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Abstract

Purpose: Unlike platelet-derived growth factor-B (PDGF-B), the role of PDGF-D in tumor progression
or treatment is largely unknown. To this end, we determined the role of PDGF-D in breast cancer
progression, metastasis, and response to chemotherapy.

Experimental Design: We first examined PDGF-D expression in human breast carcinomas by immu-
nohistochemical (IHC) staining. To mimic high PDGF-D expressing tumors, we stably transfected the
breast cancer cell lines MDA-MB-231 and 4T1 with pdgf-d cDNA, and implanted these tumor cells
orthtopically into nude mice. We monitored tumor growth by caliper measurement and bioluminescence
imaging. We also used short hairpin RNA interference (shRNAi) and imatinib to block PDGF-D/PDGFR
signaling. Finally, we studied the effect of PDGF-D on doxorubicin delivery and efficacy.

Results: Human breast cancers express high levels of PDGF-D. Overexpression of PDGF-D promoted
tumor growth and lymph node metastasis through increased proliferation, decreased apoptosis, and
induction of CXCR4 expression. Blockade of CXCR4 signaling abolished PDGF-D-induced lymph node
metastasis. Furthermore, overexpression of PDGF-D increased perivascular cell coverage and normalized
tumor blood vessels. As a result, PDGF-D overexpression facilitated tissue penetration of doxorubicin and
enhanced its treatment efficacy.

Conclusions: PDGE-D is highly expressed in human breast cancer and facilitates tumor growth and
lymph node metastasis, making it a potential target in breast cancer. At the same time, PDGF-D increases
drug delivery and hence improves the efficacy of chemotherapy through vessel normalization. Therefore,
judicious use of PDGF-D/PDGFRp blockers would be necessary to minimize the adverse effects on
concomitantly administered cytotoxic therapies. Clin Cancer Res; 17(11); 3638-48. ©2011 AACR.
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Introduction

Platelet-derived growth factors (PDGFs) regulate many
cellular processes including proliferation, apoptosis, trans-
formation, migration, invasion, angiogenesis, and metas-
tasis. Four PDGF family members have been identified to
date: the classical PDGF-A and -B are secreted as homo-
dimers or heterodimers that bind to dimeric PDGF receptors
composed of a- and/or B-chains. Unlike PDGF-A and -B,
very little is known about PDGF-C and -D (1-3). PDGF-C
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can induce vascular normalization in glioblastoma (4), and
may be responsible for escape from anti-VEGF therapy (5).
PDGEF-D forms homodimers that are secreted in latent form
and specifically bind to and activate PDGFR-B (2). PDGF-D
has been found to be up-regulated in prostate, lung, renal,
ovarian, brain, and pancreatic cancers, and promotes their
progression and metastasis (6-9). A recent study showed
PDGEF-D overexpression in breast tumor cells enhanced
invasion in vitro (10). However, whether human breast
tumors express PDGF-D and its role in breast cancer pro-
gression and treatment remains unexplored.

To reach cancer cells in a tumor, a blood-borne thera-
peutic agent must make its way across the blood vessel wall
and subsequently diffuse through the tumor interstitium
(11). Tumor vessels are structurally and functionally abnor-
mal, and these vascular abnormalities lead to an abnormal
tumor microenvironment characterized by interstitial
hypertension, hypoxia, and acidosis, which in turn hinder
delivery and efficacy of antitumor treatments (12). Blood
vessels consist of vascular endothelial cells, perivascular
cells (pericytes or vascular smooth muscle cells) and base-
ment membrane. Recruitment of perivascular cells and
their investment into newly formed blood vessels stabilizes
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Translational Relevance

The role of the PDGF-B/R signaling pathway is well
characterized in invasive breast cancer. However, the
role of PDGF-D, another member of the PDGF family,
in human breast cancer is not defined. We found that
PDGE-D is highly expressed in human breast cancer and
facilitates tumor growth and lymph node metastasis,
making it a potential therapeutic target. At the same
time, PDGF-D normalizes tumor blood vessels and
increases intratumoral delivery of chemotherapeutics.
Consequently, PDGF-D improves the efficacy of che-
motherapy. These contrasting roles of PDGF-D/
PDGFRJ axis in breast cancer suggest that pharmacolo-
gical blockers of this pathway must be used judiciously
to minimize the adverse effects on concomitantly admi-
nistered cytotoxic therapies.

these vessels, and their presence is necessary for vessel
differentiation, maturation, and function (13). PDGF-B/
PDGFR signaling is critical for the recruitment of perivas-
cular cells to vessel walls, and inhibition of PDGFRf
signaling has been shown to destabilize mature tumor
vessels and increase metastasis (14-16). We have pre-
viously shown that overexpression of PDGF-D increases
perivascular cell coverage in renal cell carcinoma (8),
however, whether PDGF-D causes vessel maturation and
improves drug delivery in breast carcinomas is not known.

In this study, we found that PDGF-D is strongly expressed
in human breast cancers. Using an orthotopic breast cancer
model in nude mice, overexpression of PDGF-D enhanced
tumor progression and lymph node metastasis, whereas
inhibition of PDGF-D signaling with imatinib and shRNAi
inhibited tumor growth and metastasis. At the molecular
level, PDGF-D led to activation of Akt and ERK1/2 MAPK.
Furthermore, overexpression of PDGF-D increased CXCR4
expression in tumor tissues, which directly mediated PDGF-
D-induced lymph node metastasis. Interestingly, overex-
pression of PDGF-D also led to higher perivascular cell
coverage of tumor vessels and decreased vessel diameter.
The "normalized" tumor vessels improved the tumor tissue
penetration of doxorubicin and enhanced its efficacy in vivo.
Theseresults provide novel insights into the contrasting roles
and mechanisms of PDGF-D in progression and treatment
of breast cancer and underscore the complexity of PDGFR
blockade in cancer treatment.

Material and Methods

Cell lines and reagents

The mammary carcinoma cell lines MDA-MB-231, MDA-
MB-435s, MDA-MB-468, BT474, and 4T1 cells were
obtained from the American Type Culture Collection.
PDGF-D antibody and recombinant human PDGF-BB
and PDGF-D protein were obtained from R&D Systems.
Fluorescent doxorubicin hydrochloride and the CXCR4

antagonist AMD3100 were obtained from Sigma-Aldrich.
Doxorubicin was obtained from Novaplus. Fluorescein
lycopersion esculentum (Tomato) lectin (FITC-lectin)
was obtained from Vector Laboratories.

Plasmid construct, transfection, and infection
Full-length pdgf-d cDNA was cloned as described pre-
viously (8). This expression vector was stably transfected
into MDA-MB-231 and 4T1 cells using Lipofectamine 2000
(Invitrogen) as instructed by the manufacturer. The trans-
fected cells were selected with 0.5 ug/mL puromycin.

Orthotopic implantation of tumor cells

Viable MDA-MB-231 (5 x 10°) and 4T1 (1 x 10°)
tumor cells suspended in 50 puL of Hank’s Balanced Salt
Solution were injected into the 4th left mammary fat pad of
8- to 12-week-old female nude mice. Tumor volume was
calculated as: tumor volume = [length x (width)?]/2 (17).
All animal procedures were performed following the guide-
lines of Public Health Service Policy on Humane Care of
Laboratory Animals and approved by the Institutional
Animal Care and Use Committee of the Massachusetts
General Hospital.

Bioluminescence imaging

Cells were infected with lentivirus encoding both firefly
luciferase (F-luc) and a DsRed reporter gene. DsRed posi-
tive cells were sorted with a FACSAria cell sorter (BD
Biosciences). Mice implanted with F-luc tumor cells were
anesthetized and injected with D-luciferin [Xenogen, 150
mg/kg, intraperitoneally (i.p.)]. Five minutes later, mice
were placed in the IVIS Imaging System (Lumina II, Caliper
Life Sciences). The image acquisition time ranged from 1
second to 1 minute. Postprocessing and quantification was
performed using Living Image software 3.0.

Western blot analysis

Thirty micrograms of protein per sample was separated
on 10% SDS-polyacrylamide gels (18). Membranes were
blotted with antibodies against: PDGFRB (1:1000) and
phospho-PDGFRP (1:1000); p38 (1:1000) and phospho-
p38 (1:1000); Akt (1:1000) and phospho-Akt (1:1000);
ERK1/2 (1:1000) and phospho-ERK1/2 (1:1000). Antibo-
dies were obtained from Cell Signaling.

RNA interference

PDGF-D shRNAi lentivirus was obtained from Santa
Cruz Biotechnology. MDA-MB-231 cells (1 x 10°/well)
were plated in flat-bottomed 48-well plates. Lentivial par-
ticles (MOI = 5) and polybrene (8 ug/mL) were added into
each well. The infected cells were selected with 0.5 ug/mL
puromycin.

Immunohistochemistry

Tissue microarray slides (Biochain) was immunostain-
ed with anti-PDGF-D antibody (1:200, R&D Systems).
The antibody stains specifically PDGF-D and does not
cross-react with PDGF-A and PDGF-B. The anti-PDGF-D
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antibody also does not cross-react with recombinant
human PDGF-C protein (R&D Systems) as determined
by dot blot. Here we report PDGF-D staining as positive
if a diffuse cytoplasmic staining was observed within cells.
Internal positive controls in the tissues included endothe-
lial cells, inflammatory cells, and fibroblasts within the
stroma serve as internal positive controls in the tissues.
We scored cellular PDGF-D staining both qualitatively
and quantitatively. For the former, intensity of staining
was scored as follows: negative (if no staining was
observed), weak, moderate, and strong as compared with
positive internal controls. For the quantitative scoring,
we calculated percentage of PDGF-D positive cells among
the total number of cells within the lesion.

Ki67 (Dako Ki67 kit) staining was carried out on tissue
sections of formalin-fixed, paraffin-embedded breast carci-
noma xenografts. CD31 (1:250, BD Bioscience), F4/80
(1:200, Serotec), NG2 (1:200, Sigma), CXCR4 (1:100,
Abcam), and TUNEL (Millipore TUNEL apoptosis detection
kit) staining were carried out on frozen sections embedded
in OCT compound (8-um thick; ref. 19).

Mammary fat pad window and multiphoton laser
scanning microscopy

For noninvasive imaging of blood vessels in orthotopic
breast cancers, tumor cells were implanted in mammary fat
pad windows as described previously (20). Following
implantation of the transparent access chamber, animals
were allowed to recover for 48 hours before tumor implan-
tation (5 x 10° cells/mice). Angiography was performed
after i.v. injection of 50 pL of FITC-Dextran (10 mg/mL,
2,000 kDa, Sigma) as described previously. Vascular para-
meters were calculated using a semiautomated 3-D analysis
system in Image]J.

Transvascular extravasation of fluorescent
doxorubicin

Fifty microliters of fluorescent doxorubicin (15 mg/kg)
was injected i.v. into the tail vein of tumor-bearing mice.
Four hours later, 50 puL FITC-lectin (2 mg/kg) was injected
i.v. to identify functional vessels. Five minutes later, tumors
were resected and snap-frozen in liquid nitrogen. Three
20-um-thick sections, each 50 um apart, were prepared.
Images were taken using epifluorescence confocal micro-
scopy. The extravasation pattern of fluorescent doxorubicin
was analyzed using Image] (21).

Statistical analysis

All data are presented as mean £ SD. The significance
of differences between 2 groups was analyzed using the
Student's t test (2-tailed) or Mann-Whitney U test (2-tailed).

Results

PDGF-D is highly expressed in human breast
carcinomas

We first examined PDGF-D expression in human
breast cancer tissue-arrays. Tissue-array slides contained

134 human breast carcinoma sections, 4 human breast
fibroadenoma sections, 6 human mammary hyperplasia
sections, and 6 normal human mammary gland sections
(BioChain; Supplementary Table S1). Using immunohis-
tochemical (IHC) staining, we observed that PDGF-D
staining was positive in all the 134 human breast carci-
noma cases examined. It was weakly or moderately
expressed in the cytoplasm of epithelial and stromal cells
of normal human mammary gland tissues and benign
breast fibroadenomas (Fig. 1A). However, PDGF-D was
homogenously and strongly expressed in carcinoma cells as
well as in endothelial and stromal cells in invasive ductal
carcinoma (Fig. 1B, Supplementary Table S2). We also
found that expression of PDGF-D positively correlated with
the expression of progesterone receptor (PR; P = 0.02) and
HER2 (P = 0.0099; Supplementary Tables S1 and S2). It is
noteworthy that no correlation between PDGF-D expres-
sion in the primary tumor and lymph node metastasis
was found (P = 0.27). Next, we examined whether estab-
lished human breast cancer cell lines express PDGF-D and
its receptor, PDGFRB. In MDA-MB-435s, MDA-MB-231,
MDA-MB-468, BT474, and 4T1 cells, both PDGF-D and
PDGFRP was detected by RT-PCR (Fig. 1C).

Overexpression of PDGF-D promotes growth and
lymph node metastasis of orthotopic human breast
cancer

To study the role of PDGF-D on tumor growth and
metastasis, we cloned the full-length human pdgf-d cDNA
(GenBank accession number: AF336376) and transfected it
into MDA-MB-231 and 4T1 cells. Overexpression of PDGF-
D was confirmed by quantitative RT-PCR (565- and 128-
fold overexpression, respectively) and Western blot
(Fig. 1D). Parental MDA-MB-231 and 4T1 cells expressed
PDGFRP protein, however activation of PDGFRP was
barely detectable. In pdgf-d transfected cells (231-PDGFD
and 4T1-PDGFD), PDGFRp phosphorylation was clearly
detected (Fig. 1D). PDGF-D overexpression did not change
tumor cell proliferation (by MTT assay) or migration (by
cell migration assay) in vitro (data not shown).

When implanted orthotopically, PDGF-D overexpres-
sing MDA-MB-231 and 4T1 cells produced faster growing
and larger tumors than the parental and mock-transfected
cells (Fig. 2A, mock-data not shown). In parallel, we used
bioluminescence imaging (BLI) to monitor tumor growth
and metastasis in MDA-MB-231 tumors. We observed that
orthotopically implanted 231-PDGFD tumors displayed
significantly stronger firefly luciferase signals compared
to parental 231 tumors (Fig. 2B). At the terminal point
of the experiment, in mice bearing parental or PDGF-D-
transfected MDA-MB-231 tumors, we did not detect lung
metastasis under dissecting microscope. Using biolumines-
cence imaging, we observed that all mice bearing 231-
PDGFD tumors developed metastasis to inguinal and/or
axiliary lymph nodes, whereas only 2 of 8 mice bearing
parental MDA-MB-231 tumors developed metastasis to
the inguinal lymph node (Fig. 2C). Quantification of the
luciferase signal confirmed that overexpression of PDGF-D
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Figure 1. Immunohistochemical
staining of PDGFD (1:250) in (A)
breast fibroadenoma tissue and
(B) invasive ductal breast
carcinoma tissue (20x). C,
RT-PCR analysis of PDGF-D and
PDGFRp in breast cancer cell
lines: MDA-MB-435s, MDA-MB-
231, MDA-MB-468, BT474, and
4T1. D, Western blot analysis of
PDGFD, phosphorylated and total
PDGFR in parental, and PDGFD-
transfected MDA-MB-231 and
4T1 cells. Densitometry data
were calculated by normalizing
the PDGF-D, total and
phosphorylated PDGFRB intensity
to that of B-actin using NIH Image.
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significantly increased lymph node metastasis (Fig. 2C). In
4T1 tumors, overexpression of PDGF-D significantly
increased lung metastasis (Fig. 2C).

Next, to study if inhibition of PDGF-D expression can
inhibit tumor progression, we knocked down PDGF-D
expression in MDA-MB-231 cells using lentiviral shRNAi.
Decreased PDGF-D expression was confirmed by Western
blot (data not shown). After orthotopic implantation,
PDGF-D knocked-down tumor cells (231-PDGFD-si) pro-
duced slower growing and smaller tumors (Fig. 3A). Bio-
luminescence imaging study showed that the lymph node
metastases also decreased significantly (2.2 + 1.68 million
photon/s in parental MDA-MB-231 mice vs. 0.14 + 0.03
million photon/s in 231-PDGFD-si mice). The inhibition
of PDGF-D expression in orthotopic breast cancer tissues
was confirmed by IHC (data not shown).

Finally, we blocked PDGFRJ signaling using imatinib,
an inhibitor against PDGFRJ tyrosine kinase, c-kit and
bcr-abl. Treatment began 10 days after tumor implantation.
Daily oral gavage of imatinib for 30 days did not affect
body weight (data not shown). In parental MDA-MB-231
tumors, which does not express phosphorylated PDGFR,
imatinib treatment was not effective in inhibiting tumor
growth. In PDGF-D overexpressing MDA-MB-231 tumors,
which express phosphorylated PDGFRf, imatinib signifi-
cantly inhibited tumor growth (Fig. 3B and C).

PDGF-D increases tumor cell proliferation and
inhibits tumor cell apoptosis in breast cancer via
activation of MAPK and Akt signaling pathways

We analyzed tumor cell proliferation and apoptosis by
Ki67 and TUNEL staining of tumor tissues. We found that

231-PDGFD tumors had a higher cell proliferation rate
(34.5 £ 3.3) compared to parental tumors (24.5 £ 4.1; P<
0.05, data shown as number of Ki67 " cells per 0.041 mm?).
In addition, 231-PDGFD tumors showed significantly
lower rates of cell apoptosis (9.9 + 3.5) compared to
parental tumors (53.1 + 20.4, P < 0.05, data are shown
as number of TUNEL" cells per 0.329 mm?).

It has been shown that ERK1/2 and p38 MAPK induce
the mitogenic signal, and Akt mediates the antiapoptotic
signal generated by PDGF-B/PDGFRf (22, 23). Given that
PDGF-D shares the PDGFRp receptor with PDGF-B, we
therefore sought to determine whether MAPK and Akt are
activated in PDGF-D overexpressing tumors. We found that
phosphorylated ERK1/2, p38, and Akt levels increased
significantly in 231-PDGFD tumors, while no change in
the levels of total ERK, p38 or Akt was detected (Fig. 3D).

PDGF-D enhances lymph node metastasis via
SDF-10/CXCR4 axis

Increased lymphangiogenesis has been shown to enhance
the rate of tumor cell metastasis to lymph nodes (24). PDGF-
BB has been shown to induce tumor lymphangiogenesis,
leading to enhanced metastasis in lymph nodes (25). How-
ever, we could not detect differential expression of VEGF-C
or LYVE-1 in parental MDA-MB-231, 231-PDGFD, and
231-PDsi tumors. These data suggest that increase in lymph
node metastasis induced by PDGF-D is mediated by a
mechanism independent of lymphangiogenesis. The
SDF-10/CXCR4 chemokine axis has been shown to play a
critical role in breast cancer metastasis (26). Using qRT-PCR
and THC, we examined SDF1a and CXCR4 expression in
PDGF-D transfected cells and tumors. Overexpression of
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Figure 2. A, parental and PDGF-D-transfected MDA-MB-231 and 4T1 cells were injected into the 4th left mammary fat pad of nude mice, tumor size
was measured every 3 days (n = 8, P < 0.005). B, representative bioluminescence images (BLI) of mice bearing parental (231) and PDGF-D transfected
(231-PDGFD) MDA-MB-231 tumors. BLI study started 7 days after tumor implantation and was performed weekly to monitor the development of tumors.
Signal intensity is measured as photon flux (photons/second) and coded to a color scale. C, thirty days after tumor implantation, mice bearing parental
and PDGF-D-transfected MDA-MB-231 tumors were sacrificed. Inguinal (In-LN) and axillary (A-LN) lymph nodes were collected for BLI study (n = 8).
BLIimages were quantified using Living Image software 3.0. P < 0.005. Lungs were collected from mice bearing parental and PDGF-D transfected 4T1 tumors,

metastatic nodules were counted under dissecting microscope.

PDGEF-D did not change SDF-lo. or CXCR4 expression
in vitro (data not shown). However, 231-PDGFD tumors
had significantly higher CXCR4 expression at both mRNA
(a 6-fold increase) and protein levels (Fig. 4A and B).

To examine whether the SDF-10/CXCR4 pathway
directly mediates PDGF-D-induced metastasis, we treated
the mice bearing 231 or 231-PDGFD tumors with a CXCR4
antagonist, AMD3100. AMD3100 treatment did not
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change the primary tumor growth of either parental or 231-
PDGFD tumors (Fig. 4C), but it significantly decreased
lymph node metastasis in the 231-PDGFD group (Fig. 4D).

PDGF-D normalizes tumor vasculature

We analyzed tumor vessel density and perivascular cell
coverage by CD31 and NG2 double fluorescent staining. We
observed no significant difference in blood vessel density
between parental (24.2 £+ 2.5) and 231-PDGFD tumors
(29.3 + 7.3, data shown as number of CD317 structures
per 1.355 mm?). However, we found the fraction of vessels
covered by NG2-positive perivascular cells increased from
32.2% in 231-parental tumors to 78.7% in 231-PDGFD

tumors (Fig. 5A). Using multiphoton laser scanning micro-
copy, we studied the vascular morphology of tumors grown
in mammary fat pad chambers. In parental tumors, we
observed tortuous and abnormally dilated vessels as typi-
cally seen in solid tumors. In 231-PDGFD tumors, we
observed a reduction in vessel diameter and a shift toward

a more anatomically normal phenotype (Fig. 5B).

PDGF-D improves the tumor tissue penetration of
doxorubicin and its efficacy

Because PDGF-D overexpression morphologically
normalized the tumor vasculature, we determined if

PDGF-D can increase tissue penetration of doxorubicin,
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Figure 4. A, immunofluorescent staining of CXCR4 in parental MDA-MB-231 and 231-PDGFD tumor tissues (20x). B, quantification of CXCR4 staining
intensity by Imaged, P < 0.01. C, 14 days after orthotopic implantation, mice were randomized to be implanted s.c. with a 14-day continuous release
osmotic pump (Alzet) containing saline (control) or AMD3100 (7 mg/kg/day; n = 8). Tumor size was measured every 3 days by caliper. Mice were sacrificed
on day 30, and (D) inguinal (In-LN) and axillary (A-LN) lymph nodes were collected for BLI study. BLI images were quantified using Living Image

software 3.0, P < 0.005.

a fluorescent chemotheraputic drug (Fig. 5C). The average
intensity of extravasated fluorescent doxorubicin was
quantified as a function of distance from the blood vessel
wall. Quantitative analysis showed that fluorescent dox-
orubicin penetrated significantly deeper in 231-PDGFD
tumors (24.1 £ 9.2 pm) than in parental 231 tumors
(7.1 £ 2.3 um; Fig. 5C).

Finally, we studied whether PDGF-D enhances the
efficacy of doxorubicin. Doxorubicin treatment started
14 days after orthotopic implantation, and continued
weekly for 3 weeks. Inguinal and axillary lymph nodes
were collected at the end of the experiment for biolumi-
nescence imaging. Doxorubicin treatment was signifi-
cantly more effective in inhibiting the growth and
lymph node metastasis of 231-PDGFD tumors than in
parental groups (Fig. 6A-C).

Discussion

The PDGF-B/Rp signaling pathway has been character-
ized in invasive breast cancer. PDGFRo and  are com-

monly overexpressed both in tumor and stromal cells (27),
and PDGF receptor 3 has been shown to be up-regulated in
breast cancer endothelial cells (28). Autocrine PDGFR
signaling has been shown to promote breast cancer metas-
tasis (29). PDGF-D is the most recent addition to the PDGF
family (10). Whether PDGF-D is expressed in human breast
cancer tissues and whether it affects tumor growth and
metastasis in vivo are not known. In this study, we observed
for the first time that PDGF-D is highly expressed in human
breast cancers. We found that overexpression of PDGF-D
activates the PDGFRP signaling and enhances tumor
growth and metastasis. We then, blocked PDGF-D signal-
ing using both genetic (shRNA) and pharmacological
(imatinib) approaches. We observed that PDGF-D knock-
down decreased tumor growth, but inhibition of PDGFR3
by imatinib has only minimal effect on parental MDA-MB-
231 tumor growth. The efficacy of the pharmacological
approach may be reduced due to the abnormal tumor
microenvironment resulting in decreased drug delivery.
However, it is also possible that PDGF-D exerts its protu-
mor effects via other signaling pathways. Indeed, recent
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Figure 5. A, immunofluorescence double staining for endothelial cells (CD31, green) and perivascular cells (NG2, red) in frozen sections of parental (231) and
231-PDGFD tumors. The percentage of CD31 and NG2 colocalization was quantified using Imaged, P < 0.05. B, angiographic images of blood vessels in
parental tumor (231), and 231-PDGFD tumors implanted in the mammary fat pad chamber were captured using mutiphoton laser scanning microscopy
(MPLSM). Blood vessel diameter was quantified using a semiautomated 3-D analysis system, P < 0.05. C, extravasation of fluorescent doxorubicin (red) from
perfused vessels (FITC-lectin, green) was examined in parental (231) and 231-PDGFD tumors. An automated routine in Imaged was used to quantify

the average intensity of extravasted fluorescent doxorubicin as a function of distance from the blood vessel wall (n = 12 sections; 3 sections per tumor;
image width: 512 um, P < 0.05).
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Figure 6. A, parental (231) and (B) 231-PDGFD tumor cells were implanted orthotopically. Fourteen days after orthotopic implantation, mice were randomized
to receive weekly i.p. injection of saline (control) or doxorubicin (Doxo, 5 mg/kg, n = 8, P < 0.05). Tumor was measured every 3 days by caliper. Mice
were sacrificed on day 35. C, representative BLI images of inguinal and axillary lymph nodes (n = 8). BLI images were quantified using Living Image

software 3.0, P < 0.005.

studies reported PDGF-D cross talk with PI3K/Akt, Notch,
and NF-xB signaling pathways and increased tumor angio-
genesis and invasion (7, 10, 22). In summary, we conclude
that although PDGF-D pathway alone does not provide a
sufficient autocrine signal to accelerate MDA-MB-231 cell
growth in vitro, it potentiates tumor growth and metastasis
in vivo via: (i) stimulation of cancer cell proliferation
through ERK1/2 and p38 MAPK activation, (ii) protection
of cancer cells from apoptosis via Akt activation, and (iii)
stimulation of tumor cell metastasis via activation of SDF-
10/CXCR4 pathway.

Others and we have previously shown that overexpres-
sion of PDGF-D increased tumor metastasis in renal cell
carcinoma (8) and PDGF-D contributes to epithelial-
mesenchymal transition phenotype in prostate cancer cells
(30). Here, we show a novel mechanism by which PDGF-D
enhances metastasis. We found that overexpression of
PDGEF-D increase nodal metastasis of orthotopic MDA-
MB-231 breast carcinomas via CXCR4 signaling. Blocking
CXCR4 with AMD3100, a specific inhibitor of CXCR4,
abolished PDGF-D-induced metastasis, suggesting that
CXCR4 signaling directly mediates PDGF-D-induced

metastasis. A growing body of literature has indicated that
SDF-10/CXCR4 pathway plays a critical role in cancer cell
metastasis (31). CXCR4 expression level in human breast
cancers is positively correlated with lymph node metastasis
and inversely correlated with patient prognosis (32, 33). In
our study, we observed PDGF-D increased CXCR4 in tumor
tissues but not in tumor cells in culture, suggesting that
PDGF-D in tumor microenvironment either indirectly
upregulates CXCR4 expression or increases recruitment
of CXCR4 expressing stromal cells. Further study is needed
to dissect the mechanism of PDGF-D-induced CXCR4
expression and pinpoint the cell type in which CXCR4 is
up-regulated.

Another important finding of this study is that over-
expression of PDGF-D improves the delivery and efficacy
of cytotoxic therapies via normalization of tumor vascu-
lature. In breast cancer, VEGF and PDGF families have
been identified as angiogenic factors (34, 35). PDGF-D has
been shown to upregulate VEGF and to stimulate angio-
genesis (36). In our study, overexpression of PDGF-D did
not change VEGF expression in tumor cells or in host
tissues (data not shown). As a result, we did not observe
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differences in tumor angiogenesis between parental and
PDGEF-D overexpressing tumors. However, we found that
PDGEF-D overexpression normalized tumor blood vessel
morphology and increased perivascular cell coverage. This
vessel maturation can attenuate vascular hyperpermeabil-
ity, lower tumor interstitial fluid pressure (IFP), and restore
pressure gradients across vessel walls as well as into tissues
(20). As a result, tissue penetration of chemotherapeutic
agents is improved (20). In some cases, blocking PDGFR
signaling by imatinib has been shown to lower IFP (37),
presumably via different mechanisms, such as fibroblast
contraction. In this study, we showed that PDGF-D could
normalize vessel function and increase the penetration of
chemotherapeutic agents and ultimately improve the effi-
cacy of antitumor therapy in an orthotopic breast cancer
model, suggesting a new strategy for enhancing the effects
of chemotherapy.

In summary, PDGF-D is highly expressed in human
breast carcinoma tissues. On one hand, overexpression
of PDGF-D leads to increased tumor growth and metas-
tasis; on the other hand, overexpression of PDGF-D nor-
malizes tumor blood vessels and improves delivery and
efficacy of chemotherapeutic drugs. Our preclinical study
suggests that PDGFR-f blockers should be used cautiously,
especially in combination with chemotherapy in the clinic.
For example, in patients with high levels of PDGF-D in
tumors, imatinib treatment should be avoided at the time

References

1. Li X, Pontén A, Aase K, Karlsson L, Abramsson A, Uutela M, et al.
PDGF-C is a new protease-activated ligand for the PDGF alpha-
receptor. Nat Cell Biol 2000;2:302-9.

2. LaRochelle WJ, Jeffers M, McDonald WF, Chillakuru RA, Giese NA,
Lokker NA, et al. PDGF-D, a new protease-activated growth factor.
Nat Cell Biol 2001;3:517-21.

3. Bergsten E, Uutela M, Li X, Pietras K, Ostman A, Heldin CH, et al.
PDGF-D is a specific, protease-activated ligand for the PDGF beta-
receptor. Nat Cell Biol 2001;3:512-6.

4. diTomaso E, London N, Fuja D, Logie J, Tyrrell JA, Kamoun W, et al.
PDGF-C induces maturation of blood vessels in a model of glioblas-
toma and attenuates the response to anti-VEGF treatment. PLoS One
2009;4:e51283.

5. CrawfordY, Kasmanl, YuL, Zhong C, Wu X, Modrusan Z, et al. PDGF-
C mediates the angiogenic and tumorigenic properties of fibroblasts
associated with tumors refractory to anti-VEGF treatment. Cancer Cell
2009;15:21-34.

6. Ustach CV, Taube ME, Hurst NJ, Bhagat S, Bonfil RD, Cher ML, et al. A
potential oncogenic activity of platelet-derived growth factor D in
prostate cancer progression. Cancer Res 2004;64:1722-9.

7. Wang Z, Kong D, Banerjee S, Li Y, Adsay NV, Abbruzzese J, et al.
Down-regulation of platelet-derived growth factor-D inhibits cell
growth and angiogenesis through inactivation of Notch-1 and nuclear
factor-kappaB signaling. Cancer Res 2007;67:11377-85.

8. Xul,TongR, Cochran DM, Jain RK. Blocking platelet-derived growth
factor-D/platelet-derived growth factor receptor beta signaling inhi-
bits human renal cell carcinoma progression in an orthotopic mouse
model. Cancer Res 2005;65:5711-9.

9. LaRochelle WJ, Jeffers M, Corvalan JR, JiaXC, Feng X, Vanegas S, et al.
Platelet-derived growth factor D: tumorigenicity in mice and dysregu-
lated expression in human cancer. Cancer Res 2002;62:2468-73.

10. Ahmad A, Wang Z, Kong D, Ali R, Ali S, Banerjee S, et al. Platelet-
derived growth factor-D contributes to aggressiveness of breast

of cytotoxic therapy. Future studies are thus necessary to
explore the risks and benefits of PDGFR-f blockade for
anticancer treatment.

Disclosure of Potential Conflicts of Interest

Dr. Jain is a consultant for Noxxon Pharma AG and Genzyme. No
reagents or funding from these companies was used in these studies.
Therefore, there is no significant financial or other competing interest in
the work.

Acknowledgments

We thank Dr. Gang Cheng, Dannie Wang, Julia Kahn, and Carolyn Smith
for their superb technical support.

Grant Support

This study was supported in part by Clafflin Distinguished Scholar Award,
Harvard Medical School (L. Xu), US National Cancer Institute grants P01-
CA80124 (RK. Jain and D. Fukumura), R01-CA85140 (R.K. Jain), R01-CA96915
(D. Fukumura), R01-CA115767 (R.K. Jain), R0O1-CA126642 (R.K. Jain), and US
Department of Defense Breast Cancer Research Innovator Award—W81XWH-
10-1-0016 (R.K. Jain).

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received September 13, 2010; revised March 3, 2011; accepted March 24,
2011; published OnlineFirst April 1, 2011.

cancer cells by up-regulating Notch and NF-kappaB signaling path-
ways. Breast Cancer Res Treat 2011;126:15-25.

11. Jain RK, Stylianopoulos T. Delivering nanomedicine to solid tumors.
Nat Rev Clin Oncol 2010;7:653-64.

12. Jain RK. Normalization of tumor vasculature: an emerging concept in
antiangiogenic therapy. Science 2005;307:58-62.

13. Hirschi KK, D’Amore PA. Pericytes in the microvasculature. Cardio-
vasc Res 1996;32:687-98.

14. Jain RK. Molecular regulation of vessel maturation. Nat Med 2003;
9:685-93.

15. Jain RK, Booth MF. What brings pericytes to tumor vessels? J Clin
Invest 2003;112:1134-6.

16. Gerhardt H, Semb H. Pericytes: gatekeepers in tumor cell metastasis?
J Mol Med 2008;86:135-42.

17. Xu L, Yoneda J, Herrera C, Wood J, Killion JJ, Fidler IJ. Inhibition of
malignant ascites and growth of human ovarian carcinoma by oral
administration of a potent inhibitor of the vascular endothelial growth
factor receptor tyrosine kinases. Int J Oncol 2000;16:445-54.

18. Xu L, Pathak PS, Fukumura D. Hypoxia-induced activation of p38
mitogen-activated protein kinase and phosphatidylinositol 3'-kinase
signaling pathways contributes to expression of interleukin 8 in human
ovarian carcinoma cells. Clin Cancer Res 2004;10:701-7.

19. Xu L, Cochran DM, Tong RT, Winkler F, Kashiwagi S, Jain RK, et al.
Placenta growth factor overexpression inhibits tumor growth, angio-
genesis, and metastasis by depleting vascular endothelial growth
factor homodimers in orthotopic mouse models. Cancer Res 2006;
66:3971-7.

20. Jain RK, Brown E, Munn L, Fukumura D. Intravital Microscopy of
Normal and Diseased Tissues in the Mouse. In: Robert D, Goldman
JRS, David L. Spector, editors. Live Cell Imaging: A Laboratory Manual.
2nd ed. New York: Cold Spring Harbor Laboratory; 2010:475-522.

21. Tong RT, Boucher Y, Kozin SV, Winkler F, Hicklin DJ, Jain RK.
Vascular normalization by vascular endothelial growth factor

www.aacrjournals.org

Clin Cancer Res; 17(11) June 1, 2011

Downloaded from clincancerres.aacrjournals.org on January 1, 2019. © 2011 American Association for Cancer
Research.

3647


http://clincancerres.aacrjournals.org/

3648

Published OnlineFirst April 1, 2011; DOI: 10.1158/1078-0432.CCR-10-2456

Liu et al.

22,

23.

24.

25.

26.

27.

28.

receptor 2 blockade induces a pressure gradient across the vas-
culature and improves drug penetration in tumors. Cancer Res
2004;64:3731-6.

Kong DS, Kim MH, Jeon JW, Kim SY, Kim MS, Joo KM, et al.
Mammalian target of rapamycin repression by 3,3'-diindolylmethane
inhibits invasion and angiogenesis in platelet-derived growth factor-
D-overexpressing PC3 cells. Can Res 2008;68:1927-34.

Dudek H, Datta SR, Franke TF, Birnbaum MJ, Yao R, Cooper GM,
et al. Regulation of neuronal survival by the serine-threonine protein
kinase Akt. Science 1997;275:661-5.

Hoshida T, Isaka N, Hagendoorn J, di Tomaso E, Chen YL, Pytowski
B, et al. Imaging steps of lymphatic metastasis reveals that vascular
endothelial growth factor-C increases metastasis by increasing deliv-
ery of cancer cells to lymph nodes: therapeutic implications. Cancer
Res 2006;66:8065-75.

Cao R, Bjorndahl MA, Religa P, Clasper S, Garvin S, Galter D, et al.
PDGF-BB induces intratumoral lymphangiogenesis and promotes
lymphatic metastasis. Cancer Cell 2004;6:333-45.

Luker KE, Luker GD. Functions of CXCL12 and CXCR4 in breast
cancer. Cancer Lett 2006;238:30-41.

Coltrera MD, Wang J, Porter PL, Gown AM. Expression of platelet-
derived growth factor B-chain and the platelet-derived growth factor
receptor beta subunit in human breast tissue and breast carcinoma.
Cancer Res 1995;55:2703-8.

Vrekoussis T, Stathopoulos EN, Kafousi M, Navrozoglou |, Zoras O.
Expression of endothelial PDGF receptors alpha and beta in breast
cancer: up-regulation of endothelial PDGF receptor beta. Oncol Rep
2007;17:1115-9.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Jechlinger M, Sommer A, Moriggl R, Seither P, Kraut N, Capodiecci P,
et al. Autocrine PDGFR signaling promotes mammary cancer metas-
tasis. J Clin Invest 2006;116:1561-70.

Rahman KM, Banerjee S, Ali S, Ahmad A, Wang Z, Kong D, et al. 3,3'-
Diindolylmethane enhances taxotere-induced apoptosis in hormone-
refractory prostate cancer cells through survivin down-regulation.
Cancer Res 2009;69:4468-75.

Miller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, et al.
Involvement of chemokine receptors in breast cancer metastasis.
Nature 2001;410:50-6.

Yasuoka H, Tsujimoto M, Yoshidome K, Nakahara M, Kodama R,
Sanke T, et al. Cytoplasmic CXCR4 expression in breast cancer:
induction by nitric oxide and correlation with lymph node metastasis
and poor prognosis. BMC Cancer 2008;8:340.

Kang H, Watkins G, Douglas-Jones A, Mansel RE, Jiang WG. The
elevated level of CXCR4 is correlated with nodal metastasis of human
breast cancer. Breast 2005;14:360-7.

Rice A, Quinn CM. Angiogenesis, thrombospondin, and ductal carci-
noma in situ of the breast. J Clin Pathol 2002;55:569-74.

Brown LF, Guidi AJ, Schnitt SJ, Van De Water L, Iruela-Arispe ML, Yeo
TK, et al. Vascular stroma formation in carcinoma in situ, invasive
carcinoma, and metastatic carcinoma of the breast. Clin Cancer Res
1999;5:1041-56.

Li H, Fredriksson L, Li X, Eriksson U. PDGF-D is a potent transforming
and angiogenic growth factor. Oncogene 2003;22:1501-10.

Pietras K, Rubin K, Sjoblom T, Buchdunger E, Sjoquist M, Heldin CH,
et al. Inhibition of PDGF receptor signaling in tumor stroma enhances
antitumor effect of chemotherapy. Cancer Res 2002;62:5476-84.

Clin Cancer Res; 17(11) June 1, 2011

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on January 1, 2019. © 2011 American Association for Cancer

Research.


http://clincancerres.aacrjournals.org/

Published OnlineFirst April 1, 2011; DOI: 10.1158/1078-0432.CCR-10-2456

AAGCR Jocaiscxmm
Clinical Cancer Research

PDGF-D Improves Drug Delivery and Efficacy via Vascular
Normalization, But Promotes Lymphatic Metastasis by
Activating CXCR4 in Breast Cancer

Jiegiong Liu, Shan Liao, Yuhui Huang, et al.

Clin Cancer Res 2011;17:3638-3648. Published OnlineFirst April 1, 2011.

Updated version  Access the most recent version of this article at:
doi:10.1158/1078-0432.CCR-10-2456

Supplementary  Access the most recent supplemental material at:
Material http://clincancerres.aacrjournals.org/content/suppl/2011/04/04/1078-0432.CCR-10-2456.DC1

Cited articles  This article cites 36 articles, 16 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/17/11/3638.full#ref-list-1

Citing articles  This article has been cited by 5 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/17/11/3638.full#related-urls

E-mail alerts Sign up to receive free email-alerts related to this article or journal.

Reprints and To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Subscriptions Department at pubs@aacr.org.

Permissions  To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/17/11/3638.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on January 1, 2019. © 2011 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/lookup/doi/10.1158/1078-0432.CCR-10-2456
http://clincancerres.aacrjournals.org/content/suppl/2011/04/04/1078-0432.CCR-10-2456.DC1
http://clincancerres.aacrjournals.org/content/17/11/3638.full#ref-list-1
http://clincancerres.aacrjournals.org/content/17/11/3638.full#related-urls
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://clincancerres.aacrjournals.org/content/17/11/3638
http://clincancerres.aacrjournals.org/

