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Abstract
Purpose  To investigate the role of sonic hedgehog (Shh) signaling and epithelial–mesenchymal transition (EMT) in bladder 
cancer progression and invasion.
Methods  We cultured three bladder cancer cell lines, muscle-invasive T24 and 5637, and non-muscle-invasive KK47, in 
the presence of a recombinant-Shh (r-Shh) protein or cyclopamine, a Shh signaling inhibitor, to investigate proliferation 
and expression of EMT markers. Wound-healing assays and transwell assay were performed to evaluate cell invasion and 
migration. Mice were then inoculated with bladder cancer cells and treated with cyclopamine. Mouse tumor samples were 
stained for Shh signaling and EMT markers.
Results  R-Shh protein enhanced cell proliferation, whereas cyclopamine significantly suppressed cell proliferation, espe-
cially in invasive cancer (5637 and T24) (p < 0.05). R-Shh protein promoted EMT, suppressed E-cadherin and enhanced 
N-cadherin and vimentin and Gli1, an Shh downstream molecule, while cyclopamine blocked EMT, especially in 5637 and 
T24. Cyclopamine also inhibited cell invasion and migration in vitro. In the animal study, intraperitoneal injection of cyclo-
pamine significantly suppressed tumor growth in 5637 and T24 in mice (p = 0.01 and p = 0.004, respectively) and slightly 
suppressing KK47 tumor growth (p = 0.298). Significant cyclopamine-induced suppression of Gli1 in 5637 and T24 mouse 
tumors (both p = 0.03) was seen, suggesting that muscle-invasive bladder cancer may be more dependent on Shh signaling 
than non-muscle-invasive bladder cancer.
Conclusions  Shh signaling and EMT were especially enhanced in muscle-invasive bladder cancer progression and invasion, 
and suppressed by the inhibition of Shh signaling.
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Introduction

Therapeutic strategies are especially limited in progressive 
muscle-invasive bladder cancer, and there are no clini-
cally available definitive therapeutic strategies in cases 
refractory to chemotherapy. Hedgehog (Hh) signaling has 
been reported in several clinical cancers as well as basic 
research (Behnsawy et al. 2013; Yamamichi et al. 2014). 
Hh binds to transmembrane receptor Patched (Ptch) and 
relieves constitutive repression of Smoothened (Smo). 
Smo activation promotes activation/translocation of gli-
oma-associated oncogenes (Glis) to the nucleus, causing 
transcriptional activation of Hh target genes (Shigemura 
and Fujisawa 2015).

Hh signaling may contribute to development of solid 
tumors through gene alterations of Ptch/Smo resulting in 
constitutively activated Hh signaling (Gupta et al. 2010). 
Although early reports indicated that sonic Hh (Shh) 
signaling is activated in bladder cancer (McGarvey et al. 
1998), these signaling pathways could be activated via var-
ious mechanisms including ligand-independent Hh signal-
ing activation. Recently, Shh signaling was also shown to 
be markedly elevated in human bladder cancer cells during 
progression from non-muscle invasive to invasive cancer 
(He et al. 2012). Transforming growth factor (TGF)-β1-
induced-Shh signaling also activated epithelial–mesen-
chymal transition (EMT), tumorigenicity, and stemness 
in bladder cancer (Islam et al. 2016). EMT is well known 
as an important mechanism for progression, invasion and 
migration in cancer cells. EMT involves reprogramming 
the epithelial cells during embryonic development and 
tissue repair in adults (Peinado et al. 2007). One of the 
most characteristic changes during EMT is suppression of 
E-cadherin, resulting in loss of cell adhesion. EMT also 
induces loss of basal–apical polarity and tight cell junc-
tions, and increases the expression of mesenchymal mark-
ers such as N-cadherin and vimentin in cancer progres-
sion and metastatic phenotypes (McConkey et al. 2009). In 
this study, we investigated whether Hh signaling-activated 
EMT in bladder cancer cells and compared activation in 
non-muscle invasive and muscle-invasive cancer to evalu-
ate dependence on Hh signaling. We also investigated the 
feasibility of Shh signaling inhibition in vitro and in vivo.

Materials and methods

Cells and reagents

Three human bladder cell carcinoma cell lines, KK47 
which were derived from non-muscle invasive one, 5637 

and T24 which was derived from muscle-invasive ones, 
were cultured in RPMI-1640 medium supplemented with 
10% fetal bovine serum, 1% penicillin and streptomycin 
at 37 °C and 5% CO2. The Hh signaling inhibitor cyclopa-
mine (LKT Laboratories, St. Paul, MN) was dissolved and 
diluted with dimethyl sulfoxide (DMSO). Recombinant-
human Shh protein (r-Shh: R&D Systems, Minneapolis, 
MN) was dissolved and diluted by PBS.

Cell proliferation assay

Five hundred KK47, 5637 and T24 cells were seeded for 
24 h, then divided into 4 groups and switched to media 
containing 1 µg/ml r-Shh, 50 µM cyclopamine, both 1 µg/
ml r-Shh and 50 µM cyclopamine, or DMSO, respectively. 
The concentration of r-Shh was based on previous studies 
(Behnsawy et al. 2013; Yamamichi et al. 2014; Bermudez 
et al. 2013). After incubation for 0, 48, 72 and 96 h, cell 
proliferation was investigated by 2,3-bis-(2-methoxy-4-ni-
tro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) 
(Roche Diagnostics, Tokyo, Japan) according to the manu-
facturer’s instructions. All experiments were carried out in 
triplicate.

Western blotting

Twenty thousand cancer cells were incubated for 24 h, then 
cells were treated as described above and incubated for an 
additional 48 h. Cells were washed and lysed in 8 M urea 
buffer containing 0.1% dithiothreitol. Each sample was 
added into sample buffer (Nacalai Tesque, Kyoto, Japan) 
and heated at 95 °C for 5 min. The samples were separated 
by SDS-PAGE and transferred to a PVDF membrane. After 
blocking with Blocking One (Nacalai Tesque) followed by 
washing, the membranes were incubated for 1 h at room 
temperature (RT) with anti-E-cadherin (Abcam, Cambridge, 
UK), anti-N-cadherin (Santa Cruz Biotechnology, Dallas, 
TX), anti-vimentin (Santa Cruz Biotechnology), anti-Gli1 
(Santa Cruz Biotechnology) or anti-β-actin (Santa Cruz 
Biotechnology). After another washing, membranes were 
incubated for 1 h with HRP-conjugated secondary antibod-
ies. Antibody binding to proteins was detected by enhanced 
chemiluminescence.

Cell immunofluorescence staining

One thousand cancer cells were incubated for 24 h and then 
treated as described above and incubated an additional 72 h. 
These cells were fixed by 4% paraformaldehyde for 20 min. 
After washing, cells were treated with 0.5% Triton-X for 
5 min. Cells were blocked with Blocking One Histo (Nacalai 
Tesque) for 30 min, then incubated with anti-E-cadherin, 
anti-N-cadherin or anti-vimentin for 1 h. Cells were washed 
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and incubated with Alexa Fluor 488-conjugated secondary 
antibodies (Life Technologies, Carlsbad, CA) and DAPI 
at RT for 1 h. After washing, the cells were mounted and 
viewed under a fluorescent microscope.

Wound healing assay

Wound healing assays were done to investigate the correla-
tion of Shh signaling with invasion and migration in blad-
der cancer cells as previously described (Islam et al. 2016). 
1 × 105 cells were seeded and incubated overnight and then 
cells with r-Shh for 72 h. To inhibit Hh signaling, cells were 
treated with cyclopamine or DMSO for 48 h. Cell monolay-
ers were scratched in each well. Then cells were washed 
and fresh medium was added and incubated for 10 h. Micro-
scopic images (40×) were taken at time points 0 and 10 h.

Transwell invasion assay

Fifty thousand cells were seeded into the upper chambers 
of Transwell chamber inserts (24-well plate, 8 µm pores, 
Corning, Corning, NY) and incubated overnight. Then cells 
were treated with 50 µM cyclopamine with or without r-Shh 
in serum-free medium for 24 h for the invasion assay. The 
lower chamber contained standard complete medium with 
10% FBS. After incubation, cells inside the upper inserts 
were wiped off using cotton swabs. Then the invading cells 
were stained with a Differential Quick Stain Kit (Poly-
sciences, Inc., Warrington, PA) and observed by microscope 
at 400×.

Animal experiments

Balb/c nu/nu mice 6–8 weeks of age were purchased from 
CLEA Japan (Tokyo, Japan). 1 × 106 KK47, 5637, or T24 
cells were inoculated at day 0 (n = 10, respectively). Tumor 
volume was expressed by the following formula: (longest 
diameter) × (shortest diameter)2 × 0.5. After tumor forma-
tion, every 10 mice with tumors (KK47, 5637, or T24) 
were randomly assigned to treatment groups and control 
groups. 100 mg/kg cyclopamine was injected intraperito-
neally with 0.1 ml vehicle (triolein:ethanol, 4:1) for 5 days 
to 3 weeks in the treatment group (Thayer et al. 2003). After 
treatment, mice were sacrificed and tumors were collected. 
Tumors were fixed and embedded with paraffin. All aspects 
of the experimental design and procedure were reviewed 
and approved by the institutional ethics and animal welfare 
committees of Kobe University.

Immunohistochemical staining

Paraffin-embedded tissue sections were deparaffinized and 
rehydrated. Antigen retrieval was performed in citrate buffer 

(pH 6.0) at 120 °C for 5 min. Immunohistochemical stain-
ing was performed in an automatic tissue processor (Bond-
Max, Leica Microsystems, Wetzlar, Germany) following the 
standard protocol. Briefly, tissue sections were incubated 
for 60 min with the following primary antibodies: anti-E-
cadherin, anti-N-cadherin, anti-vimentin, anti-Shh, anti-
Ptch1, anti-Smo and anti-Gli1. After washing, sections were 
exposed to dextran polymer backbone-conjugated secondary 
antibodies with HRP for 12 min, according to the instru-
ment’s standard protocols. Tissue sections were incubated 
with diaminobenzidine for 10 min and counterstained with 
hematoxylin. The resulting tissue slides were observed under 
a microscope.

Immunohistochemical analysis

Immunohistochemical staining was scored by the percent-
age of positive cells. The staining intensity was scored as 0 
(negative), 1+, (weak), 2+ (medium) or 3+ (strong). The 
percentage of stained cells was categorized as: 1, 0–10%; 
2, 11–50%; and 3, more than 50% stained cells. The total 
IHC score was determined by multiplying the frequency 
and intensity scores (Yamamichi et al. 2014). Immunohis-
tochemical figures are presented as normal-power (200×) 
images.

GSE31684 database analysis of Shh signaling 
pathway gene expression and EMT markers 
in clinical bladder cancer

To examine the correlation between the Shh signaling 
pathway and EMT in clinical bladder cancer samples, we 
analyzed the gene expression of Shh, Ptch1, Smo, Gli1, 
E-cadherin, N-cadherin and vimentin using the GSE31684 
(Riester et al. 2012) RNA expression GEO data sets. We 
used the GPL570 platform (Affymetrix Human Genome 
U133 Plus 2.0) with 93 bladder cancer samples (n = 5 in 
pTa, n = 10 in pT1, n = 17 in pT2, n = 42 in pT3 and n = 19 
in pT4). The raw data were processed using the GEO2R 
website (https​://www.ncbi.nlm.nih.gov/geo/geo2r​/), and the 
correlation between gene expression values and pT stages 
was analyzed.

Statistical analysis

Comparisons between multiple groups were performed using 
a one-way analysis of variance (ANOVA) followed by the 
Tukey–Kramer method. The correlations of protein expres-
sion in immunohistochemical analyses data and GSE31684 
data sets were analyzed by the Spearman rank-order cor-
relation. Statistical differences among mean values were 
considered significant when p < 0.05.

https://www.ncbi.nlm.nih.gov/geo/geo2r/
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Results

Cell proliferation assay

We determined the cell proliferation in an Hh-dependent 
manner. After 48 h of culture, cyclopamine significantly 
inhibited KK47, 5637 and T24 cell growth compared with 
other treatments (p < 0.05) (Fig. 1). In addition, we found 
that r-Shh signaling significantly compensated for the 
cyclopamine-induced cell growth inhibition of non-invasive 
KK47 bladder cancer cells (p < 0.05) (Fig. 1). These results 
indicated that cyclopamine inhibited cell proliferation by 
blocking Shh signaling at various grades of invasiveness in 
bladder cancer cell lines.

Detection of EMT markers and Shh downstream Gli1 
in bladder cancer cell lines

R-Shh decreased the expression of E-cadherin in all three 
cell lines, while cyclopamine recovered those inhibitory 
effects (Fig. 2). In contrast, r-Shh enhanced the expression of 
N-cadherin and vimentin in all cell lines while cyclopamine 
suppressed those expressions. Gli1 was also enhanced by 
r-Shh, while inhibited by cyclopamine. In particular, more 
intensive Gli1 inhibition by cyclopamine was seen in 5637 
and T24 cells compared to KK47.

Immunofluorescence cell staining for EMT detection

R-Shh inhibited the expression of E-cadherin in all three 
cell lines, while cyclopamine enhanced it (Fig. 3a). Regard-
ing mesenchymal markers, the expressions of N-cadherin 
(Fig. 3b) and vimentin (Fig. 3c) were enhanced by r-Shh 
but suppressed by cyclopamine in all cell lines tested. These 

results indicated that Shh signaling excitation promoted 
EMT in bladder cancer cells, and blocking Shh signaling 
could inhibit EMT.

Wound healing assay and transwell assay 
for migration and invasion

We investigated the correlation of Shh signaling with inva-
sion and migration in bladder cancer cells (Islam et al. 2016). 
Wound healing assays showed that r-Shh enhanced wound 
closure in 5637 and T24 cells, but cyclopamine inhibited 
the wound closure after 10 h cultures compared with all 
r-Shh-stimulated changes (Fig. 4a). Transwell assays showed 

Fig. 1   XTT assay. In  vitro cell proliferation assays in KK47, 5637 
and  T24 cell lines treated with DMSO (vehicle control), 1  µg/ml 
recombinant-sonic hedgehog protein (r-Shh), 50 µM cyclopamine (Cy)  
and a combination of 50  µM Cy and 1  µg/ml r-Shh are shown. Cy 

significantly inhibited cell proliferation in KK47, 5637 and T24 after 
48  h treatment (p < 0.05). r-Shh treatment significantly restored the 
inhibitory effect in those three cell lines after 72 h (p < 0.05)

Fig. 2   Western blotting. E-cadherin, N-cadherin, vimentin and Gli1 
expression were investigated in the presence of recombinant-sonic 
hedgehog (r-Shh) protein with or without cyclopamine (Cy) in the 
KK47, 5637 and T24 cell lines. Cy enhanced activation of E-cad-
herin. R-Shh activated the expression of N-cadherin, vimentin and 
Gli1, and the enhanced expressions were decreased by Cy. Vimentin 
was detected on a separate membrane from other markers, so β-actin 
is shown
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Fig. 3   Immunofluorescence cell staining. The expressions of E-cad-
herin (a), N-cadherin (b) and vimentin (c) were investigated in the 
presence of recombinant-sonic hedgehog (r-Shh) protein with or 
without cyclopamine (Cy) in KK47, 5637 and T24 cell lines (200x). 
Nuclei were stained with DAPI. E-cadherin, N-cadherin, and vimen-

tin were stained with Alexa Fluor 488-conjugated antibodies. R-Shh 
induced the expression of N-cadherin and vimentin and the enhanced 
expression was inhibited by Cy. The expression of E-cadherin was 
enhanced by Cy in all cell lines

Fig. 4   Wound healing assay 
and transwell assay. Migration 
ability was investigated in the 
presence of recombinant-sonic 
hedgehog (r-Shh) protein with 
or without cyclopamine (Cy) 
in KK47, 5637 and T24 cell 
lines (×40) up to 10 h culture 
(a). R-Shh promoted migra-
tion in 5637 and T24, while 
Cy inhibited wound closure in 
5637 and T24. Green dotted 
lines indicate the scratch prior 
to incubation. In the transwell 
invasion assay, r-Shh treatment 
promoted invasion in 5637 and 
T24, and cyclopamine treatment 
inhibited 5637 and T24 invasion 
but had a lesser effect in KK47 
(b) (×400)
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that 5637 and T24 were inherently invasive and cyclopamine 
inhibited their invasiveness (Fig. 4b). KK47 showed only 
slight invasiveness and cyclopamine did not affect KK47 
invasion in the assay.

Mice tumor growth inhibition by cyclopamine

We examined the in vivo effect of cyclopamine in mice. 
After 3  weeks of treatment, cyclopamine significantly 
inhibited 5637 (p = 0.01) and T24 (p = 0.004) mouse tumor 
growth compared with control, but not KK47 (p = 0.298) 
(Fig. 5). There were no obvious signs of treatment-induced 
side effects such as severe body weight loss or lethargy.

Immunohistochemical analysis of mouse tumor 
samples

To examine the in vivo inhibition of EMT by cyclopamine, 
mouse tumors were extracted and investigated. The expres-
sion of E-cadherin was significantly increased by cyclopa-
mine compared with control mice for all tumors (p < 0.05) 
(Fig. 6a, c). As seen in Fig. 6a, d, N-cadherin expression 
decreased in all tumors, but statistical significance was seen 
only in T24, the highest-grade tumor, compared with control 
(p < 0.05). In addition, cyclopamine significantly suppressed 
the expression of vimentin in all tumors compared with 
control (Fig. 6a, e). Regarding Shh signaling components, 
major downstream components such as Shh, Ptch1 and Gli1 
were inherently overexpressed in mice tumors (Fig. 6b, f–i). 
Cyclopamine significantly decreased the expression of Shh 
in T24 (p = 0.049), but not in other cell lines (Fig. 6b, f). 
Cyclopamine did not affect Ptch1 expression (Fig. 6b, g). 
Cyclopamine significantly decreased the expression of Smo 
in KK47 (p = 0.047) and 5637 (p = 0.002) compared to 

controls, but only slightly decreased Smo in T24 (p = 0.08) 
(Fig. 6b, h). The expression of Gli1 was suppressed by 
cyclopamine in 5637 and T24 significantly (p = 0.03, respec-
tively) compared with controls (Fig. 6b, i).

Analysis of gene expression using the GSE31684 
database

We examined the correlation between the Shh signaling 
pathway and EMT marker gene expression values using 
the GSE31684 database (Fig. 7). We found significantly 
increased expression of Smo in higher pT stages (p = 0.011). 
The gene expression of Gli1 and Ptch1 slightly increased in 
pT3 and pT4 samples, but the correlations with pT stages 
were not significant (p = 0.988 and p = 0.092, respectively). 
The gene expression of Shh showed no change by pT stage 
(p = 0.736). Regarding EMT markers, the gene expressions 
of N-cadherin and vimentin significantly increased in higher 
pT stages (p = 0.034 and p = 0.004, respectively). The gene 
expression of E-cadherin slightly decreased in higher pT 
stages, but the correlation was not significant (p = 0.050).

Discussion

The Hh signaling pathway activates the genes involved 
in cell proliferation, differentiation, and cell motility in 
urological cancers (Chen et al. 2009). Our study showed a 
difference in Hh signaling dependency between non-mus-
cle invasive and muscle-invasive bladder cancer cell lines 
in vitro and in vivo. Muscle-invasive cancer depended 
on Hh signaling more than non-muscle invasive cancer. 
O’Brien et al. (1995) showed that tumor angiogenesis was 
elevated in muscle-invasive cancers and facilitated more 

Fig. 5   In vivo tumor inhibitory effects of cyclopamine. Three bladder 
cancer cell lines, KK47, 5637 and T24, were subcutaneously inocu-
lated into right flanks of Balb/c nu/nu mice. After tumor growth was 
confirmed, mice were treated with 100 mg/kg cyclopamine or vehicle 

control 5 days a week for 3 weeks. Cyclopamine significantly inhib-
ited the tumor growth of 5637 and T24 compared with vehicle control 
treatments (*p < 0.05, **p < 0.01)
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tumor growth and progression compared to non-invasive 
cancers. Our findings supported those of previous studies 
and suggested that elevated tumor growth was correlated 
with Hh signaling activation.

Regarding Hh signaling and bladder cancer, Fei et al. 
(2012) demonstrated that activated Shh signaling occurs in 
bladder cancer cells in an autocrine/paracrine manner. Our 
in vitro data suggested that Shh signaling activated EMT 
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Fig. 6   Immunohistochemical analysis of KK47, 5637 and T24 mouse 
tumors for EMT markers and Shh signaling. Marker expression was 
evaluated by staining score (0–9) (a). E-cadherin was significantly 
expressed by cyclopamine compared with vehicle control, while 
N-cadherin and vimentin were inhibited by cyclopamine (p < 0.05). 
Shh signaling pathway components Gli1 and Smo were significantly 

suppressed by cyclopamine compared with vehicle control, and Ptch1 
was not (*p < 0.05, **p < 0.01) (b). The expression of Shh was sig-
nificantly decreased by cyclopamine in T24 (*p < 0.05) and slightly 
decreased in KK47 and 5637. Representative staining for each marker 
is shown in c (E-cadherin), d (N-cadherin), e (vimentin), f (Shh), g 
(Ptch1), h (Smo) and i (Gli1)
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as well as cell growth in those cells especially in muscle-
invasive ones. We found some inversion of E-cadherin 
expression level in non-muscle invasive KK47 and other 
muscle-invasive cell lines, consistent with the reports of 
Imao et al. (1999) and Adhim et al. (2011). We showed that 
the expression of Gli1, a downstream transcriptional factor 
of Shh signaling (Southgate et al. 2016), was enhanced by 
r-Shh, while cyclopamine, an Shh signaling inhibitor, espe-
cially suppressed muscle-invasive cell lines. In addition, we 
showed that cyclopamine significantly inhibited the expres-
sion of Shh more in T24 (an invasive bladder cancer cell 
line) than in KK47 (a non-invasive bladder cancer cell line) 
and 5637 (invasive bladder cancer cell line) and decreased 
the expression of Smo, a target protein of cyclopamine, and 
Gli1 in 5637 than in KK47 and T24, suggesting that invasive 
cancer cells are considered to be dependent on Shh signaling 

as mentioned previously, and correlated with EMT. Islam 
et al. (2016) previously found that cyclopamine inhibited 
the expression of Ptch1 and Gli1 in TGF-β-treated cancer 
cells in vitro, supporting our results in vitro and in vivo. 
These data suggest that cyclopamine inhibits the Shh sign-
aling pathway via decreased expression of Smo and Gli1, 
while not affecting the expression of upstream Ptch1. As to 
the relationship between cyclopamine and Shh expression, 
basically Shh locates on the cell surface as an initiator of 
Shh signaling. It remains controversial if cyclopamine sup-
presses autocrine Shh, especially in invasive cancer.

EMT is one process of cancer progression, by which 
epithelial cells acquire mesenchymal properties such as 
increased motility and invasiveness (Larue and Bellacosa 
2005; Kalluri and Weinberg 2009; Rhim et al. 2012). Rhim 
et  al. showed that Shh-Gli1 signals promoted EMT by 

Fig. 6   (continued)
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activating a complex signaling network in pancreatic tumors 
(Xu et al. 2012). In this study, we showed elevated Shh sign-
aling by r-Shh-activated EMT in both non-invasive and inva-
sive bladder cancer. Cyclopamine substantially blocked such 
activation both in vitro and in vivo. We also showed that an 
activated Shh pathway led to invasiveness in muscle-invasive 
cell lines, while cyclopamine inhibited wound closure and 
invasion, a phenomenon was seen more in invasive cancer 
cells than non-invasive ones, suggesting that invasive cancer 
depends on Shh signaling for dissemination, while blockade 
of Shh signaling restrains their invasiveness. Further study 
will be necessary to fully understand the role of Shh signal-
ing in tumor invasiveness.

Recently, Zhao et al. showed that EMT was significantly 
correlated with T stage and pathological grade in clinical 
bladder cancer specimens, and concluded that grade and 
vimentin expressions were predictors of progression and 
survival (Zhao et al. 2014). We showed that cyclopamine 
decreased the expression of vimentin even in high-grade 
cancer cell lines, implying that Shh could be a target to 
inhibit cancer progression by suppressing EMT. Cyclopa-
mine may have an even more profound effect in bladder 

cancer than prostate or renal cancer because the character-
istic change to invasive cancer is the main effect on patient 
prognosis, similar to the findings of Syed et al. (2016).

Our animal experiments showed that cyclopamine had 
significant anti-tumor effects in muscle-invasive tumors, 
suggesting that inhibition of Shh signaling is a possible 
strategy to treat high-grade/invasive bladder cancer. Cyclo-
pamine treatment significantly inhibited EMT in both non-
invasive and invasive bladder tumors without any obvious 
side effects in mice. These results indicated that cyclopa-
mine may promote mesenchymal to epithelial transition and 
inhibit cancer progression and possible invasiveness in vivo. 
Our analysis using the GSE31684 data set also showed that 
gene expression in the Shh signaling pathway and EMT may 
correlate with higher pT stages in clinical bladder cancer 
samples. These results also suggest that Shh signaling may 
be a target for treatment of invasive bladder cancers.

There are both contradictory and supporting studies on 
the correlation of Shh signaling and bladder cancer progres-
sion. Shh expression is lost or attenuated during progression 
to invasive urothelial carcinoma despite its initial presence 
in Shh-positive basal urothelial stem cells (Shin et al. 2014a, 

Fig. 7   Gene expression analysis of Shh signaling pathway and EMT 
markers in clinical samples using the GSE31684 database. Gene 
expression values of Shh, Ptch1, Smo, Gli1, E-cadherin, N-cadherin 

and vimentin in GSE31684 (Riester et  al. 2012) RNA expression 
GEO data sets (*p < 0.05, **p < 0.01). Gene expression value was 
calculated by the GEO2R website
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b). Hh signaling restrains bladder cancer progression and 
the effect was associated with stromal expression of bone 
morphogenetic protein signals, which stimulate urothelial 
differentiation. Our data were consistent with this; 5637 and 
T24 (invasive) were more susceptible to cyclopamine than 
KK47 (non-invasive), and demonstrated that non-muscle 
invasive cancer cells could acquire invasiveness with acti-
vated Shh signaling as mentioned above. However, Islam 
et  al. demonstrated that TGF-β1 activates Shh signals, 
increasing tumorigenicity and stemness via EMT in blad-
der cancer cells as mentioned before (Islam et al. 2016). 
Islam et al. also showed that Shh expression correlated with 
advanced clinical stages and poor prognostic bladder cancer. 
Pignot et al. reported that constitutive activation of the Hh 
pathway was observed in most non-invasive bladder can-
cer and about 50% of muscle-invasive cancers (Pignot et al. 
2012). The Hh signaling pathway of Gli1 especially cor-
related with EMT, tumor invasion and metastasis in bladder 
cancer (Pignot et al. 2012; Zhang et al. 2016; Singh et al. 
2017). In our study, cyclopamine inhibited Gli1 expression 
and EMT especially in muscle-invasive bladder tumors in 
mice. Our results supported the relationship of Shh signal-
ing to EMT during cancer progression. Taken together, our 
results fall into a middle position between these two contra-
dictory hypotheses about Shh signaling and bladder cancer 
progression. Further studies should be performed to reveal 
definitive conclusions.

We would like to emphasize the study limitations. First, 
we only used three cancer cell lines, and therefore have only 
shown a possibility that the Shh signaling pathway is more 
significant in muscle-invasive cancer cells. Second, the dif-
ference in the effect of cyclopamine on EMT marker expres-
sion and Gli1 in muscle-invasive and non-muscle invasive 
cancer cells is subtle. Third, though we demonstrated a 
possible correlation between the Shh signaling pathway 
and bladder cancer progression, we did not show evidence 
of the canonical Shh signaling pathway in bladder cancer. 
Fourth, we have not fully analyzed Shh signaling in bladder 
cancer cells from the aspect of molecular mechanisms, espe-
cially the genetic level, though we analyzed the protein level. 
Fifth, an animal experiment using metastatic bladder tumor 
is needed to determine the correlation of Shh-signaling and 
cancer metastasis. Sixth, we showed that cyclopamine might 
be a possible therapy for muscle-invasive bladder cancer, but 
it is possible that tumor cells that do not utilize Shh pathway 
for progression would be selected in the presence of cyclo-
pamine, eventually leading to resistance.

In conclusion, our in vitro and in vivo data showed that 
Shh signaling and EMT play a role in bladder cancer pro-
gression and invasion, and that Shh signaling inhibition may 
be a possible therapeutic strategy, especially for targeting 
EMT in muscle-invasive bladder cancer progression.

Funding  Ito-chu funding (Grant no. 2017502) supported this study.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no competing 
interests.

Ethical approval  All procedures performed in studies involving animals 
were in accordance with the ethical standards of the institution or prac-
tice at which the studies were conducted. This article does not contain 
any studies with human participants performed by any of the authors.

References

Adhim Z, Matsuoka T, Bito T, Shigemura K, Lee KM, Kawabata M, 
Fujisawa M, Nibu K, Shirakawa T (2011) In vitro and in vivo 
inhibitory effect of three Cox-2 inhibitors and epithelial-to-
mesenchymal transition in human bladder cancer cell lines. Br 
J Cancer 26(105):393–402

Behnsawy HM, Shigemura K, Meligy FY, Yamamichi F, Yamashita 
M, Haung WC, Li X, Miyake H, Tanaka K, Kawabata M, Shi-
rakawa T, Fujisawa M (2013) Possible role of sonic hedgehog 
and epithelial–mesenchymal transition in renal cell cancer pro-
gression. Korean J Urol 54:547–554

Bermudez O, Hennen E, Koch I, Lindner M, Eickelberg O (2013) 
Gli1 mediates lung cancer cell proliferation and Sonic Hedge-
hog-dependent mesenchymal cell activation. PLoS One 
8:e63226

Chen M, Tanner M, Levine AC, Levina E, Ohouo P, Buttyan R 
(2009) Androgenic regulation of hedgehog signaling pathway 
components in prostate cancer cells. Cell Cycle 8:149–157

Fei DL, Sanchez-Mejias A, Wang Z, Flaveny C, Long J, Singh S, 
Rodriguez-Blanco J, Tokhunts R, Giambelli C, Briegel KJ, 
Schulz WA, Gandolfi AJ, Karagas M, Zimmers TA, Jorda M, 
Bejarano P (2012) Hedgehog signaling regulates bladder cancer 
growth and tumorigenicity. Cancer Res 72:4449–4458

Gupta S, Takebe N, LoRusso P (2010) Targeting the Hedgehog path-
way in cancer. Ther Adv Med Oncol 2:237–250

He HC, Chen JH, Chen XB, Qin GQ, Cai C, Liang YX, Han ZD, Dai 
QS, Chen YR, Zeng GH, Zhu JG, Jiang FN, Zhong WD (2012) 
Expression of hedgehog pathway components is associated with 
bladder cancer progression and clinical outcome. Pathol Oncol 
Res 18:349–355

Imao T, Koshida K, Endo Y, Uchibayashi T, Sasaki T, Namiki M 
(1999) Dominant role of E-cadherin in the progression of blad-
der cancer. J Urol 161:692–698

Islam SS, Mokhtari RB, Noman AS, Uddin M, Rahman MZ, Azadi 
MA, Zlotta A, van der Kwast T, Yeger H, Farhat WA (2016) 
Sonic hedgehog (Shh) signaling promotes tumorigenicity and 
stemness via activation of epithelial-to-mesenchymal transition 
(EMT) in bladder cancer. Mol Carcinog 55:537–551

Kalluri R, Weinberg RA (2009) The basics of epithelial–mesenchy-
mal transition. J Clin Invest 119:1420–1428

Larue L, Bellacosa A (2005) Epithelial-mesenchymal transition in 
development and cancer: role of phosphatidylinositol 3′ kinase/
AKT pathways. Oncogene 24:7443–7454

McConkey DJ, Choi W, Marquis L, Martin F, Williams MB, Shah J, 
Svatek R, Das A, Adam L, Kamat A, Siefker-Radtke A, Dinney 
C (2009) Role of epithelial-to-mesenchymal transition (EMT) 
in drug sensitivity and metastasis in bladder cancer. Cancer 
Metastasis Rev 28:335–344



2271Journal of Cancer Research and Clinical Oncology (2019) 145:2261–2271	

1 3

McGarvey TW, Maruta Y, Tomaszewski JE, Linnenbach AJ, Malkow-
icz SB (1998) PTCH gene mutations in invasive transitional cell 
carcinoma of the bladder. Oncogene 17:1167–1172

O’Brien T, Cranston D, Fuggle S, Bicknell R, Harris AL (1995) Dif-
ferent angiogenic pathways characterize superficial and invasive 
bladder cancer. Cancer Res 55:510–513

Peinado H, Olmeda D, Cano A (2007) Snail, Zeb and bHLH factors in 
tumour progression: an alliance against the epithelial phenotype? 
Nat Rev Cancer 7:415–428

Pignot G, Vieillefond A, Vacher S, Zerbib M, Debre B, Lidereau R, 
Amsellem-Ouazana D, Bieche I (2012) Hedgehog pathway acti-
vation in human transitional cell carcinoma of the bladder. Br J 
Cancer 106:1177–1186

Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAllister F, 
Reichert M, Beatty GL, Rustgi AK, Vonderheide RH, Leach SD, 
Stanger BZ (2012) EMT and dissemination precede pancreatic 
tumor formation. Cell 148:349–361

Riester M, Taylor JM, Feifer A, Koppie T, Rosenberg JE, Downey 
RJ, Bochner BH, Michor F (2012) Combination of a novel gene 
expression signature with a clinical nomogram improves the pre-
diction of survival in high-risk bladder cancer. Clin Cancer Res 
18:1323–1333

Shigemura K, Fujisawa M (2015) Hedgehog signaling and urological 
cancers. Curr Drug Targets 16:258–271

Shin K, Lim A, Odegaard JI, Honeycutt JD, Kawano S, Hsieh MH, 
Beachy PA (2014a) Cellular origin of bladder neoplasia and tis-
sue dynamics of its progression to invasive carcinoma. Nat Cell 
Biol 16:469–478

Shin K, Lim A, Zhao C, Sahoo D, Pan Y, Spiekerkoetter E, Liao JC, 
Beachy PA (2014b) Hedgehog signaling restrains bladder cancer 
progression by eliciting stromal production of urothelial differen-
tiation factors. Cancer Cell 26:521–533

Singh R, Ansari JA, Maurya N, Mandhani A, Agrawal V, Garg M 
(2017) Epithelial-to-mesenchymal transition and its correlation 

with clinicopathologic features in patients with urothelial carci-
noma of the bladder. Clin Genitourin Cancer 15:e187–e197

Southgate J, Hutton KA, Thomas DF, Trejdosiewicz LK (2016) Nor-
mal human urothelial cells in vitro: proliferation and induction of 
stratification. Lab Investig 71:583–594

Syed IS, Pedram A, Farhat WA (2016) Role of Sonic Hedgehog (Shh) 
Signaling in bladder cancer stemness and tumorigenesis. Curr 
Urol Rep 17:11

Thayer SP, di Magliano MP, Heiser PW, Nielsen CM, Roberts DJ, 
Lauwers GY, Qi YP, Gysin S, Fernández-del Castillo C, Yajnik V, 
Antoniu B, McMahon M, Warshaw AL, Hebrok M (2003) Hedge-
hog is an early and late mediator of pancreatic cancer tumorigen-
esis. Nature 425:851–856

Xu X, Zhou Y, Xie C, Wei SM, Gan H, He S, Wang F, Xu L, Lu J, Dai 
W, He L, Chen P, Wang X, Guo C (2012) Genome-wide screening 
reveals an EMT molecular network mediated by Sonic hedgehog-
Gli1 signaling in pancreatic cancer cells. PLoS One 7:e43119

Yamamichi F, Shigemura K, Behnsawy HM, Meligy FY, Huang WC, 
Li X, Yamanaka K, Hanioka K, Miyake H, Tanaka K, Kawa-
bata M, Shirakawa T, Fujisawa M (2014) Sonic hedgehog and 
androgen signaling in tumor and stromal compartments drives 
epithelial–mesenchymal transition in prostate cancer. Scand J Urol 
48:523–532

Zhang Y, Liu W, He W, Zhang Y, Deng X, Ma Y, Zeng J, Kou B (2016) 
Tetrandrine reverses epithelial-mesenchymal transition in bladder 
cancer by downregulating Gli-1. Int J Oncol 48:2035–2042

Zhao J, Dong D, Sun L, Zhang G, Sun L (2014) Prognostic significance 
of the epithelial-to-mesenchymal transition markers e-cadherin, 
vimentin and twist in bladder cancer. Int Braz J Urol 40:179–189

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Possible correlation of sonic hedgehog signaling with epithelial–mesenchymal transition in muscle-invasive bladder cancer progression
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Cells and reagents
	Cell proliferation assay
	Western blotting
	Cell immunofluorescence staining
	Wound healing assay
	Transwell invasion assay
	Animal experiments
	Immunohistochemical staining
	Immunohistochemical analysis
	GSE31684 database analysis of Shh signaling pathway gene expression and EMT markers in clinical bladder cancer
	Statistical analysis

	Results
	Cell proliferation assay
	Detection of EMT markers and Shh downstream Gli1 in bladder cancer cell lines
	Immunofluorescence cell staining for EMT detection
	Wound healing assay and transwell assay for migration and invasion
	Mice tumor growth inhibition by cyclopamine
	Immunohistochemical analysis of mouse tumor samples
	Analysis of gene expression using the GSE31684 database

	Discussion
	References




