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Liver kinase B1 suppresses metastasis and angiogenesis of lung cancer: 
involvement of the Shh signaling pathway 
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Liver kinase B1 (LKB1) has been shown to be involved in many cancers. However, the underlying mechanism remains 
unclear. This study aimed to reveal the mechanism through which LKB1 performs its role in lung cancer. LKB1 shRNA and 
overexpression plasmid were employed to investigate the role of LKB1 in lung cancer in vitro and in vivo. The involvement 
of Shh signaling pathway was assessed by western blot. Silencing LKB1 promoted migration, invasion and angiogenesis 
of lung cancer cells, while overexpression of LKB1 led to the opposite. Further study showed that Shh signaling pathway 
is suppressed by LKB1. Cyclopamine, a Shh signaling pathway inhibitor, reduced the effects of LKB1 silencing, indicating 
that LKB1 inhibits migration, invasion and angiogenesis through suppressing the Shh signaling pathway. In vivo study 
also showed that Shh signaling pathway is involved in the modulation of LKB1 in metastasis and angiogenesis of lung 
cancer. Our study demonstrates that LKB1 inhibits metastasis and angiogenesis of lung cancer through suppressing the Shh 
signaling pathway. 
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Lung cancer, one of the most common malignancies in the 
worldwide, is generally identified as small cell lung cancer or 
non-small cell lung cancer (NSCLC). NSCLC includes large 
cell carcinoma, adenocarcinoma, squamous cell carcinoma 
and so on, accounting for up to 80–85% of all lung cancer 
in clinic [1, 2]. Lung cancer metastasis, an important event 
contributing to the deterioration of cancer, is responsible for 
nearly 90% of death of lung cancer patients [3].

Liver kinase B1 (LKB1), also known as serine/threo-
nine kinase 11, is a serine/threonine kinase with a nuclear 
localization signal and kinase domain. LKB1 is a multifunc-
tional protein implicated in cell proliferation, metastasis, 
cell polarity and energy metabolism [4, 5]. AMP-activated 
protein kinase is the major downstream target, through 
which LKB1 activates multiple signaling pathways and 
performs its function. LKB1 is first identified as a causative 
gene for Peutz-Jeghers syndrome. Peutz-Jeghers syndrome is 
also associated with cancer development, and therefore LKB1 
is supposed to act as a tumor suppressor [6]. LKB1 arrests 
cell cycle process through p53 and p16 [7], and modulates 
the epithelial-to-mesenchymal transition (EMT) progress 
through zinc-finger E-box binding homeobox factor 1 and 
transforming growth factor-β (TGF-β) signaling pathway [8, 

9]. Indeed, loss of LKB1 promotes the proliferation, migra-
tion and angiogenesis of cancer cells [4, 10, 11]. LKB1 is also 
reported to impact the sensibility of cancer cells to radio-
therapy and chemotherapy [12, 13].

Although somatic mutation of LKB1 is found in various 
kinds of cancers [14, 15], this phenomenon is rare. Whereas, 
inactivation of LKB1 due to point mutation or deletion 
frequently appears in lung cancer, especially in NSCLC, with 
more than 30% mutation, ranking the third in lung cancer 
after TRP53 and Kras [16, 17]. Interestingly, LKB1 acts as an 
important barrier in tumorigenesis of lung cancer, control-
ling its initiation, metastasis and differentiation [17–19]. 
LKB1 is also reported to suppress the growth and metastasis 
of lung cancer cells [19, 20]. However, the underlying mecha-
nism remains unclear and needs to be fully revealed. In the 
present study, we aimed to investigate how LKB1 influences 
the metastasis and angiogenesis of lung cancer.

Materials and methods

Construction of LKB1 overexpression plasmid. Coding 
sequence of LKB1 was amplified through polymerase chain 
reaction (PCR) with primers in Table 1. The PCR product 
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was linked to pUM-T quick cloning vector (BioTeke, Beijing, 
China). After sequencing confirmation, the LKB1 coding 
sequence was cut down and recombined into pcDNA3.1 
vector. After sequencing confirmation, this recombinant 
plasmid was named as LKB1 OE. Blank vector served as 
negative control of LKB1 OE.

Construction of LKB1 silence plasmid. LKB1 specific 
shRNA or scramble sequence (Table 1) was synthesized 
by Sangon Biotech (Shanghai, China) and inserted into 
pRNA-H1.1/Neo vector. After sequencing confirmation, 
the recombinant plasmids were named as LKB1 SI and NC, 
respectively. Scramble sequence served as negative control.

Cell culture. Lung cancer cells A549 and H1299 and 
human umbilical vein endothelial cells (HUVECs) were 
obtained from Zhongqiaoxinzhou Biotechnology Co., Ltd 
(Shanghai, China). These cells were grown in DMEM (Gibco, 
Grand Island, NY, USA) containing 10% fetal bovine serum 
(FBS) (Hyclone, Logan, UT, USA) and cultured in a humid 
atmosphere at 37 °C containing 5% CO2.

Transfection and cyclopamine treatment. Cells were 
seeded into 6-well plates. When the cell density reached 
70%, LKB SI or NC was transfected into H1299 cells, and 
LKB1 OE or Vector were transfected into A549 cells using 
Lipofectamine 2000 Reagent (Invitrogen) according to the 
protocol. Thereafter, the cells were selected using G418 
(500 μg/ml; Invitrogen). For cyclopamine treatment, cells 
were treated with 10 μM cyclopamine (Aladdin, Shanghai, 
China) for 48 h, and then the cells were subjected to wound 
healing assay, transwell assay and Western blot.

Conditioned medium treatment. After transfection or 
treatment with 10 μM cyclopamine, cells were cultured for 
additional 48 h. Cell medium was then collected. HUVECs 
were treated with this conditioned medium for 48h and 
subjected to 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) assay, wound healing assay and 
tube formation assay.

MTT assay. HUVECs were seeded into 96-well plates 
(4×103 cells/well) and treated with conditioned medium 
from each group for 48 h. Then MTT at a final concentra-
tion of 0.5 mg/ml was added into each well. After additional 
culture for 4 h, the supernatant was removed and 150 μl of 
dimethyl sulfoxide (Sigma, St.Louis, MO, USA) was added 
into each well. The absorbance at 570 nm was measured with 
a microplate reader (BIOTEK, Winooski, VT, USA).

Tube formation assay. HUVECs were seeded into a 
96-well plate pre-coated with Matrigel (BD Biosciences, San 
Jose, CA, USA) (1×104 cells/well) and treated with condi-
tioned medium for 24 h. Then images of cells were captured 
with a 100× magnification.

Enzyme-linked immunosorbent assay (ELISA). After 
transfection and treatment with cyclopamine, the super-
natant of cells was collected. The concentration of vascular 
endothelial growth factor (VEGF) in the supernatant was 
measured using a VEGF ELISA kit (Boster, Wuhan, China).

Wound healing assay. Cells were seeded into a 6-well 
plate. Before wound healing assay, cell medium was changed 
to fresh serum-free medium and cells were treated with 
1 μg/ml mitomycin C (Sigma) for 1 h. Thereafter, scratches 
were made on monolayer cell surface with 200 μl pipette tips. 
After rinsing with serum-free medium, the cells were grown 
in serum-free medium. Twelve or twenty-four hours later, 
images of cells were captured with a 100× magnification. 
The migration rate was calculated as follows: migration rate= 
(gap between initial edges – gap between migrated edges) / 
gap between initial edges × 100%.

Transwell assay. The transwell inserts (Corning, Tewks-
bury, MA, USA) were pro-coated with Matrigel (BD Biosci-
ences). Cells in each group were made into cell suspension 
in serum-free medium and seeded into transwell inserts 
(2×104  cells in 200 μl serum-free cell medium). The lower 
chambers were added with 800 μl fresh medium containing 
20% FBS. The cells were allowed to invade for 48 h. There-

Table 1. Primers used for plasmid construction.

Name Forward primer Reverse primer
LKB1 OE 5’-CCGGAATTCATGGAGGTGGTGGACCCGCA-3’ 5’-CCGCTCGAGTCACTGCTGCTTGCAGGCC-3’
LKB1 SI 5’-GATCCCCGCTCTTACGGCAAGGTGAATTCAAGAGA-

TTCACCTTGCCGTAAGAGCTTTTT-3’
5’-AGCTAAAAAGCTCTTACGGCAAGGTGAATCTCTT-
GAATTCACCTTGCCGTAAGAGCGGG-3’

NC forward primer 5’-GATCCCCTTCTCCGAACGTGTCACGTTTCAAGAGA-
ACGTGACACGTTCGGAGAATTTTT-3’

5’-AGCTAAAAATTCTCCGAACGTGTCACGTTCTCTT-
GAAACGTGACACGTTCGGAGAAGGG-3’

Table 2. Primers for quantitative real-time PCR.

Gene Forward primer Reverse primer
Shh 5’-ACCGAGGGCTGGGACGAAGA-3’ 5’-GATTTGGCCGCCACCGAGTT-3’
Ptch 5’-ACTGGCAGGAGGAGTTGATT-3’ 5’-GTGCTCGTACATTTGCTTGG-3’
Smo 5’-TGCCCTTGGTTCGGACAGAC-3’ 5’-CAAAGAAGCACGCATTGACG-3’
Gli1 5’-TTCCTACCAGAGTCCCAAGT-3’ 5’-CCCTATGTGAAGCCCTATTT-3’
β-actin 5’-CTTAGTTGCGTTACACCCTTTCTTG-3’ 5’-CTGTCACCTTCACCGTTCCAGTTT-3’
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after, the transwell inserts were washed with PBS and fixed 
with 4% paraformaldehyde. Cells upon the membranes 
were removed and cells below the membranes were stained 
with 0.5% crystal violet. Cell images were captured with an 
inverted microscope (200×). The average number of cells in 
5 random vision fields was used as the number of invading 
cells. 

Western blot. Total proteins were extracted and centri-
fuged at 10 000×g at 4 °C. The supernatant was collected and 
analyzed using a BCA protein assay kit (Beyotime). Then, 
equal amounts of proteins were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and then trans-
ferred onto polyvinylidene fluoride (PVDF) membranes 
(Merck Millipore, Darmstadt, Germany). After blocking 
with 5% defatted milk, the PVDF membranes were incubated 
with LKB1 antibody (1:500, Boster), E-cadherin antibody 
(1:500, Cell Signaling Technology, Beverly, MA, USA), 
N-cadherin antibody (1:500, Cell Signaling Technology), 
Vimentin antibody (1:1 000, Cell Signaling Technology), 
Shh antibody (1:500, Bioss, Beijing, China), patched (Ptch) 
antibody (1:500, Proteintech, Wuhan, China), smooth-
ened (Smo) antibody (1:1 000, Abgent, Suzhou, China), 
glioma-associated oncogene homologue 1 (Gli1) antibody 
(1:1 000, Sangon Biotech), metal matrix proteinase (MMP)-2 
antibody (1:1 000, Sangon Biotech), MMP-9 antibody 
(1:1000, Sangon Biotech), VEGF antibody (1:1 000; Abcam, 
Cambridge, UK), cyclinD1 antibody (1:1 000, Bioss), Bcl-2 
antibody (1:1000, Bioss) or β-actin antibody (1:500, Bioss) at 
4 °C overnight. Then the PVDF membranes were rinsed with 
tris buffered saline with Tween (TBST) and incubated with 
horseradish peroxidase (HRP)-labeled secondary antibodies 
(1:5 000, Beyotime) at 37 °C for 45 min. Thereafter, the PVDF 
membranes were rinsed with TBST and visualized with an 
ECL kit (Beyotime). The gray levels of targeted bands were 
analyzed with Gel-Pro-Analyzer.

Quantitative real-time PCR. Total RNA in cells was 
extracted using TRIpure (BioTeke) according to the manufac-
turer’s protocol. Total RNA was reversely transcribed to cDNA 
using Super M-MLV (BioTeke) and Oligo(dT)15 according to 
the protocol. Then the mRNA levels of Shh, Ptch, Smo and 
Gli1 were measured through quantitative real-time PCR 
using cDNA as templates and primers in Table  2. Relative 
mRNA level was calculated using 2–ΔΔCt method.

Immunofluorescence. Cells were fixed with 4% parafor-
maldehyde and permeabilized with 0.1% TritonX-100. 
After rinsing with PBS, cells were blocked with goat serum 
(Solarbio, Beijing, China) at room temperature for 15 
min. Then cells were incubated with Gli1 antibody (1:100, 
Abclonal, Cambridge, MA, USA) at 4 °C overnight. After 
rinsing with PBS, cells were incubated with Cy3-labeled 
secondary antibody (1:200, Beyotime) at room temperature 
for 60 min. After rinsing with PBS, the cells were incubated 
with DAPI and observed with a fluorescence microscope 
(OLYMPUS, Tokyo, Japan). Images of cells were obtained 
under a 400x magnification.

Animal experimental protocol. This study was carried 
out according to the Guide for Care and Use of Laboratory 
Animals, and approved by the Ethics Committee of China 
Medical University. Healthy nude mice (4–6 weeks old, 
18–20 g) were obtained from Huafukang Bioscience Co. Inc 
(Beijing, China). The mice were fed in a standard environ-
ment (25±1 °C, 55–65% humidity, 12 h light/12 h dark cycles) 
for 1 week to adapt, and then randomly divided into 3 groups: 
NC group, LKB1 SI group, and LKB1 SI+cyclopamine group. 
N= 6 for each group. Mice in NC group received an injec-
tion of NC cells (2×106 cells in 200 μl PBS) through caudal 
vein. Mice in LKB1 SI group received an injection of LKB 
SI cells (2×106 cells; caudal vein injection). Mice in LKB1 
SI+cyclopamine group received an injection of LKB SI cells 
(2×106 cells; caudal vein injection) and injections of cyclo-
pamine (25 mg/kg/day; intraperitoneal injection). Sixty 
days later, the mice were sacrificed and their lung tissues 
were obtained for subsequent hematoxylin and eosin (HE) 
staining and immunohistochemistry.

HE staining. Lung tissues were fixed with 4% paraformal-
dehyde. After dehydration in gradient ethanol, lung tissues 
were embedded into paraffin and cut into 5 μm slices. After 
dewaxing and rehydrating, slices were stained with hematox-
ylin and eosin. Images were captured with a 40× magnification.

Immunohistochemistry. Slices were rehydrated in 
gradient ethanol and retrieved in antigen retrieval buffer. 
Endogenous peroxidases were inactivated with 3% hydrogen 
peroxide. Slices were blocked with goat serum and then 
incubated with CD31 antibody (1:100; Abcam) at 4 °C 
overnight. After rinsing in PBS, slices were incubated with 
biotin-conjugated secondary antibodies (1:200; Beyotime) 
at 37 °C for 30 min. Then slices were rinsing with PBS and 
incubated with HRP-conjugated avidin (1:200; Beyotime) at 
37 °C for 30 min. DAB was used for visualization of targeted 
protein and hematoxylin was used for cell nucleus counter-
staining. Images were obtained with a 400× magnificationion.

Statistical analysis. Experiments were repeated for three 
times. All the results were presented as mean ± SD. Differ-
ences between each group were analyzed using One-way 
Analysis of Variance or Student’s t test. A p<0.05 was consid-
ered as significant.

Results

LKB1 suppresses the migration and invasion of lung 
cancer cells in vitro. In our study, a LKB1 specific shRNA 
was used to downregulate the level of LKB1 and a LKB1 
overexpression plasmid was constructed to upregulate the 
level of LKB1. Then the efficiency of LKB1 shRNA and LKB1 
overexpression plasmid was verified by western blot. Level 
of LKB1 was downregulated by LKB1 shRNA and upregu-
lated by LKB1 overexpression plasmid (Supplementary 
Figures  1A and B). These results demonstrate that LKB1 
shRNA downregulates and LKB1 overexpression plasmid 
upregulates the level of LKB1 effectively.
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angiogenesis of HUVECs were evaluated by MTT assay, 
wound healing assay and tube formation assay. The results 
of our study showed that LKB1 silence increased cell viability 
and migration of HUVECs, and increased their angiogen-
esis. Whereas, overexpression of LKB1 inhibited cell viability 
and migration of HUVECs, and decreased their angiogenesis 
capability (Figures 2A–E). Moreover, the VEGF level in cell 
medium and in lung cancer cells was measured by ELISA 
assay and western blot, respectively. After silence of LKB1, 
the VEGF concentration in cell medium and VEGF protein 
level in lung cancer cells were both increased. While, after 
overexpression of LKB1, the VEGF level in cell medium and 
lung cancer cells was decreased (Figures 2F and G). These 
results demonstrate that LKB1 inhibits angiogenesis.

LKB1 suppresses the migration, invasion and angio-
genesis of lung cancer cells in vitro through suppressing 
the Shh signaling pathway. In our study, we also investigated 
whether Shh signaling pathway was involved in the effect of 
LKB1. Our results showed that, after silence of LKB1, the 
mRNA levels of Shh, Ptch, Smo and Gli1, key molecules in 
Shh signaling pathway, were increased; whereas, after overex-
pression of LKB1, the mRNA levels of Shh, Ptch, Smo and 

Then migration capability was assessed by wound healing 
assay. After silence of LKB1, the cell migration capability was 
increased (Figure 1A); while, after LKB1 overexpression, the 
migration capability was decreased (Figure 1B). Meanwhile, 
the invasion capability was evaluated by transwell assay. 
Number of invading cells was increased after LKB1 silence 
(Figure 1C) and decreased after LKB1 overexpression 
(Figure 1D). These results suggest that LKB1 suppresses the 
migration and invasion of lung cancer cells.

EMT is an important event impacting the metastasis of 
cancer cells. In the present study, levels of EMT-related 
proteins were also detected by western blot. The level of 
E-cadherin was decreased by LKB1 silence and increased 
by LKB1 overexpression. Whereas, the level of N-cadherin 
was increased by LKB1 silence and declined by LKB1 overex-
pression (Figures 1E–H). Also, the level of Vimentin was 
increased by LKB1 silence and decreased by LKB1 overex-
pression (Figures 1E–H). These results indicate that LKB1 
also suppresses the EMT process of lung cancer cells.

LKB1 inhibits angiogenesis. After transfection, condi-
tioned medium of lung cancer cells was harvested. HUVECs 
were treated with this conditioned medium and then the 

Figure 1. LKB1 inhibits the migration, invasion and EMT of lung cancer cells. A) After silence of LKB1, the migration capability of H1299 cells was 
assessed by wound healing assay. B) After overexpression of LKB1, wound healing assay was carried out to assess the migration capability of A549 cells. 
C) Transwell assay was performed to detect the invasive capability of H1299 cells after LKB1 silence. D) After overexpression of LKB1 in A549 cells, 
the invasive capability was assessed by transwell assay. E and F) After silence of LKB1, protein levels of E-cadherin, N-cadherin and vimentin in H1299 
cells were detected by Western blot with β-actin as the internal control. G and H) Western blot was carried out to detect the protein levels of E-cadherin, 
N-cadherin and vimentin in A549 cells after LKB1 overexpression. Each experiment was repeated for three times. The results were presented as mean± 
SD. * p<0.05, ** p<0.01, *** p<0.001. EMT, epithelial-to-mesenchymal transition; LKB1 SI, LKB1 silence; NC, negative control of LKB1 silence; LKB1 
OE, LKB1 overexpression; Vector, negative control of LKB1 overexpression.
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Gli1 were decreased (Figures 3A and B). The results of western 
blot assay showed similar results. The protein levels of Shh, 
Ptch, Smo and Gli1 were raised by LKB1 silence and declined 
by LKB1 overexpression (Figures 3C–F). Consistently, the 
levels of cyclinD1 and Bcl-2, target genes of Gli1, were also 
raised by LKB1 silence and decreased by LKB1 overexpres-
sion (Figures 3C–F). Nuclear translocation of Gli1 was evalu-
ated by immunofluorescence with Gli1 antibody. Our results 
showed that, after LKB1 overexpression, nuclear transloca-
tion of Gli1 was reduced, whereas, after LKB1 silence, the 
nuclear translocation of Gli1 was enhanced (Figures 3G). 
These results demonstrate that the Shh signaling pathway 
was inhibited by LKB1.

As Shh signaling pathway was impacted by LKB1, cyclo-
pamine, an inhibitor of Shh signaling pathway, was employed 
in our study. The effectiveness of cyclopamine was shown in 
Supplementary Figures 1C–F. After treatment with cyclopa-
mine, the enhanced migration of lung cancer cells induced 
by LKB1 SI was reduced (Figure 4A). Consistently, the 

enhanced invasion of lung cancer cells induced by LKB1 
silence was reduced after cotreatment with cyclopamine 
(Figure 4B). These results suggest that LKB1 suppresses the 
migration and invasion of lung cancer cells through inhib-
iting the Shh signaling pathway. To further provide evidence 
for our hypothesis, the levels of E-cadherin, N-cadherin, 
Vimentin, MMP-2 and MMP-9 were also detected by western 
blot assay after co-treatment with cyclopamine. The level of 
E-cadherin was decreased, and the levels of N-cadherin, 
Vimentin, MMP-2 and MMP-9 were increased by LKB1 
silence. Whereas, these effects of LKB1 silence were reduced 
by co-treatment with cyclopamine (Figures 4C and D). These 
results provide further evidence for our hypothesis that 
LKB1 suppresses the migration and invasion of lung cancer 
cells through suppressing the Shh signaling pathway.

VEGF concentration in cell medium and VEGF protein 
level in lung cancer cells were also measured by ELISA assay 
and western blot assay, respectively. The increased concentra-
tion of VEGF in cell medium and protein level of VEGF in 

Figure 2. LKB1 inhibits angiogenesis. A and B) After treatment with conditioned medium, cell viability of HUVECs was assessed by MTT assay. C) 
Wound healing assay was performed to assess the migration capability of HUVECs after treatment with conditioned medium. D and E) Tube formation 
assay of HUVECs was performed after treatment with conditioned medium. F) The concentration of VEGF in cell medium of H1299 cells and A549 
cells was measured by ELISA. G) The level of VEGF in H1299 cells and A549 cells was detected by Western blot. All experiments were repeated for three 
times. The results were presented as mean± SD. * p< 0.05, ** p< 0.01, *** p< 0.001. LKB1 SI, LKB1 silence; NC, negative control of LKB1 silence; LKB1 
OE, LKB1 overexpression; Vector, negative control of LKB1 overexpression.
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lung cancer cell induced by LKB1 SI was reduced by co-treat-
ment with cyclopamine (Figures 4E and F). These results 
suggest that LKB1 inhibits the angiogenesis through the Shh 
signaling pathway.

LKB1 suppresses the metastasis and angiogenesis of 
lung cancer in vivo through suppressing the Shh signaling 
pathway. We also verified our hypothesis in an in vivo 
study. Lung cancer cells were inoculated into nude mice 
through caudal vein. Two months later, the tumor nodes 
in lung tissues were observed through HE staining. The 
increased number of tumor nodes induced by LKB1 silence 
was reduced by injection of cyclopamine (Figures 5A and 
B). Moreover, angiogenesis was assessed by immunohisto-
chemistry with a CD31 antibody. The results showed that 
the elevated vessels induced by LKB1 silence were reversed 
by co-treatment with cyclopamine (Figure 5C). These results 
suggest that LKB1 suppresses the metastasis and angiogen-
esis of lung cancer in vivo through suppressing the Shh 
signaling pathway.

Discussion

In our study, we found that silencing LKB1 promoted, 
while overexpression of LKB1 inhibited migration, invasion 
and angiogenesis of lung cancer cells. Further study showed 
that Shh signaling pathway was suppressed by LKB1. Shh 
signaling pathway inhibitor, cyclopamine, reduced the 
effects of LKB1 silencing, indicating that LKB1 may inhibit 

migration, invasion and angiogenesis of lung cancer cells 
through suppressing the Shh signaling pathway. Our in vivo 
study also showed that Shh signaling pathway was involved 
in the LKB1 effects on metastasis and angiogenesis of lung 
cancer. Our study provides additional information about the 
possibility for LKB1 to be a potential therapeutic target for 
lung cancer treatment.

Metastasis frequently contributes to high mortality of lung 
cancer. LKB1, which is the third mutated gene in lung cancer, 
is associated with poor prognosis of lung cancer patients [21]. 
LKB1, which is commonly regarded as a tumor suppressor, is 
reported to be negatively associated with the cancer metas-
tasis [4]. Loss of LKB1 confers invasion and metastasis 
behavior in mouse models of cancer [22]. In our study, we 
found that silencing LKB1 promoted migration and invasion 
of lung cancer cells, whereas overexpression of LKB1 inhib-
ited these processes. These results indicate that LKB1 may 
suppress the lung cancer metastasis. Our in vivo study also 
showed that metastasis of lung cancer was increased by LKB1 
silencing. These results provide further evidence for our 
hypothesis that LKB1 suppresses the lung cancer metastasis 
in vitro and in vivo. Retrospective study of Liu et al showed 
that the level of LKB was negatively correlated to lymph node 
metastasis [23] . Ji et al also indicated that LKB1 was a critical 
barrier for the initiation and metastasis of lung cancer [17]. 
Given that LKB1 may perform a tumor-suppressor role in 
lung cancer metastasis, LKB1 has the potential to become a 
target in the lung cancer treatment.

Figure 3. LKB1 inhibits the Shh signaling pathway. A) The mRNA levels of Shh, Ptch, Smo and Gli1 in H1299 cells were measured by quantitative 
real-time PCR. Relative mRNA level was calculated using 2–ΔΔCt method. B) Quantitative real-time PCR was performed to measure the mRNA levels of 
Shh, Ptch, Smo and Gli1. C and D) After silence of LKB1, the protein levels of Shh, Ptch, Smo, Gli1, cyclinD1 and Bcl-2 in H1299 cells were detected by 
Western blot. β-actin served as the internal control. E and F) Western blot was carried out to detect the protein levels of Shh, Ptch, Smo, Gli1, cyclin D1 
and Bcl-2 in A549 cells after LKB1 overexpression. G) Immunofluorescence was performed to detect the expression and distribution of Gli1. All experi-
ments were repeated for three times. The results were presented as mean± SD. ** p< 0.01, *** p< 0.001. LKB1 SI, LKB1 silence; NC, negative control of 
LKB1 silence; LKB1 OE, LKB1 overexpression; Vector, negative control of LKB1 overexpression.
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Figure 4. Blocking Shh signaling pathway with cyclopamine reduced the effects of LKB1 SI. After silence of LKB1 and/or treatment with cyclopamine, 
the migration and invasion capabilities of H1299 cells were evaluated by wound healing assay (A) and transwell assay (B).The protein levels of E-
cadherin, N-cadherin, Vimentin, MMP-2 and MMP-9 in H1299 cells were detected by Western blot with β-actin as the internal control (C and D). The 
concentration of VEGF in cell medium of H1299 cells was measured by ELISA (E) and the level of VEGF in H1299 cells was assessed by Western blot 
(F). Each experiment was repeated for three times. The results were presented as mean± SD. * p<0.05, ** p<0.01, *** p<0.001. LKB1 SI, LKB1 silence; 
NC, negative control of LKB1 silence; LKB1 OE, LKB1 overexpression; Vector, negative control of LKB1 overexpression.

MMPs, which degrade basement membrane, play an 
important role in the migration and invasion of cancer 
cells. In our study, the MMP-2 and MMP-9 levels were also 
elevated by LKB1 silencing, which provides further evidence 
for the LKB1 involvement in lung cancer cell migration 

and invasion. Consistently, another report also showed that 
LKB1 down-regulated the MMP expression [24]. MMPs are 
also closely related to EMT process [25]. The modulation of 
MMPs by LKB1 indicates a potential role of LKB1 in EMT 
process of lung cancer.
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EMT is an important event in development and it is a 
complicated program contributing to tumor metastasis. 
Through EMT program, differentiated cancer cells (epithe-
lial) are reversed to dedifferentiated cancer cells (mesen-
chymal), vesting cancer cells motility and many attributes 
of stem cells [26, 27]. In our study, LKB1 upregulated levels 
of E-cadherin (an epithelial marker) and downregulated 
levels of N-cadherin and Vimentin (mesenchymal markers), 
indicating that LKB1 may repress EMT process in lung 
cancer cells. Consistently, the report of Roy et al also showed 
that LKB1 knock-down increased motility and invasiveness 
of lung cancer cells, accompanied by increased zinc-finger E 
box-binding homeobox factor 1, an EMT inducer [8].

Angiogenesis is a crucial event in tumor progression. 
Angiogenesis provides nutrition for the growing cancer 
cells and also provides ways for their distant metastases. 
LKB1 deficiency was also reported to lead to an increase in 
the vascular endothelial growth factor level, an important 
growth factor promoting angiogenesis [28]. Consistently, in 
our study angiogenesis was inhibited by LKB1, with declined 
VEGF level.

Shh signaling pathway is initiated by Shh binding to Ptch, 
de-repressing Smo, and finally activating Gli and target 
genes. It is closely related to cancer initiation and develop-
ment [29]. Silencing of Shh was found to suppress migration 
and invasion of cervical cancer, bladder cancer and gastric 
cancer [30–32], and also to regulate EMT process [33]. 
Zhuang et al showed that in breast cancer, the LKB1 level was 
negatively correlated with the expression of transcription 
factors in Shh signaling pathway [34]. Thus we speculate that 

the Shh signaling pathway may be involved in the effect of 
LKB1 on lung cancer. Other hedgehog factors, such as Sufu 
and Hip, were also impacted by LKB1 [34]. In our study, 
LKB1 decreased key molecules in Shh signaling pathway. 
Moreover, treatment with cyclopamine, a Shh signaling 
pathway inhibitor, reduced the effects of LKB1 silencing, 
demonstrating that the Shh signaling pathway is involved in 
the LKB1 role in lung cancer. Other signaling pathways may 
be also implicated in the effects of LKB1 on lung cancer, and 
further exploration is needed.

In the present study, we investigated the role of LKB1 in 
lung cancer. Our study shows that LKB1 inhibited metastasis 
and angiogenesis of lung cancer. Moreover, Shh signaling 
pathway was implicated in the effect of LKB1 on lung cancer. 
As mutation of LKB1 in lung cancer appears up to 30%, 
LKB1 may become a therapeutic target for the lung cancer 
treatment. 

Supplementary information is available in the online version 
of the paper.
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