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Abstract. We previously reported that Hedgehog (Hh) signal 
was enhanced in gallbladder cancer (GBC) and was involved 
in the induction of malignant phenotype of GBC. In recent 
years, therapeutics that target Hh signaling have focused on 
molecules downstream of smoothened (SMO). The three tran-
scription factors in the Hh signal pathway, glioma‑associated 
oncogene homolog 1 (GLI1), GLI2, and GLI3, function down-
stream of SMO, but their biological role in GBC remains 
unclear. In the present study, the biological significance of 
GLI1, GLI2, and GLI3 were analyzed with the aim of devel-
oping novel treatments for GBC. It was revealed that GLI2, 
but not GLI1 or GLI3, was involved in the cell cycle‑mediated 
proliferative capacity in GBC and that GLI2, but not GLI1 
or GLI3, was involved in the enhanced invasive capacity 
through epithelial‑mesenchymal transition. Further analyses 
revealed that GLI2 may function in mediating gemcitabine 
sensitivity and that GLI2 was involved in the promotion of 
fibrosis in a mouse xenograft model. Immunohistochemical 
staining of 66 surgically resected GBC tissues revealed that 
GLI2‑high expression patients had fewer numbers of CD3+ 
and CD8+ tumor‑infiltrating lymphocytes (TILs) and increased 
programmed cell death ligand 1 (PD‑L1) expression in cancer 
cells. These results suggest that GLI2, but not GLI1 or GLI3, is 
involved in proliferation, invasion, fibrosis, PD‑L1 expression, 
and TILs in GBC and could be a novel therapeutic target. The 
results of this study provide a significant contribution to the 
development of a new treatment for refractory GBC, which has 
few therapeutic options.

Introduction

Gallbladder cancer (GBC) is the seventh most common gastro-
intestinal carcinoma and accounts for 1.2% of all cancer cases 
and 1.7% of all cancer‑related deaths (1). GBC develops from 
metaplasia to dysplasia to carcinoma in situ and then to invasive 
carcinoma over 5‑15 years (2). During this time, GBC exhibits 
few characteristic symptoms, and numerous cases have already 
developed into locally advanced or metastasized cancer by the 
time of diagnosis. Gemcitabine (GEM), cisplatin (CDDP), and 
5‑fluorouracil (5‑FU) are used as single agents or in combina-
tion as chemotherapy for GBC. However, the 5‑year survival 
rate of patients with GBC remains low (at <10%) (3), and thus 
the development of new treatment strategies is required.

The Hedgehog (Hh) signal is a morphogenesis signaling 
pathway that is crucial for growth and patterning during 
the embryonic period  (4,5). The Hh signal is activated by 
the binding of its ligand sonic hedgehog (SHH) to patched 
(PTCH), which activates smoothened  (SMO), promoting 
the nuclear translocation of three downstream transcription 
factors, glioma‑associated oncogene homolog 1 (GLI1), GLI2, 
and GLI3 (6‑8). Recent studies have revealed that this signal is 
reactivated and implicated in the development of various types 
of cancer (9‑18). We previously reported that the Hh signal is 
enhanced and involved in the induction of malignant pheno-
type in GBC and that the Hh signal could be a therapeutic 
target for GBC (19).

Several SMO inhibitors have been developed to target Hh 
signaling such as cyclopamine (20‑22) and vismodegib (23‑25). 
Clinical trials using vismodegib has been conducted for 
various types of cancer, but vismodegib has not exhibited 
significant therapeutic efficacy in trials (26). Causes for the 
lack of efficacy in clinical trials include mutation of SMO 
and cross‑talks with other signaling pathways downstream of 
the signal. From this perspective, molecules downstream of 
SMO have been investigated as potential therapeutic targets. 
While the GLI1, GLI2, and GLI3 transcription factors have 
been revealed to function in Hh signaling in mammals, the 
role of each transcription factor in GBC has not been fully 
elucidated. In the present study, the biological significance of 
the Hh signal transcription factors GLI1, GLI2, and GLI3 were 
analyzed for the development of novel therapies for GBC.
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Materials and methods

Cell lines. The three human GBC cell lines NOZ, 
TGBC2TKB (27), and TYGBK‑1 (28) were used. NOZ and 
TYGBK‑1 cells were purchased from the Japanese Collection 
of Research Bioresources (JCRB) bank. The TGBC2TKB cell 
line was purchased from Riken Cell Bank (Tsukuba, Japan). 
All cell lines were cultured according to the supplier's specifi-
cations. Absence of mycoplasma contamination in the cell lines 
was confirmed using a mycoplasma detection kit (Lonza Group, 
Ltd.). For normoxic conditions, cells were cultured in 5% CO2 
and 95% air; for hypoxic conditions, cells were cultured in 
1% O2, 5% CO2, and 94% N2 in a multi‑gas incubator (Sanyo).

RNA interference. ON‑TARGETplus™ SMARTpool small inter-
fering (si)RNA targeting siRNA against GLI1 (cat. no. L‑003896), 
GLI2 (cat.  no.  L‑006468), GLI3 (cat.  no.  L‑011043), and 
hypoxia‑inducible factor 1α (HIF‑1α) (cat.  no.  L‑004018) 
and negative control siRNA (ON‑TARGETplus™  Control 
non‑targeting siRNA, cat. no. D‑001810) were purchased from 
Dharmacon; Horizon Discovery Ltd. Cells were seeded in a 
6‑well plate (2.0x105 cells per well) and transfected with 20 µM 
of each construct using Lipofectamine® RNAiMAX (Invitrogen; 
Thermo Fisher Scientific, Inc.) at 37˚C for 48 h according to the 
manufacturer s̓ protocol. The knockdown efficiency of siRNAs 
for each target gene in each GBC cell line was evaluated by 
real time RT‑qPCR analysis (Fig. S1). The time course result of 
knockdown efficiency of GLI2 siRNA by real time RT‑qPCR 
analysis is presented in Fig. S2.

Real time reverse transcription‑quantitative PCR (real time 
RT‑qPCR). Total RNA of each GBC cell line was extracted 
using a High Pure RNA Isolation kit (Roche Diagnostics) 
and quantified by spectrophotometry (NanoDrop  1000; 
Thermo Fisher Scientific, Inc.). RNA (1.0 µg) was reverse 
transcribed to cDNA with the Verso cDNA Synthesis Kit 
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. Reactions were run on a 7500 Real‑Time PCR 
System™ (Applied Biosystems; Thermo  Fisher Scientific, 
Inc.) using PowerUp™ SYBR™ Green Master Mix (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The thermocy-
cling parameters were as follows: Initial denaturation at 95˚C 
for 2 min, followed by 40 cycles of denaturation at 95˚C for 
15 sec and annealing/elongation at 60˚C for 1 min. The primer 
sequences used were as follows: Gli1 forward, 5'‑TAC​ATC​
AAC​TCC​GGC​CAA​TAG​G‑3' and reverse, 5'‑CGG​CGG​CTG​
ACA​GTA​TAG​GCA‑3'; Gli2 forward, 5'‑CGA​GAA​ACC​CTA​
CAT​CTG​CAA​GA‑3' and reverse, 5'‑GTG​GAC​CGT​TTT​CAC​
ATG​CTT‑3'; Gli3 forward, 5'‑AAA​CCC​CAA​TCA​TGG​ACT​
CAA​C‑3' and reverse, 5'‑TAC​GTG​CTC​CAT​CCA​TTT​GGT‑3'; 
HIF‑1α forward, 5'‑GAA​GTG​TAC​CCT​AAC​TAG​CCG​AGG‑3' 
and reverse, 5'‑TTT​CTT​ATA​CCC​ACA​CTG​AGG​TTG​G‑3'; 
and β‑actin forward, 5'‑TTG​CCG​ACA​GGA​TGC​AGA​AGG​
A‑3' and reverse, 5'‑AGG​TGG​ACA​GCG​AGG​CCA​GGA​T‑3'. 
The amount of each target gene in a given sample was normal-
ized to the level of β‑actin. Relative fold expression of the target 
genes was calculated according to the 2‑∆∆Cq method (29).

Cell proliferation assay. All GBC cell lines were transfected 
with GLI2 siRNA or control siRNA and seeded onto 96‑well 

plates (5.0x103 cells/well). Cells were then incubated with or 
without 1.0 µg/ml recombinant Human Sonic Hedgehog/SHH 
(R&D SYSTEMS, Inc.) at 37˚C for 24 and 48 h. In cytotoxic 
assays, siRNA‑transfected cells were incubated with or without 
GEM or CDDP (0‑100 µg/ml) at 37˚C for 48 h. Cell Count 
Reagent SF (Nacalai Tesque, Inc.) at the original concentra-
tion was then added to the cells and incubated at 37˚C for 
1 h. Cell proliferation was assessed by absorbance at 492 nm 
using a plate reader (Biotrak visible plate reader; Amersham 
Biosciences; Cytiva) with a reference wavelength 620 nm.

Cell invasion assay. The invasive capacity of the GBC cell 
lines was assessed by Matrigel invasion assay as previously 
described (19). Briefly, siRNA‑transfected cells (2.0x105) were 
placed in the upper chamber of a Transwell chamber with 
or without recombinant human SHH and incubated for 18 h. 
The cells that invaded to the lower side of the filter were fixed 
and stained with Diff‑Quik reagent (Sysmex Corporation). 
Diff‑Quik Fixative, Diff‑Quik Solution I, and then Diff‑Quik 
Solution II were used in this order at their original concentra-
tions for 10 min at room temperature. The stained cells were 
counted at an x200 magnification under a light microscope 
(Nikon Eclipse TE 300; Nikon Corporation).

Western blot analysis. Western blotting was performed as previ-
ously described (30). The protein‑transferred membranes were 
incubated overnight at 4˚C with primary antibodies for GLI1 
(1:500; cat. no. ab151796; Abcam), GLI2 (1:500; cat. no. ab187386; 
Abcam), GLI3 (1:200; cat. no. sc‑6154; Santa Cruz Biotechnology, 
Inc.), SMO (1:200; cat. no. 20787‑1‑AP; ProteinTech Group, Inc.), 
SHH (1:200; cat. no. sc‑365112; Santa Cruz Biotechnology, Inc.), 
cyclin D1 (1:200; cat. no. sc‑246; Santa Cruz Biotechnology, Inc.), 
cyclin B1 (1:200; cat. no. sc‑245; Santa Cruz Biotechnology, Inc.), 
Ki‑67 (1:200; cat. no. sc‑15402; Santa Cruz Biotechnology, Inc.), 
E‑cadherin (1:200; cat. no. sc‑7870; Santa Cruz Biotechnology, 
Inc.), vimentin (1:1,000; cat.  no.  ab92547; Abcam), SNAI1 
(1:200, cat. no.  sc‑271977; Santa Cruz Biotechnology, Inc.), 
Slug (1:200; cat. no. sc‑15391; Santa Cruz Biotechnology, Inc.), 
transforming growth factor‑β1 (TGFβ1) (1:200; cat. no. sc‑146; 
Santa Cruz Biotechnology, Inc.), programmed cell death 
ligand 1 (PD‑L1) (Clone; 29E.22A3) (1:400; cat. no. B7‑H1; 
BioLegend, Inc.), or HIF‑1α (1:200; cat. no. ab51608; Abcam). 
The membranes were then incubated for at least 1 h at room 
temperature with horseradish peroxidase‑linked anti‑mouse 
antibody (1:10,000; cat. no. NA931; Amersham Biosciences; 
Cytiva), horseradish peroxidase‑linked anti‑rabbit antibody 
(1:10,000; cat. no. NA934; Amersham Biosciences; Cytiva), or 
horseradish peroxidase‑linked anti‑goat antibody (1:10,000; 
cat. no. sc‑2020; Santa Cruz Biotechnology, Inc.). α‑Tubulin 
(1:1,000; cat. no. T6199; Sigma‑Aldrich; Merck KGaA) was used 
as a protein loading control.

Cell cycle analysis. Cells (2.0x105 cells/well) were treated for 
48 h with GLI2 siRNA. Cells were harvested by trypsinization 
and fixed in ice‑cold 75% ethanol for at least 1 h. Cell pellets 
were incubated and stained for 30 min at room temperature in 
1 ml PBS containing 50 µg propidium iodide (Sigma‑Aldrich; 
Merck KGaA), 0.1% Triton X‑100, 1 mM/l EDTA, and 0.5 mg 
ribonuclease A (Sigma‑Aldrich; Merck KGaA). After staining, 
samples were analyzed using FACScan (BD  Biosciences) 
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and BD  CellQuest™  Pro software  6.0 (BD  Biosciences) 
at  20,000  events per  sample. The percentages of cells in 
G0/G1, S and G2/M phases were calculated for each sample.

In vivo xenograft tumor model. Five‑week‑old female athymic 
nude mice (BALB/c nu/nu; weight, 16‑18 g; n=8) were purchased 
from Charles River Laboratories Japan and acclimated for 
2  weeks. All experimental procedures were approved by 
the Animal Care and Use Committee of Kyushu University 
(permit no. A30‑340‑0). All experiments were performed in 
strict accordance with the Guidelines for Proper Conduct of 
Animal Experiments (Science Council of Japan). Briefly, all 
mice were housed and maintained in a specific pathogen‑free 
animal facility at Kyushu University in housing conditions at a 
temperature of 26‑28˚C, humidity of 40‑70% and lighting time of 
12 h from 8 a.m. to 8 p.m.. Food and water were provided freely. 
All efforts were made to minimize the number of animals used 
and their suffering. The humane endpoints for euthanasia were 
defined as a tumor diameter exceeding 15 mm or conditions with 
long‑lasting pain. A mouse with a skin ulceration at the tumor 
implantation site was euthanized as an indication for a humane 
endpoint. At humane and experimental endpoints, mice were 
euthanized by overdoses of inhaled anesthetics with sevoflurane, 
and the mortality of the mice was verified by cardio‑respiratory 
arrest and loss of pupillary light reflex. NOZ cells transfected 
with GLI2 siRNA or control siRNA were subcutaneously 
implanted into the flank of nude mice (1.0x106 cells in Matrigel 
per mouse; n=4 in each group). Tumor size was measured twice a 
week, and tumor volume was calculated as follows: A x B2 x 0.5, 
where A is the longest diameter and B is the smaller of the two 
perpendicular diameters of the tumor.

Immunohistochemistry. Tissue samples were obtained from 
66 patients with GBC who underwent resection at the Department 
of Surgery and Oncology, Kyushu University Hospitals, 
Fukuoka, Japan between January 2001 and December 2012. 
Patients who had received other anticancer treatment prior to 
surgery were excluded from this study. The median age of the 
patients was 69.5 years (range 53‑91 years), and 56.1% were 
females. Approval for the use of tissues was obtained from 
patients in accordance with the Ethical Committees for 
Clinical Study at Kyushu University (reference no. 30‑230). 
Tissue samples obtained from mice implanted with NOZ 
calls transfected with GLI2 siRNA or control siRNA were 
also analyzed. Immunohistochemical staining was performed 
using 4‑µm‑thick formalin‑fixed, paraffin‑embedded tissue 
sections and primary antibodies for GLI2 (1:500; product code 
ab187386, Abcam), α‑smooth muscle actin (αSMA) (1:100; 
product code ab5694, Abcam), Ki‑67 (1:50; cat. no. sc‑15402; 
Santa Cruz Biotechnology, Inc.), vascular endothelial 
growth factor  (VEGF) (1:50;  cat.  no.  sc‑152; Santa  Cruz 
Biotechnology, Inc.), CD3 (1:100; product code  ab5690; 
Abcam), CD8 (1:50; product code ab17147; Abcam), forkhead 
box P3 (FOXP3) (1:100; product code ab10563; Abcam), or 
PD‑L1 (1:100; cat. no. B7‑H1; BioLegend, Inc.). Endogenous 
peroxidase activity was blocked using 3% hydrogen peroxide 
solution for 5  min. Antigen retrieval was conducted by a 
high‑pressure method for 10  min with Target Retrieval 
Solution, pH 9.0 (Agilent Technologies, Inc.). The slides were 
incubated with primary antibodies overnight at 4˚C, followed 

by incubation with Histofine Simple Stain MAX‑PO  (M) 
(4 µg/ml; cat. no. 424131) or Histofine Simple Stain MAX‑PO 
(R) (4 µg/ml; cat. no. 424141; both from Nichirei Biosciences, 
Inc.) for 40 min at room temperature. The labeled antigens were 
visualized using diaminobenzidine (DAB). Counterstaining 
was performed with hematoxylin for 3 min at room tempera-
ture. Negative controls were obtained in all cases by omitting 
the first antibodies (31). For Masson's trichrome staining, the 
slides were treated with Bouin's solution (Sigma‑Aldrich; 
Merck KGaA) for 4 h at room temperature. The samples were 
stained using working Weigert's iron hematoxylin solution 
(Muto Pure Chemicals Co., Ltd.) for 10 min at room tempera-
ture and then in 0.9% Biebrich scarlet‑acid fuchsin (Waldeck 
GmbH  &  Co.  KG), 0.1%  acid fuchsin (Sigma‑Aldrich; 
Merck  KGaA), and 1%  acetic acid (Kanto Chemical Co., 
Inc.) for 20 min at room temperature. Subsequently, the slides 
were treated with working phosphotungstic/phosphomolybdic 
acid solution for 5 min at room temperature and placed in 
Aniline Blue solution (Muto Pure Chemicals Co., Ltd) for 
20 min at room temperature. GLI2 expression was evaluated 
using the Allred score  (32). Total score  (TS) ≥3 was used 
as a cut‑off value (33,34) and the samples were divided into 
two groups: GLI2‑high expression, with TS ≥3, and GLI2‑low 
expression, with TS <3. PD‑L1 expression was considered as 
positive when samples contained ≥5% PD‑L1‑positive tumor 
cells (35). For the evaluation of CD3‑, CD8‑, and FOXP3‑positive 
cell counts, five microscopic fields were observed at a magni-
fication of x400 (35). For the evaluation of αSMA expression, 
Ki‑67 expression, and Masson's Trichrome staining of mouse 
xenograft tumors, we observed five microscopic fields at a 
magnification of x200. Positive‑stained areas were quantified 
using ImageJ 2.0.0‑rc‑69/1.52p (Fiji software) (36).

Statistical analysis. All data are expressed as the mean ± stan-
dard deviation (SD). The unpaired Student's t‑test was used 
for comparison of mean values between two groups. One‑way 
ANOVA followed by Tukey's post hoc test was performed 
when more than two groups were compared. The χ2 test was 
used to compare GLI2 and PD‑L1 expression in human tissue 
specimens and to analyze the relationship between clinico-
pathological parameters in patients. Survival curves were 
plotted using the Kaplan‑Meier method and analyzed using 
Wilcoxon tests. Cox proportional hazards model was used 
for multivariate analysis. The factors identified as significant 
in univariate analysis were included for the multivariate Cox 
analysis  (37). Hazard ratios  (HRs) were shown as relative 
risks, with corresponding 95% confidence intervals  (CIs). 
Calculations were carried out using JMP  14.0 software 
(SAS Institute) or Microsoft Excel software (Microsoft). A 
P‑value of <0.05 was considered to be statistically significant.

Results

GLI2 is involved in cell cycle‑mediated proliferation in GBC. 
Protein expression of the transcription factors GLI1, GLI2, 
and GLI3 and Hh signal‑related molecules was confirmed 
in three GBC cell lines (NOZ, TYGBK‑1, and TGBC2TKB) 
(Fig. 1A). The role of each transcription factor on the prolif-
erative capacity of GBC cells was analyzed. siRNA‑mediated 
GLI2 knockdown significantly reduced the proliferative 
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Figure 1. GLI2 is involved in cell proliferation in GBC via regulation of the cell cycle. (A) Expression levels of GLI3, GLI2, GLI1, and Hh signal‑related molecules 
(SMO and SHH) were examined in three GBC cell lines by western blot analysis. (B‑D) Proliferation assays in GBC cell lines treated with (B) GLI2 siRNA or 
control siRNA, (C) GLI1 siRNA or control siRNA, and (D) GLI3 siRNA or control siRNA for 24 and 48 h. (E) Proliferation assays in GBC cell lines treated with 
GLI2 siRNA or control siRNA and then incubated with or without rhSHH for 24 and 48 h. (F) Cell cycle analysis of GBC cell lines treated with GLI2 siRNA or 
control siRNA. Percentages of cells in the G0/G1, S, and G2/M phase were calculated. Histograms and the bar graphs are presented. (G) Expression levels of GLI2 
and cell cycle‑related molecules (cyclin D1, Ki‑67, and cyclin B1) were examined in GBC cell lines treated with GLI2 siRNA or control siRNA. *P<0.05, **P<0.01 and 
***P<0.001. Bar, mean ± SD. GLI2, glioma‑associated oncogene homolog 2; GBC, gallbladder cancer; SMO, smoothened; SHH, sonic hedgehog; siRNA or si, small 
interfering RNA; rhSHH, recombinant human SHH; siCont, control siRNA; siGLI2, GLI2 siRNA; siGLI1, GLI1 siRNA; siGLI3, GLI3 siRNA; n.s, not significant.
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capacity of the cell lines (Fig. 1B). In contrast, suppression 
of GLI1 and GLI3 expression did not affect cell proliferation 
(Fig. 1C and D). These results indicated that GLI2, but not 
GLI1 or GLI3, is involved in the proliferative capacity of GBC. 
Addition of SHH, a ligand for the Hh signal, significantly 
enhanced the proliferative capacity of the GBC cell lines. 
However, SHH had no effect in GBC cells with suppression 
of GLI2 (Fig. 1E). In the cell cycle analysis, GLI2 suppres-
sion increased the numbers of cells in the G0/G1 phase and 
decreased cells in the S phase (Fig. 1F). Western blot analysis 
revealed a decrease in the expression of cyclin D1 and Ki‑67, 
whereas cyclin  B1 expression was not altered (Fig.  1G). 

Collectively, these results indicated that GLI2, but not GLI1 or 
GLI3, was involved in cell proliferation by regulating the cell 
cycle in GBC.

GLI2 enhances the invasive capacity of GBC cells through 
epithelial‑mesenchymal transition (EMT). Next, the effect 
of each transcription factor on the invasive capacity of 
GBC was examined. Suppression of GLI2 expression 
significantly reduced the invasive capacity of GBC cell lines 
(Fig. 2A). In contrast, GLI1 and GLI3 suppression did not 
affect the invasive capacity of GBC cells (Fig. 2B and C). 
These results indicated that GLI2, but not GLI1 or GLI3, 

Figure 2. GLI2 is required for cell invasion via augmentation of EMT in GBC. Invasion assay of GBC cell lines treated with (A) GLI2 siRNA or control 
siRNA, (B) GLI1 siRNA or control siRNA, and (C) GLI3 siRNA or control siRNA for 18 h. (D) Invasion assay of GBC cell lines treated with GLI2 siRNA or 
control siRNA and then incubated with or without rhSHH for 18 h. (E) Expression levels of GLI2 and EMT‑related molecules (E‑cadherin, vimentin, SNAI1, 
Slug, and TGF‑β1) in GBC cell lines treated with GLI2 siRNA or control siRNA. Scale bar, 100 µm. *P<0.05, **P<0.01 and ***P<0.001. Bar, mean ± SD. GLI2, 
glioma‑associated oncogene homolog 2; EMT, epithelial‑mesenchymal transition; GBC, gallbladder cancer; siRNA or si, small interfering RNA; siCont, 
control siRNA; siGLI2, GLI2 siRNA; siGLI1, GLI1 siRNA; siGLI3, GLI3 siRNA; rhSHH, recombinant human SHH; TGF‑β1, transforming growth factor 
β1; n.s, not significant.
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enhanced the invasive capacity of GBC. Addition of SHH 
significantly enhanced the invasive capacity of the GBC 
cell lines. However, SHH had no impact on invasion in 
GBC cell lines in which GLI2 was suppressed (Fig. 2D). 
When GLI2 expression was suppressed, protein expression 
of the EMT‑related molecule E‑cadherin was increased, 
and vimentin was suppressed with GLI2 knockdown, 
while SNAI1, Slug and TGF‑β1 were not altered (Fig. 2E). 
Collectively, these findings indicated that GLI2, but not 
GLI1 or GLI3, was involved in EMT‑mediated enhancement 
of invasive capacity in GBC.

GLI2 influences the sensitivity of GBC cells to GEM. The 
results indicated that GLI2 may have a central role in the induc-
tion of a malignant phenotype in GBC, and therefore GLI2 
was focused on in further investigations. First, the effect of 
GLI2 was examined on the sensitivity of GBC cells to GEM, a 
key drug in GBC chemotherapy (38,39). Suppression of GLI2 
significantly increased the relative viability of GBC cell lines 
treated with GEM (Fig. 3A). In experiments using CDDP, there 
was no significant difference in the relative viability between 
GLI2 knockdown and controls nor a concentration‑dependent 
decrease in viability in both groups (Fig. 3B). These results 
indicated that GLI2 influenced GEM sensitivity of GBC cells 
in vitro.

GLI2 enhances GBC cell‑derived tumor proliferation in vivo. 
Next, the role of GLI2 in the tumor proliferative capacity of 
GBC was investigated in vivo. NOZ cells transfected with 
control siRNA or GLI2 siRNA were subcutaneously injected 
into the flank of BALB/c nude mice (Fig. 4A). GLI2 suppres-
sion in cells was confirmed by western blot analysis (Fig. 4B). 
The tumor volume of the GLI2 siRNA group was significantly 
reduced compared with the tumors in the control siRNA 

group (Fig. 4C). Immunohistochemical staining revealed a 
significant decrease in αSMA expression in tumor tissue of the 
GLI2 siRNA group, but no difference was observed between 
GLI2 siRNA and control tumors in Masson's Trichrome 
staining. Consistent with the in vitro results, Ki‑67 expression 
was significantly downregulated in the GLI2 siRNA group 
compared with controls. VEGF was weakly expressed in both 
groups, but no significant difference was observed (Fig. 4D). 
These results indicated that GLI2 enhanced the proliferative 
capacity of cancer cells in vivo and that GLI2 also promoted 
tumor fibrosis.

GLI2 expression may be a biomarker for prognosis of GBC 
patients. Immunohistochemical staining was performed on 
66 surgically resected specimens of GBC and GLI2 expression 
was evaluated using the Allred score (32). TS ≥3 was used 
as a cut‑off value (33,34) and the cases were divided into the 
GLI2‑high expression group (TS ≥3) and GLI2‑low expres-
sion group (TS <3). Representative examples of the intensity 
score (0‑3) and proportion score (0‑4) are presented in Fig. 5A. 
No specimen with a proportion score of 5 was observed in 
this study. The clinicopathological characteristics (age, sex, 
depth, lymph node metastasis, lymphatic invasion, venous 
invasion, and Union for International Cancer Control (UICC) 
TNM stage of the patients are summarized in Table I. The 
5‑year survival rate of the patients was 54.55% (n=36/66) 
(Fig. S3). No significant difference in characteristics was 
observed between the two groups. GLI2 expression was 
significantly enhanced in tumor tissues compared with adja-
cent normal epithelial tissues (Fig. 5B). This result indicated 
that GLI2 expression was enhanced in GBC tissues, demon-
strating its specificity as a therapeutic target. A significant 
difference was not observed in the overall survival between 
the GLI2‑high expression group and GLI2‑low expression 

Figure 3. GLI2 suppression increases the relative survival of GBC cells treated with GEM. Relative absorbance ratio of GBC cell lines transfected with GLI2 
siRNA or control siRNA and then treated with (A) GEM and (B) CDDP at 0‑100 µg/ml for 48 h. *P<0.05, **P<0.01, and ***P<0.001. GLI2, glioma‑associated 
oncogene homolog 2; GBC, gallbladder cancer; GEM, gemcitabine; CDDP, cisplatin; siRNA or si, small interfering RNA; siCont, control siRNA; siGLI2, 
GLI2 siRNA.
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group (Fig. 5C). As the results in Fig. 3A indicated that GLI2 
influenced GEM sensitivity, a relationship between GLI2 
expression and survival in the GEM‑treated patient popula-
tion was analyzed. Among the patients for whom adjuvant 
chemotherapy could be confirmed in their medical records, 
30.43%  (n=14/46) received GEM. The data regarding the 
chemotherapy background of the 14 patients who received 

adjuvant GEM treatment are presented in Table II. Notably, 
a significant higher survival rate in the GLI2‑high expression 
group was observed (Fig. 5D). The univariate analysis results 
for the overall survival are presented in Table III. Samples 
were divided into two groups according to PD‑L1 expres-
sion; samples with ≥5% of PD‑L1‑positive tumor cells were 
considered positive for PD‑L1. For age, CD3‑positive cells, 

Figure 4. Inhibition of GLI2 suppresses GBC‑cell derived tumor proliferation in vivo. (A) BALB/c nude mice were implanted with control siRNA‑ or GLI2 
siRNA‑transfected NOZ cells. (B) GLI2 expression in implanted NOZ cells. (C) Representative images of mice implanted with NOZ cells transfected with 
control siRNA (left) or GLI2 siRNA (right), and tumor volumes in the control siRNA group and GLI2 siRNA group. (D) Immunohistochemical staining of 
αSMA, MT, Ki‑67, and VEGF in resected xenograft tumors. Original magnification is x200. Positively‑stained areas were quantified using ImageJ. Scale 
bar, 100 µm. *P<0.05, **P<0.01 and ***P<0.001. Bar, mean ± SD. GLI2, glioma‑associated oncogene homolog 2; GBC, gallbladder cancer; siRNA or si, small 
interfering RNA; siCont, control siRNA; siGLI2, GLI2 siRNA; αSMA, α‑smooth muscle actin; MT, Masson's Trichrome staining; VEGF, vascular endothelial 
growth factor.
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CD8‑positive cells, and FOXP3‑positive cells, samples were 
divided into two groups using the median split method. The 
median value for age was 69.5, CD3‑positive cells was 25.3, 
CD3‑positive cells was  12.6, and FOXP3‑positive cells 
was  10.7. UICC T category, UICC N category, lymphatic 
permeation, venous invasion, and stage classification were 
positively correlated with overall survival of GBC, and PD‑L1 

expression was negatively correlated with overall survival of 
GBC. The multivariate analysis of factors identified as signifi-
cant in the univariate analysis are presented in Table IV. There 
was no independent prognostic factor in the present study. 
Even when other important prognostic factors for gallbladder 
cancer were included, an independent prognostic factor was 
still not detected (Tables SI‑SIII).

Figure 5. Immunohistochemical analysis of GLI2 in primary GBC specimens. GLI2 expression was evaluated with the Allred Score. (A) Representative 
examples of the intensity score (0‑3) and proportion score (0‑4). Original magnification is x200. (B) Representative examples of GLI2‑positive tumor tissue 
(upper image) and GLI2‑negative normal tissue (lower image), and GLI2‑positive ratio in normal tissue and tumor tissue. Original magnification is x200. 
(C) Kaplan‑Meier survival curves of all GBC patients of all stages according to GLI2 expression. (D) Kaplan‑Meier survival curves of 14 patients who received 
adjuvant GEM treatments according to GLI2 expression. Scale bar, 100 µm. *P<0.05 and ***P<0.001. GLI2, glioma‑associated oncogene homolog 2; GBC, 
gallbladder cancer; GEM, gemcitabine.
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Table II. Chemotherapy background of the 14 patients who received adjuvant GEM treatments.

Age	 Sex	 Stage	 GLI2	 Surgery	 Recurrence	 RT (months)	 SP (months)

59	 M	 0	 Low	 C	 R‑LN	 30	 44
61	 M	 II	 High	 C	 Liver	 51	 60
63	 M	 II	 High	 C	 None	‑	  60
53	 F	 II	 Low	 C	 Peritoneum	 7	 20
53	 F	 II	 High	 C	 None	‑	  60
65	 M	 II	 Low	 C	 None	‑	  60
67	 F	 IIIB	 High	 C	 None	‑	  60
65	 M	 II	 High	 C	 None	‑	  60
73	 F	 II	 Low	 C	 Liver	 24	 50
58	 M	 IIIB	 Low	 N	 ‑	 ‑	 31
71	 F	 IIIB	 Low	 C	 PA‑LN	 12	 35
65	 M	 IIIB	 Low	 N	‑	‑	   60
65	 F	 IIIB	 Low	 N	‑	‑	   49
60	 M	 II	 Low	 C	 PA‑LN	 48	 60

GEM, gemcitabine; GLI2, glioma‑associated oncogene homolog 2; GLI2, GLI2 expression; C, curative; N, non‑curative; R‑LN, regional 
lymph node; PA‑LN, para‑aortic lymph node; RT, duration to recurrence; SP, survival period.

Table I. Associations between clinicopathological characteristics and GLI2 expression.

Variable	 GLI2 low expression (n=37)	 GLI2 high expression (n=29)	 P‑value

Age (median=69.5)			   0.4569
  <69.5	 17	 16	
  ≧69.5	 20	 13	
Sex			   0.7106
  Male	 17	 12	
  Female	 20	 17	
UICC T category			   0.4666
  Tis	 4	 2	
  T1a/T1b	 7	 5	
  T2a/T2b	 24	 17	
  T3a/T3b	 2	 5	
UICC N category			   0.9938
  N0	 23	 18	
  N1	 14	 11	
Lymphatic permeation			   0.5297
  (‑)	 22	 15	
  (+)	 15	 14	
Venous invasion			   0.1136
  (‑)	 25	 14	
  (+)	 12	 15	
Stage classification			   0.9304
  0	 4	 2	
  IA/IB	 7	 5	
  IIA/IIB	 12	 11	
  IIIA/IIIB	 14	 11	
Stage classification			   0.6115
  0/IA/IB	 11	 7	
  IIA/IIB/IIIA/IIIB	 26	 22	

GLI2, glioma‑associated oncogene homolog 2; UICC, Union for International Cancer Control.
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GLI2 is involved in suppressing intratumoral infiltration 
of cytotoxic T lymphocytes (CTLs) and increasing PD‑L1 
expression. In recent years, the intratumoral infiltration of 
immune cells has attracted increasing attention as an impor-
tant factor of the tumor microenvironment (TME) (40,41). 
Immunohistochemical staining was used to analyze the 
correlation between GLI2 expression and tumor infiltrating 
lymphocytes (TILs) in GBC specimens. The number of intra-
tumoral CD3‑positive cells was significantly higher in the 
GLI2‑low expression group (Fig. 6A), and the number of intra-
tumoral CD8‑positive cells was also significantly higher in the 
GLI2‑low expression group (Fig. 6B). When comparing the 
ratio of intratumoral CD8‑positive cells and FOXP3‑positive 
cells between the two groups, the CD8(+)/FOXP3(+) cell ratio 
was significantly higher in the GLI2‑low expression group 
(Fig. 6C). To evaluate the anti‑tumor effect of immune cells, 
it is also important to examine the influence of regulatory 

T cells  (Tregs), which negatively regulate immunity. The 
number of intratumoral cells positive for FOXP3, a master 
gene of Tregs, was not significantly different in the two groups 
(Fig. 6D). A correlation between TILs and PD‑L1 expression in 
cancer has been reported (42). The number of PD‑L1‑positive 
cancer cells was significantly lower in the GLI2‑low expres-
sion group (Fig. 6E). Decreased expression of PD‑L1 protein 
was also observed in cells with GLI2 suppression in western 
blot analysis (Fig. 6F). We previously reported that hypoxia, 
one of the important factors in the TME, activates the Hh 
signaling pathway in pancreatic cancer (43,44). We therefore 
analyzed GLI2 expression in GBC under hypoxia. The results 
revealed that GLI2 expression was enhanced in GBC cells 
cultured in hypoxic environments (Fig. 6G). Suppression of 
HIF‑1α, a key transcription factor in the hypoxic environment, 
resulted in reduced GLI2 expression in hypoxic conditions 
(Fig. 6H).

Table III. Univariate analysis using 66 GBC patients of overall survival.

Variable	 Category (Number of cases)	 P‑value

GLI2	 Low expression (37)/High expression (29)	 0.6974
Age	 <69.5 (33)/≧69.5 (33)	 0.2736
Sex 	 Female (37)/Male (29)	 0.2091
UICC T category 	 Tis (6)/T1a and T1b (12)/T2a and T2b (23)/T3a and T3b (25)	 0.0017a

UICC N category	 N0 (41)/N1 (25)	 <0.0001a

Lymphatic permeation	 ly(‑) (37)/ly(+) (29)	 <0.0001a

Venous invasion 	 v(‑) (39)/v(+) (27)	 0.0001a

Stage classification 	 0 (6)/IA and IB (12)/IIA and IIB (23)/ⅢA and ⅢB (25)	 <0.0001a

PD‑L1 expression	 Negative (51)/Positive (15)	 0.0301a

CD3‑positive cells	 <25.3 (33)/>25.3 (33)	 0.1585
CD8‑positive cells	 <11.7 (33)/>11.7 (33)	 0.0882
FOXP3‑positive cells	 <9.8 (33)/>9.8 (33)	 0.2562

aP<0.05. GBC, gallbladder cancer; GLI2, glioma‑associated oncogene homolog 2; UICC, Union for International Cancer Control; PD‑L1, 
programmed cell death ligand 1; FOXP3, forkhead box P3.

Table IV. Multivariate analysis using 66 GBC patients of overall survival.

Variable	 HR (95% CI)	 P‑value

UICC T category		
  Tis/T1a and T1b/T2a and T2b/T3a and T3b	 1.4441 (0.5954‑3.4837)	 0.4106
UICC N category		
  N0/N1	 2.1063 (0.8352‑5.6633)	 0.1236
Lymphatic permeation		
  Ly(‑)/ly(+)	 1.9603 (0.817‑5.1008)	 0.1463
Venous invasion		
  v(‑)/v(+)	 1.5576 (0.6083‑4.1683)	 0.3631
PD‑L1 expression		
  Negative/Positive	 1.5179 (0.6617‑3.4817)	 0.3245

GBC, gallbladder cancer; HR, hazard ratio; CI, confidence interval; UICC, Union for International Cancer Control; PD‑L1, programmed cell 
death ligand 1.
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Discussion

In the present study, it was revealed that GLI2, but not GLI1 
or GLI3, regulated the proliferative and invasive capacity of 
GBC. The Hh signal is involved in fetal morphogenesis (4,5). 
Duman et al reported that this signal enhanced gene transcrip-
tion of the cell cycle regulators cyclin D and cyclin E (45). 

Cyclin D1 is a checkpoint molecule required for transition 
through the G1 phase (46). Regulation of the cell cycle by GLI2 
through cyclin D1 was previously reported in lung cancer (47) 
and hepatocellular carcinoma (48). Ki‑67 is a well‑known 
proliferation marker that is expressed at all proliferative 
phases in the cell cycle except the G0 phase (49). The present 
cell cycle analysis and cell cycle‑related molecular expression 

Figure 6. GLI2 expression is inversely correlated to the number of tumor‑infiltrating CD8‑positive T lymphocytes and correlated to PD‑L1 expression. 
Comparison of the number of tumor infiltrating (A) CD3‑positive cells and (B) CD8‑positive cells in GLI2‑high and GLI2‑low expression groups. Original 
magnification is x400. (C) Comparison of tumor‑infiltrating CD8‑positive/FOXP3‑positive cell ratio in the two groups. (D) Comparison of the number of 
tumor‑infiltrating FOXP3‑positive cells. Original magnification is x400. (E) Comparison of the PD‑L1‑positive ratio in the two groups. (F) GLI2 and PD‑L1 
expression in GBC cell lines treated with GLI2 siRNA or control siRNA. (G) GLI2 expression of GBC cell lines incubated in normoxic or hypoxic condition 
for 48 h. (H) HIF‑1α and GLI2 expression in GBC cell lines treated with HIF‑1α siRNA or control siRNA in hypoxic conditions for 48 h. Scale bar, 50 µm. 
*P<0.05, **P<0.01 and ***P<0.001. GLI2, glioma‑associated oncogene homolog 2; PD‑L1, programmed cell death ligand 1; GBC, gallbladder cancer; HIF‑1α, 
hypoxia‑inducible factor 1α; FOXP3, forkhead box P3; siRNA or si, small interfering RNA; siCont, control siRNA; siGLI2, GLI2 siRNA; siHIF‑1α, HIF‑1α 
siRNA.
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analysis indicated that GLI2 exacerbated cell proliferation by 
enhancing G1 phase transition in GBC.

Because GEM has revealed insufficient treatment results, 
and resistance to GEM has become a major problem in bile 
duct cancer  (50), the combination therapy of GEM with 
various anticancer agents has been investigated (26). In the 
present study, the potential synergistic effects of GEM and 
GLI2 inhibition were examined and it was revealed that 
suppression of GLI2 increased the relative survival of GBC 
cells treated with GEM. GEM irreversibly inhibited ribo-
nucleotide reductase, which is incorporated into DNA to cause 
chain termination, leading to S or G2 phase arrest (51,52). As 
revealed in the present study, GLI2 suppression in GBC cells 
reduced the percentage of cells in the S phase and significantly 
inhibited cell proliferation. Thus, a synergistic effect of GEM 
administration on cytotoxicity may not have been observed 
because GLI2 suppression already reduced the number of 
S‑phase cells, which are the therapeutic targets of GEM. On 
the other hand, Ou et al reported that aspirin, which causes 
G1 arrest via cyclin D1 as well as GLI2 suppression, restored 
GEM sensitivity in a GEM‑resistant pancreatic cancer cell 
line (53). Although there was no synergistic effect against 
GEM‑sensitive gallbladder cancer cell lines, GLI2‑targeted 
therapy for GEM‑resistant strains may be beneficial.

In pancreatic cancer, the Hh ligands secreted by cancer 
cells promote tissue fibrosis (54). In the present study it was 
revealed that GLI2 suppression reduced tissue αSMA expres-
sion in a mouse xenograft model. This result indicated that 
GLI2 may be involved in tissue fibrosis in GBC. In our past 
study of pancreatic cancer, we used pancreatic cancer cells 
and pancreatic tissue‑derived cancer‑associated fibroblasts 
(CAFs) to generate tumors in a xenograft model (55), whereas 
the reproduction of human pancreatic cancer tissue was not 
perfect because inducing fibrosis resembling the actual cancer 
tissue was incomplete. In addition, CAFs derived from GBC 
tissues has not been established. Further efforts are required 
to experimentally analyze the interaction between cancer cells 
and CAFs in GBC.

In  view of the in  vitro results revealing that GLI2 is 
involved in the induction of malignant phenotype in GBC, 
we hypothesized that there may be a correlation between 
GLI2 expression and GBC patient prognosis. However, no 
correlation was revealed between GLI2 expression and overall 
survival. The present study included only 66 resectable cases, 
and unresectable stage  IV cases and elderly patients who 
were intolerable to surgery were not included. The 5‑year 
survival rate in the patient group was 54.55%  (n=36/66), 
which is substantially higher than the published 5‑year rate 
of <10% (3). Thus, if GLI2 induces malignant phenotype, 
then the number of advanced cancer cases affected by GLI2 
is likely to be lower than the actual proportion in the present 
study. A significant correlation between GLI2 expression and 
overall survival could be observed if the overall number of 
cases increased, including such inoperable cases. In addition, it 
is possible that GEM administration as adjuvant chemotherapy 
masks the correlation. Consistent with in vitro experiments, 
patients with high GLI2 expression had potential sensitivity to 
GEM, and the administration of GEM may have reduced the 
gap between the prognostic survival curves of the two groups. 
As revealed, in the population that received GEM as adjuvant 
chemotherapy, the GLI2‑high expression group had a higher 
survival rate. Further studies need to be performed with a 
larger number of cases in the future.

In recent years, cancer immunotherapy has been a focus 
of therapeutic treatments for cancer with the development 
of immune checkpoint inhibitors  (56,57). In addition, the 
TME has also attracted increased attention (58). We previ-
ously reported that inhibition of the Hh signaling pathway 
suppressed pancreatic cancer fibrosis and promoted intratu-
moral lymphocyte infiltration in pancreatic cancer (55). As our 
results indicated that GLI2 may promote tumor fibrosis, we 
analyzed the association between GLI2 expression and TILs 
in GBC specimens and found an inverse correlation between 
GLI2 expression in tumor cells and TIL counts. In addition, 
of the TIL fraction, significantly fewer CD8‑positive cells 
infiltrated in the group with high GLI2 expression. We previ-
ously reported that inhibition of Hh signal with cyclopamine 
reduced PD‑L1 expression in GBC cell lines (59). Lin et al 
reported a correlation between tissue PD‑L1 expression and 
the number of tumor‑infiltrating CD8‑positive cells in GBC 
specimens (35). Consistent with their results, in the present 
study, a correlation was revealed between GLI2 expression 
and PD‑L1 expression in cancer cells of GBC specimens. 
The finding that suppression of GLI2 reduced PD‑L1 expres-
sion in vitro indicated that GLI2 may be involved in tumor 
immune evasion in GBC. A potential association between a 
hypoxic environment and GLI2 expression was also revealed, 
suggesting that Hh signaling, hypoxic environment, PD‑L1 
expression, and immune cell infiltration may influence each 
other to form the TME.

The schema of the results of the present study is presented 
in Fig. 7. The present findings indicated that GLI2 played a 
central biological role in GBC, and not GLI1, a transcrip-
tion factor that is thought to play a central role in the Hh 
signaling pathway. GLI2 was involved in proliferation, inva-
sion, fibrosis, PD‑L1 expression, and TILs in GBC and could 
be a novel therapeutic target. The results of the present study 
provide a significant contribution to the development of new 

Figure 7. Schematic findings of the study. In GBC, GLI2 augmented the 
proliferative capacity and invasive capacity, and regulated tissue fibrosis and 
TILs in the TME. Hypoxia may be involved in the expression of GLI2. GBC, 
gallbladder cancer; GLI2, glioma‑associated oncogene homolog 2; TILs, 
tumor‑infiltrating lymphocytes; TEM, tumor microenvironment.
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treatments for refractory GBC, which has few therapeutic 
options.
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