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Decorin Suppresses Prostate
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Abstract
Epidermal growth factor receptor (EGFR) and androgen receptor (AR) pathways play pivotal roles in prostate cancer
progression. Therefore, agents with dual-targeting ability may have important therapeutic potential. Decorin, a
proteoglycan present in the tumor microenvironment, is known to regulate matrix assembly, growth factor binding,
and receptor tyrosine kinase activity. Here, we show that in prostate-specific PtenP−/− mice, a genetically defined,
immune-competent mouse model of prostate cancer, systemic delivery of decorin inhibits tumor progression by
targeting cell proliferation and survival pathways. Moreover, in human prostate cancer cells, we show that decorin
specifically inhibits EGFR and AR phosphorylation and cross talk between these pathways. This prevents AR nuclear
translocation and inhibits the production of prostate specific antigen. Further, the phosphatidylinositol-3 kinase
(PI3K)/Akt cell survival pathway is suppressed leading to tumor cell apoptosis. Those findings highlight the effective-
ness of decorin in the presence of a powerful genetic cancer risk and implicate decorin as a potential new agent for
prostate cancer therapy by targeting EGFR/AR-PI3K-Akt pathways.
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Introduction
Prostate cancer is the most common form of cancer and the second
leading cause of cancer-related death among men in the United
States. Its development in humans proceeds through multiple de-
fined steps: prostatic intraepithelial neoplasia, prostate cancer in situ,
invasive, and hormone-dependent or -independent metastatic cancer.
Despite the initial efficacy of androgen deprivation therapy, tumor
cells eventually relapse into hormone-refractory prostate cancer [1].
The therapeutically critical switch of prostate cancer to androgen
independence and distant metastasis requires an interactive micro-
environment to facilitate survival and proliferation of malignant cells
[2]. Therefore, identifying signaling events emanating from the micro-
environment may lead to novel therapeutic targets for prostate cancer.

Decorin is a small leucine-rich proteoglycan secreted mainly by cells
of mesenchymal origin. It is an important regulator of collagen fibrillo-
genesis and extracellular matrix assembly, as well as cell attachment and
migration [3], and is involved in physiological processes including in-
flammatory responses [4] and wound healing [5]. Its presence in the
tumormicroenvironment is proposed to reflect an attempt by the stroma
to wall off the tumor [6,7]. Importantly, decorin has been shown to exert
powerful growth-inhibitory properties through effects on tyrosine kinase
signaling [8,9]. It is markedly upregulated during quiescence in fibro-
blasts and vascular smooth muscle cells [10,11], but its expression is
suppressed or totally abrogated in a variety of tumors of epithelial origin
such as colon, pancreas, and breast [12]. A number of human cancer cell
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lines do not express decorin [13,14], and forced expression of decorin in
cancer cell lines in vitro caused a severe cytostatic effect. Known mecha-
nisms for cell growth inhibition by decorin include up-regulation of
the cell cycle inhibitor p21 [14–16] and p27 [17], down-regulation of
epidermal growth factor receptor (EGFR) [9,18], blockade of the trans-
forming growth factor β signaling pathway [19,20], and suppression of
tumor cell production of angiogenic factors such as vascular endothelial
growth factor [21,22].
In mice, targeted disruption of both decorin and P53 genes resulted

in the acceleration of malignant lymphomas [23]. More recently, a
report showed that 30% of decorin-deficient mice developed sponta-
neous intestinal tumors [24]. Furthermore, recombinant humandecorin
has been shown to inhibit the growth of tumor xenografts including
those derived from breast, colon, and squamous carcinoma [25], lung
and liver carcinoma [26], and gliomas [27]. However, the effects of
systemically delivered decorin have not previously been studied in an
immune-competent animal model with a defined genetic cancer risk
or in any studies in prostate cancer.
Because decorin was shown to be expressed in high-grade human

prostatic intraepithelial neoplasia but not in prostate cancer [28], we
hypothesized that decorin may function in a cancer-inhibitory role in
the prostate. To demonstrate such a role, we used prostate-specific Pten
(phosphatase and tensin homolog deleted on chromosome 10) knock-
out mice, an immune-competent, orthotopic model of prostate cancer,
and studied the effects of exogenous decorin on tumor growth. In this
model and in cultured human prostate cancer cell lines, decorin inhib-
ited growth and induced apoptosis. It did so by the inhibition of the
EGFR, androgen receptor (AR), and phosphatidylinositol-3 kinase
(PI3K)/Akt signal pathways.
Materials and Methods

Cell Lines and Reagents
DU145, LNCaP, and PC3 cells were purchased from the American

Type Culture Collection (Manassas, VA) and maintained in Eagle’s
minimum essential medium with Earle’s salts containing 10% fetal
bovine serum (FBS), 1.5 g/L NaHCO3, and 1% L-glutamine (DU145
cells); RPMI-1640 medium plus 10% FBS, 1.5 g/L sodium bicarbonate,
4.5 g/L glucose, 10mMHEPES, and110mg/L sodiumpyruvate (LNCaP
cells); or advanced Dulbecco’s modified Eagle medium (DMEM) con-
taining 1% FBS and 1% L-glutamine (PC3 cells). CellTiter 96 AQueous
One Solution Cell Proliferation Assay and Caspase–Glo 3/7 Assay were
purchased from Promega (Madison, WI). AG1478 was purchased from
Invitrogen Corporation (Carlsbad, CA), and bicalutamide was from
Toronto Research Chemicals, Inc. (North York, Ontario, Canada). [3H]-
Thymidine was purchased from PerkinElmer Life and Analytical Sci-
ences (Boston, MA). Advanced DMEM, Eagle’s minimum essential
medium with Earle’s salts, and FBS were purchased from Invitrogen,
and HyQ RPMI 1640 medium was purchased from Hyclone (Logan,
UT). Bovine anti-Akt, anti–phospho-Akt (Ser 473), anti-PI3 kinase
110α, anti-AR, anti-EGFR, anti–phospho-EGFR (Tyr 1068), anti-PARP,
anti–cyclic adenosine monophosphate response element binding protein,
and anti–glyceraldehyde-3-phosphate dehydrogenase were purchased
from Cell Signaling Technology (Danvers, MA). Anti-AR (N-20) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-PSA
and anti–phospho-AR (Ser 213/210) were purchased from Imgenex
(Fremont, CA). Anti–β-actin antibody, wortmannin, and dihydrotestos-
terone (DHT) was purchased from Sigma-Aldrich Company Ltd.
(Allentown, PA). Horseradish peroxidase–conjugated secondary anti-
bodies against mouse and rabbit were purchased from Imgenex and
Cell Signaling Technology, respectively.

Expression and Purification of Decorin and Biglycan
Core Protein

Recombinant decorin and biglycan were expressed as a polyhistidine
fusion protein in 293-EBNA cells using a CelliGen Plus Bioreactor
(New Brunswick Scientific, Edison, NJ) as described previously
[29,30]. In brief, cells were grown in DMEM containing 5% FBS to
achieve the desired cell number. Media were then changed to serum-
free conditioned media collected every 48 hours. Initial purification of
decorin and biglycan proteoglycan and core protein was performed by
passing 293 conditioned media over a nickel-chelating column followed
by elution with a gradient of 0 to 250 mM imidazole in 20 mM
Tris-HCl, 500 mM NaCl, 0.2% 3-[(3-cholamidopropyl)dimethylamino]-
1-propanesulfonate, pH 8.0. Core protein was then separated from
proteoglycan using anion-exchange chromatography on Q-Sepharose
(Amersham Biosciences, Uppsala, Sweden).

Prostate-Specific Pten Knockout Mice
As previously described [31–33], prostate-specific Pten knockout

mice were generated by crossing Pten loxP/loxP mice with mice of
the ARR2Probasin-Cre transgenic line PB-cre4, wherein the Cre recom-
binase is under the control of a modified rat prostate-specific probasin
promoter. B6.129S4-Gt (ROSA) 26Sortm1Sor/J mice, which have a
floxed lacZ gene targeted to theROSA26 locus, whose expression depends
onCre activity, were purchased from the Jackson Laboratory (BarHarbor,
ME). For simplicity, PtenloxP/loxPPB-cre4−/− and PtenloxP/+PB-cre4−/− are
referred to as PtenP+/+ and PtenloxP/loxP PB-cre4T/− as PtenP−/−. After
weaning, PtenP−/− mice were injected intraperitoneally on alternate days
with decorin (10 mg/kg body weight), biglycan (10 mg/kg body
weight), or saline. This concentration was based on that shown to in-
hibit the growth of squamous cell carcinoma xenografts [29]. After
the 12-week treatment, individual prostate lobes (anterior, dorsolateral,
and ventral) were dissected and separated under a stereomicroscope.
For later use for protein and RNA preparation, tissues were snap-frozen
in liquid nitrogen and stored at −70°C until analysis. Prostates used
for immunohistochemistry analysis were fixed in 10% buffered for-
malin. Histopathologic evaluation of mouse prostate tissues was per-
formed by board-certified veterinary pathologists with a double-blind
method. The protocol was approved by our institutional animal care
and use committee.

Immunohistochemical Analysis
Mouse prostate tumor tissues were fixed in buffered formalin and

embedded in paraffin. For all immunohistochemical staining (Ki-67
and caspase 3), at least two sections of each prostate lobe were assessed.
Pretreated sections were incubated with rabbit monoclonal anti–Ki-67
(Lab Vision/NeoMarkers, Fremont, CA) or rabbit polyclonal anti-
cleaved caspase 3 (Cell Signaling Technology) followed by a biotinylated
antirabbit secondary antibody and streptavidin alkaline phosphatase
(Super Sensitive Link-Label IHC Detection Systems; Bio-Genex, San
Ramon, CA), visualized with Vector Red Substrate (SK-5100; Vector
Laboratories, Burlingame, CA), and counterstained with hematoxylin.
Negative control slides were performed without primary antibody.
Control slides known to be positive for each antibody were incorpo-
rated. The total number of epithelial cells was enumerated in all glands
and processed using Image-Pro Plus 5.1 software (Media Cybernetics,



1044 Decorin and Prostate Cancer Hu et al. Neoplasia Vol. 11, No. 10, 2009
Bethesda, MD). Ki-67 and caspase 3 staining was quantified by count-
ing the number of positively stained nuclei among 100 cells on grids in
three randomly chosen fields from different sections.

Cell Proliferation Assay
Cell proliferation was measured with the use of a CellTiter 96

AQueous Non-Radioactive Cell Proliferation Assay (Promega). Briefly,
prostate cancer cells were plated in 96-well plates at a density of 2 × 103

per well in 100 μl of medium. After attachment, cells were treated with
decorin or biglycan at varying concentrations and times and in the
presence or absence of 2 μM AG1478 or 0.5 μM bicalutamide. After
treatment, 20 μl of combined 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium, inner salt
(MTS)/phenazine methosulfate solution was then added and incubated
for 2 hours at 37°C. The absorbance of each well at 490 nm was
measured using an ELISA plate reader. Data represent the average
absorbance of three wells, and error bars represent SDs.

DNA Synthesis
Cells were plated in 24-well plates at density of 2 × 103 per well.

After 24 hours, culture media were supplemented with 5 μCi/ml
[3H]-thymidine, and cells were incubated with decorin or biglycan
(0.4, 1, and 2 μM) for 24 hours. Cells were then washed with
balanced salt solution (BSS) and trypsinized (200 μl of 0.05% trypsin
for 5 minutes), then 400 μl of BSS was added. Wells were rinsed with
400 μl of BSS and pooled with trypsin fluids. One milliliter of ice-cold
10% trichloroacetic acid and 50 μl of serum were added, and samples
were vortexed then held on ice for 1 hour and centrifuged at 2000 rpm
for 10 minutes at 4°C. Supernatants were removed, and pellets were
washed five times with 2 ml of ice-cold 5% trichloroacetic acid. Pellets
were dissolved in 500 μl of 0.5N NaOH. [3H]-Thymidine incorpora-
tion was determined by liquid scintillation counting.

Cytosolic and Nuclear Protein Extracts from LNCaP Cells
LNCaP cells were seeded in 100-mmdishes at a density of 2 × 106 cells

per dish. After attachment, cells were treated with decorin (2 μM)
or biglycan (2 μM) for 24 hours. Cells were then washed three
times with ice-cold PBS and rinsed with 1× hypotonic buffer contain-
ing 20 mM HEPES (pH 7.9), 1 mM EDTA, 1 mM EGTA, 1 mM
DL-dithiothreitol, and 0.5 mMphenylmethyl sulfonyl fluoride (PMSF).
Cells were lysed with 200 μl of 1× hypotonic buffer containing 0.2%
NP-40. Cell lysates were centrifuged for 20 seconds at 15,000 rpm at
4°C. Supernatants (cytosolic extracts) were transferred to a new tube
and kept at −20°C. The pellet was resuspended in 50 μl of 1× high salt
buffer (420 mMNaCl, 20 mMHEPES, pH 7.9, 1 mMEDTA, 1 mM
EGTA, 20% glycerol, 1 mM DL-dithiothreitol, 0.5 mM PMSF) and
incubated on ice for 30 minutes. After centrifugation at 12,000 rpm
for 20 minutes at 4°C, the supernatant was harvested as the nuclear
protein extract and stored at −80°C. Protein concentration was deter-
mined with a Lowry protein assay. Western blot assay was performed
using antibodies recognizing the cytosolic protein, glyceraldehyde-3-
phosphate dehydrogenase, or the nuclear protein, cyclic adenosine
monophosphate response element binding protein.

Western Blot Assay
Prostate tissues were homogenized and cells were lysed in ice-cold

lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100,
and 0.1 mg/ml PMSF) with 1× proteinase and 1× phosphatase inhibi-
tors (Roche Applied Science, Indianapolis, IN). For the analysis of
decorin core protein, lysis solution was dialyzed against 100 mM Tris,
30 mM sodium acetate, pH 8.0 for 24 hours at 4°C, and then di-
gested by chondroitinase ABC at 37°C overnight. Protein extracts
were electrophoresed by 12.5% SDS-PAGE and transferred to a nitro-
cellulose membrane. After blocking with 5% nonfat dry milk, the
membrane was washed three times with TBS/Tween-20 and incubated
with the primary antibody diluted in 3% BSA at 4°C overnight. The
blot was washed in TBS/Tween-20 and incubated for 1 hour with a
horseradish peroxidase–conjugated secondary antibody diluted at 1:
2000 for goat antimouse and goat antirabbit. The signal was detected
using the chemiluminescent detection system (Pierce, Rockford, IL).

Immunofluorescence Analysis for AR
LNCaP cells were plated on coverslips in wells of a 24-well plate

containing RPMI-1640 medium with 10% FBS. Cells were treated
with 2 μM decorin or 2 μM biglycan for 24 hours followed by incu-
bation with and without 1 nM DHT for 2 hours. Cells were then
fixed with 10% formalin for 30 minutes. Coverslips were rinsed with
PBS and permeabilized with 0.2% Triton X-100 for 30 minutes, then
washed three times with PBS and incubated with anti-AR antibody
(1:100; Santa Cruz Biotechnology) for 1 hour. After washing with
PBS, cells were incubated with Alexa Fluor 488 goat antirabbit immu-
noglobulin G (Invitrogen) for 1 hour along with 4′,-6-diamidino-2-
phenylindole (30 nM) for 15 minutes in the dark and washed three
times with PBS. Cell images were captured under microscope with a
digital camera and processed using Image-Pro Plus 5.1 software.

EGFR Gene Silencing by Small Interfering RNA
Two small interfering RNA (siRNA) specific for human EGFR

gene was purchased fromQiagen (Hs_EGFR_10HPValidated siRNA,
Cat. No. SI02660140 and Hs_EGFR_12 HP Validated siRNA,
Cat. No. SI02663983; Germantown, MD). For knockdown of EGFR
in LNCaP cells, the individual siRNA was tested for EGFR and
phospho-EGFR knockdown by Western blot assay. The most effective
single siRNA (SI02663983) was used for further experiments. LNCaP
cells were plated in a six-well plate at 2.0 × 105 cells and were trans-
fected with siRNA and Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol. Control cells were transfected with a
negative control siRNA. At 6 hours after transfection, each well was
supplemented with growth medium containing 1% FBS for 24 hours.
Cells were treated with decorin (2 μM) for 48 hours followed by EGF
(100 ng/ml) for 15 minutes and were harvested to measure the amount
of AR and AR phosphorylation.

Caspase 3 Activity Measurement
PC3 and LNCaP cells (103 cells per well) were cultured in 96-well

plates for 24 hours then treated for 48 hours with decorin (2 μM)
in the presence or absence of pretreatment with AG1478 (2 μM,
30 minutes), bicalutamide (0.5 μM for 90 minutes), or a combination
of both. Caspase 3 activity was measured with the Caspase–Glo 3/7
Assay in which 30μl of Caspase–Glo 3/7 reagent was added to each well
and incubated for 1 hour at room temperature. Luminescence was mea-
sured with a Reporter Microplate luminometer (Turner BioSystems,
Sunnyvale, CA).

Statistical Analysis
Data are expressed as the mean ± SD. Statistical analysis was per-

formed using one-way analysis of variance. P values <.05 were consid-
ered statistically significant.

















Figure 8. A schematic diagram illustrating signal transduction associ-
atedwith the inhibitory effect of decorinonprostate tumor cell growth.
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or EGFR/Erb2 heterodimer expression [56,57]. However, it remains to
be determined whether decorin can directly or sequentially bind to and
inhibit EGFR and AR or whether decorin acts indirectly to disrupt the
EGFR and AR interaction and suppress downstream mediators includ-
ing PI3K/Akt and apoptosis.

We observed that decorin inhibited the growth of androgen-
dependent and androgen-independent prostate tumor cells by sup-
pressing both EGFR- and AR-PI3K-Akt signaling. As shown in
Figure 8, in AR-negative PC3 and DU145 cells, the effects of decorin
seemed to be mediated entirely by the EGFR pathway, whereas the
AR pathway provided an additional target in AR-positive LNCaP cells.
Because of the central role of AR and EGFR in prostate cancer, new
strategies and drugs to abrogate their signaling may have important
clinical benefits. Our study provides a biologic basis for the inhibitory
effect of endogenous and exogenous decorin on prostate tumor growth.
Moreover, the clinical implications revealed by the mouse model
suggest that decorin is a promising therapeutic agent for treating pros-
tate cancer.
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