sup-
presses colorectal cancer progression by blockading TGF-f/Smad2/3
signaling [48]. LINC0O0941 promotes colorectal cancer metastasis by
restraining degradation of SMAD4 protein and stimulating the
TGF-p/SMAD2/3 signaling [51]. In pancreatic cancer, itraconazole
suppresses invasion and migration of tumor cells through refraining
TGF-B/SMAD2/3 signaling [52]. In gastric cancer, ginsenoside Rh4 in-
hibits metastasis of cells via SIX1-TGF-p/Smad2/3 signaling [53]. We
reported that TGF-p/Smad2/3 signaling was activated with ETV4
overexpression. Treatment with TGF-p1 abrogated the inhibitory effects
of ETV4 knockdown on progression of CCA. Treatment with SB525334
reversed ETV4 overexpression-induced progression of CCA. Consis-
tently, ETV4 facilitates progression of liver cancer through mediating
the TGF-p signaling, whereas SB525334 treatment profoundly refrained
the roles of ETV4 [54]. TGF-p induces cell metabolism into glycolysis
and facilitates tumor growth [55]. Knockdown of Smad2/3 and HIF-1«
block TGF-p-induced tumor growth without oxygen [56]. TGF-f mod-
ulates glycolysis primarily by PKM2 [56]. Cheng et al. found that met-
formin blocks TGF-fl-mediated migration through reducing mTOR
signaling to decline PKM2 expression in cervical carcinoma cells [57].
Xu et al. shown that PKCe potentiates growth of prostate cancer cells
through enhancing aerobic glycolysis by cascading Smad2/3 [58]. In
this study, TGF-f1 partly annulled ETV4 knockdown-reduced glycolysis,
whereas SB525334 reversed ETV4 overexpression-induced glycolysis.

In summary, ETV4 promoted the progression of CCA by regulating
glycolysis via the TGF-f signaling. Our study suggested that ETV4 may
be a therapeutic potential for CCA.
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