






antisense human VEGF165 cDNA (AS-VEGF) were simultaneously
established. In addition, two other cell lines, SAS and TF (human
oral squamous cell carcinoma lines), were also included to confirm
the findings. These cells were maintained in G418, and single-cell
cloning was done thrice using 96-well plates. The clone that
showed the lowest secretion of the target protein in each cell line
was used for the following experiments.
A preliminary experiment showed high expressions of PDGF-

AA and VEGF in all cell lines subjected to the ELISA (data not
shown). Using murine fibroblasts (NIH3T3), we next examined
whether AS-PDGFA might be cross-reactive for human VEGF
expression, because the nucleotide sequence of PDGF-A showed
f30% homology to that of VEGF. AS-PDGFA transfection did
not affect the protein secretion level from cotransfected sense
human VEGF165 expression vector [pcDNA3.1(+)/hVEGF165)] in
the culture medium of NIH3T3 (Fig. 1A), indicating that AS-
PDGFA did not seriously affect the expression of human VEGF.
All cell lines expressed the known receptor of PDGF-AA,

PDGFRa, which was detected by RT-PCR (data not shown).
This was also confirmed by immunoprecipitation to PDGFRa,
and as expected, the phosphorylation of PDGFRa seemed lower
in cells that were stably transfected with AS-PDGFA than in
those transfected with an empty vector in repeated experi-
ments; this finding was later confirmed by densitometry
(Fig. 1B).

Furthermore, all cell clones stably transfected with AS-PDGFA
showed significantly reduced PDGF-AA secretion, as well as
reduced VEGF. On the other hand, transfection of AS-VEGF
contributed only to the reduction of VEGF and not to the
expression of PDGF-AA (Fig. 1C), indicating that PDGF-AA is an
autocrine regulator for the expression of VEGF in these cell
lines.
Surgical specimens. For further evidence regarding the role of

PDGF-AA in VEGF expression, we did real-time quantitative RT-
PCR to test the correlation of mRNA levels between PDGF-A chain
and VEGF in surgically resected fresh NSCLC samples from 60
patients (adenocarcinoma, n = 32; squamous cell carcinoma, n =
20; others, n = 8). The expressions of PDGF-A mRNA and VEGF
mRNA in the tumor were tightly correlated (Spearman’s correlation
test, q = 0.838, P < 0.001), and there was a similar finding in
adjacent normal lung tissue (Spearman’s correlation test, q = 0.705,
P < 0.001; Fig. 2A), suggesting that similar to our previous findings
in noncancerous mesenchymal cells, the expression of PDGF-A was
correlated to that of VEGF in NSCLCs.
Further retrospective analysis by immunohistochemistry using

128 formalin-fixed tissue sections (adenocarcinoma, n = 68;
squamous cell carcinoma, n = 55; others, n = 5) also supported
these findings; the immunohistochemically positive reaction of
PDGF-AA was tightly correlated with that of VEGF (Fig. 2B and C ;
j-statistic analysis, j = 0.325; P = 0.0002).

Figure 2. Correlation of expression of PDGF-A and VEGF mRNA
and proteins in surgical specimens. A, correlation of mRNA between
PDGF-A and VEGF in the surgical specimens of the adjacent normal
lung tissue (left ) and lung cancer tissue (right ), assessed by
quantitative real-time RT-PCR. Expression level was standardized
with 18S rRNA as an internal control. Expression of mRNA of
PDGF-A was tightly correlated with that of VEGF in the lung
cancer tissue (Spearman’s correlation analysis, q = 0.838,
P < 0.0001), a finding seen in the normal lung tissue (Spearman’s
correlation analysis, q = 0.705, P < 0.001). B, representative
immunohistochemical examination for PDGF-AA or VEGF in surgical
specimens of NSCLCs. Top, negative case for PDGF-AA (left )
and positive for VEGF (middle and right ; right, high-powered view of
the squared area of middle) in bronchioalveolar carcinoma (BAC )
subtype. Middle, negative case for PDGF-AA in poorly differentiated
adenocarcinoma (poorly , adeno ). Note PDGF-AA-positive vascular
smooth muscle cells in the arteries (top left and middle, arrows ),
indicating successful immunohistochemical reaction. Bottom left,
positive case for PDGF-AA in moderately differentiated squamous
cell carcinoma (mod, SCC ); bottom middle, high-powered view of the
squared area of (bottom left). Bottom right, serial section for
detecting VEGF. C, relationship between immunoreactivities for
PDGF-AA and VEGF. Positive reaction was defined as the
immunohistochemically positive cells that showed a stronger
reaction than that seen in arterial vascular smooth muscle cells in
the same specimen, in at least 30% of tumor cells. Expression
of PDGF-AA was tightly correlated with that of VEGF (j-statistic
analysis, j = 0.325; P = 0.0002).
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Significance of Platelet-Derived Growth Factor-AA
and Vascular Endothelial Growth Factor Expression
in Human Non–Small Cell Lung Carcinomas
Established cell lines. We next returned to animal studies to

examine the tumorigenesis in established cell lines. As a first step,
we examined the proliferative activities of each cell transfected
with an empty plasmid, AS-PDGFA or AS-VEGF and found no
significant difference among the activities in any of the cell species
(Fig. 3, in vitro experiment).
Reduction of VEGF expression resulted in mildly to moderately

disturbed tumorigenesis in nu/nu mice in all four cell lines tested,
as expected. On the other hand, stable transfection of AS-PDGFA
caused considerably and significantly disturbed tumor growth in
three of four cell lines, compared with those with an empty vector
or AS-VEGF (Fig. 3, in vivo experiment). These results indicate that
tumor growth is more dependent on the expression of PDGF-AA
than that of VEGF.
We next assessed the tumor-induced angiogenesis in vivo ,

visualized by labeling with vWF, using tumor sections obtained at
28 days after tumor implantation (Fig. 4A, arrows , and B). None of

the sections from QG56 tumor transfected with AS-PDGFA
showed any histopathologic evidence of solid tumor; thus, these
sections were excluded from the evaluation. In all tumor types,
the number of intratumor microvessels was significantly
decreased in the AS-VEGF group and even more significantly
decreased in the AS-PDGFA group (Fig. 4B, intratumor). Similar
findings were also observed for angiogenesis at the tumor
periphery of SAS and TF tumors, but the effect was rather mild
in A549 tumors (Fig. 4B, peripheral), probably reflecting the milder
antitumor effect of antisense gene expression seen in Fig. 3.
Surgical specimens. Using 128 tissue sections immunohisto-

chemically labeled for PDGF-AA (93 positive cases and 35
negative cases), we investigated the clinicopathologic role of
PDGF-AA expression in NSCLCs. Among the clinicopathologic
variables, only the tumor diameter was significantly larger in
PDGF-AA-positive cases than in PDGF-AA-negative cases (Sup-
plementary Table S1). Furthermore, as tumor size increased,
the PDGF-AA-positive ratio was raised significantly (Cochran-
Armitage test for linear trend, P < 0.0001), as was the VEGF-
positive ratio (Cochran-Armitage test for linear trend, P < 0.0001;

Figure 3. Significance of PDGF-AA and
VEGF expression in tumor proliferation
in vitro and in a tumor implantation model
in vivo. Left,in vitro . Tumor cells (5 � 104

cells; QG56, A549, SAS, and TF) stably
transfected with an empty plasmid,
antisense VEGF (AS-VEGF ), or antisense
PDGF-A (AS-PDGFA ) were spread on
dish plate, and the number of tumor cells
were counted at days 3, 5, and 7. No
significant difference on the tumor
proliferation was found in all groups. Right,
in vivo . In turn, these tumor cells were
s.c. injected into the abdominal wall, and
the tumor growth was measured at
each time point. Points, mean; bars, FSE.
Differences between the groups were
compared using a one-way ANOVA
followed by an unpaired Student’s t test.
*, P < 0.01.
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Table 1). Interestingly, all tissue sections of noninvasive adeno-
carcinoma, bronchioalveolar carcinoma (n = 7; all cases were
included in 20 V $ < 30), and high-grade atypical adenomatous
hyperplasia (AAH, n = 13), which are now considered to be
precancerous lesions (18, 19), were negative for PDGF-AA. The
seven cases of bronchioalveolar carcinoma included three VEGF-
positive cases (42.9%). These results thus indicate that the
expression of PDGF-AA may be essentially related to the size and
progression of tumors.
Finally, a comparison of the 5-year survival rates of patients with

NSCLCs who were VEGF positive (81 cases) or negative (47 cases)
did not show a significant difference between the two groups
(Fig. 5A ; 38.6%, confidence interval [CI] = 15.6 versus 43.6%, CI =
11.6, respectively), whereas that of patients who were PDGF-A
positive was significantly lower than that of those with a negative
reaction (P < 0.05; Fig. 5B ; 36.1%, CI = 17.8 versus 56.5%, CI = 11.0,
respectively).

Discussion

The key observations obtained in the present study were as
follows: (a) similar to our earlier observations in noncancerous
mesenchymal cells, PDGF-AA was found to be an autocrine
regulator for VEGF in NSCLCs, indicating that the PDGF-AA/VEGF
axis may be a ubiquitous autocrine system for enhancing
angiogenic signals; (b) the expression level of PDGF-AA was more
critical for experimental tumor growth than that of VEGF in vivo ,
and the expression of PDGF-AA was rarely seen in precancerous
or early cancer lesions of surgical sections; and (c) PDGF-AA
expression was a prognostic indicator for individuals with NSCLCs.
These results strongly suggest that PDGF-AA and its related
pathways may be a more efficient target of antiangiogenic therapy
for cancers than VEGF and its related pathways.
Recent studies have identified various signals related to tumor

angiogenesis, including metabolic and/or mechanical stress,
immune/inflammatory response, and factors that genetically

Figure 4. Immunohistochemical detection
and quantification of microvessels in distinct
part of tumors (tumor periphery and intratumor).
Tumors shown in Fig. 4 were obtained at 28
days after implantation, and the sections from
these were subjected to immunohistochemical
examination for von Willebrand factor (vWF ).
QG56 was excluded from this analysis,
because no apparent viable tumor could
be found in this type of tumor transfected
with AS-PDGFA. A, representative
immunohistochemical findings of microvessels
(arrows) in SAS tumors located at <2 mm
from tumor periphery (peripheral, top ) and
at intratumor (intratumor, bottom ). Note
the marked reduction of the number of
microvessels, especially in the tumor with
AS-PDGFA . Counterstained with hematoxylin.
B, quantitative analysis of the number of
microvessels located at the tumor periphery
or intratumor in each tumor type.
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activate oncogenes and control the production of angiogenic
regulators such as VEGF, angiopoietins, fibroblast growth factors,
hepatocyte growth factor, etc. (7). There is no longer doubt that
these signals contribute to tumor progression; however, relatively
less attention has been paid to the critical question of which
molecules and signal transduction pathways are critically involved
in the angiogenic switch and how they function.
VEGF is an essential mediator for tumor angiogenesis, and that

conclusion has been supported by the findings of a number of
experimental and clinical studies, including promising early

results of a humanized anti-VEGF antibody, Avastin (20–22).
VEGF, however, is not likely to meet the definition of an
angiogenic switch, and this assertion was supported by the
present finding that AAH occasionally expressed VEGF (Table 1).
Therefore, we should be able to identify an upstream regulator
that controls the expression of VEGF in tumors. In the current
study, we identified PDGF-AA as a possible candidate for one of
the molecules involved to the angiogenic switch that meets the
definition noted above, and the relationship between the role
of PDGF-AA and tumorigenesis has been summarized in
Supplementary Fig. S1A.
A tumor implantation assay indicated that inhibition of tumor

growth was more pronounced in AS-PDGFA than in AS-VEGF,
suggesting that the expression of PDGF-AA may not only
contribute to the regulation of VEGF but also exert other effects
on tumor progression. With regard to tumor angiogenesis, we
hypothesize that (a) in addition to VEGF, PDGF-AA may regulate
other factors advantageous to tumor growth, including other
angiogenic factors; and (b) in addition to the indirect angiogenic
effect using VEGF, PDGF-AA itself may directly contribute to the
angiogenic responses. At present, little is known regarding the
former point, which we are currently investigating via microarray
analysis. The latter point may be supported by our previous study
indicating that PDGF-AA stimulates and maintains the local VEGF
expression in mesenchymal cells (13). Such a paracrine mechanism
of PDGF-AA for angiogenesis, which is supported by several studies
(23–27), may reflect the difference of tumor growth between AS-
PDGFA and AS-VEGF . From this point of view, PDGF-AA is likely to
be an autocrine and paracrine angiogenic switch in solid tumors
(Supplementary Fig. S1B). Regarding the nonangiogenic actions,
the paracrine mode of PDGF-AA causes a desmoplastic reaction
(28), which is an important feature of advanced NSCLCs (29), by
activating mesenchymal myofibroblasts.
Might a PDGF-AA-related signal transduction pathway be a

more effective molecular target for antitumor therapy than a
pathway related to VEGF? Although it seems premature to draw
such a conclusion, the current study suggests this possibility, and
some recent studies may also support it. For example, in a previous
study that measured the levels of various angiogenic factors,
including VEGF, in the tumors of neuroblastoma patients, only the
expression level of PDGF-AA was significantly correlated to patient
survival, even when a high level of expression of various angiogenic
factors was detected (30). On the other hand, an inhibitor of
tyrosine kinases, including PDGFRs, is likely to be effective in
patients with malignant tumors (31), suggesting that PDGF-AA and
its related pathways may be important targets for tumor

Table 1. Relationship between PDGF-AA/VEGF expression and tumor diameter of human NSCLCs

Diameter AAH (n = 13) Tumor diameter ($) of NSCLCs (n = 128)

$ < 20 (n = 5) 20 V $ < 30 (n = 21*) 30 V $ < 40 (n = 31) 40 V $ < 50 (n = 30) 50 V $ (n = 41)

PDGF-AA-positive rate (%)
c
0 (0.0) 2 (40.0) 12 (57.1) 19 (61.3) 24 (80.0) 36 (87.8)

VEGF-positive rate (%)
b

4 (30.7) 2 (40.0) 9 (42.8) 18 (58.0) 21 (70.0) 31 (75.6)

*Includes seven bronchioaveolar carcinomas.
cP < 0.0001, Cochran-Armitage test for trend.
bP < 0.001, Cochran-Armitage test for trend.

Figure 5. Comparison of 5-year survival of patients with NSCLCs. Kaplan-Meier
curves indicating a 5-year survival of patients with VEGF-positive or -negative
cases (A), PDGF-A-positive or PDGF-A-negative cases (B). The log-rank test
was used to determine the statistical differences between life curves. A
probability value of P < 0.05 was considered significant.
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angiogenesis. Among these tyrosine kinases, it has been suggested
in a recent experimental study that PDGF-AA and PDGFRa might
be one of the essential regulators for tumor angiogenesis (32); some
thalidomide analogues markedly inhibited tumor growth and
angiogenesis in vivo via a marked reduction of PDGF-AA without
apparent changes of the expression levels of other angiogenesis-
related factors. Together, these findings strongly suggest that the
PDGF-AA/PDGFRa signal transduction pathway warrants further
study for the potential treatment of patients with intractable
malignancies.
An important limitation of the present study was the lack of direct

evidence of the demethylation status of the PDGF-A promoter in
NSCLCs; because of this, the scheme shown in Supplementary Fig.
S1A is still hypothetical, not definitive. For precise assessment
regarding this issue, careful laser dissection of cancer cells should be
done without contamination of mesenchymal cells, because the
PDGF-A promoter of nontumorous mesenchymal cells should be
demethylated. We have started this delicate assessment, and the
data will be available in the near future.

In conclusion, we identified PDGF-AA as an autocrine, and
probably a paracrine, regulator that made an essential contribu-
tion to the expression of VEGF in NSCLCs, affecting tumorigen-
esis revealed by experimental and clinicopathologic studies.
Therefore, PDGF-AA and its related pathways, which determine
the expression of VEGF in tumors, may have potential as
molecular targets in an antitumor strategy for disrupting tumor
angiogenesis.
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