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Prostate adenocarcinoma (CaP) patients are classified into low-, intermediate-, and high-risk groups that
reflect relative survival categories. While there are accepted treatment regimens for low- and high-risk patients,
intermediate-risk patients pose a clinical dilemma, as treatment outcomes are highly variable for these indi-
viduals. A better understanding of the factors that regulate the progression of CaP is required to delineate risk.
For example, aberrant activation of the Hedgehog (Hh) pathway is implicated in CaP progression. Here, we
identify the serine protease inhibitor protease nexin 1 (PN1) as a negative regulator of Hh signaling in pros-
tate. Using human CaP cell lines and a mouse xenograft model of CaP, we demonstrate that PN1 regulates Hh
signaling by decreasing protein levels of the Hh ligand Sonic (SHH) and its downstream effectors. Further-
more, we show that SHH expression enhanced tumor growth while overexpression of PN1 inhibited tumor
growth and angiogenesis in mice. Finally, using comparative genome hybridization, we found that genetic
alterations in Hh pathway genes correlated with worse clinical outcomes in intermediate-risk CaP patients,

indicating the importance of this pathway in CaP.

Introduction
Prostate adenocarcinoma (CaP) is the second leading cause of male
cancer death in the Western world (1). Various risk groups (low, inter-
mediate, high, and metastatic) that reflect relative survival are cat-
egorized using histologic grade (Gleason score), clinical tumor nodal
metastasis (TNM) stage (local extent and/or nodal/distant metas-
tases), and the level of serum prostatic-specific antigen (PSA) (2).
Low-risk CaP is usually indolent, and the majority of these patients
are candidates for active surveillance protocols without therapy (3).
High-risk CaP, although localized, has a higher probability of occult
metastases and is therefore treated locally and systemically to improve
chances for cure (2, 4). Patients with intermediate-risk CaPs pose a
clinical dilemma, as their natural history, genetics, and treatment out-
comes are highly variable (5, 6). Taken together, these features of CaP
drive the need for greater understanding of the factors regulating its
growth and progression and for better delineation of risk.

Activation of various factors during epithelial-mesenchymal tran-
sition (EMT), including EGFR, Hedgehog (Hh), Wnt/B-catenin,
and Notch, may correlate with CaP progression, aggression, and
treatment resistance (7). In particular, the Hh pathway is essential
for the proliferation of numerous cell types and aids in the precise
developmental patterning of many vertebrate systems, including
the prostate (8). However, misregulation of the pathway has been
implicated in the growth and metastasis of numerous tumorigenic
cell types, including CaP (9-12). As a result, the mechanisms that
control Hh signaling have been under intense scrutiny since its
discovery in the early 1990s.

Hh pathway signaling is triggered by the binding of 1 of 3 ligands
(Sonic [SHH], Indian [IHH], or Desert Hedgehog [DHH]) to the
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transmembrane protein PTCH1 (13). Interaction of the ligands
with PTCHI1 relieves downstream inhibition of Smoothened
(SMO). triggering a cascade by which transcription factors GLI1
or GLI2 translocate to the nucleus. The transcriptional targets of
GLI1 include proliferation factor cyclin D1, prosurvival protein
BCL-2, prometastasis factor SNAIL, PTCH1, and its own transcrip-
tion (14-16). Blockade of Hh and its downstream targets would
thus be a logical therapeutic target in cancer cells. In murine mod-
els, the SMO blocker cyclopamine has been used to combat pros-
tate cancer cell growth (9, 17). Additionally, compounds that block
SMO have been shown to possess efficacy in treatment of basal cell
carcinomas and Gorlin syndrome (18-20). In phase I and II trials,
however, Hh inhibitors have failed to live up to their promise for
use in other solid tumors (21). Thus, further research is essential to
exploring the action of Hh pathway inhibitors in cancer.

Our research examines a potential inhibitory relationship
between the serine protease inhibitor protease nexin 1 (PN1) and
the Hh pathway. PN1, also known as SerpinE2 or glial-derived
nexin, is an ECM protein known to tightly bind and counter the
activity of thrombin, urokinase plasminogen activator (UPA),
TPA, and trypsin (22, 23). PN1 is expressed by various cell types,
including endothelial cells, platelets, and fibroblasts, and is highly
expressed in some tissues, including brain and prostate (24, 25).
Much of the knowledge of the protein’s functional activity is
based on its ability to inhibit the above-listed proteases, especially
thrombin, a critical component of coagulation (26). In the brain,
PN1 assists in control of astrocyte proliferation and neurite out-
growth (27). However, its range of known functions has expanded
to include a potential regulatory role in cancer (28-30). Its loca-
tion in the ECM, ready binding to collagen IV, and inherent anti-
protease ability place the protein in a position to affect both tumor
growth and metastatic potential.
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An association exists between PN1 and MMPY, the latter of
which functions in the cleavage and clearance of ECM basement
membrane to facilitate migration and extravasation of cancer
cells (31). PN1 is an MMP9 substrate (32). The balance of the 2
proteins is important in determining the activity of UPA, whose
overexpression is strongly correlated with tumor aggressiveness
and poor outcome in both breast and prostate cancer (33). Recent
evidence points to a decrease in UPA-dependent prostate cancer
cell invasion if PN1 is overexpressed or if PN1 levels increase due
to downregulation of MMP9 (34). Hh signaling was shown to be
inversely related to PN1 expression during cerebellar development
(35), leading to reduced cerebellar granular neuron precursor
proliferation and reduction in cyclin D1 and GLI1. These results
raised the possibility that PN1 activity might act as a regulatory
brake to Hh signaling in other settings.

Given the results of our previous studies with PN1 and cellu-
lar migration, we wanted to determine whether its regulation of
Hh was a factor in the progression of CaP. In this study, we dem-
onstrated the ability of PN1 to reduce levels of Hh ligands, their
downstream effectors, and proliferation in prostate and other
cancer cell lines. Additionally, evidence for downregulation of Hh
signaling by PN1 also extended to normal murine tissues, prostate
tumors, and human prostate cancer specimens.

Results

PN1 expression inhibits Hb signaling in prostate cancer cell lines. PN1 is
expressed in a panel of human metastatic prostate and pancreatic cell
lines and can be transiently overexpressed (Supplemental Figure 1,
A and B; supplemental material available online with this article;
doi:10.1172/JC159348DS1). Higher levels of PN1 protein induced
by transfection of an expression vector in the PC3 human prostate
carcinoma cell line led to repression of RNA transcripts for the
Hh downstream targets GLI1, PTCH1, and CYCLIN D1 (Figure 1).
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GLI1 Figure 1
PN1 reduces Hh signaling in met-
astatic prostate cancer cells. RNA
expression of (A) PN1, (B) GLI1,
(C) CYCLIN D, and (D) PTCH1
after transfection of a PN1 expres-
sion plasmid or empty vector
. (2 uM) and treatment with cyclo-
* * pamine (10 uM) in PC3 cells. One-
way ANOVA (n =4).*P < 0.05.
PN1  PN1+CY CY
Treatments
PTCH1
*
* *
PN1  PN1+CY CY
Treatments

Cyclopamine is a plant alkaloid that irreversibly binds SMO down-
stream of PTCH1, inhibiting Hh signaling, and was used as a con-
trol for inhibition (36, 37). Cyclopamine reduced GLII, PTCHI,
and CYCLIN D1 to levels similar to those resulting from high levels
of PN1. Comparable reduction of GLII was obtained after PN1
expression (Supplemental Figure 1C) or treatment with cyclopa-
mine in the panel of human metastatic prostate and pancreas cell
lines (Supplemental Figure 1D). Androgen sensitivity may play a
role, as GLII levels in androgen-unresponsive lines such as PC3
and PC3ML were significantly more reduced by PN1 than in the
LNCaP cell line. However, in general, expression of PN1 inhibited
Hh signaling in all lines tested.

Inhibition of Hh signaling has been linked to decreased prolifera-
tion in some prostate cancer cell lines (9, 17). Overexpression of PN1
in PC3 (Figure 2 and Supplemental Figure 2) and the mouse prostate
carcinoma line TrampC2 (Supplemental Figure 2, D and E) dimin-
ished proliferation in tissue culture, although to a greater extent in
PC3 cells. PC3 cells (Figure 2B) also showed greater levels of apop-
tosis (Figure 2, C and D), and the combination of cyclopamine with
PN1 overexpression amplified this effect.

PN1 reduces SHH expression. The Hh pathway is driven by the interac-
tionof1of 3 ligands, SHH, IHH, or DHH, with PTCH1 (13). We asked
whether these ligands were affected by PN1 expression (Figure 3A).
Protein levels of DHH were not reliably detected, whereas IHH
and SHH were both present in PC3 cells. However, SHH protein
levels were repressed by PN1 expression and by cyclopamine.
Densitometry of immunoblots confirmed these changes in SHH
protein expression (Figure 3B), and a similar pattern was observed
at the transcript level (Figure 3C). To determine whether this effect
was general or particular to PC3, the cell line panel in Supplemental
Figure 1 was again utilized. SHH RNA transcript levels were reduced
in the majority of the lines tested (Supplemental Figure 3A),
suggesting that PN1 reduces SHH expression in cancer cells.
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Figure 2

PN1 reduces proliferation and increases apoptosis in metastatic prostate cancer cells. PC3 cells were transfected with a PN1 expression plasmid
or empty vector (2 uM) and treated with cyclopamine (10 uM) as indicated. PN1 expression affects (A) cell numbers (Student’s t test, n = 3), (B)
proliferation (alamarBlue assay, 1-way ANOVA, n = 3), (C) apoptosis (annexin-Pl assay, 1-way ANOVA, n = 3), and (D) cleavage of caspase-3

(19-kDa active band) and PARP (89-kDa active band). *P < 0.05.

PNI1 requires RCL activity and the LRP receptor to modulate Hh down-
stream targets. Our next step was to determine which functional
regions of PN1 were essential for Hh suppression. Direct interac-
tion between PN1 and SHH did not appear to account for this
effect, as interaction between the 2 proteins has not been reported
and we did not find any evidence of physical interface between
SHH and PN1 in mass spectroscopy analysis using a PN1-binding
assay (our unpublished observations).

The activity of PN1 is controlled by 3 principle regions of inter-
est: heparin interaction, the reactive center loop (RCL), and the
LDL receptor-related protein binding site (LRP) (38, 39). The RCL,
located in the C terminus of PN1, is required for the inhibitory
activity of PN1 and is homologous to the RCL of other serpins
(40). The RCL is cleaved by its bound serine protease target. Conse-
quently, PN1 undergoes a conformational change to a more ener-
getically stable state that forms a covalent bond with the protease,
resulting in its inhibition (40).

We had previously engineered point mutations (Supplemental
Figure 3B) into the RCL of PN1 (arginine or serine replacing pro-
line) that decreased its ability to inhibit UPA by approximately
50% (34). PN1 with these RCL mutations was less effective than
WT in the inhibition of SHH and GLI1 expression (Figure 3, D
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and E). These data point to a requirement of protease inhibitory
activity for PN1 to reduce SHH levels.

PN1 is internalized more efficiently as part of an inhibitory
complex with a target protease than as a free protein (41). The
LRP-binding region interacts with the cellular receptor LRP-1 to
mediate the internalization of PN1, and heparin increases PN1-
substrate complex binding and the catabolism of the complex
within the cell (42). A mutant form of PN1 in the LRP-binding
site (amino acid 48 histine into alanine) was less effective in reduc-
ing SHH and GLI1 levels (Figure 3, D and E) than PN1 itself. The
PN1-LRP mutant at amino acid 49 (histine into aspartic acid)
was less statistically robust but also prevented decreases in SHH.
Changes in RNA levels were mirrored by protein levels and support
the hypothesis that PN1 must be internalized through the LRP to
inhibit SHH expression.

To further substantiate this conclusion, we inhibited LRP
with blocking antibodies in PC3 cells, resulting in significantly
elevated PN1 levels (Supplemental Figure 3C), consistent with
its clearance through the receptor. In addition to the LRP, the
UPA receptor UPAR has been proposed as a possible receptor for
PN1 complexes, perhaps acting synergistically with the LRP (43).
To assess this possibility, cells were treated with a UPAR-block-
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November 2012 4027



research article

B SHH C SHH
Mock PN1 "N gy 150 150
N +CY
. - - sHH > °
- ©100 2 §100-
- S5 s 8 .
o= * =
a2 5 < S 50 *
DHH g g0 *
0 0-
Mock  PN1 PNt cY Mock  PN1 PN1 cY
+CY +CY
Treatments Treatments
D SHH E GLI
150- 150~
c c
il i) *
? A
o D 100+
o o
x x
(0] (0]
[0 ()
= =
& kS
(0] [0}
o o

Treatments

PN1
Mock M48 M49 M365 M366
wWT
- e > —

Figure 3

Treatments

PN1
Mock M48 M49 M365 M366
- WT
LU
- -

PN1-dependent reduction of Hh signaling requires RCL activity and the LRP receptor. (A) Treatments as in Figure 2. Hh ligand, SHH, IHH, and
DHH expression. Corresponding densitometry (B) confirms changes in SHH protein levels, and RT-PCR (C) shows SHH transcripts. One-way
ANOVA (n = 3). RT-PCR and immunoblotting show effect on (D) SHH and (E) Gli of transfection with PN1 bearing the indicated mutations in LRP

or RCL. One-way ANOVA (n = 3). *P < 0.05.

ing antibody. PN1 elevations were detected in PC3 conditioned
medium after application of this antibody, suggesting that UPAR
may also be involved in PN1 cellular translocation. Anti-UPAR
antibody resulted in modestly increased SHH (Supplemental Fig-
ure 3C). In both cases, 50 nM concentrations of the antibodies
were more effective than 20 nM. VEGF (Supplemental Figure 3C)
was used as a loading control, as it is expressed by PC3 cells and
its levels did not change in response to PN1 in proteomic experi-
ments (32). Thus, both the LRP and the UPAR receptors may be
involved in PN1 uptake.

MMP9 levels control PN1 expression and indirectly regulate SHH levels.
Since PN1 is a proteolytic target of MMP9 (32), we asked whether
the Hh pathway is affected by MMP9-mediated PN1 degradation.
PN1 levels were increased in a PC3-derived cell line (KD-31) when
MMP9 expression was decreased (Figure 4A). SHH levels decreased
as well, consistent with the suggestion that MMP9 regulates SHH
through degradation of PN 1. We then examined SHH protein lev-
els in tissues of WT and mmp9~/~ mice. SHH was reduced in the
organs in which MMP9 deficiency induced intermediate to high
levels of PN1 expression: the prostate and the brain (Figure 4B).
The intensity and extent of PN1 immunofluorescent staining was
increased in mmp9~7/~ animals in both the prostate and pancreas
(Figure 4, C and D). PN1 staining was clearly confined to the stro-
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ma between prostate glands or within the pancreatic stroma in
the periductal region. Consistent with our in vitro findings, Hh
downstream proteins GLI1 and PTCH1 were reduced in tissues
coincident with the increase of PN1. PTCH1 was expressed on the
cell surface, as expected. Interestingly, both PTCH1 and GLI1 were
detected on both the luminal and basement membrane sides of the
prostate gland. The lumen has been identified as a site for SHH,
PTCH]1, and GLI1 in tumors (9, 17).

Finally, there was evidence in the brain of a link between MMP9
and downregulation of PN1. Cerebella in PN1-knockout mice
are larger than those in WT mice due to increased Hh signaling
(35). mmp9~~ mice have decreased cerebellar size compared with
WT based on MRI measurements (Supplemental Figure 4 and
Supplemental Table 1). Thus, a link can be made between MMP9
reduction (decreases or total ablation) and reduced Hh signaling
in PN1-containing tissues.

PNT1 inhibits tumor growth and influences angiogenesis in vivo. Because
subcutaneous tissues do not appear to contain endogenous PN1,
we asked whether PN1 added to Matrigel would affect tumor
growth and Hh signaling. SCID mice were injected with cells
subcutaneously in Matrigel or with the addition of exogenous
recombinant PN1 (10 uM) mixed into the Matrigel. The PN1 led
to decreased tumor growth (Figure SA).
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Immunoblotting showed that SHH and GLI1 were reduced in
tumors grown in the presence of PN1 (Figure 5B), supporting the
in vitro data (Figure 1 and Supplemental Figures 1 and 2). We then
treated mice with subcutaneous PC3 xenografts with Hh inhibitor,
GDC-0449 (Figure 5, C and F). Preclinical studies with this drug
have shown efficacy in treating subcutaneous tumors (44). This
treatment resulted in decreased growth equivalent to the decrease at
0-6 days of the cells embedded in Matrigel with PN 1. However, after
8 days, the tumors exposed to PN1 grew more rapidly. Whether this
was due to decreased exposure to PN1 or a difference in biological
behavior compared with the mice treated with GDC-0449 would be
difficult to ascertain. Finally, mice with tumors implanted with PN1
were also treated with GDC-0449 (Figure 5, C and G). Meaningfully,
this combined treatment resulted in tumor regression.

Untreated tumors had a higher vascular density than those treat-
ed with PN1 or GDC-0449 or the combination of the two based
on immunostaining for CD31 and CD146 (Figure SH). Tumors
grown in the presence of recombinant PN1 had fewer blood ves-
sels, although with larger diameters compared with controls
(Figure 5, I-L). The combination of GDC-0449 and PN1 treat-
ments resulted in even greater vessel size. Thus, pharmaceutical
inhibition of Hh signaling led to approximately the same tumor
growth delay as impregnating the plug with PN1. However, both
treatments together led to tumor regression, suggesting that the
mechanisms of these 2 effects, while overlapping, are probably
not identical. In addition, the morphological effects on blood ves-
sels of either treatment were distinct, further suggesting that the
mechanisms may be distinguishable.

mmp9~/~ mice are less effective as hosts for orthotopic prostate tumors. Since
MMP9 deficiency increased the amount of PN1, we used mmp9~/~
mice to test the effect of increased prostatic PN1 in an orthotopic
model with syngeneic mouse TrampC2 cells (Figure 6 and ref. 45).
Twelve weeks after injection, most WT (C57BL/6) mice had devel-
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immunoblotted for changes in SHH
expression. Immunofluorescence of
prostate tissue (C) and pancreas tis-
sue (D) from WT and mmp9-- mice
of downstream Hh pathway proteins
Gli1 and Ptch1. PN1 staining (green)
and GLI1/PTCH1 (red) as indicated.
Original magnification, x20.

mmp9g-"-

oped intraprostatic tumors (78%), with fewer in mmp9~~ animals
(40%) (Figure 6, A and B). On average, WT animals produced larger
tumors (162 mm?3) than mmp9~~ (109 mm3). MRI images and com-
puter modelling showed that the tumors at the injection site began
in the prostate and invaded outward along the urethra and bladder.
Despite some variability (summarized in Supplemental Table 2), in
the WT mice, significantly larger tumors resulted.

pnl~~ mice are more susceptible to orthotopic tumors. Establishment of
orthotopic tumors was more effective in the pnl~~ mice (4/5 mice,
average 100 mm?3), and the tumors were generally larger than in the
WT (1/5, 53 mm?3) (Figure 6C and Supplemental Table 3). In gen-
eral, tumors invaded from the distal prostate and alongside the ure-
thra similar to the mmp9~~ mice. Tumors developed more rapidly
in pnl~- than in age-matched WT mice (approximately 8 to 9 weeks
versus 12). SHH and GLI1 levels were reduced in tumors grown in
the WT tissue compared with pnl~~ mice (Figure 6D), supporting
the data concerning the effects of PN1 on the Hh pathway.

SHH accelerates orthotopic tumor growth. To further examine the
importance of SHH on tumor growth in this model, a TrampC2
cell line stably expressing SHH was generated (Supplemental Fig-
ure SA). In these cells, induction of PN1 decreased SHH and GLI1
expression, but their overall levels remained high and comparable
to those of the parental cells (Supplemental Figure 5B). Intra-
prostate tumors derived from SHH-overexpressing cells occurred
more frequently and grew significantly faster than those from
parental TrampC2 cells (Figure 6E). PN1 absence in the host led
to increased tumor growth by both cell lines to approximately the
same extent. Of note, mmp9~~ mice supported less growth than the
WT mice by the parental cells. However, SHH-overexpressing cells
formed equivalent tumor volumes in both the WT and the mmp9~~
mice (Supplemental Table 4). These results provide support for
the hypothesis that SHH positively affects tumor growth and that
PN levels contribute to inhibition of this pathway in this model.
Volume 122 Number 11

November 2012 4029



research article

PC3 + GDC-0449

(9]

Tumor volume (mm?)

PC3 + GDC-0449

2001-e- pC3
- PC3 + PN1

1504-+ PC3 + GDC-0449
o PC3 +PN1+

GDC-0449
1004

504

ddkdk

P=0.001

*k

P=0.01

4
Time (d)

ha e

PC3 +
PN1 + GDC-0449

CD146 L
250,
_g?DD-
7}
@501
. 8150
= 2
_UIDD-
[=]
o
m 504
0
] = + o -
= = 2=
g o 8z ag
+ a . +
o o 2O
O [=] e
o [0 a o
+
Treatments
Volume 122 Number 11 ~ November 2012

A B
PC3 matrigel plugs Matrigel
7~ 2500 plugs
£ —e— —PN1 —— pNf
£ 20003 —m— +PN1 -+
GEJ 500 -
1
5 SHH Il
g 1000 GLI1
5] Actin N
£ 500
3
|_
*
0 2 4 6 8 10
Time (d)
D PC3 E PC3 + PN1 F
H Matrigel plugs
PC3 PC3 + PN1
CD31
N ..
D31
150 Ccbs3 J 250, CD31 K 150
*
> _g 2001 >
@100 s D 490
5] B 150 3
° * B °
5 * > 100{ 5
3 50 3 3 50
@ S @
> m 50 =
0 0 o
] = + @ - @ [ = + D - O
g & g3 &3 g & 383 &3
+ a s + o + a + o
2 8 g8 8 8 g8
& o gfo T o 90
+ +
Treatments Treatments
4030 The Journal of Clinical Investigation  http://www.jci.org

o

PC3

oo

G PC3 + PN1 + GDC-0449

CD146

_*

g 2 zg
o3 o3
+ ; :
i LS ro
5] (=] 8 o
o g g6
"t

Treatments



Figure 5

PN1 inhibits tumor growth and influences angiogenesis in vivo. (A)
Subcutaneous tumor volumes from SCID mice implanted with PC3 plus
Matrigel or PC3 plus Matrigel plus PN1 (10 uM) (n = 3). (B) Relative
change in tumor volume (C) from SCID mice with PC3 cells plus Matri-
gel or PC3 cells plus Matrigel plus PN1 (10 uM) recombinant protein
alone (D and E). Mice treated with oral gavage of Hh signaling inhibitor
GDC-0449 (25 mg/kg) alone (F) or in combination with PN1 recombi-
nant protein (G). Immunofluorescence of Matrigel plugs (H), vascular
density (I, K), and blood vessel diameter (J, L) in tumors implanted
with PN1 or implantation with PN1 and treatment with GDC-0449.
Staining with endothelial markers CD31 and CD146. *P < 0.05. Original
magnification, x20.

Expression of PN1 in buman prostate tumor tissue. Adult prostate
expresses PN1 and Hh proteins (Supplemental Figure 6A). In
tumors, PN1 is detectable in the fibrous stroma between the glands
and hyperplasia, but not in the epithelium, while in carcinomas,
little staining was seen within the fibrous bands inside the body
of the tumor (Supplemental Figure 6B). Occasionally, PN1 stain-
ing was seen in the fibrous pseudocapsule surrounding the tumor.
Also, in some cases, PN1 staining appeared within the tumor cells
but rarely compared with normal prostate tissue. Occasionally,
PN1 was detected on blood vessels or the cytoplasm of stromal cells
(IHC; Supplemental Figure 6, C and D). Further staining was com-
pleted using tissue microarrays (TMA) to quantify the frequency of
PN1 in different types of prostate tissues. As expected, normal pros-
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tate tissue expressed PN1 primarily in the stromal compartments
(Figure 7A). In general, staining was reduced in tumors of increas-
ing Gleason score, with moderate PN1 in Gleason 2-5 tumors but
much less in Gleason 6-7 or Gleason 8-10 tumors (Figure 7B).

Genetic alterations in Hh pathway genes are associated with poor prognosis
in patients with nonindolent prostate cancer. Progression of localized to
metastatic CaP is associated with genetic copy number alterations
(CNA:s) (e.g., allelic losses and gains) and mutations (5). To deter-
mine whether genetic alterations of the Hh pathway are associated
with poor patient outcome, we used array comparative genomic
hybridization (aCGH) data from 126 patients with intermediate-risk
CaPs (e.g., Gleason grade 6 to 7, T1 or T2, PSA less than 20 ng/ml)
who had been treated with modern, image-guided radiotherapy
(median dose; 76 Gy) and followed for a median of 6.6 years for
biochemical failure. The details of this cohort and aCGH analyses
validated by FISH have been previously published (5, 46). Using
CGH, CNAs, as defined by allelic gain (amplifications) or loss (dele-
tions), were determined for specific genes of interest, including
9 Hh-related genes (GLI1, GLI2, GLI3, PTCH1, SHH, IHH, DHH,
SMO, CYCLIN D1), 3 downstream EMT genes (SNAII, SNAIZ2,
SNAI3), the transcription factor SMAD?Y, and the effectors deter-
mined here, MMP9 and PN1I (Figure 8 and Supplemental Figure 7,
Aand B). Particularly striking were the allelic gains observed for the
SHH and MMP?9 genes and allelic deletions of GLI2.

Of the 126 patients, 62 were genotypically normal in regard to
the Hh genes profiled, whereas 64 harbored at least 1 CNA in an
Hh-related gene; the latter group of tumors had increased levels of
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Expression of PN1 in human prostate cancer. (A) Immunohistochemistry
for PN1. PN1 is reduced in the stroma of Gleason scores 2-5, 6-7, and
8-10 prostate tumor compared with normal tissue. Red stain repre-
sents PN1, and green represents nuclei. Original magnification, x20.
(B) Quantitation of PN1 stain in normal prostatic tissue versus Gleason
tumors. One-way ANOVA (n = 10).

genome alteration across the array (Figure 8, A and B). Patients with
2 or more CNAs in the tested gene panel had a significantly shorter
time to PSA relapse on both univariate (hazard ratio [HR] = 3.27;
P =0.00048) and multivariate (HR = 3.06; P = 0.0067) analyses
(Figure 8C and Supplemental Table 5). Pretreatment PSA was also
prognostic in this treatment cohort. This multivariate analysis is
consistent with Hh gene alterations being an important and novel
prognostic factor for aggressive behavior and treatment failure
independent of a measure of percentage of genetic instability
(PGA) (Supplemental Table S). PGA itself does not predict relapse.
Analysis was also extended to investigate the impact of Hh genetic
changes on PSA in Gleason 6-7 tumors, though stratification of
these patients was inconclusive (Supplemental Figure 7C). Positive
associations were noted between PTEN gene deletion and the pres-
ence of a TMPRSS2:ERG fusion (see strong trends in Supplemen-
tal Tables 6 and 7). One-quarter to one-third of patients whose
tumors harbored 2 or more Hh gene alterations had a PTEN gene
deletion or TMPRSS2:ERG fusion, respectively.

Discussion

In this study, we show that PN1, an endogenous constituent of
ECM in the prostate, is a negative regulator of Hh signaling. Fur-
thermore, enhanced expression of PN1 leads to impaired pros-
tate cancer cell proliferation in culture and the reduced ability
of prostate tumors to undergo neoangiogenesis. Elevated levels
of PN1 led to decreased SHH mRNA and downregulation of Hh
target mRNAs and proteins. These data further implicate the Hh
signaling pathway in prostate cancer progression. Reduced SHH
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is of interest because many clinical and scientific studies have
reported that elevated SHH levels correlate with poor survival in
patients or animals in various tumor types, including prostate
cancer (17, 47-50).

Monard et al. provided insight into the relationship of PN1
and Hh signaling by linking the absence of PN1 with the expan-
sion of cerebellar granular progenitor cell populations in brain
and upregulation of Hh-dependent proteins cyclin D1 and cyclin
D2 (35). Our studies suggest that PN1 blocks growth of prostate
tumor cells through downregulation of SHH itself and its down-
stream effectors. These data give rise to a number of observations,
including the revelation that higher PN1 expression induces apop-
tosis in prostate tumor cells (Figure 2) and can influence the vas-
culature of prostate tumors (Figure 5).

PN1 is susceptible to MMP9 degradation (32). Therefore, we
hypothesized that MMP9 would elevate Hh signaling by counter-
acting the inhibitory effect of PN1. This proved to be the case in
tissues with high levels of PN1, such as prostate, pancreas, and
brain (Figure 4B and refs. 32, 34). Finally, in mmp9~~ mice, PN1
was increased in the ECM of prostate and pancreas contempora-
neous with reductions in Hh signaling targets GLI1 and PTCH1
(Figure 4C). All of the evidence points to PN1 being a degradative
target of MMP9. If MMP9 expression is ablated, then PN1 is able
to inhibit Hh signaling via downregulation of the SHH ligand.

Thus, a balance of PN1 and SHH levels may be an important
factor in regulation of prostatic tumor growth. For example, sub-
cutaneous PC3 growth was impeded by exposure to PN1 or the Hh
pathway inhibitor GDC-0449 (Figure 5). Additionally, in an ortho-
topic tumor model, alterations of PN1 or SHH levels had contrast-
ing effects on intraprostate tumor growth (Figure 6). Syngeneic
murine prostatic carcinoma cells (TrampC2) had a substantially
higher tumor take on the pn17~ background and grew faster than
in WT mice. These effects were augmented when SHH was stably
expressed in TrampC2 cells (Figure 6E). In mmp9~~ mice, which
have increased levels of PN1, the same cells had a lower tumor take
and grew more slowly. However, when SHH is stably overexpressed
in these cells, the reductions in tumor size are blunted (Figure 6E).
These observations are consistent with PN1 in the prostate hav-
ing a substantial inhibitory effect on tumor growth that can be
counteracted by supplementation of SHH. They also point to the
importance of Hh signaling in this prostate carcinoma model.

Processed and secreted SHH can associate with cell membranes and
the ECM (51) and is thought to be mainly synthesized by cancer cells
rather than the stroma. However, its contribution to cancer is cur-
rently the topic of heated debate. One question stems from an uncer-
tainty as to whether SHH signaling is requisitely autocrine (11, 52)
or paracrine (53, 54) in both prostate and pancreatic cancers.
Although not expressly the intent of the research, our data seem to
point to and are compatible with both scenarios. All prostate and
pancreatic cancer cell lines tested produced SHH protein while also
responding to cyclopamine (Supplemental Figure 1D and Supple-
mental Figure 3A). Several reports have found SHH expression to
be restricted to tumor epithelial cells, while the effectors GLI1 and
PTCHI1 are localized to the tumor stromal cells (54). Thus, SHH
can act in a paracrine way to affect cancer cell proliferation through
the stromal compartment. PN1 in the ECM would be in a position
to block Hh signaling in both compartments. Also, while the muta-
tions observed in regions encoding SHH or MMP9 (Figure 8) could
affect Hh signaling in either compartment, a few mutations were
in intracellular components that would only affect the cancer cell.
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Figure 8

Genetic alteration of Hh proteins in human prostate cancer. (A) Proportion of patients with no genetic alteration or 1 or more CNAs in Hh genes.
(B) Genetic analysis of cohort (n = 126) shows that n = 35 patients presented with 2 or more Hh gene CNAs; the latter tumors had increased
percentages of genome alteration (PGA; P < 0.0001). Horizontal bars show median values of the 2 groups of patients. (C) Kaplan-Meier plot and
univariate analysis showing increased biochemical relapse in patients with 2 or more CNAs in Hh gene set (HR = 3.27; P < 0.00048).

There was some evidence of a stromal effect in these experiments,
as increased amounts of PN1 led to changes in angiogenesis. PC3
tumors implanted subcutaneously in Matrigel contained a sys-
tem of small, tortuous vessels that have the typical morphology
of tumor vasculature. However, tumors grown with PN1 exhibited
less vascular density, while the remaining vessels had larger diam-
eters (Figure 5, H-J). These results are in line with previous reports
that the Hh pathway is associated with the formation of new blood
vessels that aid in tumor growth and metastasis (55, 56). One line
of research indicates that Hh blocker IPI-926 significantly increas-
es the efficacy of gemcitabine in treating prostate cancer due to
increased perfusion (57, 58). The research proposes that the ability
of IPI-926 to block Hh results in better vasculature to deliver gem-
citabine to the target tumor. Such data underscore the necessity of
further investigation into means of regulating Hh in vivo.

Due to its variable natural history, determining therapy for
each individual patient with intermediate-risk CaP is challenging.
Although some of this heterogeneity may relate to variability in the
therapy, individual variation in the natural history of the disease is
also evident (46). Thus, this risk category of patients has an urgent
need for markers to select the best local and adjuvant therapies
depending on individual prognosis (46, 59). Our study suggests
that Hh signaling is implicated in CaP. CGH analyses revealed that
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patients with alterations in our panel of Hh-related genes were 3
times as likely to have a biochemical recurrence when compared with
patients whose tumors lacked any changes in these genes. Other series
of genetic changes have been identified in CaP. These include dele-
tions or mutations in the PTEN, NCOA2, ATBF1, p53, RB1, NKX3-1,
E-cadherin, p16'NK#4| p27KIP and SMAD4 genes and amplification of
¢-MYC and the androgen receptor genes (46, 60). CaPs also contain
TMPRSS2:ERG/ETVs gene fusions in approximately 50% of all pros-
tate cancers (61, 62). The fact that not all of the aggressive Hh-abnor-
mal tumors had PTEN deletions suggests that Hh gene alteration is
aunique determinant of tumor aggression.

The Kaplan-Meier curves in Figure 8C suggest that Hh gene-
abnormal patients fail more rapidly after the completion of radio-
therapy. Whether the same is true after surgery will require further
studies. However, the highly prognostic level of CNAs in the Hh
profile may provide a means to further segregate patients with-
in the intermediate-risk group. Furthermore, they suggest that
Hh signaling may be a determinant in biological aggressiveness.
One must point out that despite strong preclinical data show-
ing involvement of the Hh in many tumor types, inhibitors of the
pathway thus far have been of limited scope clinically, with single-
agent, anti-tumor activity only demonstrated for the treatment of
basal cell carcinoma and medulloblastomas (21).
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Summary diagram shows how recombinant PN1 added in Matrigel (a) can influ-
ence Hh proteins in both autocrine and paracrine scenarios. PN1 disrupts reduces
SHH expression, leading to reduction of downstream Hh effectors and tumor growth.
Treatment with Hh inhibitor (b) GDC-0449 blocks another avenue of Hh signaling
leading to inhibition of SMO. The combined effect slows the growth of prostate meta-
static cells, potentially through changes in angiogenesis. The PN1 arm of the path-

way can be inhibited by MMP9 activity.

In summary, our data suggest that signaling in the Hh path-
way augments the development of CaP (Figure 9). Genetic
changes in the cancer cell may influence this pathway. This
study demonstrates that PN1 is a potentially important new
component of the regulation of Hh signaling. The mechanism
of how PN1 may regulate SHH levels is still under investigation,
although Fulda et al. have provided evidence that SHH may be
under the regulatory control of the NF-kB pathway (63). Our
data show that endogenous PN1 in the prostate stroma coun-
ters Hh signaling. The tumor has several means to overcome
this block, including tumor or stromal production of MMP9
that reduces PN1 levels. In cancers with minimal reliance on Hh
signaling, expression of PN1 may not be deleterious to tumor
development. However, our data imply that by reduction of the
contribution of the Hh pathway via PN1 expression, CaP can be
affected directly with growth lag. Additionally, PN1-mediated
inhibition of Hh signaling in the tumor stroma may lead to
reduced angiogenesis. Thus, PN1 levels may be critical in the
blockade of prostate cancer progression.

Methods
Animals. Male WT C57BL/6 and mmp9~~ mice were provided by Ghislain
Opdenakker (University of Leuven, Leuven, Belgium). The pnl~7~ animals
were a gift from M.C. Bouton (Inserm, Université Paris, Paris, France). All
KO animals were compared against littermate controls.

Plasmids and mutagenesis. p)cDNA3-PN1 plasmid was a gift from Peter
Andreasen’s lab (Aarhus University, Aarhus, Denmark). Point mutations
are described in Xu et al. (32).
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Cell culture and treatment. PC3, PC-3ML, TrampC2, LnCAP,
Miapaca-2, and Pancl cells were maintained in DMEM or
RPMI supplemented with 10% fetal bovine serum at 37° C with
5% CO,. For the MMP9 KD cell line derived from PC-3ML,
400 ug/ml G418 selection was used to maintain the KD
(17). PN1 plasmids were transfected into cells using
FuGENE 6 transfection reagent (Roche). Indicated inhibi-
tors were added to serum-free medium: cyclopamine (EMD
Bioscience), UPAR-blocking antibody (R&D Systems),
GDC-0449 (Biovision), and LRP-blocking antibody (Progen).

Flow cytometry. For annexin-propidium iodide (annexin-PI)
labeling, approximately 1.0 x 105 cells were labeled with
either annexin, P, or a combination and evaluated on an
Excalibur 4 color cytometer within 1 hour. Analysis was per-
formed using Flow]Jo.

Immunoblotting and immunohistochemistry. Whole-cell
lysates were extracted through lysing cell pellets as previ-
ously described. Proteins were probed with the indicated
antibodies: anti-PN1, GLI1, DRS (R&D Systems), 3-actin
(Santa Cruz Biotechnology Inc.), SHH, Parp, caspase-3
(Cell Signaling), DHH, and IHH (Abnova). Apoptotic
protein arrays (R&D Systems) were also used. All tissues
harvested for immunohistochemistry were fixed in 4%
paraformaldehyde (<24 hours) and sliced at 10-uM thick-
ness for staining. Alexa Fluor fluorescent-linked secondary
antibodies and Hoechst nuclear stain were used at 1:500
and 1:10,000 dilutions respectively.

RNA isolation and quantitative RT-PCR. Whole-cell RNA was
extracted by TrizoL, and RNA concentration was measured
by Nano-Drop. All RT-PCR reaction mixtures were prepared
using Superscript Platinum III 1-step kits with incorporat-
ed SYBR Green (Invitrogen). cDNA production and DNA
amplification were performed on a Stratagene MX 3005P Thermocycler.
All amplified products were normalized against GAPDH. Amplified prod-
ucts were confirmed by electrophoresis using 1.5% high-resolution agarose
gels. Primer sequences are listed in the Supplemental Primer Table.

Tumor growth and angiogenesis. Adult SCID mice were injected subcutane-
ously with 2.0 x 10° PC3 cells in 50 ul of Matrigel with 10 uM of 100 ul
PN1 recombinant protein (R&D Systems). Anti-Hh compound GDC-0449
(diluted 3:1 in EtOH/PEG) was administered at 25 mg/kg daily or every
other day. as indicated by oral gavage Tumor volumes were determined by
calliper measurement. Tumor sizes are reported in mm?3 using the W? x L/2
equation, where Windicates width and L indicates length.

Intraprostate injection. Adult male WT, mmp9~/-, or pnl~/~ mice were
injected with 2.0 x 10¢ of TrampC2 or TrampC2-SHH cells via intra-
prostate injection (50 ul) in the dorsal prostatic lobe during laparotomy.
TrampC2 cells were derived from C57BL/6 mice. MRI was used to mea-
sure tumor size and position.

MRI. MRI was performed at 4.7 T (VNMRS console; Varian Inc.). Multi-
echo, T2-weighted images (echo time [TE] = 10, 20; repetition time [TR]
>5000 ms) of cerebellum and prostate were acquired with a resolution
of 150 x 150 x 300 microns. The prostate images were respiration gated
to reduce respiratory motion artifact. Volume measurements were made
using the sum of the 2 echo images using ITK-SNAP (Source Forge).

Human prostate TMAs. Human TMAs were purchased from Biomax and
analyzed using immunohistochemical techniques as described above.
These tissue samples were identified according to pathology, tumor grade,
and Gleason score, with normal tissue controls in duplicate or triplicate.
PN1 staining was quantitated using the TRI2 software provided by Paul
Barber (University of Oxford).
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aCGH. DNA labeling and hybridization were performed with slight
modifications to that described previously (5). Array data have been sub-
mitted to the GEO database (GSE41120). More details can be found in the
Supplemental Methods.

Statistics. All statistical measures for the preclinical experiments were deter-
mined using Prism 5 GraphPad software. Data represent the mean + SEM.
P <0.05 was considered significant. More details can be found in the Sup-
plemental Methods.

Study approval. All animal experiments and protocols were reviewed
and performed in accordance with UK Home Office and Oxford Uni-
versity regulations.
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