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Abstract
BACKGROUND
The association between diabetes mellitus (DM) and the increased risk and progression of cholangiocarcinoma (CCA) has been reported with unclear underlying mechanisms. Previous studies showed that γ-aminobutyric acid (GABA) B2 receptor (GABBR2) was upregulated in CCA cells cultured in high glucose (HG) conditions. Roles of GABA receptors in CCA progression have also been studied, but their association with DM and hyperglycemia in CCA remains unclarified.

AIM
To investigate the effects of hyperglycemia on GABBR2 expression and the potential use of GABBR2 as a CCA therapeutic target.

METHODS
CCA cells, KKU-055 and KKU-213A, were cultured in Dulbecco Modified Eagle’s Medium supplemented with 5.6 mmol/L (normal glucose, NG) or 25 mmol/L (HG) glucose and assigned as NG and HG cells, respectively. GABBR2 expression in NG and HG cells was investigated using real-time quantitative polymerase chain reaction and western blot. Expression and localization of GABBR2 in CCA cells were determined using immunocytofluorescence. GABBR2 expression in tumor tissues from CCA patients with and without DM was studied using immunohistochemistry, and the correlations of GABBR2 with the clinicopathological characteristics of patients were analyzed using univariate analysis. Effects of baclofen, a GABA-B receptor agonist, on CCA cell proliferation and clonogenicity were tested using the MTT and clonogenic assays. Phospho-kinases arrays were used to screen the affected signaling pathways after baclofen treatment, and the candidate signaling molecules were validated using the public transcriptomic data and western blot.

RESULTS
GABBR2 expression in CCA cells was induced by HG in a dose- and time-dependent manner. CCA tissues from patients with DM and hyperglycemia also showed a significantly higher GABBR2 expression compared with tumor tissues from those with euglycemia (P < 0.01). High GABBR2 expression was significantly associated with a poorer non-papillary histological subtype but with smaller sizes of CCA tumors (P < 0.05). HG cells of both tested CCA cell lines were more sensitive to baclofen treatment. Baclofen significantly suppressed the proliferation and clonogenicity of CCA cells in both NG and HG conditions (P < 0.05). Phospho-kinase arrays suggested glycogen synthase kinase 3 (GSK3), β-catenin, and the signal transducer and activator of transcription 3 (STAT3) as candidate signaling molecules under the regulation of GABBR2, which were verified in NG and HG cells of the individual CCA cell lines. Cyclin D1 and c-Myc, the common downstream targets of GSK3/β-catenin and STAT3 involving cell proliferation, were accordingly downregulated after baclofen treatment.

CONCLUSION
GABBR2 is upregulated by HG and holds a promising role as a therapeutic target for CCA regardless of the glucose condition.
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Core Tip: Diabetes mellitus (DM) is associated with an increased risk and progression of cholangiocarcinoma (CCA). The γ-aminobutyric acid (GABA) B2 receptor (GABBR2) was upregulated in CCA cells cultured in high glucose and in CCA tissues from patients with hyperglycemia. High GABBR2 expressions were significantly correlated with a non-papillary histotype and smaller sizes of CCA tumors. The treatment of baclofen, a GABA-B receptor agonist, significantly suppressed CCA cell proliferation and clonogenicity, suggesting that GABBR2 is a potential target for CCA treatment. Baclofen inhibited multiple kinases and signal transducers in CCA, resulting in downregulated downstream target proteins involving cell proliferation and suppression of CCA cell growth.

INTRODUCTION
Diabetes mellitus (DM) is a global public health problem, and its incidence is increasing every year[1]. The associations between DM and cancers have been recognized for decades from epidemiological observations[2,3]; however, the molecular mechanisms underlying the linkage are not fully elucidated. Liver cancers, including hepatocellular carcinoma and cholangiocarcinoma (CCA), are among the high-risk malignancies developing in patients with DM[4-6]. DM is not only associated with an increased risk of CCA but also associated with a poor survival of patients who have a poorly controlled blood glucose level[7]. Individuals with DM infected with Opisthorchis viverrine (O. viverrini), a carcinogenic liver fluke, are at a greater risk of developing CCA compared to those either with liver fluke infection or having DM alone[8]. The hamster CCA carcinogenesis model also showed that hamsters with DM and O. viverrini infection had more hepatic morbidities compared with those infected with O. viverrini or having DM alone[9]. CCA once developed, itself, has a poor prognosis, and the 5-year survival rate of all types is approximately 10%[10]. The attempts to investigate novel medications, e.g., targeted therapy[11] or immunotherapy[12-14], reported limited efficacy or benefit for a particular population. Other underlying factors of patients have been reported to influence the progression of CCA. In line with this, the study in patients with CCA who have DM also reported that DM is associated with a shorter overall survival and is an independent prognostic factor for patients with CCA[7].
Previous studies by the current authors found that diabetogenic glucose concentration is a promoting factor for CCA aggressiveness[15,16]. High glucose (HG) promotes CCA proliferation and metastatic potential by regulating several signaling pathways, such as the signal transducer and activator of transcription 3 (STAT3)[15,17] and the nuclear factor-kappa B pathways[18]. HG also promotes cell cycle progression by enhancing cell cycle machinery proteins, namely, cyclin D1, cyclin E, cyclin A, and cyclin-dependent kinase 2, suggesting potential targets for CCA treatment in patients with DM[19]. Transcriptomic analysis of CCA cells cultured in HG vs normal glucose (NG) also showed several potential targets for CCA under diabetogenic glucose conditions. Among the top 5 upregulated genes, γ-aminobutyric acid (GABA) B2 receptor (GABBR2) is one of the promising therapeutic targets that are striking[18]. Given that GABBR2 is upregulated in CCA cells cultured in HG, and both agonist and antagonist of this receptor are clinically available, GABBR2 is thus a great potential target for drug repurposing for CCA treatment.
GABBR2 is a G-protein coupled receptor for GABA, an inhibitory neurotransmitter abundantly found in the central nervous system[20-22]. GABBR2 is also expressed in the gastrointestinal tract and is speculated to be important for the differentiation of several gastrointestinal epithelial cells[23,24], including cholangiocytes[25]. The roles of GABBR2 outside the central nervous system, however, are not fully understood. As a G-protein coupled receptor, GABBR2 can interact with various adaptor proteins and then signal the different downstream pathways[23]. Previous studies in CCA tissues showed that only the GABA-B receptor was differentially expressed between CCA cells and adjacent normal cholangiocytes among all subtypes of receptors (GABA-A, GABA-B, and GABA-C receptors)[26], suggesting its potential as a therapeutic target. Treatment of CCA cells with GABA showed the suppression of growth and invasive ability[26-28]. Which GABA-B receptor subtypes are responsible for the suppression of CCA aggressiveness, however, remains unclear. In contrast, in some cancers, GABA exerted pro-tumor effects on cancer cells[29], and activating the GABA-B receptor can promote the migration of cancer cells[30]. These controversial findings and the finding that HG enhanced the expression of GABBR2 in CCA cells have led to the investigation of the roles of GABBR2 in CCA under diabetic conditions. Discovering the significance of GABBR2 in CCA, especially in patients with DM, might suggest the opportunities to improve the therapeutic outcome of CCA by repurposing GABA-B receptor agonists available in clinical practice.

MATERIALS AND METHODS
CCA tissues and clinicopathological data
CCA tissues were obtained from patients who underwent surgical resection at Srinagarind Hospital, Faculty of Medicine, and archived at the Cholangiocarcinoma Research Institute, Khon Kaen University. Clinical and pathological data, including preoperative fasting blood glucose (FBG) and diabetes status, were retrieved from the medical records of Srinagarind Hospital. Patients with DM and preoperative FBG ≥ 126 mg/dL were defined as having DM, while those who had FBG < 126 mg/dL were defined as having no DM[31]. Written informed consent was obtained from all participants. The protocol of the study has been reviewed and approved by the Khon Kaen University Ethics Committee for Human Research (approval No. HE641441), based on the Declaration of Helsinki and the ICH-Good Clinical Practice Guidelines.

CCA cell lines and cell culture
CCA cell lines, KKU-055 and KKU-213A, were established from Thai CCA patients[32] and obtained from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). Cells were cultured in Dulbecco Modified Eagle’s Medium (DMEM, Gibco, Carlsbad, CA), supplemented with 10% fetal bovine serum (Gibco) and 1% antibiotic-antimycotic (Gibco). Cells were cultured in DMEM containing 5.6 mmol/L glucose (NG) and 25 mmol/L (HG) for at least 5 passages and assigned as NG and HG cells, respectively[15,18]. Cells were subcultured when the confluence reached 80%. HG-induced GABBR2 expression was done by sequentially culturing NG cells in DMEM with 5.6, 15, and 25 mmol/L glucose for at least 5 passages, and cell lysates were collected timely for the experiments.

Reverse transcription-quantitative polymerase chain reaction
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was used to determine GABBR2 mRNA expression in CCA cells. Confluent CCA cells were lysed using TRIzol (ThermoFisher Scientific, Waltham, MA), and RNA extraction was performed according to the manufacturer recommendations. Total RNA was reverse-transcribed using the MultiScribe Reverse Transcriptase Kit (ThermoFisher Scientific) and qPCR was performed using LightCycler® 480 System (Roche Diagnostics, Rotkreuz, Switzerland). Primers for GABBR2 are: Forward, 5’-TGGAGGCGTCTGTCCATCCGT-3’ and reverse, 5’-GTCTTGCGTCAGCGTGCCCA-3’. β2-microglobulin was used as the internal control, and the primer sequences are: Forward, 5’-AAGATGAGTATGCCTGCCG-3’ and reverse, 5’-CGGCATCTTCAAACCTCC-3’.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and western blot analysis
Primary antibodies used to detect the proteins by western blot were: GABBR2 (1:500, Proteintech, Rosemont, IL), pSTAT3 (Y705) (1:500, Cell Signaling Technology, Danvers, MA), pSTAT3 (S727) (1:500, Cell Signaling Technology), STAT3 (1:1000, Cell Signaling Technology), p-glycogen synthase kinase 3 (GSK3)α/β (1:1000, Cell Signaling Technology), GSK3α/β (1:1000, Cell Signaling Technology), β-catenin (1:1000, Cell Signaling Technology), cyclin D1 (1:1000, Cell Signaling Technology), c-Myc (1:500, Santa Cruz Biotechnology, Dallas, TX), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:10000, Millipore Sigma, Burlington, MA).
[bookmark: _Hlk138840265][bookmark: _Hlk138840292][bookmark: _Hlk106196928]Cell lysates were collected in radioimmunoprecipitation assay (RIPA) lysis buffer containing protease inhibitor (Sigma Aldrich, St. Louis, MO) and phosphatase inhibitor (Sigma Aldrich, St. Louis, MO). NG and HG cells of both cell lines were lysed after culture in their respective media at 72 h after incubation for determination of GABBR2 expression. Cells treated with baclofen (Sigma) were collected in the lysates at 24, 48, and 72 h after incubation with the drug. Total proteins (20 μg/well) were electrophoresed on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Amersham-Hybond® polyvinylidene fluoride membrane (GE Healthcare, Buckinghamshire, United Kingdom). After blocking with 5% skim milk in Tris-buffered saline with 0.1% Tween-20 for 1 h at room temperature, the membranes were then incubated with the primary antibodies at 4 °C overnight, followed by incubation with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Enhanced Chemiluminescence kit (Millipore Sigma, Burlington, MA) was applied to develop the signals, which were detected using ImageQuant® LAS 400 (GE Healthcare, Uppsala, Sweden). Band intensities of proteins were quantified using Image J (National Institute of Health, Bethesda, MD), in which the intensities of GAPDH were used as the loading controls.

Immunocytofluorescence
CCA (NG and HG) cells were seeded into 48 well plates at a density of 5000 cells/well and incubated for 72 h. After removing media and washing with phosphate-buffered saline, cells were fixed using 4% paraformaldehyde for 30 min at room temperature, and non-specific antigens were blocked using 5% skim milk. Anti-GABBR2 antibody (1:200) was then incubated at 4 °C overnight, and Alexa-Fluo-488 conjugated secondary antibody (Invitrogen, Waltham, MA) was applied and incubated at room temperature for 1 h. Fluorescent signals were detected using a fluorescent microscope (Nikon Ti-U Inverted Fluorescence Microscope, 20X) using NIS-Elements imaging software. Mean fluorescent intensities were calculated using Image J (National Institute of Health).

Immunohistochemistry
[bookmark: _Hlk106196977]Immunohistochemical staining for GABBR2 was performed according to the standard immunohistochemistry protocol. Briefly, paraffin-embedded formalin-fixed CCA tissues (6 μm thickness) were rehydrated using serial-graded ethanol. Antigens were retrieved by heating the sample in 0.1 M citrate buffer (pH = 6.0) in a pressure cooker for 5 min. Endogenous peroxidase was blocked using 3% H2O2 in methanol, and non-specific antigens were blocked using 1% fetal bovine serum (Gibco). CCA tissues were then incubated with anti-GABBR2 antibody (1:100, Abcam, Cambridge, MA) at room temperature overnight in a moisture chamber. In the DAKO EnVision™ + System, horseradish peroxidase-conjugated secondary antibody (Dako, Carpinteria, Denmark) was then applied and further incubated at room temperature for 1 h. The signals were developed using 3,3’-diaminobenzidine (DAB, Sigma, St. Louise, MO) and graded as the IHC index (intensity × frequency; where intensity: No staining = 0, mild = 1, moderate = 2, strong =3; and frequency: 0% = 0, 0%-25% = 1+, 25%-50% = 2+, > 50% = 3+), by two researchers (CS and SaS). Microscopic photographs were obtained using Nikon NIS-Elements software (Nikon, Tokyo, Japan). High and low expression of GABBR2 in CCA tissues was classified by using a median score of IHC index as a cut-off point.

Baclofen treatment and proliferation assay
CCA (NG and HG) cells (1 x 103 cells/well) were seeded into 96 well plates and incubated overnight, and then cells were incubated with complete media containing varied concentrations of baclofen (Sigma), a GABA-B receptor agonist, for 72 h. Then, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Invitrogen, Carlsbad, CA) was added at a final concentration of 0.5 mg/mL and further incubated for 4 h in a 37 °C incubator. Formazan crystals were dissolved in dimethyl sulfoxide, and OD540 was measured using a microplate reader (Tecan, Männedorf, Switzerland).
To determine the possible time-dependent effect of the GABA-B receptor agonist, NG and HG cells of KKU-055 were incubated with 1000 μM baclofen, and KKU-213A cells were incubated with 800 μM baclofen for 24, 48, and 72 h. MTT assay was then performed at each time point to determine the effect of baclofen on CCA cell growth in different glucose conditions.

Clonogenic assay
NG and HG cells of KKU-055 and KKU-213A in control media or media containing 800 μM baclofen were seeded into a 24-well plate at a density of 200 cells/well. Cells were allowed to grow and form the colonies for 7 d before being fixed with 4% paraformaldehyde. The colonies were stained with 0.5% crystal violet and counted under a light microscope. Only a cluster with > 50 cells was counted as a colony.

Phospho-kinase arrays
The Proteome Profiler Human Phospho-Kinase Array Kit (#ARY003B, R&D system, Minneapolis, MN) was used to screen the signaling pathways affected by baclofen. HG cells (5 × 105 cells) of KKU-213A were seeded into 6-cm dishes and allowed to adhere overnight. Then, cells were incubated with 800 μM baclofen for 24 h. Cell lysates (control and treatment) were collected using RIPA buffer containing protease and phosphatase inhibitors. Then, 200 μg of total proteins for each group were incubated with the membrane arrays overnight following the recommendation of the manufacturer. The membranes were then incubated with a cocktail-detection antibody and streptavidin-horseradish peroxidase. The signals were detected with Chemireagent provided in the same kit and quantified using an ImageQuant® LAS 400 (GE Healthcare). The candidate pathways were then selected and verified in individual cell lines cultured in different glucose conditions by western blot.

Transcriptomic analysis
The GEO datasets were retrieved using GEO2R[33]. The GSE89749 (n = 120)[34] dataset of Thai CCA cases was used for the analysis of the correlation between the expression levels of GABBR2, STAT3, GSK3B, CTNNB1, MYC, and CCND1 using Pearson’s correlation coefficient.

Statistical analysis
All quantitative data, presented as the mean ± SD, were analyzed using student’s t-test, one-way ANOVA, or two-way ANOVA with Tukey’s multiple comparisons using IBM SPSS Statistics for Windows, version 28.0 (IBM, Armonk, NY). Univariate analysis was performed using the Chi-square test or Fisher’s Exact test regarding the assumption of each model. Data visualization was done using GraphPad Prism 9 (Dotmatics, San Diego, CA). Statistical significance was considered at P < 0.05.

RESULTS
HG induces expression of GABBR2 in CCA cell lines
From the previous comparative transcriptomic analysis, GABBR2 is one of the top 5 upregulated genes in KKU-213A cells cultured in HG compared to those cultured in NG conditions[18]. To verify the results from the transcriptomics, determination of GABBR2 expression in different CCA cell lines was performed. GABBR2 expression was dose-dependently upregulated by various glucose concentrations ranging from 5.6 mmol/L to 25 mmol/L at both mRNA (Figure 1A) and protein levels (Figures 1B and C) in both KKU-055 and KKU-213A cells. As the expression of GABBR2 in both CCA cell lines was significantly different between those cultured in 5.6 mmol/L and 25 mmol/L (P < 0.05), these two glucose conditions were included in a further study and assigned as NG and HG cells, respectively.
Immunocytofluorescent staining for GABBR2 in both cell lines showed that GABBR2 was localized at membranous and cytoplasmic compartments of CCA cells (Figure 1D). Mean fluorescent intensities of GABBR2 in HG cells of both cell lines were significantly higher than those in NG cells (P < 0.05) (Figure 1E) and were concordant with the expression levels determined by RT-qPCR and western blot.

Hyperglycemia induces upregulation of GABBR2 in tumor tissues from CCA patients
To affirm that HG-induced GABBR2 expression in CCA cell lines is translatable to patients with CCA, the tumor tissues from patients with pre-operative hyperglycemia (FBG ≥ 126 mg/dL) and euglycemia (FBG < 126 mg/dL) were studied. Immunohistochemistry of CCA tissues revealed that GABBR2 was significantly upregulated in tumor tissues from patients with DM who had hyperglycemia compared to those without DM (P < 0.01) (Figures 1F-G). Cytoplasmic localization of GABBR2 was observed similarly to that found in CCA cell lines.

High GABBR2 expression is associated with a poor histological type but smaller sizes of CCA tumors
To investigate the clinical significance of GABBR2 expression, the associations between GABBR2 expression in CCA tissues and the clinicopathological characteristics of patients were analyzed by univariate analysis. High GABBR2 expression was significantly associated with a non-papillary histological type of CCA (P < 0.05). In contrast, high GABBR2 expression was significantly associated with CCA tumor sizes smaller than 7 cm in the longest diameter (P < 0.05) (Table 1), suggesting that GABBR2 is a potential target for CCA treatment.

HG cells of CCA are more sensitive to a GABA-B receptor agonist than NG cells
As GABBR2 was upregulated in HG cells and CCA tissues from patients with hyperglycemia, the therapeutic potential of using GABBR2 as a target was investigated. Baclofen, a GABA-B receptor agonist, was applied in NG and HG cells of both CCA cell lines with various concentrations and time points. The treatment of baclofen did not alter the expression levels of GABBR2 in both NG and HG cells (data not shown). The proliferation of both NG and HG cells of KKU-055 and KKU-213A was significantly suppressed in a dose- and time-dependent manner, compared with the control group (Figures 2A and B). HG cells of both cell lines showed a significantly higher sensitivity to baclofen treatment at every dosage of baclofen and at 48 and 72 h of the incubation (Figures 2A and B).

Baclofen suppresses the colony formation of CCA cells
Baclofen treatment not only suppressed the proliferation of CCA cells, but the ability to form colonies was also inhibited. Clonogenicity of both NG and HG cells of KKU-055 and KKU-213A was significantly inhibited by baclofen treatment compared with the control group (Figures 2C and D).

Baclofen inhibits multiple kinases and signal transducers in CCA cells
To unveil the underlying mechanisms in which baclofen inhibits the proliferation of CCA cells, the phospho-kinase arrays were used to screen HG cells of KKU-213A with and without baclofen treatment. Phosphorylation of several kinases and signal transducers was suppressed in KKU-213A-HG after being treated with baclofen (Figures 3A and B). The kinases and signal transducers belonging to the same pathways and reported for their roles in CCA progression were prioritized and included for further verification in downstream experiments. By these criteria, GSK3α/β, β-catenin, and STAT3 were then included for validation in the individual CCA cell lines in different glucose conditions.

Expression of GABBR2 significantly correlates with STAT3 expression
The associations between GABBR2 and its signal transducers suggested by the phospho-kinase arrays were first verified for their mRNA expression using public transcriptomic databases. The expression of GABBR2 at the RNA level was significantly correlated with the expression of STAT3 in a transcriptomic analysis of clinical CCA samples from Thai patients (P < 0.05) (Figure 3C).

Baclofen suppresses STAT3 and GSK3/β-catenin signaling pathways
The effects of baclofen on the STAT3 and GSK3α/β/β-catenin signaling pathways were then validated in the individual CCA cell lines, both in NG and HG cells. Baclofen suppressed STAT3 phosphorylation at both Y705 and S272 positions and NG cells were affected the most in both cell lines. Phosphorylation of GSK3α/β was also decreased time-dependently in HG cells, and the levels of β-catenin were then accordingly decreased in both cell lines. The GSK3α/β/β-catenin signaling pathway was also inhibited in NG cells of both cell lines as shown by the decreased phosphorylation levels of GSK3α/β. Total β-catenin proteins, the GSK3α/β downstream target, were also decreased starting 24 h after treatment (Figures 4A and B).

Baclofen suppresses c-Myc and cyclin D1 expression
According to the antiproliferative effects of baclofen via the suppression of GSK3α/β/β-catenin and STAT3 pathways, the common downstream targets of both pathways functioning in cell proliferation were then explored. Expression of c-Myc, a transcription factor involved in cell proliferation, and cyclin D1, a cell cycle regulatory protein, was examined for their correlation with GABBR2 at the mRNA and protein levels after baclofen treatment. Analyzing a public transcriptomic dataset, mRNA expression levels of MYC (encoding for c-Myc) and CCND1 (encoding for cyclin D1) were not correlated with mRNA level of GABBR2 (Supplementary Figure 1). However, both c-Myc and cyclin D1 expression at the protein level were suppressed at every time point after baclofen treatment in NG and HG cells of both CCA cell lines. Suppression of c-Myc was greater affected at the early time point in which cyclin D1 was gradually affected time-dependently in HG cells. The time-dependent suppression of c-Myc in NG cells after baclofen treatment was also observed (Figures 5A and B).

DISCUSSION
HG and hyperglycemia-induced aggressiveness of CCA cells has been reported with partially understood mechanisms[15,16,18,19]. The present study not only revealed the mechanisms by which HG activates the STAT3 and GSK3/β-catenin pathways, but also identified GABBR2 as the upstream receptor that is promising for CCA treatment, especially in patients with DM. Roles of GABA and its receptor have been studied in several types of cancer, including non-liver fluke-associated CCA[26-28,35]. The known mechanisms of actions of GABA and its receptor on CCA are by regulating several signaling pathways, e.g., STAT3 and protein kinase A. This study, however, determined for the first time the association between hyperglycemia and the expression of GABBR2, and also identified GSK3/β-catenin signaling, an uncovered downstream pathway, that is modulated by GABBR2 in CCA. Roles of GABBR2 in the progression of CCA in both in vitro models and in the tumor tissues of CCA patients were also reported.
These current investigations first identified that GABBR2, a subtype of GABA-B receptor, was upregulated in CCA cells cultured in HG. This is of particular importance since approximately 60% of patients with CCA in Thailand had their blood glucose levels in a range of pre-DM and DM[36,37]. Targeting GABBR2 would then be beneficial to a substantial group of CCA patients. Univariate analysis revealed that high expression of GABBR2 in tumor tissues was associated with a poorer histological subtype of CCA. High GABBR2 expression was associated with smaller tumor sizes compared with the group with low GABBR2 expression. These findings are in agreement with previous reports demonstrating that both high GABA-A or GABA-B receptors are associated with better prognostic outcomes for CCA patients[26,38]. The upregulated GABBR2 in CCA tissues of patients thus suggested a therapeutic strategy by using a natural GABA or even GABA receptor agonists. Patients with DM who have upregulated GABBR2 would, therefore, potentially benefit from targeting GABBR2 with available GABA or GABA analogs. The present study also found that HG cells of CCA with upregulated GABBR2 were more sensitive to baclofen, a GABA-B receptor agonist. This affirms the advantage of using GABA-B agonist as an add-on therapy for CCA treatment in patients with DM. As shown by western blot, the investigated signaling molecules were markedly suppressed in both NG and HG cells. This might be the result of the screening and recruitment of candidate pathways that were only from the HG cells whereas the signaling molecules in NG cells affected by baclofen were not screened and compared. Regardless of the glucose condition of the cell cultures, these results still verified that baclofen is effective for CCA treatment and is probably useful for CCA treatment in both patients with and without DM. As the available standard and developing treatment for CCA is of limited efficacy and needs more investigation[10-13], the findings in the present work may add value for alternative treatment of CCA. Especially, baclofen is a known drug in clinical practice in which its toxicity and therapeutic windows are known[39]. This medication is, therefore, highly promising for a repurposing aim. Of note, this study showed for the first time that a GABA receptor agonist is an alternative strategy to natural GABA treatment for CCA.
Suppression of GSK3/β-catenin, a new intracellular signaling mode under the regulation of GABBR2 in CCA, is shown in addition to the known affected STAT3 pathway[26]. Both GSK3/β-catenin and STAT3 are reported as crucial signaling pathways for CCA carcinogenesis and progression[40,41]. GSK3 is a kinase phosphorylating β-catenin for proteasomal degradation. The functions of GSK3 are inhibited by phosphorylation by its kinase regulators[42], hence decreased phosphorylated GSK3α/β in CCA cells after the baclofen treatment indicated the active state of GSK3. This is also evidenced by the decreased β-catenin, a GSK3 downstream target which is a known transcription factor for cell proliferation. Moreover, STAT3 phosphorylation was also inhibited after baclofen treatment, which is consistent with the previous findings in CCA cells treated with GABA. STAT3 has also been reported as an alternative downstream target of GSK3 phosphorylation[43]. The decreased levels of β-catenin and STAT3 phosphorylation in the present report might thus be a consequence of GSK3 inhibition by a GABBR2 agonist. As β-catenin and STAT3 control cell proliferation via the expression of c-Myc and cyclin D[44,45], these two common effector-proteins were also down-regulated after baclofen treatment. These suggested that the activation of GABBR2 protein by its natural or synthetic ligands might be a crucial step for the regulation of downstream signaling, although there is no correlation among GABBR2, MYC, and CCND1 at the mRNA level. These findings not only add to the understanding of the molecular linkages among DM, hyperglycemia, and CCA progression but also imply the therapeutic strategies of the combined targeting multiple signaling pathways to improve CCA treatment outcomes. The schematic summary of the findings from the current study is depicted in Figure 6.
GABA is an inhibitory neurotransmitter mostly found in the central nervous system. It is a derivative of the non-essential amino acid glutamate and can be synthesized by converting glutamine as a precursor[29]. GABA functions by binding to its receptors which have three subtypes (GABA-A, GABA-B, and GABA-C receptors). Different GABA receptors are responsible for various physiological functions both within and outside the nervous system. While the GABA-A receptors are found to be important for hepatocytes[46], GABA-B receptors are also needed for the differentiation of biliary epithelial cells[25]. In addition to physiological roles, GABA and its receptors are also reported for both pro-tumor[29,30] and anti-tumor effects[28,47], depending on the cancer type. The previous study showed that all subtypes of GABA receptors were expressed in CCA cells[28]. Still, only GABA-B receptor was differentially expressed between CCA cells and normal adjacent cholangiocytes in tumor tissues from patients[26]. The GABA-B receptor then holds a high potential for targeting in CCA treatment. Treatment of GABA in CCA cells exerted antiproliferative[28] and anti-invasive effects[35] on CCA cells by inhibiting multiple pathways, i.e., cyclic AMP–dependent regulation of the protein kinase A/extracellular signal-regulated kinase (PKA/ERK)[27,28] and STAT3[26,38] pathways. Low GABA-A and GABAB-B receptor expression was also associated with a poor prognosis in CCA patients[38]. The roles of GABA receptors under hyperglycemia in CCA patients with DM are for the first time reported in the present study. The study of a GABA-B receptor agonist, instead of using natural GABA, is also reiterated and suggested for a potential translation to a clinical study.
This study, nevertheless, has some limitations. First, all CCA tissues and CCA cell lines used in the study were derived from O. viverrini-associated CCA patients. As different molecular backgrounds of CCA in different areas have been noted[48,49], the current findings may be needed to verify in CCA from the non-endemic areas of liver fluke. Noteworthy, the correlations between GABBR2 and STAT3, GSK3B, and CTNNB1, were not observed in the analysis using a dataset from The Cancer Genome Atlas which included non-liver fluke-associated CCA[50].
Second, although the in vivo effect of natural GABA on CCA growth has been reported in several studies, the treatment of GABA receptor agonists in the animal model remains limited. A further in vivo study of GABA-B receptor agonists at an optimal therapeutic dosage in animal models should be certified. Third, the association of GABBR2 expression and nuclear localization of its downstream transcription factor, namely, β-catenin, needs further proof in clinical samples using appropriate techniques. Lastly, a combination of several modalities as the therapeutic regimen for CCA is recommended. The study of combining GABA-B receptor agonists with another standard or alternative modality will help translate these findings to clinical practice, especially in the treatment of CCA patients with DM who are likely suffering from a poor prognosis.

CONCLUSION
GABBR2 is upregulated by HG in both CCA cell lines and tumor tissues from patients. Targeting GABBR2 with GABA-B receptor agonists shows the potential of using GABBR2 as a therapeutic target and repurposing GABA-B receptor agonists for CCA treatment, especially for those patients with DM and hyperglycemia.

ARTICLE HIGHLIGHTS
Research background
The association between diabetes mellitus (DM) and cholangiocarcinoma (CCA) progression has been established with unclear mechanisms. Our previous study showed that γ-aminobutyric acid B2 receptor (GABBR2) is among the top 5 upregulated genes in CCA cells cultured in high glucose (HG). Thus, GABBR2 is highly potential for a repurposing aim in CCA treatment.

Research motivation
Approximately 60% of Thai patients with CCA had fasting blood glucose in a range of pre-diabetes or DM. Targeting the molecules underlying hyperglycemia-induced aggressiveness of CCA cells might improve the prognosis of CCA patients with DM.

Research objectives
This study aimed to investigate the effects of hyperglycemia on GABBR2 expression and the potential use of GABBR2 as a CCA therapeutic target.

Research methods
CCA cells cultured in normal glucose or HG conditions were used as models of in vitro euglycemia and hyperglycemia, respectively. Baclofen, a GABBR2 agonist, was used to study the functional roles of CCA cells. Western blot, immunocytofluorescence, and immunohistochemistry were used to study molecular mechanisms.

Research results
HG induced GABBR2 expression in both cell lines and in patients’ CCA tissues. Baclofen treatment significantly suppressed CCA cell growth, while cells cultured in HG showed a significantly higher sensitivity. The effects of baclofen on CCA cell growth were achieved by the suppression of the signal transducer and activator of transcription 3 and glycogen synthase kinase 3/β-catenin pathways.

Research conclusions
The expression of GABBR2 in CCA is induced in hyperglycemic conditions. Baclofen significantly suppresses the growth of CCA cells and thus holds a high promise as a repurposing drug for CCA treatment.

Research perspectives
Investigating baclofen’s effects at an optimal therapeutic dosage in in vivo models would verify the present work and facilitate the translation for clinical study in CCA cases.
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[bookmark: _Hlk138841783]Figure 1 High glucose induces upregulation of γ-aminobutyric acid B2 receptor in cholangiocarcinoma. A-C: The expression of γ-aminobutyric acid B2 receptor (GABBR2) in cholangiocarcinoma (CCA) cell lines, KKU-055 and KKU-213A, is dose-dependently upregulated by glucose at both RNA (A) and protein (B-C) levels; D and E: Immunocytofluorescence shows the membranous and cytoplasmic localizations of GABBR2 in CCA cells, and those cultured in high glucose show significantly higher mean fluorescent intensities; F-G: GABBR2 in tumor tissues from CCA patients with hyperglycemia is also upregulated compared with those from patients without diabetes mellitus. Presented data are the average of three biological replications with triplicated experiments. NG: Normal glucose; HG: High glucose; Glc: Glucose; DM: Diabetes mellitus; GABBR2: γ-aminobutyric acid B2 receptor; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.
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Figure 2 Antiproliferative and anti-clonogenic effects of γ-aminobutyric acid-B receptor agonist. A and B: Baclofen, a γ-aminobutyric acid-B receptor agonist, exerts significant antiproliferative effects on cholangiocarcinoma (CCA) cells in a dose-dependent (A) and time-dependent (B) manner; C and D: CCA cells cultured in high glucose condition (HG) are more sensitive to baclofen than those cultured in normal glucose (NG). Baclofen also shows anti-clonogenic effects on both NG and HG cells of CCA. Presented data are representatives of three biological replications of each triplicated experiment with the same trends of results. bP < 0.01, cP < 0.001. NG: Normal glucose; HG: High glucose.
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[bookmark: _Hlk138842361][bookmark: _Hlk138842380]Figure 3 Baclofen inhibits the glycogen synthase kinase 3/β-catenin and signal transducer and activator of transcription 3 pathways. A and B: Phospho-kinase arrays reveal the inhibition of phosphorylation in multiple kinases and signal transducers; C: Glycogen synthase kinase 3 (GSK3)/β-catenin and signal transducer and activator of transcription 3 (STAT3) are included for further analysis as they are key pathways in cholangiocarcinoma (CCA) progression in which β-catenin and STAT3 are common targets of GSK3. RNA expression of γ-aminobutyric acid B2 receptor and that of STAT3 are significantly correlated in clinical CCA samples from Thai patients. HG: High glucose; GABBR2: γ-aminobutyric acid B2 receptor; GSK3: Glycogen synthase kinase 3; STAT3: Signal transducer and activator of transcription 3.
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[bookmark: _Hlk138842922][bookmark: _Hlk138842934]Figure 4 Baclofen suppresses the glycogen synthase kinase 3/β-catenin and signal transducer and activators of transcription 3 pathways. A and B: Phosphorylation of glycogen synthase kinase 3 (GSK3) and signal transducer and activators of transcription 3 is decreased after baclofen treatment in both cholangiocarcinoma cell lines, both cultured in normal glucose and high glucose conditions. Total β-catenin protein is also decreased consistently with the decreased phosphorylated GSK3α/β. Western blots show the representative of three biological replications with the same trends of results. Band intensities are the average of three biological replications which are normalized using the intensities of glyceraldehyde-3-phosphate dehydrogenase for each experiment. The levels of phosphorylated forms are normalized with the total forms of their corresponding proteins. NG: Normal glucose; HG: High glucose; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GSK3: Glycogen synthase kinase 3; STAT3: Signal transducer and activator of transcription 3.

[image: ]
[image: ]
Figure 5 Baclofen suppresses c-Myc and cyclin D1expression in cholangiocarcinoma cells. A and B: The expression of c-Myc and cyclin D1, key proteins for cell proliferation, is suppressed in both cholangiocarcinoma cell lines after baclofen treatment. Western blots show the representatives of three biological replications with the same trends of results. Band intensities are the average of three biological replications which are normalized using the intensities of glyceraldehyde-3-phosphate dehydrogenase for each experiment. NG: Normal glucose; HG: High glucose; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

[image: ]
[bookmark: _Hlk138842560]Figure 6 Schematic summary of the effects of high glucose on γ-aminobutyric acid B2 receptor expression and the effects of baclofen on cholangiocarcinoma cells. High glucose induces the expression of γ-aminobutyric acid B2 receptor (GABBR2) in cholangiocarcinoma (CCA) cells. The treatment of baclofen, a GABBR2 agonist, to CCA cells inhibits phosphorylation of glycogen synthase kinase 3, resulting in the activation of the kinase activity which further phosphorylates β-catenin. Phosphorylated β-catenin is subjected to degradation preventing its function on promoting cell proliferation via c-Myc and cyclin D1 expression. On the other hand, activated GABBR2 by baclofen also inhibits phosphorylation of signal transducer and activator of transcription 3 (STAT3). The inhibition of STAT3 phosphorylation also suppresses its functions as a transcription factor for c-Myc and cyclin D1 expression. Activating GABBR2 by baclofen, thus, suppresses the proliferation of CCA cells. GABBR2: γ-aminobutyric acid B2 receptor; GSK3: Glycogen synthase kinase 3; STAT3: Signal transducer and activator of transcription 3.

Table 1 Univariate analysis of γ-aminobutyric acid B2 receptor expression and clinicopathological characteristics of cholangiocarcinoma patients
	Clinicopathological data
	GABBR2 expression
	P value

	
	High (IHC index ≥ 8)
	Low (IHC index < 8)
	

	Diabetic status
	
	
	

	DM
	13
	2
	0.109

	Non-DM
	8
	7
	

	Sex
	
	
	

	Male
	10
	6
	0.580

	Female
	8
	3
	

	Survival
	
	
	

	≥ 5 mo
	14
	6
	1.000

	< 5 mo
	7
	3
	

	Histological type
	
	
	

	Papillary
	4
	6
	0.030a

	Non-papillary
	17
	3
	

	Histological grading
	
	
	

	Well differentiated
	13
	7
	0.672

	Moderately differentiated
	5
	1
	

	Poorly differentiated
	3
	1
	

	Tumor size (longest diameter)
	
	
	

	> 7 cm
	6
	7
	0.020a

	≤ 7 cm
	15
	2
	

	Regional lymph node involvement
	
	
	

	Yes
	10
	8
	0.543

	No
	8
	4
	

	Distant metastasis
	
	
	

	Metastasis
	14
	4
	0.418

	Non-metastasis
	7
	5
	


aP < 0.05.
GABBR2: γ-aminobutyric acid B2 receptor.
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