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Abstract
The platelet-derived growth factors (PDGF A, B, C, and D) and their receptors (α-PDGFR and β-
PDGFR) play an indispensible role in physiologic and pathologic conditions, including
tumorigenesis. The transformative β-PDGFR is overexpressed and activated during prostate cancer
progression, but the identification and functional significance of its complementary ligand have
not been elucidated. This study examined potential oncogenic functions of β-PDGFR ligands
PDGF B and PDGF D, using nonmalignant prostate epithelial cells engineered to overexpress
these ligands. In our models, PDGF D induced cell migration and invasion more effectively than
PDGF B in vitro. Importantly, PDGF D supported prostate epithelial cell tumorigenesis in vivo
and showed increased tumor angiogenesis compared with PDGF B. Autocrine signaling analysis
of the mitogen-activated protein kinase and phosphoinositide 3-kinase pathways found PDGF D–
specific activation of the c-jun-NH2-kinase (JNK) signaling cascade. Using short hairpin RNA and
pharmacologic inhibitors, we showed that PDGFD-mediated phenotypic transformation is β-
PDGFR and JNK dependent. Importantly, we made a novel finding of PDGF D–specific increase
in the shedding and activation of the serine protease matriptase in prostate epithelial cells. Our
study, for the first time to our knowledge, showed ligand-specific β-PDGFR signaling as well as
PDGF D–specific regulation of matriptase activity and its spatial distribution through shedding.
Taken together with our previous finding that matriptase is a proteolytic activator of PDGF D, this
study provides a molecular insight into signal amplification of the proteolytic network and PDGF
signaling loop during cancer progression.
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Introduction
The platelet-derived growth factor receptors (α-PDGFR and β-PDGFR) play critical roles in
lung, heart, central nervous system, and kidney development (1, 2). In addition to their
function in normal physiologic processes, the PDGFR family is involved in many diseases
such as atherosclerosis, glomerulonephritis, and cancer (3–5). PDGF receptors are activated
by the complementary ligands encoded by 4 distinct genes (PDGF A, B, C, and D)
producing a combination of 5 homo- or heterodimeric growth factors (PDGF AA, BB, AB,
CC, and DD; ref. 6). Whereas the classic PDGF ligands, PDGF A and PDGF B, are secreted
as active dimers, the newly characterized PDGF C and PDGF D are secreted as latent
growth factors that require proteolytic removal of the inhibitory N-terminal CUB domain by
extracellular serine proteases to generate biologically active growth factor domain dimers
(7–9). These dimeric polypeptides bind onto their cognate receptors at a 1:1 ratio with αα-
PDGFR binding to PDGF AA, AB, and CC; αβ-PDGFR ligating with PDGF AB, BB, CC,
and DD; and ββ-PDGFR activated by PDGF BB and DD (3, 10). Receptor activation can
mediate many cellular processes such as cell proliferation, migration, survival,
transformation, and differentiation through the activation of downstream messengers
including the mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase
(PI3K) pathway (11). PDGF signaling is critical for cell–cell communication as PDGF
ligands are expressed and secreted by epithelial or endothelial cells to recruit and activate
PDGF receptors expressed in stromal components such as smooth muscle cells, pericytes,
and fibroblasts (1). During cancer progression, cancer cells express both PDGF ligand and
its cognate receptors, thereby inducing both autocrine and paracrine signal transduction
pathways (12, 13). Studies have reported variations in the expression levels and differential
roles between α-PDGFR and β-PDGFR depending on the tumor type (2, 7). However, little
is known about PDGF ligand–specific PDGFR signaling and subsequent functional effects
on tumor development and progression.

In prostate cancer, the most diagnosed cancer and the second leading cause of cancer-related
death in American men, β-PDGFR is frequently upregulated and activated (14, 15). In fact,
this receptor is overexpressed in 88% of primary prostate cancer and 80% of metastatic bone
lesions (16). Furthermore, β-PDGFR is reported to be a part of a 5-gene signature predicting
the course of prostate cancer progression following radical prostatectomy (17). Our recent
study identified PDGF D as a ligand for β-PDGFR and the serine protease matriptase as its
extracellular proteolytic activator in prostate cancer, suggesting a signaling axis of
matriptase/PDGF D/β-PDGFR during prostate cancer progression (9). Interestingly, loss of
the tumor suppressor phosphatase and tensin homologue deleted on chromosome 10 (PTEN)
results in the upregulation of PDGF D and β-PDGFR expression, accompanied by decreased
PDGF B expression in prostate epithelial cells (18). At present, it is unclear whether the
PDGF ligand switch for β-PDGFR is a mere reflection of temporal and spatial regulation of
PDGF ligands during physiologic and pathologic conditions or whether PDGF D activation
of β-PDGFR functionally differs from PDGF B activation of β-PDGFR.

In this study, we addressed the question of whether β-PDGFR mediates unique intracellular
signal transduction pathways in a ligand-specific manner, resulting in differential oncogenic
effects. Here, we show that PDGF D is a more potent signaling molecule than PDGF B for
the induction of prostate epithelial cell migration, invasion, and tumorigenesis. This
transforming potential is dependent on PDGF D–specific activation of β-PDGFR/JNK
signaling axis. In addition, β-PDGFR activation results in shedding and activation of
matriptase in a PDGF D–specific manner, suggesting signal amplification of the matriptase/
PDGF D/ β-PDGFR functional loop. Considering that matriptase is frequently upregulated
in multiple cancers, including ovarian, breast, lung, and prostate cancer (19), our novel
discoveries have potentially broad biologic implications in human cancers.
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Materials and Methods
Cell culture

Murine prostate epithelial cells (mPrEC; refs. 20, 21), a gift from Dr. Yong Chen at Wake
Forest University School of Medicine, were maintained in Advanced Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 5% FBS (Invitrogen). Human benign prostatic
hyperplasia BPH-1 cells (22), a gift from Dr. Simon Hayward at Vanderbilt University, were
grown in 10% FBS RPMI, whereas NIH3T3 cells (American Type Culture Collection) were
maintained in 10% FBS DMEM/F12. All growth media were supplemented with 2 mmol/L
glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen).

Reagents
Anti-PDGF B antibody was from Millipore, whereas the anti-PDGF D antibody was custom
made as described in Ustach and colleagues (23). Antiphospho- and total β-PDGFR, Erk, c-
jun-NH2-kinase (JNK), p38, and Akt plus phospho-MKK4, c-Jun, and ATF-2 were from
Cell Signaling Technology. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody
was from Santa Cruz Biotechnology. Active (M69) and total matriptase (M32) antibodies
were a gift from Dr. Chen-Yong Lin at the University of Maryland. Anti-HAI-1 (human and
murine) was from R&D Systems. Anti-CD31 antibody was from AbCam. JNK inhibitor
SP600125 was from Caymen chemical.

Overexpression of PDGF B and PDGF D in prostate epithelial cells
Human PDGF B cDNA was obtained from Open Biosystems (Catalog #
MHS1010-7507640) and subcloned into Kpn I and Xba I sites within pcDNA3.1-
Hygromycin vector and confirmed by DNA sequence analysis. Full-length human PDGF D
cloning into pcDNA3.1-Neomycin was described in Ustach and colleagues (23). To
subclone PDGF D into a Hygromycin vector, PDGF D containing pcDNA3.1 vector was
digested with Afl II and Xho I, then ligated into pcDNA3.1-Hygromycin vector. Empty
vector (Hygro or Neo), PDGF B-, or PDGF D expression vectors were transfected into
mPrECs using a BioRad Gene Pulser (BioRad). For BPH-1 cell transfection, Lipofectamine
2000 (Invitrogen) was used. Transfected cells were selected either with 200 μg/mL
Geneticin (G418) or Hygromycin and the resulting pooled population used for
experimentation and referred to as Hygro, Neo, PDGF B, PDGF D mPrEC, or BPH-1 cells,
accordingly. PDGF B and PDGF D expression was confirmed through reverse transcriptase
PCR (RT-PCR) and immunoblotting of conditioned media or whole-cell lysate (WCL).

Immunoblot and RT-PCR analyses
mPrECs or BPH-1 cells were grown to full confluence in 100-mm tissue culture plates, then
washed twice with warm PBS to remove serum. Cells were then cultured in 5-mL serum-
free media for 48 hours. Conditioned media was collected and cells were washed with PBS
then scraped. Collected conditioned media was concentrated 50-fold per manufacturer’s
recommendation using an Amicon centrifugal filter unit (Millipore). An amount of 30 μL of
concentrated conditioned media was used for immunoblot analysis.

Scraped cells were used for RNA or protein analysis by RT-PCR and immunoblotting,
respectively. RNA was isolated using the RNeasy mini kit (Qiagen) and RT-PCR detection
for PDGF family members using primers in Supplementary Table S1 at 30 PCR cycles, with
each cycle consisting of denaturation at 94°C for 90 seconds, annealing at 55°C for 30
seconds, and extension at 72°C for 150 seconds.

For protein analysis (autocrine signaling and matriptase expression), cells were lysed in
radioimmunoprecipitation assay lysis buffer (Millipore) containing 1 mmol/L phenyl-
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methylsulfonylfluoride, 2 mmol/L sodium orthovanidate, 1 mmol/L sodium fluoride, and a
complete protease inhibitor cocktail (Roche) for 30 minutes, then centrifuged for another 20
minutes. Lysate was quantified using the BCA protein assay kit (Pierce Biotechnology) and
30 μg of whole-cell lysate was used for immunoblot analysis. Protein and RNA expression
analyses were repeated at least 3 independent times.

In vitro cell migration and Matrigel invasion
Cell migration was carried out as described previously (24). Briefly, prostate epithelial cells
grown to confluence then abraded using a 10-μL pipette tip. Cells were washed with PBS
and incubated in serum-free media supplemented with 25 μg/mL Mitomycin C. Photographs
of wound channel were taken at the indicated time points and remaining cleared area was
quantified using NIH ImageJ software. For Matrigel invasion, 7.5 × 104 cells were plated
into a Matrigel-coated transwell (BD Biosciences) and allowed to invade toward serum
containing growth media for 24 or 16 hours for mPrECs or BPH-1 cells, respectively.
Transwells were cleaned with a cotton tip, and cells on the bottom of the filter were stained
with crystal violet and quantified using a Nikon TMS-F inverted microscope at 100×
magnification. Experiments were carried out in triplicates and repeated at least 3
independent times.

PDGF B- and PDGF D–mediated paracrine activation of β-PDGFR
mPrECs and BPH-1 conditioned media was collected as described above and used to treat
NIH3T3 cells. Serum-free media (SFM) or SFM plus 25 ng/mL recombinant PDGF B
(Calbiochem) treatments were used as negative and positive controls, respectively. Fifteen
minutes later, NIH3T3 cells were lysed for β-PDGFR and downstream signaling activation
assays. Activation assays were carried out in 3 separate experiments.

shRNA-mediated knockdown of β-PDGFR and matriptase in prostate epithelial cells
Scrambled short hairpin (shRNA) sequence (shScrm; catalog # RHs4346), shRNA against β-
PDGFR (shβR; catalog # RHS4430-101067973), or matriptase (shMat; catalog #
RHS4430-101168342) was obtained from Open Biosystems. PDGF D expressing mPrECs
or BPH-1 cells were grown to subconfluence, then infected with shScrm, shβ-PDGFR, or
shMatriptase lentivirus at 3 MOI (multiplicity of infection) per manufacturer’s protocol.
Cells were selected with 4 μg/mL of puromycin and the resulting pooled population was
used for experimentation. Down-regulation of gene expression was assessed by RT-PCR
and immunoblot analyses.

In vivo tumorigenesis of BPH-1 cells
Vector, PDGF B or PDGF D BPH-1 cells at 5 × 106 cells per 100 μL of serum-free media
were injected subcutaneously into both flanks of 5-week-old-male C.B.-17 severe combined
immunodeficient (SCID) mice (Taconic Farms). Five mice (10 injections) per group were
used per experiment and in vivo analysis repeated twice. Tumor volume was monitored for 2
weeks by external caliper measurements and calculated as V = (L2 × l )/2, in which L and l
represent small and large tumor diameter. At the conclusion of the experiments, tumors were
excised and treated with 4% paraformaldehyde overnight, then paraffin embedded for
sectioning and immunohistochemistry. Microvessel density measurement was carried out on
CD31-stained sections at 200× magnification and quantified using the CellSens Dimension
(Olympus) program. Quantitation was assessed on 3 representative tumor sections per
group. At least 12 high-powered fields (HPF) were analyzed per section and average
microvessel counts were obtained.
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In vitro cell proliferation
Vector, PDGF B or PDGF D BPH-1 cells were plated in 24-well plates at 1 × 104 cells per
well and grown overnight in normal growth media. Cells were then washed twice with warm
media then fed with 500 μL serum-free media. For NIH3T3 coculture, 7.5 × 104 NIH3T3
cells were plated into an 8-μm transwell and incubated with the BPH-1 cells at the bottom of
the well for 24 and 48 hours. Cell proliferation was monitored via Trypan Blue exclusion
assay and plotted as a proliferation rate, which is the fold difference in proliferation at each
time point normalized to time 0 (before coculture).

Statistical analysis
Statistical significance was determined using unpaired Student t test, and differences were
considered significant when P value was less than 0.05.

Results
PDGF D is a more potent inducer of prostate epithelial cell migration and invasion than
PDGF B

To examine PDGF ligand–specific β-PDGFR functions in prostate epithelial cells, we
established murine and human prostate epithelial cell lines (mPrEC and BPH-1,
respectively) engineered to express PDGF B or PDGF D (Fig. 1A and B). PDGF B chain
that consists of 241 amino acid residues is dimerized and subsequently undergoes
posttranslational modifications and intracellular proteolytic processing at both N-terminal
and C-terminal ends, generating intracellular intermediate forms that often differ in their
molecular weights among cell types (25–28). Immunoblot analysis in reducing condition
detected a PDGF B monomer with a molecular weight of approximately 18 kDa in PDGF B
mPrEC and approximately 23 kDa in PDGF B BPH-1 cells (Fig. 1A and B). Unlike PDGF
B, full-length PDGF D is secreted as a latent dimer (10). As shown in Fig. 1A and B, the 50-
kDa full-length PDGF D monomer is detected in both PDGF D–overexpressing mPrECs and
BPH-1 cells. When we assessed the effects of PDGF B and PDGF D on prostate epithelial
cell motility by an in vitro scratch migration assay, PDGF D expression was more effective
than PDGF B in inducing cell migration in both cell models as shown by greater reduction
of the abraded wound channel over time (Fig. 1C and D; Supplementary Fig. S1A and B).
Similarly, a cell invasion assay through Matrigel also showed PDGF D is a stronger inducer
of an invasive phenotype in prostate epithelial cells compared with PDGF B (Fig. 1E and F).

PDGF D–specific autocrine signaling activates the JNK pathway
To identify the intracellular signaling network responsible for the differential cellular effects
mediated by PDGF B versus PDGF D, we examined the activation status of MAPK
members, which are well-known PDGFR downstream signaling molecules regulating cell
motility (3, 10, 11). In mPrECs, PDGF D autocrine signaling resulted in enhanced Erk and
JNK activation in comparison with PDGF B cells (Fig. 2A). Although both PDGF B and
PDGF D induced Erk activation in BPH-1 cells, JNK activation was specific to PDGF D
(Fig. 2B). It should be noted that the well-known motility inducer p38 was not constitutively
activated by autocrine signaling of neither PDGF B nor PDGF D in prostate epithelial cells.
Overall, PDGF D–specific activation of JNK was consistent within our overexpression
models and therefore we dissected upstream and downstream effectors of this secondary
messenger. As shown in Fig. 2C and D, increased activation of the upstream JNK activator
MKK4 as well as downstream targets of JNK, c-Jun, and ATF-2 were readily detected in
PDGF D–expressing mPrE and BPH-1 cells (Fig. 2C and D). We observed a slight
molecular weight shift of phosphorylated ATF-2 in our BPH-1 cells, which could be due to
the sequential phosphorylation at Thr69, then Thr71 leading to its activation (29). To
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ascertain that the failure of PDGF B to activate the JNK pathway in prostate epithelial cells
is not due to insufficient production of biologically active PDGF B, we carried out paracrine
stimulation of NIH3T3 cells with conditioned media derived from mPrEC and BPH-1 cells
expressing PDGF B or PDGFD. PDGF B–containing conditioned media activated β-PDGFR
and its downstream signaling molecule Akt more effectively than PDGF D–containing
conditioned media (Supplementary Fig. S2A and B). These results showed that PDGF B
production was, at least, comparable with PDGF D in our model systems and their
differential autocrine effects are likely because of their intrinsic differences in their signaling
capacity.

Although PDGF B can bind and activate both α-PDGFRs and β-PDGFRs, PDGF D is
specific to β-PDGFR. However, PDGF D dimer was suggested to activate αβ-PDGFR
heterodimer in addition to ββ-PDGFR homodimer (10, 30). Profiling of our prostate
epithelial cells show both models mainly express β-PDGFR (Supplementary Fig. S3). To
ascertain the functional significance of β-PDGFR for the mediation of PDGF D–specific
signaling within prostate epithelial cells, we downregulated β-PDGFR in PDGF D–
overexpressing mPrEC and BPH-1 cells using an shRNA approach. It should be noted that
we were unable to detect β-PDGFR at the protein level in these cells, likely because of
constitutive autocrine stimulation, which results in internalization and degradation of β-
PDGFR. However, RT-PCR analysis exhibited effective knockdown of β-PDGFR at the
RNA level (Fig. 2E). Moreover, shRNA-mediated β-PDGFR downregulation reduced the
levels of active Erk, a typical downstream signal mediator of β-PDGFR, indirectly
supporting shRNA-mediated β-PDGFR knockdown. Importantly, the level of active JNK
was also reduced in PDGF D–expressing prostate epithelial cells in response to β-PDGFR
knockdown (Fig. 2E), showing an indispensable role for β-PDGFR in PDGF D–specific
signal transduction in prostate epithelial cells.

PDGF D/β-PDGFR/JNK signaling axis promotes a migratory/invasive phenotype of
prostate epithelial cells

Next, we investigated the role β-PDGFR plays in supporting PDGF D–mediated cells
migration and invasion. Downregulation of β-PDGFR in mPrEC or BPH-1 cells
significantly attenuated the migratory potential of prostate epithelial cells as evident in their
inability to close the abraded wound channel (Fig. 3A and B and Supplementary Fig. S4A
and B). Furthermore, β-PDGFR knockdown reduced Matrigel cell invasion in both PDGF
D–expressing mPrEC and BPH-1 cells (Fig. 3C and D). To further characterize the
involvement of the JNK pathway, we used a pharmacologic JNK inhibitor (Fig. 4A) and
monitored PDGF D–specific cell migration and invasion. JNK inhibition effectively retarded
wound channel closure of PDGF D mPrEC and BPH-1 cells (Fig. 4B and C; Supplementary
Fig. S5A and B). In addition, JNK inhibition significantly abrogated PDGF D–induced
Matrigel invasion (Fig. 4D and E).

PDGF D promotes matriptase shedding
Previously, we identified matriptase as a PDGF D–inducible serine protease that can process
the latent PDGF D dimer into an active growth domain dimer, suggesting a positive
feedback loop between matriptase and PDGF D (9). In our current study, we aimed to assess
whether matriptase modulation was specific to PDGF D or whether it is inclusive of PDGF
B as well. Neither PDGF D nor PDGF B autocrine signaling significantly altered the
matriptase mRNA levels in both mPrEC and BPH cell models (data not shown). Matriptase
is a transmembrane serine protease and its active form is often detected as a complex with
HAI-1 on the cell surface or shed into the extracellular milieu. Previous studies reported
that, depending on proteolysis, the endogenous inhibitor of matriptase HAI-1 is detected as
50-and 40-kDa proteins in conditioned media or as a 55-kDa protein in cell lysates (31).
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Here, we examined whether PDGF signaling regulates the levels and/or activation status of
matriptase in prostate epithelial cells. As shown in Fig. 5A, antibody specific to activated
matriptase detected higher levels of shed matriptase in the conditioned media collected from
PDGF D–overexpressing BPH-1 cells compared with those from control or PDGF B–
expressing cells (Fig. 5A). Although the total matriptase levels were comparable among cell
lysates of vector (Hygro), PDGF B- and PDGF D–overexpressing BPH-1 cells, the
matriptase level was higher in conditioned media from PDGF D BPH-1 cells compared with
control and PDGF B BPH-1 cells. In addition, HAI-1 level was lower in PDGF D BPH-1
cell lysates, potentially because of shedding of the matriptas-HAI-1 complex into the
extracellular milieu (Fig. 5A). These findings were corroborated in our mPrEC model, in
which higher levels of shed matriptase were detected in conditioned media from PDGF D-
overexpressing cells (Supplementary Fig. S6). Due to the fact that our antibody against
active matriptase recognizes human matriptase only, we used a murine-specific HAI-1
antibody to detect activated matriptase-HAI-1 complex as a surrogate marker. We observed
no difference in expression levels of free HAI-1 among control, PDGF B and PDGF D
mPrECs. However, high molecular mass protein complexes, indicative of HAI-1/active
matriptase complexes, were detected in PDGF D mPrECs (Supplementary Fig. S6). These
results suggested that PDGF D signaling regulates matriptase posttranslationally, at the level
of activation/shedding. Next, to test whether PDGF D regulates matriptase activation and
shedding via signaling through β-PDGFR, we evaluated matriptase expression profile in
PDGF D BPH-1 upon shRNA-mediated β-PDGFR knockdown. As shown in Fig. 5B,
matriptase shedding was drastically attenuated in response to β-PDGFR downregulation,
accompanied with increased HAI-1 in cell lysates. These results suggested the functional
significance of PDGF D/β-PDGFR signaling axis for the regulation of matriptase at the
levels of activation and shedding, possibly as a complex with HAI-1 in prostate epithelial
cells.

Matriptase is essential for PDGF D–induced migratory/invasive phenotype
The epithelial specific serine protease matriptase has been shown to mediate cancer cell
migration and invasion, and it is associated with breast, prostate, and ovarian cancer
progression (19, 32). To investigate the role matriptase plays in PDGF-associated
phenotypic transformation, we downregulated its expression in PDGF D BPH-1 cells. Stable
shRNA transduction targeting matriptase effectively reduced matriptase expression levels as
shown by attenuated levels of total matriptase, as well as shed protease into cell culture
medium (Fig. 6A). Interestingly, reduction of matriptase levels led to an increase in the
amount of cellular HAI-1 that supports the intricate balance between matriptase and HAI-1
for the regulation of their spatial distribution and activity. PDGF D–enhanced migratory
phenotype was effectively reversed upon matriptase knockdown as shown by an in vitro
scratch migration assay (Fig. 6B and Supplementary Fig. S7). In addition, shRNA-mediated
matriptase knockdown effectively abrogated the invasive phenotype of PDGF D BPH-1
cells (Fig. 6C).

PDGF D supports prostate epithelial cell tumorigenesis in vivo
Next, we analyzed the tumorigenic potential of PDGF B versus PDGF D using an in vivo
tumorigenesis model of BPH-1. To this end, vector (Hygro), PDGF B or PDGF D BPH-1
cells were injected subcutaneously into the flanks of male SCID mice and the tumor volume
was monitored. Seven days posttumor implantation, both PDGF B and PDGF D developed
detectable tumor nodules when compared with the vector control. However, as time
progressed, vector and PDGF B tumors reached a plateau, whereas PDGF D tumors
continued to grow significantly larger (Fig. 7A and B). Tumors in all injected groups were
confirmed by histologic analysis. As shown in Fig. 7C, immunohistochemical analysis
revealed that matriptase expression was specific to PDGF D–overexpressing tumors
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corroborating our in vitro findings in Fig. 5. Because angiogenesis is critical for tumor
growth and PDGF D is known to support angiogenesis through blood vessel maintenance
(33), we examined whether increased tumorigenic potential of PDGF D is associated with its
angiogenic potential in our tumorigenesis model. Microvessel quantitation by CD31 staining
showed significantly higher microvessel count in PDGF D BPH-1 tumors compared with the
control or PDGF B BPH tumors (Fig. 7D). Interestingly, it was noticed that blood vessel
staining was observed mainly in the stroma in all tumor samples.

To investigate the molecular/cellular basis for PDGF D–enhanced BPH-1 tumor growth in
vivo, we carried out a cell proliferation assay. Neither PDGF B nor PDGF D had noticeable
effect on BPH-1 cell proliferation (Fig. 7E). However, when cell proliferation was examined
in the presence of the murine fibroblast NIH3T3 cells on top of transwell, the proliferation
rate greatly increased in PDGF D BPH-1 cells compared with the Hygro control and PDGF
B BPH-1 cells. These results suggested that although PDGF D autocrine signaling has little
effect on BPH-1 cell proliferation, prostate carcinoma-produced PDGF D induces PDGFR-
mediated signaling in stromal cells, resulting in secretion of soluble factors which, in turn,
induce prostate epithelial cell proliferation in a secondary paracrine manner. Considering
that pro-HGF is among the best known substrates for matriptase (32, 34), our results may
also support the possibility that matriptase, shed by PDGF D autocrine signaling in BPH-1
cells, proteolytically activates pro-HGF secreted by stroma cells which, in turn, activates c-
Met signaling for BPH-1 cell growth in vivo. Taken together, this study suggests diverse
oncogenic potentials of PDGF D involving both autocrine and paracrine signaling
mechanisms for tumor interactions with surrounding stroma.

Discussion
In this study, we assessed the transforming properties of the β-PDGFR ligands, PDGF B and
PDGF D, by using nonmalignant prostate epithelial cell models engineered to overexpress
these ligands. We found PDGF D to be more effective than PDGF B in supporting cell
migration, invasion, and tumorigenesis through the β-PDGFR/JNK signaling axis and
matriptase activation/shedding. These results, for the first time to our knowledge, show the
functional significance of PDGF ligand–specific cell signaling in prostate cancer. At present,
the molecular mechanisms underlying PDGF D–specific β-PDGFR signaling are unclear.
Unlike prostate epithelial cells, which express lower levels of PDGFRs with β-PDGFR
being predominant, both PDGF B and PDGF D are highly transforming in the murine
fibroblast NIH3T3, which express high levels of both α-PDGFRs and β-PDGFRs (35).
Similar to prostate epithelial cells, we previously showed PDGF D–specific cell signaling
leading to osteoclast activation and intraosseous prostate cancer growth (36). Interestingly,
osteoclasts also express low levels of PDGFRs, with β-PDGFR being predominant (36).
Thus, it is plausible to hypothesize that when β-PDGFR levels are high, both PDGF B and
PDGF D readily induce β-PDGFR dimerization and activation, resulting in classic β-PDGFR
signal transduction pathways. In contrast, in cells with low levels of β-PDGFR, PDGF D–
activated β-PDGFR signaling differ from PDGF B/ β-PDGFR signaling, possibly due to
differences in their binding kinetics/affinity or the involvement of the CUB domain of
PDGF D for the recruitment of unique signaling molecules to the β-PDGFR signaling
complex on the cell surface. It is also possible that PDGF D–specific signaling is cell-type
specific, not necessarily associated with the β-PDGFR level.

Analysis of the autocrine signaling events between PDGF B and PDGF D showed a critical
role of the β-PDGFR/JNK axis in PDGF D–mediated phenotypic transformation. These
findings are corroborated by previous reports showing PDGF D activation of the JNK
pathway through β-PDGFR in liver cells (5). Considering β-PDGFR–associated Nck
activation of MEK1 and MKK4 in human kidney cells (37), it would be of interest to
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examine β-PDGFR recruitment of Nck for JNK activation in prostate epithelial cells. Signal
transduction downstream of PDGFR regulates many cellular processes, undoubtedly in
collaboration with predisposed signaling programs, depending on the genetic background.
PDGF D effectively induces migratory and invasive phenotypes in both human BPH-1 and
normal mPrECs via activation of the JNK pathway. Consistently, PDGF D–mediated in vivo
tumorigenesis was observed in the BPH-1 model. These results suggest that PDGF may be a
competent factor requiring other genetic hits to progress into a bona fide transformed state
(38).

Previously, PDGF D was shown to induce pancreatic, gastric, brain, and renal tumorigenesis
(12, 39–41). Using an in vivo tumorigenesis model of BPH-1, we show here the oncogenic
potential of PDGF D in prostate cancer. Interestingly, we observed that PDGF D is a more
potent inducer of in vivo tumor growth, whereas both PDGF B and PDGF D trigger tumor
onset and initial tumor growth. When tumor vasculature was assessed, PDGF D tumors were
significantly more vascularized than their PDGF B counter parts. This may result from
higher angiogenic potential of PDGF D, which has been reported to upregulate angiogenic
factors such as VEGF and angiopoietin-1 (39–41). Although it is unclear whether the
angiogenic potential of PDGF D is a prerequisite for its in vivo tumorigenic effects, or
increased tumor vasculature in PDGF D BPH-1 tumor was secondary to the increased tumor
size, this study clearly indicates oncogenic functions of PDGF D via both autocrine and
paracrine mechanisms.

PDGF D was shown to enhance CXCR4 and protease activity, which may indirectly
contribute to tumorigenic effects of PDGF D (39, 42). One of the proteases PDGF D is
known to modulate is the type II transmembrane serine protease matriptase (9). Matriptase is
an epithelial specific protease, involved in terminal epidermal differentiation and epidermal
barrier function (43), as well as in cell migration, invasion, and proliferation through the
proteolytic activation of its substrates including uPA, HGF, and ECM components (32).
Matriptase is tightly regulated by its endogenous inhibitor HAI-1 and disruption of the
HAI-1/matriptase expression ratio is thought to result in disease progression including
tumorigenesis (31, 44). In fact, matriptase is upregulated in multiple cancers including
ovarian, breast, lung, and prostate cancer (19). In our previous report, we showed both
PDGF D and matriptase expression was significantly correlated with prostate cancer
progression (9). Using the BPH-1 model, this study examined whether PDGF B may as well
play a role in matriptase modulation and found that matriptase shedding and activation is
PDGF D specific. The mechanism by which the PDGF D/β-PDGFR axis regulates
matriptase is still unknown. Previous reports studying HER 2 (ErbB 2) showed a significant
role of the PI3K/Akt 2 pathway in matriptase activation (45). However, in our model there is
little difference in PI3K/Akt pathway between PDGF B versus PDGF D and the JNK
pathway seems to be a key player in PDGF D–specific signaling in prostate epithelial cells.
Interestingly, inhibition of JNK did not affect matriptase shedding suggesting a yet
uncharacterized PDGF D–specific pathway is involved (data not shown). Transcriptional
regulation of matriptase by testosterone has also been shown in LNCaP cells (45). We
initially identified matriptase as a PDGF D–inducible gene by microarray analysis (9).
Although PDGF D signaling results in a 2- to 3-fold increase in matriptase mRNA and
protein levels, immunohistochemical analysis of matriptase using antibodies against
activated matriptase showed drastic increases in a human prostate carcinoma LNCaP model
(data not shown). These results suggest PDGF D regulation of matriptase on multiple levels,
including gene expression and activation steps. In BPH-1 and mPrEC models, PDGF D
signaling did not show a detectable change in the matriptase mRNA levels. Importantly, this
study indicates that PDGF D upregulates matriptase at the level of its activation and/or
shedding. This novel finding provides important biologic insight into functional interplay
between PDGF signaling and serine protease matriptase, known to be a critical proteolytic

Najy et al. Page 9

Mol Cancer Res. Author manuscript; available in PMC 2014 February 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



enzyme in multiple human cancers. PDGF D–mediated matriptase shedding may also
indicate a new role for matriptase in ECM in addition to its known functions on the cell
membrane.

For many years β-PDGFR activation has been shown in prostate cancer; however, the
identification of its complementary ligand and their functional significance were largely
unknown. In this study, we showed PDGF D–specific signaling critical for phenotypic
transformation in prostate epithelial cells, providing rationale for the design of cancer-
specific PDGF inhibitors. This is of particular importance because prostate cancer clinical
trials with receptor tyrosine kinase inhibitors, such as Gleevec, were unsuccessful (46).
Importantly, our previous preclinical study with the VEGFR/PDGFR inhibitor cediranib
showed promise in reducing PDGF D–positive prostate tumor bone lesions (47). Taken
together, this study not only signifies PDGF D as a ligand for β-PDGFR activation in
prostate cancer but also may provide the molecular basis for biomarker-guided patient
stratification and the development of cancer-specific therapy.
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Figure 1.
PDGF D is a more effective inducer of prostate epithelial cell migration and invasion than
PDGF B. Vector (Hygro or Neo), PDGF B or PDGF D was transfected into mPrECs; A) or
human BPH-1 cells (B), overexpression was assessed via RT-PCR or immunoblotting
analysis using whole-cell lysate for PDGF B or conditioned media for PDGF D. GAPDH
was used as a loading control for whole-cell lysates and Ponceau S for conditioned media.
mPrEC (C) or BPH-1 (D) cells were used to carry out a scratch migration assay and data
plotted as the remaining cleared area. In panel C, *, P < 0.05, comparing Hygro versus
PDGF B.**, P < 0.05, Neo versus PDGF D. Matrigel invasion of mPrEC (E) or BPH-1 (F)
cells. Brackets above bars represent statistical significance of P < 0.05. Bars represent the
mean of the experiment carried out in triplicates ± SD.
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Figure 2.
PDGF D–specific signaling activates the JNK pathway. PDGF B- and PDGF D–
overexpressing mPrEC (A) and BPH-1 (B) cells were serum starved for 48 hours and whole-
cell lysate harvested to assess the MAPK signaling cascade, as indicated. BPH-1 (C) and
mPrE cells (D) were used to further characterize upstream and downstream components of
the JNK pathway as indicated. E, PDGF D mPrEC or BPH-1 cells were transduced with
scrambled or β-PDGFR (shβR) shRNA. β-PDGFR knockdown was assessed via RT-PCR
and its effects on Erk and JNK activation.
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Figure 3.
β-PDGFR is essential for PDGF D–mediated epithelial cell migration and invasion. PDGF D
mPrEC (A) or BPH-1 (B) cells transduced with scrambled or β-PDGFR (shβR) shRNA were
used for scratch migration assay. Matrigel invasion was carried out in PDGF D mPrEC (C)
or BPH-1 (D) cells expressing shRNA against β-PDGFR. Bars represent the mean of the
experiment carried out in triplicates ± SD. *, P < 0.05.
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Figure 4.
Inhibition of JNK abrogates PDGF D–enhanced prostate epithelial cell motility and
invasion. A, PDGF D mPrEC or BPH-1 cells were treated with 2.5 μmol/L JNK inhibitor
and JNK activity was monitored via immunoblotting. Scratch migration assay was assessed
in response to JNK inhibition using control and PDGF D mPrEC (B) and BPH-1 (C) cells.
Matrigel invasion assay of control and PDGF D expressing mPrEC (D) and BPH-1 (E) cells
was carried out in response to JNK inhibition. Bars represent the mean of the experiment
carried out in triplicates ± SD. **, P < 0.05 comparing vehicle-treated vector control (Neo or
Hygro) versus vehicle-treated PDGF D. **, P < 0.05 comparing PDGF D–expressing cells
vehicle versus JNK inhib. Brackets above bars represent statistical significance of P < 0.05.
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Figure 5.
The PDGF D–specific β-PDGFR signaling axis induces matriptase activation/shedding in
prostate epithelial cells. A, conditioned media or WCL were collected from serum-starved
vector (Hygro), PDGF B or PDGF D BPH-1 cells and analyzed for matriptase and its
inhibitor, HAI-1, under nonreducing conditions. B, matriptase (active and total) and HAI-1
expression in PDGF D BPH-1 cells expressing scrambled (shScrm) or β-PDGFR (shβR)
shRNA. Ponceau S was used to evaluate equal gel loading. CM, conditioned media.
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Figure 6.
Downregulation of matriptase attenuates PDGF D–mediated cell migration and invasion. A,
matriptase [active (aMat) and total (tMat)] and HAI-1 expression in conditioned media or
WCL in PDGF D BPH-1 cells expressing scrambled (shScrm) or matriptase (shMat)
shRNA. Ponceau S was used to evaluate equal gel loading. Wound healing (scratch) cell
migration (B) and Matrigel invasion (C) were assessed in PDGF D BPH-1 cells expressing
scrambled or matriptase shRNA. Bars represent the mean of the experiment carried out in
triplicates ± SD. *, P < 0.05. CM, conditioned media.
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Figure 7.
PDGF D enhances BPH-1 tumorigenesis more effectively than PDGF B. A, vector (Hygro),
PDGF B, or PDGF D BPH-1 cells were injected subcutaneously and tumor volume
monitored. *, P < 0.05. B, tumor weight analysis of BPH-1 subcutaneous tumors. Bars
represent the mean of the tumor weight ± SD. Brackets above bars represent statistical
significance of P < 0.05. C, hematoxylin and eosin (H&E) staining and
immunohistochemical (IHC) analysis of matriptase, CD31 and control IgG antibody are
shown. Histologic images were obtained at 400× magnification. T, tumor; St, stroma. D,
number of tumor blood vessels was quantified using the CellSens Dimension software. Bars
represent the mean value of the number of blood vessels per HPF ± SD. Brackets above bars
represent statistical significance of P < 0.05. BPH-1 Vector (Hygro), PDGF B or PDGF D
BPH-1 cells were grown in serum-free media (E) or in coculture with NIH3T3 cells (F) and
BPH-1 cell proliferation monitored via Trypan blue exclusion assay. *, P < 0.05 comparing
vector (Hygro) versus PDGF B BPH-1. **, P < 0.05 comparing vector (Hygro) and PDGF B
versus PDGF D BPH-1.
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