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Abstract
Aberrant glycosylation is an important factor in facilitating tumor progression and therapeutic resistance. In this study, using 
Wisteria floribunda agglutinin (WFA), we examined the expression of WFA-binding glycans (WFAG) in cholangiocarcinoma 
(CCA). The results showed that WFAG was highly detected in precancerous and cancerous lesions of human CCA tissues, 
although it was rarely detected in normal bile ducts. The positive signal of WFAG in the cancerous lesion accounted for 
96.2% (50/52) of the cases. Overexpression of WFAG was significantly associated with lymph node and distant metastasis 
(P < 0.05). The study using the CCA hamster model showed that WFAG is elevated in preneoplastic and neoplastic bile 
ducts as early as 1 month after being infected with liver fluke and exposed to N-nitrosodimethylamine. Functional analysis 
was performed to reveal the role of WFAG in CCA. The CCA cell lines KKU-213A and KKU-213B were treated with WFA, 
followed by migration assay. Our data suggested that WFAG facilitates the migration of CCA cells via the activation of the 
Akt and ERK signaling pathways. In conclusion, we have demonstrated the association of WFAG with carcinogenesis and 
metastasis of CCA, suggesting its potential as a target for the treatment of the disease.
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Introduction

Cholangiocarcinoma (CCA), an aggressive malignant tumor 
of bile duct epithelia, is rare worldwide; however, it is highly 
prevalent in East Asia, especially in the countries along the 
Mekong River (Sripa and Pairojkul 2008; Shin et al. 2010). 

One of the main risk factors for CCA in Thailand is infec-
tion with a liver fluke—Opisthorchis viverrini (OV) (Sripa 
and Pairojkul 2008; Shin et al. 2010). Most CCA patients 
visit the hospital at a late stage and are difficult to receive 
curative treatment. The curative surgery for CCA is possible 
only when diagnosis is successfully performed at the early 
stage of the disease (Titapun et al. 2015).

In CCA, abnormal glycosylation and the expression of 
CCA-associated glycans have been reported; the glycans 
play roles in tumor formation, progression, and therapeutic 
resistance (Silsirivanit 2021; Silsirivanit et al. 2021). These 
glycans could be a target for the diagnosis and treatment 
of CCA (Silsirivanit 2021; Silsirivanit et al. 2021). Vari-
ous plant lectins such as soybean agglutin (SBA), Sophora 
japonica agglutinin (SJA), Ulex europaeus agglutinin-I 
(UEA-1), Vicia villosa lectin (VVL), and Wisteria flo-
ribunda agglutinin (WFA) have been used to detect CCA-
associated glycans (Silsirivanit et al. 2011; Saentaweesuk 
et al. 2018; Indramanee et al. 2019; Detarya et al. 2020; 
Matsuda et al. 2010).

 * Sriwipa Chuangchaiya 
 sriwipa.c@ku.th

 * Atit Silsirivanit 
 atitsil@kku.ac.th

1 Department of Community Health, Faculty of Public Health, 
Kasetsart University Chalermphrakiat Sakon Nakhon 
Province Campus, Sakon Nakhon 47000, Thailand

2 Department of Biochemistry, Faculty of Medicine, Khon 
Kaen University, Khon Kaen 40002, Thailand

3 Cholangiocarcinoma Research Institute, Khon Kaen 
University, Khon Kaen 40002, Thailand

4 Cellular and Molecular Biotechnology Research Institute, 
National Institute of Advanced Industrial Science 
and Technology, Ibaraki 305-8565, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s00418-024-02270-4&domain=pdf


424 Histochemistry and Cell Biology (2024) 161:423–434

Previously, WFA was used to reveal the elevation of 
CCA-associated glycoform of mucin-1 (MUC1) in patients’ 
tissue and serum (Matsuda et al. 2010; Matsuda et al. 2017; 
Matsuda et al. 2015). The WFA-positive MUC1 could be 
used as a serum glycobiomarker for diagnosis and prog-
nostic prediction of CCA (Matsuda et al. 2010; Silsirivanit 
2021; Shoda et al. 2017). Moreover, WFA was found to be 
a useful tool for the detection of glycobiomarkers in sev-
eral human diseases (Narimatsu and Sato 2018). WFA 
binds preferentially to the terminal galactose (Gal) and 
N-acetylgalactosamine (GalNAc), particularly to Lacdi-
NAc (β-GalNAc-1,4-GlcNAc) (Sato et al. 2017; Poiroux 
et al. 2017; Haji-Ghassemi et al. 2016; Bojar et al. 2022; 
Kuno et al. 2013; Narimatsu et al. 2014). LacdiNAcylated 
glycan is over-expressed in many types of cancers, such as 
prostate, colon, and pancreatic cancers, and is considered 
to play an important role in cancer progression (Hirano and 
Furukawa 2022).

In this study, using WFA, we examined the expression of 
WFA-binding glycans (WFAG) in human and hamster CCA 
tissues and explored its association with carcinogenesis and 
progression of CCA. The in vitro functional analysis was 
performed using CCA cell lines. In silico analysis was used 
to predict the glycosyltransferase enzyme responsible for 
WFAG synthesis in CCA. Our study suggested that WFAG 
can be a potential target for the treatment of CCA.

Materials and methods

Human and hamster tissues

Paraffin-embedded human CCA tissues (N  =  52) were 
obtained from the specimen bank of the Cholangiocarci-
noma Research Institute, Khon Kaen University, Thailand. 
All cases were histologically proven to be CCA. Informed 
consent was obtained from each subject. The research pro-
tocol was approved by the Ethics Committee for Human 
Research of Khon Kaen University based on the Declaration 
of Helsinki and the International Council for Harmonisa-
tion (ICH) Good Clinical Practice Guidelines (HE641574). 
Hamster liver tissues were the same as those used in the 
previous study (Indramanee et al. 2019). The animal study 
was performed under the approval of the Ethics Committee 
for Animal Research of Khon Kaen University (AEMD-
KKU001/2558), based on the Ethics of Animal Experimen-
tation of the National Research Council of Thailand. The 
male golden hamsters were divided into four experimental 
groups: (1) untreated control, (2) OV-infected, (3) N-nitros-
odimethylamine (NDMA)-treated, and (4) OV-infected + 
NDMA-treated, as described previously (Prakobwong et al. 

2010). In this study, we used five representative tissue sec-
tions per group at 1, 3, and 6 months after treatment.

Cell lines

The human CCA cell lines, KKU-055, KKU-213A, and 
KKU-213B (Panawan et al. 2023; Sripa et al. 2020), and 
an immortalized human cholangiocyte cell line, MMNK-1 
(Maruyama et al. 2004), were obtained from the Japanese 
Collection of Research Bioresources (JCRB) Cell Bank, 
Osaka, Japan, through the Cholangiocarcinoma Research 
Institute, Khon Kaen University, Thailand. The cells were 
maintained in DMEM (Gibco, Life Technologies Corpora-
tion, Grand Island, NY, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco, Life Technologies Limited, 
Paisley, UK) and 1% antibiotic–antimycotic (Gibco, Life 
Technologies Corporation, Grand Island, NY, USA). All 
cell lines were cultured in a 37 °C incubator with 5%  CO2.

Lectin histochemistry

All paraffin-embedded tissues were processed as previously 
described (Detarya et al. 2020; Indramanee et al. 2012). 
Briefly, after deparaffinization and rehydration, antigen 
retrieval was performed by boiling under pressure in 0.01 M 
citrate buffer pH 6.0 and cooled down in phosphate-buffered 
saline (PBS). Endogenous peroxidase activity was elimi-
nated using 0.3% (v/v)  H2O2 in methanol for 30 min. The 
non-specific binding of lectin to proteins was blocked using 
0.5% (w/v) bovine serum albumin (BSA) in PBS for 30 min 
in a humidified chamber at room temperature. Sections were 
incubated with 5 μg/ml of biotinylated WFA (Vector Labora-
tories, Burlingame, CA, USA) for 2 h followed by incubation 
with 12.5 μg/ml streptavidin-conjugated horseradish peroxi-
dase (Invitrogen, Camarillo, CA, USA) for 40 min. The sig-
nal was developed using 25 mg/ml diaminobenzidine (Dako, 
Glostrup, Denmark) and counterstained with Mayer’s hema-
toxylin (Bio-Optica, Milano, Italy). PBS was used instead of 
lectin as a negative control. Each section was scored under 
a light microscope. The expression level of WFAG, repre-
sented by WFAG score (0–300), was calculated from the 
multiplication of the staining intensity (negative, 0; weak, 
1; intermediate, 2; strong, 3) with the percentage of positive 
cells (0–100%) (Fedchenko and Reifenrath 2014).

Lectin cytofluorescence

The 5 ×  103 cells of CCA cell lines were seeded into each 
well of a 24-well plate and cultured for 72 h. After washing 
with PBS, the cells were fixed with 4% paraformaldehyde 
for 30 min, followed by non-specific reactivity blockage 
with 3% (w/v) BSA in PBS for 30 min at room temperature. 
WFAG was detected by overnight incubation with 5 μg/
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ml biotinylated-WFA at 4 °C, followed by 1 h incubation 
with 4 μg/ml streptavidin conjugated Alexa  FluorTM®488 
(Thermo Fisher Scientific, Eugene, OR, USA). The nucleus 
was stained using Hoechst33342 (Thermo Fisher Scien-
tific, Eugene, OR, USA). For negative control, instead of 
biotinylated WFA, the cells were probed with PBS or bioti-
nylated WFA that was preincubated with 10 mM and 50 mM 
galactose (Gal) for 30 min. The experiments were repeated 
at least three times. All fluorescent images were examined 
using an Eclipse Ti fluorescence microscope (Nikon, Tokyo, 
Japan). The fluorescence filter cubes consisted of GFP/FITC, 
TRITC/CY3, and DAPI at 200× magnification (S plan Fluor 
ELWD 20X Ph1 ADM objective, NA 0.45, refractive index: 
1, binning: 3 × 3, gain: 16.0×, sharpness: high, brightness: 
0.00, hue: 0.00, saturation: 0.00, WB red: 1.43, and WB 

blue: 2.66.). The images were captured on a digital color 
camera, Nikon DS-Ri2 with 1636 × 1088 pixels, 96 dpi, 
and 24-bit depth (Nikon, Tokyo, Japan). NIS-Elements D 
4.30.00 (64bit) software (Nikon, Tokyo, Japan) was used 
for image analysis.

Cell migration assay

The KKU213-A and KKU213-B CCA cell lines (1×106 
cells) were cultured for 72 h and harvested by trypsinization. 
After washing, the cells were counted and resuspended in 
a serum-free medium containing 0.1 and 1 μg/ml unconju-
gated WFA (Vector Laboratories, Burlingame, CA, USA). 
Cell migration ability was measured using the Boyden 
chamber assay described previously (Sripa et al. 2020). The 

Fig. 1  Lectin histochemistry staining of WFAG in human CCA tis-
sues. a Lectin histochemistry was used to determine the expression 
of WFAG in human CCA tissues (N = 52). NBD normal bile ducts, 
HP/DP hyperplasia/dysplasia, CCA  cholangiocarcinoma. Scale bar = 
100 μm. b Expression of WFAG was semi-quantified as WFAG score 

based on the intensity (0–3) × frequency (%) of lectin histochemis-
try staining. Star (*) represents a significant difference (P < 0.05 by 
student’s t-test) compared with NBD. A number sign (#) represents 
a significant difference (P < 0.05 by student’s t-test) compared with 
HP/DP
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cells (20,000 cells) were seeded into the upper chamber of 
transwell cell culture inserts (8.0-μm pore size, Corning 
Incorporated, Corning, NY, USA) and allowed to migrate 
for 12–24 h. Cells treated with a serum-free medium instead 
of WFA were used as a control. The migrated cells were 
counted under a microscope and presented as a percent-
age of control. For sugar neutralization control, the uncon-
jugated WFA was preincubated with 10 mM and 50 mM 
galactose (Gal) for 30 min before being subjected to treat 
the cells. Three independent experiments were performed, 
and the presented quantitative data were averaged from three 
experiments.

Cell proliferation assay

CCA cells were seeded into 96-well plates at 1 ×  103 cells 
per well and cultured overnight. The conditioned medium 
was replaced by a medium containing 0.1 and 1 μg/ml WFA, 
and the culture was continued for 72 h. In the control con-
dition, PBS was used instead of WFA. Cell number was 
measured using MTT assay (Molecular probes, Eugene, 
OR, USA) at 0 and 72 h after treatment, according to the 

manufacturer’s guidelines. Dimethyl sulfoxide (DMSO) was 
used to solubilize the formazan complexes, and the absorb-
ance was measured at 540 nm. Cell proliferation was calcu-
lated as a percentage of control by [optical density (OD) of 
treatment ×100]/mean OD of control. The presented data 
was the average from three experiments.

SDS–PAGE and western blot

After overnight seeding, the CCA cell lines were treated 
with 0.1 and 1 μg/ml unconjugated WFA for 24 h. After 
complete treatment, the cellular proteins were harvested 
using cell lysis buffer (1% NP-40, 150 mM NaCl, 50 mM 
Tris-HCl pH 7.4) containing phosphatase and protease 
inhibitors (Roche, Mannheim, Germany). The protein con-
centration was determined using the Bradford assay (Quick 
 StartTM Bradford, Biorad, USA). Proteins were separated by 
10% sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS–PAGE) and transferred to polyvinylidene fluo-
ride (PVDF) membranes (Millipore; Darmstadt, Germany) 
as described previously (Teeravirote et al. 2022). Immuno-
detection was performed using the desired concentration 
of specific monoclonal antibodies (mAbs) and polyclonal 
antibodies (pAbs) as follows: 1:1000 anti-Akt (rabbit pAb, 
#9272S, Cell Signaling Technology, Danvers, MA, USA), 
anti-pAkt (S473; rabbit pAb, #9271S, Cell Signaling Tech-
nology), anti-ERK (rabbit pAb, #9101S, Cell Signaling 
Technology), anti-pERK (T202/Y204; rabbit pAb, #9102S, 
Cell Signaling Technology), anti-STAT3 (mouse mAb, 
clone B-7, sc-8059, Santa Cruz Biotechnology, Santa Cruz, 
CA), anti-pSTAT3 (S727) (rabbit pAb, sc-8001, Santa Cruz 
Biotechnology), and 1:10,000 anti-β-actin (mouse mAb, 
clone AC-15, A5441, Sigma Aldrich, St. Louis, MO, USA). 
The signal was detected using the  ECLTM Prime Western 
Blotting Detection Reagent  (AmershamTM, Buckingham-
shire, UK) and analyzed using an ImageQuant LAS4000 
image analyzer with  ImageQuantTM TL analysis software 
(GE Healthcare, Buckinghamshire, UK). Three independ-
ent experiments were performed, and the quantitative data 
presented in the graphs were the average values from three 
experiments.

In silico gene expression analysis

To explore the potential glycosyltransferase enzymes that are 
responsible for the synthesis of WFAG, the mRNA expres-
sion level of LacdiNAc-related enzymes β-1,4-N-acetylga
lactosaminyltransferase-3 (B4GALNT3) and B4GALNT4 
in CCA tissues (N=36) were compared with normal tissues 
(N=9) using data available in the online web server–GEPIA 
(http:// gepia. cancer- pku. cn). By “Expression DIY/Box plot” 
under “Cancer Type Analysis/ Differential Expression Anal-
ysis” section, the mRNA expression of B4GALNT3 and 

Table 1  Correlation of WFA-binding glycan with clinical data of 
CCA patients

N0 no lymph node metastasis, M0 no distant metastasis, N1 lymph 
node metastasis was found, M1 distant metastasis was found
* represents a significant difference (P < 0.05)

Variables N WFA-binding glycan P value

< 145.8 ≥ 145.8

Sex
 Female 20 8 12 0.357
 Male 32 17 15

Age
 < 56 years old 27 11 16 0.274
 ≥ 56 years old 25 14 11

Tumor size
 < 7 cm 18 9 9 0.840
 ≥ 7 cm 34 16 18

Histological types
 Papillary type 18 10 8 0.432
 Non-papillary type 34 15 19

Metastasis (TNM staging)
 No (N0 and M0) 28 17 11 0.049*
 Yes (N1 and/or M1) 24 8 16

Tumor stages
 I–III 34 17 17 0.703
 IVA–IVB 18 8 10

Survival rate
 < 1 year 35 18 17 0.488
 ≥ 1 year 17 7 10

http://gepia.cancer-pku.cn
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B4GALNT4 was compared using “CHOL” dataset with the 
default parameter setting (|Log2FC| cutoff = 1, p-value cut-
off = 0.01, jitter size = 0.4, matched normal data = match 
TCGA normal and GTEx data).

Survival analysis was compared between CCA patients 
with high versus low glycosyltransferase enzymes 

(B4GALNT3 and B4GALNT4) using “Survival/Survival 
plot” tab under “Cancer Type Analysis/ Differential Expres-
sion Analysis” section. The analysis was performed using 
the “CHOL” dataset with the default parameter setting 
[Methods = Overall Survival, Group Cutoff = Median (High 

Fig. 2  Lectin histochemistry staining of WFAG in hamster tissues. 
a Lectin histochemistry was used to determine the expression of 
WFAG in hamster liver tissues. NBD normal bile ducts, OV Opisthor-
chis viverrini, NDMA N-nitrosodimethylamine, CCA  cholangiocar-
cinoma. Scale bar, 100 μm. b Expression of WFAG was semi-quan-
tified as WFAG score based on the intensity (0–3) × frequency (%) 
of lectin histochemistry staining. Star (*) represents a significant dif-

ference (P < 0.05 by student’s t-test) compared with the non-treated 
group. A number sign (#) represents a significant difference (P < 0.05 
by student’s t-test) compared with the OV-infected group. Dollar sign 
($) represents a significant difference (P < 0.05 by student’s t-test) 
compared with the NDMA-treated group. Small a represents signifi-
cant differences (P < 0.05 by student’s t-test) compared with 1 month 
after OV-infected + NDMA-treatment.
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50%, Low 50%), Hazards Ratio (HR)= Yes, 95% Confidence 
Interval = Yes, Axis Units = Months].

Statistical analysis

All bar and line graphs were generated using GraphPad 
Prism 9.5.1 software (GraphPad, Inc., La Jolla, CA, USA). 
Statistical analysis was performed using SPSS Statistics 27.0 

Fig. 3  WFAG expression in CCA cell lines. a Lectin cytofluores-
cence was used to determine the expression of WFAG in immor-
talized cholangiocytes (MMNK1) and CCA cell lines (KKU-055, 
KKU-213A, and KKU-213B). b Negative control conditions were 

performed by probing the cell with PBS or neutralized WFA using 
10  mM and 50  mM galactose (Gal). Alexa-488 (green) represents 
WFAG, and Hoecht-33342 (blue) represents the nucleus. Scale bar, 
50 μm
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software (SPSS, Inc., Chicago, IL, USA). The chi-squared 
(χ2) test was used to analyze the association between WFAG 
score and clinical data of CCA patients. WFAG score in each 
group was presented as mean ± standard deviation (SD) and 
compared by student’s t-test. Kaplan–Meier plot and log-
rank test were used for survival analysis. The P < 0.05 was 
considered statistically significant.

Results

WFA‑binding glycan is elevated in neoplastic bile 
ducts and associated with metastasis of CCA.

The expression of WFA-binding glycan (WFAG) was 
determined in 52 histologically proven CCA tissues using 
lectin histochemistry. WFAG was highly detected in hyper-
plastic/dysplastic (HP/DP) and cancerous bile ducts, but 
it was rarely detected in normal bile ducts (NBD) in the 
adjacent non-cancerous tissues (Fig. 1a–b). WFAG stain-
ing was mainly seen as a diffuse cytoplasmic/membra-
nous pattern (Fig. 1a). The WFAG positive rate was 96.2% 
(50/52) among CCA patients recruited in this study. When 
the WFAG expression level was semi-quantified using the 
WFAG score based on the staining frequency and intensity, 
it was significantly higher in CCA (145.8 ± 67.2) and HP/
DP (140.2 ± 55.64) than in NBD (P < 0.05, student’s t-test, 
WFAG-score = 0.3). This data illustrated the association 
between WFAG expression level and the abnormalities of 
biliary epithelia.

To analyze the correlation between WFAG expression 
level and the clinical features of the CCA patients, the 
patients were subcategorized into high WFAG (≥ 145.8) 
and low WFAG (< 145.8) groups using the mean WFAG 
score of the patients as a cutoff value. Chi-squared (χ2) test 
analysis revealed that high WFAG expression in cancerous 
tissues was closely associated with lymph node (N)/distance 
(M) metastasis in the CCA patients (*P < 0.05, Table 1). 
The expression of WFAG in patients with lymph node 
metastasis (N1) or distance metastasis (M1) was higher than 
those without lymph node metastasis (N0)/without distance 
metastasis (M0). These results suggested the involvement of 
WFAG in the metastasis of CCA.

WFAG is aberrantly expressed 
during the carcinogenesis of CCA 

The role of WFAG in the carcinogenesis of CCA was inves-
tigated using the paraffin-embedded liver tissues of the 
hamster CCA model. Similar to the observation in human 
tissues, the normal bile ducts of hamsters were negative for 
WFAG staining, while precancerous (HP/DP) and cancer-
ous tissues were positive (Fig. 2a). HP/DP was developed 

after OV infection and/or NDMA treatment. In OV-infected 
hamsters, the HP/DP was observed 3 and 6 months after 
infection, while it was found only 6 months after treatment 
in NDMA-treated hamsters. In the OV infection + NDMA 
treatment group, the HP/DP lesion was observed as early 
as 1 month after the treatment. The cancerous lesion was 
observed in all hamsters at 3 months (N = 5, WFAG score 
of 90.0 ± 41.8) and 6 months (N=5, WFAG-score = 110.0 
± 22.4) after OV infection + NDMA treatment. Notably, 
CCA was not developed in hamsters of the non-treated, OV-
infected alone, and NDMA-treated alone groups. WFAG 
staining of cancerous lesions (WFAG score of 100.0 ± 33.3) 
was significantly higher than HP/DP lesions [WFAG score 
of 16.3 ± 18.6 (P < 0.05, student’s t-test, Fig. 2b)]. Compar-
ing between groups, at the corresponding time point (3 and 
6 months), WFAG expression in OV infection + NDMA-
treated group was significantly higher than other groups (P < 
0.05, student’s t-test). This data indicated the close associa-
tion between WFAG expression and carcinogenesis of CCA.

WFAG promotes CCA cell migration via activation 
of Akt and ERK signaling pathways

To explore the roles of WFAG in CCA, functional analyses 
were performed using CCA cell lines. The expression of 
WFAG was determined in three CCA cell lines (KKU-055, 
KKU-213A, and KKU-213B) compared with MMNK1—
an immortalized human cholangiocyte cell line. Lectin 
fluorescence cytochemistry showed that WFAG was faintly 
expressed in MMNK-1 and KKU-055 (low metastatic cell 
line), but it was highly expressed in the high metastatic CCA 
cell lines KKU-213A and KKU-213B (Fig. 3a). This result 
suggests the association of WFAG expression with the meta-
static potential of CCA cells. To confirm the sugar preferen-
tial of WFA, Gal was used to preincubate with WFA before 
proceeding to the fluorescent staining. The result showed 
that WFA binding activity was drastically suppressed by 
10 mM and 50 mM Gal (Fig. 3b). We, therefore, investi-
gated further the effects of WFA treatment on the biologi-
cal functions of CCA cell lines. First, the cell agglutination 
assay was performed to determine the subagglutinating con-
centration of WFA for CCA cells (up to 10 μg/ml, data not 
shown). Then, we examined the effects of WFA treatment 
(0.1 and 1.0 μg/ml WFA) on the migration ability of KKU-
213A and KKU-214A cells. The results show that both doses 
of WFA could significantly enhance the migration ability of 
both CCA cell lines (P < 0.05, student’s t-test, Fig. 4a–b) 
without affecting their proliferation ability (Fig. 4c). Sugar 
neutralization assay showed that Gal (10 mM and 50 mM) 
significantly suppresses the ability of WFA to facilitate the 
migration of KKU-213A CCA cells (P < 0.05, student’s 
t-test, Fig. 4b).
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To investigate further the possible mechanism(s) by 
which WFA facilitates CCA cell migration, the KKU-213A 
and KKU-214A cells were treated with 0.1 and 1.0 μg/ml 
WFA for 24 h, and the degree of phosphorylation of the 
signal molecules involved in cell migration was examined. 
The results show that the proportion of phosphorylated Akt 
(S473) and ERK (T202, Y204) were significantly increased 
(P < 0.05, student’s t-test, Fig. 4d), while STAT phospho-
rylation was not affected by the WFA treatment. These data 
suggest that WFAG may facilitate the migration of cancer 
cells via the activation of Akt and ERK signaling pathways.

In silico analysis suggested the elevation 
of WFAG‑associated glycosyltransferase enzyme 
in CCA and its association with poor prognosis 
of CCA patients

The specify the potential glycosyltransferases that are 
responsible for the synthesis of WFAG, the mRNA level of 
B4GALNT3 and B4GALNT4 were compared between CCA 
tissues (N = 36) and normal tissues (N = 9) using data avail-
able in the online web server, GEPIA (http:// gepia. cancer- 
pku. cn). The data showed that B4GALNT3 and B4GALNT4 
mRNA expression levels were significantly higher in CCA 
than in control (P < 0.001, student’s t-test, Fig. 5a). In 
addition, a high expression level of B4GALNT3 mRNA in 
CCA tissues tended to associate with the shorter survival of 
CCA patients with the higher hazard ratio of 2.1, whereas 
the high expression level of B4GALNT4 mRNA tended to 
associate with better prognosis of CCA (Fig. 5b). Taking 
this information together, B4GALNT3 is assumed to be the 
enzyme responsible for WFAG synthesis and contributes to 
the metastasis of CCA cells.

Discussion

Glycosylation is an essential posttranslational modifica-
tion involved in many biological processes (Ohtsubo and 
Marth 2006; Sperandio et al. 2009). Aberrant glycosylation 
resulted in the expression of tumor-associated glycans in 
cancer cells that could be a biomarker or serve as a target 
for cancer chemotherapy (Kailemia et al. 2017; Munkley 
and Elliott 2016). In this study, we used WFA, a lectin iso-
lated from seeds of a flowering plant, Wisteria floribunda, 
to detect the LacdiNAcylated glycans in CCA. The increase 
of WFA-binding glycans (WFAG) was associated with the 
carcinogenesis of CCA, and it was found to promote CCA 
metastasis via Akt and ERK signaling pathways. The in 
silico analysis in this study suggested the possible role of 
B4GALNT3 in the WFAG synthesis in CCA.

WFAG was practically undetectable in the normal bile 
ducts but elevated in the hyperplastic/dysplastic bile ducts 
and CCA. The hyperplastic and dysplastic bile ducts found 
in the liver of hamsters exposed to NDMA without liver 
fluke infection also showed positive staining for WFAG 
(Fig.  2). These results suggest the association between 
WFAG expression and the pathological changes of the bile 
duct, regardless of liver fluke infection. A previous study 
by Matsuda et al. showed that WFAG was detected in the 
preneoplastic and neoplastic bile ducts of Japanese CCA 
patients, who were assumed not to have liver fluke infection 
(Matsuda et al. 2010). Moreover, the study in Chinese CCA 
patients using mass spectrometry analysis also showed that 
LacdiNAc is elevated in CCA tissues compared with normal 
adjacent tissues (Li et al. 2022). This information suggested 
the association between WFAG expression and CCA devel-
opment notwithstanding the etiology and patients’ ethnicity.

Previously, the roles of glycosylation in facilitating 
tumor progression and metastasis were elucidated for CCA 
(Detarya et al. 2020; Detarya et al. 2022; Indramanee et al. 
2019; Silsirivanit 2021). The present results suggested the 
association between WFAG expression and metastasis of 
CCA. It is suggested that activation of WFAG by WFA may 
facilitate CCA cell migration via activation of Akt and ERK 
signaling pathways. This finding suggests the potential of 
WFAG to be a biomarker for poor prognosis and possibly 
be a target for the treatment of CCA. WFAG is known to 
modify mucin-1 (MUC1) glycoprotein, which could be 
detected in the sera of CCA patients (Matsuda et al. 2010). 
A higher degree of serum WFAG-modified MUC1 level was 
associated with shorter survival of CCA patients (Silsiri-
vanit 2021). Not only MUC1, but also other N-linked and 
O-linked glycoproteins are possibly modified by WFAG. 
Li et al. showed that many glycoproteins were identified to 
express LacdiNAc moiety (Li et al. 2022). It has been dem-
onstrated that EGFR and β1-integrin, the upstream receptors 

Fig. 4  Functional analysis of WFAG in CCA cell lines. a Cell migra-
tion was analyzed by Boyden chamber assay after treatment with WFA, 
cells were allowed to migrate through the transwell cell culture insert for 
12–24 h. b Galactose (10 mM and 50 mM) was used to neutralize the 
function of WFA before treating the cells. c Cell proliferation was meas-
ured using MTT assay at 72 h after WFA treatment. d Western blot anal-
ysis was used to explore the level of p-Akt (S473), Akt, p-ERK (T202/
Y204), ERK, p-STAT, and STAT at 24 h after WFA treatment. β-actin 
was used as an internal control to normalize the band intensity measured 
by ImageJ software. Three independent experiments were performed, 
and the data presented in the graphs were averaged from all experiments. 
Star (*) represents a significant difference (P < 0.05 by student’s t-test) 
compared with control. A number sign (#) represents a significant differ-
ence (P < 0.05 by student’s t-test) compared with WFA treated condition

◂
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for Akt and ERK signaling pathways, could be modified and 
functionally regulated by LacdiNAc modification (Hirano 
and Furukawa 2022). LacdiNAc plays an important role in 
tumor progression and metastasis in many types of cancer 
(Hirano and Furukawa 2022; Li et al. 2022). Taken together, 
WFAG possibly modifies many cell surface glycoproteins 
in CCA, at least EGFR or β1-integrin are speculated, and 
facilitates cancer cell migration via activation of Akt and 
ERK signaling pathways (Hirano and Furukawa 2022; 
Detarya et al. 2022; Wang et al. 2021). To understand the 

mechanisms by which WFAG regulates CCA metastasis via 
Akt and ERK signaling pathways, the real carrier glycopro-
teins for WFAG need to be identified.

Aberrant glycosylation in cancer cells could be triggered by 
alteration of nucleotide sugar biosynthesis and expression of 
glycosylation transferases or glycosidases (Silsirivanit 2019). 
Synthesis of LacdiNAc in human cells was regulated by the 
β-1,4-N-acetylgalactosaminyltransferases (B4GALNTs): 
B4GALNT3 and B4GALNT4 (Hirano and Furukawa 2022). 

Fig. 5  Expression of B4GALNT3 and B4GALNT4 in CCA tissues. 
a The mRNA expression of LacdiNAc-associated glycosyltransferase 
enzymes, B4GALNT3 and B4GALNT4, was determined in human 
CCA tissues (N = 9) compared with normal tissues (N = 36) using 

the data available in GEPIA. Three stars (***) represent a significant 
difference with P < 0.001 using the student’s t-test. b Survival analy-
sis of B4GALNT3 and B4GALNT4 in CCA tissues
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Our in-silico analysis suggested B4GALNT3 as a responsi-
ble enzyme for WFAG synthesis in CCA cells. By the sur-
vival analysis, although it was not statistically significant, 
high expression of B4GALNT3 tended to be associated with 
shorter survival of CCA patients. This in silico information 
from GEPIA agrees with the results obtained from lectin his-
tochemistry staining of human CCA tissues and functional 
analysis using CCA cell lines. There is a controversy about 
the role of B4GALNT3 in different types of cancer. In colon 
cancer, B4GALNT3 plays an important role in malignant phe-
notype and cancer stemness via the EGFR signaling pathway 
(Che et al. 2014; Huang et al. 2007). Unlike colon cancer, 
B4GALNT3 was found to be associated with favorable out-
comes of neuroblastoma (Hsu et al. 2011). The study by Hsu 
et al. showed that overexpression of B4GALNT3 in neuroblas-
toma cells significantly suppresses their malignant phenotypes 
via decreasing β1-integrin signaling (Hsu et al. 2011). There-
fore, actual functional analysis of B4GALNT3 is essential to 
confirm its role in the biosynthesis of WFAG and its possibil-
ity to be a target for the treatment of CCA.

In conclusion, we have demonstrated the association 
between the expression of WFA-binding glycans (WFAG) and 
carcinogenesis and metastasis of CCA. WFAG was involved 
in CCA cell migration through Akt and ERK signaling path-
ways. Our study suggests WFAG as a potential therapeutic 
target of CCA.
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