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Introduction

This proposal is to evaluate the role of the hedgehog pathway in prostate cancer in clinical specimens, and to
identify the molecular basis of hedgehog mediated tumor formation and to examine the in vivo role of hedgehog
signaling in prostate cancer development.

Body
We made great accomplishments on this project. All the specific aims have been accomplished. In total, we

have generated 12 publications in the last four years with support from this grant. Some of the studies have been
used for three News Releases in our institution. Major accomplishments include being one of the first groups
linking hedgehog signaling activation to prostate cancer and hepatocellular carcinomas; identification of the
role of Su(Fu) in cancer cell proliferation and establishment of prostate-specific activation of hedgehog
signaling in mouse model.

Task 1: Activation of hedgehog signaling activation in prostate cancer (Molecular Cancer 3: 29, 2004)

We have successfully collected over 200 prostate cancer specimens. Fifty five of them are TURP (transurethral
resection of the prostate) specimens, and the rest are from prostatectomy of patients with different stages of
prostate cancer. We mainly focused on these 55 TURP specimens in our studies because of the following
reasons. First, prostatectomy specimens are heterogeneous, with variations within a paraffin block. In contrast,
TURP specimens are relatively homogeneous in tumor morphology. Second, TURP specimens can be used for
other analyses such as real-time PCR and Western blotting.

Through examination of these 55 TURP specimens using specific antibodies, we found that 27 specimens
contain activated hedgehog signaling (see Table 1 below), 11 tumors with no detectable Su(Fu). In addition, we
discovered that Shh expression was elevated in 28 specimens (see Table 1 for details).

Figure 1 shows immunohistostaining of PTCH1 in two tumors. One tumor had no expression of PTCH1 (Fig.
1a) whereas the other with a high level of PTCH1 (Fig. 1b). The staining was specific to the PTCH1 peptide
from which the antibodies were made (Fig. 1c) because no positive signals were seen in the presence of excess
of the PTCHL1 peptide.

Table 1 Summary of protein expression in prostate cancer specimens

Tumor grade

Gleason 3-6 (18) 4/18 Gleason 7 (15) 7/15 Gleason 8-10 (22) 16/22
18 4 4 10 13 7 7 4 13 16 16 14
Su(Fu) PTCH1 | HIP Shh Su(Fu) PTCH1 | HIP Shh Su(Fu) PTCH1 | HIP Shh

Positive | Positive | positive | positive | Positive | Positive | positive | positive | Positive | Positive | positive | positive
10/18 415 14/22

1818 1315 1312

Fig.1 Detection of PTCH1 in prostate cancers PTCH1 protein expression was detected by immunohistochemistry
PTCH1 specific antibodies (Santa Cruz Biotechnology Inc Cat# 6149; 1:50 dilution).



To confirm the data from PTCH1, we examined expression of another hedgehog target gene, HIP (hedgehog-
interacting protein) in these prostate cancer specimens (Fig.2). We found that HIP was highly expressed in
tumors with PTCH1 expression (see Table 1), and the pattern of HIP expression is very similar to that of PSA
(prostate specific antigen), a sensitive marker for early prostate cancer. Thus, it appears that hedgehog
signaling is frequently activated in prostate cancer.

Hg. ! Daecion of HIF exgp e shon in prostate am ecs
Exprescimn of HIP  aother hedzehogz tatget gere and a
comporent of hedgehog cignalig pattoarae, wras detected
e HIP cpecific ardibodies (FAD oectane, Catl HF]1 562,
1:50 dibatiom ). The pattern of HIP exproccion weas siwilar
tothat of PS4 4 cenmninark er for prostate carcer.

In these specimens (n=55), expression of hedgehog target genes, PTCH1 and HIP, occur only in the tumor, not
in the adjacent normal prostate tissues or in the stroma (data not shown here), indicating that hedgehog
signaling is mainly activated in the tumor.

Further analysis indicates that hedgehog signaling is more frequently activated in tumors with high Gleason
scores (see Table 1 and Fig.3). In tumors with Gleason scores 4-6, four out of eighteen (22.2%) tumors had
activated hedgehog signaling. Seven of fifteen tumors (46.7%) with Gleason scores 7 had elevated hedgehog
signaling while sixteen out of twenty two (72.7%) tumors with Gleason scores 8-10 had hedgehog signaling
activation. Statistic analysis using Binomial Proportions showed that the differences among different groups are
significant (p values below 0.05). These data indicate hedgehog signaling activation is associated with prostate
cancer progression.

Expression of Su(Fu) and sonic hedgehog in prostate cancer

Next we evaluate expression of Su(Fu) and sonic hedgehog in these prostate cancer specimens. Using
antibodies specific to Su(Fu) (Santa Cruz Biotechnology Inc. Cat# 10933, 1:40 dilution), we detected Su(Fu) in
all 18 prostate cancer specimens with low Gleason scores (Table 1). However, we only found Su(Fu)
expression in only 26 of 37 tumors with Gleason scores 7-10 (Table 1). The differences were significant (P
value < 0.05, using using Binomial Proportions analysis). Loss of detectable Su(Fu) was correlated with
elevated expression of PTCH1 and HIP proteins, suggesting that Su(Fu) loss may be responsible for hedgehog
signaling activation in these tumors.

Fig. 3 Expression of PTCH1, Shh and
PSA in prostate cancer Expression of
FTCHI, Shh and PSA was detected by
immunohistochemisiry, The protein
expression patterms of FTCH1 and Shh
wete compared with that of PSA, a
marker for prostater cancer. PC23 had
no detecatble expression of PTCH1 and
Shh whereas PC3E has elevated
expression of FTCH1, 5hh and HIE.
Positive signals wete in brown.

These data indicate that activation of the hedgehog pathway is quite common in prostate cancer. Tumors with
activated hedgehog signaling either over-express the positive regulator Shh, or lack protein expression of the
negative regulator Su(Fu) (Table 1 and Fig.4).

Mutation analysis of Su(Fu) in prostate cancer




To confirm the immunohistochemistry data, we performed immunoblotting analyses using several dissected
TURP (Transurethral resection of the prostate) specimens in which tumor portion can be as high as 70% of the
tissue mass. As shown in Fig. 5A, two tumors (PC48 and PC51) had no detectable Su(Fu) protein, which are
consistent with our immunohistostaining. The matched normal tissues, however, retained expression of Su(Fu),
indicating that alteration of Su(Fu) is a somatic event. Sequence analyses of these two tumors revealed genetic
mutations in Su(Fu), which are predicted to create STOP codons in the coding sequence (Fig. 5B). In PC48, a
homozygous deletion of A1315 was detected, which results in a STOP codon at +1318 bp (Fig. 5B). In PC51,
we detected two types of mutations, one with a deletion of C255, which results in a STOP codon at +294 bp
whereas another with a deletion of C198, create a STOP codon (Picture not shown here, see Table 1). These
mutations were confirmed with 6 independent clones from two separate experiments, which exclude the
possibility of PCR errors. No mutations were detected from the matched benign tissues, indicating the somatic
nature of the mutations. Real-time PCR analyses indicated that target genes of the hedgehog pathway, PTCH1
and Glil, were all elevated in these tumors (Fig. 5C), confirming activation of the hedgehog pathway in these
tumors. Thus, Su(Fu) inactivation appears to contribute to activation of hedgehog signaling in these prostate
tumors.

Fig. 4 Detection of Su{Fu) in prostate
cancer specimens Su(Fu) antibodies
{Santa Cruz Biotechnology Catif 10933)
recognized only one single band (54-Kd)
in D283 cells (A). Following treatment
of a specific SIRNA of Su(Fu), the
endogenous Su(Fu) band was greatly
reduced (B). Immunochistostaining with
Su(Fu) antibodies in prostate cancer
specimens revealed positive (C, in red,
200}, negative (D, 200%) or weak
staining (E, red, 200:=).

Fig. 5 Inactivation of Su(Fu) in prostate cancer.
Two TURP specimens were examined for Su{Fu)
protein by immunoblotting. Consistent with loss of
Su(Fu) in the tissue, we did not detect Su({Fu) protein
in these two lumors (PC48 and PC51 (5A). Further
analysis revealed mutations of Su(Fu) in the tumor
(PC48, 5B), which created a STOP codon in Su(Fu).
We further found that tumor with mutant Su{Fu) had
high levels of hedgehog target genes, PTCHI1 and
Glil (5C), indicatiing that hedgehog isignaling is
activated.

In addition, we have discovered another mechanism by which hedgehog signaling is activated in human cancer,
including prostate cancer. We found that sonic hedgehog, the ligand of hedgehog pathway, is frequently up-



regulated in prostate cancer cells. Fig. 6 shows a luciferase reporter gene analysis using sonic hedgehog
promoter construct in LNCaP cells.

LNCaP cells Fig. 6 Analysis of Shh promoter reporter activity in
prostate cancer cells. We cloned human two sonic
hedgehog promoter fragments (-1,800 to -200 and -680 to -
200) into the luciferase reporter plasmid pGL4.14. 48 hr
following transfection of the sonic hedgehog promoter

200 1 constructs or the control vector (together with renilla

luciferase reporter plasmid as the transfection control), we

performed dual luciferase analyses. Consistent with elevated
expression of sonic hedgehog in our previous study (Sheng
et al, 2004, Molecular Cancer 3, 29), we found a high sonic

hedgehog promoter activity in LNCaP cells. We found that a

0 — ; ; ‘ short fragment of sonic hedgehog promoter region (-680 to -

Vector (-1800 to -200) (-680 to -200) 200) retains a high level of promoter activity.

300

N
a
o

150 A

=
o
o

Relative luciferase activity

o)
o
L

These data provide strong evidence that hedgehogq signaling activation occurs in prostate cancer, through
loss of Su(Fu) or over-expression of Shh.

Furthermore, we have extended our findings in prostate cancer to other types of human cancer, including skin,
esophageal, gastric, liver, lung and colon cancers (Can Res 60:7545-52, 2004; Mol Carcinogenesis 42:18-28,
2005; Carcinogenesis 26: 1698-1705, 2005; 27:1334-40, 2006; Int J Cancer 118: 139-0148, 2006; Cancer
Letters 244: 53-60, 2006; World J Gastroenterology 12: 3965-9, 2006; 13: 1659-65, 2007). All the reprints have
been attached with this report.

Task 2: Determine the molecular basis of Su(Fu) function in cancer cell lines

Inhibition of hedgehog signaling for cell growth and cell invasiveness (Molecular Cancer 3: 29, 2004)
Identification of Shh over-expression was unexpected in the proposal. Because of the availability of hedgehog
signaling inhibitor, cyclopamine, the effects of hedgehog signaling activation on cell proliferation and
invasiveness was demonstrated in several prostate cancer cell lines, in which Shh is over-expressed. In the
presence of hedgehog signaling inhibitor, cyclopamine, both cell proliferation and cell invasiveness was
dramatically reduced, indicating that the hedgehog pathway is required for both cell proliferation and cell
invasiveness of prostate cancer cells.

Following treatment with 5 uM cyclopamine in PC3 cells, expression of hedgehog target genes were
dramatically inhibited (data not shown here), which was accompanied with a significant reduction of BrdU
positive cells (see Molecular Cancer 3, 29, 2004). This effect is specific because addition of tomotidine, a non
specific compound with a similar structure to cycloapmine, had no effects on either target gene expression or
DNA synthesis. The prostate epithelial RWPE-1 cells which have no activated hedgehog signaling, on the other
hand, were not sensitive to cyclopamine (data not shown here), indicating that cyclopamine specifically affects
cells with elevated hedgehog signaling. LN-CAP, Dul45 and TSU cells, like PC3 cells were also sensitive to
cyclopamine treatment (see Molecular Cancer 3, 29, 2004 for details).

Prostate cancer progression is accompanied by increased cell invasiveness. Because the hedgehog signaling
activation occurs frequently in advanced prostate cancer, we examined if inhibition of the hedgehog signaling
can reduce cell invasiveness. Using BD Bio-coat cell invasion chambers, we found that treatment of
cyclopamine in PC3 cells reduced the percentage of invasive cells by 70% (Fig. 7A). Similar data were also
observed in Dul45, LN-CAP and TSU cells (Fig. 7B). Under the same condition, RWPE-1 cells were not very
invasive. Thus, hedgehog signaling activation regulates both cell proliferation as well as cell invasiveness of
prostate cancer cells.

The role of Su(Fu) on cell proliferation (Cancer Letters_244: 53-60, 2006)




On the other hand, the only cancer cell line with no detectable expression of Su(Fu) is a lung cancer cell line.
We have demonstrated that re-expression of Su(Fu) slowed cell growth of this cell line, and reduced the
percentage of S phase cell population (see Fig. 7).
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Fig. 7 Effects of Su(Fu) on DNA synthesis and cell growth of H209 cells. Of 30 cell lines screened, only one lung cancer cell line,
H209, was shown to lack Su(Fu) protein expression by Western blotting (left). Stable expression of Su(Fu) leads to reduced cell
growth (middle). In consistence with cell growth, Su(Fu) reduced the percentage of S phase cell population (right).

The role of PKA in regulation of Gli functions (J. Biological Chemistry 281:9-12, 2006)

In addition to Su(Fu), the PKA/CAMP axis is also involved in regulation of Glil functions (see Fig.8 for
details). Based on our data, we proposed a model for PKA-mediated Glil regulation. Hedgehog signaling
activation leads to elevated expression of Glil, which shuttles to the nucleus through the NLS signal. When
cells accumulate cAMP, which results increased PKA activity in the cell, Glil will be phosphorylated at T374.
As a result, the local positive charge nearby the NLS is reduced, which prevents the proper function of the NLS.
Consequently, Glil will be sequestered in the cytoplasm. Because a high conservation of T374 residue among
all Gli molecules, we believe that other Gli proteins utilize this same mechanism for regulation of Glil
localization.
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Fig. 8 The effect of T374 in
regulation of Glil transcriptional
activity. 8A shows the site of T374.
Mutations of T374 were examined for
their localization (8B). When the NLS
signal was disrupted by K381E
mutation, T374 Glil becomes
cytoplasmic (8C). Consistence of Glil
localization with its transcriptional
activity was examined in NIH3T3 cells
with stable expression of a Gli-
responsive luciferase reporter (8D).
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Task 3: The in vivo role of the hedgehog pathway for prostate cancer progression

Because nearly 50% of Ptchl+/- mice die of medulloblastomas or rhabdomyosarcomas, we have established
two systems for activated hedgehog signaling in the prostate. In the first system, we established keratin 14
promoter-driven Ptchl knock/out, which will allow activation of hedgehog signaling in prostate and other
keratin 14-expressing epithelial tissues. In the second system, we expressed activated SMO molecule, SMO-



m2, in a tissue specific manner also under the control of keratin 14 promoter. Fig. 9 shows our genotyping of
allelic recombination of the Ptchl locus.

Fig 9: Genetic recombination
occurred in Ptc"™® keratinocytes
following expression of Keratin 14
promoter driven cre to generate a
499 bp PCR product (A); wild-type
cells expressing K14- or Ptc"™®
keratinocytes without cre expression
do not yield this PCR product.
Genetically Ptchl knockdown cells
were expected to have activated Hh
signaling and therefore increased
Glil expression (B). This approach
can be used to generate prostate-
specific Ptchl knockdown to study
the role of Hh signaling in prostate
cancer. Wild-type, modified and
disrupted Ptchl allele were described
previously.
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2 .34 5 6.7 8910 121I.12131415-

-
-

- - - - - e -

SMO genotyping

In the last two years, we have examined mice from both systems and found no abnormalities in the prostate in
all the mice examined. Most of these mice die around 6 months due to other lesions. There might be many
reasons for this result. First, development of prostate cancer occurs often in older mice (even in the PTEN
knockout mice). Thus, we may find hyperplasia or tumor in the prostate in the old animals. Second, since
activation of the hedgehog pathway is frequently found in advanced and metastatic cancers of prostate. It is
possible that hedgehog signaling plays an important role in tumor metastasis, but not tumor initiation.



Key Research Accomplishments

We made great accomplishments on this project. All the specific aims have been accomplished. In
total, we have generated 12 publications in the last four years with support from this grant. Some of
the studies have been used for three News Releases in our institution. Major accomplishments
include being one of the first groups linking hedgehog signaling activation to prostate cancer and
hepatocellular carcinomas; identification of the role of Su(Fu) in cancer cell proliferation and
establishment of prostate-specific activation of hedgehog signaling in mouse model.

Reportable outcomes
12 peer-reviewed publications (see references for details)

Conclusions

In summary, we have data to indicate that hedgehog signaling activation is associated with several
types of human cancer, including prostate cancer. This activation can be achieved either through
elevated expression of hedgehog ligands or altered expression of downstream genes. Su(Fu) can
affect cell functions through regulation of Gli transcription factors to interfere with hedgehog target
gene expression and cell proliferation. Although hedgehog signaling is activated in advanced and
metastatic prostate cancer, targeted activation of hedgehog signaling in the prostate of mice has no
abnormality in prostate tissue, suggesting that hedgehog signaling activation alone can not drive
development of prostate cancer in mice.
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Inhibition of Smoothened Signaling Prevents Ultraviolet B-Induced Basal Cell
Carcinomas through Regulation of Fas Expression and Apoptosis
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Dermatology, University of Texas Health Science Center, Houston, Texas; 5Sealy Centers for Cancer Cell Biology and Environmental Health, Department of Pharmacology and
Toxicology, University of Texas Medical Branch at Galveston, Galveston, Texas, and °Xijing Hospital, Xi’an 710032, China

ABSTRACT

Abnormal activation of the hedgehog-signaling pathway is the pivotal
abnormality driving the growth of basal cell carcinomas (BCCs), the most
common type of human cancer. Antagonists of this pathway such as
cyclopamine may therefore be useful for treatment of basal cell carcino-
mas and other hedgehog-driven tumors. We report here that chronic
oral administration of cyclopamine dramatically reduces (~66%) UVB-
induced basal cell carcinoma formation in Ptch1*~ mice. Fas expression
islow in human and murine basal cell carcinomas but is up-regulated in
the presence of the smoothened (SMO) antagonist, cyclopamine, both in
vitro in the mouse basal cell carcinoma cell line ASZ001 and in vivo after
acute treatment of mice with basal cell carcinomas. This parallels an
elevated rate of apoptosis. Conversely, expression of activated SMO in
C3H10T 1/2 cells inhibits Fas expression. Fag/Fas ligand interactions are
necessary for cyclopamine-mediated apoptosis in these cells, a process
involving caspase-8 activation. Our data provide strong evidence that
cyclopamine and perhaps other SMO antagonists are potent in vivo in-
hibitors of UVB-induced basal cell carcinomasin Ptch1*/~ miceand likely
in humans because the majority of human basal cell carcinomas manifest
mutations in PTCH1 and that a major mechanism of their inhibitory
effect is through up-regulation of Fas, which augments apoptosis.

INTRODUCTION

The hedgehog (Hh) pathway plays a critical role in embryonic
development and tissue polarity (1). Secreted Hh molecules bind to
the receptor patched (PTC), thereby aleviating PTC-mediated sup-
pression of smoothened (SMO), a putative seven-transmembrane pro-
tein. SMO signaling triggers a cascade of intracellular events, leading
to activation of the pathway through GL I-dependent transcription (2).
Considerable insight into the role of the Hh pathway in vertebrate
development and human cancers has come from the discovery that
mutations of the patched gene (PTCH1) underlie the basal cell nevus
syndrome, a rare hereditary disorder in which patients are highly
susceptible to the development of large numbers of basal cell carci-
nomas and other tumors (3, 4). Activation of Hh signaling, usually due
to loss-of-function somatic mutations of PTCH1 and less often to
activating mutations of SMO, is the pivotal abnormality in sporadic
basal cell carcinomas (5-7). Therefore, targeted inhibition of SMO
signaling should afford mechanistically based prevention/therapy of
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basal cell carcinomas, as well as of other tumors driven by Hh
signaling abnormalities, including certain medulloblastomas, small-
cell lung carcinomas, and gastrointestinal tract cancers (8—11). One
such inhibitor is the naturally occurring plant extract cyclopamine,
and there are additional synthetic compounds that directly associate
with the transmembrane domains of SMO (12-14). Therefore, these
small molecular weight compounds have significant promise for the
prevention and treatment of basal cell carcinomas and other human
malignancies.

Ptch1*’~ mice (15) provided the first practical animal model for
inducing basal cell carcinomas using UV and ionizing radiation (16).
We report here that chronic oral administration of cyclopamine dra-
matically inhibits basal cell carcinoma growth in these mice. We also
have tested the in vitro effects of cyclopamine and of the synthetic
SMO inhibitor Cur61414 on the mouse basal cell carcinoma cell line
ASZ001 and have demonstrated that both compounds elevate Fas
expression and augment apoptosis. The clinical relevance of our data
for treatment of basal cell carcinomasis supported by the low baseline
Fas expression in basal cell carcinomas of both humans and mice and
by the in vivo induction of high level Fas expression by short-term
administration of cyclopamine in murine basal cell carcinomas. Thus,
our studies support the idea that treatment of human basal cell carci-
nomas with specific inhibitors of the Hh pathway may offer a mech-
anism-driven approach to the chemoprevention of these tumors.

MATERIALS AND METHODS

Animals. Ptch1*'~ heterozygous knockout mice have been developed by
deleting exons 1 and 2 and inserting the LacZ gene at the deletion site (15).
Ptchl-lacZ-transgenic mice were genotyped by PCR amplification of genomic
DNA extracted from tail biopsies (15, 16). The animals were housed under
standard conditions (fluorescent lighting 12 hours per day, room temperature
23°C to 25°C, and relative humidity 45 to 55%). The mice were provided tap
water and Purina Laboratory Chow 5001 diet (Ralston-Purina Co., St. Louis,
MO).

UV Light Source. An UV Irradiation unit (Daavlin Co., Bryan, OH)
equipped with an electronic controller to regulate dosage was routinely used
for these studies. The UVB source consisted of eight FS72T12-UVB-HO
lamps emitting UV B (290 to 320 nm, 75 to 80% of total energy) and UVA (320
to 380 nm, 20 to 25% of total energy). We used a Kodacel cellulose film
(Kodacel TA401/407) to eliminate UVC radiation. A UVC sensor (Oriel’s
Goldilux UVC Probe) was used during each exposure to confirm the lack of
UVC emission. The UVB dose was quantified using a UVB Spectrum 305
Dosimeter obtained from the Daavlin Co. The radiation was additionally
calibrated using an IL1700 Research Radiometer/Photometer from Interna-
tiona Light, Inc. (Newburyport, MA). The distance between the radiation
source and targets was maintained at 30 cm. The irradiation assembly is kept
in an air-conditioned room, and afan is placed inside the exposure chamber to
minimize temperature fluctuations during irradiation.

Carcinogenesis Protocol and Statistical Analyses. Mice were irradiated
with a UV Irradiation unit (240 mJcm? three times a week) from age 6 to 32
weeks, at which time, ~50% of the animals had one or more visible skin
tumors. The mice (25 mice per group) were given either cyclopamine (10
nglday as a cyclodextran complex) or the vehicle control in drinking water,

7545



Smoothened SIGNALING PREVENTS UVB-INDUCED BCCS

and the number of tumors was recorded weekly. Mice treated with cyclopam-
ine or with the vehicle control were sacrificed at 52 weeks, their dorsal skin
removed, and tumors harvested and collected for the histologic and immuno-
histochemical studies. The microscopic basal cell carcinoma areas were as-
sessed by histologic evaluation of three dorsal skin sections per mouse from a
total of seven mice (n = 7) in the vehicle-treated water group and atotal of six
mice (n = 6) in the cyclopamine-treated group. The basal cell carcinoma areas
were measured by microscopic assessment using the Axiovision 3.1 analysis
program (Carl Zeiss Microlmaging, Inc., Thornwood, NY). Results were
analyzed using the Student’s t test or a nonparametric test (Mann-Whitney
test): P < 0.05 was considered statistically significant.

For evaluation of Fas expression and apoptosis in vivo, cyclopamine was
injected (at 100 pg s.c. or intratumorally) into mice with visible basal cell
carcinomas (>1 cm in diameter). Seventy-two hours later, basal cell carcino-
mas were embedded in OCT compound (Tissue-Tek; Sakura, Torrance, CA),
and stored in —20°C for additional analyses. Stromal cells were used as the
control for basal cell carcinoma cells.

B-Galactosidase Staining. Tissues were fixed in 0.2% glutaraldehyde
(Sigma-Aldrich, St. Louis, MO)/2% formaldehyde (Fisher Scientific Co.,
Pittsburgh, PA) in 1X PBS for 20 minutes at 4°C, then washed twice in 1X
PBS. Tissues were incubated with 5% 5-bromo-4-chloro-3-indolyl-B-p-galac-
topyranoside in 95% iron buffer solution for 24 hours at 37°C using a
B-galactosidase staining set (Roche Applied Science, Indianapolis, IN), ac-
cording to the manufacturer’s guideline. The tissues were washed twice in 3%
DMSO in 1X PBS and then three times in 70% etomidate. The tissues were
embedded in paraffin and processed for counterstaining.

Terminal Deoxynucleotidyl Transferase-Mediated Nick End Labeling
(TUNEL) and Immunofluorescent Staining. TUNEL analysis was per-
formed using a kit from Roche Applied System according to the manufactur-
er’sguideline. Immunofluorescent staining of Fasin basal cell carcinomas was
performed with an antibody specific to mouse Fas (M 20; Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA).

Céll Culture and Cell Viability Assay. The mouse basa cell carcinoma
cell line ASZ001 was maintained in 154CF medium as reported previously
(17). Ectopic expression of Glil in ASZ001 cells was induced using Lipo-
fectAmine 2000, and the transfected cells were enriched by cell sorting after
coexpression of green fluorescence protein and Glil (green fluorescence
protein to Glil plasmid ratio = 1:4). C3H10T1/2 cells were cultured in basal
medium containing 10% heat-inactivated fetal bovine serum. GLI-transformed
baby rat kidney cells were cultured in DMEM containing 10% fetal bovine
serum (18). ASZ001 cells were first treated with 2 uwmol/L 3-keto-N-amino-
ethylaminoethyl caproyldihydrocinnamoy! cyclopamine (KAAD-cyclopamine)
for 36 hours in the presence or absence of 10 ng/mL epidermal growth factor
or platelet-derived growth factor (PDGF)-AA (R&D Systems, Inc., Minneap-
olis, MN) or treated with U0126 alone (10 umol/L; EMD Biosciences, Inc.,
San Diego, CA) for 36 hours. Cells were then harvested for protein expression
and cell viability analyses. Cell viability was assessed by trypan blue exclusion
and colorimetric  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay (19). The proliferation inhibition was calculated by dividing the
mean test value by the respective PBS control. The background absorbance,
obtained from the wells treated with DM SO only, was subtracted from the test-
and control-well values to yield corrected absorbance. Triplicates for each
sample were used, and all experiments were performed in triplicate (19).

Flow Cytometry and Cell Sorting. Cells were plated at 3,000,000 cells
per 10-cm plate in 154CF without growth supplements the day before treat-
ment. KAAD-cyclopamine (Toronto Research Chemicals, Inc., North York,
Ontario, Canada) was added to the medium to achieve afinal concentration of
2 pmol/L, and the cells were incubated for 36 hours. Epidermal growth factor
and PDGF-A were used at afinal concentration of 10 pwg/mL, U0126 at afinal
concentration of 10 umol/L, and Fas ligand (FasL)—neutralizing antibodies at
afinal concentration of 20 ug/mL were added to the medium. Subsequently,
cells were collected and fixed overnight in 70% etomidate and treated with 50
ng/mL propidium iodide in the presence of 10 ug/mL RNase A (in PBS). Cell
cycle profiles were determined by a fluorescence-activated cell sorter (FAC-
SCaliber; Becton Dickinson, Franklin Lakes, NJ). At least 20,000 gated events
were recorded for each sample, and the data were analyzed with Multicycle
software for Windows (Phoenix Flow Systems, San Diego, CA). ASZ001 cells
with ectopic Glil expression were enriched through cell sorting, resulting in
>90% of the cells with Glil expression (from a starting population of 5%

positive cells). Both positive and negative fractions were collected for Western
blot analysis.

Western Blot Analysis and ELISA. Western blotting was performed as
previously reported (17), with specific antibodies [anti-PDGFR-a and anti-
mouse Fas antibodies from Upstate Biotechnology (Lake Placid, NY); anti-
Erk, anti-phospho-Erk and anti-caspase-3 antibodies from Cell Signaling Tech-
nology (Beverly, MA); anti-B-actin from Sigma-Aldrich (St. Louis, MO); and
antihuman Fas and anti-FasL from BD Transduction Laboratories (San Diego,
CA)]. ELISA detection of secreted FasL protein in the growth medium was
performed using a kit from R&D Systems, Inc., according to the manufactur-
er's protocol.

Real-time PCR Analyses. Total RNAs from ASZ001 cells were extracted
using RNAqueous from Ambion, Inc. (Austin, TX). We used Applied Biosys-
tems (Foster City, Ca) assays-by-design 20X assay mix of primers and
TagMan probes (carboxyfluorescein dye-labeled probe) for the target genes
[mouse Gli1, hedgehog interacting protein (HIP)] and predeveloped 18SrRNA
(VIC dye-labeled probe) TagMan assay reagent (P/N 4319413E) for an inter-
nal control. Mouse Glil and HIP primers are designed to span exon-exon
junctions so as not to detect genomic DNA, and the primers and probe
sequences were searched against the Celera database to confirm specificity.
The primer and probe sequences of mouse Glil and HIP are as follows.

To obtain the relative quantitation of gene expression, a validation experi-
ment was performed to test the efficiency of the target amplification and the
efficiency of the reference amplification. All absolute values of the slope of log
input amount versus AC; were <0.1. Separate tubes (singleplex) one-step
reverse transcription-PCR was performed with 20 ng of RNA for both target
gene (MGIil or mHIP) and endogenous control. The reagent we used was
TagMan one-step reverse transcription-PCR master mix reagent kit (P/N
4309169). The cycling parameters for one-step reverse transcription-PCR was
reverse transcription 48°C for 30 minutes, AmpliTag activation 95°C for 10
minutes, denaturation 95°C for 15 seconds, and annealing/extension 60°C for
1 minute (repeat 40 times) on ABI7000. Triplicate C; values were analyzed in
Microsoft Excel using the comparative C (AAC;) method as described by the
manufacturer (Applied Biosystems). The amount of target (2°44€T) was ob-
tained by normalization to an endogenous reference (18 rRNA) and relative to
a calibrator.

RESULTS

Cyclopamine Inhibits Basal Cell Carcinoma Development in
Ptch1™~ Mice. The Hh pathway is constitutively activated in
essentially all human and mouse basal cell carcinomas (3, 20).
Because PTCH1, which is frequently inactivated in human basal
cell carcinomas, is known to be upstream of SMO (21), inhibiting
SMO functions should be an effective way to treat basal cell
carcinomas. To test the effects of a SMO antagonist on develop-
ment of basal cell carcinomas, we administered cyclopamine orally
to basal cell carcinoma-bearing Ptch1™/~ mice. We UV-irradiated
Ptch1™/~ mice from age 6 to 32 weeks, at which time, approxi-
mately half of the mice had developed one or more macroscopic
tumors: basal cell carcinomas, squamous cell carcinomas, and/or
spindle cell tumors (fibrosarcomas). UV irradiation was then
stopped and the mice were randomized (25 mice per group) to
receive either vehicle or cyclopamine (as cyclodextran complex) in
the drinking water for the ensuing 20 weeks. The survival of these
two groups of animals was similar, indicating that cyclopamine
does not affect the overall survival of Ptch1*/~ mice (data not
shown). At age 52 weeks, we measured microscopic basal cell
carcinoma areas per tissue area (mm?) in these two groups after
B-galactosidase staining (see Materials and Methods for details)
and found a 90% reduction of microscopic basal cell carcinomasin
the cyclopamine-treated animals (Fig. 1, A and B). Cyclopamine-
treated mice also had fewer visible basal cell carcinomas at age 52
weeks than did the vehicle-treated controls (Fig. 2, A and B). Thus,
the mice receiving vehicle alone continued to develop visible
tumors, and the number of tumors had tripled by week 52. We
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Fig. 1. Effect of cyclopamine on UVB-induced microscopic basal cell carcinomas
(BCCs) in Ptch1*/~ mice. A, effect of orally administered cyclopamine on the number of
UVB-induced microscopic BCC-like lesions in Ptch1*/~ mice. Microscopic BCC-like
lesions were counted as total tumor area/mm? skin and assessed by histologic evaluation
of three dorsal skin sections per mouse from a total of seven mice (n = 7) in the
vehicle-treated group and a total of 6 mice (n = 6) in the cyclopamine-treated group.
Results of microscopic BCCs in the two groups were statistically analyzed using the
Student’s t test (two-tailed): P < 0.05 was considered statistically significant. B, B-
galactosidase and H& E staining showing the effect of orally administered cyclopamine on
UVB-induced microscopic BCC lesions in Ptch1™~ mice. Representative staining from
UVB-irradiated (a) and UVB-irradiated cyclopamine-treated (b) Ptch1*/~ mice. These
skin samples were fixed in 10% buffered formalin before staining with H& E and detection
of B-galactosidase activities.

found that mice receiving cyclopamine developed 50% fewer new
basal cell carcinomas than did the control group at week 52 (Fig.
2, A and C), and the difference is statistically significant
(P = 0.0078 by nonparametric test, Mann-Whitney test). More
importantly, the number of visible squamous cell carcinomas and
spindle cell tumors did not differ between the two groups, showing
the specificity of cyclopamine for basal cell carcinomas in this
mouse model (Fig. 2C).

Cyclopamine Inhibits the Hh Pathway and Induces Apoptosis
in Basal Cell Carcinoma Célls. To investigate the mechanism
whereby cyclopamine prevents basal cell carcinoma development in
Ptch1™’~ mice, we used the mouse basa cell carcinoma cell line
ASZ001, which is derived from basa cell carcinoma-bearing
Ptch1*’~ mice. Both copies of the Ptchl gene arelost in thiscell line,
resulting in constitutive activation of the Hh pathway (16, 17). Incu-
bation with 2 umol/L KAAD-cyclopamine, a cyclopamine analogue,
for 12 hours reduced the levels of Hh target genes (Glil and Hip) by
>70% (Fig. 3A), confirming that cyclopamine inhibits the Hh path-
way in these cells. Treatment of ASZ001 cells for 36 hours with
cyclopamine or Cur61414 caused a dose-dependent decrease in cell
viability (Fig. 3B). A SMO antagonist, Cur61414, showed an effect
similar to that of cyclopamine (Fig. 3B). A similar result was also
obtained from the trypan blue exclusion analysis (data not shown).
The closely related compound tomatidine, which does not affect SMO
signaling and thus served as a negative control, had little discernible
effect on the viability of the ASZ001 cells (Fig. 3B). Additional
evidence that cyclopamine-mediated inhibition of cell growth is de-
pendent on activated Hh signaling came from studies in primary
mouse keratinocytes (Hh pathway inactivated), which did not respond
to cyclopamine treatment (data not shown). In ASZ001 cells, cyclo-
pamine treatment did not promote cellular differentiation, and hence,
the dramatic reduction in the number of living cells suggested that
cyclopamine might be inducing apoptosis.

We next assessed cyclopamine-induced apoptosis using flow cy-
tometry analysis and found that treatment of cells with cyclopamine
for 36 hours caused a 3-fold increase in the sub-G, cell population and
adecrease in the S phase (Fig. 3C), suggesting that cyclopamineis a
potent inducer of apoptosis in basal cell carcinomas. Treatment of
ASZ001 cells with either cyclopamine or Cur61414 for 36 hours (see
Materials and Methods for details) increased the level of activated
caspase-3, amajor executioner of cysteinyl aspartate-specific protein-
ases for apoptosis (Fig. 3C).

Confirming our in vitro findings, direct injection of cyclopamine
into basal cell carcinoma-bearing mice for 72 hours enhanced apo-
ptosis (an increase in TUNEL-positive cells) of basal cell carcinoma
tumor cellsin vivo (Fig. 3D).

Fig. 2. Effect of cyclopamine on UVB-induced macroscopic basal cell carcinomas
(BCCs9) in Ptch1*/~ mice. A, effect of cyclopamine administration on the growth of
UVB-induced skin tumors in Ptch1™/~ mice is shown as percent increase in number of
tumors per mouse. The statistical analysis was performed using the nonparametric
Mann-Whitney test (two-tailed) and obtained P = 0.0078 (*) at week 52. P < 0.05 is
considered statistically significant. B, Ptch1™/~ mice showing effects of cyclopamine
treatment on UVB-induced skin tumors. Representative pictures of UVB-irradiated,
vehicle-treated control mouse (a) and UV B-irradiated, cyclopamine-treated (b) mouse at
week 52. C, effect of orally administered cyclopamine on the growth of UVB-induced
BCCs, squamous cell carcinomas (SCCs), and fibrosarcomas in Ptchl*/~ mice. The
statistical analysis was performed using the Student's t test: P < 0.05 is considered
statistically significant.
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Fig. 3. Cyclopamine inhibits the Hh pathway and induces apoptosisin ASZ001 cells. A. Glil and HIP transcripts were detected by real-time PCR analysis. Cells were treated with
2 wmol/L KAAD-cyclopamine for 12 hours. After RNA extraction, real-time PCR analysis was performed (see Materials and Methods for details). B, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay of ASZ001 cellsin the presence of SMO antagonists. ASZ001 cells were treated with cyclopamine, or the control compound tamotidine
for 36 hours, and the cell viability was examined by MTT assay. C, cell cycle and protein analyses of ASZ001 cells. The percentage of cell population in each cell cycle
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Active Fas/FasL Interactions Are Necessary for Cyclopamine-
induced Cell Death. Because treatment of human basal cell carcino-
mas with IFN-a may be accompanied by increased Fas expression in
the tumor (19, 22), we tested whether cyclopamine, too, can augment
Fas expression. Indeed, cyclopamine substantially increased the level
of Fas protein in ASZ001 cells (Fig. 4A). In contrast, we detected
FasL protein irrespective of cyclopamine treatment (Fig. 4A). Using
an ELISA assay, we detected FasL in the culture medium of ASZ001
cells, indicating that these basal cell carcinoma cells indeed secrete
FasL protein (see Fig. 5B for details). Thus, Fas would appear to be
the limiting factor for the FasL/Fas signaling axis in this basal cell
carcinoma cell line. Conversely, Fasis down-regulated in C3H10T1/2
cellswith stable expression of activated SMO viaretrovirus-mediated
gene transfer (Fig. 4B).

The in vivo relevance of the data obtained from the experiments
with the ASZ001 cell line is supported by the low level baseline
expression of Fas in human basal cell carcinomas (refs. 23, 24; Fig.
4C) and the induction of Fas expression and apoptosis in Ptch1™/~
mouse basal cell carcinomas by treatment with either cyclopamine
(Fig. 4D) or by Cur 61414 (data not shown). Specifically, Fas protein

Fig. 4. Expression of Fas, Fas-L and caspase 3 in
basal cell carcinomas (BCCs). A. ASZ001 cells
treated with cyclopamine were harvested for Western
blot analysis for Fas and FasL levels. B-Actin was
used as an internal loading control. B, Fas expression
in 10TV/2 cells. C, Fas and FasL expression in human
BCCs. Human BCC samples were collected from the
Department of Dermatology at University of Texas
Medical Branch. Protein extracts prepared from hu-
man BCCs were anayzed by Western blotting to
detect expression of Fas and FasL (antibodies from
BD Transduction Laboratories). B-Actin was used as
a protein loading control. D, induction of Fas in
mouse BCCs by cyclopamine. Seventy-two hours
after injection of cyclopamine, Fas expression was
examined by immunofluorescent staining using anti-
Fas antibody. The arrowhead in the insert of D indi-
cates membrane localization of Fas protein.

expression increased after cyclopamine injection (either s.c. injection
or intratumoral injection), and this was accompanied by increased
TUNEL-positive cells (Figs. 3F and 4D). Immunofluorescent staining
revealed a membrane localization of Fas protein in basal cell carci-
noma cells (indicated by the arrowhead in the insert of Fig. 4D). Thus,
it appears that Fas expression is elevated in the presence of SMO
antagonists both in cultured cell lines and in basal cell carcinomas
induced in Ptch1™~ mice.

On the basis of these results, we predicted that either (a) interruption
of the FasL/Fas signding axis or (b) inhibition of the downstream
apoptosis-effector caspase 8 activity would prevent cyclopamine-induced
apoptosis. To test this hypothesis, we inactivated FasL/Fas signaling
using neutralizing antibodies against FasL. By depleting FasL molecules
(Fig. 5B), the cyclopamine-mediated decrease in cdll viability was res-
cued (Fig. 6, C and D). Neutrdizing antibodies against FasL also de-
creased the level of caspase-3 (Fig. 5C). Furthermore, administration of
the caspase-8 inhibitor Z-IETD-FMK (25) abrogated the cyclopamine-
mediated activation of caspase-3 (Fig. 5C). Thus, our data provide direct
evidence that the FasL/Fas signaling axis is an important mediator of
cyclopamine-induced apoptosis in basal cell carcinomas.

phase was shown at the bottom. The level of caspase-3 in ASZ001 cells, a marker for apoptosis, was detected by immunoblotting with a specific antibody from Cell Signaling
Technology (C). D, TUNEL analyses of basal cell carcinomas (BCCs) from Ptch1*/~ mice. BCCs were induced in Ptch1™/~ mice as reported previously (16). Cyclopamine was
injected s.c. into BCC-bearing Ptch1™~ mice or directly into the tumor. Tumor specimens were collected at 72 hours after injection and embedded in OCT. Cryostat tissue sections
were used for TUNEL analysis. Green, TUNEL or K14; red, nuclear staining. —¢—, Tomatidine; —l—, Cur61414; ——, Cyclopamine.

7549



Smoothened SIGNALING PREVENTS UVB-INDUCED BCCS

Fig. 5. Inhibition of cyclopamine-induced apo-
ptosis by FasL-neutralizing antibodies. A, pathway
for cyclopamine-mediated apoptosis. B. ASZ001
cells were cultured in 154CF medium without
growth supplements during treatment with 2
umol/L cyclopamine. The level of FasL in the
culture medium of ASZ001 cells was detected by
ELISA with a kit from R&D Systems, Inc. C,
detection of Fas and caspase-3 in ASZ001 cells by
Western blotting.

The Molecular Basis of Cyclopamine-mediated Induction of
Fas. To investigate the mechanism whereby inhibition of the Hh
pathway induces Fas expression, we assessed whether this regulation
occurs directly as opposed to indirectly by altering other signaling
pathways. It has been reported that several signaling pathways, in-
cluding the Ras-Erk pathway and the p53 pathway, can regulate Fas
expression (26—28). We have previously reported that Hh activation
augments Ras-Erk signaling (17). Consistent with those findings, we
observed that cyclopamine decreased the levels of PDGFR-« and
phospho-Erk, indicating an inhibitory effect on Ras-Erk signaling in
ASZ001 cell (Fig. 6B). As a result, PDGF-A had no effect on
cyclopamine-mediated caspase-3 activation, Fas induction, or cell
death (see Fig. 6, D and E, for details). In contrast, epidermal growth
factor, which can activate the Ras-Erk pathway through the epidermal
growth factor receptor, did inhibit cyclopamine-mediated accumula-
tion of the sub-G; population (Fig. 6C), Fas expression (Fig. 6D),
caspase-3 activation (Fig. 6D), and cell death (Fig. 6E). Furthermore,
addition of the mitogen-activated protein kinase kinase inhibitor
U0126 alone was sufficient to induce caspase-3 in ASZ001 cells (Fig.
6D). Consistent with these data, ASZ001 cells in which PDGFR-«
and active Raf were overexpressed resisted cyclopamine treatment
(data not shown), providing additional information that inhibition of
PDGFR-« and subsequent down-regulation of Ras-Erk signaling isan
important mechanism whereby cyclopamine induces apoptosis in ba-
sal cell carcinomas.

Our model predicts that overexpression of Glil in ASZ001 cells under
a strong promoter (such as the cytomegalovirus promoter) would consti-
tutively activate the Hh pathway, which could render these basa cell
carcinoma cells resistant to cyclopamine treatment. Indeed, cyclopamine
did not induce apoptosisin congtitutive Gli1-expressing ASZ001 cells, as
indicated by lack of TUNEL staining and of procaspase-3 cleavage (Fig.
6, F and G). As aresult of congtitutive Glil overexpression, PDGFR-«
remained unchanged even after cyclopamine treatment (Fig. 6G). In
addition, Fas protein was not induced by cyclopamine in constitutive
Glil-expressing ASZ001 cells (Fig. 6G). The ability of Gli-1 overexpres-

sion to abrogate cyclopamine-mediated cell death was additionally con-
firmed by flow cytometry analysis (data not shown). Although cyclo-
pamine caused an increase in the sub-G; population in Glil-negative
cells, no such change was observed in Glil-expressing ASZ001 cells.
These data indicate that ectopic expression of Glil under the cytomega-
lovirus promoter prevents cyclopamine-induced changes in the expres-
sion of PDGFR-«, Fas, and apoptosis.

DISCUSSION

The identification of SMO antagonists has created the opportunity
to consider mechanism-driven anticancer strategies for effective treat-
ment of common malignancies in which Hh activation is thought to be
important, including basal cell carcinomas, as well as subsets of
medulloblastomas, lung cancer, and gastrointestinal cancers (3,
8-11). Basal cell carcinomas frequently contain mutations of the
PTCH1 gene, most of which lead to inactivated PTCH1 and conse-
quently uncontrolled SMO signaling. Because PTCHL1 is upstream of
SMO (21),” we reasoned that administration of the SMO inhibitor
cyclopamine to Ptch1™~ mice could specificaly and effectively
inhibit the development of basal cell carcinomas in vivo. Our studies
indicate that orally administered cyclopamine is a potent inhibitor of
basal cell carcinomasin Ptch1™~ mice and that this natural substance
does not cause significant toxicity because the overall survival of the
treated mice was unaffected. These data are consistent with the
observation in sheep that cyclopamine toxicity is limited to Hh sig-
naling-dependent teratogenicity (2, 29) and with the fact that most
normal adult mouse and human tissues appear to have very low
expression of Hh target genes (30). Basal cell carcinomas would
appear to be good candidates for the cutaneous application of SMO
antagonists because our data indicate that direct injection of cyclo-
pamine into mouse basal cell carcinomas induces Fas expression and
apoptosis. Thus, it should be possible to design topical formulations of

7 Unpublished observation.
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Fig. 6. Regulation of Fas expression by cyclopamine through the Ras-Erk pathway. A, pathway for cyclopamine-mediated apoptosis. B. In the presence of cyclopamine, the levels
of PDGFR-« and phospho-Erk were down-regulated. C, epidermal growth factor (EGF) abrogated cyclopamine-mediated sub-G, accumulation in ASZ001 cells. D. The protein levels
of Fas, FasL, and activated caspase-3 were detected by Western blotting after 36 hours treatment with 2 umol/L KAAD-cyclopamine in the presence of other reagents or with U0126
alone (10 umol/L). E. Cell viability was assessed by trypan blue analysis. Each experiment was repeated three times with similar results. F, detection of apoptosis by TUNEL assay
in ASZ001 cells with Glil expression under the cytomegalovirus promoter. Red arrows indicate Glil-positive cells, and the white arrow indicates TUNEL -positive cells. G. After
enrichment of Glil-overexpressing cells through cell sorting, the protein levels of PDGFR-«, Fas, and caspase-3 were detected by Western blotting.

cyclopamine or other SMO antagonists for treating basal cell carci- HIP and Glil (Fig. 3, A and B). We additionally demonstrate that

nomeas, initially in Ptch1™/~ mice and eventually in humans. induction of Fas expression (both the protein and the RNA levels) and

Our dataindicate that cyclopamineinhibits the Hh pathway inbasal  consequent activation of the FasL/Fas signaling axis is necessary for

cell carcinomas, as indicated by down-regulation of the target genes  cyclopamine-mediated apoptosis because cell death isblocked in vitro
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by anti-FasL antibodies. Thus, it appears that Fas expression is sup-
pressed by the activity of the Ras-Erk pathway in basal cell carcinoma
cells, and overexpression of Glil, PDGFR-«, or active Raf (all down-
stream of Ptchl) renders ASZOOL cells resistant to cyclopamine-
induced apoptosis (Fig. 6, E and F).® Furthermore, addition of a
mitogen-activated protein kinase kinase inhibitor U0126 aone is
sufficient to induce Fas expression and apoptosis in ASZ001 cells
(Fig. 6, C and D). We have analyzed promoter sequences of human
and mouse Fas genes and found multiple copies of serum response
elements and Ras-responsive elements, suggesting that the Ras/Erk
pathway can regulate transcription of murine and human Fas directly.®
These data are consistent with a previous report showing that cyclo-
pamine causes apoptosis in subsets of small-cell lung cancer and
medulloblastomas in the presence of low concentrations of newborn
bovine serum in which growth factor content is quite low (9, 11).*°
Because Fas is regulated at multiple levels, it will be interesting to
determine whether other mechanisms, including altered Fas mem-
brane translocation, could be involved in cyclopamine-mediated Fas
up-regulation.

Because cyclopamine exerts its effects through direct association
with SMO, tumors with genetic mutations downstream of SMO may
not be sensitive to cyclopamine treatment. We have found that cyclo-
pamine does not cause apoptosis in ASZ001 cells with Glil overex-
pression under the cytomegal ovirus promoter (Fig. 6, F and G) or in
Glil-transformed RK3E cells.** Similarly, cells expressing activated
SMO are resistant to cyclopamine (31). Thus, studies on the genetic
mutations in specific target tumors could be helpful in predicting the
effectiveness of cyclopamine treatment. Effective treatment of tumors
with mutations of genes encoding proteins acting downstream of Smo
will require identification of novel small molecular weight com-
pounds acting downstream of SMO signaling. However, because most
basal cell carcinomas do contain loss-of-function mutations of
PTCH1, cyclopamine should represent an effective and specific agent
for basal cell carcinoma therapy, as well as for those visceral cancers
with Hh signaling activation, which thus far appears to be driven by
overexpression of sonic Hh.

In summary, our results indicate that chronic administration of the
SMO antagonist cyclopamine is effective in preventing basal cell
carcinoma development in vivo. We demonstrate that cyclopamine
inhibits Hh signaling and thereby exerts its effects through induction
of Fas expression, leading to activation of the FasL/Fas signaling axis
and apoptosis. It is likely that SMO antagonists capable of inhibiting
Hh activation and inducing Fas expression hold great promise as
a mechanism-directed approach for the treatment of basal cell car-
cinomas.
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Abstract

Background: The hedgehog pathway plays a critical role in the development of prostate.
However, the role of the hedgehog pathway in prostate cancer is not clear. Prostate cancer is the
second most prevalent cause of cancer death in American men. Therefore, identification of novel
therapeutic targets for prostate cancer has significant clinical implications.

Results: Here we report that activation of the hedgehog pathway occurs frequently in advanced
human prostate cancer. We find that high levels of hedgehog target genes, PTCH| and hedgehog-
interacting protein (HIP), are detected in over 70% of prostate tumors with Gleason scores 8-10,
but in only 22% of tumors with Gleason scores 3—6. Furthermore, four available metastatic tumors
all have high expression of PTCHI| and HIP. To identify the mechanism of the hedgehog signaling
activation, we examine expression of Su(Fu) protein, a negative regulator of the hedgehog pathway.
We find that Su(Fu) protein is undetectable in Il of 27 PTCHI positive tumors, two of them
contain somatic loss-of-function mutations of Su(Fu). Furthermore, expression of sonic hedgehog
protein is detected in majority of PTCHI positive tumors (24 out of 27). High levels of hedgehog
target genes are also detected in four prostate cancer cell lines (TSU, DU 145, LN-Cap and PC3).
We demonstrate that inhibition of hedgehog signaling by smoothened antagonist, cyclopamine,
suppresses hedgehog signaling, down-regulates cell invasiveness and induces apoptosis. In addition,
cancer cells expressing Glil under the CMV promoter are resistant to cyclopamine-mediated
apoptosis. All these data suggest a significant role of the hedgehog pathway for cellular functions of
prostate cancer cells.

Conclusion: Our data indicate that activation of the hedgehog pathway, through loss of Su(Fu) or
overexpression of sonic hedgehog, may involve tumor progression and metastases of prostate
cancer. Thus, targeted inhibition of hedgehog signaling may have significant implications of prostate
cancer therapeutics.
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Background

The hedgehog (Hh) pathway plays a critical role in embry-
onic development and tissue polarity [1]. Secreted Hh
molecules bind to the receptor patched (PTC-PTCHI,
PTCH2), thereby alleviating PTC-mediated suppression of
smoothened (SMO), a putative seven-transmembrane pro-
tein. SMO signaling triggers a cascade of intracellular
events, leading to activation of the pathway through GLI-
dependent transcription [2]. The hedgehog receptor
PTCH1 is also a target gene of this pathway, which forms
a negative feedback mechanism to maintain the pathway
activity at an appropriate level in a given cell. Activation of
Hh signaling through loss-of-function somatic mutations
of PTCH1 in human basal cell carcinomas (BCCs) dis-
rupts this feedback regulation, leading to uncontrolled
SMO signaling. Activating mutations of SMO in BCCs, on
the other hand, are resistant to PTCH1-mediated inhibi-
tion, leading to an outcome similar to PTCH1 inactivation
[3-6]. More recently, abnormal activation of the sonic
hedgehog pathway, through over-expression of sonic
hedgehog, has been implicated in the development of
subsets of medulloblastomas, small cell lung cancer and
gastrointestinal tract (GI) cancers [7-10].

Development of prostate requires hedgehog signaling.
Although the initial formation of prostate buds does not
require sonic hedgehog signaling (shh), shh is critical for
maintaining appropriate prostate growth, proliferation
and tissue polarity [11-14]. In the adult prostate, however,
the activity of the hedgehog pathway is quite low. It
remains to be tested whether this hedgehog pathway is
activated during development of prostate cancer, the sec-
ond most prevalent cause of cancer death in American
men. Activation of the hedgehog pathway is often indi-
cated by elevated levels of PTCH1 and HIP. In addition to
PTCH1 mutation, SMO activation and hedgehog over-
expression, loss of Su(Fu) can result in activation of the
hedgehog pathway. In the human, the Su(Fu) gene is
localized at chromosome 10q24, a region with LOH in
several types of cancer including prostate cancer, lung can-
cer, breast cancer and medulloblastomas [15,16]. As a
negative regulator of the hedgehog pathway, Su(Fu)
inhibits the function of Gli molecules, leading to inactiva-
tion of this pathway [17-19]. Su(Fu) is also reported to
affect beta-catenin function [20]. In addition, over-expres-
sion of sonic hedgehog is shown to be involved in the
development of GI cancers [9,10]. Here we report our
findings that activation of the hedgehog pathway occurs
frequently in advanced prostate cancers, possibly through
loss of Su(Fu) protein or over-expression of sonic
hedgehog.

http://www.molecular-cancer.com/content/3/1/29

Results

Elevated expression of hedgehog target genes in prostate
cancer specimens

As an important regulator of tissue polarity, active hedge-
hog signaling is required for ductual morphogenesis and
proliferation during prostate development [11-14]. The
adult prostate, on the other hand, does not contain active
hedgehog signaling. Because hedgehog signaling is an
important regulator for epithelial-mesenchymal interac-
tion, an event critical during prostate cancer development,
we examined whether the hedgehog-signaling pathway is
activated in prostate cancer.

Activation of hedgehog signaling causes elevated expres-
sion of target genes PTCH1 and HIP. Thus, increased pro-
tein expression of PTCH1 and HIP indicates activation of
the hedgehog pathway. Using PTCH1 antibodies [10], we
examined 59 prostate cancer samples for hedgehog sign-
aling activation (see Table 1, Additional file 1 for details).
We first tested the specificity of the PTCH1 antibodies in
MEF cells. Ptch1 null MEF cells have no active Ptch1 gene,
thus should not have positive staining with PTCH1 anti-
bodies. Indeed, no staining was seen in Ptchl null MEF
cells (Fig. 1A). After transfection of PTCHI1 expressing
plasmid, transfected cells showed positive staining (Fig.
1A), indicating that the PTCH1 antibodies are specific to
PTCHI1. Furthermore, PTCH1 immunohistostining was
abolished after addition of the specific peptide, from
which the antibodies were raised (Fig. 1B,1c). We found
that percentage of PTCH1 positive staining tumors
increased in high grade tumors (Table 1, Additional file
1). In prostate cancers with Gleason scores 3-6, 4 out of
18 specimens were positive for PTCH1 (22%), whereas 16
out of 22 undifferentiated carcinomas (Gleason Scores of
8-10) expressed PTCH]1 (73%, see Table 1, Additional file
1), suggesting that the hedgehog pathway is frequently
activated in advanced prostate cancer. To confirm this
data, we found that all four available metastatic prostate
cancer specimens were all positive for PTCH1 staining.

To further confirm our data, we detected HIP protein
expression, another marker of the hedgehog signaling
activation. After transfection of HIP expressing plasmid
into 293 cells, HIP antibodies recognize a single band
around 75 KD (Fig. 3A), and an endogenous HIP protein
with a similar size was also detected in two cancer tissues,
in which hedgehog signaling is known to be activated
(Fig. 3B and data not shown here). In contrast, the
matched normal tissue did not express detectable HIP.
Thus, HIP expression appears to be a good marker for
hedgehog signaling activation. Immunohistostaining
with HIP antibodies in prostate cancer specimens revealed
a similar pattern to prostate specific antigen (PSA) and
PTCH1 (Fig. 3C and Table 1, Additional file 1), further
confirming that hedgehog pathway is activated in
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Ptch1 null MEF cells
transfected with PTCH1

c. PTCH1 antibodies + peptide

Detection of PTCHI expression in prostate cancers. Protein expression of PTCH| was detected by immunostaining.
PTCHI antibodies (Santa Cruz Biotechnology Cat# 9149) were tested in PtchI-- null MEF cells (A). While Ptch |- null MEF cells
had no positive fluorescent staining with PTCHI antibodies, transfection of PTCH| expressing plasmid lead to positive staining
(green, indicated by an arrow, 400%). Immunohistochemistry of prostate cancer specimens with PTCHI gave negative (B-a,
200x) or positive (Red in B-b, 200x) signals. When PTCHI antibodies were pre-incubated with the very peptide for raising

the antibodies, no positive signals could be observed (B-c).

advanced prostate cancers. Thus the hedgehog pathway
appears to be frequently activated in advanced or meta-
static prostate cancers.

Altered expression of Su(Fu) and Shh in prostate cancer
specimens

There are several mechanisms by which the hedgehog
pathway in these prostate tumors can be activated, includ-
ing loss of Su(Fu) or over-expression of hedgehog [6-10].
The Su(Fu) gene is localized at 10q24, a region with a fre-
quent LOH in prostate cancer [15,16,18]. Mutations of
Su(Fu) have been reported in other human cancers [6]. To
test whether loss of Su(Fu) function is responsible for
hedgehog signaling activation, we examined expression of

Su(Fu) protein in these prostate cancer specimens. The
antibodies of Su(Fu) recognize a single band at 52-kD in
Western blotting analyses (Fig. 4A), which was reduced
following treatment with Su(Fu) SiRNA (Fig. 4B), indicat-
ing the specificity of the antibodies. Furthermore, addi-
tion of the peptide, from which the antibodies were
raised, prevented the antibody binding, further confirm-
ing the specificity of our Su(Fu) antibodies (data not
shown). Of the 16 PTCH1 positive prostate cancer speci-
mens with Gleason scores 8-10, 9 have no detectable
Su(Fu) protein (Fig. 4C,4D,4E and Table 1, Additional file
1). In total, 11 of 27 PTCH1 positive prostate cancer spec-
imens have no detectable Su(Fu) protein. Prostate cancers
with low Gleason scores, however, frequently have
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HIP

PSA

Detection of HIP in human cancer specimens. By Western blotting, HIP antibodies (R&D systems Cat# AF1568) recog-
nized one band between 75 and 100 KD (A). Expression of endogenous HIP was detected in two Gl cancer tissues, which were
known to contain activated hedgehog signaling (data not shown here), but not in the matched normal tissue (B). Immunohisto-
staining of HIP | prostate cancer showed a similar pattern to PSA (C, 200%)

detectable Su(Fu) protein (see Table 1, Additional file 1),
suggesting that loss of Su(Fu) protein may be associated

with prostate cancer progression.

To confirm the immunohistochemistry data, we per-
formed immunoblotting analyses using several dissected

TURP (Transurethral resection of the prostate) specimens
in which tumor portion can be as high as 70% of the tis-
sue mass. Prostatectomy specimens (most of our tumors),
however, often contain a small percentage (5-10%) of
tumor tissue and are therefore not suitable for Western
blotting or real-time PCR analyses. As shown in Fig. 5A,
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4C

4E

Detection of Su(Fu) in prostate cancer specimens. Su(Fu) antibodies (Santa Cruz Biotechnology Cat# 10933) recog-
nized only one single band (54-Kd) in D283 cells (A). Following treatment of a specific SIRNA of Su(Fu), the endogenous Su(Fu)
band was greatly reduced (B). Imnmunohistostaining with Su(Fu) antibodies in prostate cancer specimens revealed positive (C,
in red, 200%), negative (D, 200x) or weak staining (E, red, 200x%).

two tumors (PC48 and PC51) had no detectable Su(Fu)
protein, which are consistent with our immunohistostain-
ing, suggesting loss of Su(Fu) may be responsible for
hedgehog pathway activation in these tumors. The
matched normal tissues, however, retained expression of
Su(Fu), indicating that alteration of Su(Fu) is a somatic
event. Sequence analyses of these two tumors revealed
genetic mutations in Su(Fu), which are predicted to create
STOP codons in the coding sequence (Fig. 5B and Table 1,
Additional file 1). In PC48, a homozygous deletion of
A1315 was detected, which results in a STOP codon at
+1318 bp (Fig. 5B). In PC51, we detected two types of
mutations, one with a deletion of C255, which results in

a STOP codon at +294 bp whereas another with a deletion
of C198, create a STOP codon (Picture not shown here,
see Table 1, Additional file 1). These mutations were con-
firmed with 6 independent clones from two separate
experiments, which exclude the possibility of PCR errors.
No mutations were detected from the matched benign tis-
sues, indicating the somatic nature of the mutations. Real-
time PCR analyses indicated that target genes of the
hedgehog pathway, PTCH1 and Glil, were all elevated in
these tumors (Fig. 5C), confirming activation of the
hedgehog pathway in these tumors. Thus, Su(Fu) inactiva-
tion appears to contribute to activation of hedgehog sign-
aling in these prostate tumors.
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Figure 5

Inactivation of Su(Fu) in prostate cancer. Two TURP (Transurethral resection of the prostate) tumors with loss of
Su(Fu) expression were confirmed by Western blotting (A). One mutation of Su(Fu) found in prostate cancer PC48 is shown
in B, which is predicted to create a STOP codon in the Su(Fu) coding sequence +1318. The levels of Glil and PTCHI tran-
scripts in prostate tissues were detected by real-time PCR (see methods for details) (C). Tumor tissues had higher levels of the

target gene transcripts.

For tumors with high level of PTCH1 expression, but no
changes in Su(Fu) protein expression, we examined
expression of sonic hedgehog. It is reported that expres-
sion of hedgehog may be responsible for hedgehog sign-
aling activation in lung cancer and GI cancers.
Immunohistostaining with sonic hedgehog antibodies
indicate that sonic hedgehog is highly expressed in 24 of
27 advanced prostate tumors with elevated expression of
PTCH1 and HIP (see Fig. 2 and Table 1, Additional file 1).
Thus, activation of the hedgehog pathway, as indicated by
elevated PTCH1 and HIP expression, is associated with
loss of Su(Fu) expression or elevated hedgehog
expression.

The role for activated hedgehog signaling for cellular
functions of prostate cancer

To demonstrate the role of hedgehog pathway in prostate
cancer, we screen five available cell lines for the expression
of Glil, PTCH1 and HIP. TSU, LNCap, Du145 and PC3
are prostate cancer cell lines whereas RWPE-1 is a prostate
epithelial cell line. We found that the hedgehog target
genes were significantly elevated in all cancer cell lines
(Fig. 6A). Thus, we predicted that inhibition of the hedge-
hog pathway by smoothened antagonist, cyclopamine,
would suppress cell proliferation and cell invasiveness.

Following treatment with 5 uM cycloapmine in PC3 cells,
expression of hedgehog target genes were dramatically
inhibited (data not shown here), which was accompanied
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Figure 2
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2C PC23-Shh

2F-PC38-Shh

Co-expression of PTCHI, PSA and Shh in prostate cancer specimens. Immunohistochemistry of prostate cancer
specimens with PSA was used to confirm the cancer region. Positive staining was in red. Positive staining patterns of PTCH |
and Shh antibodies (Santa Cruz Biotechnology Cat# 9024) were similar to that of PSA staining. PC23 (A-C) was from tumors
with Gleason score 7 (200%). PC38 (D-F) was a tumor from Gleason score 10 (400%) (see Table |, Additional file | for

details).

with a significant reduction of BrdU positive cells (see Fig.
6B for details). This effect is specific because addition of
tomotidine, a non specific compound with a similar struc-
ture to cycloapmine, had no effects on either target gene
expression or DNA synthesis (indicated by BrdU labeling
in Fig. 6B and 6C). The prostate epithelial RWPE-1 cells
which have no activated hedgehog signaling, on the other
hand, were not sensitive to cyclopamine (data not shown
here), indicating that cyclopamine specifically affects cells
with elevated hedgehog signaling. LN-CAP, Dul45 and
TSU cells, like PC3 cells were also sensitive to
cyclopamine treatment (Fig. 6C).

Prostate cancer progression is accompanied by increased
cell invasiveness. Because the hedgehog signaling activa-
tion occurs frequently in advanced prostate cancer, we
examined if inhibition of the hedgehog signaling can
reduce cell invasiveness. Using BD Bio-coat cell invasion
chambers, we found that treatment of cyclopamine in
PC3 cells reduced the percentage of invasive cells by 70%
(Fig. 7A). Similar data were also observed in Dul45, LN-
CAP and TSU cells (Fig. 7B). Under the same condition,

RWPE-1 cells were not very invasive. Thus, hedgehog sig-
naling activation regulates both cell proliferation as well
as cell invasiveness of prostate cancer cells.

It has been shown that cyclopamine induced apoptosis in
cancer cells with activated hedgehog signaling [21]. We
have shown that Glil down-regulation is necessary for
cyclopamine-mediated apoptosis in basal cell carcinoma
cells [21]. To test the significant role of Glil, the down-
stream effector and the target gene of the hedgehog path-
way, in cyclopamine-mediated apoptosis, we first trans-
fected Glil expressing plasmid in to PC3 cells, and then
treated the cells with 5 uM cyclopamine for 36 h. Since
Gli1 is expressed under the control of the CMV promoter,
we predicted that ectopic Glil-expressing cells should be
resistant to apoptosis, which is detected by TUNEL stain-
ing. As shown in Fig. 8, we found that all Glil positive
cells (n = 500) were TUNEL negative, supporting our
hypothesis that down-regulation of Glil may be an
important mechanism by which cyclopamine mediates
apoptosis in prostate cancer cells with activated hedgehog
signaling.
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Figure 6

Cellular functions of the hedgehog pathway in prostate cancer cells. Expression of hedgehog target genes, PTCH |
and Glil, were detected by real-time PCR (A). DNA synthesis was detected by BrdU labeling (B). Over 1000 cells were
counted under fluorescent microscope for the percentage of BrdU positive cells, and the experiment was repeated twice (C).

All these data indicate that the hedgehog pathway is acti-
vated in advanced prostate cancers, as indicated by high
expression of PTCH1 and HIP. Our results also indicate
that hedgehog signaling is required for cell proliferation
and cell invasion of prostate cancer cells. Thus, targeted
inhibition of the hedgehog pathway may be effective in
future prostate cancer therapeutics.

Discussion

Hedgehog signaling pathway regulates cell proliferation,
tissue polarity and cell differentiation during normal
development. Abnormal signaling of this pathway has
been reported in a variety of human cancers, including
basal cell carcinomas, medulloblastomas, small cell lung
cancer and GI cancers [3,4,6-10,22,23]. Our findings in

this report indicate a role of the sonic hedgehog pathway
in prostate cancer. We detected a high expression of
hedgehog target genes, PTCH1 and HIP, in advanced or
metastatic prostate cancers. In contrast, only 22% of pros-
tate tumors with Gleason scores 3-6 have elevated expres-
sion of PTCH1 and HIP. While our manuscript is being
reviewed, three independent groups have recently
reported similar results [24-26]. Thus, the hedgehog sign-
aling pathway is frequently activated in advanced or met-
astatic prostate cancers.

Alterations of genes in the hedgehog pathway in prostate
cancer

In our studies, we found that some prostate tumors had
no detectable Su(Fu) protein expression while others
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Figure 7

Effects of cyclopamine on cell invasiveness of prostate cancer cells. Cell invasion assay of prostate cancer cells was
performed using BD Bio-coat cell invasion chambers (A). The rate of cell invasion was calculated by dividing cell numbers pen-
etrated the matrigels by the number of cell in the control chambers (without matrigels) (B).

contained high levels of Shh protein expression. We fur-  promoter methylation. The heterogeneous nature of pros-
ther identified inactivated mutations of Su(Fu) in two  tate cancer makes it difficult to screen prostate cancer
prostate cancers. In addition to inactivated mutations in ~ specimens for Su(Fu) mutations since the tumor content
the coding region, Su(Fu) may be inactivated through is often less than 5% of the specimens. Future improve-
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Figure 8

http://www.molecular-cancer.com/content/3/1/29

Cyclopamine induces apoptosis in prostate cancer cells. Cyclopamine-mediated apoptosis in prostate cancer cells was
analyzed by TUNEL assay. TUNEL positive cells were indicated by arrowheads. Cells with expression of Glil under the CMV
promoter (indicated by the arrows) did not undergo apoptosis (n = 500).

ment can be achieved using microdissection techniques
for collecting pure population of tumor cells in gene
mutation analysis.

Since all available prostate cancer cell lines express Su(Fu)
at a high level, the role of Su(Fu) on cellular functions of
prostate cancer cannot be investigated in these cells. It
appears that over-expression of sonic hedgehog may be
responsible for hedgehog signaling activation in these cell
lines [our unpublished data and [24-26]]. After screening
over 30 human cancer cell lines, we identified non-pros-
tate cancer cell line with elevated hedgehog target genes
and no detectable Su(Fu) expression (data not shown
here). The growth suppression effects of Su(Fu) was dem-
onstrated in this cell line, in which Su(Fu) expression
down-regulated hedgehog target genes, inhibited DNA
synthesis and cell growth (data not shown here). Thus,
inactivation of Su(Fu) can contribute to active hedgehog
signaling in prostate cancer.

Su(Fu) is reported to affect B-catenin signaling [27,28].
We analyzed expression of B-catenin and E-cadherin in
our prostate cancer array and detected cytoplasmic distri-
bution of E-cadherin and B-catenin only in PC51 (data
not shown), indicating that Su(Fu) may be able to affect
both the wnt pathway and the hedgehog pathway in pros-
tate cancer.

In addition to Su(Fu) inactivation, over-expression of Shh
is another mechanism by which the hedgehog pathway is
activated in cancer [7-10]. We noticed that sonic
hedgehog expression varies from tumor to tumor, which
may be resulted from the heterogeneity of prostate cancer.
Our immunohistostaining also revealed that three tumors
(PC14, PC20 and PC36) expressed PTCH1 and HIP at
high levels, but had no alterations of Shh and Su(Fu). This
could be due to elevated expression of indian hedgehog,
or even alterations of other components of the pathway
(such as Rab23 or Fused).
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Once hedgehog pathway is activated, the target gene
expression will be up-regulated. Thus, analysis of target
gene expression using immunohistochemistry will be an
effective way to detect hedgehog pathway activation in
prostate cancer. Currently, PTCH1, Glil and HIP are good
markers for the hedgehog pathway.

Perspectives on prostate cancer therapy

Our findings not only provide novel basic understanding
of prostate cancer, but also allow us to design new ways to
treat prostate cancer. With a specific SMO antagonist,
cyclopamine, it will be possible in the future to treat pros-
tate cancers, which have over-expressed sonic hedgehog.
However, as a downstream molecule, tumors with Su(Fu)
inactivation may not respond to cyclopamine treatment.
Therefore, additional small molecule inhibitors appear to
be necessary to treat Su(Fu) inactivated prostate cancer.
One possibility is to use Glil SiRNA since we have indi-
cated that down-regulation of Glil may be an important
mechanism by which inhibition of the hedgehog pathway
by cyclopamine induces apoptosis (Fig. 8). Sanchez et al
also indicated that Glil SiRNA down-regulated DNA syn-
thesis in prostate cancer cells [24].

Conclusion

Taken together, our findings suggest that activation of the
hedgehog pathway involves prostate cancer progression.
There might be several mechanisms by which the hedge-
hog pathway is activated in advanced prostate cancers,
including loss of Su(Fu) protein expression, over-expres-
sion of sonic hedgehog or other alterations. We demon-
strate that activation of the hedgehog pathway is
associated with DNA synthesis and cell invasiveness in
prostate cancer cells. Inhibition of the hedgehog pathway,
on the other hand, causes apoptosis possibly through
down-regulation of Glil. Our studies predict that targeted
inhibition of the hedgehog pathway may be an effective
way to prevent prostate cancer progression.

Materials and methods

Tissue Microarray of Prostate Cancer

A total of 55 paraffin-embedded tissue blocks from
patients with prostate cancer were obtained from UTMB
Surgical pathology with approval from the Institutional
Review Board (IRB). Pathological reports, H#E staining of
each specimen were reviewed to determine the nature of
the disease and the Gleason scores. Of 55 specimens, 18
were from tumors with Gleason scores 3-6, 15 with
Gleason score 7 and 22 with Gleason scores 8-10. The
tumor area was first identified before tissue microarray
(1.5 mm in diameter for specimens) was assembled with
Beecher's Tissue arrayer-I® according to manufacturer's

instruction http://www.beecherinstruments.com.

http://www.molecular-cancer.com/content/3/1/29

Immunohistochemistry and Western blotting

A standard avidin-biotin immunostaining technique was
performed using a kit from Vector laboratories using spe-
cific antibodies to Su(Fu) (Santa Cruz Biotechnology Cat#
10933), PTCH1 (Santa Cruz Biotechnology Cat# 6149),
HIP (R&D systems Cat# AF1568) and Shh (Santa Cruz
Biotechnology Cat# 9024) and PSA (Vector laboratories).
Positive staining was in red or brown. The specificity of
antibodies was tested using the very peptide used for rais-
ing the antibodies, which abolished the specific staining.
Hematoxylin was used for counterstaining (in blue).
Protein was analyzed by Western analysis with appropri-
ate antibodies [Su(Fu) antibodies were from Santa Cruz,
beta-actin antibody was purchased from Sigma). The sig-
nals were visualized with the enhanced chemilumines-
cence detection system (Amersham).

Cell lines and Cell invasion assay

Cell lines (RWPE-1, Dul45, PC3, LN-CAP were purchase
from ATCC and cultured according to the suggested
conditions. TSU was kindly provided by Dr. Allen Gao.
Cell invasion assay was performed with BD Bio-coat cell
invasion chambers according to manufacturer's instruc-
tion (BD Bioscience, Inc., Franklin Lakes, NJ), with tripli-
cates for each sample and the experiment was repeated
three times with the similar results. Cell were treated with
5 uM cyclopamine (or tomatidine) before (for 12 h) and
during cell invasion assay (for 24 h). The rate of cell inva-
sion was calculated by dividing cell numbers penetrated
the matrigels by the number of cell in the control cham-
bers (without matrigels).

RT-PCR and sequencing analysis

Total RNA was isolated using Trizol® reagent (Invitrogen),
and RT-PCR was performed using Promega's RT-PCR sys-
tem according to the manufacturer's protocol. Two pairs
of Su(Fu) primers were used (the first set with the forward
primer 5'-cctacgcaccccgatggeg-3" and the reverse primer
5'-agccaaaaccactacctcca-3'; the second set with the forward
primer 5'-tccaggttaccgctatcgtc-3' ad the reverse primer 5'-
tagtgtagcggactgtcg-3'). PCR products were first purified
using Qiagen's Gel Extraction Kit. Due to existence of pos-
sible Su(Fu) splicing isoforms in humans, Su(Fu) genetic
mutations were screened after the PCR products were
cloned into TOPO® TA cloning vectors (Invitrogen). Sev-
eral independent clones (from three experiments) of each
PCR product were selected for sequencing analysis in
UTMB sequencing facility. All mutations were confirmed
by at least six independent clones.

Real-time PCR We used Applied Biosystems' assays-by-
demand 20x assay mix of primers and TagMan probes
(FAM™ dye-labeled) for the target genes (human Gli and
PTCH1, the sequences have been patented by Applied
Biosystems, Foster City, CA) and pre-developed 18S rRNA
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(VIC™-dye labled probe) TagMan® assay reagent (P/N
4319413E) for an internal control. The primers are
designed to span exon-exon junctions so as not to detect
genomic DNA and the primers and probe sequences were
searched against the Celera database to confirm specifi-
city. To obtain the relative quantitation of gene expres-
sion, a validation experiment was performed to test the
efficiency of the target amplification and the efficiency of
the reference amplification. All absolute values of the
slope of log input amount vs. AC were <0.1. Separate
tubes (singleplex) one-step RT-PCR was performed with
20 ng RNA for both target genes and endogenous control.
The reagent we used was TagMan one-step RT-PCR master
mix reagent kit (P/N 4309169). The cycling parameters
for one-step RT-PCR was: reverse transcription 48°C for
30 min, AmpliTaq activation 95°C for 10 min, denatura-
tion 95°C for 15 sec and annealing/extension 60°C for 1
min (repeat 40 times) on ABI7000. Triplicate C; values
were analyzed in Microsoft Excel using the comparative
Cr(AAC;) method as described by the manufac-
turer(Applied Biosystems, Foster City, CA). The amount
of target (2-44CT) was obtained by normalization to an
endogenous reference (18sRNA) and relative to a
calibrator.

BrdU labeling and TUNEL assay

BrdU labeling was performed using an in situ cell prolifer-
ation kit (Roche Molecular Biochemicals) [22]. Cells were
treated with 5uM cyclopamine (or tomatidine) for 12 h
before BrdU labeling (1 h at 37°C). The percentage of
BrdU positive cells was obtained by counting over 1000
cells under microscope, and the experiment was repeated
twice with similar results. TUNEL assay was performed
using an in situ cell death kit (Roche Molecular Biochem-
icals) [21,29]. Cells were treated with 5 uM cyclopamine
(or tomatidine) for 36 h before TUNEL assay).

List of abbreviations

PSA - prostate specific antigen; HIP - hedgehog-interact-
ing protein; Su(Fu) - suppressor of fused; PTCH1 -
human homologue of patched 1; Shh - sonic hedgehog;
SMO - smoothened, BCC - basal cell carcinoma.
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Frequent activation of the hedgehog pathway in advanced gastric adenocarcinomas
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The hedgehog pathway plays a critical role in the develop-
ment of the foregut. Recent studies indicate that the hedge-
hog pathway activation occurs in the stomach and other
gastrointestinal cancers. However, the association of hedge-
hog pathway activation with tumor stage, differentiation
and tumor subtype is not well documented. Here, we report
our findings that the elevated expression of hedgehog tar-
get genes human patched gene 1 (PTCH1) or Glil occurs in
63 of the 99 primary gastric cancers. Activation of the
hedgehog pathway is associated with poorly differentiated
and more aggressive tumors. The sonic hedgehog (Shh)
transcript is localized to the cancer tissue, whereas expres-
sion of Glil and PTCHI1 is observed both in the cancer and
in the surrounding stroma. Treatment of gastric cancer
cells with KAAD-cyclopamine, a hedgehog signaling inhib-
itor, decreases expression of Glil and PTCH]I, resulting in
cell growth inhibition and apoptosis. Overexpression of
Glil under the control of the cytomegalovirus (CMV) pro-
moter renders these cells resistant to cyclopamine-induced
apoptosis. Thus, our analysis of in vivo tissues indicates that
the hedgehog pathway is frequently activated in advanced
gastric adenocarcinomas; our in vitro studies suggest that
hedgehog signaling contributes to gastric cancer cell
growth. These data predict that targeted inhibition of the
hedgehog pathway may be effective in the prevention and
treatment of advanced gastric adenocarcinomas.

Introduction

The hedgehog pathway plays a critical role in embryonic
development, tissue polarity and carcinogenesis (1,2).
Secreted hedgehog molecules bind to the receptor patched
(PTC-PTCHI, PTCH2), thereby alleviating PTC-mediated
suppression of smoothened (SMO), a putative seven-
transmembrane protein. SMO signaling triggers a cascade of
intracellular events, leading to the activation of the path-
way through GLI-dependent transcription (2). Activation

Abbreviations: BCC, basal cell carcinoma; CMV, cytomegalovirus; PTC,
patched; PTCHI, human patched gene 1; Shh, sonic hedgehog; SMO,
smoothened; Su(Fu), suppressor of fused.
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of hedgehog signaling, through loss-of-function mutations of
PTCHI or activated mutations of SMO, occurs frequently in
human basal cell carcinomas (BCCs) and medulloblastomas
(3-7). More recently, abnormal activation of the sonic hedge-
hog pathway has been reported in subsets of small cell lung
cancer, pancreatic cancer, prostate cancer and gastrointestinal
(GI) cancers (8-14).

Gastric cancer is the second most common cancer world-
wide in terms of incidence and mortality (15). Patients with
gastric cancer usually present at late stages and have a poor
prognosis. Thus, identification of specific drug targets in the
tumor is an essential step to reduce the mortality. A previous
study indicated that activation of the hedgehog pathway
occurred in all nine primary gastric cancers (10). To determine
if hedgehog signaling activation can be utilized for the
diagnosis and treatment of gastric cancer, we performed a
comprehensive study to assess the hedgehog pathway activa-
tion in 99 primary gastric cancers using in sifu hybridization,
real-time PCR and immunohistochemistry.

Through the assessment of sonic hedgehog and its target
genes Glil and PTCHI1, we find that activation of the hedge-
hog pathway varies among different subtypes of gastric cancer.
Tubular and papillary adenocarcinomas, but not signet-ring
cell carcinomas, frequently harbor activated hedgehog signal-
ing. Protein expression of the hedgehog and its target genes is
not only detected in the tumor, but also in the stroma. We
further demonstrate that targeted inhibition of the hedgehog
pathway slows cell growth and induces apoptosis in gastric
cancer cells. Thus, our studies indicate that activation of the
hedgehog pathway is an important event during the progres-
sion of gastric cancer. We predict that targeted inhibition of the
hedgehog pathway may be an effective method for the treat-
ment of patients with gastric cancer.

Materials and methods

Tumor samples

A total of 117 specimens of gastric tissues were used in our study (99 cancer
specimens and 18 normal or inflamed gastric tissues). From the Surgery
Department at the Shan Dong Qi Lu Hospital, Jinan, China, or from the
UTMB Surgical Pathology, 54 specimens were received as discarded materials
with the approval from the Institutional Review Board (IRB). In addition, we
purchased a tissue microarray, which contains 63 specimens of gastric cancer,
from Chaoying Biotechnology Co., Ltd (Xi’an, China). Pathological reports,
H and E staining of each specimen were reviewed to determine the nature of
the disease and the tumor histology. In addition, immunohistochemistry with
keratin antibodies was used to confirm the tumor pathology. The randomly
sorted samples with masked identity were evaluated by at least two independ-
ent certified pathologists. Gastric cancers were divided into three major
subtypes according to the WHO guideline (16): tubular adenocarcinoma,
papillary adenocarcinoma and signet-ring cell carcinomas. This study also
includes specimens for normal stomach tissues (n = 11), gastritis (n = 4)
and other stomach tissues (n = 3) (see Supplementary Table 1A for more
information).

In situ hybridization
Glil (X07384) was cloned into pBluescript M13+KS, the direction of insert is
HindllI-5" and Xbal-3'. The plasmid was digested with Nrul to generate the
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sense fragment (412 bp) and with Ndel to generate the antisense fragment
(682 bp). PTCH1 (U59464) (cloned into Xbal5' and Clal3' of pRK5) was
digested with Dralll to generate a small cDNA fragment (590 bp). Gli3
(M57609) was initially cloned into Ssf (5) and Sall (3") of pBluescript-SK.
SnaBI was used to generate the sense fragment (552 bp) and PshAl to generate
the antisense fragment (770 bp). Sense and antisense probes were obtained by
T3 and T7 in vitro transcription using a DIG RNA labeling kit from Roche
(Mannheim, Germany). Tissue sections (6 pm thick) were mounted onto poly-
L-lysine slides (19). Following deparaffinization, the tissue sections were
rehydrated in a series of dilutions of ethanol. To enhance the signal and
facilitate probe penetration, sections were immersed in 0.3% Triton X-100
solution for 15 min at room temperature and in proteinase K (20 pg/ml) solution
for 20 min at 37°C, respectively. The sections were then incubated with
4% (v/v) paraformaldehyde/phosphate-buffered saline (PBS) for 5 min at
4°C. After washing with PBS and 0.1 M triethanolamine, the slides were
incubated with prehybridization solution (50% formamide, 50% 4 x SSC) for
2 h at 37°C. The probe was added to each tissue section at a concentration of
1 wg/ml and hybridized overnight at 42°C. After high stringency washing
(2x SSC twice, 1x standard saline citrate twice and 0.5x SSC twice at
37°C) the sections were incubated with an alkaline phosphatase-conjugated
sheep anti-digoxigenin antibody, which catalyzed a color reaction with the
NBT/BCIP (Nitro-Blue-Tetrazolium/5-bromo-4-chloro-3-indolyl phosphate)
substrate (Roche, Mannheim, Germany). Blue indicated strong hybridization.
As negative controls, sense probes were used in all hybridizations and no
positive signal was observed.

RNA isolation and quantitative PCR

Total RNA of the cells was extracted using an RNA extraction kit from
Promega according to the manufacturer’s instruction (Promega, Madison,
WI). For this analysis, we selected only tumors in which 70% of the tissue
mass was actually tumor tissue. For quantitative PCR analyses, we detected
transcripts of sonic hedgehog, Glil and PTCH1 using the Applied Biosystems’
assays-by-demand assay mixtures (the sequences for human Glil, HIP and
PTCHI have been patented by Applied Biosystems, Foster City, CA) and
pre-developed 18S rRNA (VIC™.-dye labeled probe) TagMan® assay reagent
(P/N 4319413E) as an internal control. The primers were designed to span
exon—exon junctions so as not to detect genomic DNA, and the primers and
probe sequences were searched against the Celera database to confirm speci-
ficity. To obtain the relative quantitation of gene expression, a validation
experiment was performed to test the efficiency of the target amplification
and the efficiency of the reference amplification. All absolute values of the
slope of log input amount versus ACt were <0.1. Separate tubes (single-plex)
one-step RT-PCR was performed with 20 ng RNA for both target genes and
the endogenous control using TagMan one-step RT-PCR master mix reagent
kit (P/N 4309169). The cycling parameters for one-step RT-PCR were reverse
transcription at 48°C for 30 min, AmpliTaq activation at 95°C for 10 min,
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denaturation at 95°C for 15 s and annealing/extension at 60°C for 1 min
(repeat 40 times) on ABI7000. Triplicate Ct values were analyzed in Microsoft
Excel using the comparative Cr(AACt) method as described by the manufac-
turer (Applied Biosystems, Foster City, CA). The amount of target (2744CTy
was obtained by normalization to an endogenous reference (18S RNA) and
relative to a calibrator.

Immunohistochemistry

Representative formalin fixed and paraffin embedded tissue sections (6 pwm
thickness) were used for immunohistochemistry with specific antibodies to
human Shh and PTCHI1 (Cat. no. 9024 for Shh and Cat. no. 6149 for PTCH1,
Santa Cruz Biotechnology Inc., Santa Cruz, CA). First, tissue sections were
deparaffinized, followed by rehydration with decreased concentrations of eth-
anol, and immersed in 3% H,0, (in distilled H,O) for 10 min (to inhibit
endogenous peroxidase activity). Following antigen retrieval in citrate buffer
(pH 6.0), the tissue sections were incubated with normal goat serum to block
nonspecific antibody binding (20 min at room temperature). The sections were
then incubated with primary antibodies (at 1:200 dilution) at 37°C in humid
chambers for 2 h. After washing with PBS three times, the sections were
incubated with the biotinylated secondary antibody (goat anti-rabbit IgG or
monkey anti-goat IgG) and streptavidin conjugated to horseradish peroxidase
for 20 min at 37°C, followed by PBS wash. The sections were incubated with
the DAB substrate for less than 30 min. Haematoxylin was used for counter-
staining. Negative controls were performed in all cases by omitting the first
antibodies. All primary antibodies have been previously tested for immuno-
histostaining (9,11,18).

Cell culture, MTT assay and TUNEL assay

Cell lines (AGS, SIIA and RKO) were cultured in F12 Medium with 10% FBS
(AGS and SITA) or DMEM with 10% FBS (RKO), respectively. Colorimetric
MTT assay was performed according to our published protocol in the presence
of 0.5% FBS (19). Cells were treated with 2 uM of Keto-N-aminoethylami-
nocaproyldihydrocinnamoyl-cyclopamine (KAAD-cyclopamine) for specific
times (see Figure 6 for details). Ectopic expression of Glil, under the control of
the cytomegalovirus (CMV) promoter, in AGS cells was achieved by the
transient transfection with LipofectAmine 2000 (20,21), and Glil was detected
by immunofluorescent staining with the Myc tag antibody 9el10 (Sigma,
St Louis, MO) (19). TUNEL assay was performed using a kit from Roche
according to the manufacturer’s instructions (19,21).

Statistical analysis

Student’s ¢-test for two samples was performed for the difference between the
tumor groups: P < 0.05 was considered statistically significant. For example
(Table 1), the difference between Stage I and Stage III tumors for expression
of Shh and PTCHI was statistically significant with a P value of 0.01923.
Similarly, the difference between well-differentiated (WD) and poorly differ-
entiated (PD) tumors for expression of Shh and PTCHI was significantly

Table I. Summary of gastric specimens: clinical pathological data and the hedgehog pathway activation®

Tumor number

Expression of Shh

Expression of PTCHI Expression of Glil

Overall 99 64/99 (~65%) 63/99 (~64%) 22/32 (~69%)
Gender
Male 77 50/77 (~65%) 47177 (~61%) 15/25 (60%)
Female 22 14/22 (~64%) 16/22 (~73%) 7/8
Stage®
1 22 12/22 (~55%) 11/22 (50%) 5/6
11 22 17/22 (~77%) 15/22 (~68%) 4/6
11 41 30/41 (~73%) 32/41 (~78%) 11/16 (~69%)
v 5 5/5 5/5 2/2
WHO classification
Adenocarcinomas 90 64/90 (~71%) 63/90 (70%) 22/28 (719%)
Tubular 43 27/43 (~63%) 25/43 (~58%) 7/12 (~58%)
Papillary 7 57 4/7 3/4
PD 40 32/40 (80%) 34/40 (85%) 11/11 (100%)
Signet-ring cell carcinomas 9 0/9 0/9 0/9
Differentiation”
Well differentiated (WD) 18 7/18 (~39%) 7/18 (~39%) 1/4
Moderately differentiated (MD) 25 20/25 (80%) 18/25 (72%) 7/9
Poorly differentiated (PD) 40 32/40 (80%) 34/40 (85%) 11/11 (100%)

*Statistical analysis was performed using student’s r-test for two samples: P < 0.05 was considered statistically significant (see Materials and methods for details).

“Signet-ring cell carcinomas were excluded from this analysis.
°Only tubular adenocarcinomas were used in this analysis.
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different (P value = 0.006028). The P value comparing WD and moderately
differentiated (MD) tumors for Shh and PTCHI expression was 0.02993.
Furthermore, the difference between tubular and PD tumors on Shh and
PTCHI expression was significant with a P value of 0.01059. There was
no significant difference between MD and PD tumors in Shh and PTCHI1
expression (P value = 1).

Results

Increased hedgehog target gene expression in gastric cancers

Hedgehog is a critical endodermal signal for the epithelial—
mesodermal interactions during the development of the ver-
tebrate gut. In the adult stomach, hedgehog signaling is either
undetectable or its expression is restricted to the fundus (18). A
previous report using nine primary gastric cancers identified
hedgehog pathway activation in all tumors (10). To test
whether hedgehog signaling activation can be used for dia-
gnosis of gastric cancers, a comprehensive study is needed to
examine the frequency of hedgehog signaling activation in a
large number of primary gastric cancers. Toward that end, we
examined expression of hedgehog target genes Glil and
PTCHI in 117 gastric specimens (99 cancer specimens and
18 non-cancerous specimens, see Supplementary Table 1A for
more information). As the target genes of the hedgehog path-
way, increased levels of PTCH1 and Glil transcripts indicates
hedgehog signaling activation (1). We used three methods to
assess hedgehog signaling activation in our collected tissues
(n = 54): in situ hybridization, immunohistochemistry and
real-time PCR analyses. Expression of sonic hedgehog and
PTCH1 was also examined in the tissue array specimens
(n = 63) by in situ hybridization and immunohistostaining
(Supplementary Table 1A and B).

Using in situ hybridization, we detected PTCH1 expression
in 63 of the 99 (~64%) tumor specimens, suggesting that
activation of the hedgehog pathway is quite common in gastric
cancer (Figure 1A and B and Supplementary Figure A). In
contrast, all normal stomach tissues did not have a detectable
level of PTCHI, indicating that the hedgehog pathway is not
activated in these normal tissues (Figure 1C). Our data are
consistent with a previous report that Shh signaling is restric-
ted to the fundic stomach of humans and mice (18). The results
of Glil expression were consistent with those of PTCHI
expression (see Figure 1E and F, Supplementary Figure B
and Supplementary Table 1A). The frequency of hedgehog
signaling activation appears to differ in different subtypes of
gastric cancer (see Table I). In adenocarcinomas of gastric
cancer, 63 of the 90 (70%) specimens demonstrated high levels
of PTCHI1 (or Glil) transcripts (Figure 1 and Table I for
details). However, signet-ring cell carcinomas (n = 9) had no
detectable expression of these target genes, suggesting that
activation of the hedgehog pathway may not be a frequent
event in this subtype of gastric cancer (Table I). Thus, our
results indicate that the hedgehog pathway is frequently acti-
vated in gastric cancer and the frequency of activation varies
among different subtypes of tumors.

Further analysis of the data revealed an association of hedge-
hog signaling activation with poor differentiation in tubular
adenocarcinomas. Only 7 out of 18 (~39%) well-differentiated
adenocarcinomas had a high level of PTCHI transcript,
whereas 18 out of 25 (72%) moderately differentiated adeno-
carcinomas and 34 out of the 40 (85%) poorly differentiated
adenocarcinomas expressed the target genes (see Table I).
Thus, activation of hedgehog signaling appears to be inversely
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associated with tumor differentiation. As poor differentiation
of the tumor is often associated with prognosis, our findings
suggest that activation of the hedgehog pathway may serve as
a valuable prognostic biomarker for gastric cancer. This hypo-
thesis predicts that activation of the hedgehog pathway may be
more common in advanced stages of gastric cancer. Indeed, 11
out of the 22 Stage I gastric adenocarcinomas (50%) had
elevated levels of the target gene transcripts, 78% of
Stage III tumors had detectable expression of the target genes
(Table I).

To confirm the in situ hybridization data, we performed real-
time PCR analyses in selected tumors, in which >70% of the
tissue mass was actually tumor tissue, to detect the levels of
Glil and PTCHI1 expression. In the tumors with elevated Glil
and PTCHI transcripts, we found an approximate 5- to 20-fold
increase in levels of Glil and PTCHI1 expression compared
with the matched normal tissues (Figure 2), indicating that the
in situ hybridization results are in agreement with real-time
PCR data. Furthermore, we detected the PTCHI1 protein by
immunohistochemistry (11). We found that PTCHI protein
was detected in primary gastric cancer, but not in the normal
tissues (Figure 3). The data from the immunohistochemical
analysis are consistent with the results from real-time PCR and
in situ hybridization analyses. Taken together, these data indi-
cate that the hedgehog pathway is frequently activated in
advanced gastric adenocarcinomas.

Expression of sonic hedgehog in gastric cancer

It is reported that overexpression of sonic hedgehog may be
responsible for the activation of the hedgehog pathway in
pancreatic cancer, subsets of small cell lung cancer, prostate
cancer and several primary gastric cancers (8—14). To test this
possibility, we examined expression of sonic hedgehog in
gastric specimens by in situ hybridization. Many cancers had
a high level of sonic hedgehog transcript (Figure 4, Supple-
mentary Figure C and Supplementary Table 1A). In most of
the cases, elevated levels of Shh were consistent with elevated
levels of PTCHI1 and Glil expression (see Supplementary
Table 1A and B). We found that elevated sonic hedgehog
expression is associated with poor differentiation of the
tumor and higher tumor grades (Table I). Also in agreement
with lack of PTCHI and Glil expression in signet-ring cell
carcinomas, there was no detectable expression of sonic
hedgehog in any of the signet-ring cell carcinomas analyzed
(Table I). In contrast, sonic hedgehog expression was undetect-
able or very low in normal and inflamed gastric tissues
(Figure 4). To confirm the in situ hybridization data, we
detected the sonic hedgehog protein by immunohistochemistry
(9,11). In agreement with the in situ hybridization data, we
found that tumors with increased sonic hedgehog mRNA
expression had high levels of the sonic hedgehog protein
(Figure 5). The correlation of sonic hedgehog expression
with Glil and PTCHI1 transcripts indicates an important role
of sonic hedgehog in the activation of the hedgehog pathway
in gastric adenocarcinomas.

Hedgehog signaling and cellular functions of gastric cancers
If hedgehog pathway activation is required for gastric cancer
development, gastric cancer cells should be susceptible to the
treatment using the SMO antagonist, cyclopamine. All avail-
able gastric cancer cell lines have elevated hedgehog signaling
(10), we chose a GI cancer cell line RKO as the negative
control [RKO cells do not have elevated levels of Glil and
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Fig. 1. Detection of Glil and PTCH1 expression in primary gastric cancers by in situ hybridization. /n situ hybridization detection of PTCH1 expression (denoted
by arrows) in gastric cancers (A and B) and normal gastric tissue (C). D is the sense probe control of B. Expression of Glil was similar to PTCH1 in gastric cancer
(E and F) and normal gastric tissue (G) (denoted by arrows). H is the sense probe control of F. The pattern of Glil and PTCH1 expression is very similar in the
same tumor (comparing A and E), further affirming that the hedgehog pathway is activated in the tumor. See online Supplementary material for a color version of

this figure.

PTCHI1, unpublished data and (10)]. In this experiment, we
used two gastric cancer cell lines (AGS and SIIA) to test
KAAD-cyclopamine sensitivity.The addition of KAAD-
cyclopamine (2 wM) greatly decreased the levels of Glil and

PTCHI mRNA expression in both the cell lines (Figure 6A
shows the data for Glil expression in SIIA and RKO cells),
indicating inhibition of the hedgehog pathway by KAAD-
cyclopamine. The closely related compound tomatidine,
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Fig. 2. Real-time PCR analysis of Shh, Glil and PTCH1 transcripts in primary gastric cancers. Total RNAs were extracted from the primary tumors in which
70% of the tissue mass was actually tumor tissue. The levels of Shh, Glil and PTCHI were measured in our Real-time PCR Core Facility (see Materials and
methods for details), and the experiment was repeated twice with similar results. The relative amount of target was obtained by normalization to an
endogenous reference (18S RNA) and relative to a calibrator. TS9 stands for tumor from patient no. 59 and N59 stands for the matched normal control from
patient no. 59. The data from this analysis are consistent with those from in situ hybridization.

Fig. 3. Detection of PTCHI protein in gastric tissues. Ptch1 protein was detected by immunohistostaining in gastric cancer (A) and normal tissue (B). See online

Supplementary material for a color version of this figure.

which does not affect SMO signaling and thus served as a
negative control, had little discernible effect on these target
genes. As expected, we found that cell growth of SIIA and
AGS (Figure 6B) cells was inhibited by KAAD-cyclopamine
(2 uM). In addition, we detected apoptosis in AGS cells fol-
lowing the treatment with cyclopamine (Figure 6C). Tomatid-
ine did not induce apoptosis in AGS cells (Figure 6C). Similar
data were also observed in SIIA cells (data not shown). In
contrast, RKO cells, which do not have active hedgehog sig-
naling, were not affected by KAAD-cyclopamine treatment
(Figure 6B), with no detectable apoptosis (Figure 6C). These
data indicate that inhibition of the hedgehog pathway by
KAAD-cyclopamine dramatically decreases cell growth, and
induces apoptosis in gastric cancer cells.

Our model predicts that overexpression of Glil in AGS cells
under the control of a strong promoter (such as the CMV
promoter) would constitutively activate the hedgehog
pathway, which could render these cancer cells resistant
to cyclopamine treatment. Indeed, cyclopamine did not
induce apoptosis in constitutive Glil-expressing AGS cells,
as indicated by lack of TUNEL staining in all Glil positive
cells (n = 500) (Figure 6D). Thus, ectopic expression of
Glil  under the control of the CMV promoter
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prevents KAAD-cyclopamine-induced apoptosis in gastric
cancer cells.

Taken together, our findings indicate that activation of the
hedgehog pathway is quite common in advanced gastric
adenocarcinomas, and this activation differs among different
subtypes of gastric cancer. Elevated expression of Glil and
PTCHLI is associated with decreased tumor differentiation and
more advanced tumor stages in tubular adenocarcinomas.
Inhibition of the hedgehog pathway in gastric cancer cell
lines, however, decreases cell growth and induces apoptosis.
Thus, our data indicate that activation of the hedgehog path-
way may be an important event in the progression of gastric
adenocarcinomas.

Discussion

Activation of the hedgehog pathway in gastric cancer

Hedgehog signaling pathway regulates cell proliferation, tissue
polarity and cell differentiation during normal development.
Abnormal signaling of this pathway has been reported in a
variety of human cancers, including BCCs, medulloblastomas,
small cell lung cancer, pancreatic cancer, prostate cancer and
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Fig. 4. Expression of Shh in primary gastric cancers. /n situ hybridization was performed to detect Shh expression in gastric cancers (A and B) and normal gastric
tissue (C). (D) The sense probe control for the sample shown in (B) and did not reveal any positive signals. See online Supplementary material for a color version

of this figure.

Fig. 5. Protein expression of Shh in primary gastric cancers. /n situ hybridization was confirmed by immunohistostaining in gastric cancers (A—C) and normal
gastric tissue (D). See online Supplementary material for a color version of this figure.

several primary gastric tumors (3—14). Our findings in this
report indicate that activation of the hedgehog pathway occurs
frequently in advanced gastric adenocarcinomas. We have
detected high levels of hedgehog targets PTCHI1 and Glil in

> 60% of gastric cancers. Further analyses of our data indicate
an association of the hedgehog pathway activation with poor
differentiation of gastric tumors. In a previous report, hedge-
hog signaling activation was detected in all nine primary
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Fig. 6. Hedgehog signaling is required for growth of gastric cancer cells. In the presence of the SMO antagonist KAAD-cyclopamine (2 pM), Glil expression was
decreased in SIIA cells (A). Unlike RKO cells, which do not have active hedgehog signaling, AGS and SIIA cells are sensitive to KAAD-cyclopamine
treatment (2 wM) (B). TUNEL assay revealed apoptosis (indicated by arrows) in AGS cells but not in RKO cells (C). Following the expression of Glil under the
control of the CMV promoter, AGS cells became resistant to KAAD-cyclopamine treatment (D). No apoptosis was detected in > 500 Glil over-expressing cells
(indicated by arrowheads), whereas 10-20% of Glil negative cells underwent apoptosis after the cyclopamine treatment (indicated by arrows). See online

Supplementary material for a color version of this figure.

tumors using real-time PCR analysis (10). This discrepancy
may be owing to specimen selection. As we have indicated in
our study, hedgehog signaling activation is associated with
poorly differentiated tumors (tubular adenocarcinoma sub-
type). Another factor may be the sample size. Since signet-
ring carcinomas are not a common subtype of gastric cancer, a
large number of tumor specimens may be necessary to verify
the results in our study.

In all the tumors with elevated levels of Glil and PTCH1 we
detected expression of Shh, thus suggesting that overexpres-
sion of Shh may be responsible for elevated expression of
Glil and PTCHI in gastric cancer. However, a high level of
sonic hedgehog expression was not always accompanied by
elevated Glil and PTCHI1 expression in tumors (Table I and
Supplementary Table 1A), suggesting additional regulatory
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mechanisms for the hedgehog pathway activation. We
speculate that, in addition to the hedgehog overexpression,
other genetic alterations are required to activate the hedgehog
pathway in gastric cancers.

Therapeutic perspective of gastric cancer through targeted
inhibition of the hedgehog pathway

Our studies using gastric cancer cells indicate that the SMO
antagonist, cyclopamine, may be effective in the future
treatment of gastric cancers. We further demonstrate that over-
expression of Glil under the control of the CMV promoter
prevents cyclopamine-mediated apoptosis, further supporting
the specificity of cyclopamine. Our recent studies indicate that
chronic oral administration of cyclopamine to Ptchl™~ mice
did not affect the overall survival of the mice (21), which



provides a possibility of clinical trials using cyclopamine for
gastric cancers. Thus, in the future, it may be possible to treat
the subsets of gastric cancer in which the hedgehog pathway is
activated with a specific SMO antagonist (e.g. cyclopamine).

Supplementary material

Supplementary material can be found at: http://carcin.
oxfordjournals.org/
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Hedgehog signaling is activated in subsets of esophageal cancers
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The hedgehog pathway plays a critical role in the development of
the foregut. However, the role of the hedgehog pathway in primary
esophageal cancers is not well studied. Here, we report that elevated
expression of hedgehog target genes occurs in 14 of 22 primary
esophageal cancers. The hedgehog signaling activation is not associ-
ated with tumor subtypes, stages, or differentiation. While the sonic
hedgehog (Shh) transcript is localized to the tumor tissue, expres-
sion of Glil and PTCH]I is observed both in the tumor and in the
stroma. We discovered that 4 esophageal squamous cell carcinomas,
which overexpress Shh, have genomic amplification of the Shh gene.
Treatment of esophageal cancer cells with smoothened antagonist,
KAAD-cyclopamine, or the neutralizing antibodies of Shh reduces
cell growth and induces apoptosis. Overexpression of Glil under
the CMV promoter renders these cells resistant to the treatments.
Thus, our results indicate that elevated expression of Shh and its
target genes is quite common in esophageal cancers. Our data also
indicate that downregulation of Glil expression may be an impor-
tant mechanism by which KAAD-cyclopamine inhibits growth and
induces apoptosis in esophageal cancer cells (supplementary mate-
rial for this article can be found on the International Journal of Can-
cer website at http://www.interscience.wiley.com/jpages/0020-7136/
suppmat/index.html).

© 2005 Wiley-Liss, Inc.

Key words: sonic hedgehog; cyclopamine; smoothened; esophageal
cancer; GI cancer

The hedgehog pathway plays a critical role in embryonic devel-
opment, tissue polarity and carcinogenesis.' Secreted Hedgehog
molecules bind to the receptor patched (PTC-PTCH1, PTCH2),
thereby alleviating PTC-mediated suppression of smoothened
(SMO), a putative 7-transmembrane protein. SMO signaling trig-
gers a cascade of intracellular events, leading to activation of the
pathway through GLI-dependent transcription.>® Activation of
Hedgehog signaling, through loss-of-function mutations of
PTCHI or activated mutations of SMO, occurs frequently in
human basal cell carcinomas (BCCs) and medulloblastomas.™
More recently, abnormal activation of the hedgehog pathway is
also reported in subsets of small cell lung cancer, pancreatic can-
cer, gastric cancers, prostate cancer and several esophageal cancer
cell lines.'*'3

Esophageal cancer is the 6th most frequent cause of cancer death
worldwide.'® In the United States, the incidence of esophageal
adenocarcinoma has nearly quadrupled over the past few decades
despite a decline in the overall incidence of cancers in esophagus.
Most esophageal cancers remain clinically silent until late in the dis-
ease process. Thus, these cancers are often associated with later diag-
noses, poorer prognoses, significant morbidities and high mortality
rates. Although an early report indicates activation of the hedgehog
pathway in several esophageal cancer cell lines, it is not clear if pri-
mary tumors of esophagus have activated hedgehog signaling.'?

To examine the significance of hedgehog pathway activation in
esophageal cancers, we have analyzed expression of sonic hedge-
hog (Shh) and its target genes in 22 primary esophageal tumors
using in situ hybridization, real-time PCR and immunohistochem-
istry. Through the assessment of the hedgehog target genes, we
find that activation of the hedgehog pathway occurs in 14 of 22
esophageal cancers. We discover genomic amplification of Shh in
4 squamous cell carcinomas with elevated Shh expression. These
data indicate that activation of the hedgehog pathway can be used
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as a valuable biomarker for diagnosis and molecular classification
of esophageal cancers. Our results further suggest that targeted
inhibition of the hedgehog signaling by KAAD-cyclopamine or
Shh neutralizing antibodies may be effective in chemoprevention
and treatment of esophageal cancers.

Material and methods
Tumor sample

Specimens from 22 cases of esophageal cancers (tumors and the
matched adjacent normal tissues) and 1 case of normal esophageal
tissue were received as discarded materials from the Shandong Qi
Lu Hospital, Jinan, China, or from University of Texas Medical
Branch Surgical Pathology with approval from the institutional
review board. Pathology reports and H&E staining of each speci-
men were reviewed to determine the nature of the disease and the
tumor histology. Esophageal cancers were divided into 2 major
subtypes according to the WHO guideline'” as follows: adenocar-
cinoma (4 cases) and squamous cell carcinomas (18 cases).

In situ hybridization

Glil (X07384) was cloned into pBluescript M13 + KS using
HindIll (5') and Xbal (3'). The plasmid was digested with Nrul to
generate the sense fragment (412 bp) and with Ndel to generate
the antisense fragment (682 bp). PTCH1 (U59464; cloned into
Xbal5' and Clal3’ of pRKS5) was digested with Dralll to generate
a small cDNA fragment (590 bp). Sense and antisense probes were
obtained by T3 and T7 in vitro transcription using a kit from
Roche (Mannheim, Germany). Tissue sections (6 um thick) were
mounted onto poly-L-lysine slides.'® Following deparaffinization,
tissue sections were rehydrated in a series of dilutions of ethanol.
To enhance signal and facilitate probe penetration, sections were
immersed in 0.3% Triton X-100 solution for 15 min at room tem-
perature, followed by treatment with proteinase K (20 pg/ml) for
20 min at 37°C. The sections were then incubated with 4% (v/v)
paraformaldehyde/PBS for 5 min at 4°C. After washing with PBS
and 0.1M triethanolamine, the slides were incubated with prehy-
bridization solution (50% formamide, 50% 4 X SSC) for 2 hr at
37°C. The probe was added to each tissue section at a concentration
of 1 pg/ml and hybridized overnight at 42°C. After high-stringency
washing (2 X SSC twice, 1 X standard saline citrate twice, 0.5 X
SSC twice at 37°C), sections were incubated with an alkaline phos-
phatase-conjugated sheep antidigoxigenin antibody, which cata-
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TABLE I - LIST OF ESOPHAGEAL CANCERS AVAILABLE FOR OUR STUDIES

Number Age Sex Pathology diagnosis Stage Glil/PTCH1 Shh
Control-1 Normal esophagus Normal — —
EC-1 66 F Squamous cell carcinoma (M) 11 + —+
EC-2 69 F Squamous cell carcinoma (M) 1 - -
EC-3 60 M Squamous cell carcinoma (W) 11 + +
EC-4 57 F Squamous cell carcinoma (W) 111 - -
EC-5 57 M Squamous cell carcinoma (W) 11 + +!
EC-6 65 M Squamous cell carcinoma (W) 11 + +
EC-7 68 M Squamous cell carcinoma (W) 11 - -
EC-8 56 F Squamous cell carcinoma (M) 11 + +1
EC-9 64 M Squamous cell carcinoma (M) 11 - -
EC-10 51 M Squamous cell carcinoma (M) 11 + +
EC-11 47 F Squamous cell carcinoma (M) 11 - -
EC-12 64 F Squamous cell carcinoma (P) 11 + +
EC-13 54 M Squamous cell carcinoma (P) it + +!
EC-14 38 F Squamous cell carcinoma (P) 111 + +1
EC-15 55 M Squamous cell carcinoma (P) 11 - -
EC-16 73 M Squamous cell carcinoma (P) 11 + +
EC-17 68 M Squamous cell carcinoma (P) 11 - -
EC-18 66 M Squamous cell carcinoma (P) 11 + +
EC-19 50 M Adenocarcinomas of thoracic esophagus (M) I + +
EC-20 52 F Adenocarcinomas of gastroesophageal junction (M) 11 + +
EC-21 52 M Adenocarcinomas of lower esophagus (M) v + +
EC-22 55 M Adenocarcinomas of lower esophagus (M) 11 + +

Esophageal cancer specimens and summary of Shh, PTCHI and Glil expression. These data were derived from in situ hybridization, Real-time
PCR analyses and immunohistochemistry. Since our data from these 3 approaches were consistent with each other, a list of the data from each
method was not necessary. — Shh genomic DNA amplification was observed in these tumors (confirmed by real-time PCR and regular PCR).
W, well-differentiated tumor; M, moderately differentiated tumor; P, poorly differentiated tumor; EC, esophageal cancer.

lyzed a color reaction with the NBT/BCIP (nitro-blue-tetrazolium/
5-bromo-4-chloro-3-indolyl phosphate) substrate (Roche). Blue in-
dicated strong hybridization. As negative controls, sense probes
were used in all hybridization and no positive signals were observed.

RNA isolation, PCR and quantitative PCR

Total RNAs were extracted using an RNA extraction kit from
Promega (Madison, WI) according to the manufacturer’s instruc-
tions. The exon II of the Shh gene was amplified with the forward
primer 5'-TAACGTGTCCGTCGGTGGG -3’ and the reverse pri-
mer 5-TGCTTTCACCGAGCAGTGG-3' using the following
cycles: 96°C for 4 min, 25 cycles of 96°C for 30 sec, 57°C for
45 sec and 72°C for 45 sec, plus 72°C for 5 min (50 ng of total
genomic DNA in 25 pl PCR cocktail). D10S222 was amplified
using the same condition but with 27 cycles. For real-time PCR
analyses, we detected the levels of Shh, Glil and PTCHI1 tran-
scripts using the Applied Biosystems’ assays-by-demand assay
mixtures (Applied Biosystems, Foster City, CA) and predeveloped
18S rRNA (VIC dye-labeled probe) TagMan assay reagent (P/N
4319413E) as an internal control. The procedure was described
previously.'? Rnase P was used as the internal control for detect-
ing genomic amplification of the Shh gene. The sequences for pri-
mers and probes are available upon request. The amount of target
(27T was obtained by normalization to an endogenous refer-
ence (18sRNA or Rnase P) and relative to a calibrator.

Immunohistochemistry

Representative formalin-fixed and paraffin-embedded tissue
sections (6 pum thickness) were used for immunohistochemistry
with specific antibodies to human Shh and PTCH1 (catalog num-
ber 9024 for Shh and 6149 for PTCH1; Santa Cruz Biotechnology,
Santa Cruz, CA). All primary antibodies have been previously
tested for immunohistostaining.'"*'*'* Immunohistochemistry was
carried out as previously reported.'?

Cell culture, MTT assay, BrdU incorporation, flow cytometry
and TUNEL assay

Cell lines (KYSE-180 and KYSE-270, purchased from German
Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany; and RKO, purchased from American Type Culture

Collection, Manassas, VA) were cultured in RPMI-1640 with 10%
FBS (KYSE-180), F12/RPMI-1640 (1:1) with 2% FBS (KYSE-
270), or DMEM with 10% FBS (RKO), respectively. Cells (0.5%
FBS) were treated with KAAD-cyclopamine (at a final concentra-
tion of 2 or 5 pM) or Shh neutralizing antibodies (SE1 monoclonal
antibody was purchased from the Hybridoma Bank, University of
Iowa, and was used at the concentrations of 0.1 or 0.5 pg/ml). For
colorimetric MTT assay, culture media (including KAAD-cyclop-
amine) were changed every 24 hr, and the assay was performed
according to our published protocol in the presence of 0.5%
FBS." BrdU??! and flow cytometry?® was performed as previ-
ously reported. Ectopic expression of Glil, under the control of
the CMV promoter, in KYSE-180 and KYSE-270 cells was
achieved by transient transfection with lipofectAmine 2000,'*°
and Glil was detected by immunofluorescent staining with the
Myc tag antibody 9e10 (Sigma, St. Louis, MO).?* TUNEL assay
was performed using a kit from Roche according to the manu-
facturer’s instructions.'®°

Results
Expression of hedgehog target genes in esophageal cancers
Hedgehog is a critical endodermal signal for the epithelial-mes-
odermal interactions during development of the vertebrate gut. In
adult esophagus, hedgehog signaling is undetectable.”>** To test
if hedgehog signaling is activated in primary esophageal cancers,
we examined expression of hedgehog target genes Gli/ and
PTCHI in 22 cases of esophageal specimens (see Table I for
specimen information). Increased levels of PTCHI and Glil tran-
scripts indicate activation of the hedgehog pathway."

We first detected Glil and PTCHI1 transcripts using in situ
hybridization. In agreement with published reports,”® we found
that the normal esophageal tissue did not have detectable levels of
Glil and PTCHI1, indicating that the hedgehog pathway is not nor-
mally activated in adult esophageal tissues (Fig. la). In contrast,
we detected Glil and PTCHI transcripts in 14 of 22 (~ 64%)
tumor specimens, suggesting that activation of the hedgehog path-
way is a common event in esophageal cancers. We observed acti-
vation of the hedgehog pathway both in adenocarcinomas and in
squamous cell carcinomas. In squamous cell carcinomas, 10 of 18
(~ 56%) specimens had high levels of Glil and PTCHI transcripts
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FiGure 1 — Elevated expression of Glil and PTCH1 in primary esophageal tumors. Glil transcript (blue as positive) was detected by in situ
hybridization in the normal control (a) and esophageal cancers (b—d). (¢') and (c) are from the same tumor, with (¢’) being derived from the Glil
sense probe. Similarly, (d') is the sense probe control of (d). Expression of Glil transcript was strong in the tumor (indicated by arrows) and
weak in the stroma (indicated by arrowheads). The pattern of PTCH1 transcript was similar to those of Glil (figures not shown), indicating acti-
vation of the hedgehog pathway in esophageal cancers. The data are summarized in Table .

(see Table I for details). All 4 adenocarcinomas had detectable
expression of Glil and PTCHI1 (Table I). These data indicate that
activation of the hedgehog pathway occurs frequently in esopha-
geal cancers.

Further analyses did not reveal any association of hedgehog tar-
get gene expression with the tumor stage or differentiation. In situ
hybridization data indicate that transcripts of Glil (Fig. 1b and c¢)
and PTCHI1 (not shown here) are detectable both in the tumor

(indicated by arrows) and in the adjacent stroma tissue (indicated
by arrowheads). These data suggest that hedgehog signaling may
involve epithelium/stroma interactions during development of
esophageal cancer.

To confirm the in situ hybridization data, we performed real-
time PCR analyses to detect the levels of Glil and PTCHI1
transcripts. We found that Glil and PTCHI transcripts from
esophageal tumors were several folds higher than those from



FiGure 2 — Elevated PTCHI transcript and PTCHI protein in esophageal cancers. To confirm the in situ hybridization data, we performed
real-time PCR analyses on Shh, PTCH1 and Glil. Shh, PTCHI and Glil transcripts (a) were elevated in 3 primary esophageal tumors. We found
that real-time data are consistent with our in situ hybridization data. To confirm elevated PTCH1, we performed immunohistochemistry with
PTCH1 antibodies."? (b) shows positive staining of PTCH1 protein (positive in brown) both in the tumor (indicated by an arrow) and in the
stroma (indicated by an arrowhead). Our data from real-time PCR analyses are consistent with those derived from in situ hybridization, which

FiGure 3 — Expression of Shh in esophageal tumors. /n situ hybridization was performed to detect Shh transcript in cancerous (a and b) tis-
sues (positive in blue), and the sense probe did not reveal any positive signals. () is the sense probe control of (@). Note that no stroma localiza-
tion of Shh transcript was seen. In situ hybridization was confirmed by immunohistostaining of tumor tissues (c; positive in brown). Arrowhead
indicates stroma expression of Shh protein.
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Fi1Gure 4 — Genomic amplification of the Shh exon II in esophageal squamous cell carcinomas. The exon II of S/#/ genomic DNA was initially
amplified by regular PCR (see text for details; 25 cycles; nonquantitative PCR). Under the same PCR condition, the levels of PCR products from
tumors as well as the matched normal tissues were shown in (a). The PCR was repeated 3 times with similar results, suggesting that the Shh gene
may be amplified in some esophageal tumors. No elevated PCR products were seen from tumors without Shh overexpression. To confirm this
observation, we performed real-time PCR (see text for details; quantitative analyses). The level of Shh genomic fragment was normalized using
Rnase P. We noticed that 4 of the esophageal squamous cell carcinomas had 2- to 4-fold increase of Shh genomic DNAs over the matched nor-

mal tissues (b).

the matched normal tissues (Fig. 2a shows levels of Shh,
PTCH1 and Glil), confirming that expression of PTCHI1 and
Glil is elevated in the tumor tissues. Expression of PTCHI in
the tumor was further confirmed by immunohistochemistry
(Fig. 2b).""!3 All tissues with detectable PTCH1 protein had
elevated PTCHI1 transcript. In agreement with the in situ
hybridization results, PTCH1 protein was detected both in the
tumor (indicated by an arrow in Fig. 2b) and in the stroma
(indicated by an arrowhead in Fig. 2b). Data derived from
in situ hybridization, real-time PCR and immunohistochemistry
analyses all indicate that activation of the hedgehog pathway is
a common event in esophageal cancers.

Expression of Shh in esophageal cancers

It is reported that Shh overexpression may be responsible for
activation of the hedgehog pathway in pancreatic cancer and sev-
eral primary gastric cancers.'"'? To test this possibility in esopha-
geal cancer, we first examined expression of Shh in esophageal
specimens by in situ hybridization. As expected, Shh expression
was undetectable in the normal esophageal tissue (data not
shown). In contrast, many of the primary tumors expressed a high
level of Shh transcript (Figs. 2a and 3a and b, Table I). The Shh
transcript was detectable specifically in the tumor, not in the
stroma (Fig. 3a and b), suggesting that the tumor cells are the
source for Shh expression. Shh expression was associated with

detectable levels of Glil and PTCHI transcripts, suggesting an
important role of Shh in activating hedgehog pathway in esopha-
geal cancers.

Furthermore, we detected Shh protein by immunohistochemis-
try using specific antibodies.'' In agreement with the in situ
hybridization data, we found that tumors with Shh transcript had
higher levels of Shh protein (Fig. 3¢). As a secreted molecule,
sonic hedgehog protein was also detected in the stroma (indicated
as arrowhead in Fig. 3¢). We believe that the secreted sonic hedge-
hog protein may be responsible for elevated expression of Glil
and PTCHI transcripts in the tumor as well as in the stroma
(Fig. 1). These results suggest a paracrine signaling mechanism of
sonic hedgehog in esophageal cancers.

To identify the mechanisms by which the Shh gene was over-
expressed in the tumor, we compared genomic DNA of Shh from
the tumor with that from the adjacent normal tissue. We found that
4 of these tumors with Shh overexpression also had more genomic
DNAs (Fig. 4). This observation was initially made using regular
PCR amplification PCR (25 cycles, not quantitative) and was con-
firmed by real-time PCR (quantitative analyses). Shh genomic
DNA from these tumors, on average, was 3 times more than that
from the adjacent normal tissues (Fig. 4b). In contrast, we did not
observe any elevated Shh genomic DNAs in adenocarcinomas of
esophagus. These data are in agreement with previous findings
that chromosome 7q is fre%uently overrepresented in esophageal
squamous cell carcinomas,”**> suggesting that genomic amplifica-
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FiGcure 5 — Hedgehog signaling is required for growth of esophageal cancer cells. In the presence of SMO antagonist, KAAD-cyclop-
amine, the levels of hedgehog pathway target genes (Glil and PTCH1) were downregulated (a shows data from KYSE-270). Similar data
were also obtained from KYSE-180 cells (not shown here). Unlike RKO cells (d), which do not have active hedgehog signaling, growth
of KYSE-180 (b) and KYSE-270 (c) cells was inhibited by 2 pM KAAD-cyclopamine. Due to space limit, KAAD-cyclopamine was
labeled as cyclopamine. Similarly, incubation of Shh neutralizing antibody SE1 (0.1 and 0.5 pg/ml) inhibited cell growth of KYSE-180

(e) and KYSE-270 (not shown here).

tion of the Shh gene in some of these esophageal cancers may be
responsible for Shh overexpression.

Targeted inhibition of hedgehog pathway and esophageal
cancer cells

If hedgehog pathway activation is required for esophageal can-
cer development, esophageal cancer cells should be susceptible to
treatment of SMO antagonist, KAAD-cyclopamine. Since all
available esophageal cancer cell lines have elevated hedgehog sig-
naling,'? we chose a GI cancer cell line RKO as the negative con-
trol (RKO cells do not have elevated levels of Glil and PTCHI,;
data not shown and Berman et al.'?). In this experiment, we used
2 esophageal cancer cell lines (KYSE-180 and KYSE-270) to test
the effects of KAAD-cyclopamine. Addition of KAAD-cyclop-

amine at a final concentration of 2 UM significantly decreased the
levels of Glil and PTCH1 in both cell lines (Fig. Sa shows the
data from KYSE-270 cells), indicating that KAAD-cyclopamine
inhibits the hedgehog pathway in these cells. The closely related
compound tomatidine (2 uM), which does not affect SMO signal-
ing and thus served as a negative control, had little discernible
effect on these target genes. As expected, we found that cell
growth of esophageal cancer cells, but not RKO cells, was greatly
inhibited by KAAD-cyclopamine (Fig. 5b—d). We found that cell
toxicity of KAAD-cyclopamine at 2 or 5 pM was low (see Fig. S2
for details; supplementary material for this article can be found
on the International Journal of Cancer website at http://www.
interscience.wiley.com/jpages/0020-7136/suppmat/index.html).
KAAD-cyclopamine-mediated growth inhibition of KYSE-180
and KYSE-270 cells was dose-dependent (see Fig. S3). Further-
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FiGure 6 — KAAD-cyclopamine and Shh neutralizing antibodies induce apoptosis in esophageal cancer cells. TUNEL assay revealed apopto-
sis (red) in KYSE180 (b) cells, but not in RKO cells (d), after treatment with KAAD-cyclopamine (labeled as cyclopamine due to space) for
36 hr. The tomatidine-treated control group had very few TUNEL positive cells (@ and e). Similarly, Shh neutralizing antibody 5E1 (0.1 pg/ml)
also caused cell death in KYSE-180 cells (¢). (¢) shows the percentage of TUNEL positive cells in each cell lines.

more, KYSE-180 (Fig. 6b and e) and KYSE-270 cells (not shown
here) were TUNEL-positive, indicative of apoptosis after treat-
ment with KAAD-cyclopamine (cell confluence was 15% upon
treatment). No apoptosis was observed in RKO cells following
addition of 2 uM KAAD-cyclopamine (Fig. 6d). Apoptosis was
further confirmed by accumulation of sub-Gl cell population
(Fig. 7b). These results indicate that inhibition of the hedgehog
pathway by KAAD-cyclopamine dramatically attenuates the
growth of esophageal cancer cells following inhibition of Glil and
PTCHI1 expression, resulting in apoptosis.

If Shh is responsible for hedgehog signaling activation in esoph-
ageal cancer cells, inhibition of Shh functions by neutralizing anti-
bodies should reduce cell growth. Indeed, Shh neutralizing anti-
body SE1 (at final concentrations of 0.1 pg/ml and 0.5 pg/ml,
respectively) significantly inhibited the growth of KYSE-180 cells
(Fig. Se), but not that of RKO cells (data not shown). SE1 IgG also
reduced BrdU incorporation in KYSE-180 cells (see Fig. S1).
Similar data were also obtained in KYSE-270 cells (data not
shown). Flow cytometry analyses indicate an accumulation of
sub-G1 cell population after addition of 5E1 IgG in KYSE-180
cells (Fig. 7¢). This observation was further confirmed by TUNEL
analyses (Fig. 6¢), demonstrating that KYSE-180 cells undergo
apoptosis following treatment with SE1 IgG. Thus, our data sup-
port that Shh is responsible for hedgehog-mediated cell prolifera-
tion in esophageal cancers.

Our model predicts that overexpression of Glil in esophageal
cancer cells under a strong promoter (such as the CMV promoter)
would constitutively activate the hedgehog pathway, which could
render these cancer cells resistant to KAAD-cyclopamine treat-
ment. Indeed, KAAD-cyclopamine did not induce apoptosis in

Glil-expressing KYSE-180 cells, as indicated by lack of TUNEL
staining (Fig. 8). Thus, downregulation of Glil expression may be
an important mechanism by which KAAD-cyclopamine inhibits
growth and induces apoptosis of esophageal cancer cells.

Taken together, our findings indicate that activation of the
hedgehog pathway is common in esophageal cancers. Activation
of the hedgehog pathway is not associated with any specific tumor
features (tumor stage, tumor differentiation and tumor subtype).
The Shh gene amplification is observed in several esophageal
tumors with Shh overexpression. Our data also suggest that down-
regulation of Glil expression is an important mechanism by which
KAAD-cyclopamine controls esophageal cancer cell growth.
Thus, detection of hedgehog signaling activation