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Purpose: Sonic hedgehog (Shh) signaling and epithelial-mesenchymal transition
(EMT) are both known to relate to cancer progression. The purpose of this study was
to investigate the role of Shh signaling and EMT in renal cell carcinoma (RCC).
Materials and Methods: Cell proliferation was assayed in RCC cell lines in the presence
or absence of a Shh signaling stimulator, recombinant Shh (r-Shh) protein, or a Shh
signaling inhibitor, cyclopamine. Real-time reverse transcription-polymerase chain
reaction (RT-PCR) was performed to study the expression of EMT markers (E-cadherin,
N-cadherin, and vimentin) and osteonectin. The expression of Ki-67, Gli-1, osteonectin,
and EMT markers in nephrectomy specimens from RCC patients was also measured
by immunohistochemical (IHC) staining.

Results: RCC cells showed enhanced cell proliferation by r-Shh protein, whereas cell
proliferation was suppressed by the addition of cyclopamine in RenCa cells. Real-time
RT-PCR showed that r-Shh suppressed the expression of E-cadherin and that this sup-
pression was partly blocked by cyclopamine alone in RenCa cells. In the THC results,
osteonectin significantly correlated with vein sinus invasion (p=0.0218), and the ex-
pression of vimentin significantly correlated with lymphatic invasion (p=0.0392).
Condusions: Shh signaling and EMT play roles in RCC progression, and the Shh signal-
ing inhibitor cyclopamine might be a possible molecular targeted therapeutic strategy
for RCC.
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INTRODUCTION

Renal cell carcinoma (RCC) shows less response to chemo-
therapy than other urological cancers. Recently, several
molecular targeted therapies for metastatic or progressive
RCC have become commercially available for clinical use.
Those reagents have been driven by two groups of targeted
agents: vascular endothelial growth factor-targeted thera-
pies and mammalian target of rapamycin inhibitors [1].
Hedgehog (Hh) is a signaling pathway for developmen-
tally regulating embryonic cell growth or organogenesis in
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certain vertebrate tissues. As a signaling pathway, Hh
binds to Patched (Ptch), resulting in mitigating repression
of Smoothened (Smo) and leading to activated Gli tran-
scription factors and increased transcription of Gli target
genes [2]. Activation of the signaling pathway by Hh li-
gands regulates genes involved in cell proliferation, differ-
entiation, and cell motility [3]. RCC, for example, is de-
pendent on Hh signaling [4]; therefore, therapeutically tar-
geting Hh signaling in human RCC may be beneficial.
Osteonectin (ON) is a representative bone-related mark-
er with a pivotal role in osteoblastogenesis [5] that also has
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arole in cell proliferation [6]. Our previous work with pros-
tate cancer identified ON expression in normal human
prostate stromal cells in response to prostate cancer cells
and sonic hedgehog (Shh) protein as a new Shh-Gli-1 target
gene [7].

The epithelial-mesenchymal transition (EMT) has a sig-
nificant role in cancer progression through, for instance,
loss of cell adhesion, repression of E-cadherin expression,
and expression of N-cadherin and vimentin [8]. The EMT
process is necessary for the conversion of benign tumor to
aggressive and highly invasive cancer during cancer pro-
gression [9]. The loss of adhesion accompanied by molec-
ular and morphologic changes in cancer cells is a pivotal
phenotypic change from epithelium to mesenchyme, and
confers higher migration and invasion potential [10].
Regarding the link with Shh signaling, Shh-Gli-1 signals
promote EMT by mediating a complex signaling network
in pancreatic tumors [11].

The Shh downstream transcriptional factor, Gli-1, is an
important positive regulator of epithelial differentiation,
and decreased levels of Gli-1 are likely to contribute to the
highly metastatic phenotype of pancreatic ductal ad-
enocarcinoma [12].

This study investigated how Shh signaling and EMT
work in RCC in vitro. Immunohistochemical (IHC) analy-
ses of related markers including ON were analyzed by us-
ing human nephrectomy specimens. Then, we examined
the significant biomarkers for RCC progression and pa-
tient prognoses.

MATERIALS AND METHODS

1. Cells, cell cultures, and reagents

Established mouse RenCa and human ACNH RCC cell
lines were cultured by use of a standard method in
RPMI-1640 medium (Sigma Chemical Co., St. Louis, Mo,
USA) supplemented with 10% fetal bovine serum (FBS; MP
Biomedicals Inc., Carlsbad, CA, USA). Human recombi-
nant Shh (r-Shh) protein (Neuromics, Edina, MN, USA)
was dissolved and diluted by dimethyl sulfoxide (DMSO)
with 0.1% by weight of FBS at 25 ug/mL of the stock solution
and stored at -20°C until use. Cyclopamine (Cy; Toronto
Chemical Inc., Toronto, ON, Canada) was dissolved and di-
luted by DMSO at 10 mM of the stock solution and stored
at —20°C until use. This study was approved by the chief
member of Institutional Review Board of Shinko Hospital.

2. Cell proliferation assay

Cell proliferation was investigated by use of the Alamar
Blue assay (BioSource International, Camarillo, CA, USA)
in RenCa and ACHN cells. The cells were seeded in 100-mm
cell culture dishes in RPMI-1640 medium supplemented
with 10% FBS. When near 80% confluence, the cells were
seeded in 96-well plates at 5x10° cells/well for 24 hours.
After the cells attached, they were switched to FBS-free
medium with and without signaling stimulator or inhi-
bitor. First, to evaluate the efficacy of both Cy and r-Shh
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protein in RenCa cells, 96-well plates were divided into four
categories: one division as a vehicle-treated control and the
other three divisions treated with r-Shh (1 ug/mL), Cy (5
uM), and the combination of r-Shh (1 pg/mL) and Cy (5 uM),
respectively. Next, cell proliferation assays of RenCa cells
were conducted by using various concentrations of Cy (0.1,
0.5,1, 5, and 10 uM) alone. After 48 hours, Alamar Blue was
added at 10 uL per well and the plates were incubated at
37°C and 5% COs for 1 hour, followed by recording the ab-
sorbance of the converted dye at a wavelength of 570 nm.
All experiments were carried out in triplicate.

3. RT-PCR analysis and quantitative real-time RT-PCR
(gRT-PCR)

Total RNA was isolated from confluent monolayers of
RenCa cells by using TRIZOL Reagent (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s instruc-
tions. First-strand cDNA was synthesized from total RNA
(0.2 ug) by using SuperScript II reverse transcriptase (Invi-
trogen) with random hexanucleotide primers. qRT-PCR
was performed by using SYBR Green PCR Master mix and
the ABI 7500 Fast Real-Time PCR System (Applied Biosys-
tems, Carlsbad, CA, USA). Samples were run in triplicate
and the housekeeping gene B-actin was used as an internal
control. The fold change in relative mRNA expression was
calculated by using the comparative Ct (44 Ct) method. A
hot start at 95°C for 5 minutes was followed by 40 cycles
of denaturation at 95°C for 15 seconds, annealing of the pri-
mers at 60°C for 30 seconds, and elongation at 72°C for 30
seconds. Data were normalized to B-actin and represented
the average ratio of duplicates according to the 44Ct
method. The oligonucleotide primer sets were as follows
[13-15]: E-cadherin, forward primer: CGTCCTGCCAAT-
CCTGATGA, reverse primer: ACCACTGCCCTCGTAA-
TCGAAC; N-cadherin, forward primer: CGCCAATCAAC-
TTGCCAGAA, reverse primer: TGGCCCAGTGACGCTG-
TATC; ON, forward primer: ATTTGAGGACGGTGCAGA-
GG, reverse primer: TCTCGTCCAGCTCACACACCT: vi-
mentin, forward primer: AAAGCGTGGCTGCCAAGAAC,
reverse primer: GTGACTGCACCTGTCTCCGGTA, B-ac-
tin, forward primer: GCTCTTTTCCAGCCTTCCTT, re-
verse primer: AGGTCTTTACGGATGTCAACG.

4. Immunohistochemistry

THC staining of radical nephrectomy specimens from 22 pa-
tients was performed as previously described [16]. Briefly,
sections (cut at 3-5 um) from formaldehyde-fixed, paraf-
fin-embedded tissue from radical nephrectomy specimens
were deparaffinized by xylene and rehydrated in decreas-
ing concentrations of ethanol. After blocking endogenous
peroxidase with 3% hydrogen peroxidase in methanol, sec-
tions were boiled in 0.01 M citrate buffer for 10 minutes and
incubated with 5% normal blocking serum in Tris-buffered
saline for 20 minutes. The sections were then incubated
with the following antibodies: antihuman Gli-1 H-300 rab-
bit polyclonal antibody (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA), antihuman E-cadherin NCH-38
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mouse monoclonal antibody (DAKO, Carpinteria, CA,
USA), antihuman N-cadherin 6G11 mouse monoclonal an-
tibody (DAKO), antihuman ON mouse monoclonal anti-
body (Santa Cruz Biotechnology Inc.), and antihuman vi-
mentin V9 mouse monoclonal antibody (DAKO). The sec-
tions were then incubated with biotinylated goat anti-
mouse or rabbit immunoglobulin G (Vector Laboratories,
Burlingame, CA, USA). After incubation in avidin-biotin
peroxidase complex for 30 minutes, the samples were ex-
posed to diaminobenzidine tetrahydrochloride solution
and counterstained with methyl green (Vector Laborato-
ries). Negative controls (absence of primary antibody) were
included for each antibody.

5. Evaluation of IHC staining

Staining results were interpreted by two independent ob-
servers who were blinded to the clinicopathological data
(K.S. and H.M.B). If discordant interpretations were ob-
tained, differences were resolved by joint review or con-
sultation with a third observer familiar with the THC path-
ology of RCC. For Gli-1, if more than 10% of the tumor cells
were stained, gene expression was considered to be
“positive” (<10%, —; 10-50%, 1+; 50-90%, 2+; >90%, 3+)
[17]. THC results were evaluated by the percentage of pos-
itive stained cells. IHC results for ON were evaluated ac-
cording to staining intensity and the staining frequency of
tumor cells. Three representative fields were evaluated.
Staining intensity was scored as 0 for no staining, 1 for
weak staining, 2 for medium staining, and 3 for strong
staining. The frequency of ON IHC was scored as 0 when
no staining of the tumor cells was observed, as weak stain-
ing (score 1) when less than 30% of the tumor cells were
stained, as moderate staining (score 2) when 30% to 60%
of the tumor cells were stained, and as strong staining
(score 3) when more than 60% of the tumor cells were
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stained. The total IHC score was determined as the sum
of the frequency and intensity scores for tumor cells. The
results of ON expression in tumor cells were categorized
as low expression score (ranging from 0 to 3) and high ex-
pression score (ranging from 4 to 6) [18]. For EMT factors,
cell membrane staining was considered representative for
both E-cadherin and N-cadherin, whereas cytoplasmic
staining for vimentin was as previously reported. Positive
expression of E-cadherin was defined as the proportion of
tumor cells with membranous staining >90%, whereas the
definition of positive expression for N-cadherin was the
presence of tumor cells showing membranous staining ir-
respective of the proportion of positively stained tumor
cells owing to the lack of expression of N-cadherin in normal
prostate. The results of vimentin IHC staining were consid-
ered positive when more than 10% of the tumor cells were
stained [19].

6. Correlation of the expression of Gli-1, ON, and EMT
markers with clinical data
Correlation of the expressions of Gli-1, ON, and EMT mark-
ers (E-cadherin, N-cadherin, and vimentin) with clinical
data from pathological findings and patient prognoses was
investigated. In detail, pathological findings included his-
tological subtype, grading, pathological T stage, lymphatic
invasion, vessel invasion, capsule invasion, infiltration
form, and clinical N and M stages. The patients’ prognoses
included cancer recurrence and recurrence-free survival.

7. Statistical analysis

Statistical analysis was conducted with the JSTAT-Java
Virtual Machine Statistics Monitoring Tool by using
Student t-test and Spearman rank order correlation co-
efficients (Sun Microsystems Inc., Santa Clara, CA, USA).
Statistical significance was established at p<0.05.
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FIG. 1. In vitro relative cell proliferation assay in renal cell carcinoma cell lines in RenCa (Panel A) and ACNH cells (Panel B) treated
with dimethyl sulfoxide. Only RenCa cells showed that Cy blocked cell proliferation enhanced by r-Shh treatment. ACNH cells did
not show any inhibiting effect of Cy on cell proliferation. Cell proliferation of V was set as 1.0. The treatments were performed for 48
hours. Each point represents triplicate averages+standard deviation or ON. Asterisks show significant cell proliferations compared
with V. V, vehicle-treated control; S, recombinant sonic hedgehog (r-Shh) protein (1 ug/mL); Cy, cyclopamine (5 uM).
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FIG. 2. In vitro relative cell proliferation assay of cyclopamine
(Cy) doses (0.1, 0.5, 1, 5 and 10 pM) in RenCa cells. Cy 0.5, 1, 5,
and 10 UM (p=0.005, p=0015, p=0.0002, and p=0.0079, respec-
tively) significantly inhibited cell proliferation compared with
the vehicle-treated control (V), and Cy at 5 UM significantly
inhibited RenCa cell growth most. Asterisks show significant
inhibition of cell proliferation compared with V.
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RESULTS

1. Recombinant Shh significantly affected growth of RenCa
and ACNH cells but cycdopamine inhibited Shh-induced
cell growth in RenCa cells only

In RCC cells of both RenCa and ACNH cell lines, r-Shh pro-

tein enhanced cell proliferation. However, the addition of

Cy to r-Shh protein blocked the cell proliferation enhanced

by r-Shh treatment in RenCa cells only. The addition of Cy

only did not show an effect on cell proliferation, which sug-
gests that RenCa cells might be dependent on Shh signal-
ing and that Cy works only in the presence of Shh. RenCa
cells were thus determined to be suitable for further experi-
ments in this model (Fig. 1).

2. Cyclopamine inhibits the growth of RCC RenCa cells
most at 5 pM
In our Cy dose-dependence assay, we examined the cell pro-
liferation of RenCa cells from 0.1 to 10 uM. We found that
Cy at concentrations of 0.5, 1, 5, and 10 uM (p=0.005,
p=0015, p=0.0002, and p=0.0079, respectively) significan-
tly inhibited cell proliferation compared with the vehicle
control. Importantly, 5 uM Cy significantly inhibited
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FIG. 3. Expression of osteonectin (ON) and epithelial-mesenchymal transition (EMT) markers (E-cadherin, N-cadherin, and
vimentin) in the presence of recombinant sonic hedgehog (r-Shh) protein or cyclopamine (Cy) in RenCa cells. r-Shh protein
suppressed E-cadherin (x0.266 compared with vehicle control) and this suppression was partly blocked by addition of Cy alone.
However, r-Shh protein did not show induction of vimentin or ON. Asterisks show significant cell proliferation or inhibition compared

with vehicle-treated control (V). S, r-Shh protein.
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FIG. 4. Typical findings of immunohistochemical staining of renal cell carcinoma
(RCC) specimens with Gli-1, osteonectin (ON), E-cadherin, N-cadherin, and vimentin
antibodies are shown. Panels A and B show strong (A) and weak (B) cytoplasmic
expression of Gli-1 in the RCC area (scale bars, 100.0 pm; x200, respectively). Panels
C and D show strong (C) and weak (D) cytoplasmic expression of ON in the RCC area.
(scale bars, 100.0 um; x200, respectively). Panels E and F showed strong (E) and weak
(F) membrane expression of E-cadherin in the RCC area (scale bars, 100.0 im; x200,
respectively). Panels G and H show strong (G) and weak (H) membrane expression of
N-cadherin in the RCC area (scale bars, 100.0 im; x200, respectively). Panels I and
J show strong (I) and weak (J) cytoplasmic expression of vimentin in the RCC area
(scale bars, 100.0 pm; x200, respectively).

RenCa cell growth most at 48 hours of treatment compared 3. Shh induced EMT markers (E-cadherin) and the in-

with vehicle controls. These results suggested that 5 uM duction was partly blocked by the addition of cyclop-
Cy might be an appropriate concentration for further ex- amine in RenCa cells
periments (Fig. 2). In comparison with the vehicle control, in RenCa cells,

r-Shh protein (1 pg/mL) suppressed the expression of
E-cadherin (x0.266 compared to vehicle control) and this

Korean J Urol 2013;54:547-554
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suppression was partly blocked by Cy alone. However,
r-Shh protein did not show any induction of vimentin or ON
(Fig. 3).

4. THC analyses

Of the 22 RCC patients with postoperative follow-up dura-
tion from 12 to 34 months (median, 19 months) who were
enrolled in this study, 3 patients showed strong positive ex-
pression of Gli-1, 4 showed positive expression of ON, 3
showed positive expression of N-cadherin, 5 showed pos-
itive expression of vimentin, and 9 showed negative ex-

TABLE 1. Patients’ backgrounds for immunohistochemical study
(n=22)

Variable Value

Age (y), median (range) 60.5 (38-78)
Sex

Male 17

Female 5
Laterality

Right 14

Left 8
RCC subtype®

Clear cell 19

Chromophobe 1

Mucious tubular and spindle cell 1

Collecting ducts of Bellini 1
Grade

G1

G2 19

G3 2
pathological T

T1la 8

T1b 3

T2a 1

T2b 1

T3a 8

T3b 1

RCC, renal cell carcinoma.
#:Subtypes of RCC were diagnosed according to the 2004 World
Health Organization classification.
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pression of E-cadherin, respectively. In addition, 4 patients
showed negative expression of Gli-1, 1 showed negative ex-
pression of ON, 2 showed negative expression of N-cadher-
in, 3 showed negative expression of vimentin, and 6 showed
positive expression of E-cadherin, respectively (Fig. 4).

5. Relationship between THC analyses and clinicopatho-
logical data

Our THC staining of the expression of six markers and the
patients’ clinicopathological data showed a significant cor-
relation between the expression of ON and renal vein sinus
invasion (p=0.0218). Furthermore, the expression of vi-
mentin had a significant correlation with lymphatic vessel
invasion (p=0.0392) (Tables 1, 2).

DISCUSSION

The Hh signaling pathway functions in development.
Several studies have suggested that the Hh pathway is ac-
tive in RCC and promotes tumor growth, invasion, and
metastasis [4]. Targeting the Hh pathway may have prom-
ising results, and Smo and Gli have been considered pri-
mary targets for anti-Hh therapeutics [20]. For example,
a corn lily steroidal alkaloid, Cy, inhibits intracellular Hh
signaling by blocking the activity of Smo. In this study, we
demonstrated significant growth enhancements after the
addition of an exogenous Shh signaling stimulator, r-Shh
protein, and a growth inhibitory effect of the addition of Cy
in the RenCa RCC cell line. The optimal concentration of
Cy for RCC cell growth was determined to be 5 uM for this
system.

EMT has recently come associate with tumor invasive-
ness and metastasis in RCC [21]. The mechanism may be
via upregulation of mesenchymal genes such as vimentin
and down-regulation of epithelial-associated markers
such as E-cadherin [22]. Our in vitro mechanistic data by
quantitative RT-PCR showed that even though it did not
demonstrate the complete link with Shh signaling, r-Shh
protein stimulated E-cadherin signaling (suppression of
E-cadherin) and this was partly diminished by Cy, which
may suggest a possible signaling link of Shh signaling with

TABLE 2. Correlation of Gli-1, ON and EMT expression with clinicopathological data in renal cell carcinomas

Gli-1 ON E-cadherin N-cadherin Vimentin
Clear cell carcinoma or others NS NS NS NS NS
Grade NS NS NS NS NS
Pathological T NS NS NS NS NS
Recurrence NS NS NS NS NS
Perirenal fat invasion NS NS NS NS NS
Renal vein sinus invasion NS p=0.0218 NS NS NS
Lymphatic vessel invasion (ly) NS NS NS NS p=0.0392
Vessel invasion (v) NS NS NS NS NS
Lymph node metastasis (N) NS NS NS NS NS
Distant metastasis (M) NS NS NS NS NS

ON, osteonectin; EMT, epithelial-mesenchymal transition; NS, not significant.
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E-cadherin. In addition, our IHC data showed a significant
correlation of vimentin with lymphatic vessel invasion (ly),
which is associated with worse metastasis-free survival,
disease-specific survival, and overall survival in non-
metastatic RCC patients [23].

Xu et al. [24] stated that the expression of Gli-1 is sig-
nificantly up-regulated in human hepatocellular carcino-
ma tissue and that the expression is positively correlated
with Shh signaling and vimentin. Our data for EMT up-reg-
ulation by r-Shh are supported by this study. Our human
specimen data showing that vimentin expression may lead
to lymphatic vessel invasion suggest that, in the link be-
tween in vitro study and the data from the human speci-
mens, Shh signaling may relate to RCC prognosis. On the
other hand, regarding the link of Hh signaling with EMT,
Hh signaling mediates EMT in immature ductular cells
and then contributes to fibrogenic repair in nonalcoholic
fatty liver disease, and this mediation can be blocked by Cy
[25]. Our study may show the potential of this link in RCC
through cell study; therefore, our next task will be to study
the effect of Cy in an animal study using the RCC model.

Noncanonical activation of the Hh signaling pathway is
related to pancreatic cancer cell invasion and EMT through
SDF-1/CXCR4 signaling [26]. Our data showed that Shh
induced E-cadherin and that this induction was blocked by
Cy. The IHC data also showed that a potential Shh-Gli tar-
get gene, ON [7], and vimentin were related to patients’ re-
nal vein sinus invasion and lymphatic vessel invasion, re-
spectively, which may affect prognosis. Taken together
with our results of enhanced cell proliferation by r-Shh,
these data suggest that the Shh-EMT signaling link might
play a role in RCC progression.

ON has several roles in different tumors, which may be
attributed to the bioavailability of either the whole mole-
cule or its cleavage products, and high ON levels are often
correlated with the most aggressive and highly metastatic
tumors [27]. In clinical situations, RCC often metastasizes
to bone, which may cause pain, bone fracture, immobility,
and decreased quality of life. Our IHC results showed that
ON expression led to a significantly higher chance of renal
vein sinus invasion, which is known to be related to worse
prognosis [28]. Taken together, these results suggest that
ON expression in RCC may show higher potential for in-
vasion and future metastasis.

We would like to emphasize the limitations of this study.
First, our sample size of patients may not have been large
enough for definitive evaluation. In addition, this study
lacked a mechanistic study at the protein level by use of
Western blots. Third, only 2 kinds of RCC cells were tested,
even though one kind of cell (ACNH cells) did not have any
definite response to cyclopamine in our experimental mod-
el, and this may not be enough for definitive evaluation.
These limitations will be addressed in our future projects.

CONCLUSIONS

Shh signaling and EMT may play a role in RCC progression
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and prognosis. The Shh signaling inhibitor cyclopamine
may be a possible molecular-targeted therapeutic strategy
for RCC.
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