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Introduction 

Hedgehog (Hh) signaling is an essential signa-
ling pathway during embryonic development1. Hh 
proteins [Sonic Hh (Shh), Indian Hh (Ihh) and 
Desert Hh (Dhh)] can bind to the transmembrane 
receptor Patched (Ptch) and stimulate the expres-
sion of transcription factor GLIs (GLI1, GLI2 
and GLI3) in a smoothened (SMO)-dependent 
manner2. Some recent studies reported that Shh 
signaling is commonly activated in gastrointesti-
nal cancer and plays an important role in tumor 
pathogenesis3,4. Mechanistically, the activation of 
this signaling pathway can promote gastric cancer 
(GC) cell proliferation and tumor development5 
and is also essential for the maintenance of cancer 
stem cells (CSC) in human GC6. Knockdown of 
Shh/GLI2 signaling pathway can decrease proli-
feration, migration and colony formation in GC 
cell lines7 and also decrease cancer development 
in vivo5. GLI2 is an important mediator of Shh 
signaling pathway, and its downstream regula-
tion is still poorly understood. Platelet-derived 
growth factor receptor beta is a protein encoded 
by PDGFRB gene8. It is a typical transmembrane 
receptor tyrosine kinase that controls many im-
portant cellular processes such as growth, proli-
feration, movement and survival9,10. Therefore, its 
dysregulation is closely related to carcinogene-
sis and also cardiovascular diseases11. PDGFRB 
expression is correlated to diffuse type gastric 
cancers12 and high epithelial PDGFRB expression 
is associated with poor disease free and overall 
survival (OS) in patients with GC13. In colorectal 
liver metastasis, PDGFRB expression can incre-
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ase epithelial-to-mesenchymal transition (EMT) 
and contribute to the aggressive phenotype of the 
tumor cells8. In glioblastoma cells, knockdown of 
PDGFRB can significantly decrease the expres-
sion of stem cell markers such as CD133, Oct-
3/4, nestin, and Bmi114. These findings suggest 
that PDGFRB is an important gene modulating 
CSC properties of some cancers. In this study, we 
found that GLI2 can induce PDGFRB expression 
in GC cells via directly binding to its promoter. In 
addition, we also found that the GLI2-PDGFRB 
axis can modulate CSC properties of GC cells.

Materials and Methods 

Bioinformatic Analysis Using 
Data From TCGA

GLI2 expression at mRNA level in GC tissues 
and in the normal control tissues were assessed 
using FireBrowse (http://firebrowse.org/), which 
is a portal to cull and analyze data generated by 
TCGA. The genes co-upregulated with GLI2 (Pe-
arson’s r ≥ 0.6) in TCGA-Stomach Adenocarci-
noma (STAD) were identified using the cBioPor-
tal for Cancer Genomics (http://cbioportal.org)15. 
Then, the genes were loaded into the Search Tool 
for the Retrieval of Interacting Genes (STRING) 
(http://string-db.org/) database for analysis of the 
protein-protein interaction (PPI) network and 
their functional enrichment in KEGG pathways. 
The association between the expression of GLI2/
PDGFRB and overall survival (OS) in TC-
GA-STAD was examined using the UCSC Xena 
browser (Santa Cruz, CA, USA). 

Bioinformatic data Mining in 
Kaplan-Meier plotter

The association between the expression of GLI2/
PDGFRB and first progression free survival (FPS)/
OS was examined by data mining in Kaplan-Meier 
plotter, which is an online database containing 
gene expression data and survival information of 
1,065 gastric cancer patients16. Survival curves 
were generated by splitting the patients into high or 
low expression groups (the best performing thre-
shold was set as the cutoff). Hazard ratio (HR) with 
95% confidence intervals (CI) and log-rank p-value 
were calculated. The number-at-risk is indicated 
below the survival curves.

Cell Culture and Transfection
Moderate-differentiated GC cell line SGC-

7901 and poor-differentiated GC cell line MKN-

45 were obtained from the Institute of Basic Medi-
cal Sciences of the Chinese Academy of Medical 
Sciences (Beijing, China). The cancer cells were 
cultured with high glucose Dulbecco’s Modified 
Eagle Medium DMEM with 10% fetal bovine se-
rum (FBS), 100 IU/ml penicillin G and 100 μg/
ml streptomycin at 37°C in a humidified 5% CO2 
incubator. GLI2 Human Lentifect™ purified len-
tiviral particles, GLI2 shRNA (HSH007702-L-
VRH1GH), PDGFRB shRNA (HSH012889-L-
VRH1GH) and the corresponding empty control, 
were obtained from GeneCopoeia (Rockville, 
MA, USA). SGC-7901 and MKN-45 cells were 
infected with the lentiviral particles or negative 
controls in the presence of Polybrene. 24 h after 
infection, the cells were lysed and were subjected 
to qRT-PCR assay for assessing the efficiency of 
overexpression or inhibition. The shRNA con-
struct with the highest inhibiting effect was used 
in this study.   

Real-time Quantitative Reverse 
Transcription PCR (qRT-PCR)

Total RNAs in SGC-7901 and MKN-45 cells 
after infection of lentiviral GLI2 expression parti-
cles or the negative controls were extracted using 
the Trizol Reagent (Invitrogen, Carlsbad, CA, 
USA). The extracted RNA was dissolved with 
RNAase-free water that was pre-treated with 
diethyl pyrocarbonate (DEPC). Then, cDNA was 
synthesized from total RNA using PrimeScript 
RT reagent Kit (TaKaRa, Dalian, China). After 
that, qRT-PCR was performed to quantify the 
expression of GLI2 mRNA and PDGFRB mRNA, 
with the use of gene specific primers, the SYBR® 
Select Master Mix (Applied Biosystems, Foster 
City, CA, USA) and an ABI 7900HT Fast Real-ti-
me PCR System (Applied Biosystems). The pri-
mers for these two genes were as following: GLI2, 
F: 5’-CCTGGCATGACTACCACTATGAG-3’, 
and R: 5’-GGCTTGGCTGGCATGTTG-3’; PD-
GFRB, F: 5’-AGCTACATGGCCCCTTATGA-3’ 
and R: 5’-GGATCCCAAAAGACCAGACA-3’. 
GAPDH was detected as the endogenous control. 
The relative expression levels were calculated 
using the 2-ΔΔCT method.

Western Blot Analysis
After indicating treatments, total protein in 

the cell samples was extracted, denatured and 
separated by electrophoresis on a 10% sodium 
dodecyl sulphate-polyacrylamide gel electropho-
resis (SDS-PAGE) gel. Then, the proteins were 
electro-transferred to a polyvinylidene fluoride 
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(PVDF) membrane. After the membranes were 
blocked with a 5% milk solution in Tris-buf-
fered saline with Tween (TBS-T) for 1 h, they 
were incubated with primary antibodies against 
GLI2 (#BA3326-2, Boster, Wuhan, China), PD-
GFRB (#A00096, Boster), CD44 (ab51037, Ab-
cam, Cambridge, MA, USA), Nanog (ab109250, 
Abcam), Oct4 (ab27985, Abcam) or GAPDH 
(ab9485, Abcam). After the membranes were wa-
shed, they were further incubated with the appro-
priate secondary antibody for 1 h. Protein bands 
were visualized using the SuperSignal West Pico 
Chemiluminescent Substrate (Pierce, Rockford, 
IL, USA) according to the manufacturer’s in-
structions. Relative gray scale of the protein 
bands was quantified using ImageJ software. 

Dual Luciferase Assay
Intact PDGFRB promoter sequence (-1285 to 

+164) and the truncated promoter sequence (-100 
to +164) were PCR amplified from the PDGFRB 
promoter clone (HPRM44418, GeneCopoeia) 
and then inserted into the SacI-XhoI site of the 
pGL3-basic luciferase reporter vector, respecti-
vely. The reconstructed reporter plasmids were 
used for dual luciferase assay. Briefly, HEK-293 
cells were seeded into 12-well plates and were 
infected with lentiviral GLI2 expression particles 
or the empty control. 24 h later, the cells were 
co-transfected with 1.5 μg luciferase construct 
plasmid or the empty reporter vector DNA and 
0.05 μg phRL-TK by using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA). 24 h later, the 
cells were lyzed and luciferase activity of the lysa-
te was measured using the dual-luciferase repor-
ter assay system with a luminometer (Promega, 
Madison, WI, USA) following the manufacturer’s 
instructions. 

Flow Cytometry
CD44 expression levels in MKN-45 cells were 

assessed using fluorescence-activated cell sorting 
(FACSCalibur, Beckman Dickson, San Diego, 
CA, USA), with the use of primary anti-CD44 
(ab51037, Abcam, Cambridge, MA, USA) and a 
secondary anti-rabbit IgG (Alexa Fluor® 488).

Spheroid Colony Formation Assay
MKN-45 cells with or without knockdown of 

GLI2 or PDGFRB were plated in each well of ul-
tra-low-attachment 24-well plates (Corning Life 
Sciences, Corning, NY, USA) with DMEM/F12 
medium supplemented with 20 ng/ml EGF (R&D 
Systems, Minneapolis, MN, USA), 10 ng/ml basic 

FGF (R&D Systems), 1% insulin-transferrin-se-
lenium (Gibco, Grand Island, NY, USA) and 1% 
penicillin-streptomycin sulfate. 11 days later, cul-
tures were examined using a light microscope and 
number of spheroid colonies (≥ 20 cells) per well 
was counted. 

Statistical Analysis 
Data were presented as means ± SD. All analy-

ses were performed with SPSS software packa-
ge version 19.0 (SPSS Inc., Chicago, IL, USA). 
Data were analyzed for statistical significance 
by two-tailed Student’s t-test or ANOVA with 
Student-Newman-Keuls test as a post hoc test. 
p<0.05 was considered statistically significant.

Results

GLI2 Upregulation is Associated with 
Poor Prognosis of GC

Dysregulated GLI2 is observed in several 
types of solid tumors3,17. By retrieving data in 
TCGA, we firstly characterized GLI2 expression 
in multiple types of solid tumor, including GC 
(Figure 1A). Results showed that GLI2 expression 
is significantly upregulated in GC tissues than in 
normal tissues (Figure 1A, red box). To further in-
vestigate its prognostic value, we performed data 
mining in Kaplan-Meier plotter. Log-rank test 
showed that high GLI2 expression is associated 
with unfavorable PFS (hazard ratio (HR): 1.96, 
95% CI: 1.52-2.52, p<0.001) (Figure 1B) and also 
worse OS (HR: 2.16, 95% CI: 1.71-2.74, p<0.001) 
(Figure 1C). 

GLI2 is Co-Upregulated with PDGFRB
in GC

By data mining using cBioPortal, we identi-
fied the genes significantly co-upregulated with 
GLI2 in GC (Pearson’s r ≥ 0.6). Then, the ge-
nes were loaded into the STRING database for 
analysis of protein-protein interaction (PPI) 
network (Figure 2A). KEGG pathway analysis 
revealed that the genes were mainly associated 
with “ECM-receptor interaction”, “PI3K-Akt 
signaling pathway”, “focal adhesion”, “protein 
digestion and absorption”, “cell adhesion mole-
cules”, “amoebiasis”, “cGMP-PKG signaling pa-
thway”, “gap junction” and “pathways in cancer” 
(Figure 2B). Interestingly, we found that both 
GLI2 and PDGFRB are involved in “pathways 
in cancer” (Figure 2B). PDGFRB is additionally 
involved in “PI3K-Akt signaling pathway”, “fo-
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cal adhesion” and “gap junction” (Figure 2B). 
In fact, although co-upregulation was observed 
between GLI2 and PDGFRB in GC, the PPI 
network failed to identify any known direct inte-
raction (Figure 2A, red arrows). 

PDGFRB Upregulation is an Indicator of 
Poor Prognosis of Gastric Cancer

To investigate the prognostic value of PDGFRB 
in GC, the association between PDGFRB expres-
sion and OS was firstly assessed in TCGA-STAD. 
The OS curves indicated that high PDGFRB 
expression (median splitting) is associated with 
worse OS (p<0.001, Figure 3A). To further ve-
rify this finding, we also performed data mining 

in Kaplan-Meier plotter. Log-rank test of the PFS 
and OS curves showed that high PDGFRB expres-
sion is associated with unfavorable PFS (hazard 
ratio (HR): 1.84, 95% CI: 1.5-2.25, p<0.001) (Fi-
gure 3B) and also worse OS (HR: 2.17, 95% CI: 
1.72-2.72, p<0.001) (Figure 3C).  

GLI2 Induces PDGFRB Expression in 
Gastric Cancer Cells via Binding 
to its Promoter

By using UCSC Xena, we further verified 
co-expression between GLI2 and PDGFRB in 
TCGA-STAD (Figure 4A-B). The heat map and 
following regression analysis confirmed a high 
level of correlation between GLI2 and PDGFRB 

Figure 1. GLI2 upregulation is associated with poor prognosis of GC. A, GLI2 expression at mRNA level in some solid tu-
mors in TCGA database. Data mining was performed using FireBrowse. B-C, Kaplan-Meier curves of PFS (B) and OS (C) of 
GC patients grouped by high or low GLI2 expression (best cutoff splitting). Data was obtained by using Kaplan-Meier Plotter.
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(Pearson’s r = 0.71) (Figure 4A-B), which is consi-
stent with the results obtained from the cBioPor-
tal for Cancer Genomics (Figure 4C). To further 
investigate the underlying mechanisms of their 
co-upregulation, SGC-7901 and MKN-45 cel-
ls were infected with GLI2 expression particles 
for overexpression (Figure 4D). Enforced GLI2 
expression significantly increased PDGFRB 
transcription (Figure 4E) and translation (Figu-

re 4F). By promoting scanning, we observed a 
possible GLI2 binding site in PDGFRB promo-
ter (Figure 4G, up). To valid this putative binding 
site, pGL3-basic based luciferase reporter car-
rying intact PDGFRB promoter sequence or the 
truncated sequences, was generated (Figure 4G, 
down). Dual luciferase assay showed that GLI2 
overexpression significantly increased luciferase 
activity of the reporter with intact promoter se-

Figure 2. GLI2 is co-upregulated with PDGFRB in GC. A, PPI analysis of the known interactions among the genes signifi-
cantly co-regulated with GLI2 in TCGA-STAD (Pearson’s r ≥ 0.6). B, The functional enrichments of GLI2-associated genes 
in KEGG pathways.

Figure 3. PDGFRB upregulation is an indicator of poor prognosis of gastric cancer. A, Kaplan-Meier curves of OS in TC-
GA-STAD. Patients were divided into high/low PDGFRB expression groups by median expression. B-C, Kaplan-Meier curves 
of PFS (B) and OS (C) of GC patients grouped by high or low GLI2 expression (best cutoff splitting). Data was obtained by 
using Kaplan-Meier Plotter.
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quence, but had little influence on the reporter 
with truncated sequence (Figure 4H).  

Knockdown GLI2 or PDGFRB Reduced 
the Cancer Stem cell (CSC) Properties 
of GC cells

Via f low cytometric analysis, we found that 
more than 90% MKN-45 cells were CD44+ 
(Figure 5A), which might be related to its poor 
differentiation origin. To further investigate 
the regulative effect of GLI2 and PDGFRB 
on CSC properties of MKN-45 cells, the cel-
ls were firstly transfected with GLI2 or PD-
GFRB shRNA. Spheroid colony formation as-
say showed that GLI2 or PDGFRB knockdown 
significantly reduced sphere formation (Figu-
re 5B). Then, we also examined how GLI2 or 
PDGFRB knockdown affects the expression 
of CSC related genes, including CD44, Nanog 
and Oct4. Western blotting showed that GLI2 
or PDGFRB knockdown had similar effect on 
reducing the expression of these CSC related 
genes (Figure 5C-D). 

Discussion 

Activation of the Shh signaling pathway is es-
sential for maintenance of CSC properties in hu-
man GC6. For example, elevated GLI1 expression 
directly leads to increased tumor sphere forma-
tion, side population and cell surface markers for 
putative gastric CSCs18. In addition, activation of 
Shh/GLI2 signaling in Lgr5-expressing stem cel-
ls is sufficient to drive gastric adenocarcinoma 
development in mice, suggesting that GLI2 might 
play an important role in stem cell responsiveness 
to oncogenic stimuli19. Based on these findings, 
we infer that GLI2 is an important modulator 
CSC property in human GC. In this study, by data 
mining in Kaplan-Meier plotter, we confirmed 
that high GLI2 expression is associated with un-
favorable PFS and also worse OS in patients with 
GC. However, our current understanding of the 
Shh pathway in GC remains limited, especially 
the downstream effector of GLIs. As a family of 
transcription factor, GLIs can bind to promoter of 
several genes and regulate their expression. For 

Figure 4. GLI2 induces PDGFRB expression in gastric cancer cells via binding to its promoter. A-B, The heat map (A) and re-
gression analysis (D) between GLI2 and PDGFRB expression in TCGA-STAD. Analysis was performed by using UCSC Xena. 
C, Regression analysis between GLI2 and PDGFRB expression in TCGA-STAD, using the cBioPortal for Cancer Genomics. 
D-E, QRT-PCR analysis of GLI2 mRNA expression in SGC-7901 and MKN-45 cells 24 h after infection of GLI2 lentiviral 
particles (D) and PDGFRB expression 36 h after infection of GLI2 lentiviral particles (E). F, Western blot analysis of GLI2 
and PDGFRB protein expression 36 h after infection of GLI2 lentiviral particles. G, Predicted GLI2 binding site in PDGFRB 
promoter (up) and the design of pGL3-basic based luciferase reporter plasmids (down). PWM: position weight matrix. H, 
The luciferase reporter constructs carrying intact or truncated PDGFRB promoter sequences were introduced into HEK-293 
cells pre-transfected with lentiviral GLI2 expression particles or the empty control. Luciferase activity was measured 24 h 
post-transfection. **, p<0.01.
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example, overexpression of GLI homologs (GLI1, 
GLI2, and GLI3) can enhance promoter activity 
of MUC5AC, which is a well-known gastric dif-
ferentiation marker20. GLI1 protein is associated 
with promoter fragment of ABCG2 through a 
GLI-binding consensus site in GC cells18. GLI2 
can also bind with ZEB1 and cooperatively re-
press the transcription of CDH1 gene in melano-
ma cell lines21. GLI1 and GLI2 can act upstream 
of Sox2 and Bmi1 and regulate self-renewal of 
glioma-initiating cells22. Actually, the effect of a 
transcription factor might vary in different can-
cers. In this study, we tried to further investigate 
the possible downstream effector of GLI2 in GC. 
By analyzing GLI2 co-upregulated genes, we 
found that PDGFRB is a gene involved in multi-
ple KEGG pathways. Expression of PDGFRs are 
mainly restricted to mesenchymal cell types23. 
During the development of gastrointestinal tu-
mors, activating mutations in PDGFRs enable the 
cancer cells undergo EMT and acquire mesen-
chymal phenotypes8. One recent study indicated 

that PDGFRB might serve as a potential progno-
stic factor in GC13. In this study, by data mining 
in TCGA-STAD and in Kaplan-Meier plotter, we 
confirmed that high PDGFRB expression is asso-
ciated with unfavorable PFS and also worse OS in 
GC patients. Therefore, we tried to investigate the 
possible underlying mechanisms. Promoter acti-
vity of PDGFRB is regulated by some transcrip-
tion factors in some disease models. For example, 
The ZFHX3 (ATBF1) transcription factor can 
induce PDGFRB in cerebellar neurons24, while 
Sp1 can recruit SMAD2 to the promoter of PD-
GFRB to up-regulate its expression in atrioven-
tricular cushion mesenchymal cells25. These fin-
dings triggered our interest to investigate whether 
GLI2 affects promoter activity of PDGFRB in 
GC cells. By scanning the promoter sequence of 
PDGFRB, we observed a possible GLI2 binding 
site. The following dual luciferase assay confir-
med this binding site. In addition, enforced GLI2 
expression can elevate PDGFRB transcription 
and translation. Therefore, we infer that GLI2 can 

Figure 5. Knockdown GLI2 or PDGFRB reduced the cancer stem cell properties of GC cells. A, FACS analysis for CD44 
expression in MNK-45 cells. B, Representative images and quantitation of sphere formation of MKN-45 cells with or without 
GLI2 or PDGFRB knockdown. C-D. 48 h after transfection of GLI2 or PDGFRB shRNA, MKN-45 cells were lysed and 
subjected to Western blotting analysis of GLI2, PDGFRB, CD44, Nanog and Oct4 expression. **, p<0.01.
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directly bind to PDGFRB promoter and enhance 
its transcription. The acquisition of an EMT phe-
notype is a critical process associated with the de-
velopment of CSCs26. Therefore, we further inve-
stigated how GLI2 and PDGFRB modulate CSC 
properties of GC cells. CD44 is generally viewed 
as a gastric CSC marker27. Therefore, we used 
MKN-45 cell line, which has over 90% CD44+ 
cells as an in vitro cell model. Our results showed 
that GLI2 or PDGFRB knockdown had similar 
effect on reducing spheroid colony formation and 
on reducing the expression of CSC related genes, 
including CD44, Nanog and Oct4. These findin-
gs suggest that the GLI2-PDGFRB axis might be 
an important signaling pathway modulating CSC 
properties of GC cells.

Conclusions

High GLI2 or PDGFRB expression is associated 
with unfavorable survival in GC patients. GLI2 can 
induce PDGFRB expression in GC cells via directly 
binding to its promoter. In addition, the GLI2-PD-
GFRB axis might be an important signaling pa-
thway modulating CSC properties of GC cells.
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