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Background: The hyaluronan receptor CD44 interacts with the PDGF �-receptor and the TGF� type I receptor.
Results: CD44, PDGF �-receptor and TGF� type I receptor affect each other’s signaling, stability and function.
Conclusion: Cross-talk between PDGF �-receptor and TGF� type I receptor occurs in human dermal fibroblasts.
Significance: This study reveals novel modulatory mechanisms of PDGF and TGF� signaling.

Growth factors, such as platelet-derived growth factor BB
(PDGF-BB) and transforming growth factor � (TGF�), are key
regulators of cellular functions, including proliferation, migra-
tion, and differentiation. Growth factor signaling is modulated
by context-dependent cross-talk between different signaling
pathways. We demonstrate in this study that PDGF-BB induces
phosphorylation of Smad2, a downstream mediator of the canoni-
cal TGF� pathway, in primary dermal fibroblasts. The PDGF-BB-
mediated Smad2 phosphorylation was dependent on the kinase
activities of both TGF� type I receptor (T�RI) and PDGF �-recep-
tor (PDGFR�), and it was prevented by inhibitory antibodies
against TGF�. Inhibition of the activity of the T�RI kinase greatly
reduced the PDGF-BB-dependent migration in dermal fibroblasts.
Moreover, we demonstrate that the receptors for PDGF-BB and
TGF� interact physically in primary dermal fibroblasts and that
stimulation with PDGF-BB induces internalization not only of
PDGFR� but also of T�RI. In addition, silencing of PDGFR� by
siRNA decreased the stability of T�RI and delayed TGF�-induced
signaling. We further show that the hyaluronan receptor CD44
interacts with both PDGFR� and T�RI. Depletion of CD44 by
siRNA increased signaling via PDGFR� and T�RI by stabilizing
the receptor proteins. Our data suggest that cross-talk between
PDGFR� and T�RI occurs in dermal fibroblasts and that CD44
negatively modulates signaling via these receptors.

Platelet-derived growth factor (PDGF) isoforms potently
stimulate growth, migration, and survival of cells via binding to
�- and �-tyrosine kinase receptors (PDGFR�4 and PDGFR�,
respectively) (1). Ligand binding induces dimerization of the
receptors followed by activation by autophosphorylation. The

phosphorylated PDGF receptors provide docking sites for a
wide variety of signaling molecules and adaptor proteins,
including the following: Grb2, which forms a complex with the
nucleotide exchange factor Sos1, leading to activation of Ras
and the ERK MAPK pathway; phospholipase C�, which medi-
ates activation of protein kinase C; phosphoinositide-3-kinase
(PI3K), which activates the Akt kinase, the tyrosine phospha-
tase SHP2, the tyrosine kinase Src, and members of the STAT
family (2). After ligand binding, the receptor complex is inter-
nalized and subsequently degraded, resulting in termination of
the signaling (3).

TGF� transmits its signals via formation of a heterotetra-
meric complex of type I (T�RI) and type II (T�RII) receptor
serine/threonine kinases. Upon binding of TGF� to T�RII,
T�RI is recruited to the complex, where it is phosphorylated
and activated by T�RII. Activated T�RI phosphorylates recep-
tor-activated Smads (R-Smads), Smad2 and Smad3, which then
bind to the common mediator, Smad4, and after translocation
into the nucleus they regulate the expression of certain genes
(4). TGF� also induces activation of non-Smad pathways,
including the ERK, JNK, and p38 MAPK pathways, as well as
PI3K/Akt (5). Moreover, T�RI undergoes ligand-dependent
intramembrane proteolysis, which releases its intracellular
domain that, after translocation to the nucleus, drives an inva-
siveness program (6).

T�RI undergoes constitutive internalization even in the
absence of TGF�, but its down-regulation may be enhanced by
ligand binding (7), and enhanced signaling by clathrin-medi-
ated endocytosis has been reported (8, 9). TGF� inhibits cell
proliferation, modulates differentiation, and induces apoptosis
of most epithelial, endothelial, and hematopoietic cells (10).
Notably, TGF� has a dual role during cancer development; at
early stages of carcinogenesis, it acts as a tumor suppressor,
although at later stages it promotes invasiveness and metasta-
sis, e.g. through induction of epithelial-mesenchymal transition
(EMT) (10 –12).

Ligand access to TGF� receptors is negatively regulated by
traps that sequester the ligand and block its binding to the
receptors (4). These ligand traps include the latency-associated
polypeptide of the TGF� precursor, and the small proteoglycan
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decorin and �2-macroglobulin. The latency-associated poly-
peptide is bound to the latent TGF�-binding proteins (LTBP1,
3, 4), and dissociation from this complex is needed for activa-
tion of latent TGF�. Integrins, proteases, thrombospondin 1,
heat, and high and low pH values have been demonstrated to
activate latent TGF� (13).

CD44 is a principal receptor for the large glycosaminoglycan
hyaluronan; it lacks kinase activity but influences cell behavior
by several mechanisms (14, 15). First, the intracellular domain
of CD44 interacts with key regulators of the actin cytoskeleton,
including ankyrin, members of the ezrin, radixin, moesin
(ERM) family of proteins, IQGAP (16, 17), and proteins affect-
ing cell survival, such as the tumor suppressor protein Merlin
(18). Second, CD44 can be cleaved in the transmembrane
region and the intracellular part translocates to the nucleus
where it binds to the cyclin D1 promoter, thereby enhancing
cell proliferation (19). Third, CD44 functions as a co-receptor
for several growth factor receptors, including receptors for epi-
dermal growth factor (EGF), platelet-derived growth factor
(PDGF), hepatocyte growth factor (HGF), as well as T�RI,
thereby modulating their signaling (20 –26). Finally, CD44 can
function as a platform for metalloproteinases, such as matrix
metalloproteinase 9, which can activate latent TGF� (27, 28). In
a mouse lung metastasis model of breast carcinoma, a soluble,
dominant-negative form of CD44 was shown to compromise
metastasis; this could be rescued by distribution of active, but
not latent, TGF�, which is compatible with a role of membrane-
bound CD44 in the activation of TGF� (29).

Cross-talk between PDGF-BB and TGF� signaling has been
described; TGF� induces expression of PDGF-BB in certain
mesenchymal cells (30), and expression of PDGF ligand corre-
lates with metastasis and bad prognosis in breast carcinoma
(31). PDGFR expression is induced in breast epithelial cells dur-
ing TGF�-induced EMT (32, 33), and PDGF signaling main-
tains EMT and promotes breast cancer metastasis (34). TGF�-
mediated tumor progression in hepatocytes is also dependent
on PDGF signaling (35). In a bioinformatics screen, expression
of PDGFR� was strongly associated with genes involved in
TGF� signaling and EMT in all the cohorts analyzed (33).
Because CD44 interacts with both PDGFR� and ��RI, we
explored the possibility that CD44 simultaneously interacts
with the receptors for PDGF and �GF�, and facilitates cross-
talk between them.

MATERIALS AND METHODS

Constructs and Vectors—The pcDNA3-PDGFR�-HA
plasmid (37) and pcDNA3.1 Hygro-CD44H-6myc (38) were
generous gifts from Drs. A. Östman (Karolinska Institutet,
Stockholm, Sweden) and S. Lammich (Ludwig Maximilian
University, Munich, Germany), respectively. The FLAG-
tagged T�RI-expressing vector has been described (39, 40). An
HA-tagged truncated PDGFR� mutant expressing only the
extracellular and transmembrane parts of the receptor (40) was
cloned from the pcDNA3-PDGFR� vector by inserting a novel
XhoI site 36 nucleotides into the intracellular domain using
site-directed mutagenesis (Stratagene), cleavage of the trun-
cated protein using EcoRI and XhoI, and insertion into an HA-
tagged pcDNA3 vector (HA tag C-terminally located between

XhoI and XbaI). As negative controls, empty pcDNA3 vectors
(either untagged or tagged with HA, FLAG, or 6myc) were used.
Plasmids were amplified using Qiagen� plasmid maxi kit.

Cell Culture—Cos1 (monkey kidney fibroblast-like cells;
ATCC CRL-1650), primary human dermal fibroblasts from
normal breast tissue (biopsies were taken after approval from
patients undergoing breast reduction surgery at the Depart-
ment of Plastic Surgery of University Hospital, Uppsala, Swe-
den (17)), and BJ-hTERT (telomerase immortalized human
foreskin fibroblasts) cells (41) were routinely cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Invitrogen), supple-
mented with 10% fetal bovine serum (FBS; Hyclone) at 37 °C in
5% CO2. Prior to stimulation, cells were starved for 24 h in
DMEM supplemented with 0.1% FBS (Cos1 cells and BJ-
hTERT) or 2% FBS (dermal fibroblasts) and then treated for 7
min to 24 h with TGF�1 (PeproTech EC Ltd.; 1–5 ng/ml),
PDGF-BB (Creative Biomolecules; 2–20 ng/ml), or hyaluronan
(high molecular weight, Q-med; 200 �g/ml). Pretreatment with
PDGFR� inhibitor AG1296 (Calbiochem; 10 �M) or imatinib
(Novartis, 5 �M), Src kinase inhibitor SU6656 (Calbiochem 1.5
�M), cycloheximide (Sigma, 20 �M), or TGF�-neutralizing anti-
body (R&D Systems; 20 �g/ml) was for 1 h, and pretreatment
with T�RI inhibitor GW6604 (American Custom Chemicals
Corp.; 16 �M) was for 2 h. Inhibitors remained present during
stimulation.

Transient Transfections—Cos1 cells (1 � 106 cells/6-cm cul-
ture dish) were transiently transfected with 0.1–2 �g each of
vectors encoding PDGFR�-HA, T�RI-FLAG, T�RII-FLAG,
and/or PDGFR�-ECTM-HA for 48 h using Lipofectamine 2000
(Invitrogen), according to the instructions of the manufacturer.

siRNA against CD44 or PDGFR� (SmartPool, Dharmacon)
was transiently transfected using SilentFECT (Bio-Rad) accord-
ing to the instructions of the manufacturer. Cells were treated
for 72 h with 15 nM PDGFR� siRNA, 10 nM CD44 siRNA (Cos1
cells), or 25 nM CD44 siRNA (dermal fibroblasts and BJ-
hTERT), starved for 24 h, and then stimulated with PDGF-BB
or TGF�.

Protein Extraction and Immunoprecipitation—Cells were
washed in ice-cold phosphate-buffered saline (PBS) and then
lysed in cell lysis buffer (0.5% Triton X-100, 0.5% sodium deoxy-
cholate, 20 mM Tris, pH 7.4, 150 mM NaCl, 10 mM EDTA), with
protease and phosphatase inhibitors (0.5 mg/ml Pefabloc, 10
�M leupeptin, 1 �M pepstatin, 100 KIU/ml aprotinin, and 1 mM

sodium orthovanadate). Following centrifugation (10,000 � g,
10 min, 4 °C), the supernatants were either boiled in reducing
SDS-sample buffer and analyzed by SDS-PAGE or subjected to
immunoprecipitation. For immunoprecipitation, lysates were
precleared with 10 �l of protein G-Sepharose beads (GE
Healthcare; 50% slurry in PBS) end-over-end at 4 °C for 1 h.
Following centrifugation (300 � g, 5 min, 4 °C), supernatants
were incubated with 3 �g of primary antibody (polyclonal rab-
bit T�RI antibody sc-398, polyclonal rabbit HA antibody
sc-805, monoclonal mouse c-Myc antibody sc-40, Santa Cruz
Biotechnology) or monoclonal mouse FLAG-M2 antibody
F-3165 (Sigma) end-over-end at 4 °C overnight. The immune
complexes were captured by 25 �l of protein G-Sepharose
beads with end-over-end mixing for 1 h at 4 °C. Beads were
washed three times in cell lysis buffer, then one time in 0.5 M
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NaCl, and once more in cell lysis buffer. To elute the captured
proteins, 20 �l of reducing SDS-sample buffer was added, and
the samples were boiled at 95 °C for 5 min. Beads were removed
by centrifugation at 300 � g for 5 min, and the supernatant was
analyzed by SDS-PAGE and immunoblotting.

SDS-PAGE and Immunoblotting—Cell lysates were analyzed
by SDS-PAGE, and proteins were transferred to Hybond C
Extra nitrocellulose membranes (Amersham Biosciences).
Membranes were blocked by incubation in 5% milk or 5%
bovine serum albumin (BSA) in Tris-buffered saline (TBS),
0.1% Tween 20 and incubated with primary antibodies (diluted
in 1% BSA in TBS, 0.1% Tween 20, 0.02% NaN3) as follows:
polyclonal rabbit T�RI antiserum or monoclonal mouse PY99
phosphotyrosine antibody (Santa Cruz Biotechnology); mono-
clonal mouse CD44 antibody (Hermes3; a kind gift from Dr. S.
Jalkanen, University of Helsinki, Finland (42)); rabbit poly-
clonal PDGFR� (CT�; homemade (43)); rabbit polyclonal
phospho-Smad2 (homemade (44)); rabbit polyclonal Smad2
(Epitomics) antisera; mouse monoclonal PAI1 (BD Biosci-
ences), or GAPDH (Ambion) antibodies. Proteins were visual-
ized by chemiluminescence and exposed to x-ray film. Between
each step, the membranes were washed three times for 5 min in
TBS, 0.1% Tween 20. To quantify band intensities, scanner and
densitometric software (ImageJ) was used.

Proximity Ligation Assay (PLA)—Proximity ligation assay
was performed with the Duolink system (Olink Bioscience)
according to the instructions from the manufacturer. Briefly,
BJ-hTERT fibroblasts were grown in 8-well chamber slides (BD
Biosciences), starved, stimulated with 10 ng/ml PDGF-BB for
10 min, 1 ng/ml TGF� for 1 h, or 200 �g/ml hyaluronan for 2 h,
and washed in PBS. After fixation in 3% paraformaldehyde and
blocking in Duolink solution, primary antibodies against
PDGFR� (B2; a kind gift from Dr. K. Rubin, Uppsala University,
Sweden), T�RI (H100; Santa Cruz Biotechnology), or CD44
(Hermes3) were applied. Addition of secondary antibodies con-
jugated with PLA probes and ligation was followed by rolling
circle amplification. Cells were counterstained with fluorescein
isothiocyanate (FITC)-phalloidin (Sigma) and 4�,6-diamidino-
2-phenylindole (DAPI) and mounted with Prolong Gold Anti-
Fade (Invitrogen). Images of the cells were taken with a Zeiss
Axioplan2 microscope, and signals were quantified with
Duolink Image Tool software (Olink Biosciences).

Biotinylation Assay—Human dermal primary fibroblasts
were transfected with siRNA against PDGFR�, starved, and
stimulated with 10 ng/ml PDGF-BB or 1 ng/ml TGF� for up to
1 h. Cells were rinsed on ice with PBS, pH 7.4, and twice with
PBS, pH 8.0. Then cell surface proteins were biotinylated by
incubation with 0.3 mg/ml EZ-link Sulfo-NHS-SS-biotin
(Thermo Scientific) in PBS, pH 8.0, for 20 min on ice at 4 °C.
Unbound biotin was quenched by 50 mM Tris, pH 8.0, for 10
min on ice, and cells were lysed. Biotinylated proteins were cap-
tured with streptavidin-conjugated magnetic Sepharose beads
(GE Healthcare) for 30 min at 4 °C, and biotinylated PDGFR� and
T�RI were visualized by SDS-PAGE and immunoblotting.

Scratch Wound Migration Assay—Confluent human dermal
primary fibroblasts were starved for 24 h and wounded by
scratching with a pipette tip. Following gentle washing, cells
were pretreated with GW6604 (16 �M) for 2 h before cells were

incubated with 2 ng/ml PDGF-BB for 24 h. Phase contrast
images of wounded areas were taken at time 0 and 24 h after
stimulation. Wounded areas covered by cells were quantified
using T-scratch software (CSElab), and migration of cells was
determined as the part of the wounded area that had been cov-
ered by cells.

Statistics—Stimulated and unstimulated samples were assumed
to be paired in individual experiments; ratio paired t test was used
for normally distributed data, and Wilcoxon matched pair signed
rank test was used for skewed data to calculate p values in
GraphPad Prism 6. p values below 0.05 were considered to be
significant.

RESULTS

PDGFR� Forms a Noninducible Complex with T�RI and
T�RII—We explored the possibility that the receptors for
PDGF-BB and TGF� interact with each other in Cos1 cells
overexpressing HA-tagged PDGFR� and FLAG-tagged T�RI.
Immunoprecipitation with an antibody against HA followed by
immunoblotting with FLAG antibody revealed a band of the
expected size of T�RI. Conversely, immunoprecipitation with a
FLAG antibody followed by immunoblotting with an HA anti-
body revealed a band of the expected size of PDGFR�. These
observations suggest that the two receptors occur in the same
complex (Fig. 1A, left panel). To investigate whether the inter-
action was mediated through the extracellular or intracellular
domain of PDGFR�, co-immunoprecipitation was performed
with an HA-tagged PDGFR� mutant expressing only the extra-
cellular and transmembrane region (PDGFR�-ECTM-HA).
Immunoblotting analysis revealed that T�RI interacts also with
this truncated form of PDGFR�, suggesting that T�RI binds to
the extracellular or transmembrane parts of PDGFR� (Fig. 1B).
Using the same approach, but with cells overexpressing FLAG-
T�RII together with HA-PDGFR�, an interaction between
PDGFR� and T�RII was also observed (Fig. 1A, right panel).

To gain insights into how the activation states of the recep-
tors affect the complex formation, we cultured Cos1 cells over-
expressing HA-PDGFR� and FLAG-T�RI in the absence or
presence of PDGF-BB or TGF�, as well as inhibitors of the
kinase activities of PDGFR� (imatinib) or T�RI (GW6604).
Treatments with ligands or inhibitors of the receptor kinases
had no effect on the complex between PDGFR� and T�RI, as
shown by immunoprecipitation of T�RI with FLAG antibodies,
followed by immunoblotting of PDGFR� with HA antibodies
(Fig. 1C). T�RII was co-transfected with the other receptors to
ensure TGF� binding to T�RI; immunoblotting with a phos-
pho-Smad2 antiserum confirmed that Smad2 was phosphory-
lated in response to TGF� stimulation and was inhibited in the
presence of the T�RI kinase inhibitor. Furthermore, immuno-
blotting with a phosphotyrosine antiserum confirmed that
PDGFR� was phosphorylated in response to PDGF-BB stimu-
lation and that phosphorylation was suppressed upon treat-
ment with the PDGFR� inhibitor imatinib (Fig. 1C).

To investigate whether the complex between PDGFR� and
T�RI could also be demonstrated in untransfected cells, we
subjected human dermal primary fibroblasts to immunopre-
cipitation with antibodies against T�RI, followed by immuno-
blotting with a PDGFR� antiserum; a band with the expected
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size of PDGFR� was observed (Fig. 1D), suggesting that also
endogenous T�RI and PDGFR� form a complex. Taken
together, our results show that PDGFR� and T�RI form a com-
plex, that the interaction is independent on ligand binding and
receptor kinase activities, and that the interaction is mediated
via the extracellular or transmembrane regions of PDGFR�.

PDGFR� Affects Stability and Downstream Signaling of
T�RI—Following the observation that PDGFR� and T�RI
form a complex, we investigated whether the receptors influ-
ence each other’s cell surface residency and signaling.
Knockdown of PDGFR� by siRNA resulted in decreased
amounts of T�RI at the cell surface, as shown by labeling
cell-surface proteins with biotin and monitoring the amount
of biotinylated receptors left on the surface after stimulation
with TGF� (Fig. 2A). Furthermore, the total amount of T�RI
in the cell lysate was decreased when PDGFR� was silenced
(Fig. 2A). This effect was not an unspecific off-target effect of
the siRNA used, because a second siRNA directed against a
single nonoverlapping sequence in PDGFR� (Ambion) gave
the same results (data not shown). In accordance with a role
for PDGFR� in stabilization of T�RI, silencing of PDGFR�
delayed TGF�-induced phosphorylation of Smad2 (Fig. 2B).
Moreover, 1 h of stimulation with PDGF-BB resulted in less
T�RI on the cell surface (Fig. 2C).

We then investigated whether TGF� inversely affects
PDGFR� signaling. There was no effect of TGF� stimulation on

the tyrosine phosphorylation of PDGFR� when up to 20 ng/ml
TGF� was used for 7 min to 4 h (data not shown). TGF� treat-
ment did not alter the amount of PDGFR� on the cell surface
(Fig. 2).

PDGF-BB Induces Phosphorylation of Smad2—Interestingly,
we found that Smad2 was phosphorylated in human dermal
fibroblasts in response not only to TGF� but also to PDGF-BB
(Fig. 3). Smad2 phosphorylation was induced about 5-fold more
effectively by TGF� than by PDGF-BB (Fig. 3A), but with sim-
ilar kinetics by the two ligands, with a peak after about an hour
(data not shown). PDGF-BB induced maximal Smad2-phos-
phorylation already at 2 ng/ml PDGF-BB, when the PDGF-BB-
induced phosphorylation of PDGFR� was only partial (data not
shown).

The PDGF-BB-induced Smad2 phosphorylation was attenu-
ated by specific silencing of PDGFR� with siRNA (Fig. 3B) or by
treatment with AG1296, an inhibitor of the kinase activity of
PDGFR� (Fig. 3C), indicating that PDGF-BB binding and acti-
vation of its receptor is important for Smad2 activation. Fur-
thermore, the PDGF-BB-induced Smad2 phosphorylation was
inhibited by treatment with GW6604, an inhibitor of the kinase
activity of T�RI (Fig. 3D), indicating that the kinase activity of
T�RI is needed for PDGF-BB-induced phosphorylation of
Smad2. Moreover, we observed that antibodies that block the
binding of TGF� to T�RI abrogated PDGF-BB-induced Smad2
phosphorylation (Fig. 3E), indicating that PDGF-BB induces

FIGURE 1. PDGFR� forms a physical complex with T�RI and -II. A and B, Cos1 cells were transiently transfected with PDGFR�-HA (A and B), T�RI-FLAG (A, left
panel), T�RII-FLAG (A, right panel), a truncated PDGFR� (PDGFR�-ECTM-HA) expressing only the extracellular and transmembrane parts of the receptor (B),
and/or empty vectors. After 48 h, lysates were prepared and subjected to immunoprecipitation (IP) using FLAG or HA antibodies, and proteins were separated
by SDS-PAGE. Total cell lysates were run in parallel. Immunoblotting (IB) was performed with FLAG and HA antibodies; �-actin was used as a loading control.
C, Cos-1 cells were transiently transfected with PDGFR�-HA, T�RI-FLAG, T�RII-His, and/or empty vectors. After 24 h, cells were starved for another 24 h and then
stimulated with combinations of PDGF-BB (7 min, 10 ng/ml), PDGFR� inhibitor imatinib (1 h, 5 �M), TGF� (1 h, 1 ng/ml), T�RI inhibitor GW6604 (2 h, 6 �M), DMSO
control (2 h), or starvation medium alone. Cells were lysed, and the lysate was subjected to immunoprecipitation with FLAG antibodies, and proteins were
separated by SDS-PAGE. Total cell lysates (TCL) were run in parallel. Proteins were detected by immunoblotting with specific antibodies against the HA and
FLAG tags, phosphotyrosine, phospho-Smad2, and �-actin. D, human dermal primary fibroblasts were immunoprecipitated using a T�RI antibody or IgG
isotype control, followed by immunoblotting with specific PDGFR� and T�RI antibodies. Representative data from at least three independent experiments are
shown.
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Smad2 via induction or activation of TGF�. Because the kinet-
ics of Smad2 phosphorylation was similar after PDGF-BB or
TGF� stimulation, it is likely that PDGF-BB stimulation leads
to activation of latent TGF� produced by the cells or present in
the cell culture medium.

Low molecular weight kinase inhibitors were used to inves-
tigate the mechanism through which PDGF-BB induces Smad2
phosphorylation. The Src kinase inhibitor SU6656 reduced
PDGF-BB-induced phosphorylation of Smad2 (Fig. 3F). The
inhibitor was used at a level that inhibited Src, determined
as decreased phosphorylation of the downstream substrate
STAT3 (45), but not the autophosphorylation of PDGFR�.
Inhibition of ERK MAPK by the MEK inhibitor U0126 had no
effect (data not shown). This observation suggests that PDGF-
BB-induced Src activation is involved in the activation of TGF�.
Furthermore, PDGF-BB-induced phosphorylation of Smad2
was present also when new protein synthesis was inhibited with
cycloheximide (Fig. 3G), suggesting that activation of latent
TGF� is the most likely mechanism through which PDGF-BB
stimulation leads to phosphorylation of Smad2.

TGF� is well known to induce the expression of plasminogen
activator inhibitor type 1 (PAI1) in a Smad-dependent manner.
PDGF-BB stimulation also led to induction of PAI-1, and this

could be inhibited by the T�RI kinase inhibitor GW6604 (Fig.
3H). This indicates that PDGF-BB stimulation induces signal-
ing via the Smad pathway.

PDGF-BB-induced Migration Is Dependent on the Kinase Activ-
ity of T�RI—To investigate whether the cross-talk between
PDGF-BB and TGF� has any functional role for the behavior of
the cells, scratch wound migration assays were performed.
PDGF-BB potently induced migration of dermal fibroblasts, lead-
ing to �70% wound closure in 24 h. In the presence of the T�RI
kinase inhibitor GW6604, however, the PDGF-BB-stimulated
cells showed decreased ability to migrate and only closed about
40% of the wound in 24 h, comparable with unstimulated cells (Fig.
4, presented as fold change).

T�RI and CD44 Form a Complex in Fibroblasts—Given the
complex between PDGFR� and T�RI shown in Fig. 1 and the
previously published data that CD44 interacts with both
PDGFR� and T�RI (22–24), we explored the possible involve-
ment of CD44 in the cross-talk between PDGFR� and T�RI. To
investigate further the complex formation between CD44 and
T�RI, we overexpressed T�RI-HA and CD44 – 6myc in Cos1
cells and used co-immunoprecipitation to investigate whether
they can be captured together. Indeed, antibodies against T�RI
or the HA tag were able to pull down CD44 (Fig. 5A), and anti-

FIGURE 2. PDGFR� affects the stability and downstream signaling of T�RI. A and B, human dermal primary fibroblasts were either transfected with siRNA
against PDGFR� or scrambled control (A and B) or left untransfected (C), then starved, and stimulated (stim) for up to 1 h with TGF� (1 ng/ml) (A–C) and PDGF-BB
(10 ng/ml) (C). A and C, cells were placed on ice to stop membrane trafficking; the cell-surface proteins were then labeled using sulfo-NHS-SS-biotin, and biotin
that remained unbound was quenched. Cells were lysed, and biotinylated cell-surface proteins were precipitated using streptavidin-coupled magnetic beads.
Proteins were separated by SDS-PAGE and immunoblotted for PDGFR� and T�RI. The amount of PDGFR� and T�RI left on the cell surface (relative to GAPDH)
was quantified (C, lower panel indicates fold change of mean values with mean � S.E. of five experiments; asterisk indicates p value �0.05 with ratio paired t
test). As control, nonbiotinylated cells were treated the same way. B, cells were lysed and subjected to SDS-PAGE and immunoblotting to determine the
phosphorylation status of Smad2. The blots were quantified, and phosphorylated Smad2 relative to GAPDH was determined (B, lower panel). Representative
experiments of at least three independent experiments are shown. Asterisk indicates p value �0.05 using Wilcoxon matched pair signed rank test to compare
siRNA control with siRNA against PDGFR�. TCL, total cell lysates.
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FIGURE 3. PDGF-BB induces phosphorylation of Smad2 as well as expression of PAI-1, and the PDGF-BB-induced Smad2 phosphorylation is depen-
dent on the kinase activities of PDGFR� and T�RI, as well as on Src kinase and TGF�. A, human dermal primary fibroblasts were starved and stimulated
(stim) for 1 h with 1 ng/ml TGF� or 2 ng/ml PDGF-BB. Cells were then lysed and subjected to SDS-PAGE and immunoblotting (IB), with P-Smad2 and Smad2
antisera, and the amount of phosphorylated Smad2 relative to total Smad2 was quantified (A, lower panel indicates fold change compared with TGF� of mean
values, with S.E., of six experiments; asterisk indicates p value �0.05 with ratio paired t test; three asterisks denote p � 0.01). B, human dermal primary fibroblasts
were transfected with either siRNA against PDGFR� or a scrambled control, starved, and stimulated for 30 min or 1 h with 2 ng/ml PDGF-BB. Cells were then
lysed and subjected to SDS-PAGE and immunoblotting, as stated below. C–H, human dermal primary fibroblasts were starved and pretreated for 8 h with 10
�M PDGFR� kinase inhibitor AG1296 (C), for 2 h with 16 �M T�RI kinase inhibitor GW6604 (D and H), for 1 h with 20 �g/ml TGF� blocking antibody (E), for 1 h
with 1.5 �M Src inhibitor SU6656 (F), or for 2 h with 20 �M cycloheximide (G). Cells were starved and stimulated for indicated periods with 2 ng/ml PDGF-BB (C–H)
and 1 ng/ml TGF� (E and H), then lysed and subjected to SDS-PAGE and immunoblotting with antibodies against phospho-Smad2, Smad2, phosphotyrosine,
PDGFR� (CT�), phospho-STAT3, PAI-1, and GAPDH (loading control). Representative experiments from at least three independent experiments are shown.
CHX, cycloheximide.
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bodies against CD44 or the c-Myc tag precipitated T�RI (Fig.
5B), suggesting that the receptors form a complex. Further-
more, PLA was used to explore whether an endogenous com-
plex of T�RI and CD44 is formed in fibroblasts. PLA generates
signals (detected as fluorescent dots) only when two target pro-
teins are in close enough proximity to allow rolling circle ampli-
fication of PLA probes residing on the antibodies (46, 47). PLA
signals were observed in foreskin fibroblasts with antibodies
against T�RI and CD44, suggesting interaction between these
molecules (Fig. 5C). By omitting one of the primary antibodies,
the PLA signals were lost, demonstrating the specificity of the
analysis (data not shown). The endogenous complex between
T�RI and CD44 was not ligand-inducible as it was seen at sim-
ilar levels in the absence as well as presence of stimulation with
TGF�, PDGF-BB, and high molecular weight hyaluronan (Fig.
5C). We thus confirm the observation that CD44 and T�RI
form a complex (23, 24) and show that this complex is present
also in fibroblasts.

PDGFR�, T�RI, and CD44 All Interact Physically—Because
we have demonstrated in Figs. 1 and 5 and in a previous publi-
cation (22) that PDGFR�, T�RI, and CD44 interact pairwise,
we examined the possibility that these three molecules are pres-
ent in the same complex at the same time. Immunoprecipita-
tions of overexpressed PDGFR�-HA, T�RI-FLAG, and CD44-
6myc in Cos1 cells in different combinations with either
anti-Myc, anti-FLAG, or anti-HA antibodies demonstrated
that all three receptors could be specifically pulled down
with either of the antibodies, confirming that the three
receptors interact pairwise in these cells (Fig. 6A). An
approach with two sequential immunoprecipitations further
suggested that all three receptors can form a ternary com-
plex (data not shown).

To investigate whether the complex between PDGFR�-HA
and T�RI-FLAG is dependent on CD44, we silenced CD44 by
siRNA in Cos1 cells overexpressing PDGFR�-HA and T�RI-
FLAG. We then measured the amount of complex between

PDGFR� and T�RI, as seen by PDGFR� pulled down by FLAG
antibody, followed by immunoblotting with HA antibody. The
amount of PDGFR� pulled down was unaffected by the pres-
ence or absence of CD44 (Fig. 6B); it thus appears that even
though CD44 binds to both PDGFR� and T�RI, it is not crucial
for the interaction between them. To further investigate this
interaction, we performed PLA with antibodies against
PDGFR� and T�RI in foreskin fibroblasts with or without
silencing of CD44 by siRNA. PLA signals were observed when
the specific antibodies were used but not in the controls where
one primary antibody was replaced by control IgG or a second-
ary antibody was omitted. Software quantification of the num-
ber of dots revealed no significant differences in the complex
between PDGFR� and T�RI in the presence or absence of
CD44 (Fig. 6C). We finally investigated whether formation of
the PDGFR�-T�RI complex was affected by overexpression
of CD44; no difference in the amount of complex between
PDGFR� and T�RI was observed upon transfection of Cos1
cells with increasing amounts of CD44 – 6myc-vector (Fig. 6D).

Depletion of CD44 Increases Signaling via PDGFR� and T�RI
by Stabilization of the Proteins—Because CD44 interacted with
PDGFR� and T�RI (Figs. 5 and 6), and has previously been
reported to modulate the signaling pathways of both PDGFR�
(22) and T�RI (23, 24), we investigated the role of CD44 during
signaling via PDGF�R and T�RI in fibroblast cultures. Both
PDGF-BB-mediated (Fig. 7A) and TGF�-mediated (Fig. 7B)
phosphorylation of Smad2 was enhanced in cells depleted of
CD44. There was also a marked increase in total Smad2 protein
(Fig. 7, A and B) and T�RI (Fig. 7C) in CD44-depleted cells.
Because the mRNA levels of neither Smad2 nor T�RI were
increased upon CD44 knockdown (data not shown), the
increase in signaling was likely due to increased stability of
T�RI and Smad2. Likewise, enhanced expression of PDGFR�
protein (but not PDGFR� mRNA; data not shown), as well as
enhanced and prolonged PDGF-BB-induced phosphorylation
of PDGFR� and ERK1/2 MAPK, was observed upon CD44
silencing (Fig. 7C). CD44 thus has a negative regulatory effect
on the signaling via both PDGFR� and T�RI.

DISCUSSION

We demonstrate that the receptors for PDGF-BB and TGF�
interact with each other, as well as with CD44, and that CD44 is
not essential for the interaction between PDGFR� and T�RI.
Moreover, we demonstrate that the presence of PDGFR� cor-
relates to increased levels of T�RI and that PDGFR�-induced
migration depends on T�RI activity.

The expressions of PDGF receptors and PDGF isoforms are
enhanced during TGF�-induced EMT (32, 34). In colorectal
cancer, PDGFR� expression correlates with poor prognosis and
low overall survival, and an inhibitor of T�RI reduced PDGFR�
expression and PDGF-induced tumor cell invasion (33). This is
in accordance with our finding that PDGF-BB-induced migra-
tion is inhibited by blocking T�RI kinase activity. The com-
monly seen induction of PDGFR� in carcinomas opens up the
possibility that the interactions between T�RI, PDGFR�, and
CD44 occur in epithelial cells undergoing EMT. Also in glio-
mas, TGF� signaling through Smads activates PDGF-BB
expression and secretion, and the effect on proliferation caused

FIGURE 4. PDGF-BB-induced migration is dependent on T�RI kinase. A
confluent monolayer of human dermal primary fibroblasts was starved,
wounded by scratching, pretreated for 2 h with 16 �M T�RI kinase inhibitor
GW6604 or DMSO, and then stimulated for 24 h with 2 ng/ml PDGF-BB. Phase
contrast images of wounded areas at times 0 and 24 h were quantified by
T-scratch software; migration of cells was calculated as the part of the
wounded area that became covered by cells. At least eight images per con-
dition and experiment were analyzed from three individual experiments
(asterisks indicates p � 0.001 using ratio paired t test).
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by TGF� depends on PDGFR� signaling (48). The cross-talk
between PDGFR� and T�RI described in this study may thus
have widespread implications both in normal and tumor cells
and in cancer metastasis.

PDGF-BB-induced Smad2 Phosphorylation—Interestingly,
we found that PDGF-BB promotes signaling through the
TGF� pathway because it induces Smad2 phosphorylation
and expression of the TGF�-responsive gene PAI-1. The
PDGF-BB-induced Smad2 phosphorylation was dependent
on active PDGF and TGF� receptor kinases, Src kinase, and
active TGF�. Thus, although the exact mechanism behind
PDGF-BB-induced Smad2 phosphorylation remains to be
elucidated, our observations support the notion that PDGF-
BB, in an Src-dependent manner, promotes activation of
latent TGF� derived either from the FCS in the culture
medium or secreted by the cells.

Because the phosphorylation of Smad2 by PDGF-BB occurred
also when protein translation was blocked by cycloheximide, neo-
synthesis of TGF� was not needed for Smad2 activation. The fast
kinetics, similar to that of TGF� itself, also makes neosynthesis of
TGF� unlikely as a mechanism. Activation of TGF� is, however, a
fast event and could be involved in the PDGF-BB-induced phos-
phorylation of Smad2. TGF� can be activated from its latent form
by several mechanisms, including proteolysis by e.g. matrix metal-
loproteinase 9, plasmin, or cathepsin (28, 49). Among these pro-
teases, matrix metalloproteinase 9 is an especially interesting can-
didate for this study, because it can be localized to the plasma
membrane by interaction with CD44, thereby promoting tumor
invasion of mammary carcinomas (27, 28). However, a panel of
general protease inhibitors did not inhibit PDGF-BB-induced
Smad2 phosphorylation in our cells (data not shown); thus, it
remains to be elucidated whether PDGF-BB promotes a proteo-
lytic activation of TGF�.

Several �v-integrins, such as �v�1, �v�3, �v�5, �v�6, and
�v�8, have also been implicated in the activation of latent TGF�

(50). Of these integrins, �v�3 is of special interest for this study
because there is a tight connection with signaling via PDGF
receptors (51–53). PDGFR�, Src, and T�RII all co-precipitate
with integrin �v�3 in several cell types, including fibroblasts
(51, 53). Furthermore, Src association with �v�3 is augmented
by PDGF-BB stimulation, as well as binding to the �v�3 ligand
tenascin-C (53, 54). Interestingly, PDGF-BB regulates recycling
of �v�3 from early endosomes to the plasma membrane (52). A
possible mechanism for the induction of Smad2 phosphoryla-
tion in our dermal fibroblasts is thus that PDGF-BB stimulation
localizes �v�3 to the plasma membrane, where it activates
latent TGF�. This possibility is currently under investigation.

Another possible explanation for the induction of Smad2
phosphorylation in response to PDGF-BB is that PDGF-BB
binds directly to the TGF� receptors. There is no sequence
homology between PDGF and TGF�, but there is a topological
similarity (55). Although this possibility cannot be completely
excluded, it is unlikely because PDGFR� is needed for PDGF-
BB-induced Smad2 phosphorylation. Another possible mecha-
nism is that PDGF-BB activates Src, which has been demon-
strated to activate TGF� signaling by tyrosine phosphorylation
of T�RII (56, 57). However, Src-induced phosphorylation of
T�RII has only been demonstrated to induce non-Smad signal-
ing through the MAPK pathway (57). Moreover, we found that
TGF� antibodies inhibit PDGF-BB-induced Smad2 phosphor-
ylation; thus, it is unlikely that direct tyrosine phosphorylation
of T�RII by Src contributes to the PDGF-BB-induced Smad2
phosphorylation in our cells.

Finally, PDGF-BB-induced phosphorylation of Smad2 could
be due to inhibition of phosphatases or deubiquitinases that
normally would shut off the activation of Smad2, e.g. induced by
autocrine TGF�. It is also possible that PDGFR�, directly or
indirectly, sequesters Smad2 in an unfavorable location. How-
ever, these possibilities are unlikely because the Smad2 phos-
phorylation was blocked by TGF� antibodies and because we

FIGURE 5. T�RI and CD44 form a ligand noninducible complex. A and B, Cos1 cells were transiently transfected with HA-tagged T�RI, 6-Myc-tagged CD44,
or corresponding empty tagged vectors. After 48 h, lysates were immunoprecipitated (IP) with antibodies against T�RI or HA (A), CD44 or Myc (B), correspond-
ing IgG isotype controls, or beads alone; proteins were separated by SDS-PAGE. Total cell lysates (TCL) were run in parallel. Immunoblotting (IB) was performed
with antibodies against CD44 and T�RI. C, BJ-hTERT foreskin fibroblasts were grown in 8-well chambers, starved, and stimulated (stim) for 7 min with PDGF-BB
(20 ng/ml), 2 h with hyaluronan (200 �g/ml), or 1 h with TGF� (1 ng/ml). Cells were fixed, and PLA was performed with mouse anti-CD44 and rabbit anti-T�RI
antibodies, followed by anti-mouse and anti-rabbit PLA probes conjugated with priming and nonpriming oligonucleotides. F-actin was stained with FITC-
conjugated phalloidin. Individual protein-protein interactions were visualized by fluorescence microscope as red dots. PLA signals per cell were quantified
using Duolink Image Tool according to the manufacturer’s instructions. Average values are indicated in the graph by horizontal lines. A representative
experiment out of three is shown.
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FIGURE 7. Knockdown of CD44 stabilizes the levels of PDGFR� and Smad2. Human dermal primary fibroblasts were transfected with siRNA against CD44
or a scrambled control, starved, and stimulated for indicated time periods with either 2 ng/ml PDGF-BB (A), 1 ng/ml TGF� (B), or 10 ng/ml PDGF-BB (C). Lysates
were subjected to SDS-PAGE and immunoblotting with antibodies against phospho-Smad2, Smad2, CD44, phospho-ERK1/2, ERK1/2, and GAPDH (loading
control). Representative experiments of three independent experiments are shown.

FIGURE 6. PDGFR�, T�RI, and CD44 all bind each other, but the complex between PDGFR� and T�RI is not dependent on CD44. A, Cos1 cells were
transiently transfected with PDGFR�-HA, T�RI-FLAG, and CD44 – 6myc or correspondingly tagged empty vectors. After 48 h, cell lysates were immunoprecipi-
tated (IP) using FLAG, HA, or Myc antibodies. Proteins were released from beads by boiling in reducing sample buffer and subjected to SDS-PAGE and
immunoblotting (IB) with antibodies against CD44, HA, and FLAG or GAPDH as loading control. Total cell lysates (TCL) were analyzed in parallel. B, Cos1 cells
were transiently transfected with CD44 siRNA for 24 h and then with T�RI-FLAG and PDGFR�-HA vectors for another 48 h. Cells were lysed and immunopre-
cipitated with FLAG antibodies, separated by SDS-PAGE, and detected by immunoblotting for CD44 and the HA and FLAG tags. C, BJ-hTERT foreskin fibroblasts
were grown in 8-well chambers and transiently transfected with siRNA against CD44 or a scrambled control. Following starvation, cells were stimulated for 7
min with PDGF-BB (20 ng/ml), 2 h with hyaluronan (200 �g/ml), 1 h with TGF� (1 ng/ml), or 1 h with 10% FBS. Cells were fixed and PLA was performed with
mouse anti-PDGFR� and rabbit anti-T�RI antibodies, followed by anti-mouse and anti-rabbit PLA probes conjugated with priming and nonpriming oligonu-
cleotides. F-actin was stained with FITC-conjugated phalloidin. Single protein-protein interactions were visualized by fluorescence microscope as red dots. PLA
signals per cell were quantified with Duolink Image Tool according to the manufacturer’s instructions. Average is indicated in the graph by horizontal lines. D,
Cos1 cells were transfected with PDGFR�-HA and T�RI-FLAG, in combination with varying amounts of CD44-myc (0.1, 0.5, or 2 �g/sample) or empty vector.
Cells were lysed, and immunoprecipitated with FLAG antibody and subjected to SDS-PAGE. The samples were then immunoblotted with specific
antibodies against the FLAG and HA tags and CD44. Total cell lysates were run in parallel. Representative experiments out of three independent
experiments are shown.
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did not observe any co-immunoprecipitation of PDGFR� and
Smad2 (data not shown).

CD44 Exerts a Negative Modulatory Effect on PDGF-BB and
TGF� Signaling—We have previously reported that hyaluro-
nan-activated CD44 mediates recruitment of a tyrosine phos-
phatase to PDGFR� in foreskin fibroblasts and thus negatively
regulates PDGF-BB signaling (22). Also in dermal fibroblasts,
CD44 had a negative effect on signaling through PDGFR�. In
accordance with the high concentration of hyaluronan in skin,
our dermal fibroblasts produced high amounts of hyaluronan
even during unstimulated and starved conditions. It is thus pos-
sible that the lack of hyaluronan binding to CD44, with a con-
comitant loss of dephosphorylation of PDGFR�, contributes to
the increased PDGF-BB response observed upon knockdown of
CD44. However, although such a dephosphorylation mecha-
nism could contribute to the suppressive effect of CD44 on
PDGFR� and T�RI signaling, most of the suppressive effect
seems to be due to destabilization of the receptors. We thus
confirm the negative modulatory role of CD44 in human der-
mal fibroblasts and report a novel mechanism of CD44-depen-
dent modulation of growth factor signaling.

In intestinal epithelial cells, the binding of CD44 to hyaluro-
nan has a positive effect on the phosphorylation of PDGFR�
(58). Because this was demonstrated in epithelial cells, although
this study and our previous work have used dermal fibroblasts,
it is possible that the differences are cell type-dependent. In
proximal renal tubular cells, hyaluronan binding to CD44 redis-
tributes T�RI to lipid rafts, thus negatively affecting the signal-
ing of T�RI (36). This effect is blocked by MEK inhibitors, indi-
cating the importance of ERK MAPK signaling. Because this is
in accordance with our results that PDGF-BB stimulation
removes T�RI from the plasma membrane, it is possible that
PDGFR� and CD44 together regulate the localization and sig-
naling of T�RI.

In summary, we have demonstrated cross-talk between the
receptors for TGF� and PDGF-BB and the adhesion receptor
CD44. Such cross-talk could have important functions for sev-
eral pathologies with dysfunctional regulation of PDGF-BB and
TGF�, such as inflammation and cancer.
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