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Abstract
Purpose  Cholangiocarcinoma (CCA) is a highly invasive malignant tumor originating from the bile duct epithelium. Tweety 
homolog 3 (TTYH3) is a member of the family of calcium-activated chloride channels, which have several biological func-
tions. Here, we aimed to investigate the expression and biological function of TTYH3 in CCA.
Methods  The mRNA and protein expression levels of TTYH3 were investigated in primary human CCA tissues and normal 
tissues. The DNA methylation levels of three CpG sites in the TTYH3 promoter region were evaluated using pyrosequenc-
ing. The effect of TTYH3 expression on proliferation, apoptosis, migration and invasion were assessed in HUCCT1 and 
QBC939 cells. Xenograft models were developed to substantiate its role in the development of CCA. Western blot analysis 
was used to investigate the mechanistic role of TTYH3 in regulating CCA progression.
Results  We found that TTYH3 was highly expressed both at the mRNA and protein levels in CCA (p = 0.0001) and that 
the expression levels were significantly related to a poor overall survival of the patients (p = 0.0019). The DNA methylation 
levels of three CpG sites in the TTYH3 promoter region were significantly lower in CCA tissues compared to normal tissues 
(p < 0.05). In vitro studies indicated that TTYH3 can promote the proliferation, migration and invasion of the CCA cells. 
TTYH3 overexpression significantly promoted tumor progression and cellular proliferation in vivo as indicated by Ki‐67 
expression. In addition, we found that exogenous TTYH3 overexpression induced epithelial-mesenchymal transition (EMT) 
in CCA as indicated by expression changes in E-cadherin, N-cadherin and vimentin. The EMT process was found to occur 
through the Wnt/β-catenin signaling pathway, with simultaneous changes in P-GSK3β and β-catenin levels.
Conclusions  Our data indicate that DNA hypomethylation-induced overexpression of TTYH3 regulates CCA development 
and metastasis through the Wnt/β-catenin pathway.

Keywords  Cholangiocarcinoma · TTYH3 · DNA methylation · Proliferation · Migration · Epithelial-mesenchymal 
transition · Wnt/β-catenin

1  Introduction

Cholangiocarcinoma (CCA) is a highly invasive malignant 
tumor originating from the epithelium of the bile duct, 
and its incidence is increasing worldwide. It accounts for 

approximately 2 % of global cancer-related deaths each year 
[1]. Although surgical resection is the best treatment for 
CCA, a low surgical resection rate and post-operative early 
recurrence and metastasis are the main reasons for the low 
overall survival. Additionally, resistance to chemotherapy 
and the nonavailability of targeted drugs limit the survival 
of CCA patients. Therefore, investigation of the molecular 
mechanisms underlying the development and metastasis of 
CCA is necessary to identify new therapeutic targets.

Ca2+-activated chloride channels (CaCCs) comprise a 
group of membrane proteins that function as ligand-gated 
ion channels for chloride [2]. CaCCs have been identified 
in different epithelial cells, endothelial cells and smooth 
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muscle cells [3]. These proteins regulate different bio-
logical functions in different cells, including neuronal 
excitability, epithelial mucus secretion and proliferation 
[4, 5]. In addition, CaCCs play important roles in cancer 
development and progression. TMEM16A, the best stud-
ied CaCC, has been related to the progression of several 
types of cancer [6, 7]. It has e.g. been reported that over-
expression of TMEM16A promotes the growth, migration 
and invasion, and inhibits the apoptosis of hepatocellular 
carcinoma cells [8]. CLCA, another member of the CaCC 
family, has been reported to be involved in tumor metas-
tasis and regulation of the cell cycle and apoptosis [9–11].

Tweety homolog 3 (TTYH3) is a member of the tweety 
family of proteins that act as Ca2+-activated chloride chan-
nels. The members of this family play a role in several 
cellular processes, including cell adhesion, division and 
tumorigenesis [12]. TTYH1 has been found to be associ-
ated with brain cancer [13–16] and to regulate embryonic 
neural stem cell characteristics by enhancing the activity 
of the Notch signaling pathway [17]. TTYH2 has been 
found to be upregulated in colon and renal cell carcino-
mas [18, 19], and downregulation of TTYH2 has been 
found to limit epithelial-mesenchymal transition (EMT) 
in osteosarcoma [20]. According to a bioinformatic study, 
TTYH3, the third member of the family, is upregulated in 
gastric cancer and associated with a poor prognosis [21], 
but its biological function has not been validated. Also, the 
biological function of TTYH3 in CCA is elusive.

Here, we investigated the expression of TTYH3 in 
CCA tissues and cells and the methylation status of CpG 
sites within its promoter region. We studied the biological 
function of TTYH3 in CCA cell proliferation, migration, 
invasion and apoptosis in vitro and in CCA tumor forma-
tion in vivo. We also investigated the molecular mecha-
nism underlying TTYH3-mediated regulation of CCA 
progression.

2 � Materials and methods

2.1 � Analysis of TTYH3 expression and methylation 
using the TCGA database

GEPIA (http://​gepia2.​cancer-​pku.​cn) is a tool for the vis-
ualization of data deposited in the Cancer Genome Atlas 
(TCGA). The relative expression of TTYH3 in the TCGA 
database was reflected by setting the following screening 
criteria of the box plots “cancer name: CHOL (CHOL = 
CCA), |Log2FC| Cutoff: 1 and P-value Cutoff: 0.01”. UAL-
CAN (http://​ualcan.​path.​uab.​edu/​index.​html) is an online 
website to acquire the methylation status of genes in certain 
cancerous and their normal tissues in the TCGA database.

2.2 � Cell culture and transfection

The human biliary epithelial cell line HIBEpic and the CCA 
cell lines HUCCT1, QBC939, RBE and FRH0201 were pur-
chased from the Shanghai Institute for Biological Sciences, 
Chinese Academy of Sciences. Dulbecco’s Modified Eagle 
Medium (DMEM; HyClone, USA) supplemented with 10 % 
fetal bovine serum (FBS, BI, Israel) and 1 % penicillin and 
streptomycin was used for culturing the cells in a humidi-
fied incubator (Thermo Scientific, USA) at 37 °C and 5 % 
CO2. The TTYH3 and negative control siRNAs used were 
obtained from GenePharma Co. Ltd. (Shanghai, China). 
The plasmids FLAG-NC and FLAG-TTYH3 were obtained 
from GeneChem Co. Ltd. (Shanghai, China). Cells were 
transiently transfected by incubating them with siRNAs and 
Xfect Transfection Reagent (Takara, Japan) for 48 h or with 
the plasmids and Lipofectamine 2000 (Invitrogen, USA) for 
24 h. To obtain stable HUCCT1 cells with a high TTYH3 
expression, a lentiviral vector harboring TTYH3 (Hanbio 
Biotechnology, Shanghai, China) was transfected into the 
cells after which they were selected using puromycin.

2.3 � CCA tissue samples and ethics statement

We collected thirty pairs of tumor and para-tumor tissues 
from patients who underwent hepatectomy from 2016 to 
2019 at the affiliated hospital of Qingdao University. All the 
patients were confirmed as CCA by post-operative pathology 
and their clinical and follow-up data were integrated. This 
study complies with the declaration of Helsinki. The sample 
collection was approved by the ethics committee of the affili-
ated hospital of Qingdao University. No preoperative radio-
therapy or chemotherapy was given to any of the patients. 
The tissue samples were promptly preserved in RNA protec-
tive additive-filled microtubes and stored at -80 °C.

2.4 � Quantitative real‑time PCR analysis

Total RNA was extracted from the cells and the tissue sam-
ples using a RNAiso Plus kit (total RNA extraction reagent, 
Takara Inc. Japan) following the manufacturer’s instructions. 
Total RNA was quantified using the A260/A280 ratio, and 
the corresponding complementary DNA was obtained using 
a PrimeScript™ RT reagent Kit (Takara Inc. Japan). Quanti-
tative real-time PCR (qRT-PCR) was performed on a Light-
Cycler 480 (Roche, Basel, Switzerland) using Takara TB 
Green™ Premix Ex Taq™ II (Tli RNaseH Plus, Takara Inc. 
Japan). The thermocycling conditions were: pre-incubation 
at 95 °C for 5 min, followed by 35 cycles of denaturation at 
95 °C for 20 s, annealing at 60 °C for 30 s and extension at 
72 °C for 20 s. The experiments were performed in triplicate. 
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A melting curve was analyzed for each sample to verify the 
specificity of the amplification. GAPDH was used as internal 
control.

2.5 � Methylation detection by pyrophosphate 
sequencing

DNA was isolated from CCA and normal tissues of 16 
patients using a genomic DNA extraction kit (QIAGEN 
DNeasy kit, Germany). A QiagenEpiTect Bisulfite Kit (Qia-
gen, Germany) was used for methylation. The primer design 
software used was PyroMark Assay Design 2.0 (Qiagen, 
Germany). PCR amplification was carried out for 40 cycles 
and pyrosequencing was carried out on a pyrosequencing 
detector (PyroMark Q96 ID, QIAGEN, Germany) according 
to the manufacturer’s instructions.

2.6 � Cell viability and colony assays

Cells were inoculated in a 96-well cell culture plate (2000 
cells/well) and incubated overnight at 37 °C and 5 % CO2. A 
Cell Counting Kit-8 (CCK-8) assay was used to assess cell 
viability at different time points. The cells were cultured 
in 100 µl DMEM supplemented with 10 µl CCK-8 reagent 
per well for 1 h at 37 °C. Next, optical density (OD) was 
measured at 450 nm absorbance. For the colony assay, 1000 
transfected cells per well were seeded in a six-well culture 
plate and cultured for 14 days at 37 °C and 5 % CO2. The 
cells were fixed with 10 % formalin and stained with crystal 
violet, after which colonies were counted.

2.7 � Cell migration and invasion assays

Following transfection and culture, cells of the control 
group and the experimental group were counted and placed 
in trans-well chambers for the migration assay (Transwell 
assay). CCA cells (105 cells) were mixed with serum-free 
DMEM and added to the chambers and 600 µl DMEM sup-
plemented with 10 % FBS was added to the bottom of the 
24-well cell culture plate, after which the chambers were 
placed in the wells of the plate. For the invasion assay, the 
chambers were pre-treated with Matrigel (BD Biosciences, 
USA) according to the manufacturer’s instructions. After 
culturing in the incubator for 10–24 h, methanol was added 
to the chambers for fixing the cells that had migrated or 
invaded. The cells were stained with crystal violet, observed 
and counted under a microscope.

2.8 � Scratch wound‑healing assay

Cells were cultured in a six-well cell culture plate and incu-
bated overnight at 37 °C and 5 % CO2. On the subsequent 
day, the cells were transiently transfected. Next, the cells 

were washed twice with phosphate-buffered saline (PBS), 
followed by making cross scratches at the bottom of the 
wells using a 200 µl pipette tip. Images of the ‘wounds’ were 
captured at 0 and 24 h using microscopy (Nikon, Japan).

2.9 � Flow cytometric apoptosis assay

Transfected cells were evaluated using an Annexin V-PI 
apoptosis assay kit, by staining with Annexin V and Pro-
pidium Iodide (PI) (Basin, Shanghai, China), as per the man-
ufacturer’s instructions. Cell apoptosis was measured using 
a BD FACSCalibur flow cytometer (BD Biosciences, USA).

2.10 � Western blotting

Total proteins from transfected cells and tissues were 
extracted using a lysis solution comprising radioimmuno-
precipitation assay (RIPA) buffer, phenylmethylsulfonyl 
fluoride (PMSF) and protease inhibitor cocktail (PIC) in a 
ratio of 100:1:1. The protein concentrations were measured 
after which electrophoresis was performed and the proteins 
were transferred to polyvinylidene fluoride (PVDF) mem-
branes (0.45 μm; Millipore, USA), activated by treating with 
methyl alcohol for 2 min. The proteins were stained using 
labelled antibodies and the protein bands were visualized 
using a chemiluminescent kit (Affinity, USA).

2.11 � Immunohistochemistry (IHC) and survival 
analysis

Paraformaldehyde-fixed (4 %) and paraffin-embedded tis-
sue sections were deparaffinized in xylene and sequentially 
hydrated with absolute ethyl alcohol, 95 % ethyl alcohol, 
90 % ethyl alcohol and 85 % ethyl alcohol. Antigen was 
retrieved using a citrate buffer (pH 6). Next, the sections 
were incubated with a primary anti-TTYH3 antibody (1:100; 
Thermo Fisher, ab2649109, USA) at 4 °C overnight, fol-
lowed by incubation with a polymer-HRP secondary anti-
body (ZSGB-Bio, MA2522, Beijing, China) for 2 h at 25 °C. 
The sections were counterstained with hematoxylin. The 
results were evaluated based on the intensity and degree of 
staining. TTYH3 staining intensity was marked as 0 (none), 
1 (weak), 2 (medium) and 3 (strong). The staining degree 
was scored according to the percentage of positive cells as 
follows: 0 (< 5 %), 1 (5–25 %), 2 (26–50 %), 3 (51–75 %) and 
4 (> 75 %). The score of each section was calculated accord-
ing to the following formula: staining intensity score x stain-
ing degree score. A total score < 6 is regarded as low expres-
sion, and > 6 as high expression. Images of each section 
were acquired using a Pannoramic SCAN (3DHISTECH, 
Hungary). Survival analysis was performed based on the 
TTYH3 expression level.
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2.12 � Xenograft model

All animal experiments were carried out at the specific-
pathogen-free medical animal laboratory of the Affiliated 
Hospital of Qingdao University and approved by the Ani-
mal Ethics Committee of the Affiliated Hospital of Qingdao 
University. Ten male BALB/c athymic nude mice (4-week-
old) were purchased from Charles River Laboratory Ani-
mal Technology Co., Ltd. (https://​www.​vital​river.​com/) and 
reared in an environment free of pathogens and suitable for 
the growth of mice, for 5 days according to the guidelines of 
animal care institutions. A stable HUCCT1 cell line overex-
pressing TTYH3 was successfully developed and subcutane-
ously injected into the mice. The 10 mice were divided into 
two groups (5 mice for lentivirus-TTYH3 and 5 for lentivi-
rus-nc). Each mouse received an injection of 5 × 106 cells 
suspended in PBS. The sizes of the tumors were recorded 
every 6 days and they were excised after one month. The 
sizes of the tumors were measured using a Vernier caliper, 
after which the volumes of the tumors were calculated as 
follows: Volume = Length × Width2. After removal, the final 
volumes of the tumors were calculated and the tumors were 
preserved for subsequent experiments.

2.13 � Statistical analysis

Data analysis was performed using GraphPad Prism 7.0 
software (San Diego, CA, USA). All experimental data 
are expressed as mean ± SD. Statistical significance of the 
results was analyzed using chi-square test for the patients in 
Table 1 and Student’s t-test for two-group comparisons. p < 
0.05 was considered statistically significant. All experiments 
were performed in triplicate.

3 � Results

3.1 � TTYH3 is upregulated in CCA tissues 
and correlates with a poor prognosis

We analyzed TTYH3 expression in nine normal and 36 
CCA tissues in the TCGA database (Fig. 1a). We found 
that the expression of TTYH3 was significantly higher in 
the CCA tissues than in the normal tissues (p < 0.05). 
We next evaluated the expression of TTYH3 in primary 
CCA tissues and their corresponding para-carcinoma 
tissues from 30 patients admitted to our hospital using 
qRT-PCR. We found that the expression of TTYH3 mRNA 
was markedly higher in the CCA tissues compared to the 
para-carcinoma tissues (p < 0.05, Fig. 1b). To evaluate its 
relation to CCA prognosis, we collected tissue sections of 
71 patients who underwent radical CCA resection between 
2005 and 2018. The clinicopathological information of 

the 71 patients is listed in Table 1. Using IHC we again 
found that the expression level of TTYH3 in the CCA tis-
sues was markedly higher than that in normal tissues and 
that TTYH3 was localized at the cell membrane (Fig. 1c). 
The patients were divided into two groups, according to 
IHC staining: a low expression group with 41 patients 
and a high expression group with 30 patients. Subsequent 
Kaplan-Meier analysis indicated that a  high TTYH3 
expression was associated with a shorter overall survival 
(p = 0.0019, Fig. 1d).

3.2 � TTYH3 methylation in CCA tissues is lower 
than that in normal tissues

Using the TCGA database, we found that the methyla-
tion level of TTYH3 in CCA tissues was significantly 
lower than that in normal tissues (p < 0.05, Fig.  1e). 
Subsequent pyrophosphate sequencing indicated that the 
methylation levels of the three TTYH3 methylation sites 
(CG00798876, CG23195008 and CG00177218) in CCA 
tissues were lower than those in the corresponding normal 
tissues (Fig. 1f, p < 0.05). The CpG methylation level of 
CG23195008 in a CCA tissue and its paired normal tissue 
is shown in Fig. 1g.

Table 1   Clinicopathological association of TTYH3 expression in 
CCA​

Low expression 
(n = 41)

High expression 
(n = 30)

P-value

Age (years) 0.432
> 60 25 21
≤ 60 16 9
Gender 0.286
Male 27 16
Female 14 14
CA-199 (ng/ml) 0.112
> 39 29 26
≤ 39 12 4
CEA (ng/ml) 0.123
> 3.4 17 18
≤ 3.4 24 12
AFP (ng/ml) 0.472
> 7 3 1
≤ 7 38 29
TNM stage 0.029
I-II 23 9
III-IV 18 21
Lymph node metastasis 0.006
Yes 10 17
No 31 13

1354 W. Xue et al.

https://www.vitalriver.com/


1 3

3.3 � TTYH3 promotes the proliferation, migration 
and invasion of CCA cells in vitro

TTYH3 expression was evaluated using qRT-PCR in four 
CCA cell lines (Fig. 2a). We found that the expression was 
lowest in HUCCT1 cells and highest in QBC939 cells (p < 
0.05). Therefore, QBC939 was selected for TTYH3 knock-
down and HUCCT1 for TTYH3 overexpression analyses. 
After transfection and culturing of the cells, the transfection 
efficiencies were confirmed using qRT-PCR and found to be 
effective (Fig. 2b and c). We selected the cells with the high-
est knockdown efficiency for subsequent functional analyses.

Using a CCK-8 proliferation assay we found that TTYH3 
overexpression promoted HUCCT1 cell proliferation, while 
TTYH3 knockdown inhibited the proliferation of QBC939 
cells (Fig. 2d). The colony assay showed that TTYH3 over-
expression increased the number of HUCCT1 colonies, 
compared to those in the negative control group. TTYH3 
knockdown led to fewer QBC939 colonies (Fig. 2e). The 
Transwell assays indicated that TTYH3 upregulation pro-
moted HUCCT1 cell migration and invasion, while its 
knockdown markedly reduced the migration and invasion 
of QBC939 cells (Fig. 2f). Moreover, 24 h after scratch-
ing, the wounded area of HUCCT1 cells transfected with 

Fig. 1   TTYH3 is highly expressed in CCA and regulated by DNA 
methylation. (a) In the TCGA database, TTYH3 expression in tumor 
tissues is significantly higher than that in normal tissues. (b) qRT-
PCR analysis of TTYH3 mRNA expression in normal and tumor 
tissues of 30 patients. (c) IHC analysis of TTYH3 protein expres-
sion in para-cancerous normal tissues and CCA tissues. (d) Kaplan-

Meier analysis of patients with different TTYH3 expression levels. 
(e) TTYH3 DNA methylation level in the TCGA database. (f) DNA 
methylation levels of three CpG sites within the TTYH3 promoter 
region evaluated using pyrophosphate sequencing. (g) Representative 
sequencing result of CpG site CG23195008
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the vector plasmid was significantly larger than that of 
those transfected with the TTYH3 overexpression plasmid. 

Together these results indicate that TTYH3 overexpression 
induces the migration and invasion of CCA cells, whereas 

Fig. 2   TTYH3 promotes CCA cell proliferation, migration and inva-
sion, and inhibits CCA cell apoptosis. (a) Relative TTYH3 expres-
sion levels in HIBEpiC and four CCA cell lines. (b) TTYH3 overex-
pression and knockdown efficiencies in HUCCT1 and QBC939 cells. 
(c) CCK-8 proliferation assay. (d) Effect of TTYH3 upregulation and 
downregulation on CCA colony growth. (e) Effect of TTYH3 upregu-

lation and downregulation on the migration and invasion of CCA 
cells using Transwell analyses. (f) Scratch wound-healing analysis of 
CCA cell migration induced by TTYH3. (g) Flow cytometry show-
ing a decreased apoptosis rate in HUCCT1 cells with upregulated 
TTYH3 expression and an elevated apoptosis rate in QBC939 cells 
with downregulated TTYH3 expression
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its downregulation inhibits the migration and invasion of 
CCA cells (Fig. 2g).

3.4 � TTYH3 affects apoptosis and EMT of CCA cells 
via the Wnt/β‑catenin pathway

Using flow cytometry, we found that TTYH3 upregulation 
inhibited apoptosis in HUCCT1 cells, while TTYH3 down-
regulation promoted apoptosis in QBC939 cells (Fig. 2h). 
The expression of BAX and BCL2 corroborated the flow 
cytometry results (Fig. 3a and b).

To evaluate whether TTYH3 is involved in the process 
of EMT, the expression of the EMT-related proteins N-cad-
herin, E-cadherin and vimentin was evaluated using Western 
blotting. We found that TTYH3 overexpression in HUCCT1 

cells led to downregulation of the expression of E-cad-
herin and upregulation of that of N-cadherin and vimentin 
(Fig. 3c). TTYH3 knockdown in QBC939 cells significantly 
upregulated the expression of E-cadherin and downregulated 
that of N-cadherin and vimentin (Fig. 3d). These results 
indicate that TTYH3 may play a key role in the EMT of 
CCA cells. Based on the expression of β-catenin, GSK3β 
(ser 9) and P-GSK3β (ser 9) (Fig. 3e and f), we conclude 
that TTYH3 regulates CCA cell EMT through the Wnt/β-
catenin pathway. In addition, we examined expression levels 
of Wnt/β-catenin pathway downstream targets and found that 
TTYH3 overexpression in HUCCT1 cells upregulated the 
expression levels of Met, c-Myc and cyclin D1 (Fig. 3g). 
TTYH3 knockdown in QBC939 markedly downregulated the 
expression levels of Met, c-Myc and cyclin D1 (Fig. 3h).

Fig. 3   TTYH3 regulates EMT through the Wnt/ β-catenin signaling 
pathway in CCA cells. (a, b) Western blot analysis of the effect of 
TTYH3 overexpression in HUCCT1 cells and TTYH3 downregula-
tion in QBC939 cells on the expression of apoptosis-related proteins. 
(c, d) Western blot analysis of the effect of TTYH3 overexpression in 

HUCCT1 cells and TTYH3 downregulation in QBC939 cells on the 
expression of EMT-related proteins. (e, f, g and h) Participation of 
TTYH3 in the EMT process of CCA cells via the Wnt/β-catenin path-
way
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3.5 � TTYH3 upregulation enhances tumorigenesis 
in vivo

We established a subcutaneous xenograft model to investi-
gate the role of TTYH3 in vivo. One month after inocula-
tion, the tumors were removed, weighed, and photographed. 
We found that the volumes of the tumors in the negative 
group were significantly lower than those in the TTYH3 
overexpression group (Fig, 4a, b). The expression of TTYH3 
in the overexpression group was significantly higher than 
that in the negative group (p < 0.05, Fig. 4c). Immunohisto-
chemistry showed that Ki-67 was significantly overexpressed 
in the TTYH3-high group (p < 0.05, Fig. 4d).

4 � Discussion

CCA is a highly invasive malignant tumor with few treat-
ment options and an overall poor survival. We found that 
TTYH3 is upregulated in CCA and that this upregulation 
is associated with the poor survival. We also found that 
TTYH3 enhanced the viability, migration and invasion, and 
reduced the apoptosis of CCA cells. TTYH3 overexpression 
in CCA cells dramatically promoted tumor growth in vivo. 
TTYH3 overexpression may promote EMT in CCA cells 
through the Wnt/ β-catenin signaling pathway.

CaCCs comprise a group of ion channel proteins for the 
transport of chloride, which have different biological func-
tions in epithelial and smooth muscle cells. The structurally 
different members of the family, TMEM16A and CLCA1, 

have been found to be involved in the development of vari-
ous cancers, including liver and colorectal cancer [6, 10, 
11, 22–25]. The TTYH3 gene is located on chromosome 
7p22.3 and is also a member of the CaCC family. Others 
have reported that TTYH3 upregulation is associated with a 
poor prognosis in patients with gastric cancer [21], but the 
underlying molecular mechanism was not studied.

Both genetic and epigenetic modifications influence 
the occurrence and development of tumors and the most 
common epigenetic modification is DNA methylation [26]. 
Mutation in the TMEM16A gene has been reported to be 
related to the occurrence and development of various types 
of cancer [3]. Therefore, we reviewed the CBioPortal (http://​
www.​cbiop​ortal.​org/) database and found that the muta-
tion frequency of TMEM16A in CCA was 2.9 %, while that 
of TTYH3 was negative. Therefore, we hypothesized that 
TTYH3 may be regulated through methylation, which was 
confirmed using data on the UALCAN website. The meth-
ylation of TTYH3 in primary samples was analyzed using 
pyrophosphate sequencing to show that hypomethylation of 
TTYH3 may promote the development of CCA.

Tumor invasion and metastasis are main factors that 
influence the prognosis of CCA. EMT is an important 
biological process underlying the migration and invasion 
of tumor cells derived from epithelial cells [27–30]. Cal-
cium (2+)-activated large-conductance chloride (-) chan-
nel proteins are associated with the invasion and metastasis 
of cancer, including the process of EMT. miRNA-381 has 
been reported to inhibit EMT in gastric cancer by targeting 
TMEM16A expression [31], and CLCA1 has been reported 

Fig. 4   TTYH3 promotes CCA cell tumor formation in vivo. (a, b) TTYH3 overexpression-induced increase in the growth of xenograft CCA 
tumors. (c) Expression of TTYH3 and (d) Ki-67 in a xenograft CCA tumor
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to inhibit EMT in colorectal cancer by downregulating the 
Wnt/β-catenin signaling pathway [25]. Following activation 
of the canonical Wnt/β-catenin pathway, β-catenin induces 
the transcription and translation of downstream target 
genes accelerating the EMT process [32]. Here, we found 
that upregulation of TTYH3 in CCA cells enhanced their 
migration and invasiveness. TTYH3 overexpression mark-
edly enhanced the expression of mesenchymal markers, such 
as N-cadherin and vimentin, and reduced the expression of 
the epithelial marker E-cadherin. TTYH3 downregulation 
exhibited the opposite effect. TTYH3 overexpression down-
regulated Bax and upregulated Bcl2 expression. TTYH3 
knockdown had the opposite effect. Our data, therefore, 
substantiate the notion that TTYH3 upregulation promotes 
CCA progression via EMT.

There are some limitations to this study. TTYH3 is an 
ion channel and, therefore, its function may have been influ-
enced by chloride transportation. There is also a possibility 
that TTYH3 activates the GSK3β/β-catenin pathway through 
kinase activity. These options need to be addressed in future 
studies.

In conclusion, we found that TTYH3 is markedly over-
expressed in CCA cells and tissues, and that it plays an 
important role in promoting the progression of CCA. 
TTYH3 may be involved in CCA initiation through DNA 

hypomethylation and in CCA progression by regulating 
EMT through the Wnt/ β-catenin pathway. TTYH3 may 
serve as a potent therapeutic target for CCA and/or as a 
biomarker for CCA prognosis (Fig. 5).

Abbreviations  CCA​: cholangiocarcinoma; CaCC: Ca2+-activated chlo-
ride channel; TTYH3: Tweety homolog 3; qRT-PCR: quantitative real-
time PCR; EMT: epithelial-mesenchymal transition
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