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INTRODUCTION

Hedgehog (Hh) signaling has been reported to play an important role in prostate
development and prostate cancer. Studies from several laboratories have shown that Hh
ligands are expressed in the epithelium of the developing prostate; activate Hh target
genes expressed in the surrounding mesenchyme and influence prostate ductal growth.
However, publications from these different laboratories have reported conflicting effects
on growth. One major goal of this research was to elucidate the reason for those
conflicting data. We addressed this issue by: 1) Defining Hh mesenchymal responsive
genes in fetal prostate by microarray; 2) Characterizing epithelial growth effects of Hh
signaling pre- and postnatal in both in vitro explants culture and in vivo transgenic mice
model; 3) Proposing the potential molecular mechanisms underlying this growth
regulation by Hh signaling. Herein, we identify a total of 89 genes that are regulated by
Hh signaling in UGSM-2 cell line, the immortalized mesenchymal cells from the E16
UGS mesenchyme. We observe stage-specific growth effects of Hh signaling.
Specifically, Hh pathway activation stimulates epithelial proliferation prenatally, while
inhibits epithelial proliferation postanatally. We propose this temporal growth effects is
mediated by the discordant regulation of a subset of target genes by Hh signaling in the
prenatal and postnatal prostate. In addition, we provide the evidence of autocrine Hh
signaling in the developing prostate and identify its potential role in maintaining a
progenitor cell population.

BODY

To examine the influence of dynamic interaction with the epithelium on the mesenchymal
target gene response to Hh signaling, we investigated the target gene response in
recombinant tissues composed of epithelium and mesenchyme from different stages of
development and cultured in the presence or absence of AZ75. In order to selectively
measure mesenchymal gene expression, we utilized the mesenchyme from the mouse and
epithelium from the rat. The developmental stages used were mouse E16 UGS and the
developmental stage equivalent rat E18 UGS and both mouse and rat P1 prostate. The
expectation that recombinants of mouse mesenchyme and rat epithelium would
recapitulate the molecular interactions of the developing mouse prostate is based upon the
finding that such recombinants grafted under the renal capsule generate normal appearing
prostate tissue with rat-derived prostate ductal epithelium and mouse-derived stromal
element. Freshly separated mesenchyme and epithelium were recombined and cultured
for seven days in testosterone supplemented media in the presence or absence of AZ75.
The four tissue recombinants were: E16 mouse mesenchyme with either E18 or P1 rat
epithelium and P1 mouse mesenchyme with either E18 or P1 rat epithelium. Hh target
gene expression was assayed by RT-PCR using mouse target gene primers. Expression of
the canonical target genes Glil and Ptc1 was strongly inhibited by AZ75 in all cultured
tissue. This finding indicates both that robust Hh signaling was re-established in the
tissue recombinants and was effectively inhibited by addition of AZ75 to the media. All
of the five non-canonical Hh target genes assayed (Igfbp6, Igfbp3, Fbn2, Fgf5 and
Agpt4) showed significantly regulated expression by Hh signaling in at least one of the
recombinants. However, the canonical patterns of Hh regulated target gene expression in



the cultured E16 UGS and P1 prostate was not recapitulated in the cultured
(M)E16m/(R)E18e and (M)P1m/(R)P1e recombinants, respectively. Only Agpt4 was
significantly regulated by Hh signaling in the cultured (M)E16m/(R)E18e recombinant.
Both Igfbp3 and Agpt4 were positively regulated by Hh signaling in the (M)P1m/(R)P1le
recombinant but this contrasts with their negative regulation in the mouse P1 prostate. Hh
regulated expression of several target genes was observed in the temporally heterotypic
recombinants (M) 3 E16m/(R) P1e and (M) P1m/(R) E18e but this was inconsistent.
These findings indicate that even though paracrine Hh signaling is re-established in the
tissue recombinants, canonical patterns of positive and negative target gene regulation are
only sporadically recapitulated in the temporally homotypic M)E16m/(R)E18e and
(M)P1m/(R)P1e recombinants. While we cannot discount the influence of species
differences, these data suggest that the physical disruption associated with mesenchymal-
epithelial separation and recombination perturbs stage-specific patterns of Hh target gene
regulation determined by the architecture of the developing tissue and the mesenchymal
cell microenvironment.

KEY RESEARCH ACCOMPLISHMENTS

1. We found that the paracrine Hh signaling affect the prostate morphogenesis in a
stagespecific

way.

2. Our gene analysis studies on primary culture mesenchymal cells suggested that the
mesenchymal character is responsible but not sufficient for the discordant response of
those genes.

REPORTALBLE OUTCOMES

» We published one paper on JBC journal. Yu M, Gipp J, Yoon JW, lannaccone P,
Walterhouse D, Bushman W. Sonic Hedgehog-responsive Genes in the Fetal Prostate. J
Biol Chem. 2009 Feb 27; 284(9): 5620-9.

* Abstract presentations:

0 Min Yu, Wade Bushman. Molecular and Environmental Toxicology Center,
University of Wisconsin-Madison.Hedgehog signaling regulates prostate
development: interplay of paracrine and autocrine mechanism. ( Platform
presentation presented at 2009- 48th annual meeting of SOT in Baltimore by Min
Yu)

0 Min Yu, Bushman Wade. Molecular and Environmental Toxicology Center,
University of Wisconsin-Madison. The study of hedgehog signaling in prostate
development: a role of both paracrine and autocrine mechanism. (Poster presented
at 2009- Annual meeting of AUA in Chicago by Min Yu)
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The Hedgehog (Hh) signaling pathway plays an important
role in prostate development and appears to play an equally
important role in promoting growth of advanced prostate can-
cer. During prostate development, epithelial cells in the urogen-
ital sinus (UGS) express Sonic Hedgehog (Shh) and secrete Shh
peptide. The secreted Hh peptide acts on adjacent mesenchymal
cells to activate the Hh signal transduction pathway and elicit
paracrine effects on epithelial proliferation and differentiation.
To identify mesenchymal targets of Shh signaling, we performed
microarray analysis on a Shh-responsive, immortalized urogen-
tial sinus mesenchymal cell line. We found 68 genes that were
up-regulated by Shh and 21 genes that were down-regulated.
Eighteen of those were selected for further study with Ptcl and
Glil serving as reference controls. We found 10 of 18 were also
Hh-regulated in primary UGS mesenchymal cells and 13 of 18 in
the cultured UGS. Seven of 18 exhibited Shh-regulated expres-
sion in both assays (Igfbp-6, Igfbp-3, Fbn2, Ntrk3, Agpt4, Dmpl,
and Mmp13). Three of the 18 genes contained putative Gli bind-
ing motifs that bound Glil peptide in electrophoretic mobility
shift assays. With the exception of Tiaml, target gene expres-
sion generally showed no differences in the concentration
dependence of ligand-induced expression, but we observed
strikingly different responses to direct pathway activation by
transfection with activated Smo, Glil, and Gli2.

Sonic Hedgehog (Shh)? is a secreted signaling protein that
regulates epithelial-mesenchymal interactions during embry-
onic development in a variety of organs (1). During fetal pros-
tate development, Shh is expressed and secreted by the epithe-
lium of the urogenital sinus (UGS) and acts on the surrounding
mesenchyme (2-5). Binding of Hh ligand to its receptor
Patched 1 (Ptcl), a 12-span transmembrane protein, activates
an intracellular signal transduction mechanism involving a sec-
ond transmembrane protein Smoothened (Smo), and results in

* This work was supported, in whole or in part, by National Institutes of Health
Grants P50 DK065303 and RO1 DK056238. This work was also supported by
the Robert and Delores Schnoes Chair in Urologic Research. The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table ST and Figs. S1-S3.

' To whom correspondence should be addressed: K6/562 CSC, 600 High-
land Ave., Madison, WI 53792. Fax: 608-265-8133; E-mail: bushman@
surgery.wisc.edu.

2The abbreviations used are: Shh, Sonic Hedgehog; UGS, urogential sinus;
MES, 4-morpholineethanesulfonic acid; Ptc1, Patched 1; MEF, mouse
embryonic fibroblast; Smo, smoothened; PKA, protein kinase A; IGFBP,
insulin-like growth factor binding protein.
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changes in transcriptional regulation of specific target genes
through the coordinated activities of three highly related Gli
transcription factors (Glil, Gli2, and Gli3) (6). The transcrip-
tional changes not only affect proliferation and differentiation
of UGS mesenchyme but elicit paracrine signals that regulate
proliferation and differentiation of the adjacent UGS epithe-
lium (3, 7-9). Emerging evidence suggests that proper spatial
and temporal patterns of Hh signaling are required for normal
prostate ductal development (1, 10).

Although the diversity of Shh effects is clear, molecules that
function downstream of Shh in different contexts remains
incompletely characterized. Glil, Ptcl, and Hedgehog interact-
ing protein are the canonical targets of Hh signaling expressed
in nearly all cell types examined to date (11). However, other
target genes regulated by the Shh signaling pathway likely vary
between tissues and cell types, influenced by the state of differ-
entiation and the presence or absence of co-regulators (1,12). A
number of target genes have been described. The actin-binding
protein Missing in Metastasis (MIM) has been identified as a
Shh-responsive gene that potentiates Gli-dependent transcrip-
tional activation in skin development and tumorigenesis (13).
The forkhead transcription factor Foxel was established as a
downstream target of the Shh pathway in hair follicle morpho-
genesis (14). Other Hh target genes include Foxa2 (Hnf-33) and
Coup-Tfii during floor plate development (15, 16), Foxd2
(Mf-2) during somitogenesis (17), Foxml in basal cell carci-
noma (18), and Foxfl (Freac-1 or Hfh-8) during lung and
foregut organogenesis (19). Other identified target genes
include SFRP1, SFRP2, Igtbp-6, and Sil (1, 20-23). For the
developing prostate, however, the only target gene identified
thus far is Igfbp-6 (24).

We performed a microarray analysis to identify Shh-induced
transcriptional changes in a previously characterized, immor-
talized UGS mesenchymal cell line, UGSM-2 (9). We identified
a combination of previously described and novel Shh targets,
some of which appear to be prostate selective. The novel Shh-
responsive genes provide insight into the molecular mecha-
nism of Shh-regulated prostate development, suggesting roles
in cell growth regulation as well as in providing cross-talk with
the Wnt and Notch signaling pathways.

EXPERIMENTAL PROCEDURES

Microarray Cell Growth and RNA Isolation—UGSM-2 cells,
an immortalized mouse E16 prostate mesenchymal cell lines
(10), were set at confluence and allowed to attach overnight in
Dulbecco’s modified Eagle’s medium/F-12 containing 10% fetal
bovine serum. The next day cells were treated with Shh (R&D
Systems 1845-SH/CF) or vehicle in Dulbecco’s modified Eagle’s
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medium/F-12 containing 0.1% fetal bovine serum. Following
24 h treatment total RNA was isolated using the Qiagen RNeasy
RNA isolation kit with on column DNase treatment and eluted
in nuclease-free water.

Microarray cDNA Synthesis—First strand synthesis was per-
formed using the SuperScript Choice system (Invitrogen). The
manufacturer’s protocol was modified by using a high perform-
ance liquid chromatography purified T7-(dT),, primer (Genset
Corp.) and incubating at 42 °C. The 20- ul first-strand reactions
consisted of 100 pmol of T7-(dT),, primer, 10 ug of total RNA,
1X first-strand buffer, 10 mm dithiothreitol, 500 um each
dNTP, and 400 units of Superscript II reverse transcriptase.
The 150-ul second-strand reactions included 1X second-
strand reaction buffer, 200 uM each dNTP, 10 units of DNA
ligase, 40 units of DNA polymerase I, and 2 units of RNase H. A
phenol/chloroform extraction using phase lock gels (Eppen-
dorf-5 Prime, Inc.) and ethanol precipitation were used to
purify the double-stranded cDNA.

Microarray Synthesis of Biotin-labeled c(RNA—An in vitro
transcription reaction was performed starting with 5 ul of puri-
fied cDNA using the Enzo BioArray high yield RNA transcript
labeling kit (Affymetrix). The in vitro transcription product
was purified using RNeasy spin columns (Qiagen). 20 ug of
cRNA was fragmented (0.5 ug/ul) according to Affymetrix
instructions.

Microarray Hybridization—Quantification of the cRNA was
adjusted to reflect carryover of unlabeled total RNA with an
equation provided by Affymetrix: adjusted cRNA yield = cRNA
measured after in vitro transcription (ug) — (starting amount of
total RNA) X (fraction of cDNA reaction used in in vitro tran-
scription). 20 ug of adjusted fragmented cRNA was added to
300 ul of hybridization mixture that included 0.1 mg/ml her-
ring sperm DNA (Promega/Fisher), 0.5 mg/ml acetylated
bovine serum albumin (Invitrogen), and 2X MES hybridization
buffer (Sigma). The mixture also contained the following
hybridization controls: 50 pm oligonucleotide B2 (Genset
Corp.) and 1.5, 5, 25, and 100 pm cRNA BioB, BioC, BioD, and
Cre, respectively (ATCC). 200 ul of this mixture was hybridized
to the chips (mouse genome 430 2.0 Array) with 24 X 24-pum
probe cells for 16 h according to Affymetrix procedures. The
50 X 50-um test chips were hybridized with 80 ul for 16 h.

Microarray Washing, Staining, and Scanning—The probe
arrays were washed with stringent (100 mm MES, 0.1 M [Na™],
0.01% Tween 20) and non-stringent (6X SSPE, 0.01% Tween
20, 0.005% antifoam) buffers in the Affymetrix GeneChip Flu-
idics station using pre-programmed Affymetrix protocols. The
probe arrays were then stained with streptavidin phyco-
erythrin, and the signal amplified using an antibody solution.
The streptavidin stain contained 2 X stain buffer (final 1X con-
centration 100 mm MES, 1 M [Na™], 0.05% Tween 20, 0.005%
antifoam, 2 ug/ul acetylated bovine serum albumin, and 10
pg/ml streptavidin (Molecular Probes)). The antibody amplifi-
cation solution contained 2X stain buffer, 2 ug/ul acetylated
bovine serum albumin (Invitrogen), 0.1 mg/ml normal goat IgG
(Sigma), and 3 pg/ml biotinylated antibody (Vector Laborato-
ries). Staining was done in the GeneChip fluidics station using
pre-programmed Affymetrix protocols. The probe arrays were
scanned in the Affymetrix GeneChip scanner.
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Microarray Data Analysis—Microarray analysis using
Affymetrix mouse 430 2.0 chip was performed in triplicate
using RNA from Shh-treated and control cells. Six data files
(triplicate of control and Shh-treated samples) were up-
loaded into Affymetrix Suite 5.0 (MAS5) software. Unknown
expressed sequence tags were identified by searching human
genome databases. Genes whose signal intensity were lower
than 40 were eliminated from further analyses because the sig-
nal was not significantly different from base line (no signal).
Data with more than 2 present calls in either the control or
Shh-treated group were selected for further analysis. Mean sig-
nals of the controls and Shh-treated samples were calculated
and compared. Student’s ¢ tests were performed and genes with
p < 0.05 were selected for further analysis. Fold change was
calculated by comparing signals from the Shh-treated group
with signals from the control group. Genes showing fold
changes greater than *2 were selected.

Cell Treatment for Array Gene Validation—To validate the
array data and to examine the Shh response of the array-iden-
tified genes several cells lines were used. All cells were treated
at confluence for 24 h £50 nm Shh (R&D Systems catalog
number 1845-SH/CF) and *5 um cyclopamine (Toronto
Research Chemicals) as described above for the microarray.
Following treatment, RNA was isolated with Qiagen RNeasy kit
with on-column DNase treatment as per the manufacturers
protocol. UGSM-2 cells were grown and treated as described
above for the array. Mouse embryonic fibroblast (MEF) were
isolated and grown as previously described (25, 26). Balb/c 3T3
fibroblast were obtained from ATCC and grown according to
ATCC protocols. Primary UGM cells were made from the
mouse E16 mesenchyme, as described (9). Primary cells were in
culture for 1 week to expand them before exposure to Shh and
cyclopamine. All experiments were performed in triplicate and
reported differences were statistically significant (p < 0.05; Stu-
dent’s t test).

Prostate Organ Culture—E16 UGS tissues were isolated from
CD-1 mice (Charles River) placed on Millicell-CM filters (Mil-
lipore) and grown in serum-free media with supplements as
described (26). Tissues were incubated for 3 days =10 um
cyclopamine; RNA was harvested with Qiagen RNeasy columns
as per the manufacturers recommendations.

Effect of Glil, Gli2, Smo Overexpression, and Forskolin
Treatment—UGSM-2 cells were infected with retrovirus that
expressed green fluorescent protein alone or co-expressed
green fluorescent protein and Glil, Gli2, or Smo. Cells overex-
pressing green fluorescent protein were identified by flow
cytometry and analyzed for expression of the gene of interest.
These cells were grown to confluence, maintained at conflu-
ence for 24 h, and RNA harvested as described above. To exam-
ine the effect of forskolin, UGSM-2 cells were treated with or
without 50 um forskolin (LC Laboratories, Woburn, MA) dur-
ing the 24-h period of confluence.

Gene Expression Analysis by Reverse Transcriptase-PCR—
Following RNA isolation reverse transcriptase-PCR was per-
formed with gene specific primers (supplemental data Table
S1) with normalization to glyceraldehyde-3-phosphate dehy-
drogenase for each sample. Total RNA was reverse transcribed
with Moloney murine leukemia virus-reverse transcriptase fol-
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lowing standard protocols followed by real time PCR. PCR
products were detected with Power SYBR Green (Applied Bio-
systems) using a Bio-Rad iCycler thermocycler.

Immunofluorescence Staining—UGS and prostate tissue sec-
tions were fixed with 10% formalin, embedded in paraffin, and
processed for immunofluorescence staining (27). The following
antibodies were used: rabbit anti-Tiam1 polyclonal antibody
(1:250, Calbiochem) and mouse anti-smooth muscle actin
(1:200, Sigma). Sections were 4’,6-diamidino-2-phenylindole
counterstained, coverslipped, and imaged.

Electrophoretic Mobility Shift Assays—Electrophoretic
mobility shift assays were performed as previously described
(21), using purified Glil protein (amino acids 211-1106) or
PinPoint protein (Promega, Madison, W1I) fused to Glil amino
acids 879-1106, lacking the zinc finger DNA binding domain.
Probes were designed using MacVector software (MacVector,
Inc., Cary, NC). Probe sequences are shown, listing the sense
sequence (5" —3’) followed by the antisense sequence (5" —3’)
used to produce the double-stranded probe: Artn, TTGGGT-
CCTGGAACCCCCAACTCCCCACA, TGTGGGGAGTTG-
GGGGTTCCAGGACCCAA; Dner, AGACCAGGCTGACC-
TCCAACACTGCCTCT, AGAGGCAGTGTTGGAGGTCA-
GCCTGGTCT; Fbn2, CCATCTCTCTGACCACCAAGTTT-
CCTCAC, GTGAGGAAACTTGGTGGTCAGAGAGATGG;
Hsd11bl, TATACAAACTCACCTCCCAGAAAAGAACT, AGT-
TCTTTTCTGGGAGGTGAGTTTGTATA,; Igtbp-3, TGCG-
CCGGCCCACCCCCCACCCTCGCCGT, ACGGCGAGGG-
TGGGGGGTGGGCCGGCGCA; Mmpl3, ACCATGAGAT-
GACCACCAAGAGCATCAGC, GCTGATGCTCTITGGTG-
GTCATCTCATGGT; Plxna2, CAATACAAGGGACCTCCC-
ACTTGGTAAAG, CTTTACCAAGTGGGAGGTCCCTTG-
TATTG; Rgs4, CCTCCCACTCCACCACCAAGGACAGC-
TCT, AGAGCTGTCCITGGTGGTGGAGTGGGAGG; Tiaml,
CCGATCCACAGACCACCCAGCACCAGAGC, GCTCTG-
GTGCTGGGTGGTCTGTGGATCGG; Tnmd-1, GTGTTG-
TGGTGACCACCAAACATAAAAT, AATTTTATGTTTG-
GTGGTCACCACAACAC.

Mutant probe sequences are shown, listing the sense
sequence (5" — 3') followed by the antisense sequence (5" —
3"): Artn, TTGGGTCCTGGAAGGGGGAACTCCCCACA,
TGTGGGGAGTTCCCCCTTCCAGGACCCAA; Dner, AGA-
CCAGGCTGACGAGGTACACTGCCTCT, AGAGGCAGT-
GTACCTCGTCAGCCTGGTCT; Fbn2, CCATCTCTCTGA-
CGTGGTAGTTTCCTCAC, GTGAGGAAACTACCACGT-
CAGAGAGATGG; Hsdl1bl, TATACAAACTCACCTCCC-
AGAAAAGAACT, AGTTCTTTTCTGGGAGGTGAGTTT-
GTATA; Igfbp-3, TGCGCCGGCCCACGGGGGACC-
CTCGCCGT, ACGGCGAGGGTCCCCCGTGGGCCGGC-
GCA; Mmpl3, ACCATGAGATGACGTGGTAGAGCATC-
AGC, GCTGATGCTCTACCACGTCATCTCATGGT; Plxna2,
CAATACAAGGGACGAGGGACTTGGTAAAG, CTTTAC-
CAAGTCCCTCGTCCCTTGTATTG; Rgs4, CTCCCGAAG-
AAGTGGGACAATGATGGTTC, GAACCATCATTGTCC-
CACTTCTTCGGGAG; Tiaml, CCGATCCACAGACGTGG-
GAGCACCAGAGC, GCTCTGGTGCTCCCACGTCTGTG-
GATCGG; Tnmd, GTGTTGTGGTGACGTGGTAACATAA-
AATT, AATTTTATGTTACCACGTCACCACAACAC.
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Whole Mount in Situ Hybridization—The following cDNAs
were used as probes: Igfbp-3 (accession number BC058261),
Timp3 (accession number BC014713), Plxna2 (accession num-
ber BC051045), Cxcll4 (accession number BC0799661), and
Dner (accession number BC034634). Those plasmids were lin-
earized, and digoxigenin-labeled probes were prepared by tran-
scription using T7 or T3 RNA polymerase in the presence of
DIG RNA labeling mixture. In situ hybridizations were per-
formed as previously described (3). The stained tissues were
incubated with 30% sucrose at 4 °C overnight, embedded in
Tissue-Tek OCT compound and cryosectioned at 10 pm.

RESULTS

Identification of Shh Target Genes in UGS Mesenchyme—To
identify Shh target genes in the mesenchyme of the developing
prostate, we performed microarray analysis in triplicate using
RNA from UGSM-2 cells cultured for 24 h in the presence or
absence of Shh. Genes showing significantly different signal
intensities (p < 0.05) and fold changes greater than *2 follow-
ing treatment with Shh were selected. A total of 89 genes were
identified by the array: 68 were up-regulated by Shh and 21
were down-regulated (Table 1). Eighteen of the genes whose
transcription was significantly altered by Shh in UGSM-2 cells,
including 14 up-regulated genes and 4 down-regulated genes,
were selected for further study (Table 2).

Shh-regulated Expression in Primary Mesenchymal Cells and
the UGS—To evaluate how well the target gene profile of the
UGSM-2 cell line represents the general population of mesen-
chymal cells in the UGS, we isolated primary mesenchymal cells
from the separated E16 UGS mesenchyme and cultured them in
the presence or absence of Shh for 24 h. We then analyzed
expression of Glil, Ptcl, and the 18 validated target genes by
reverse transcriptase-PCR. Of the 18 genes, 10 demonstrated
Shh- regulated expression in the primary UGS mesenchyme
cells (Table 2). We then analyzed expression of the 18 genes in
intact E16 UGS cultured in serum-free media = cyclopamine
(28), an inhibitor of Hh signaling, to identify those genes whose
expression is regulated by Hh signaling during prostate devel-
opment. Thirteen exhibited significantly altered expression
when Hh signaling was inhibited with cyclopamine. In each
case, genes induced by Shh in the microarray (n = 10) showed
repression when the UGS was exposed to cyclopamine and
genes repressed by Shh (n = 3) were induced by exposure of the
UGS to cyclopamine (Table 2).

Hedgehog Target Gene Expression in the Newborn Prostate—
We performed in situ hybridization to examine the expression
of selected Hedgehog target genes in the newborn (P1) prostate.
This time point was selected because of the robust and distinc-
tive pattern of Shh and Glil expression in the nascent buds and
adjacent mesenchyme, respectively (3). Expression of all five
target genes examined (Timp3, Plxna2, Dner, Cxcll4, and
Igfbp-3) exhibited mesenchyme-specific expression localized
around the nascent buds, mimicking the expression of Ptcl and
Glil (Fig. 1).

Prostate Selective Expression—To determine whether any of
the 18 identified target genes exhibit prostate selective Hh-reg-
ulated expression, we examined their Shh-dependent expres-
sion in primary E13 WT MEFs and NIH3T3 cells. The cells
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Shh-responsive Genes

TABLE 1
Genes regulated by Shh in UGSM-2 cells after 24 h treatment
89 genes changed at least 2-fold between the 24-h control sample and 24-h Shh treatment samples listed according to fold change.

Gene Name Gene Fold Gene Name Gene Fold
Symbol change(S Symbol change(S
hh/cont) hh/cont)
Upregulated genes Insulin-like growth factor binding protein 6  Igfbp6 228
Chemokine (C-X-C motif) ligand 14 BRAK  27.60 Solute carrier family 7 (cationic amino acid ~Slc7al2  2.27
Delta/notch-like EGF-related receptor Dner 24.95 transporter, y+ system), member 12
GLI-Kruppel family member GLI1 Glil 17.09 Fatty acid 2-hydroxylase Fa2h 222
Fibroblast growth factor 5 Fgf5 9.06 Major histocompatibility complex, class - ~ Mrl 2.21
Patched homolog 1 Ptcl 8.61 related
RAS-like, family 11, member B Raslllb  4.10 Plexin A2 Plxna2  2.20
Transcribed locus - 4.08 Procollagen lysine, 2-oxoglutarate 5- Plod2 2.20
Mitogen activated protein kinase kinase Map3kl12 3.97 dioxygenase 2
m kinase 12 Hairy and enhancer of split 1 (Drosophila)  Hesl 2.20
E CD24a antigen Cd24a 3.85 PREDICTED: Rattus norvegicus RNA Rbm24 pr2.19
0 Tissue inhibitor of metalloproteinase 3 Timp3 3.81 binding motif protein 24 (predicted) edicted,
Claudin 2 Cldn2 3.70 (Rbm24 predicted) LOC38084
(2 Coiled-coil domain containing 3 Cedc3 3.67 3
Angiopoietin 4 Angptd  3.51 RIKEN cDNA 1110007A13 gene 1110007A 2.18
Hydroxysteroid 11-beta dehydrogenase 1 Hsdl1bl 3.48 13Rik
Calcium/calmodulin-dependent protein Camkld 3.39 Weakly similar to POL1_HUMAN --- 2.18
kinase ID RETROVIRUS-RELATED POL
Tenomodulin Tnmd 3.34 POLYPROTEIN (H.sapiens)
Ribonucleotide reductase M2 B (TP53 Rrm2b 327 Glutamic pyruvate transaminase (alanine Gpt2 2.16
inducible) aminotransferase) 2
o SPARC related modular calcium binding2  Smoc2  3.26 Flavin containing monooxygenase 1 Fmol 2.13
Very low density lipoprotein receptor Vidlr 3.19 Sperm associated antigen 9 Spag9 2.09
ry y lipop P
= Leucine-rich repeat LGI family, member 2 Lgi2 3.08 Ribonucleotide reductase M2 B (TP53 Rrm2b  2.06
|9 RIKEN cDNA 5133400D11 gene 5133400D 3.05 inducible)
§ 11Rik Lipoma HMGIC fusion partner Lhfp 2.04
- Forkhead box D1 Foxdl 2.97 Son of sevenless homolog 1 (Drosophila) Sos1 2.04
g CDC14 cell division cycle 14 homolog A (S. Cdcl4a  2.96 Syntaxin binding protein 6 (amisyn) (amisyn) 2.03
‘§ cerevisiae) Fatty acid desaturase 2 Fads2 2.03
() NYGGF4 homolog [Homo sapiens] AL024069 2.90 Scavenger receptor class B, member 1 Scarbl 2.00
% Solute carrier family 6 (neurotransmitter Slc6ab  2.76
= transporter, taurine), member 6
[~} P > >
S Syntaxin binding protein 6 (amisyn) Stxbp6  2.75 Downresulated genes
5 Artemin Artn 2.67 whregu g
Q Kinase suppressor of ras Ksr 2.67
é gTEﬁP falm ily rgembelr 4 i N full i Steap4 égg Dentin matrix protein 1 Dmpl 6.23
s;?;enrgelzc ear ribonucleoprotein N, full mnsert - : Matrix metalloproteinase 13 Mmpl3 471
. WD t domain 61 Wdr61 3.48
Mus musculus transmembrane protein 69 Tmem69 2.62 Tranzzl:iii d 1(:) TS;H . 3 273
RIIIA binding protein gene with multiple Rbpms  2.60 Suppressor of fused homolog (Drosophila) ~ Sufu 2.71
Ssp 'cmng . . inhibi Serpinb9b 2.59 FK506 binding protein la Fkbpla 2.46
leréneB(Or cysgemg{)pmtemase inhibitor, erpinbdb 2. Autophagy-related 12-like (yeast) Atgl2l 237
elace B, memver 7o RIKEN cDNA 4930523C07 gene 4930523C
Rattus norvegicus similar to melanoma 17000800 2.57 07Rik 234
;nlt)lgleln fgrmly A3 11:6bR;k 255 Regulator of G-protein signaling 4 Rgs4 2.27
Rt o " - Chemokine (C-X-C motif) ligand 4 Cxcld 225
Inhibitor of DNA binding 4 1d4 2.51 Similar to Di-Ras?2 LOC54493
Insulin-like growth factor binding protein 3  Igfbp3 2.51 5
Transcribed locus - 2.47 - . . .
A t talloprot Adam12 2.22
Phosphodiesterase 9A Pde9a 2.46 12d(11iirellter %;Hall;ﬁ)me alloproteinase domain - Adam
Tribbles homolog 2 (Drosophila) Trib2 2.45 Hvpothetical Areinine-rich rei taining —-
PR domain containing 8 Prdm8 2.45 prilzgine 1682 ATgIne-Tich reglon containing 2.17
g rlllrgtegl 2—c0up1ed receptor 73 ggrg ; gjg Transcription factor CP2-like 3 Tefep213  2.12
phrin B2 hi ine ki nk3 2‘ 40 Chloride channel calcium activated 1 /// Clcal ///
Homo sapiens neurotrophic tyrosine kinase, - Nir : chloride channel calcium activated 2 Clca2 2.10
rsecepmr’ type 3 lass A, member S Searas. 237 Expressed sequence AU022121 AU0221212.10
cavenger rseceptor class £, member 4;?32 2’ F : Chemokine (C-X3-C motif) ligand 1 Cx3cll  2.09
(putative) (Scara5) 03Rik 3 Tumor necrosis factor alpha induced protein Tnfaip6
6 2.06
Filamin binding LIM protein 1 Fblim1 2.37 Nucl t bfamily 1 H Nrlh4
SLIT and NTRK-like family, member 6 Slitrk6 ~ 2.36 e CCPOT SUDTAIEY ., 10UP r 206
Eﬂ;lqulttm :ﬁ{b]o xill—terr;nnal esterase .3 Uchl3 2.32 Kringle containing transmembrane protein I Kremenl 2.02
ubiquitin thiolesterase Speedy homoloe 1 (D hil Spdyl 500
T-cell lymphoma invasion and metastasis | ~ Tiaml 2.30 peedy homolog 1 (Drosophila) pey
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Shh-responsive Genes

TABLE 2
Shh-regulated expression in primary UGM cells and UGS tissues

Gene expression”

Response to

Gene .
cyclopamine

Response to Shh

Array Primary UGM UGS organ culture

Glil
Ptcl
Igfbp-6
Igtbp-3
Fbn2
Ntrk3
Agpt4d
Dner
Hsd11b1l
Artn
Tnmd
Timp3
Tiam1
Plxna2
BRAK
Fgf5
Dmpl
Mmp13
Rgs4
Sufu
“ Note: gene expression induced by Shh (1) is expected to be inhibited by cyclo-

pamine (). 1, increased expression; |, decreased expression; 0, no significant

change. 1 or | signifies at least 2-fold statistically significant (p < 0.05) change in

expression in replicate experiments.

S oo

OO0 OO0 O
—> O0O—>—>0O

were cultured with and without Shh, and expression of Glil,
Ptcl, and the 18 target genes was examined. Both Ptc1 and Glil
exhibited robust Shh-induced expression in MEFs and NIH3T3
cells (Fig. 2). Fifteen of the 18 genes demonstrated Shh-regu-
lated expression in MEFs and/or NIH3T3 cells (data not
shown). One gene (Dner) that exhibited Shh-induced expres-
sion in both UGSM-2 cells and primary UGS mesenchymal
cells was not responsive to Shh in either MEFs or NIH3T3 cells.
Two additional genes (Tnmd and Timp3) that showed Shh-
regulated expression in UGSM-2 cells but not in primary UGS
mesenchymal cells also did not show significant Shh-induced
change in expression in MEFs or NIH3T3 cells (Fig. 2).

Differential Regulation of Shh-responsive Genes—Direct reg-
ulation of Shh target genes is believed to result from the com-
bined activities of Glil, Gli2, and Gli3. Smo regulates the
activities of all three Gli genes by mechanisms that remain
incompletely understood. To understand the convoluted
actions of Hh signaling in simultaneously regulating prolifera-
tion, differentiation, and morphogenesis during development,
there is considerable interest in determining the mechanisms
by which differential regulation of Shh target genes is achieved
in different cells. We first examined the concentration depend-
ence of Shh-induced changes in expression of several of the
newly identified Hh target genes and found that most followed
the same pattern as Glil and Ptcl with a dose-dependent
expression that reached a plateau and remained elevated even
with additional ligand (supplemental data Figs. S1 and S2).
Tiam1 exhibited a uniquely different concentration dependence of
expression. Expression increased to a maximum at 10—50 nm Shh
and then progressively decreased to uninduced levels at higher
concentrations (supplemental data Fig. S1). Localization of Tiam1
in the P10 and adult prostate by immunofluorescence staining
shows expression co-localizing with smooth muscle actin in stro-
mal cells surrounding the prostatic ducts (Fig. 3).
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‘Whole mounts

Sections

Timp3

Cxcl14
(Brak)

Plxna2

Dner

Igfbp3 |

FIGURE 1. Localization of target gene expressions in the newborn pros-
tate. Whole-mount in situ hybridization reveals focused domains of Timp3
(A), Cxcl14 (C), PIxna2 (E), Dner (G), and Igfbp3 (/) expression in the mesen-
chyme surrounding the nascent prostate buds. Sectioning confirms the
expression of Timp3 (B), Cxcl14 (D), PIxna2 (F), Dner (H), and Igfbp3 (J) local-
ized to the mesenchyme (m) surrounding the epithelial buds (e). Scale bar =
500 um for A, G, E, G, and I. Scale bar = 40 um for B, D, F, H, and J. Data are
representative of 3 specimens per gene analyzed.

We next assayed the transcriptional response by transfecting
UGSM-2 cells with an activated form of Smo, full-length Glil,
or an activated form of Gli2. All three manipulations would
generally be considered methods of achieving Hh target gene
activation and, indeed, the canonical target genes Glil and Ptcl
exhibited significantly increased expression in response to
transfection with all three constructs. Overall, induced
increases in expression were lowest following Glil transfection
and greatest after Smo transfection. When we assayed for
changes in expression of the 18 target genes using the same
c¢DNA made from those cells, most of the genes exhibited con-
sistent induction or repression by the three manipulations.
This included Igfbp-6, Igfbp-3, Ntrk3, Agpt4, Artn, Timp3,
Tiam]l, Plxna2, Fgf5, Dmp1l, Mmp13, Rgs4, and Sufu (data not
shown). However, we uncovered some intriguing differences.
Some of the target genes (Dner, Fbn2, Brak (Cxcl14), and
Hsd11b1) were not induced by either Glil or Gli2 transfection,
but were induced by Smo transfection. In striking contrast,

“@SENE\
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Shh-responsive Genes

UGSM-2 MEF 3T3 sus (GACCACCCA) (supplemental

= 0. 014 - N 0,025 data Fig. S3). Electrophoretic mobil-

2 06 . o1z | - ity shift assays were performed to
2 s ol 002 determine the ability of these 10

Giil 2 0044 0.08 1 0.015 1 putative binding sites to interact
E 0.03 4 0.06 1 0.01 with the DNA binding motif of Gli
£ 0.024 0.04 1 protein. The putative Gli-binding
£ 001 0.2 1 00059 elements from the promoter region
Z oo 04 0 of target genes Igfbp-3, Fbn2, and

Control Shh Control Shh Control Shh i i ifi
T o1z T oopsa RO Rgs4 bound Gli protein specifically
a s s F 5
: 0.1 ( 18. )
¢ - 21 T 0021 Unique Target Gene Response to
E 089 0.15 1 0.015 PKA Activation—Fbn2 contains a

Ptcl 3 0067 o o0 | bona fide Gli binding element but
; 0.04 1 neither Glil nor an activated form
% 0021 0051 00051 of Gli2 is able to activate Fbn2
2 oA 04 04 expression (Fig. 6). Because gene

Control Shh Control Shh Control Shh activation can be achieved by allevi-
E 00057 017 2.08-05 9 ating repression by Gli3 and Gli3
3 0.0041 0.008 1 1.6E-05 - processing is regulated by PKA (30,
2 0.003 1 0.006 1 L2605 1 31), we examined the effect of the
> U . 2E-

Dner % PKA activator forskolin on Shh-in-
& 0002 00047 8.0E-06 7 duced Fbn2 expression. Forskolin
00014 0.002 1 4.0E-06 4 reduced basal expression and
g. 0 0 00E+00 blocked Sh‘h—induc‘ed expression‘ of
= Control Shh Control Shh Control  Shh Fbn2, consistent with its regulation
E“""’“ 1 x 27 8.0E-04 1 by Gli3 (Fig. 6). Hsd11b1 is another
3 0.16 4 identified target gene that exhibits

0.0012 6.0E-04 1 R .

Tomd £ otz activation by Smo but not by either

nm > . . . . .
£ 0.0008 1 4.0E-04 1 Glil or activated Gli2. Forskolin
& 0089 increased basal expression of Hsdllbl
=
200047 0.04 1 20E-04 1 but no further increase in expression
S_ o 0 0OE+00 was induced by Shh (Fig. 6).

Control Shh Control Shh Control Shh

- o e DISCUSSION
= 0.05 11 0.02 7
A * We used RNA microarray analy-
o 0.049 0.8 9 0.016 1 . . .
° sis of an immortalized mesenchy-

Timp3 = 0031 067 0.012 1 mal cell line to identify Shh-respon-
EL 0.02 0.4+ 0.008 1 sive genes in the fetal prostate. We
E o o0 could not perform a direct analysis
H o ’ ’ of the cultured E16 UGS because
S o0 0+ 0+
=

the endogenous Hh ligand would

Control

Shh

Control

Shh

FIGURE 2. UGSM-2 cells, MEF cells, and 3T3 cells were treated with 50 nm Shh. Gene expression was
analyzed by real time PCR analysis on total RNA extracted after 24 h treatment. Gli1 and Ptc1 were induced in
cell lines tested. Three genes (Dner, Tnmd, and Timp3) showed induced expression after Shh treatment in

UGSM-2 cells, but not in MEF cells or 3T3 cells (n = 3; **, p < 0.01; *, p < 0.05).

Tnmd showed the highest level of induced expression with Glil
transfection and the lowest level of induced expression with
Smo transfection (Fig. 4).

Gli Binding Elements in the Promoters of Shh Target Genes—
The three Gli proteins share a 9-bp consensus binding
sequence (GACCACCCA) (29). We performed in silico analysis
of the remaining validated target genes and identified putative
Gli-binding sites upstream of the promoter in 10 additional
genes (Tnmd, Tiaml, Fbn2, Mmpl3, Plxna2, Dner, Artn,
Hsd11b1, Rgs4, and Igfbp-3). Each of the putative Gli binding
sites contains at least 7-bp homology with the 9-bp consen-

FEBRUARY 27, 2009 +VOLUME 284+NUMBER 9
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Control Shh

obscure the effect of exogenous Shh
peptide and the use of a chemical
inhibitor such as cyclopamine could
be complicated by nonspecific ef-
fects. We are able to isolate and cul-
ture the E16 UGS mesenchyme (3), but the yield of RNA from
this is extremely low and would have required an amplification
step before array analysis. We considered using freshly isolated
E16 UGS mesenchymal cells cultured in monolayer, but our
studies of freshly isolated cells suggest that there is significant
variability in the growth and behavior of these mixed cell pop-
ulations that could make validation of the array analysis prob-
lematic. Ultimately, we elected to use the previously character-
ized UGSM-2 cell line that we have shown recapitulates the
androgen and Hh responsiveness of the normal UGS mesen-
chyme and can participate in glandular morphogenesis of the
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Shh-responsive Genes
SMA

FIGURE 3. Tiam1 expression in the developing prostate. Immunofluores-
cence staining of Tiam1 and smooth muscle actin (SMA) were performed on
sections of P10 and adult prostate. Expression of Tiam1 (green) co-localized
with smooth muscle actin (red) expression. Scale bar = 100 um.

Tiam1

P10

Adult

Glil Ptcl
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0.04+

0.02+4

GFP Glil Gli2 Smo GFP Glil Gli2 Smo

Dner Fbn2
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0.0244
0.0184
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Expression Relative to GAPDH
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0.003
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Expression Relative to GAPDH
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FIGURE 4. Target gene expression in UGSM-2 cells transfected with Hh
pathway components. UGSM-2 cells were transfected with Gli1, activated
Gli2, activated Smo, or green fluorescent protein alone. Expression of the
selected 18 genes was analyzed by real time PCR on the extracted RNA from
transfected cells (¥, p < 0.05, n = 3). GFP, green fluorescent protein; GAPDH,
glyceraldehyde-3-phosphate dehydrogeanse.
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IGFBP-3 Fbn2 RGS4
cACCcCCCA GACCACCaA cACCACCaA
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Competitor + + %
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opron
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-

FIGURE 5. Identification of Gli1-binding motifs in the 5’ region of the Shh
target genes. Electrophoretic mobility shift assays demonstrated two shifted
bands (arrows) in Igfbp-3, Fbn2, and Rgs-4 genes. Specific shifted bands were
abrogated by non-radiolabeled oligonucleotide specific to each gene. Con-
trol protein or a mutant oligonucleotide DNA did not affect the mobility shift,
indicating the specificity of the Gli binding interaction.

developing prostate (9). The time point selected for analysis of
the transcriptional response to Hh ligand was based on our
previously published studies characterizing the kinetics of
induction of Ptcl, Glil, and Hip in Shh-treated cells and on
preliminary studies examining the expression of known target
genes such as Igfbp-6 (25). These studies suggested that 24 h
after Shh stimulation was the earliest time point that we could
expect a robust transcriptional response of novel Hh target
genes, a time point that might include both primary and sec-
ondary response genes.

To the extent that the UGS mesenchyme is a heterogeneous
tissue layer, we expected that the transcriptional response of
the UGSM-2 cells might not accurately represent the response
of the intact UGS mesenchyme. We were surprised to find that
16 of 18 genes identified in the microarray as putative Hh target
genes exhibited Hh-regulated expression in either primary
UGS mesenchyme cells, the intact UGS or both. Even more
remarkable, all five genes (Timp3, Plxna2, Dner, Igfbp-3, and
Cxcl14) selected for analysis of expression in vivo exhibited
mesenchyme-specific expression adjacent to sites of robust Shh
expression reminiscent of the distribution of Glil and Ptc
expression in the newborn prostate (3, 29). One explanation is
that UGSM-2 cells faithfully represent the dominant Hh-re-
sponsive cell type in the E16 UGS mesenchyme. However,
another possibility is that the target genes identified in the array
are generic Hh target genes and not specific to the mesenchyme
of the developing prostate. Several previous studies used
microarrays to investigate the target genes of Shh signaling:
Ingram et al. (32) identified 11 induced genes and 4 repressed
genes in Shh-treated C3H/10T1/2 cells; Yoon et al. (21) identi-
fied Glil-regulated genes in RK3E cells; Oliver et al. (33) iden-
tified 134 genes regulated by Shh in granule cell precursors; and
Hochman et al. (34) treated C166 endothelial cells with Shh and
identified 54 genes exhibiting at least 1.5-fold induction.
Indeed, several genes shown to be targets of Hh regulation here
were previously identified as Hh target genes in other cells or
tissues. These include Camk1d, Foxd1, Igfbp-3, Igfbp-6, Trib2,
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dehydrogenase.

Mrl, and Rgs4 (34). However, our studies identified several
genes that had not been previously identified as Hh targets.

To identify genes for which regulation by Hh signaling is
prostate selective, we examined expression of the validated
genes in MEFs and NIH3T3 cells. Three genes (Dner, Tnmd,
and Timp3) that exhibited a diminished response to Shh treat-
ment in both cell lines may be considered as potentially pros-
tate-selective Hh target genes, but this remains to be estab-
lished by further studies.

Dner, Tnmd, and Timp3 have been studied in other contexts
and have all been shown to have roles in growth regulation.
Tnmd is a regulator of tenocyte proliferation (35); Timp3 has
been shown to regulate cell proliferation, inflammation, and
innate immunity; both Tnmd and Timp3 function as angiogen-
esis inhibitors (35-38). Dner has been previously characterized
as a neuron-specific Notch ligand and is essential for precise
cerebellar development by stimulating morphological differen-
tiation of Bergmann glia (39). Our study provides the first evi-
dence for its expression in the developing prostate.

Among the other putative target genes newly identified on
the array but not necessarily prostate selective are genes
related to Notch and Wnt signaling. Hes1 and Efnb2 are both
known targets of Notch signaling, with the expression of
Hesl also having been shown to be dependent on Shh in
tissues such as retina and cerebellum (40, 41). Another gene,
Kremenl, is a Dickkopf receptor that negatively regulates
the Wnt signaling pathway (42). These findings suggest pre-
viously unrecognized cross-talk or points of conversion
between Hh signaling and the Wnt and Notch signaling
pathways during prostate development. Another notable
feature in the genes identified here are three involved in
regulating angiogenesis, including Efnb2, Rgs4, and Angio-
poietin-4 (Agpt4) (43—45).
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FIGURE 6. Regulation of target gene expression by forskolin treatment. UGSM-2 cells were treated with
Shh in the presence or absence of forskolin. RNA were extracted after 24 h, followed by performing real time
PCR to analyze selected gene expression (¥, p < 0.05, n = 3). GAPDH, glyceraldehyde-3-phosphate
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Pecl Hh regulation of early target gene

transcription is thought to be medi-
ated by the activities of the three
members of the Gli family whose
combined activities are regulated by
Smo and perhaps other members of
the mammalian Hh signal transduc-
tion machinery by a combination
of phosphorylation events, protein
processing, and nuclear transloca-
tion. In previously published stud-
ies, we examined the transcriptional
P=0.41 regulation of the canonical Hh tar-
get genes Glil, Ptcl, and Hip in wild
type, single Gli allele mutant, and
double Gli allele mutant MEFs (25).
Those studies demonstrated similar
patterns of Hh ligand-induced tran-
scription of Glil and Ptcl in the dif-
ferent mutant cells, arguing for a
common mechanism of regulation.
But it is clear that other target genes
are differentially regulated. How is
this achieved? Presumably, a major
mechanism of regulation is depend-
ence on specific, albeit as yet unidentified transcriptional co-
factors working in combination to influence the transcriptional
machinery and produce a unique pattern of target gene activa-
tion. However, other mechanisms for differential gene regula-
tion exist. In Drosophila, selective gene activation results from a
differential responsiveness of target genes to a concentration
gradient of Hh ligand. Our studies identify Tiam1 (T lymphoma
invasion and metastasis 1), a guanine nucleotide exchange fac-
tor, as a gene whose Hh-regulated expression may be gradient
dependent and it is notable that Tiam1 expression is found in a
restricted zone of stroma around the ducts of the developing
prostate. Expression of Hh target genes in the periductal stroma
is not unexpected because Shh is expressed by the epithelium of
the developing ducts, but co-localization with the band of
smooth muscle actin expression around the ducts suggests the
intriguing possibility that a restricted band of Tiam1 expression
induced by the gradient of secreted Shh ligand plays a role in
radial patterning of the duct and determining the location of
smooth muscle induction.

Differential target gene regulation in mammals can also
occur from varying affinities of the three different Gli factors for
Gli binding sites in different promoter regions. Indeed, recent
studies have shown a differential regulation of Ptc1 and Bcl2 in
human epidermal cells that is attributed to relative affinities of
Glil and Gli2 for the Gli binding sites in the promoters of the
two genes (46, 47). Here we tested whether Glil, Ptcl, and the
non-canonical Hh target genes identified in our array are sim-
ilarly responsive to retroviral transfection of UGSM-2 cells with
activated Smo, Glil, or activated Gli2. The data show that this is
clearly not the case and, furthermore, reveal three distinctive
response patterns among the genes tested. 1) Genes that are
induced (or repressed) by all three constructs. Genes in this
category include Glil and Ptcl as well as Igtbp-6, Igfbp-3,

P=0.47
—=A
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Shh-responsive Genes

Ntrk3, Agpt4, Artn, Timp3, Tiaml, Plxna2, Fgf5, Dmpl,
Mmp13, Rgs4, and Sufu. 2) Genes that are induced by Smo but
not by either Glil or Gli2. These genes include Dner, Fbn2,
Brak, and Hsd11b1. 3) Genes such as Tnmd that are induced by
Glil and Gli2 transfection but not by Smo.

There are likely a variety of reasons for the different pat-
terns of response, but the data presented here provide a
starting place for functional studies to examine this issue.
Indeed, we explored the role of Gli3-mediated regulation in
expression of two genes, Fbn2 and Hsd11b1, which exhibited
Smo-induced expression but were not activated by either Glil
or activated Gli2. The PKA activator forskolin enhances the
proteolysis of Gli3 to generate a repressor form. As would be
expected for a gene regulated by Gli3, Fbn2 induction by Shh
was blocked by forskolin treatment. The induction of Hsd11b1
by Shh was also blocked by forskolin, whereas constitutive
expression was increased, suggesting multiple roles for PKA in
the regulation of Hsd11b1.

In previously published studies Igfbp-6 and Foxd1 have been
shown to have conserved Glil binding motifs that were con-
firmed by gel shift binding assays (21). To determine whether
any of our identified target genes might be regulated directly by
Gli proteins, we examined the promoter regions of those genes.
Putative Gli binding motifs were found in 10 of them. Func-
tional Gli binding sites were found in 3 of them after performing
gel shift assay.

Identification of mesenchymal target genes of Hh signaling
in the developing prostate was undertaken to advance our stud-
ies of how Hh signaling regulates prostate budding and ductal
morphogenesis. In addition to identifying specific Hh target
genes, these studies provide the first evidence to our knowledge
for cross-talk and/or convergence between Hh signaling and
the Wnt and Notch pathways in the fetal prostate and offer
novel opportunities to begin elucidating the importance of
these connections in regulating growth. These findings are par-
ticularly relevant to ongoing studies of Hh signaling in prostate
cancer. We have previously shown that paracrine Hh signaling
occurs in human prostate cancer and can promote tumor
growth in a xenograft model (8). In more recent studies, we
have shown that expression of multiple target genes identified
here correlate significantly with Hh signaling in specimens of
human prostate cancer, but not benign prostate tissue, suggest-
ing a re-activation of fetal signaling mechanisms in cancer.” It is
hoped that identification of these Hh target genes and the con-
nections of Hh signaling with the Wnt and Notch pathways,
both implicated in prostate cancer, will advance the effort to
devise new targeted therapies for advanced disease not amena-
ble to ablative therapy.
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Supporting data:

(Fig. 1)

Hsd11b1

UGS tissues from el16 and P1 stage were treated with AZ75 (Hh inhibitor)
for 7 days in organ culture. (Left) Quantitive results showed a decreased
ductal tips in e16 UGS tissues but an increased dutal tips in P1 UGS tis-
sues.( Top) Real-time PCR results showing that though the conserved
downstream genes Glil and Ptcl were all inhibited in both e16 and P1
UGS tissues by AZ7S treament, a differential regulation pattern were
found in other downstream genes( Hes1, FgfS, Hsd11b1 and Agpt4).
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(Fig.2)

Organ culture 2 days

Organ culture 4 days

Shh,cre;Smo f/t hh,cre;Smo f/f

(Top) X-gal staining on UGS tissues from Ptcl.Lacz and Glil.Lacz mice showed positive
staining in epithelium, indicating the existence of autocrine Hh signaling. (Bottom left)
Typical phenotype of null autocrine signaling mutant mice (P1); ventral prostate was
missing in the mutant mice.(Bottom right) The UGS from mutant mice showed im-
paired growth ability in organ culture system (without Testosterone).
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Ductal tips
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Microdissection of
ventral
prostate(VP) and
dorsal prostate
(DP) from trans-
genic mice at P21
stage showed de-
creased ductal tips.



(Fig 4)

HE stains on the grafted UGS tissues from control and Smo conditional null
mutant mice. (A and A’): 8 weeks graft UGS tissues ; (B and B’) 8 weeks graft
followed by 2 weeks castration; (C and C’) 8 weeks graft with 2 weeks
castration and 2 weeks Testosterone resupply.
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Conclusions:

Emerging evidences have suggested an important role of Hh signaling in promoting
human prostate cancer growth. However, lack of proper in vivo animal model and in
vitro cell lines hampered its research progress. My interesting in study Hh signaling
pathway in normal prostate development is originated from the connection between
embryogenesis and oncogenesis; most signaling pathway that is crucial for
developmental process is mostly the one that frequently activated in the cancer process.
Noting the decade’s discrepancies in the field, I initiated this work to re-visit the role of
Hh signaling in the developing prostate. Major findings of this research are: 1) Paracrine
Hh signaling bidirectionally tunes prostate ductal growth 2) Autocrine Hh signaling has
been neglected in the whole story. (3) Some non-canonical target genes are temporally
regulated. In the following part, I listed the conclusions by answering each research
question. Limitations of research are also discussed in each section.

What are Hh responsive genes in developing prostate?

This would be the first question to answer when starting to investigate paracrine Hh
signaling in prostate tissue. By microarray analysis, we acquired lists of Hh responsive
genes in UGSM-2 cells, and selected genes were further proved in cultured E16 UGS
tissues and primary E16 UGM cells by RT-PCR gene analysis. The identification of Hh
downstream genes in fetal mesenchymal cells provided a platform to perform functional
study of each responsive gene, and further for understanding how Hh signaling exert its
specific role by up or down-regulation those genes. However, it need to keep in mind that
the responsive genes in colonial UGSM-2 cells may not well represent those in intact
heterogeneous UGM. Notably, just because those genes are identified in mesenchymal
cells doesn’t mean they don’t express in the epithelium. Finally, realizing the
composition of mesenchymal cells changes along development, it is possible that the
target genes or the responsiveness of each target gene or both may varied during the
development time course.

What is the role of paracrine Hh signaling on prostate ductal growth? Is it stimulatory?
Is it inhibitory?

We demonstrated that Hh signaling exerts a stage-specific effect on prostatic duct
growth. Utilizing in vitro explants culture and in vivo gain of function animal models, we
observed consistent results, which showed promotion effect of Hh signaling on prostatic
dutal growth prenatally, and inhibition effect on prostatic ductal growth postanatally.

A possible interpretation for this stage-specific effect could be that during embryonic
development stage, Hh signaling acts as a mitogen to expand epithelial population and
stimulate budding and branching morphogenesis; while in later postnatal development
stage, its role switches to promote ductal differentiation; as its function in promote
epithelial differentiation was suggested earlier. This temporal controlled tissue response
is by no means unique to prostate tissue. It was suggested in pancreas, Hh signaling
functions early in control morphogenesis by regulation of epithelial and beta-cell
proliferation and modulate insulin secretion in adult mice. However, without temporal
controlled cre mice, we are not able to decide what specific timing is the turning point,
which will be of crucial important both for development process and prostate cancer
process.

What is the mechanism?



Our studies have provided a list of target genes that showed discordant response to Hh
signaling in prenatal and postnatal stage UGS tissues. Since transcriptional genes are
thought to be responsible for the function of cell signaling, it is possible that the stage-
specific effect is mediated by differentially regulated those genes. The genes (Igfbp3,
Agpt4, Fgf5 and Fbn2) we identified are involved in control cell proliferation,
extracellular matrix remodeling and angiogenesis process. Their association with reactive
stroma in prostate cancer is also being suggested. Future functional studies of each gene
need to be done to correlate it with the net stage-specific epithelial response to Hh
signaling, which will be of equal interest to their function in cancer process.

Our gene analysis studies on primary culture mesenchymal cells suggested that the
mesenchymal character is responsible but not sufficient for the discordant response of
those genes. While failure of recapitulate the discordant gene regulation pattern in our
tissue recombination experiment study suggested that the tissue recombination model is
not suitable for our purpose.

Is it all paracrine?

Our localization studies using Glil-lacZ and Ptcl-lacZ mice clearly evidenced the
positive epithelial Hh signaling, suggested the possibility of autocrine Hh signaling.
Functional studies implicated a role in control adult progenitor cell population and a
possible role in control the androgen-sensitivity of epithelium. In mice with ablation of
epithelial Hh signaling, a severe epithelial involution response was observed. The
degenerate prostatic ducts cannot recover to its normal morphology with androgen
supplementation. To strengthen our conclusions, specifically labeling those progenitor
cells and directly comparison of their population will be of great helpful.

So what?

We picture the role of Hh signaling in prostate development as a story of both paracrine
and autocrine mechanism; with paracrine Hh signaling, it promotes prostatic ductal
growth prenatally and inhibits postnatally; with autocrine Hh signaling, it controls the
adult progenitor cell population which is important for tissue regeneration.

In prostate development field, results from this work resolved the long-term discrepancies
on the role of Hh signaling in prostate development, by concreting a novel understanding
of this concept, and thus advanced the field to another stage.

In the prostate cancer field, the stage-specific results of Hh signaling in prostate
development may suggest that the embryonic role of Hh signaling is reactivated, and the
potential mechanism underlying this shift may also offer promising molecular targeting
for prostate cancer treatment. Our autocrine Hh signaling theory in development posed a
possible role of autocrine Hh signaling in prostate cancer which may be involved in
control the cancer stem cell population.
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