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LKB1 suppresses proliferation and invasion of prostate
cancer through hedgehog signaling pathway

Peiyuan Xu, Fei Cai, Xiaofei Liu, Lele Guo

Department of Urology, First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052, Henan, PR China

Received October 10, 2014; Accepted December 1, 2014; Epub December 1, 2014; Published December 15,
2014

Abstract: Activation of the hedgehog (Hh) signaling pathway has been implicated in the development of many hu-
man malignancies. Hh signaling target genes, such as patched (PTCH), smoothened (SMO) and sonic hedgehog
(SHH), are markers of Hh signaling activation in most Hh-associated tumors. The protein kinase LKB1 has been
shown to slow proliferation and induce cell-cycle arrest in many cell lines. However, the function of LKB1 in prostate
cancer development remains largely unclear. In this study, the expression of LKB1 in human prostate cancer tissue
samples and prostate cancer cell lines was detected, and the effects of LKB1 on prostate cancer cell proliferation
and invasion were evaluated. Moreover, the influence of LKB1 on target genes of the Hh signaling pathway was
analyzed. The results indicated that knockdown of LKB1 expression by RNA interference promoted cell proliferation,
colony formation and invasion. Meanwhile, we observed that LKB1 siRNA increased the expression of factors re-
lated to Hh signaling reporter activity in prostate cancer cells, including PTCH, SMO and SHH. These findings suggest
that LKB1 is a putative tumor suppressor gene in prostate cancer, and that LKB1 is negatively correlated with the
expression of Hh signaling related transcription factors. Our results suggest that LKB1 may inhibit tumorigenesis by
regulating the Hh signaling pathway in certain cancers.
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Introduction

Prostate cancer is one of the most common
malignancies and the leading cause of cancer-
related death in men worldwide [1-4]. Surgery
and radiation therapy are effective for localized
disease [5], but there is no effective treatment
strategy for recurrent or metastatic prostate
cancer that has failed to respond to surgery,
radiation or hormonal therapy. Therefore, it is
important to investigate the molecular mecha-
nisms underlying the progression and metasta-
sis of prostate cancer to provide better strate-
gies for the prevention and therapy of prostate
cancer. With the recent advances in the under-
standing of molecular pathways involved in
prostate cancer progression, targeted thera-
pies that are designed to interfere with the way
in which cancer cells grow and survive offer
new hope in prostate cancer therapeutics.

Liver kinase B1 (LKB1), a serine/threonine
kinase, functions as a tumor suppressor. The
gene is located on chromosome 19p13.3,

encodes a ~48 kDa multitasking kinase pro-
tein-LKB1 [6] and plays a crucial role in the con-
trol of cell structure, apoptosis, and cellular
metabolism [7]. It is mutated in Peutz-Jeghers
syndrome (PJS), a disease characterized by a
predisposition to gastrointestinal polyposis, an
increased risk of benign and malignant tumors
in multiple tissues and mucocutaneous pig-
mentation [8] and in epithelial cancers, includ-
ing hormone-sensitive organs such as the
breast, ovaries, testes, and prostate [9]. LKB1
is emerging as a multifunctional protein, acting
as a key metabolic enzyme, regulator of cell
polarity, and transcription factor [10]. Recent
studies have demonstrated that LKB1 regu-
lates cell growth, cell proliferation and cell sur-
vival in response to different stresses. Altered
LKB1 expression has been linked with the
development and growth of various cancers
[11, 12]. Itis well known that the Hedgehog (Hh)
signaling pathway controls a variety of develop-
mental processes, including cell proliferation,
differentiation and survival [13]. Dysregulation
of the Hh signaling pathway results in cellular
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Table 1. Prime sequence, product size, cycles and Renaturation tem-

perature of different gene

study protocols were ap-
proved by the Research

Ethics Committee for

Gene  Prime sequence(5-3’) Pro'duct Cycles Renaturation Clinical R h of
size temperature (°C) inical Research of the
SHH  F: GACTCAGAGGTGTAAGGACAAGTT 85bp 30 59 First Affiliated Hospital
R: CTCGGTCACCCGCAGTTT of.Zhengzhou University,
SMO  F: CAACCTCTTTGCGTTTCCTT 154bp 30 59 China.
R: ACTCACTGCTCCTATCCCACTC Cell culture
PTCH  F: CAGGCAGCGGTAGTAGTGG 193bp 25 59
R: TGTAGCGGGTATTGTCGTGT The human prostate can-
LKB1 F: CGGCAAGGTGAAGGAA 141bp 25 59 cer cells line DU-145
R :ACGCCCAGGTCGGAGAT (ATCC, Rockville, MD) and
GAPDH F: GGGAAACTGTGGCGTGAT 299bp 25 56 PC-3  (ATCC, Rockville,
R: GAGTGGGTGTCGCTGTTGA MD) were cultured in

proliferation and contributes to the formation
and progression of human cancers, including
lung, breast, pancreatic and prostate cancers
[14-17]. Recently, the functional roles of the Hh
signaling pathway in prostate cancer have been
widely studied [18, 19]. Increasing evidence
suggests an active role for Hh signaling in the
development and progression of prostate can-
cer. However, the role and mechanism of LKB1
in prostate cancer is still unclear. In this study,
we investigated the potential role of LKB1 in
the development and progression of prostate
cancer. Further studies designed to determine
the regulatory mechanism of LKB1 on the Hh
signaling pathway are currently underway.

The results showed that the knockdown of
LKB1 promoted the proliferation and invasion
of prostate cancer cells. Moreover, LKB1 is
negatively correlated with the expression of Hh
signaling molecules in prostate cancer cells
and has a negative effect on Hh signaling path-
way activity in human prostate cancer cells.

Materials and methods

Patients and specimens

The study included 42 patients with prostate
cancer. In addition, 16 normal prostate tissues,
which served as controls, were obtained from
patients who underwent total cystectomy at the
Department of Urology, the First Affiliated
Hospital of Zhengzhou University, from July
2012 to October 2013. None of the patients in
our study received neoadjuvant chemotherapy.
Informed consent was obtained from all
patients prior to entering this study, and the
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RPMI-1640 medium (Gib-
co, USA) supplemented
with 10% fetal calf serum (Hyclone, USA), peni-
cillin and streptomycin at 37°C in 5% CO,,. Cells
were regularly passaged to maintain exponen-
tial growth.

Cell transfection

The prostate cancer cells DU-145 and PC-3
were seeded into 6-well plates and incubated
overnight, and were then transfected using
Lipofectamine®2000 (Invitrogen, Carlsbad, CA),
according to the manufacturer’s instructions,
with slight modifications. The experiments were
divided into three groups respectively: the con-
trol group (treated with Lipofectamine®2000
only), the vector group (treated with Lipofect-
amine®2000 and control siRNA), and the LKB1
siRNA (Santa Cruz, CA) group (treated with
Lipofectamine®2000 and LKB1 siRNA). For
every 10° cells, 0.5 ug LKB1 siRNA and control
siRNA were diluted and mixed with 3 pl trans-
fection reagents. After mixing and incubating
30 min, the transfection mixture was added to
the cells. After 6 hours, the medium was
changed to growth medium.

Gene expression analysis by Reverse
Transcription and Polymerase Chain Reaction
(RT-PCR)

Total RNA was extracted from prostate cancer
cells with TRIzol Reagent (Invitrogen, Carlsbad,
CA USA) according to the manufacturer’s proto-
col. Then, 2 g of total RNA was subjected to
reverse-transcription using a High-Capacity
RNA-to-cDNA Kit (Applied Biosystems) accord-
ing to the manufacturer’s instructions. RT-PCR
was performed in a BioRad MylQ single-color
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Figure 1. LKB1 protein expression level in prostate cancer tissue. LKB1 expression in the normal tissues and
prostate cancer tissue was detected by Western blot assay. B-actin served as a loading control. *P < 0.05 prostate

cancer tissue compared with normal tissue.

real-time PCR detection system using SYBR
Green Supermix (BioRad, Carlsbad, CA).
Relative quantification of gene expression was
performed using the 222t method and with
glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) mRNA as an internal control. The spe-
cific primers and their product size, cycles and
renaturation temperature are listed in Table 1.

Western blot analysis

The proteins were extracted from tissue and
cells using RIPA lysis buffer (Beyotime, Nantong,
China). The cell lysates were collected after
centrifugation and the protein concentration
was quantified by the bovine serum albumin
(BSA) method. Western blotting was performed
according to standard methods. Equal amounts
of proteins (40 pg) were subjected to SDS-PAGE
electrophoresis on 12% polyacrylamide gels
and transferred onto PVDF membranes
(Millipore, Bedford, MA), which were blocked in
non-fat dry milk and incubated in 1:500 diluted
primary antibodies at 4°C overnight. After three
washes with TBST, the membranes were incu-
bated with HRP-conjugated secondary antibod-
ies (Santa Cruz Biotechnology, USA) for 1 h at
room temperature. The membranes were devel-
oped using the ECL kit (Santa Cruz
Biotechnology, USA) and exposed to X-ray film.
B-actin was used as a loading control. The den-
sity of the bands on the membrane was
scanned and analyzed with an image analyzer
(LabWorks Software, UVP Upland, CA, USA).

Cell proliferation assays

To measure the effects of LKB1 on cell prolif-
eration of prostate cancer cells, a colorimetric
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3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetra-
zolium bromide (MTT) assay was used. DU145
and PC3 cells were seeded in a 96-well culture
plate and transiently transfected with LKB1
siRNA or control vectors. After 1-5 days of
transfection, cells were washed twice with PBS
and 10 uyl MTT (5 mg/mL) was added to each
well. Then, cells were incubated at 37°C for 4 h
and 100 yl DMSO was added to dissolve the
formazan crystals. The optical density [20]
value was measured at a wavelength of 490
nm using a spectrophotometer (Multiskan
MK3, Thermo, Waltham, MA). Experiments
were carried out in triplicate.

Soft agar colony formation assay

Assays of colony formation in soft agar were
performed according to a previous report [21].
The control group, the control siRNA-transfect-
ed group, and the LKB1 siRNA-transfected
group cells were evenly seeded into 100 mm
petri dishes with soft agar. The cells were
allowed to grow for 3 weeks until the colonies
were formed. Colonies were then stained with
crystal violet and counted under a microscope
and Open CFU 3.8-BETA software [22]. All
experiments were conducted in triplicate.

Cell invasion assays

The invasion ability of DU-145 and PC-3 cells
was evaluated in the transwell chamber assay.
According to the manufacturer’s protocol,
chambers were coated with matrigel (50 pl per
filter) (BD, USA) and incubated at 37°C for 30
min to create the matrigel membrane and
divide the chamber into upper and lower com-

Int J Clin Exp Pathol 2014;7(12):8480-8488



LKB1 and prostate cancer

A N &
v AN LS
SRR
LKBI1
B-actin

=i
-
=
e
=
S 1.0
-
<
é
E 0.5' *
4
=
= i
(-4 T T T
N
& N &
=) QQ
Q.

Figure 2. LKB1 mRNA and protein levels in prostate cancer cell lines. A. The protein expression profiles of the LKB1
in normal control cell lines (RWPE-1) and prostate cancer cell lines (DU-145 and PC-3) were determined by Western
blot analysis. B-actin served as a loading control. B. The mRNA levels of LKB1 in normal control cell lines (RWPE-1)
and prostate cancer cell lines (DU-145 and PC-3) were compared by RT-PCR. *P < 0.05 compared with RWPE-1.

partments. The control, the vector-transfected,
and the LKB1-transfected cells were cultured
for 48 h and added to the upper chambers with
serum-free DMEM (1 x 10° cells per transwell).
DMEM containing 10% fetal bovine serum
(FBS) was added to the lower chamber. After 20
h incubation at 37°C in a 5% CO, incubator,
cells on the upper surface of the filters were
removed by wiping with a cotton swab. The fil-
ters were fixed in 4% paraformaldehyde and
stained with 0.2% crystal violet. The stained
cells were counted under a microscope in five
randomly selected fields. At least three cham-
bers from three different experiments were
analyzed.

Statistical analysis

All statistical analyses were performed using
Microsoft Excel and SPSS v12 software. Data
are presented as the mean + SEM for the indi-
cated number of separate experiments.
Statistical analysis of data for multiple groups
was performed using one-way analysis of vari-
ance (ANOVA). Student’s t test is applied for
comparison of the two groups. P values less
than 0.05 were considered statistically signi-
ficant.

Results
Expression of LKB1 in prostate cancer tissue
To analyze LKB1 expression in human prostate

tissues, we analyzed the protein level of LKB1
in normal and different prostate cancer patient
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tissues by Western blotting. The results showed
that the relative expression levels of LKB1 were
much lower in prostate cancer than that in nor-
mal tissues (Figure 1). These results indicate
that LKB1 might be critical in prostate cancer.

Expression of LKB1 mRNA and protein in pros-
tate cancer cell lines

To further verify the expression of LKB1 in nor-
mal and prostate cancer cells, we used RT-PCR
to detect LKB1 mRNA levels and Western blot-
ting to analyze the protein levels in RWPE-1,
DU-145 and PC-3 cell lines. RT-PCR analysis
showed that the mRNA levels of LKB1 in two
prostate cancer cell lines were down-regulated
compared to levels seen in normal cells (Figure
2A). Western blotting results were consistent
with RT-PCR (Figure 2B). Therefore, the low
expression of LKB1 was confirmed to exist in
prostate tissues as well as the prostate cell
lines. It is noteworthy that both the mRNA and
protein levels of LKB1 in DU-145 cells were
higher than those in PC-3 cells.

Knockdown of LKB1 in prostate cancer cells

To evaluate the functional significance of LKB1
in prostate cancer, we silenced LKB1 expres-
sion using siRNA in DU-145 and PC-3 cells and
then examined the expression of LKB1 in two
human prostate cancer cell lines by RT-PCR
and western blot analysis. As shown in the
Figure 3A and 3B, RT-PCR and Western blot
analysis showed that the mRNA and protein
expression levels of LKB1 were significantly
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Figure 3. Expression of LKB1 in the prostate cancer cell |
detected by RT-PCR. GAPDH served as an internal contro
cells was detected by western blot analysis. B-actin serv
and siRNA control. The mRNA and protein expression of L
compared to control and control siRNA.
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Figure 5. Invasion was measured by determining the
percentage of cells that penetrated through Matri-
gel-coated Transwell chambers. These experiments
were repeated three times. Invasion through Matri-
gel is significantly increased in siRNA LKB1 cells
compared with control and siRNA control cells. *P <
0.05 compared to control and siRNA control.
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Figure 4. LKB1 inhibits cell growth. LKB1 significantly in-
hibited the proliferation of (A) DU-145 and (B) PC-3 cells,
as shown by the MTT assay. These data are shown as the
mean + S.D. of three independent experiments. Cell pro-
liferation was significantly inhibited by the knockdown of
LKB1. C. Colony formation assays were performed to con-
firm the effect of LKB1 on cell growth. Compared with con-
trol and control siRNA, colony numbers were significantly
increased by knockdown of LKB1. *P < 0.05.

decreased by LKB1 siRNA when compared with
their expression in control siRNA.

Knockdown of LKB1 promotes cell prolifera-
tion in prostate cancer cells

To evaluate the effect of LKB1 on cell prolifera-
tion, we performed an MTT assay. The results
indicated that knockdown of LKB1 promoted
the proliferation of DU-145 and PC-3 cells
(Figure 4A and 4B). Moreover, to confirm the
inhibitory effect of LKB1 on the growth of pros-
tate cancer cell lines, we used a colony forma-
tion assay using DU-145 and PC-3 cells.
Knockdown of LKB1 significantly increased
colony formation compared with that of cells

Int J Clin Exp Pathol 2014;7(12):8480-8488
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transfected with control siRNA (Figure 4C).
Knockdown of LKB1 in DU-145 and PC-3 cells
showed a significant growth, which was
increased by the promotion of cell proliferation
and colony formation. These results further
indicated that LKB1 acts as a potential tumor
suppressor gene in prostate cancer.

Influences of silencing of LKB1 on invasion of
prostate cancer cells

To further investigate the role of LKB1 in the
invasion of prostate cancer cells, we employed
the loss of function approach to knockdown
LKB1 expression in DU-145 and PC-3 cells. We
performed a transwell invasion assay and the
results demonstrated that the invaded cell
numbers in control, control siRNA and LKB1
siRNA were 37.4 + 3.3, 38.5 + 3.4, 97.6 = 3.0,
respectively, in DU-145 and 29.3 + 2.9, 31.3 +
3.2,90.2 + 3.3, respectively, in PC-3 (Figure 5).
Compared with control and control siRNA, the
invaded cell number in LKB1 siRNA significantly
increased; the difference was significant (P <
0.05). The results suggest that silencing of
LKB1 promotes the invasion of prostate cancer
cells, indicating that LKB1 plays an important
role in invasive capability.

Effects of knockdown of LKB1 on hedgehog
signaling molecules in prostate cancer cells

To further investigate the molecular mecha-
nism of LKB1 in prostate cancer, we examined
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Figure 6. Analysis of effector molecules in Hh.
A. The relative mRNA levels for SHH, SMO, and
PTCH, which were detected by RT-PCR in DU-
145 cells. B, C. The relative protein levels of
SHH, SMO, and PTCH, which were detected by
Western blotting in control, control siRNA, and
siRNA LKB1. Representative quantitation from
three independent experiments. The values of
DU-145 are expressed relative to the respective
controls (B-actin), which were given an arbitrary
value of 1. Bars, SE. *P < 0.05.

the expression of Hh signaling molecules,
including SHH, SMO, and PTCH by RT-PCR and
Western blot analysis. As shown in Figure 6, the
MRNA levels of SHH, SMO, and PTCH (P < 0.05)
were significantly increased in siRNA LKBI1-
transfected (A) compared with control and con-
trol siRNA, which was reflected in the protein
levels of SHH, SMO, and PTCH (B and C).

Discussion

As the second most common cause of cancer-
related death, prostate cancer is a global public
health problem. Unfortunately, to date, very lim-
ited information is available to discern which
cases of prostate cancer are likely to remain
latent, versus those that are likely to metasta-
size and warrant more aggressive management
[23]. Therefore, there is an urgent need to iden-
tify novel biomarkers of prostate cancer that
could distinguish benign versus malignant or
even metastatic prostate cancer.

LKB1 is emerging as a multifunctional protein,
acting as a key metabolic enzyme, regulator of
cell polarity, and transcription factor. Altered
LKB1 expression has been linked with various
cancers and may be a potential prognostic
marker. In the current investigation, LKB1 pro-
tein expression was decreased in primary
breast tumors compared to normal breast epi-
thelium [24]. In our study, loss of LKB1 expres-
sion in a significant number of prostate cancer
tissues is consistent with the notion that LKB1
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is a tumor suppressor. Several recent studies
have implicated the involvement of LKB1 gene
inactivation in differentiation, invasion and
metastasis of lung cancer cells [25, 26]. It also
has been reported that that low expression of
the LKB1 protein promotes breast cancer cells
proliferation, migration and invasion [27, 28],
and these results clearly suggested that LKB1
might exert tumor inhibitory effects on human
breast cancer. Moreover, it also has been
reported that overexpression of LKB1 in NSCLC
cells inhibited cell migration and invasion. In
this study, we knocked-down LKB1 expression
in prostate cancer cells and found that the
depletion of LKB1 led to increased cell prolifer-
ation and colony formation. Furthermore,
knockdown of LKB1 was shown to increase the
invasion of prostate cancer cells. The present
results are consistent with those previous find-
ings, demonstrating that LKB1 can inhibit the
growth and invasion of prostate cancer and fur-
ther supporting the involvement of LKB1 inacti-
vation in the malignant progression of prostate
cancer. Therefore, the above results provided
evidence that LKB1 may play a potential tumor
suppressor role in prostate cancer progres-
sion.

Aberrant activation of the Hh signaling pathway
correlates with a variety of human tumors
where the pathway is implicated in tumorigen-
esis, malignancy, metastasis and cancer stem
cell development [29, 30]. The development of
advanced disease is a complex process involv-
ing up-regulation of anti-apoptotic genes and
activated growth factor and signaling pathways
[31]. Deregulation of Hh signaling molecules
has also been demonstrated in the pathogen-
esis of carcinoma [32-34]. The Hh signaling
pathway is integral in human organ embryogen-
esis. Recent evidence suggests that the Hh sig-
naling pathway is activated in human prostate
cancers [17, 35, 36]. Expression of SHH, SMO
and PTCH, all of which are known markers of
the Hh signaling pathway activation, are
increased in cancer compared with normal
prostate epithelium [35]. Accordingly, activa-
tion of this pathway has been observed in pros-
tate cancer metastases. Thus, the Hh signaling
pathway seems to be associated with advanced
prostate cancer and tumor progression [37].
Moreover, several studies have found that PKA
plays an important role in the Hh signaling
pathway, which in turn determines the activity
of cCAMP. As LKB1 can also affect the state of
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CAMP [24], this raises the question of the rela-
tionship between LKB1 and Hh in human pros-
tate cancer patients. In our study, we knocked-
down LKB1, the results indicated the significant
up-regulation of expression of Hh signaling tar-
get genes SHH, SMO and PTCH at both the
mRNA and protein levels in siRNA LKB1-
transfected DU-145 cells. Based on the above
results suggesting that LKB1 is negatively cor-
related with Hh signaling molecule expression
and may be an important negative regulator of
the Hh signaling pathway, we speculated that
LKB1 can affect the expression of Hh signaling
molecules, which are in turn involved in many
biological processes including embryogenesis
and carcinogenesis of prostate cancer growth.
The results suggest that LKB1 contributes to
the suppression of tumorigenesis by decreas-
ing cell proliferation and invasion by regulating
the Hh signaling pathway.

In conclusion, the expression of LKB1 is nega-
tively correlated with factors in the Hh signaling
pathways. The LKB1 gene inhibits cell growth
by suppressing Hh signaling pathway in pros-
tate cancer cells. The crosstalk between these
pathways may play an important role in pros-
tate cancer growth, suggesting that LKB1 could
be a potential molecular target for prostate
cancer gene therapy.
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