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Abstract

Platelet-derived growth factor-D (PDGF-D) signaling plays
critical roles in the pathogenesis and progression of human
malignancies; however, the precise mechanism by which
PDGF-D causes tumor cell invasion and angiogenesis remain
unclear. Because Notch-1, nuclear factor-KB (NF-KB), vascular
endothelial growth factor (VEGF), and matrix metalloprotei-
nases (MMP) are critically involved in the processes of tumor
cell invasion and metastasis, we investigated whether PDGF-D
down-regulation could be mechanistically associated with
the down-regulation of Notch-1, NF-KB, VEGF, and MMP-9,
resulting in the inhibition of tumor cell invasion and angio-
genesis. Our data showed that down-regulation of PDGF-D
leads to the inactivation of Notch-1 and NF-KB DNA-binding
activity and, in turn, down regulates the expression of its
target genes, such as VEGF and MMP-9 . We also found that the
down-regulation of PDGF-D by small interfering RNA (siRNA)
decreased tumor cell invasion, whereas PDGF-D overexpres-
sion by cDNA transfection led to increased cell invasion.
Consistent with these results, we also found that the down-
regulation of PDGF-D not only decreased MMP-9 mRNA
and its protein expression but also inhibited the processing
of pro-MMP-9 protein to its active form. Moreover, condi-
tioned medium from PDGF-D siRNA–transfected cells showed
reduced levels of VEGF and, in turn, inhibited the tube forma-
tion of human umbilical vascular endothelial cells, suggest-
ing that down-regulation of PDGF-D leads to the inhibition
of angiogenesis. Taken together, we conclude that the down-
regulation of PDGF-D by novel approaches could lead to the
down-regulation of Notch-1 and, in turn, inactivate NF-KB
and its target genes (i.e., MMP-9 and VEGF), resulting in the
inhibition of invasion and angiogenesis. [Cancer Res 2007;
67(23):11377–85]

Introduction

Pancreatic cancer is one of the most aggressive cancers and is
the fourth leading cause of cancer-related death in the United
States (1). An estimated 37,000 new pancreatic cancer cases would
be diagnosed and 33,370 deaths are expected in 2007 (1). This could

be due to the fact that no effective methods of early diagnosis are
currently available as well as due to the lack of effective systemic
therapies resulting in the high mortality of patients diagnosed
with pancreatic cancer. Presently, for all stages combined, the
1-year survival rate is only 20%, and the 5-year survival rate is <5%
(1). This disappointing outcome strongly suggests that there is a
dire need for designing new and targeted therapeutic strategies
that could lead to a dramatic improvement in the survival of
patients diagnosed with this deadly disease.
Pancreatic cancer, like many other tumors, has been shown

to overexpress the platelet-derived growth factor (PDGF) family
members (2–5). Four PDGF family members have been identified
to date: PDGF-A, PDGF-B, PDGF-C, and PDGF-D. The PDGF-A,
PDGF-B, and PDGF-C are secreted as homodimers or heterodimers
and bind to dimeric PDGF receptors (PDGFR) composed of a- and/
or h-chains, whereas PDGF-D can specifically bind to and activate
PDGFRh (2, 6–8). Since the 1970s, PDGF-A and PDGF-B have
been extensively studied and well characterized, whereas PDGF-D
was discovered only recently, and the functions of PDGF-D in human
tumor progression especially in pancreatic cancer are largely un-
known (7, 8).
It has been reported that PDGF-D signaling is frequently

deregulated in human malignancies with up-regulated expres-
sion of PDGF-D in lung, prostate, renal, ovarian, and brain cancer
(3, 9–13). These results suggest that PDGF-D plays important roles
in the oncogenesis of several malignancies. Recent data suggest
that overexpression of PDGF-D promoted tumor growth, angio-
genesis, and metastasis of human renal cell carcinoma due to
increased expression of angiopoietin-1 and matrix metallopro-
teinase-9 (MMP-9) in an orthotopic mouse model (9). Blocking
PDGF-D/PDGFR signaling inhibited survival and mitogenic path-
ways in the glioblastoma cell lines and prevented glioma formation
in a nude mouse xenograft model (12). There has been some
progress toward elucidating the mechanism of action of PDGF-D
as well as the consequence of down-regulation of PDGF-D; how-
ever, the exact mechanism has not yet been fully established.
Therefore, we sought to find novel avenues by which PDGF-D could
be inactivated, which may represent a promising strategy for
the development of novel and selective anticancer therapies for
pancreatic cancer. We investigated the consequence of down-
regulation of PDGF-D by PDGF-D small interfering RNA (siRNA) on
pancreatic cancer cell growth and apoptosis. Moreover, because
cell migration and invasion are important processes involved in
tumor development and metastasis and because PDGF-D signaling
is known to control these processes, we also examined the effect
of PDGF-D on the processes of cell migration and invasion of
pancreatic cancer cells. We found that down-regulation of PDGF-D
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inhibits cell growth of pancreatic cancer cell lines. Our data also
show that down-regulation of PDGF-D inhibited nuclear factor-nB
(NF-nB) activity and the expression of Notch-1, MMP-9, and
vascular endothelial growth factor (VEGF), which could be the
mechanism responsible for the inhibition of pancreatic cancer cell
migration, invasion, and the ability of conditioned medium to
inhibit angiogenesis as measured by tube formation of human
umbilical vascular endothelial cells (HUVEC). Collectively, our
results suggest that down-regulation of PFGF-D by novel ap-
proaches could be useful strategy for the treatment of human pan-
creatic cancer.

Materials and Methods

Cell culture and experimental reagents. Human pancreatic cancer cell

lines AsPC-1, BxPC-3, Colo-357, HPAC, L3.6pl, MIA PaCa, and PANC-1 were

used in this study. BxPC-3, HPAC, and PANC-1 [American Type Culture
Collection (ATCC)] were cultured in RPMI 1640 (Invitrogen) supplemented

with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin.

AsPC-1, Colo-357, L3.6pl, and MIA PaCa cells were generously provided by

Dr. Paul Chiao (M. D. Anderson Cancer Center, Houston, TX) and grown as
a monolayer cell culture in DMEM containing 4.5 mg/mL D-glucose and

L-glutamine supplemented with 10% FBS. HUVECs (ATCC) were cultured

in F12K medium (ATCC) supplemented with 10% FBS, 0.1 mg/mL heparin

sulfate, 0.05 mg/mL endothelial cell growth factor supplement (BD
Biosciences), 100 units/mL penicillin, and 100 Ag/mL streptomycin. All

cells were cultured in a 5% CO2 humidified atmosphere at 37jC. Primary

antibodies for Notch-1, cyclin D1, Bcl-2, MMP-9, and VEGF were purchased

from Santa Cruz Biotechnology. Primary antibody for PDGF-D was ob-
tained from R&D Systems. All secondary antibodies were obtained from

Pierce. Lipofectamine 2000 was purchased from Invitrogen. Chemilumines-

cence detection of proteins was done with the use of a kit from Amersham
Biosciences (Amersham Pharmacia Biotech). Protease inhibitor cocktail,

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and all

other chemicals were obtained from Sigma.

Tissue material and immunohistochemistry. Tissue slides, including
20 human pancreatic adenocarcinoma sections (5 Am), were obtained from

Karmanos Cancer Institute (Detroit, MI). The immunohistochemical deter-

mination of PDGF-D was accomplished as described earlier (14). Briefly,

immunostaining was performed using PDGF-D antibody with appropriate
dilutions and using normal host serum for negative controls followed by

staining with appropriate horseradish peroxidase–conjugated secondary

antibodies. The slides were developed in diaminobenzidine and counter-
stained with a weak solution of hematoxylin. The stained slides were

dehydrated and mounted in Permount and visualized using an Olympus

microscope. Images were captured with an attached camera linked to a

computer.
Plasmids and transfections. PDGF-D siRNA and control siRNA were

obtained from Santa Cruz Biotechnology. The PDGF-D cDNA plasmid was

purchased from OriGene Technologies, Inc. Human pancreatic cancer cells

were transfected with PDGF-D siRNA and cDNA, respectively, using
Lipofectamine 2000 as described earlier (15).

Cell growth inhibition studies by MTT assay. The transfected cells

(5 � 103) were seeded in a 96-well culture plate and subsequently incubated
with MTT reagent (1.0 mg/mL) at 37jC for 2 h, and MTT assay was

performed as described earlier (16). The results were plotted as mean F SD

of three separate experiments having six determinations per experiment for

each experimental condition.
Western blot analysis. Cells were lysed in lysis buffer [50 mmol/L Tris

(pH 7.5), 100 mmol/L NaCl, 1 mmol/L EDTA, 0.5% NP40, 0.5% Triton X-100,

2.5 mmol/L sodium orthovanadate, 10 AL/mL protease inhibitor cocktail,

1 mmol/L phenylmethylsulfonyl fluoride (PMSF)] by incubating for 20 min
at 4jC. The protein concentration was determined using the Bio-Rad

assay system. Total proteins were fractionated using SDS-PAGE and trans-

ferred onto nitrocellulose membrane for Western blotting as described

earlier (15).

Real-time reverse transcription-PCR analysis for gene expression
studies. The total RNA from transfected cells was isolated by Trizol

(Invitrogen) and purified by RNeasy Mini kit and RNase-free DNase Set

(Qiagen) according to the manufacturer’s protocols. The primers used in the

PCR for PDGF-D, PDGFRh, Notch-1, MMP-9, and h-actin were described
before (15, 17). Real-time PCR amplifications were performed as described

earlier (15).

Electrophoretic mobility shift assay for measuring NF-KB activity.
The transfected cells were washed with cold PBS and suspended in 0.15 mL
of lysis buffer [10 mmol/L HEPES (pH 7.9), 10 mmol/L KCl, 0.1 mmol/L

EDTA, 0.1 mmol/L EGTA, 1 mmol/L DTT, 1 mmol/L PMSF, 2 Ag/mL

leupeptin, 2 Ag/mL aprotinin, 0.5 mg/mL benzamidine]. The nuclear protein

was prepared and subjected to DNA-binding activity of NF-nB by electro-
phoretic mobility shift assay (EMSA) as described earlier (15).

Immunofluorescence staining. The cells were plated on coverslips in

each well of an eight-well chamber for 24 h. Cells were then fixed with
paraformaldehyde for 15 min, rinsed with PBS, and incubated with 5% goat

serum for 30 min. The cells were then incubated with anti-Notch-1 antibody

for 45 min. After washing with PBS, the cells were incubated with FITC-

conjugated secondary antibody for 45 min and washed with PBS. Cell
images were observed under a fluorescent microscope.

MMP-9 activity assay. The PDGF-D siRNA–transfected or PDGF-D

cDNA–transfected cells were seeded in six-well plates and incubated at

37jC. After 24 h, the complete medium was removed and the cells were
washed with serum-free medium. The cells were then incubated in serum-

free medium for 24 h. MMP-9 activity in the medium was detected by using

Fluorokine E Human MMP-9 Activity Assay kit (R&D Systems) according to
the manufacturer’s protocol.

VEGF assay. The PDGF-D siRNA–transfected or PDGF-D cDNA–

transfected cells were seeded in six-well plates (1.0 � 105 per well) and

incubated at 37jC. After 24 h, the cell culture supernatant was harvested
and cell count was performed after trypsinization. After collection, the

medium was spun at 800 � g for 3 min at 4jC to remove cell debris. The

supernatant was either frozen at �20jC for later VEGF assay or assayed

immediately using commercially available ELISA kits (R&D Systems).
Cell migration and invasion assay. Cell migration was assessed

using 24-well inserts (BD Biosciences) with 8-Am pores according to the

manufacturer’s protocol. The invasive activity of the PDGF-D siRNA–
transfected or control siRNA–transfected cells was tested using the

BD BioCoat Tumor Invasion Assay System (BD Biosciences) as described

earlier (18).

Matrigel in vitro HUVEC tube formation assay. The PDGF-D siRNA–
transfected or PDGF-D cDNA–transfected cells were cultured in serum-free

RPMI 1640 for 24 h. The conditioned media were collected, centrifuged,

transferred to fresh tubes, and stored at �20jC. HUVECs were trypsinized
and seeded (5 � 104 per well) in Matrigel-coated well with 250 AL of
conditioned medium from PDGF-D cDNA–transfected or control plasmid–

transfected BxPC-3 or MIA PaCa cells. The tube formation was assayed as

described earlier (18).

Densitometric and statistical analysis. The cell growth inhibition after
transfection was statistically evaluated using GraphPad StatMate software

(GraphPad Software, Inc.). Comparisons were made between control and

transfection. P < 0.05 was used to indicate statistical significance.

Results

Overexpression of PDGF-D in human pancreatic cancer
specimens. We first detected the PDGF-D expression levels in 20
human pancreatic tissue specimens. The results from the immu-
nohistochemical staining showed that PDGF-D was expressed in the
ducts of chronic pancreatitis specimens to a lesser degree (Fig. 1A).
However, PDGF-D was strongly expressed in the pancreatic ade-
nocarcinomas (Fig. 1B and C). These results showed that most
pancreatic adenocarcinomas express high levels of PDGF-D.
Subsequently, we have scanned several human pancreatic adeno-
carcinoma cells for the expression of PDGF-D.
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Overexpression of PDGF-D in human pancreatic cancer cell
lines. The baseline expression of PDGF-D was determined in a
panel of human pancreatic cancer cell lines that included AsPC-1,
BxPC-3, Colo-357, HPAC, L3.6pl, MIA PaCa, and PANC-1. All the
pancreatic cancer cell lines are K-ras mutation positive except
BxPC-3 cell lines. The results showed that PDGF-D was frequently
but differentially expressed in different human pancreatic cancer
cell lines (Fig. 2C). We also examined the relative mRNA levels
of PDGF-D in all seven pancreatic cancer cell lines by real-time
reverse transcription-PCR (RT-PCR). All seven cell lines also
expressed differential levels of PDGF-D mRNA (Fig. 2A). Because
the cellular effects of PDGF-D are exerted through binding to
PDGFRh, we also detected the relative levels of PDGFRh in both
mRNA and protein levels by real-time RT-PCR and Western
blotting, respectively. We found that all seven cell lines expressed
differential levels of PDGFRh mRNA (Fig. 2A). However, PDGFRh
protein levels could not be detected in any of these cell lines. The
latter could be due to the lack of sensitivity of the commercial
antibody used.
Down-regulation of PDGF-D expression by siRNA inhibited

cell growth and induced apoptosis. To determine whether
PDGF-D could be an effective therapeutic target for pancreatic
cancer, the effect of PDGF-D siRNA on cell growth of the pancreatic
cancer cells was examined in BxPC-3, HPAC, and Colo-357 pan-
creatic cancer cells. The reason for choosing these three pancreatic
cancer cell lines was due to the fact that these cell lines showed

moderate or higher expression of PDGF-D. These three cell lines
contain wild-type K-ras (BxPC-3) and mutation K-ras (HPAC
and Colo-357). The efficacy of PDGF-D siRNA for knockdown of
PDGF-D mRNA and protein was confirmed by real-time RT-PCR
and Western blotting, respectively. We observed that both PDGF-D
mRNA (data not shown) and protein levels (Fig. 2C) were barely
detectable in PDGF-D siRNA–transfected cells compared with
control siRNA–transfected cells. The cell viability was determined
by MTT, and the effect of PDGF-D siRNA on the growth of can-
cer cells is shown in Fig. 3A . We found that down-regulation of
PDGF-D expression caused cell growth inhibition in all three pan-
creatic cancer cell lines.
To investigate whether the growth-inhibitory effects of PDGF-D

siRNA are partially related to the induction of apoptosis, the effect
of PDGF-D siRNA on apoptotic cell death was examined using an
ELISA-based assay. These results provided convincing data that
down-regulation of PDGF-D induces apoptosis in all three pan-
creatic cancer cell lines (Fig. 3B). These data suggest that the
growth-inhibitory activity of PDGF-D down-regulation is partly
attributed to an increase in cell death.
Overexpression of PDGF-D by cDNA transfection promoted

cell growth and inhibited apoptosis. Pancreatic cancer cells
BxPC-3, Colo-357, and MIA PaCa were transfected with human
PDGF-D cDNA or empty vector alone. The reason for choosing
these three pancreatic cancer cell lines was due to the fact that
these cell lines showed moderate or lower expression of PDGF-D.

Figure 1. Immunohistochemical expression of
PDGF-D in pancreatic cancer tissue specimens.
A, chronic pancreatitis showing expression of
PDGF-D in reactive cells (pancreatitis) and islets
but to a lesser degree in the normal ducts. B, left,
adenocarcinoma: intercalated duct/centroacinar
cells show strong labeling but the acinar cells
are mostly negative; right, adenocarcinoma
has moderate or strong degree of expression.
C, adenocarcinoma showing moderate expression
(high power).
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The proteins were measured using Western blotting. The results
showed that PDGF-D protein level was increased by PDGF-D
cDNA transfection (Fig. 2C). The results also showed that PDGFRh
mRNA expression was increased in PDGF-D cDNA–transfected
cells (Fig. 2B). PDGF-D cDNA–transfected cells showed signifi-
cant promotion of cell growth compared with empty vector–
transfected control cells (Fig. 3C). We also found that overexpression
of PDGF-D protected cells from apoptosis to a certain degree (data
not shown).
Down-regulation of PDGF-D decreased Notch-1 expression.

It has been reported that Notch-1 is critically involved in the
processes of tumor cell proliferation and apoptosis (19). PDGF-A
has been shown to activate the expression of Notch-1 in certain
cell lines (20). Therefore, we investigated whether Notch-1 was
down-regulated by PDGF-D siRNA in pancreatic cancer cell lines.
To explore whether PDGF-D siRNA transfection could decrease
the expression of Notch-1, real-time RT-PCR and Western blotting
were conducted. We found that both Notch-1 mRNA (data not
shown) and protein levels (Fig. 4) were dramatically decreased
in the PDGF-D siRNA–transfected cells. In addition, we found
that the expression of Notch-1 downstream target genes, inclu-
ding Bcl-2 and cyclin D1 , was also down-regulated in PDGF-D
siRNA–transfected cells (Fig. 4). However, overexpression of PDGF-D
by cDNA transfection led to an increase in the expression of
Notch-1 and its target genes in BxPC-3 and MIA PaCa cells (Fig. 4).
Next, we investigated whether PDGF-D cDNA transfection could
lead to an increase in the activated Notch-1 in the nucleus of
pancreatic cancer cells. Indeed, we observed higher level of
Notch-1 protein in the nucleus in the PDGF-D cDNA–transfected
cells (Fig. 4).

Down-regulation of PDGF-D decreased NF-KB DNA-binding
activity. PDGF has been reported to cross-talk with NF-nB
signaling pathway (21). Therefore, we measured the NF-nB DNA-
binding activity in PDGF-D–transfected cells. We found that down-
regulation of PDGF-D by siRNA transfection decreased NF-nB
DNA-binding activity (Fig. 5A). However, PDGF-D overexpression by
cDNA transfection significantly induced NF-nB DNA-binding activity
in stably transfected cells compared with the control (Fig. 5A).
The specificity of NF-nB DNA binding to the DNA consensus
sequence was confirmed by supershift. The expression of MMP-9
and VEGF is regulated by NF-nB (22). We therefore investigated whe-
ther MMP-9 and VEGF were induced by PDGF-D cDNA transfection.
Overexpression of PDGF-D increased MMP-9 gene tran-

scription and their activities. It has been reported that MMP-9
expression is elevated in the stable PDGF-D–transfected renal
carcinoma cell line (9). Therefore, we investigated whether MMP-9
was up-regulated by PDGF-D cDNA in pancreatic cancer cell lines.
To explore whether PDGF-D cDNA transfection could increase the
expression of MMP-9, real-time RT-PCR and Western blotting were
conducted. We found that both MMP-9 mRNA and protein levels
were dramatically increased in the PDGF-D cDNA–transfected cells
(Fig. 5B). Next, we examined whether the overexpression of PDGF-
D could lead to an increase in the MMP-9 activity in pancreatic
cancer cells. We found a marked increase in the activity of MMP-9
in PDGF-D cDNA–transfected cells (Fig. 5B). However, down-
regulation of PDGF-D by siRNA transfection led to a decrease in
MMP-9 expression and activity in BxPC-3 and HPAC cells (data not
shown).
PDGF-D cDNA increased VEGF expression and activity. It has

been well documented that PDGF-D modulates VEGF expression in

Figure 2. PDGF-D expression in pancreatic cancer cell lines. CS, control siRNA; PS, PDGF-D siRNA; CP, control plasmid; PP, PDGF-D cDNA plasmid. A and B,
PDGF-D (top ) and PDGFRh (bottom ) mRNA levels were measured by real-time RT-PCR in seven pancreatic cancer cell lines and stable PDGF-D–transfected cell
lines, respectively. C, PDGF-D protein level was measured by Western blotting in seven pancreatic cancer cell lines and PDGF-D–transfected cell lines. Columns,
mean of three independent experiments; bars, SD. *, P < 0.05, relative to control.

Cancer Research

Cancer Res 2007; 67: (23). December 1, 2007 11380 www.aacrjournals.org

Retr
ac

ted
 S

ep
tem

be
r 1

4, 
20

18

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/23/11377/2575034/11377.pdf by guest on 19 M

ay 2023

http://cancerres.aacrjournals.org/


many tumor cell lines (7, 23). To further explore whether PDGF-D
cDNA transfection could lead to an increase in VEGF expression
and its biological activity, we examined the protein levels of VEGF
and VEGF activity secreted in the culture medium. We found that
overexpression of PDGF-D could lead to an increase in the protein
levels and the amount of secreted VEGF (Fig. 5B and C). However,
there was a marked decrease in the expression and the secretion of
VEGF in PDGF-D siRNA–transfected BxPC-3 and HPAC cells (data
not shown).
Overexpression of PDGF-D increased pancreatic cancer cell

migration and invasion. MMP-9 and VEGF are critically involved
in the processes of tumor cell migration, invasion, and metastasis.
Because cell transfected with PDGF-D cDNA showed increased
expression and activity of MMP-9 and VEGF, we tested the effects
of PDGF-D overexpression on cancer cell migration and invasion.
We found that overexpression of PDGF-D increased pancreatic
cancer cell migration. Moreover, as illustrated in Fig. 6B , PDGF-D
cDNA–transfected cells showed a high level of penetration through
the Matrigel-coated membrane compared with the control cells.
The value of fluorescence from the invaded pancreatic cancer
cells was increased about 2- to 3-fold compared with that of control
cells (Fig. 6B). However, PDGF-D siRNA–transfected BxPC-3 and
HPAC cells showed a marked decrease in cell migration and
invasion (data not shown).
Increased tube formation of HUVECs induced by condi-

tioned medium from PDGF-D cDNA–transfected cells. PDGF-D
has been reported to promote both angiogenesis and metastasis

in certain tumor models. Inhibition of PDGF-D reduced tumor cell
proliferation and angiogenesis in human carcinomas (9, 23, 24).
Because PDGF-D increased VEGF expression, we tested whether
conditioned medium from PDGF-D cDNA–transfected cells could
increase the tube formation, an indirect measure of angiogenesis.
We performed the tube formation assay using HUVECs in growth
factor–reduced Matrigel in vitro . As shown in Fig. 6C , conditioned
media from PDGF-D cDNA–transfected BxPC-3 and MIA PaCa
cells were able to significantly increase the tube formation of
HUVECs in 6-h incubation compared with the medium from
control plasmid–transfected cells. However, conditioned medium
from PDGF-D siRNA–transfected BxPC-3 and HPAC cells showed
reduced tube formation of HUVECs in 6-h incubation compared
with the medium from control siRNA–transfected cells (data not
shown).

Discussion

PDGF-D is a newly recognized growth factor, which can regulate
many cellular processes, including cell proliferation, transforma-
tion, and migration, by activating its cognate receptor PDGFRh
(11, 23). It is known that PDGF-D interacts with PDGFRh and
activates downstream signaling, such as phosphatidylinositol 3-
kinase (PI3K)/Akt, resulting in tumor development and progres-
sion. However, the precise role and mechanism of PDGF-D for
tumor cell proliferation, invasion, and angiogenesis remains
unclear. Here, we have provided molecular evidences showing that

Figure 3. Effects of altered PDGF-D expression on pancreatic cancer cell growth and apoptosis. A, inhibition of cancer cell growth by PDGF-D siRNA as measured
by MTT assay. B, induction of cancer cell apoptotic death by PDGF-D siRNA as measured by ELISA. C, promotion of cancer cell growth by PDGF-D cDNA as
measured by MTT assay. Points, mean of three separate experiments having six determinations per experiment for each experimental condition; bars, SD. *, P < 0.05;
**, P < 0.01, relative to control.
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the down-regulation of PDGF-D could be an effective approach
for the inactivation of Notch-1 and down-regulation of its target
genes, such as NF-jB, MMP-9 , and VEGF expression, resulting in
the inhibition of invasion and angiogenesis of pancreatic cancer
cells.
PDGF-D is important in the progression of several human

cancers (9–13). However, the expression of PDGF-D and its role in
human pancreatic cancer has not been previously investigated.
Our study showed, for the first time, that PDGF-D is highly
expressed in human pancreatic adenocarcinoma specimens, in
chronic pancreatitis associated with pancreatic adenocarcinoma,
and in five different human pancreatic cancer cell lines tested,
suggesting that PDGF-D could be important in human pancreatic
cancer progression. Because PDGF-D can specifically bind to and
activate PDGFRh, we also investigated whether PDGF-D signal
plays a role through PDGFRh. It has been reported that activated
PDGFRh was present in 90% of human pancreatic adenocarcinoma
specimens (3). In addition, there was a 7-fold increase in the mRNA
levels of PDGFRh in the cancer samples by comparison with the
normal pancreas (25). However, expression of PDGFRh was barely
detectable using Western blotting in pancreatic cancer cell lines
(3, 25). Indeed, we found that all seven cell lines expressed
differential levels of PDGFRh mRNA. However, PDGFRh protein
could not be detected using Western blotting in any of these cell
lines. We also found that PDGF-D cDNA transfection increased
PDGFRh mRNA level, suggesting that PDGF-D regulates the
progression of pancreatic cancer through activation of PDGFRh.

It has been reported that LNCaP prostate cancer cells autoactivate
PDGF-D, which can induce phosphorylation of PDGFRh and
stimulate cell proliferation in an autocrine manner. Additionally,
LNCaP-processed PDGF-D, which functions in a paracrine manner
(10, 11). Therefore, the activation of PDGFRh by PDGF-D cDNA
transfection in our system could be, in part, due to autocrine and/
or paracrine manner.
It was reported that PDGF signaling regulates the expression of

Notch-1 receptor in other cell lines (20). Notch-1 signaling is known
to play important roles in maintaining the balance between cell
proliferation, differentiation, and apoptosis (26). The Notch-1 gene
is abnormally activated in many human malignancies, including
pancreatic cancer (15, 19, 26). Notch-1 is known to play critical
roles in the processes of tumor cell proliferation, invasion, and
angiogenesis. In the present study, we found that down-regulation
of PDGF-D inhibited the expression of Notch-1. Therefore, inacti-
vation of PDGF-D–mediated cell invasion and angiogenesis could
be partly mediated via inactivation of Notch-1 activity.
Previous studies have shown that Notch-1 activation could

lead to the activation of NF-nB (15). NF-nB activation has also
been reported to be associated with metastatic phenotype of tumor
cells by regulating the expression of a variety of important genes
known to be associated with many cellular responses (27). Because
NF-nB plays important roles in many cellular processes, studies on
the interaction of NF-nB activation with other cell signal
transduction pathways, including the PDGF and Notch pathway,
have received increased attention in recent years. PDGF has also

Figure 4. Effects of altered PDGF-D
expression on Notch-1 expression in
human pancreatic cancer cells. A, the
expression of Notch-1 and its target
genes was detected by Western blotting.
The expression of selected proteins
was inhibited by PDGF-D siRNA and
increased by PDGF-D cDNA transfection,
respectively. B, the Notch-1 mRNA level
was increased by PDGF-D cDNA
transfection as measured by real-time
RT-PCR. C, the PDGF-D cDNA–
transfected cells were subjected to
immunofluorescent staining using
anti-Notch-1 antibody. Higher level of
Notch-1 protein in the nucleus was found
in the PDGF-D–transfected cells. DAPI,
4¶,6-diamidino-2-phenylindole.
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been reported to cross-talk with the NF-nB pathway (21, 28). PDGF
activates NF-nB through Ras and PI3K/Akt (21). In our early report,
we showed that Notch-1 strongly induces NF-nB DNA-binding
activity (15), which is consistent with previous findings from other
laboratories (29, 30). In this study, we found that PDGF-D acti-
vates Notch-1 expression and consequently activated the DNA-
binding activity of NF-nB. In addition, we also found that g
secretase inhibitors, which inhibit Notch-1 activity, abrogated the
PDGF-D–induced NF-nB DNA-binding activity (data not shown).
Therefore, it is possible that PDGF-D–induced cell invasion and
angiogenesis is partly due to activation of the NF-nB through
Notch-1 activation.
It has been reported that PDGF-D promotes both angiogenesis

and metastasis in certain tumor models and that inhibition of
PDGF-D reduces tumor cell proliferation and metastasis in renal
cell carcinomas (9). MMP-9 expression was also elevated in the
PDGF-D–transfected renal carcinoma cell line (9). It is known
that MMPs are critically involved in the processes of tumor cell
invasion and metastasis and that MMP-9 is directly associated
with angiogenesis and metastatic processes (31, 32). MMP-9 has
been implicated in metastasis because of its role in the degrada-
tion of basement membrane collagen (31). Here, we showed that
overexpression of PDGF-D increased MMP-9 expression. We also

found that overexpression of PDGF-D increased the activity of
MMP-9 in the culture medium of pancreatic cancer cells. How-
ever, down-regulation of PDGF-D inhibited the expression and
activity of MMP-9. Thus, these results suggest that down-regulation
of PDGF-D could potentiate antitumor and antimetastatic
activities partly through the down-regulation of the expression
of MMP-9.
Another important molecule involved in tumor cell invasion

and angiogenesis is VEGF. Many studies have documented that
VEGF is a critical mediator of angiogenesis and regulates most
of the steps in the angiogenic cascade, including proliferation,
migration, and tube formation of endothelial cells (33, 34). It
has been reported that VEGF promotes migration and invasion of
pancreatic cancer cells (34). Investigations by other laboratories
have shown that PDGF modulates VEGF expression in many tumor
cell lines, suggesting that PDGF-mediated signaling in tumors
may accelerate both tumor cell growth and invasion of surround-
ing stroma, including stimulation of angiogenesis (7, 23). In this
study, we found a marked increase in the secreted form of VEGF
in PDGF-D cDNA–transfected cells. We also found a significant
reduction of VEGF secretion in the culture medium of pancreatic
cancer cells by down-regulation of PDGF-D using PDGF-D siRNA
transfection.

Figure 5. A, nuclear proteins from siRNA- and
cDNA-transfected cells were subjected to analysis
for NF-nB DNA-binding activity as measured by
EMSA. Left, down-regulation of PDGF-D inhibited
NF-nB DNA-binding activity compared with
control; middle, PDGF-D cDNA transfection
caused activation of NF-nB DNA-binding activity
in all three cell lines tested; right, NF-nB
supershift analyses. EMSA experiments were
done by additional 30-min incubations with
polyclonal supershift antibodies against p65
before the addition of labeled probe. Lane 1,
nonspecific antibody (anti-cyclin D1); lane 2, p65
antibody. B, left, Western blot analysis showed
that PDGF-D cDNA transfection increased the
expression of MMP-9 and VEGF; right, real-time
RT-PCR showed that PDGF-D cDNA increased
the expression of MMP-9 genes at mRNA level in
pancreatic cancer cells. C, left, PDGF-D cDNA
transfection increased the activity of MMP-9 in
pancreatic cancer cells; right, PDGF-D cDNA
transfection increased the secreted levels of
VEGF in pancreatic cancer cells. *, P < 0.05;
**, P < 0.01, relative to control.

Down-regulation of PDGF-D Inhibits Angiogenesis

www.aacrjournals.org 11383 Cancer Res 2007; 67: (23). December 1, 2007

Retr
ac

ted
 S

ep
tem

be
r 1

4, 
20

18

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/23/11377/2575034/11377.pdf by guest on 19 M

ay 2023

http://cancerres.aacrjournals.org/


Because we observed that overexpression of PDGF-D increased
the expression and activities of MMP-9 and VEGF, we tested the
effects of overexpression of PDGF-D on the migration and inva-
sion of pancreatic cancer cells and tube formation (angiogenesis)
of HUVECs. We found that overexpression of PDGF-D increased
migration and invasion of pancreatic cancer cells through Matrigel
and induced tube formation of HUVECs. These results are
consistent with activation of MMP-9 and VEGF by overexpres-
sion of PDGF-D, resulting in the promotion of cancer cell inva-
sion and angiogenesis. However, down-regulation of PDGF-D
inhibited migration and invasion of pancreatic cancer cells through
Matrigel and reduced tube formation of HUVECs. Based on
our results, we speculate that one possible mechanism by which
PDGF-D induces invasion and angiogenesis is by the activation
of Notch-1 and NF-nB DNA-binding activity, which leads to up-
regulation of NF-nB target genes, such as MMP-9 and VEGF .
However, further in-depth studies are needed to ascertain the pre-
cise molecular regulation of PDGF-D and NF-nB and their cross-
talks in elucidating the role of PDGF-D in cell growth, invasion,

and angiogenesis of pancreatic cancer cells in animal models and
in human pancreatic cancer.
In summary, we presented experimental evidence that strongly

supports the role of PDGF-D down-regulation as antitumor and
antimetastatic mechanisms in pancreatic cancer. Therefore, down-
regulation of PDGF-D could potentially be an effective therapeutic
approach for the inactivation of Notch-1 and NF-nB and its target
genes, such as MMP-9 and VEGF, which is likely to result in the
inhibition of cell growth, migration, invasion, angiogenesis, and
metastasis of pancreatic cancer.
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Figure 6. PDGF-D cDNA transfection increased pancreatic cancer cell migration and invasion and induced the HUVEC tube formation. *, P < 0.05, relative to
control. A, top, migration assay showing that PDGF-D cDNA transfection increased pancreatic cancer cell migration; bottom, value of fluorescence from the migrated
cells. B, top, invasion assay showing that PDGF-D cDNA transfection resulted in high penetration of cells through the Matrigel-coated membrane compared with
control cells; bottom, value of fluorescence of the invaded cells. The values indicated the comparative levels of invaded cells. C, top, conditioned media from PDGF-D
cDNA–transfected BxPC-3 and MIA PaCa cells were able to significantly induce the tube formation of HUVECs in 6-h incubation compared with the conditioned
medium from control cells; bottom, image analysis of tubule/capillary length was carried out using software image analysis program Scion Image. Quantification of
cumulative tube length of endothelial cells.

Cancer Research

Cancer Res 2007; 67: (23). December 1, 2007 11384 www.aacrjournals.org

Retr
ac

ted
 S

ep
tem

be
r 1

4, 
20

18

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/23/11377/2575034/11377.pdf by guest on 19 M

ay 2023

http://cancerres.aacrjournals.org/


Down-regulation of PDGF-D Inhibits Angiogenesis

www.aacrjournals.org 11385 Cancer Res 2007; 67: (23). December 1, 2007

References

1. Jemal A, Siegel R, Ward E, Murray T, Xu J, Thun MJ.
Cancer statistics, 2007. CA Cancer J Clin 2007;57:43–66.
2. Fredriksson L, Li H, Eriksson U. The PDGF family: four
gene products form five dimeric isoforms. Cytokine
Growth Factor Rev 2004;15:197–204.
3. Hwang RF, Yokoi K, Bucana CD, et al. Inhibition of
platelet-derived growth factor receptor phosphorylation
by STI571 (Gleevec) reduces growth and metastasis of
human pancreatic carcinoma in an orthotopic nude
mouse model. Clin Cancer Res 2003;9:6534–44.
4. Singh PK, Wen Y, Swanson BJ, et al. Platelet-derived
growth factor receptor h-mediated phosphorylation of
MUC1 enhances invasiveness in pancreatic adenocarci-
noma cells. Cancer Res 2007;67:5201–10.
5. Baker CH, Trevino JG, Summy JM, et al. Inhibition of
PDGFR phosphorylation and Src and Akt activity by
GN963 leads to therapy of human pancreatic cancer
growing orthotopically in nude mice. Int J Oncol 2006;
29:125–38.
6. LaRochelle WJ, Jeffers M, McDonald WF, et al. PDGF-
D, a new protease-activated growth factor. Nat Cell Biol
2001;3:517–21.
7. Li X, Eriksson U. Novel PDGF family members: PDGF-C
and PDGF-D. Cytokine Growth Factor Rev 2003;14:91–8.
8. Reigstad LJ, Varhaug JE, Lillehaug JR. Structural and
functional specificities of PDGF-C and PDGF-D, the
novel members of the platelet-derived growth factors
family. FEBS J 2005;272:5723–41.
9. Xu L, Tong R, Cochran DM, Jain RK. Blocking platelet-
derived growth factor-D/platelet-derived growth factor
receptor h signaling inhibits human renal cell carcino-
ma progression in an orthotopic mouse model. Cancer
Res 2005;65:5711–9.
10. Ustach CV, Taube ME, Hurst NJ, Jr., et al. A potential
oncogenic activity of platelet-derived growth factor d in
prostate cancer progression. Cancer Res 2004;64:1722–9.
11. Ustach CV, Kim HR. Platelet-derived growth factor D
is activated by urokinase plasminogen activator in
prostate carcinoma cells. Mol Cell Biol 2005;25:6279–88.
12. Lokker NA, Sullivan CM, Hollenbach SJ, Israel MA,
Giese NA. Platelet-derived growth factor (PDGF) auto-
crine signaling regulates survival and mitogenic path-
ways in glioblastoma cells: evidence that the novel

PDGF-C and PDGF-D ligands may play a role in the
development of brain tumors. Cancer Res 2002;62:
3729–35.
13. LaRochelle WJ, Jeffers M, Corvalan JR, et al. Platelet-
derived growth factor D: tumorigenicity in mice and
dysregulated expression in human cancer. Cancer Res
2002;62:2468–73.
14. Zhang Y, Banerjee S, Wang Z, et al. Antitumor activity
of epidermal growth factor receptor-related protein is
mediated by inactivation of ErbB receptors and nuclear
factor-nB in pancreatic cancer. Cancer Res 2006;66:
1025–32.
15. Wang Z, Banerjee S, Li Y, Rahman KM, Zhang Y,
Sarkar FH. Down-regulation of Notch-1 inhibits invasion
by inactivation of nuclear factor-nB, vascular endothe-
lial growth factor, and matrix metalloproteinase-9 in
pancreatic cancer cells. Cancer Res 2006;66:2778–84.
16. Wang Z, Sengupta R, Banerjee S, et al. Epidermal
growth factor receptor-related protein inhibits cell
growth and invasion in pancreatic cancer. Cancer Res
2006;66:7653–60.
17. Pohlers D, Huber R, Ukena B, Kinne RW. Expression
of platelet-derived growth factors C and D in the
synovial membrane of patients with rheumatoid arthri-
tis and osteoarthritis. Arthritis Rheum 2006;54:788–94.
18. Wang Z, Banerjee S, Kong D, Li Y, Sarkar FH. Down-
regulation of forkhead box M1 transcription factor leads
to the inhibition of invasion and angiogenesis of
pancreatic cancer cells. Cancer Res 2007;67:8293–300.
19. Wang Z, Zhang Y, Li Y, Banerjee S, Liao J, Sarkar FH.
Down-regulation of Notch-1 contributes to cell growth
inhibition and apoptosis in pancreatic cancer cells. Mol
Cancer Ther 2006;5:483–93.
20. Bongarzone ER, Byravan S, Givogri MI, Schonmann
V, Campagnoni AT. Platelet-derived growth factor and
basic fibroblast growth factor regulate cell proliferation
and the expression of notch-1 receptor in a new
oligodendrocyte cell line. J Neurosci Res 2000;62:319–28.
21. Romashkova JA, Makarov SS. NF-nB is a target of
AKT in anti-apoptotic PDGF signalling. Nature 1999;401:
86–90.
22. Xiong HQ, Abbruzzese JL, Lin E, Wang L, Zheng L,
Xie K. NF-nB activity blockade impairs the angiogenic
potential of human pancreatic cancer cells. Int J Cancer
2004;108:181–8.

23. Li H, Fredriksson L, Li X, Eriksson U. PDGF-D is a
potent transforming and angiogenic growth factor.
Oncogene 2003;22:1501–10.
24. Uutela M, Wirzenius M, Paavonen K, et al. PDGF-D
induces macrophage recruitment, increased interstitial
pressure, and blood vessel maturation during angiogen-
esis. Blood 2004;104:3198–204.
25. Ebert M, Yokoyama M, Friess H, Kobrin MS, Buchler
MW, Korc M. Induction of platelet-derived growth
factor A and B chains and over-expression of their re-
ceptors in human pancreatic cancer. Int J Cancer 1995;
62:529–35.
26. Miele L, Miao H, Nickoloff BJ. NOTCH signaling as a
novel cancer therapeutic target. Curr Cancer Drug
Targets 2006;6:313–23.
27. Karin M. Nuclear factor-nB in cancer development
and progression. Nature 2006;441:431–6.
28. Cheon H, Sun YK, Yu SJ, et al. Platelet-derived growth
factor-AA increases IL-1h and IL-8 expression and
activates NF-nB in rheumatoid fibroblast-like synovio-
cytes. Scand J Immunol 2004;60:455–62.
29. Shin HM, Minter LM, Cho OH, et al. Notch1
augments NF-nB activity by facilitating its nuclear
retention. EMBO J 2006;25:129–38.
30. Nickoloff BJ, Qin JZ, Chaturvedi V, Denning MF,
Bonish B, Miele L. Jagged-1 mediated activation of notch
signaling induces complete maturation of human
keratinocytes through NF-nB and PPARg. Cell Death
Differ 2002;9:842–55.
31. Curran S, Murray GI. Matrix metalloproteinases:
molecular aspects of their roles in tumour invasion
and metastasis. Eur J Cancer 2000;36:1621–30.
32. Nagakawa Y, Aoki T, Kasuya K, Tsuchida A, Koyanagi
Y. Histologic features of venous invasion, expression of
vascular endothelial growth factor and matrix metal-
loproteinase-2 and matrix metalloproteinase-9, and the
relation with liver metastasis in pancreatic cancer.
Pancreas 2002;24:169–78.
33. Fujioka S, Sclabas GM, Schmidt C, et al. Inhibition of
constitutive NF-nB activity by InBaM suppresses
tumorigenesis. Oncogene 2003;22:1365–70.
34. Wey JS, Fan F, Gray MJ, et al. Vascular endothelial
growth factor receptor-1 promotes migration and
invasion in pancreatic carcinoma cell lines. Cancer
2005;104:427–38.

Retr
ac

ted
 S

ep
tem

be
r 1

4, 
20

18

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/23/11377/2575034/11377.pdf by guest on 19 M

ay 2023

http://cancerres.aacrjournals.org/



