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Cell motility plays a critical role for many physiolog-
cal and pathological processes including wound heal-
ng, fibrosis, angiogenesis, and tumor metastasis.
latelet-derived growth factor (PDGF) is among the
ost potent stimuli for mesenchymal cell migration.
he PDGF B-chain homodimer PDGF BB activates
oth a- and b-receptor subunits (a-PDGFR and
-PDGFR), and promotes cell migration in many cell
ypes including fibroblasts and smooth muscle cells.
DGF-A chain homodimer PDGF AA activates
-PDGFR only, and its role for cell migration is still
ebatable. PDGF BB, but not PDGF AA, induces
mooth muscle cell migration. Interestingly, a-PDGFR
as shown to antagonize b-PDGFR-induced smooth
uscle cell migration. In the present study, we inves-

igated the role of a-PDGFR and b-PDGFR in PDGF-
ediated cell migration of murine fibroblasts (NIH

T3). Unlike smooth muscle cells, both PDGF AA and
DGF BB promoted NIH 3T3 cell migration. The effect
f PDGF BB activation of b-PDGFR alone for cell mi-
ration was examined using previously established
IH 3T3 clones in which a-PDGFR signaling is in-
ibited by a dominant-negative a-PDGFR, or an anti-
ense construct of a-PDGFR. PDGF BB activation of
-PDGFR alone was sufficient to induce cell migra-
ion, but the efficiency was significantly lower com-
ared to PDGF activation of both receptors. These
esults showed that both a- and b-PDGFRs promote
broblast cell migration and their effects are additive.
aken together, we propose that cell-type specific
-PDGFR signaling is critical for regulation of mesen-
hymal cell migration in response to PDGF isoform,
hereas b-PDGFR mainly promotes cell migration.
2001 Academic Press

Key Words: platelet-derived growth factor (PDGF);
DGF receptor; cell migration; fibroblasts.
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Platelet-derived growth factor (PDGF) regulates a
iverse array of cellular processes including cell migra-
ion, proliferation, transformation, and apoptosis (1–
). Consequently, PDGF has been suggested to play
ritical roles in wound healing and also in disorders
uch as neoplasia and atherosclerosis (1, 5). PDGF
xists in the form of homodimers or heterodimer of
DGF A and B chains. PDGF AA effectively binds only
o the a-subunit of PDGF receptor (a-PDGFR), while
DGF BB binds both a- and b-subunits (a-PDGFR and
-PDGFR) (6–8). Although both PDGF AA and BB are
trong mitogens, only PDGF BB induces phenotypic
ransformation of fibroblast cells. Studies suggest that
DGF AA and BB may also differentially regulate cell
igration. While PDGF BB mediates cell migration in
any cell types (9–12), PDGF AA appears to regulate

ell migration in a cell type-specific fashion. Ectopic
xpression of wild-type and mutant a-PDGFRs in por-
ine aortic endothelial cells that do not naturally ex-
ress a-PDGFR provided evidence that a-PDGFR has
n intrinsic ability to mediate both positive and nega-
ive chemotatic signaling (13). In smooth muscle cells,
nhibition of a-PDGFR using a neutralizing monoclo-
al antibody to a-PDGFR enhanced b-PDGFR-induced
ell migration, suggesting a migration suppressing ac-
ivity of a-PDGFR (12).

PDGF exerts its cellular effects by activating two
tructurally related cell surface receptor tyrosine ki-
ases (a- and b-PDGFR). Dimerization and autophos-
horylation of PDGFR occur upon receptor-ligand in-
eraction. Differential binding of initial signaling
olecules to phosphorylated PDGFRs is thought to
ediate overlapping but distinct a- and b-PDGFRs-

nduced signaling pathways. Although a number of
ignaling molecules activated by these receptors have
een identified, little is known about which signaling
athways are a- and b-PDGFR-specific, and how these
ignals are integrated to agonize or antagonize specific
ellular processes. Using NIH3T3 cells that are highly
esponsive to PDGF, we have studied the differential
oles of a- and b-PDGFRs in PDGF regulation of cel-
0006-291X/01 $35.00
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ular processes. Recently, we reported that a-PDGFR
ntagonizes b-PDGFR-mediated phenotypic transfor-
ation of NIH3T3 cells through JNK-1 activation,
hile both a- and b-receptors effectively activate ERKs
nd trigger the cell cycle (14). These results revealed a
triking feature of PDGF signaling: that the specificity
nd the strength of the PDGF-growth signal is modu-
ated by a-PDGFR-mediated simultaneous activation
f growth stimulatory and inhibitory signals, whereas
-PDGFR mainly induces a stimulatory signal.
In the present study, we investigate whether

-PDGFR also antagonizes b-PDGFR-induced fibro-
last cell migration as suggested in smooth muscle
ells (12). Cell migration induced by PDGF AA activa-
ion of a-PDGFR or by PDGF BB activation of both
eceptors was examined in control NIH 3T3 cells. The
ffect of PDGF BB activation of b-PDGFR alone on cell
igration was examined using NIH 3T3 clones in
hich a-PDGFR signaling is inhibited by a dominant-
egative a-PDGFR, or an anti-sense construct of
-PDGFR.

ATERIALS AND METHODS

Cell culture. NIH 3T3 cells, antisense and dominant negative
lones were cultured in a humidified 5% CO2 incubator with Dulbec-
o’s modified Eagle medium/F12 nutrient media containing 10%
ovine calf serum, 2 mM glutamine, 100 units/ml penicillin, 100
g/ml streptomycin, 250 mg/ml Amphoterricin B, and 205 mg/ml of

odium deoxycholate (Life Technologies).

Immunoprecipitation and immunoblot analysis. Cells were lysed
n lysis buffer [RIPA buffer: 0.1% SDS, 0.5% sodium deoxycholate
cid, 0.5% Nonidet P-40, Tris 10 mM, pH 7.4, 1 mM EDTA, 2 mM
odium Vanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10
g/ml of leupeptin, and 10 mg/ml aprotinin]. Protein concentrations
ere determined with BCA Protein Assay kit. The lysates were

entrifuged for 15 min at 12,000g to remove debris, and immunopre-

FIG. 1. Inhibition of a-PDGFR in NIH3T3 cells. (A) Functional d
omain (TM), juxtamembrane domain (JM), kinase domains (K1 and
-PDGFR expression vector under the control of cytomegalovirus (CM
xtracellular, transmembrane and juxtamembrane domains. The transl
omain (middle panel). AS a-PDGFR vector under the control of CMV p
rientation (bottom panel). (B). Three millions cells grown in 100-mm c
DGF AA for 5 min, cells were lysed in RIPA buffer. Lysates (250 mg

mmunoprecipitated with an anti-a-PDGFR polyclonal Ab (Ab 262) an
educing SDS–PAGE followed by immunoblot analysis with an anti-p
mmunoprecipitated a-PDGFR protein in each sample, the same blot w
anel). (C) Three millions cells grown in 100-mm culture dish were lysed
lones (AS6) were immunoprecipitated with an anti-a-PDGFR polyclon
ere resolved by reducing SDS–PAGE followed by immunoblot analys
698
ipitated using anti-a-PDGF receptor Ab, and protein G–agarose
eads (Boehringer Mannheim). Immunoprecipitates were washed 5
imes with RIPA buffer and resolved by reducing SDS–PAGE.
yrosine-phosphorylated PDGFRs were detected by immunoblotting
sing the anti-phosphotyrosine antibody as previously described
14).

Assay for focus formation. A total of 1.5 million cells were plated
n a 60-mm dish and cultured in the absence or presence of 25 ng/ml
DGF BB. The chronically stimulated confluent cells were incubated

or 7 days to assess focus formation. Fresh media and PDGF BB were
rovided every other day.

Migration assay. The migration assay was performed in CHE-
OTX plates (Neuro Probe). Filters were coated overnight with

ype-1 collagen (Sigma) solution at 100 mg/ml. Serum-deprived cells
ere trypsinized and resuspended in DMEM/12 medium at a con-

entration of 1 3 106/ml. Equal amounts of cell suspension (30 ml)
ere placed onto the filters, and the medium containing PDGF AA,
DGF BB, or bFGF in DMEM/F-12 was placed below the filter in the

ower chamber and was incubated at 37°C in a humidified atmo-
phere containing 5% CO2 and 95% air for 16 h. Cells were fixed with
ethanol and stained with hematoxylin for 10 min followed briefly

y eosin. Cells on the upper surface of the filter were mechanically
emoved using cotton swabs, and the cells that migrated to the lower
ide of the filter were counted under microscopy at 4003. All exper-
ments were performed at least in triplicate.

ESULTS AND DISCUSSION

To investigate the roles of b-PDGFR activation alone
n PDGF-mediated cellular functions, we previously
stablished NIH3T3 clones in which a-PDGFR activa-
ion is inhibited (14). One approach was to prevent
utoactivation of a-PDGFR using a dominant-negative
utant of a-PDGFR (DN a-PDGFR) that contains the

xtracellular and transmembrane domains, but lacks
he cytoplasmic kinase domains. The second approach
as to downregulate a-PDGFR expression using an
ntisense construct of a-PDGFR (AS a-PDGFR). Auto-
hosphorylation of endogenous a-PDGFR was inhib-

ins of a-PDGFR are depicted; extracellular domain, transmembrane
), kinase insert domain (INSERT) and cytoplasmic tail (COOH). DN
promoter contained a 1.9-kb fragment of a-PDGFR cDNA encoding
n stop codon (TAG) was provided downstream of the juxatamembrane
oter contained the same 1.9-kb fragment of a-PDGFR cDNA in reverse
re dish were serum-starved for 48 h. After treatment with 50 ng/ml of
e) of the control NIH3T3 and dominant negative clones (DN16) were
rotein G–Sepharose beads. The immunoprecipitates were resolved by
sphotyrosine mAb (Oncogene) (top panel). To confirm the amount of
reprobed with the anti-a-PDGFR mAb (Santa Cruz Biotech) (bottom
IPA buffer. Lysates (200 mg/lane) of the control NIH3T3 and antisense
b (Ab 262) and protein G–Sepharose beads. The immunoprecipitates

ith an anti-a-PDGFR mAb.
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ted by DN a-PDGFR, and the a-PDGFR expression
evel was significantly downregulated by AS a-PDGFR
Fig. 1). This confirmed significant reduction of
-PDGFR activation in DN and AS clones as previously
eported (14).

Although both PDGF AA and BB are strong mito-
ens, only PDGF BB induces phenotypic transforma-
ion of NIH3T3 cells as assessed by growth on soft agar
nd focus formation assay (15). When a-PDGFR sig-
aling is inhibited, PDGF BB-mediated focus forma-
ion was significantly enhanced (Fig. 2), suggesting
hat a-PDGFR negatively regulate phenotypic trans-
ormation of fibroblast cells, as we previously reported
14).

We next examined the roles of a- and b-PDGFRs on
ell migration. In control NIH 3T3 cells, both PDGF AA
nd PDGF BB effectively induced NIH 3T3 cell migra-
ion at comparable levels (Fig. 3). PDGF AA-induced
ell migration in AS and DN clones was reduced by
70% compared to the control NIH 3T3 cells, as ex-
ected from reduced a-PDGFR activation in AS and
N cells. PDGF BB activation of b-PDGFR alone

PDGF BB treatment in DN and AS clones) was suffi-
ient to induce cell migration, but the efficiency was
ower than PDGF activation of both receptors (PDGF
B treatment in the control NIH 3T3 cells). These

FIG. 2. Inhibition of a-PDGFR signaling enhances b-PDGFR-
nduced transformed phenotype. (A) Control NIH3T3, AS6 and DN16
ells in the absence or presence of 25 ng/ml PDGF BB were assayed
or their ability to form foci. After 7 days, cells were stained with
iemsa (Fisher Scientific, Orangeburg, NY) and photographed. (B)
oci (.1 mm diameter) were counted, and the mean values of trip-

icates were plotted and the error bars represent standard deviation
f the mean of triplicate.
699
esults suggest that both a-PDGFR and b-PDGFR in-
uce fibroblast cell migration, and their effects are
dditive, whereas inhibition of a-PDGFR enhanced
-PDGFR-mediated phenotypic transformation. To en-
ure that reduced migration efficiency following PDGF
reatment in DN and AS clones compared to the control
IH 3T3 cells was not due to reduced migrative capac-

ty of these clones, we also examined cell migration in
esponse to basic fibroblast growth factor (bFGF), a
ell known chemoattractant (16–18). As shown in Fig.
, bFGF induced cell migration in DN and AS clones as
fficiently as in the control cells. This showed that
educed cell migration in DN and AS clones in response
o PDGF BB resulted from inhibition of a-PDGFR
ignaling.
Previously, it was shown that inhibition of a-PDGFR

nhances PDGF BB-induced smooth muscle cell migra-
ion (12), suggesting an antagonistic activity of
-PDGFR for b-PDGFR-induced cell migration. In fi-
roblast, a-PDGFR has an antagonistic activity for
-PDGFR-induced phenotypic transformation [Fig. 2
nd (14)], but not for b-PDGFR-induced cell migration.
aken together, we propose that cell-type specific
-PDGFR signaling is critical for regulation of mesen-
hymal cell migration and transformation in response
o PDGF isoforms.
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FIG. 3. Both a-PDGFR and b-PDGFR promote NIH3T3 cell mi-
ration. Control NIH 3T3, AS6 and DN16 cells were assayed for their
bility to migrate through the filter in response to 10 or 50 ng/ml of
DGF AA or PDGF BB, or 100 ng/ml bFGF. Numbers of migrated
ells per field were counted under 4003 light microscopy. The mean
alues of triplicates were plotted and the error bars represent stan-
ard deviation of the mean of triplicate.
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