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PDGF-D is a potent transforming and angiogenic growth factor
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Platelet-derived growth factors (PDGFs) are important
for normal tissue growth and maintenance. Overexpres-
sion of the classical PDGFs, PDGF-A and PDGF-B, has
been linked to several diseases, including cancer, fibrotic
disease and atherosclerosis. Recently, two novel PDGFs,
PDGF-C and PDGF-D, were discovered. It has not yet
been established whether PDGF-C and PDGF-D are
linked to disease phenotypes like the classical PDGFs.
PDGF-B, the cellular homologue of the viral simian
sarcoma oncogene Vv-sis, is known to potently induce
cellular transformation through activation of PDGF
receptor (PDGFR)-f. In this work, we have determined
the transformation efficacy of PDGF-D in comparison
with that of PDGF-C and PDGF-B. PDGF-D is a potent
transforming growth factor for NIH/3T3 cells, and the
transformed cells displayed stress fibre reorganization,
increased proliferation rate, anchorage-independent
growth in soft agar, ability to induce tumours in nude
mice, and upregulation of vascular endothelial growth
factor. Morphological analyses of the vasculatures from
the PDGF-isoform-expressing tumours revealed marked
differences suggesting differential signalling through the
two PDGF receptors in tumour vessel development and
remodelling. In summary, these results suggest that
PDGF-D induce cellular transformation and promote
tumour growth by accelerating the proliferation rate of
the tumour cells, and by stimulation of tumour neovas-
cularization.
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Introduction

Platelet-derived growth factors (PDGFs) regulate di-
verse cellular functions in connective tissue cells, and are
important for normal embryonic development (Soriano,
1994; Bostrom et al., 1996; Lindahl et al., 1997). PDGFs
exert their cellular effects by activating two structurally
related receptor tyrosine kinases, PDGFR-o and
PDGFR-f. Thus far, the PDGF family of growth
factors consists of four members; the classical PDGF
chains, PDGF-A and PDGF-B, which have been
studied intensively, and the newly isolated PDGF-C
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(Li et al., 2000) and PDGF-D chains (Bergsten et al.,
2001; LaRochelle et al., 2001). PDGF-C and PDGF-D
have a two-domain organization unique within the
PDGF family. Both factors possess an N-terminal
domain, referred to as the CUB domain (Complement
subcomponents Clr/Cls, Urchin EGF-like protein and
Bone morphogenic protein-1) (Bork, 1991), in front of
the conserved growth factor domain. The role of the
CUB domain is currently unknown; however, proteoly-
tic removal of the CUB domain is required before
PDGF-C and PDGF-D can bind to and activate their
cognate PDGFRs. In previous studies, we have shown
that PDGF-C preferentially signals through PDGFR-«
and PDGF-D through PDGFR-f. However, other
groups have demonstrated that both PDGF-D and
PDGF-C are able to activate PDGFR-o/ff heterodimeric
complexes as well (Gilbertson et al., 2001; LaRochelle
et al., 2001).

PDGF-BB, which can bind and activate both
PDGFR-o and PDGFR-f, has been shown to be a
potent proto-oncogene that functions similar to the
oncogene v-sis of simian sarcoma virus to transform
fibroblastic NIH/3T3 cells (Gazit et al., 1984).
Up-regulation and/or structure rearrangement of
PDGFs and PDGFRs have been found in many
tumours suggesting important roles in tumour growth
(Fleming et al., 1992; Simon et al., 1997). In contrast to
PDGF-BB, PDGF-AA fails to effectively transform
fibroblastic cells, and since PDGF-AA signals exclu-
sively through PDGFR-q, it has been suggested that the
transformation activity of PDGF-BB is mediated
through PDGFR-f signalling (Heldin and Westermark,
1999; Yu et al., 2000). Recently, PDGF-C was found to
be an EWS/FLI-induced transforming growth factor
(Zwerner and May, 2001). The transforming activity of
PDGF-C might thus be explained by activation of
PDGFR-f via binding to PDGFR-a/f heterodimeric
complexes (Gilbertson et al., 2001). In addition, the
expression of PDGF-C in many tumour cell lines further
indicates a role of PDGF-C in tumorigenesis (Uutela
et al., 2001).

PDGF-D has also been found to be expressed in
many tumour cell lines; however, the biological role of
PDGF-D in tumorigenesis remains elusive (Uutela et al.,
2001; LaRochelle ez al., 2002; Lokker et al., 2002). Since
PDGF-D preferentially signals through PDGFR-f, we
addressed the question whether PDGF-D could induce
cellular transformation and support tumour develop-
ment similar to PDGF-B. Thus, we stably transfected
mouse full-length PDGF-D in NIH/3T3 cells as well as
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PDGF-B and PDGF-C for a comparison. The transfec-
tants adopted a transformed morphology, with actin
reorganization, increased proliferation and anchorage-
independent growth, and with the ability to induce
tumour formation in nude mice. The transformation of
the NIH/3T3 cells by PDGF-D also induced VEGF
expression. These results establish a role for PDGF-D in
tumorigenesis and angiogenesis through both autocrine
and paracrine stimulation.

Results

Overexpression of PDGF-D in NIHI3T3 cells
downregulates both PDGFR-o. and PDGFR -f3 expression
and activation

To characterize the effect of PDGF-D in tumorigenesis,
full-length mouse PDGF-D was expressed in NIH/3T3
cells. As positive controls, full-length PDGF-C, recently
shown to be a transforming growth factor, and PDGF-
B, a classical transforming growth factor, were also
expressed in NIH/3T3 cells. Serum-free media from
stable transfected PDGF-D and PDGF-C cells were
collected and subjected to protein expression analysis.
Expression of full length, but also processed forms of
PDGF-D and PDGF-C were elevated in the growth
factor transfectants as compared to the endogenous
expression levels detected in cells transfected with empty
vector (negative control) (Figure la, b). PDGF-B
mRNA expression levels were verified by RT-PCR,
and it was found that PDGF-B was exclusively
expressed in the PDGF-B-transfected cells (data not
shown).

The expression levels of PDGFR-« and PDGFR-$
and their phosphorylation status in the stable transfec-
tants and wild-type cells were compared. Immunopre-
cipitation with antibodies against PDGFR-u (Figure 1c)
and PDGFR-p (Figure 1d) was followed by immuno-
blotting using monoclonal antiphosphotyrosine anti-
body to detect receptor phosphorylation, or polyclonal
C-terminal receptor antibodies for the receptor expres-
sion levels. Both PDGFR-o and PDGFR-f expression
and phosphorylation levels were downregulated in all
growth factor-expressing cells as compared to wild-type
and vector transfected cells (Figure lc, d; left panels). To
validate the experimental system, the various transfec-

tants and wild-type cells were stimulated with recombi-
nant PDGF-BB before immunoprecipitation using the
same experimental settings (Figure lc, d; right panels).
As expected, PDGF-BB stimulation increased tyrosine
phosphorylation of both PDGFR-2 and PDGFR-f in
wild-type and vector transfectants as compared to
unstimulated cells. However, PDGF-BB treatment did
not induce further activation of PDGFR-o and did only
mildly increase phosphorylation of PDGFR-f in the
growth factor transfectants (Figure lc, d; right panel).
In an attempt to understand the molecular mechanism
underlying short-term vs long-term stimulation with
PDGFs, wild-type cells were stimulated with PDGF-BB
for different time course (Figure le). PDGFR-f was
then immunoprecipitated and the phosphorylation
status detected as described above. In contrast to
short-term treatment, long-term stimulation nearly
abolished the phosphorylation. However, no obvious
change in receptor level was observed after 24h of
treatment. These results suggest that both PDGFRs are
downregulated in NIH/3T3 cells constitutively over-
expressing the growth factors.

PDGF-D induces actin reorganization, reduces cell-
substrate focal contacts and promotes cell growth in NIH/
3T3 cells

During cell culturing, the morphology of the stable
PDGPF-D transfectants changed into a smaller and more
rounded-up shape as compared to wild-type and vector
control cells, which resembled the morphology of the
PDGF-B transfectants. PDGF-C transfectants had yet
another appearance, as they were bigger and less
rounded-up than both the PDGF-D- and PDGF-B-
expressing cells. After each passage, the growth factor-
expressing cells needed more time for attachment
compared to controls. To confirm our observations,
we stained the cells with rhodamine-labelled phalloidin
to visualize F-actin filaments, and vinculin to detect cell-
substrate focal contacts (Figure 2). The PDGF-D- and
PDGF-B-expressing cells had lost their normal stress
fibres and displayed circular actin structure, while the
PDGF-C-expressing cells had decreased numbers of
normal stress fibres as compared to controls (Figure 2,
left panel). Considering the differential binding of
PDGF-B, PDGF-C and PDGEF-D to the two PDGFRs,
it is not surprising that there is a morphological

>

Figure 1 Growth factor expression and receptor analysis in NIH/3T3 transfectants. (a,b) Secretion of PDGF-C and PDGF-D from
transfected NIH/3T3 cells. Serum-free media were TCA precipitated and equal amounts of protein were subjected to SDS-PAGE
under reducing conditions and then immunoblotted using antibodies against PDGF-C and PDGF-D, respectively. Full-length proteins
and processed species were detected (arrow heads). Endogenous expression of both PDGF-C and PDGF-D was low in vector-
transfected cells. (¢,d) Expression and activation of PDGF receptors. Transfectants and wild-type cells were either unstimulated (left
panels) or stimulated (right panels) by PDGF-BB (10 ng/ml) and then immunoprecipitated with PDGFR-a (c) or PDGFR-f (d)
specific antisera. Immunoprecipitates were subjected to SDS-PAGE and immunoblotted using monoclonal antiphosphotyrosine
antibody (PY99) to detect receptor phosphorylation (upper panel). The blots were stripped and reblotted with CED antiserum against
the C-terminal of PDGFRs (middle panel) for the receptor expression levels. Both PDGFR-a and PDGFR-f expression and
phosphorylation were downregulated in the growth factor transfectants as compared to vector controls and wild-type cells. IgG heavy
chain was used as internal loading control (lower panel). (e) Determination of the phosphorylation status of PDGFR-f in NIH/3T3
cells upon short- and long-term stimulation by PDGF-BB. NIH/3T3 cells were starved overnight and then treated with PDGF-BB
either on ice, or at 37°C for different time points. PDGFR-f was immunoprecipitated and the receptor phosphorylation detected as
described above. PDGFR-f phosphorylation level was the highest after 1 h of stimulation and nearly vanished after 24 h
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Figure 2 Actin reorganization and loss of vinculin-positive adhesion plaques in growth factor-transfected NIH/3T3 cells.
Immunofluorescent staining was performed in (a—c) wild-type, (d—f) vector, (g-i) PDGF-B, (j-1) PDGF-C and (m-0) PDGF-D as
described in Materials and methods. F-actin filaments were visualized with rhodamine-labelled phalloidin (left panel in red) and typical
stress fibre organization was seen in wild-type and vector controls, whereas the growth factor-expressing cells had decreased numbers
of stress fibres. Specific staining of vinculin (middle panel in green) at cell-substrate adhesion plaques was apparent in control cells, but
was essentially lost in the growth factor transfectants. Nuclear counterstaining was achieved with DAPI (blue). Overlays for F-actin
and vinculin staining displayed colocalization at cell-substrate focal contacts more prominent in wild-type and vector-transfected cells
(right panel in yellow). Bar, 20 um
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difference between the growth factor-expressing cells.
Whereas both PDGFRs promote edge ruffling and loss
of stress fibres, only the PDGFR-f mediates the
formation of circular actin structures on the dorsal
surface of the cell (Eriksson et al., 1992). The cells were
also stained with vinculin, a protein which links the actin
cytoskeleton to the cell membrane at sites of cell-
substrate focal contacts. Specific staining of vinculin at
focal contacts was apparent in control cells, but was
essentially lost in the growth factor transfectants
(Figure 2, middle panel).

The proliferation rates of the transfected cells in either
normal or serum-free culture conditions were evaluated.
Under normal culture conditions using serum addition,
the elevated expression of PDGF-D and PDGF-C led to
a higher growth rate than in the vector transfectants,
indicating these two growth factors can promote cell
proliferation even in serum-containing medium
(Figure 3a). Under serum-free conditions, PDGF-D-
and PDGF-C-expressing cells kept proliferating,
whereas the vector transfectants and wild-type cells
underwent  serum-deprivation-induced cell death
(Figure 3b). These data suggest that PDGF-D and
PDGF-C stimulation increase cell proliferation and cell
survival. The ability to activate the full-length growth
factors under serum-free condition suggests that the
NIH/3T3 cells express the appropriate protease(s) to
carry out this function. Since the steady-state level of
PDGFR was decreased in the growth factor transfec-
tants (Figure Ic, d), we hypothesized that the increase in
proliferation rate in the PDGF-D and PDGF-C
transfectants was because of activation of the down-
stream mitogenic signalling pathways. Therefore, the
p42/p44 MAPK activity was analysed (Figure 3c). In all
growth factor transfectants, there was an MAPK size
shift, which is indicative of MAPK activation (Franke
et al., 1995).

PDGF-D-expressing cells show anchorage-independent
growth

To investigate whether PDGF-D could induce cellular
transformation, we determined the ability of PDGF-D-
expressing cells to grow as colonies in soft agar as
compared to PDGF-B- and PDGF-C-expressing cells,
wild-type cells and vector-transfected cells. The cells
were plated in soft-agar-containing media at equal
densities and after 3 weeks, formed foci were quantified
(Figure 4). All the growth factor-expressing cells formed
a large number of foci compared to controls with the
highest amount of foci forming from PDGF-B-expres-
sing cells. The foci morphology differed between the
three PDGF-expressing cells, with larger foci forming
from PDGF-D-expressing cells, smaller from PDGF-B
cells and a mixture of both small and large foci forming
from PDGF-C cells. It is possible that the observed
differences in foci morphology are because of retention
of PDGF-B to the cell surface causing it to act locally,
whereas the other two PDGFs are more diffusible, thus
affecting neighbouring cells as well. Based on these
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Figure 3 Growth of PDGF-C- and PDGF-D-expressing NIH/
3T3 cells in normal and serum-free media and p44/42 activation in
the growth factor transfectants. Cell growth analysis under (a)
normal and (b) serum-free conditions showed that the growth
factor transfectants, in contrast to controls, were able to grow in
serum-free medium. The experiments were repeated twice and
representative curves are shown. The values are means of triplicates
+ s.d. (-0-, PDGF-D; -W-, PDGF-C; -®-, vector; -O -, wild type).
(¢) Wild-type and all the transfected cells were serum starved
overnight, and equal amounts of cell lysates were subjected to
Western blotting to detect p44/42 activation. There was a size shift
from p44 to p42 in the growth factor transfectants, while in the
wild-type and vector-transfected cells the two bands had equal
intensity. f-Actin was used as a loading control

< B-Actin

results, we concluded that PDGF-D is a potent
transforming growth factor for NIH/3T3 cells.

PDGF-D induces tumour formation in nude mice

To test the ability of PDGF-D-expressing cells to induce
tumour formation, cells were injected subcutaneously in
the midline dorsum of Balb/C nude mice. As controls,
PDGF-B-expressing, PDGF-C-expressing, and vector-
transfected cells were included. All growth factor

1505
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Foci number (x103)
®

Figure 4 Anchorage-independent growth of PDGF-B-, PDGF-C-
and PDGF-D-expressing NIH/3T3 cells in soft agar. (a,b) Wild-
type, (c,d) PDGF-B, (e,f) PDGF-C, (g,h) PDGF-D and (i) vector-
transfected NIH/3T3 cells were grown in soft agar as described in
Material and methods. The microphotographs show representative
areas of the plates at low (left panel) and high (right panel)
magnification. The growth factor transfectants form foci, and the
morphology of the foci differ between the PDGF-B-, PDGF-C-
and PDGF-D-expressing cells. (j) Quantification of the number of
foci. The experiment was repeated twice. The values are means of
triplicates + s.d. Bars, 0.5 mm

transfectants formed tumours. However, the PDGF-B-
and PDGF-C-expressing cells formed tumours faster
than PDGF-D-expressing cells (Figure 5a). No appreci-
able growth of the vector-transfected cells was seen.

It is well established that PDGFR-f activation by
PDGF-BB or PDGF-AB induces VEGF-A mRNA
expression through the PI3K or PKC pathways (Wang
et al., 1999). We therefore investigated whether PDGF-
D and PDGF-C, like PDGF-B, could induce VEGF
expression, which might then promote tumour develop-

Oncogene

ment indirectly by stimulation of tumour angiogenesis.
Immunoblot analysis of secreted VEGF present in
conditioned media showed increased levels in all growth
factor transfectants as compared to vector control, with
PDGF-C-expressing cells secreting the highest amount
of VEGF (Figure 5b). These results were supported by
VEGTF transcript analysis by RNase protection analysis
(RPA), which showed that VEGF mRNA was upregu-
lated four times in PDGF-C-expressing cells and 1.5-1.7
times in PDGF-B and PDGF-D cells as compared to
wild-type and vector-transfected cells (data not shown).
Thus, in vivo tumorigenesis and angiogenesis initiated by
PDGF-D, PDGF-C and PDGF-B may partially be
explained by the induction of VEGF expression.

Vessel morphology in PDGF-isoform-expressing tumours

Histological analysis of the various PDGF-expressing
tumours of similar size revealed the presence of the
transformed NIH/3T3 cells and infiltrating fibroblasts
from the host (Figure 5¢). It appeared that there were
more infiltrating fibroblasts in the PDGF-C-derived
tumours. We examined the blood vessel phenotypes and
the vascular densities in the tumours by staining sections
with the endothelial cell marker, platelet/endothelial cell
adhesion molecule (PECAM), and with a vascular
smooth muscle cell marker, smooth muscle a-actin
(SMA). PECAM staining of PDGF-D-expressing tu-
mour tissue showed long and irregularly shaped vessels
with a phenotype similar to PDGF-B-expressing tumour
tissue (Figure 5d). The vascular pattern in PDGF-C-
expressing tumour tissue was different, with more small
and less large vessels as compared to PDGF-B- and
PDGF-D-expressing tumours. The vessel densities and
the size distributions of the stained vessels were
quantified. The total number of vessels in the PDGF-
D- and PDGF-C-expressing tumours was significantly
higher compared to the PDGF-B-expressing tumour
(PDGF-D vs PDGF-B, P<0.006 and PDGF-C vs
PDGF-B, P<0.009) (Figure 5f). Given the different
size distributions of the vessels in the different tumours,
the counted vessels were subgrouped into three cate-
gories, defined as small (length<10um), medium
(10 um >length<30 um) and large (length>30 um).
The number of small vessels in PDGF-D-expressing
tumours was increased by about 1.7-folds (P <0.05) and
more than twofold (P<0.001) in PDGF-C tumours as
compared to PDGF-B-expressing tumours. Comparison
of PDGF-D to PDGF-C showed that the number of
small vessels was significantly higher (P<0.05) in
PDGF-C-expressing tumours. PDGF-D tumours had
nearly the same density of large vessels as PDGF-B,
whereas PDGF-C tumours had significantly fewer as
compared to the PDGF-D- and PDGF-B- expressing
tumours (P<0.05). SMA staining of the different
growth factor-expressing tumours showed that there
were more large SMA-positive vessels in the PDGF-D-
and PDGF-B-derived tumours than in the PDGF-C
tumours (Figure 5e¢). The total number of SMA-positive
vessels was quantified and was significantly higher in the



PDGF-C (P<0.05)-derived tumours as compared to the
PDGF-B-expressing tumours (Figure 5g).

Discussion

In this study, we have identified that exogenous
expression of PDGF-D in NIH/3T3 cells induce cellular
transformation indicated by the characteristic changes
in cellular morphology caused by reorganization in the
actin cytoskeleton, enhanced growth in serum-free
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medium, changes in adhesion properties and growth in
soft agar, and in vivo tumorigenesis and angiogenesis.
The transforming efficacy of PDGF-D was found to be
similar to the known transforming growth factors
PDGF-B and PDGF-C. Together with the observation
that PDGF-D is expressed in many different types of
tumour cell lines (Uutela et al., 2001; LaRochelle et al.,
2002; Lokker et al., 2002), this suggests that PDGF-D
may play a role in tumour development and progres-
sion, as the classical PDGFs have already been shown to
do (Bronzert et al., 1987; Nister et al., 1991; Hsu et al.,
1995).

Based on the preferential PDGFR-f specificity of
PDGF-D, we predicted PDGF-D to function equally
well as PDGF-B in transforming the fibroblastic NIH/
3T3 cells, although the required proteolytic removal of
the N-terminal CUB domain for receptor binding and
activation added complexity to the prediction. However,
the acquisition of processed forms of PDGF-D from
full-length PDGF-D transfectants indicated that pro-
teases capable of proteolytic activation of PDGF-D
were expressed in NIH/3T3 cells. The observation that
the foci formation and the tumour growth rates of the
PDGF-D-expressing cells were reduced compared to
that of the PDGF-B-expressing cells may, however, be
an indication that the activation step for PDGF-D is
rate limiting in this experimental system. Similarly, the
NIH/3T3 cells were also able to activate PDGF-C.

Constitutive activation of PDGFRs by PDGF ligands
leads to internalization and degradation of the receptors
(Heldin and Westermark, 1999), possibly resulting in
receptor downregulation and reduction in receptor
phosphorylation as shown here. Despite the observed

<

Figure 5 Tumour growth induced by PDGF-transfected NIH/3T3
cells injected into nude mice. In total, 1 x 10° growth factor and vector-
transfected NIH/3T3 cells were injected subcutaneously into the
midline dorsum of each mouse. (a) Tumour volumes 15 days after
the injection of the PDGF-isoform-expressing cells. All growth factor
transfectants induced tumour growth. The lines indicate the mean
value of the tumour volumes. Tumour volumes were calculated as
described in Materials and methods. (b) VEGF protein expression in
growth factor-expressing cells and vector transfectants. The secreted
VEGF protein levels were elevated in all the growth factor-expressing
cells, with the highest amount detected in the PDGF-C-expressing
cells. (c¢) Tumour tissues were stained with haematoxylin/eosin and all
three PDGF-isoform-expressing tumours displayed a histology typical
of fibrosarcomas with tumour cells mixed with invading host stroma. It
appeared that more stromal cells were recruited in the PDGF-C-
expressing tumours. (d,e) Immunohistochemical staining of PDGF-
isoform-expressing tumours. The sections were stained with antibodies
to (d) PECAM and (e) SMA. (f,g) Vessel numbers in the (f) PECAM-
and (g) SMA-stained tumour tissue sections. A total of 10 randomly
selected views per section were analysed, and the stained vessels were
counted. In the PECAM-stained sections, vessels larger than 30 um
were considered as large, larger than 10 um but less than 30 um as
medium, and vessels less than 10 gm in diameter as small. In the SMA-
stained sections, only the total vessel numbers were counted. The vessel
numbers are the mean values from each group + s.d. PDGF-C- and
PDGF-D-expressing tumours had significantly more small vessels than
PDGF-B-expressing tumours and also, PDGF-C-expressing tumours
had fewer large vessels than both PDGF-D- and PDGF-B-expressing
tumours. PDGF-B, black bar; PDGF-C, light grey bar; PDGF-D,
dark grey. Six tumours from each variant were sectioned and analysed.
Scale bars, 50 yum
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reduction in receptor phosphorylation in the growth
factor transfectants, the downstream mitogenic signal-
ling pathway was being activated causing the higher
proliferation of these cells compared to controls. It is
however noteworthy that PDGF-D-transfected cells had
similar receptor expression and phosphorylation status
as both PDGF-B and PDGF-C transfectants consider-
ing their respective receptor binding preferences. This
might be explained by the activation of both the
PDGFRs via binding of PDGF-D, and also PDGF-C,
to PDGFR-a/f heterodimeric complexes.

Previous work has identified the PDGFs as potent
angiogenic factors. In a chick chorioallantoic membrane
(CAM) assay, PDGF-BB was found to induce consis-
tently an angiogenic response whereas PDGF-AA was
less active, and that this induction was direct through
activation of embryonic chorioallantoic endothelial cell
proliferation (Risau et al., 1992). In an in vitro assay for
cord/tube formation of bovine aortic endothelial cells,
PDGF-BB could increase tube formation via PDGFR-
f, while PDGF-AA had no effect (Battegay et al., 1994).
Using the corneal pocket assay, we have recently found
that the recombinant form of activated PDGF-CC had
the same ability to induce new vessel formation as
PDGF-BB, whereas PDGF-AA was less effective (Cao
et al., 2002). The mechanisms of action underlying the
angiogenic properties of the PDGFs remain poorly
characterized, but it has been suggested that PDGFR-f
activation by PDGF-BB or PDGF-AB induce VEGF-A
mRNA expression through the PI3K or PKC pathways
(Wang et al., 1999). At least in part, this mechanism may
underlie our observation that the PDGF-D and PDGF-
C, like PDGF-B, transfectants upregulate VEGF
expression.

It is well known that tumour angiogenesis leads to the
formation of a poorly organized, and constantly
remodelling vasculature with tortuous and leaky vessels
with irregular vessel diameters (Jain, 1988; Hashizume
et al., 2000). The failure of tumour vessels to properly
recruite perivascular cells (vascular smooth muscle cells
and pericytes) to stabilize the vessels is thought to
contribute to the abnormal phenotype of tumour vessels
(Abramsson et al., 2002). As PDGFs are known to be
potent mitogens for perivascular cells, and affect their
migration, we studied the structure of the tumour
vasculature by staining tumour sections for PECAM
and SMA expression to reveal possible differences.
Interestingly, the vascular phenotypes were similar in
PDGF-B- and PDGF-D-expressing tumours, while the
vessels in the PDGF-C-expressing tumour were differ-
ent. Quantification revealed that the PDGF-C-expres-
sing tumours had increased number of small vessels
(<10 um) compared to PDGF-D and PDGF-B-expres-
sing tumours, possibly because of more secreted VEGF
protein. On the other hand, PDGF-D and PDGF-B
tumours gave rise to more larger vessels with variable
vessel diameters. These observations are consistent with
the receptor preferences for the PDGFs, suggesting that
signalling through PDGFR-« and PDGFR-f have
distinct effects on the growing tumour vasculature.
Thus, PDGFR-o signalling appears to promote the
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formation of a vasculature with increased numbers of
capillaries, while PDGFR-f signalling promotes a
phenotype with more large vessels.

It is well established that different human tumours
display heterogenous angiogenesis and blood vessel
phenotypes (Eberhard et al., 2000), and in part this
may be explained by differential expression of various
growth factors for the different cell types of the vascular
wall. An interesting future aspect of our work will
consequently be to elucidate the cellular compositions of
the vessels in the different PDGF-expressing tumours to
gain further understanding of the role of the various
PDGFs in the tumour vessel growth, perivascular cell
recruitment and vessel remodelling.

During the preparation of this manuscript,
LaRochelle et al. (2002) reported that the truncated
form of PDGF-D was able to transform NIH/3T3 by
analysing the growth rates of tumours from such cells in
immunocompromised mice, whereas other important
aspects of the transformed phenotype was not reported.
These authors also reported that NIH/3T3 cells expres-
sing the full-length version of PDGF-D failed to
transform, a result contradicting the present work.
Clonal variations in the ability to process and activate
the full-length protein may be the underlying reason,
thus reinforcing the importance of further knowledge
concerning the nature and mechanisms of action of the
involved proteases.

Materials and methods

Plasmid constructs, cell culture and transfection

Mouse full-length  PDGF-D and PDGF-C, and human
PDGF-B cDNAs were cloned into pcDNA3.1/zeo(+) mam-
malian expression vector (Invitrogen). The nucleotide sequence
and orientation of all the expression constructs were verified
by sequencing.

NIH/3T3 cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal calf
serum (FCS), 2mM glutamine, 100 U/ml penicillin, and
100 pg / ml streptomycin. The cells were cultured at 37°C in a
humidified 5% CO, atmosphere. Plasmid DNA (5ug) was
transfected into semiconfluent cells in Petri dishes using
Lipofectamine plus reagent (Life Technology). Stable trans-
fectants were selected in culture media containing 700 ug/ml
Zeocin (Invitrogen) for 3 weeks, and the resistant colonies
were maintained in normal medium supplemented with
300 ug /ml Zeocin until use.

To monitor cell growth, cells transfected with PDGF-D,
PDGF-C and vector, respectively, were seeded into 12-well
plates at a density of 1 x 10*cells/well. For cells growing under
serum-free conditions, medium was changed after attachment.
The day after seeding, cells were trypsinized and counted
everyday for 4 days using a Coulter counter. All the samples
were in triplicates and the experiment was repeated twice.

Immunoblotting, receptor and transcript analysis

Wild-type and stable transfected NIH/3T3 cells (2 x 10°cells/
75cm? flask) were cultured in serum-free medium overnight.
Media were collected and protein concentration determined
(Bradford, 1976). In total, 35 ug protein was precipitated using



ice-cold 10% trichloroacetic acid (TCA). Precipitated proteins
were washed several times with 80% ethanol and then
subjected to SDS-PAGE using 12% polyacrylamide gels
(BioRad) under reducing conditions. PDGF-C was detected
by immunoblotting using affinity-purified polyclonal rabbit
antibodies against PDGF-C (Li et al., 2000), and PDGF-D
was detected using affinity-purified polyclonal antibody
against a synthetic peptide corresponding to the murine
PDGF-D amino-acid sequence (Bergsten et al., 2001). Bound
antibodies were observed using Enhanced Chemiluminiscence
Plus reagent (ECL +, Amersham). To determine the activation
of p44/42 MAP kinase, wild-type and growth factor-trans-
fected cells were serum starved overnight, and cell lysates
subjected to 12% SDS-PAGE under reducing conditon. The
p44/42 antigen was detected by the polyclonal antibody
against a synthetic peptide derived from the sequence of rat
p42 (Cell Signalling, #9102). For loading control, the same
membrane was stripped in 62.5mm Tris-HCI pH 6.7, 2% SDS
and 100mM 2-mercaptoethanol for 30min at 55°C and
reprobed with mouse f-actin (Amersham, N350). To detect
secreted VEGF protein, the growth factor-transfected cells and
vector controls were plated at similar densities, serum starved,
and treated with 10 ug/ml heparin overnight. Equal volumes of
the conditioned media were precipitated and 35ug protein
subjected to SDS-PAGE. VEGF protein was detected by anti-
mouse VEGF antibody (R&D, YUOS).

To monitor tyrosine phosphorylation of PDGFR-« and
PDGFR-f, 2 x 10° wild-type and transfected NIH/3T3 cells
were seeded on 90 mm Petri dishes. The cells were incubated
for 60 min on ice in PBS supplemented with 1 mg/ml BSA in
the absence or presence of 10ng/ml PDGF-BB. Cells were
lysed in 20mMm Tris-HCI pH 7.5, 0.5% Triton X-100, 0.5%
desoxycholic acid, 150mm NaCl, Smm EDTA, 200um
orthovanadate and complete protease inhibitor cocktail.
PDGFRs were immunoprecipitated using specific antisera
(Eriksson et al., 1992). Precipitated proteins were separated by
SDS-PAGE using 7.5% polyacrylamide gels under reducing
conditions. Tyrosine phosphorylated receptors were detected
by immunoblotting using an antiphosphotyrosine antibody
(PY99, Santa Cruz) and bound antibodies were visualized as
above. The membranes were stripped and reprobed using a
polyclonal antibody against the C-terminal of the PDGFRs
(CED) to detect receptor expression levels. Bound antibodies
were visualized as above. To determine the phosphorylation
status of PDGFR-f in NIH/3T3 cells upon short- and long-
term stimulation, 1 x 10° cells were seeded and serum starved
overnight. The cells were then either stimulated with PDGF-
BB (10 ng/ml) on ice, or PDGF-BB was added in the serum-
free media at 37°C for the times indicated. After the treatment,
the cells were collected and lysed as above. PDGFR-f was
immunoprecipitated and the phosphorylation detected as
described.

Total cellular RNA was prepared using the guanidinium
thiocyanate/acid phenol method and stored in —80°C. For the
analysis of PDGF-B expression, RT-PCR was performed
using oligo-dT primed single-strand cDNA, using gene-specific
primers: 5-GCTCCTTTGATGATCTCCAA (forward) and
5'-CAATCTCGATCTTTCTCACC (reverse). The 360 bp
amplified product was analysed by agarose gel electrophoresis.
RPA was performed according to the manufacturer’s protocol
(Ambion). Riboprobes were prepared using RNA polymerase
(Promega) and **P-UTP (Amersham). A mouse cDNA
fragment was used for making the VEGF probe resulting in
two protected fragments of 495 and 345bp corresponding to
VEGF,q, and all other isoforms, respectively. Mouse
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GAPDH c¢DNA (Ambion, 7431), which generates a 316 bp
protected fragment, was used as an internal control for
quantification.

Immunofluorescence

Wild-type and transfected NIH/3T3 cells were seeded in six-
well dishes on sterilized coverslips at a density of 5 x 10* cells/
well. After 24 h, the cells were fixed in 4% paraformaldehyde
(PFA) in PBS for 15 min at room temperature. Fixed cells were
quenched in 10mm glycin to remove residual PFA and then
permeabilized using 0.1% Triton X-100 for 30 min at room
temperature. Following permeabilization, F-actin was visua-
lized by staining with 1.5 U/ml rhodamine-labelled phalloidin
(Molecular Probes). Vinculin was localized by monoclonal
antivinculin (1:100 dilution, Sigma) and visualized by FITC-
conjugated secondary antibody (Sigma, F-0257). To visualize
all nuclei, 4',6-diamidine-2'-phenylindole dihydrochloride
(DAPI 1pug/ml, Roche) was included in the secondary
antibody solution. Staining was viewed using a Zeiss Axiophot
microscope.

Anchorage-independent growth of PDGF transfectants in soft
agar

A 0.6% (w/v) bottom layer of low melting point agarose in
normal medium was prepared in Petri dishes (90 mm). On top,
a layer of 0.3% agarose containing 1 x 10° stable transfected
cells were placed. The cells were fed twice a week with 1 ml of
normal medium. After 3 weeks, foci were counted and
photographed using a Nikon Eclipse TE 300 inverted
microscope.

Tumour growth in nude mice and immunohistochemical stainings

For in vivo tumour growth, 8-week-old female Balb/C nude
mice were anaesthetized by methoxyflurane and 1 x 10°
exponentially growing transfectants or wild-type cells, sus-
pended in 100 ul of PBS, were implanted subcutaneously in the
midline dorsum of each mouse. Tumours were measured and
excised when the tumour developed to lcm in diameter.
Tumour volume was calculated using the following formula:
width? x length x 0.52 (Boehm ef al., 1997). Tumour tissues
were fixed in 4% PFA in PBS, paraffin embedded, sectioned
(6 um), and stained with haematoxylin/eosin. Immunohisto-
chemistry of sections was performed using antibodies directed
against PECAM-1/CD31 (DAKO, M0823) and SMA
(DAKO, M0853) according to the manufacturer’s instructions.
For vessel counting, slides stained for PECAM expression
were viewed using a Nikon Eclipse E1000 microscope. Vessels
were counted in 10 randomly selected high-magnification views
per slide. Vessels at any direction with a length more than
30 um were considered as large, more than 10 um but less than
30 um considered as medium, and less than 10 um as small
vessels. P-values were determined by using a two-tailed z-test
assuming unequal variance with P<0.05 considered signifi-
cant. Data presented are mean +s.d.
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