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Prostate adenocarcinoma is the second leading cause of cancer death among men, due primarily to the fact
that the majority of prostate cancers will eventually spread to the skeleton. Metastatic dissemination requires
a complex series of coordinated events that result in cells that escape from the primary tumor into the cir-
culation and eventually colonize a distant organ. The ability of these cells to evolve into macroscopic metas-
tases depends strongly on their compatibility with, and ability to utilize, this new microenvironment. We
previously showed that bone-metastatic prostate cancer cells exposed to human bone marrow respond by
activation of cell survival pathways, such as phosphoinositide 3-kinase/Akt, and that these events are medi-
ated by the α-receptor for platelet-derived growth factor (PDGFRα). Our studies and others have shown that
PDGFRα may be activated by mechanisms independent of PDGF ligand binding. Here, we provide conclusive
evidence that soluble components of human bone marrow can activate PDGFRα through a mechanism that
does not require the canonical binding of PDGF ligand(s) to the receptor. In particular, we found that dimer-
ization of PDGFRα monomers is not induced by human bone marrow, but this does not prevent receptor
phosphorylation and downstream signaling from occurring. To establish the relevance of this phenomenon
in vivo, we used a PDGFRα mutant lacking the extracellular ligand-binding domain. Our studies show that this
truncated PDGFRα is able to restore bone-metastatic potential of prostate cancer cells as effectively as the
full-length form of the receptor. Cancer Res; 70(10); 4195–203. ©2010 AACR.
Introduction

Prostate adenocarcinoma is the second leading cause of
cancer-related death among men, despite a largely successful
treatment of the primary tumor following early detection (1).
The main problem for therapy is that the majority of prostate
cancers will eventually disseminate to the skeleton. This
complication leads to a significant decline in quality of life
and is currently untreatable, representing the main cause
of death in patients with advanced disease (2).
Metastatic dissemination is a concerted multistep process

in which cancer cells spread from the primary tumor into the
vasculature, survive in the circulation, and reach distant
organs (3). Cancer cells that spread to secondary sites must
initially adhere to the luminal surface of endothelial cells and
subsequently migrate in response to chemoattractant cues
produced by the tissue microenvironment (4, 5). Further
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progression into clinically significant metastases depends
strongly on the ability of cancer cells to support their survival
and proliferation in the parenchyma of the secondary organ.
In fact, it is widely agreed that cancer cells that fail to adapt
to a specific organ microenvironment will either perish or
remain dormant, incapable of causing harm to the patient
unless growth is resumed (6, 7).
Cancer cells that disseminate to the skeleton through the

circulatory system encounter the bone marrow immediately
following extravasation from the vascular sinusoids. Their
propensity to grow into macroscopic secondary tumors is
most likely dictated by favorable conditions offered by this
tissue, such as compatible trophic factors (8, 9). Thus, inter-
ference with these symbiotic interactions has been proposed
as a powerful means to counteract skeletal metastases (10).
Effective therapies against skeletal metastases might be

achieved by identification and blockade of molecular targets
that result in disruption of the host/tumor relationship. To
this end, we exposed bone-metastatic prostate cancer cells
to bone marrow aspirates from human donors, and found
that they responded by activation of downstream cell survival
pathways, such as phosphoinositide 3-kinase (PI3K)/Akt (11).
We also determined that these events are mediated by the
α-receptor for platelet-derived growth factor (PDGFRα),
a receptor tyrosine kinase expressed at higher levels in bone-
metastatic cells than in cells that lack bone tropism (12).
In addition, we showed that targeting PDGFRα with a
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humanized monoclonal antibody dramatically prevents the
growth of skeletal lesions in an animal model of disseminated
prostate cancer (13). When PDGFRα was overexpressed in
prostate cancer cells that lacked bone-metastatic potential,
it restored their ability to survive during the first days follow-
ing extravasation in the bone marrow. This allowed these cells
to progress into secondary bone tumors that were comparable
in number and size to those produced by metastatic cancer
cells that endogenously express higher levels of the receptor
(13). The emphasis we place on the role of PDGFRα in prostate
cancer progression and dissemination is also based on studies
by other groups, which reported detection of PDGFRα in
human samples from both primitive prostate adenocarcinoma
(14, 15) and bone secondary tumors (16). Whereas the contri-
bution of PDGFRα in the promotion of skeletal metastases
from prostate and breast cancers is progressively emerging
(17, 18), studies focusing on the mechanisms of receptor acti-
vation and recruitment of downstream signaling pathways
have provided some exciting results. In particular, recent
evidence suggests that PDGFRα may be activated by novel
mechanisms, alternative to the conventional binding of PDGF
ligand(s) to the receptor. For instance, Lei and Kazlauskas
have shown that generation of reactive oxygen species (ROS)
is sufficient for Src kinase–mediated activation of PDGFRα
(19). Additional evidence shows that PDGFRα associates with,
and is activated in response to, infection by human cytomeg-
alovirus (20). In agreement with these studies, we have found
that activation of PDGFRα by human bone marrow could
occur despite blockade of the extracellular ligand-binding
domain (11).
Here, we provide conclusive evidence that the acellular

fraction of human bone marrow can activate PDGFRα
through a mechanism that does not require the canonical
binding of PDGF ligand(s) to the receptor. In particular,
we found that human bone marrow does not induce dimer-
ization of PDGFRα monomers, but this does not prevent
receptor phosphorylation and downstream signaling from
occurring. To establish the relevance of this phenomenon
in vivo, we used a PDGFRα mutant lacking the extracellular
ligand-binding domain. Our studies show that this truncated
PDGFRα is able to restore bone-metastatic potential of
prostate cancer cells as effectively as the full-length form of
the receptor.
Materials and Methods

Reagents. 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo
[3,4-d]pyrimidine (PP2) and N-acetyl-L-cysteine (NAC) were
obtained from Calbiochem.
Cell lines and cell culture. PC3-ML and PC3-N cell lines

were derived from the parental PC3 cell line [American Type
Culture Collection (ATCC)] as previously described (21).
DU-145 cells were purchased from ATCC. All cell lines were
cultured at 37°C and 5% CO2 in DMEM supplemented with
10% fetal bovine serum (Hyclone) and 0.1% gentamicin
(Invitrogen). Cells were engineered to stably express en-
hanced green fluorescent protein (EGFP) as described below.
Cancer Res; 70(10) May 15, 2010
Ectopic PDGFRα expression. Human full-length PDGFRα
(NM_006206) and its truncated form (αΔX) were expressed
in the identical lentiviral vector (America Pharma Source)
used to obtain stably fluorescent cells as previously described
(13). The truncated PDGFR(αΔX) lacks amino acids 45 to
524, corresponding to the entire extracellular domain with
the exception of the signal peptide (amino acids 1–44). Ami-
no acid 45 in this truncated receptor corresponds to leucine
525 of the full-length form, which is the beginning of the
transmembrane domain (22). Cells were transduced using a
multiplicity of infection of 50 infectious units/cell. As the len-
tiviral vector contains an EGFP-IRES site, the cells expressing
PDGFRα were isolated and purified by flow cytometry and
sorting based on their fluorescence intensity.
Human bone marrow acquisition and processing.

Bone marrow samples from healthy male donors (ages 18–
45 years) were supplied by Lonza Biosciences (Poeitics Donor
Program). Samples were shipped and maintained at 4°C
throughout processing. Briefly, samples were centrifuged
(1,500 rpm for 20 minutes) to separate the acellular and
cellular phases. Supernatant containing the acellular phase
was removed and filtered using 0.8- and 0.22-μm filters in
succession followed by storage at −80°C.
In vitro experimental protocols. Cells were starved of

serum for 4 hours before being exposed to bone marrow or
PDGF-AA (30 ng/mL). Fifty microliters of processed bone
marrow were administered to cells in 1 mL of experimental
medium for a final 1:20 dilution. PP2 was used at a concen-
tration of 10 μmol/L and IMC-3G3 was used at a concen-
tration of 20 μg/mL. Receptor cross-linking experiments
were carried out on ice and/or at 4°C using the chemical
cross-linker BS3 (Pierce) at a concentration of 2 mmol/L.
Briefly, cells were incubated with either ligand or bone
marrow for the time periods indicated, followed by incuba-
tion with BS3 for 30 minutes at 4°C. Cross-linking was then
quenched by the addition of 20 mmol/L Tris for 5 minutes
at room temperature.
SDS-PAGE and Western blotting. Cell lysates were ob-

tained and SDS-PAGE and Western blot analysis performed
as previously described (23) with few modifications. Mem-
branes were blotted with antibodies targeting phospho-Akt
(Ser-473, Cell Signaling Technology), PDGFRα (R&D Sys-
tems), and total Akt (Cell Signaling). Primary antibody bind-
ing was detected using a horseradish peroxidase–conjugated
secondary antibody (Pierce). Chemiluminescent signals were
obtained using SuperSignal West Femto reagents (Pierce)
and detected with the Fluorochem 8900 imaging system
and relative software (Alpha Innotech). Densitometry analy-
sis was done using the UN-SCAN IT software (Silk Scientific).
Samples were run on the same gels for effective comparison
of intensity levels. Each experiment was repeated at least
three times and provided similar results.
Detection of PDGFRα phosphorylation. Cells were

washed twice with ice-cold PBS and lysed with immuno-
precipitation buffer (50 mmol/L Tris, 150 mmol/L NaCl,
10 mmol/L NaF, 10 mmol/L sodium pyrophosphate, 1%
NP40) supplemented with protease and phosphatase inhibi-
tors (Protease Inhibitor Cocktail Set III, Phosphatase Inhibitor
Cancer Research
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Cocktail Set II, Calbiochem). Cell lysates (750 μg) were incu-
bated with agarose-conjugated anti-PDGFRα primary anti-
body (Santa Cruz) for 1 hour at 4°C. Immunoprecipitation
was carried out according to the manufacturer's protocol,
with immunoprecipitated protein run on a 7.5% polyacryl-
amide gel. Western blotting was carried out as previously de-
scribed using an antibody directed against phospho-tyrosine
(Cell Signaling) or phospho-PDGFRα (Tyr-742, Cell Signaling).
Equal loading was confirmed by stripping the membrane and
blotting for total PDGFRα.
Animal model of metastasis. Five-week-old male immu-

nocompromised mice (CB17-SCRF) were obtained from
Taconic and housed in a germ-free barrier. At 6 weeks of
age, mice were anesthetized with 100 mg/kg ketamine and
20 mg/kg xylazine and successively inoculated in the left car-
diac ventricle with cancer cells (5 × 104 in 100 μL of serum-
free DMEM/F12). All cancer cells used in our in vivo studies
were stably transduced using a lentiviral vector (America
Pharma Source) expressing EGFP, either with an exogenous
gene insert (full-length PDGFRα or its αΔX truncated form)
or as an empty vector. PC3-ML and PC3-N cells expressing
the empty vector showed metastatic abilities identical to
their wild-type counterparts, as established in our previous
studies (11, 13). As also previously described, the only soft-
tissue organs we found to be harboring cancer cells at
4 weeks postinoculation were the adrenal glands. However,
these tumors remained contained in size and never produced
tumor burden in the inoculated animals (13).
Mice were sacrificed at specified time points following inoc-

ulation, and tissues prepared as described below. All experi-
ments were conducted in accordance with the NIH guidelines
for the humane use of animals. All protocols involving the use
of animals were approved by the Drexel University College of
Medicine Committee for the Use and Care of Animals.
Tissue preparation. Bones and soft-tissue organs were

collected and fixed in 4% formaldehyde solution for 24 hours
and then transferred into fresh formaldehyde for an addition-
al 24 hours. Soft tissues were then placed either in 30%
sucrose for cryoprotection or in 1% formaldehyde for long-
term storage. Bones were decalcified in 0.5 mol/L EDTA for
7 days followed by incubation in 30% sucrose. Tissues were
maintained at 4°C for all aforementioned steps and frozen in
optimum cutting temperature medium (Electron Microscopy
Sciences) by placement over dry ice–chilled 2-methylbutane
(Fisher). Serial sections of 80-μm thickness were obtained
using a Microm HM550 cryostat (Mikron).
Fluorescence stereomicroscopy and morphometric

analysis of metastases. Bright-field and fluorescent images
of skeletal metastases were acquired using a SZX12 Olympus
stereomicroscope coupled to an Olympus DT70 CCD color
camera. Digital images were analyzed with ImageJ software
(http://rsb.info.nih.gov/ij/) and calibrated for measurement
by obtaining the pixel-to-millimeter ratio. Morphometric
evaluation of skeletal tumors was conducted by analysis of
serial cryosections, in which the largest representative tumor
section for each metastasis was identified. A freehand tool was
used to outline the border of eachmetastatic lesion, and the area
was computed using the ImageJ “measure area” function.
www.aacrjournals.org
Statistics. Data shown in figures are representative of at
least two experiments providing similar results. We analyzed
the number and size of skeletal metastases between groups
using a two-tailed Student's t test. P ≤ 0.05 was considered
statistically significant.

Results and Discussion

We have previously shown that the activation of the PI3K/
Akt pathway in bone-metastatic prostate cancer cells ex-
posed to human bone marrow aspirates depends mostly on
Figure 1. Human bone marrow induces phosphorylation of PDGFRα
and activation of downstream Akt pathway in prostate cancer cells.
Exposure of PC3-ML prostate cancer cells to acellular human bone
marrow induces phosphorylation of PDGFRα, although of a lower
magnitude compared with that produced by the proper ligand PDGF-AA
(30 ng/mL; A). This effect was consistently reproduced by all human
samples tested (B, top). Despite producing a lower extent of PDGFRα
phosphorylation than PDGF-AA, bone marrow activated the downstream
signaling kinase Akt to an extent almost equivalent to that of the growth
factor (B, bottom) and in a time-dependent fashion (C).
Cancer Res; 70(10) May 15, 2010 4197
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PDGFRα signaling (11). Furthermore, prostate cancer cells
that lack bone-metastatic potential—and are less responsive
to bone marrow—could activate Akt to the same extent as
bone-metastatic cells following PDGFRα overexpression
(13). Therefore, our first series of experiments sought to
ascertain whether the acellular fraction of human bone mar-
row would induce phosphorylation of PDGFRα, as is the case
when this receptor binds and is activated by its proper PDGF
ligands (24). As done for our previous studies, we used PC3-
ML cells, a subpopulation of the human PC3 cell line origi-
nally derived from a skeletal metastasis in a patient affected
by prostate adenocarcinoma (25). PC3-ML cells were origi-
nally selected for their invasiveness in vitro in concert with
their bone-metastatic potential in animal models (21). When
these cells were exposed to bone marrow, PDGFRα phos-
phorylation was clearly detected and lasted at least 30 min-
utes (Fig. 1A). The ability of bone marrow to phosphorylate
PDGFRα could be consistently observed using aspirates
withdrawn from different donors (Fig. 1B, top).
Structural and functional studies have shown that PDGF

binding induces dimerization of PDGFR; this allows the
Cancer Res; 70(10) May 15, 2010
trans-phosphorylation of several conserved tyrosine residues
on the juxtaposed intracellular portion of each receptor (26).
In addition to enhancing the catalytic activity of the kinase
domain, this event creates docking sites for the binding
and activation of signal transduction mediators containing
SH2 domains, including members of the PI3K family (27).
At least eight tyrosine residues on PDGFRα become phos-
phorylated on binding of PDGF ligand(s) (28), likely con-
tributing to the strong signal observed in our experiments
(Fig. 1A and B).
Interestingly, the considerably lower magnitude of

PDGFRα phosphorylation induced by bone marrow, as com-
pared with that induced by PDGF ligand(s), did not translate
to a significantly lower activation of the downstream Akt
pathway. In fact, remarkably close levels of Akt phosphoryla-
tion were observed after exposing PC3-ML cells to either
PDGF or bone marrow (Fig. 1B, bottom) and as evidenced
by a time-dependent kinetics (Fig. 1C). In addition, we had
previously shown that the majority of this observed Akt
activation is due solely to PDGFRα signaling (11). This
suggests that the activation of PI3K, which is functionally
upstream of and mainly responsible for Akt phosphorylation,
must be almost equivalent in these two conditions. Thus, we
speculate that the majority of PDGFRα phosphorylation
caused by bone marrow corresponds to Tyr-731 and Tyr-
742 residues, which specifically bind and activate PI3K
(24). This would explain the lower magnitude of receptor
phosphorylation as compared with stimulation by PDGF
Figure 2. Recruitment of PDGFRα by human bone marrow occurs in
the absence of receptor dimerization. Phosphorylation of PDGFRα by
PDGF-AA was preceded by receptor dimerization, observed as soon as
1 min after exposure of cells to the ligand. However, bone marrow (BM)
did not induce PDGFRα dimerization even in cells that were stimulated
for up to 30 min.
Figure 3. Bone marrow–mediated activation of PDGFRα occurs on
blockade of ligand-induced receptor dimerization. Blockade of the
ligand binding domain of PDGFRα using the monoclonal antibody
IMC-3G3 (20 μg/mL) prevents receptor dimerization from occurring in
response to PDGF-AA ligand (A). As expected, blockade of receptor
dimerization prevented receptor phosphorylation in cells exposed to
PDGF-AA. However, bone marrow was able to activate PDGFRα despite
blockade of PDGFRα dimerization (B).
Cancer Research
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ligands. However, the phosphorylation of only select tyro-
sine residues could hardly be justified in the event that
bone marrow induces PDGFRα dimerization. In fact, where-
as dimers could be observed on exposure of PC3-ML cells
to PDGF-AA, human bone marrow consistently lacked the
ability to induce dimerization of PDGFRα in these cells
(Fig. 2A and B).
This initial evidence of an unorthodox mechanism used

by bone marrow to initiate PDGFRα signaling was further
confirmed by a second set of experiments in which dimeriza-
tion was blocked using a monoclonal antibody directed
against the extracellular portion of the receptor. The human-
ized antibody IMC-3G3 blocks the ligand-binding domain of
PDGFRα (11, 29), thereby inhibiting receptor dimerization
following treatment with PDGF-AA (Fig. 3A). By blocking
ligand-induced dimerization, IMC-3G3 also prevented
PDGFRα trans-phosphorylation (Fig. 3B), which normally
occurs by juxtaposition of intracellular kinase domains be-
tween receptor monomers (27, 30). However, no differences
in PDGFRα phosphorylation were observed when cells were
exposed to bone marrow alone or in the presence of IMC-
3G3 (Fig. 3B). This result provides compelling evidence that
dimerization is not a prerequisite for the activation of
www.aacrjournals.org
PDGFRα by the soluble fraction of human bone marrow in
PC3-ML prostate cancer cells. If this was indeed the case, an
active kinase must still phosphorylate the tyrosine residues
responsible for recruitment of PI3K to the receptor, as this
step should precede downstream activation of Akt by
PDGFRα exposed to bone marrow. One likely possibility
was the heterodimerization of PDGFRα with other tyrosine
kinase receptors. However, this event could be excluded by
the absence of any dimer formation following treatment of
cells with bone marrow and subsequent cell-surface receptor
cross-linking (Fig. 2).
Thus, we hypothesize that PDGFRα is activated without

recruitment of its ligand-binding domain and consequent
dimerization, possibly by a soluble tyrosine kinase that phos-
phorylates the monomeric form of the receptor. In fact, this
idea is strongly supported by a recent study of proliferative
vitreoretinopathy showing that activated Src family kinases
(SFK) phosphorylate PDGFRα in mouse embryo fibroblasts
exposed to rabbit vitreous humor, the clear viscous fluid that
occupies the space between the retina and lens of verte-
brates' ocular bulb (31). In these cells, growth factors outside
of the PDGF family and present in the vitreous can activate
their specific receptor(s), thereby increasing the levels of
Figure 4. PDGF-independent but receptor
kinase–dependent phosphorylation of PDGFRα
induced by human bone marrow. Exposure of
PC3-ML cells to the same concentrations of
PDGF ligands detected in human bone marrow
fails to achieve receptor phosphorylation (A)
or downstream Akt signaling (11). Signaling
through PDGFRα in PC3-ML cells exposed
to PDGF ligands depends on the activation
of SFKs and was blocked with PP2, an
inhibitor of this family of kinases. In contrast,
bone marrow–induced signaling through
PDGFRα was insensitive to PP2 (B). The
R627 kinase-dead mutant of PDGFRα was
overexpressed in both DU-145 cells (C, left)
and PC3-N cells (C, right) and shows that
bone marrow–mediated activation of
PDGFRα requires the receptor kinase domain
for its phosphorylation.
Cancer Res; 70(10) May 15, 2010 4199
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intracellular ROS. This event led to the direct activation of
SFKs, which then mediated the phosphorylation of PDGFRα
(19). We have previously shown that human bone marrow
activates downstream Akt despite containing negligible levels
of PDGF ligands (measured at 150 pg/mL by ELISA; ref. 11)
and also induces evident PDGFRα phosphorylation (Fig. 4A).
Thus, if bone marrow were engaging PDGFRα in prostate
cancer cells with a mechanism analogous to vitreous humor
in mouse embryo fibroblasts, this would similarly require an
increase in intracellular ROS. In this case, either antioxidants
or inhibitors of SFKs should then block the activation of
PDGFRα. To test this possibility, we treated PC3-ML cells
either with 5 mmol/L hydrogen peroxide alone or with bone
marrow in the presence of the antioxidant NAC (10 mmol/L).
The first condition—adopted to induce intracellular ROS
production—was unable to induce PDGFRα phosphoryla-
tion. Analogously, NAC did not prevent the activation of
the receptor and downstream PI3K/Akt signaling caused by
bone marrow (data not shown).
We could also exclude the involvement of SFKs in the

activation and signaling of PDGFRα induced by bone marrow
by using PP2, a specific inhibitor of this family of kinases
Cancer Res; 70(10) May 15, 2010
(32, 33). In PC3-ML cells, PP2 did not prevent Akt phosphor-
ylation by bone marrow (Fig. 4B), whereas it completely
blocked stimulation of this pathway by PDGF-AA. This finding
is in agreement with a described role of SFKs in coordinating
ligand-induced recruitment of signaling pathways by tyrosine
kinase receptors, by acting upstream of PI3K (34, 35).
Taken together, these results lead us to conclude that

human bone marrow activates PDGFRα on prostate cancer
cells in a manner that is distinct from the factors found in
vitreous humor, supporting the idea that there may be mul-
tiple mechanisms whereby this receptor can be activated
without the involvement of its canonical PDGF ligands.
It is widely recognized that the activity of the kinase do-

main in tyrosine kinase receptors is significantly augmented
on dimerization and trans-phosphorylation (30). Because we
observed a lack of PDGFRα dimerization on exposure of
prostate cancer cells to human bone marrow, one would pre-
dict that the kinase domain is neither necessary nor respon-
sible for the phosphorylation of monomeric PDGFRα. To
effectively investigate this idea, we used two different pros-
tate cancer cell lines that show low levels of this receptor
(PC3-N) or completely fail to express it (DU-145; ref. 12)
Figure 5. PDGFRα activation by human bone marrow is independent of the extracellular ligand-binding domain. A truncated PDGFRα missing the
extracellular binding domain (αΔX) was stably expressed in DU-145 cells, which normally lack PDGFRα expression (A; ref. 12). As expected, this
mutated PDGFRα could not be phosphorylated in cells exposed to PDGF-AA; however, two different samples of human bone marrow elicited a
strong receptor phosphorylation (B, top), which involved the Tyr-742 residue, a specific binding site for PI3K (B, bottom). Exposure of wild-type (WT)
DU-145 cells to bone marrow did not produce an appreciable activation of the PI3K/Akt pathway, which was conferred by the stable expression of
PDGFRα (C).
Cancer Research
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and engineered them to stably express a kinase-inactive
PDGFRα mutant (R627; ref. 36). Surprisingly, both R627-
expressing cell types failed to show receptor phosphorylation
on bone marrow exposure, in contrast to when the same cell
types overexpress the wild-type form of PDGFRα (Fig. 4C).
Thus, these results implicate the kinase domain in the phos-
phorylation and signaling of monomeric PDGFRα induced by
bone marrow. This observation suggests the possibility of a
receptor autophosphorylation event independent of ligand-
induced dimerization and most likely affecting the tyrosine
residues responsible for PI3K binding and activation. The
identification of the mechanism and signaling mediators
responsible for this event is the focus of an ongoing investi-
gation in our laboratory.
In previous animal studies, we have shown that PDGFRα

can confer bone-metastatic potential to prostate cancer cells
(13). Intriguingly, the role exerted by this receptor in the
metastatic process may require its indirect activation, likely
through the activity of yet unidentified factor. To further
investigate this peculiarity of PDGFRα signaling, we stably
transfected cancer cells with a truncated receptor mutant
(αΔX) that lacks the extracellular ligand-binding domain
(see Materials and Methods for details) and is therefore
unable to bind or be activated by proper PDGF ligand(s) or
additional molecules that could activate the receptor in a
spurious fashion (22).
www.aacrjournals.org
A first set of experiments was conducted using DU-145
prostate cancer cells, which normally do not express
PDGFRα (12) and would therefore not interfere by providing
additional signaling through its wild-type full form. The αΔX
expressed in these cells (Fig. 5A) was clearly insensitive to
PDGF-AA, as expected due to its lack of binding capability
and shown by the absence of any receptor phosphorylation
(Fig. 5B, top). However, exposure of DU-145(αΔX) cells to
human bone marrow aspirates induced strong phosphoryla-
tion of the truncated receptor, conclusively showing its
ligand-independent activation (Fig. 5B, top). This phosphor-
ylation involved the Tyr-742 residue (Fig. 5B, bottom), which
on PDGFRα specifically corresponds to the PI3K binding site
through its SH2 domain (24, 30), unequivocally linking the
soluble fraction of human bone marrow to the downstream
activation of the Akt signaling pathway in prostate cancer
cells. This event could be observed in cells either constitu-
tively expressing PDGFRα (Fig. 1; refs. 11, 13) or engineered
to express the exogenous form of this receptor (Fig. 5C).
A second series of experiments aimed to ascertain whether

the αΔX receptor could reproduce the enhanced capacity
of skeletal metastases from prostate cancer cells, as we had
previously shown for its full-length form (13). A confirmatory
result would convincingly show that PDGFRα could induce
a prometastatic phenotype, with pronounced bone tropism,
through a ligand-independent transactivation caused by the
Figure 6. PDGFR(αΔX) induces a bone metastatic phenotype that is indistinguishable from cells expressing full-length PDGFRα. Expression of
PDGFR(αΔX) in non–bone-metastatic PC3-N cells results in an increased activation of downstream Akt on exposure to human bone marrow, to an
extent comparable to that observed in bone-metastatic PC3-ML cells (A). PC3-N(αΔX) were able to successfully form skeletal lesions 4 wk after their
intracardiac inoculation in SCID mice (B; top, femur; bottom, tibia). MT, metastatic tumor. Importantly, the size of metastases produced by PC3-N(αΔX)
cells did not differ significantly from lesions formed by the metastatic PC3-ML cells, which express substantially higher levels of endogenous, full-length
PDGFRα (C). Seven mice were inoculated with PC3-N(αΔX) cells in two different experiments and presented 13 skeletal tumors in total. Eight mice
were inoculated with PC3-ML-(empty vector) cells in two different experiments and presented 22 skeletal tumors in total.
Cancer Res; 70(10) May 15, 2010 4201
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acellular fraction of bone marrow. PC3-N cells were originally
selected from the parental PC3 cell line for their lack of
invasiveness in vitro (21). We have previously shown that
PC3-N cells express lower levels of PDGFRα and respond
weakly to human bone marrow as compared with their
bone-metastatic counterpart PC3-ML cells (12, 13). Most
importantly, PC3-N cells disseminate to the bone when inoc-
ulated in the blood circulation of severe combined immuno-
deficient (SCID) mice, but fail to grow into macroscopic
skeletal metastases unless they are engineered to overexpress
full-length PDGFRα (13). When PC3-N cells were stably
transduced with a lentiviral vector expressing PDGFR(αΔX)
(Fig. 5A) and exposed to bone marrow, Akt was phosphory-
lated to the same extent observed in either PC3-ML cells
(Fig. 6A) or PC3-N cells expressing full-length PDGFRα trea-
ted in the same fashion.
To test their bone-metastatic potential, PC3-N(αΔX)

cells were then inoculated via an intracardiac route into
SCID mice, and the skeletal metastases observed at 4 weeks
postinoculation were compared with those detected in mice
receiving the highly bone-metastatic PC3-ML cells. When the
bone tumors in these two groups of mice were compared, no
significant differences in size were observed and the location
and bone-destructive properties induced by the αΔX and
full-length PDGFRα were nearly identical (Fig. 6B and C).
These results show that PDGFRα can both increase the re-
sponsiveness of human prostate cancer cells to acellular
bone marrow in vitro and promote their progression in the
bone microenvironment in the absence of any involvement of
its ligand-binding domain.
Recognizing that PDGFRα could contribute to dissemina-

tion and metastatic progression of prostate adenocarcinoma
Cancer Res; 70(10) May 15, 2010
independently of direct ligand stimulation has significant
translational implications. It could be inferred that antican-
cer therapeutics that are designed to block PDGF ligand
binding to PDGFRα would not prevent the activation of
downstream signaling pathways in cells that have spread to
the bone marrow. In contrast, therapeutic approaches that
induce internalization of PDGFRα may provide a better
option to inhibit downstream signaling elicited by this recep-
tor in disseminated prostate cancer cells when exposed to
the bone marrow microenvironment.
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