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Background: Matriptase, the activator of PDGF-D, can abolish its function.
Results: The R340R341GR343A motif within the growth factor domain is the matriptase cleavage site through which matriptase
destroys PDGF-D activity and binding to the extracellular matrix (ECM).
Conclusion: Matriptase has dual roles in regulating PDGF-D activity and affinity for the ECM.
Significance: Our study provides molecular insight into the functional interplay between matriptase and PDGF-D.

The oncogenic roles of PDGF-D and its proteolytic activator,
matriptase, have been strongly implicated in human prostate
cancer. Latent full-length PDGF-D (FL-D) consists of a CUB
domain, a growth factor domain (GFD), and the hinge region in
between. Matriptase processes the FL-D dimer into a GFD
dimer (GFD-D) in a stepwise manner, involving generation of a
hemidimer (HD), an intermediate product containing one FL-D
subunit and one GFD subunit. Although the HD is a pro-growth
factor that can be processed into the GFD-D by matriptase, the
HD can also act as a dominant-negative ligand that prevents
PDGF-B-mediated �-PDGF receptor activation in fibroblasts.
The active GFD-D can be further cleaved into a smaller and yet
inactive form if matriptase-mediated proteolysis persists.
Through mutagenesis and functional analyses, we found that
the R340R341GR343A (P4 –P1/P1�) motif within the GFD is the
matriptase cleavage site through which matriptase can deacti-
vate PDGF-D. Comparative sequence analysis based on the pub-
lished crystal structure of PDGF-B predicted that the matriptase
cleavage site R340R341GR343A is within loop III of the GFD, a
critical structural element for its binding with the �-PDGF
receptor. Interestingly, we also found that matriptase process-
ing regulates the deposition of PDGF-D dimer species into the
extracellular matrix (ECM) with increased binding from the
FL-D dimer, to the HD, and to the GFD-D. Furthermore, we
provide evidence that R340R341GR343A within the GFD is critical
for PDGF-D deposition and binding to the ECM. In this study,
we report a structural element crucial for the biological function
and ECM deposition of PDGF-D and provide molecular insight
into the dynamic functional interplay between the serine prote-
ase matriptase and PDGF-D.

PDGF family members are primary mitogens of cells with
mesenchymal origin. They play important roles in many phys-
iological and pathological conditions (1, 2). There are four

PDGF ligands (PDGF-A, PDGF-B, PDGF-C, and PDGF-D)
that exert their biological functions through binding to their
cognate receptors, �-PDGFR2 and �-PDGFR. PDGF-A and
PDGF-B undergo intracellular proteolytic processing by
furin before they are secreted as readily active growth factor
dimers (3–5). In contrast, PDGF-C and PDGF-D are secreted
as latent growth factor dimers with an N-terminal CUB
domain, a C-terminal growth factor domain (GFD), and the
hinge region in between (6 – 8). Proteolytic removal of the
CUB domain is required for the GFD of PDGF-C and
PDGF-D to activate the �-PDGFR and �-PDGFR, respec-
tively (8, 9). Previously, we showed that serine proteases,
such as urokinase plasminogen activator and matriptase, can
remove the CUB domain from the latent full-length PDGF-D
(FL-D) dimer in a stepwise manner, producing a hemidimer
(HD) containing one FL-D monomer and one GFD mono-
mer (GFD-M) and subsequently a biologically active GFD
dimer (GFD-D) (10, 11). At present, the biological function
of the HD is largely unknown. Matriptase can further cleave
the active PDGF-D GFD-D into a smaller and yet inactive
dimer, thus revealing dual roles of matriptase in activation
and deactivation of PDGF-D, referred to as biphasic proteo-
lytic processing (11). We previously reported that
YR247GR249S (P4 –P1/P1�) within the PDGF-D hinge region
is the cleavage site for urokinase plasminogen activator or
matriptase to remove the inhibitory CUB domain and release
the active GFD-D (11). However, the cleavage site within the
PDGF-D GFD, where matriptase processes the active
GFD-D into an inactive form, has not been identified. In this
study, we identified the matriptase cleavage site within the
PDGF-D GFD and also characterized the biological activity
of the HD.

The binding and retention within the extracellular matrix
(ECM) are important determinants for the functions of PDGF
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ligands, as demonstrated by PDGF-B in vascular maturation
and stabilization (12–15). Clustered basic or positively charged
amino acid residues in the C terminus of PDGF-B, referred to as
a retention motif (16), mediate the storage of PDGF-B within
the ECM of endothelial cells. Endothelial PDGF-B retention
was proven to be indispensable for proper alignment of peri-
cytes to the microvessel wall. Deleting the retention motif of
PDGF-B by gene targeting in mice impairs the recruitment of
pericytes to the microvascular wall, giving rise to abnormal vas-
culature in the kidney and retina (14, 17, 18). At present, the
association of PDGF-D dimer species with the ECM has not yet
been investigated. Unlike PDGF-B, the C-terminal retention
motif for ECM binding is absent in PDGF-D (7, 8); thus, we and
others previously speculated that if PDGF-D is sequestered in
the ECM, the CUB domain, known to play a role in protein-
protein interactions (19), is likely to mediate PDGF-D interac-
tions with the ECM (20). In this study, we investigated the asso-
ciation of PDGF-D dimer species with the ECM and the
molecular basis for their interactions. We report the unex-
pected findings that the removal of the CUB domain by matrip-
tase increases the binding of the PDGF-D dimer to the ECM
and that further matriptase-mediated cleavage within the GFD
reduces its association with the ECM.

EXPERIMENTAL PROCEDURES

Cell Cultures—Human HeLa S3 cells (ATCC CCL-2.2) were
purchased from American Type Culture Collection and grown
in suspension in minimum essential medium with Spinner’s
modification (Quality Biologicals, Inc., Gaithersburg, MD) sup-
plemented with 5% horse serum and antibiotics. Control and
PDGF-D expression vector-transfected human prostate carci-
noma LNCaP cell lines were maintained in RPMI 1640 medium
supplemented with 5% FBS as described previously (21). The
green monkey kidney cell line CV-1 and COS-1 cells were cul-
tured in DMEM supplemented with heat-inactivated 10% FBS
(HyClone, Logan, UT), 2 mM glutamine, 100 units/ml penicil-
lin, and 100 mg/ml streptomycin (Gibco). The mouse fibroblast
cell line NIH3T3 was cultured in DMEM/nutrient mixture F-12
with 10% bovine serum. Rat cerebral microvascular endothelial
cells, also referred to as resistant vessel endothelial cells, were a
kind gift from Dr. C. A. Diglio (Wayne State University, Detroit,
MI) (22). The human glioblastoma cell line U87 was kind gift
from Dr. R. Fridman (Wayne State University). All culture
media were purchased from Invitrogen. Human mesenchymal
stem cells (hMSCs) were purchased from Lonza (Walkersville,

MD) and cultured in MesenPRO RS medium (Life Technolo-
gies, Inc.).

Anti-PDGF-D Antibodies—Polyclonal antibody against the
PDGF-D GFD was raised in rabbits using synthetic peptides
(N�-RKSKVDLDRLNDDAKRYS-C�) representing amino acids
254 –271 in the GFD of PDGF-D as an antigen. The resulting
antibodies were affinity-purified (Zymed Laboratories Inc.) and
are referred to as anti-PDGF-D antibody (21). The additional
anti-PDGF-D antibody used in this study was purchased from
R&D Systems (catalog no. AF1159).

Recombinant PDGF-D (rPDGF-D) Proteins—Human rPDGF-D
protein with a C-terminal histidine tag was produced by infect-
ing HeLa S3 cells with a vaccinia expression vector for PDGF-D
and recombinant vaccinia virus vTF7-3 in the presence of apro-
tinin (5 �g/ml) as described previously (21). rPDGF-D-His
proteins in the conditioned medium (CM) were collected
through a HisTrap HP column (GE Healthcare) and eluted with
a sodium chloride gradient from 0.5 to 2 M in the presence of
200 mM imidazole (Sigma-Aldrich). The resulting eluates were
tested for the presence of PDGF-D dimer species by immuno-
blot analysis. Fractions containing FL-D or the HD exclusively
were pooled together and used as purified recombinant FL-D or
HD, respectively. The concentration and purity of recombinant
FL-D and HD proteins were assessed by silver staining and
compared with known concentrations of BSA. A silver staining
kit (SilverSNAP) and BSA standard were purchased from
Pierce.

Cloning and Production of Mutant PDGF-D Proteins—WT
FL-D cDNA without a histidine tag in the pCR2.1-TOPO clon-
ing vector (Invitrogen) was used as a template to perform point
mutagenesis using a QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) following the manufacturer’s instruc-
tions. Primers used to generate the corresponding site-directed
mutants are listed in Table 1. The fidelity of the mutants was
verified by DNA sequence analysis in both directions (Elim Bio-
pharmaceuticals, Hayward, CA). These cDNA inserts encoding
either WT or mutant FL-D proteins were then cloned into the
pTF7 vaccinia virus expression plasmid.

To produce WT or mutant PDGF-D proteins, the CV-1 cells
were sequentially infected with vTF7-3 virus and then trans-
fected with pTF7 expression plasmids encoding WT or mutant
PDGF-D proteins as described previously (21). CM containing
rPDGF-D was collected after 18 –20 h of infection/transfection.
Cell debris was pelleted by centrifugation at 2000 rpm for 5 min,

TABLE 1
Primers used in this study

Mutant Sense primer (5�–3�) Antisense primer (5�–3�)

R340A CCT GGC CAC ATC AAG GCG AGG GGT AGA GCT AAG
ACC ATG GC

GC CAT GGT CTT AGC TCT
ACC CCT CGC CTT GAT GTG GCC AGG

R341A CCT GGC CAC ATC AAG AGG GCG GGT AGA GCT
AAG ACC ATG GC

GC CAT GGT CTT AGC TCT ACC CGC CCT CTT GAT
GTG GCC AGG

R343A CCT GGC CAC ATC AAG AGG AGG GGT GCA GCT
AAG ACC ATG GC

GC CAT GGT CTT AGC TGC ACC CCT CCT CTT GAT
GTG GCC AGG

K345A GGG GTA GAG CTG CGA CCA TGG CTC TAG TTG ACA T ATG TCA ACT AGA GCC ATG GTC GCA GCT CTA
CCC C

R340A/R341A CCT GGC CAC ATC AAG GCG GCG GGT AGA GCT AAG
ACC ATG GC

GC CAT GGT CTT AGC TCT ACC CGC CGC CTT GAT
GTG GCC AGG

R340A/R341A/R343A CCT GGC CAC ATC AAG GCG GCG GGT GCA GCT
AAG ACC ATG GC

GC CAT GGT CTT AGC TGC ACC CGC CGC CTT GAT
GTG GCC AGG
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and the supernatant was concentrated using Millipore Amicon
centrifugal filter concentrators with a cutoff molecular mass of
10 kDa (EMD Millipore, Billerica, MA).

Generation of N-terminal Deletion Mutants of PDGF-D—
N-terminal deletion mutants of PDGF-D lacking the CUB
domain and different lengths of the hinge region were cloned
into the pSecTag vector (Life Technologies, Inc.). These
expression vectors were transiently transfected into the indi-
cated cell lines using Lipofectamine 2000 (Life Technologies,
Inc.) for 2 days according to the manufacturer’s instruction.
CM containing rPDGF-D proteins was collected after removing
cell debris by centrifugation.

Generation of Cleavage-resistant HD (CR-HD) Protein—The
CR-HD was generated by infecting COS-1 cells with vTF7-3
virus, followed by transient cotransfection with a cleavage-re-
sistant FL-D (CR-FL-D) construct (R247A/R249A) (10) in the
pTF7 vaccinia virus expression vector and the N-terminal CUB
domain-deleted GFD without a C-terminal histidine tag (GD2;
see Fig. 4) in the pSecTag vector for 2 days. The resulting
PDGF-D dimer proteins in CM were run through a HisTrap
nickel column. CR-FL-D and CR-HD dimers were trapped in
the column through their histidine tags. CR-FL-D and CR-HD
dimers were separated by different concentrations of imidazole
in the elution buffer. The CR-HD-containing fractions were
pooled together.

�-PDGFR Activation Assay—Serum-starved NIH3T3 cells or
hMSCs were treated with rPDGF-D proteins as indicated. Cell
lysates were collected in radioimmune precipitation assay
buffer as described previously (21). Activated �-PDGFR
was detected by immunoblot analysis using anti-phospho-�-
PDGFR (phospho-Tyr-751) antibody (Cell Signaling Technol-
ogy) following the manufacturer’s instruction. After stripping,
the same blot was reprobed with anti-�-PDGFR antibody (sc-
432, Santa Cruz Biotechnology).

Detection of HD Interactions with the �-PDGFR—Serum-
starved hMSCs were treated with or without the CR-HD on ice
for 1 h. Cells were then washed twice with ice-cold PBS, and the
cell lysates were collected in radioimmune precipitation assay
buffer. Equal amounts of proteins were incubated with nickel-
nitrilotriacetic acid (Ni-NTA) magnetic beads or immunopre-
cipitated with mixed anti-PDGF-D antibodies (2 �g of our cus-
tom-made anti-PDGF-D antibody and 1 �g of anti-PDGF-D
antibody from R&D Systems). The eluates from Ni-NTA beads
and the PDGF-D immunocomplex were subjected to immuno-
blot analysis under reducing conditions using anti-�-PDGFR
antibody. The IgG heavy and light chains served as loading
controls.

Preparation of Acellular ECM-coated Dishes and Extraction
of ECM Proteins—Cells were plated at a subconfluent density.
The next day, confluent cells were washed with PBS and cul-
tured with serum-free medium for 2 days. Serum-free medium
was removed, and the remaining cells were stripped off with 50
mM EDTA (pH 8.0) in PBS for 20 s. After extensive washes with
PBS, the absence of cells in the culture dish was confirmed by
microscopy. This is referred to as the “acellular ECM-coated
dish” used for the protein binding assay. For extraction of ECM
proteins, proteins in acellular ECM-coated dishes were col-
lected in 2% SDS lysis buffer as described (23–25). Equal vol-

umes of ECM extracts were subjected to immunoblot analyses,
and fibronectin was used as a loading control (24).

Binding of rPDGF-D Dimers to the Acellular ECM—WT or
mutant rPDGF-D dimer proteins in serum-free medium were
incubated with acellular ECM-coated plates prepared from the
indicated cell lines. At the indicated time points, non-binding
proteins were collected in the supernatant. The acellular ECM
and binding proteins were washed twice with cold PBS and
extracted with 2% SDS lysis buffer.

RESULTS

HD Has a Dual Function as a Pro-growth Factor and a Dom-
inant-negative Ligand for the �-PDGFR—We previously deter-
mined that PDGF-D is a substrate of matriptase by incubating
rPDGF-D in CM with the purified serine protease domain of
matriptase, followed by immunoblot analysis using anti-
PDGF-D antibody (21). In this study, using purified recombi-
nant FL-D protein, we confirmed the matriptase-mediated
proteolytic processing of PDGF-D in a two-step manner. Con-
sistent with our previous report, the HD (�58 kDa), which con-
sists of a FL-D monomer and a GFD-M, was detected as an
intermediate product under nonreducing conditions before the
FL-D dimer was fully processed into GFD-D (data not shown).

Although the FL-D dimer and GFD-D are well known as
inactive and active forms of growth factor, respectively, the bio-
logical function of the HD is largely unknown. To address this,
we purified recombinant HD and examined its ability to acti-
vate the �-PDGFR in NIH3T3 cells. As a positive control, a
comparable molar concentration of PDGF-B was also applied
under the same conditions. As expected, activation of the
�-PDGFR was readily detected in NIH3T3 cells upon treatment
with PDGF-B for 8 min and sharply decreased after 30 min (Fig.
1A). In contrast, the HD showed weak and delayed activity, with
a peak reached at 30 min after treatment. The delayed activity of
the HD suggests that further proteolytic cleavage of the HD into
the GFD-D at the pericellular milieu of NIH3T3 cells may be
required for the activation of the �-PDGFR. To test this
hypothesis, serum-starved NIH3T3 cells were pretreated with
the serine protease inhibitor aprotinin (10 �g/ml) for 30 min,
followed by treatment with the HD in the presence of aprotinin.
As shown in Fig. 1A, in the presence of aprotinin, the HD was
unable to activate the �-PDGFR in NIH3T3 cells, indicating
that the HD is not an active ligand for the �-PDGFR. It is
thought that the CUB domain masks the �-PDGFR binding site
in the GFD (8). Because the HD consists of a FL-D monomer
and a proteolytically processed GFD-M (11, 26), we tested the
possibility that the HD binds to one �-PDGFR subunit through
its processed GFD subunit but fails to induce receptor
dimerization and activation, thereby acting as a dominant-neg-
ative ligand. To test this hypothesis, serum-starved NIH3T3
cells were incubated with the HD in the presence of aprotinin
for 30 min on ice, followed by treatment with PDGF-B for 10
min at 37 °C. As shown in Fig. 1B, PDGF-B activation of the
�-PDGFR was inhibited when NIH3T3 cells were preincubated
with the HD. These results show conflicting dual functions of
the HD as both a pro-growth factor and a potentially dominant-
negative ligand for the �-PDGFR.
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Because aprotinin inhibits matriptase-mediated proteolytic
processing effectively but not completely, the dominant-nega-
tive nature of the HD was further confirmed using CR-HD pro-
teins. As depicted in Fig. 1C, the CR-HD was generated by
co-infection-transfection with a GFD expression vector and a
CR-FL-D expression vector in which the matriptase cleavage
site in the hinge region was mutated (see “Experimental Proce-
dures”). Pretreatment of cells with the CR-HD effectively
blocked PDGF-B-induced �-PDGFR activation in NIH3T3
cells (Fig. 1D), as well as in hMSCs (Fig. 1E). Using the CR-HD,
we also confirmed that the HD was unable to activate the
�-PDGFR in these cells (Fig. 1E). Next, we examined whether
the HD indeed binds to the �-PDGFR. To this end, serum-
starved hMSCs were treated with the CR-HD on ice for 1 h, and
then the PDGF-D-interacting protein complexes were pulled
down using either Ni-NTA beads or anti-PDGF-D antibodies.
As shown in Fig. 1 (F and G), the �-PDGFR was readily detected
as a PDGF-D-interacting protein by both methods. Taken
together, these results suggest that although the HD is a precur-
sor of the active GFD-D (Fig. 1H, upper panel), the HD interacts

with one �-PDGFR subunit but fails to induce �-PDGFR
dimerization in the absence of proteolytic processing and
thereby can act as a dominant-negative ligand in cells of mes-
enchymal origin (Fig. 1H, lower panel).

Matriptase Deactivates PDGF-D through Cleavage at R340-
R341GR343A (P4 –P1/P1�) within the GFD—As we reported pre-
viously (11), the 18-kDa GFD can be further processed into an
even smaller fragment with a molecular mass of �15 kDa as
matriptase-mediated proteolysis persists. The �-PDGFR acti-
vation assay showed that the 15-kDa GFD is an inactive form,
demonstrating the biphasic nature of matriptase regulation of
PDGF-D activity. Because our custom-made antibody (raised
against the N terminus of the GFD) recognizes both the 18- and
15-kDa GFD fragments, we anticipated that the matriptase
cleavage site resides close to the C terminus of the GFD.
Sequence analysis identified a putative matriptase cleavage
site (R340RGRAK345) within the GFD close to its C terminus
(Fig. 2A). On the basis of the proposed matriptase consensus
cleavage sequences with Lys/Arg (P1), a small amino acid (P2),
and basic and non-basic (or vice versa) amino acids (P3 and P4)
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(27), we hypothesized that arginine at position 343 or lysine at
position 345 of PDGF-D would be the P1 site for matriptase
cleavage within the GFD (P4 –P1/P1�: R340RGR343/A or
G342RAK345/T). Because arginine or lysine is the preferred
amino acid for P1 and P3, a single substitution of arginine or
lysine with alanine was made by site-directed mutagenesis. A
Lys-to-Ala substitution at position 345 (G342RAA345) failed to
block matriptase processing of the 18-kDa GFD into a 15-kDa
fragment. Instead, this single substitution made the PDGF-D
mutant even more susceptible to matriptase cleavage, as shown
by increases in the generation of the 15-kDa GFD fragment
compared with the WT PDGF-D protein (Fig. 2B). This result
indicates that G342RAK345T (P4 –P1/P1�) is unlikely the
matriptase cleavage motif within the GFD.

Next, we examined whether R340R341GR343A (P4 –P1/P1�) is
the preferential cleavage site for matriptase. When each of
these arginine residues was mutated to alanine, matriptase
cleaved the 18-kDa GFD into a 15-kDa fragment less efficiently
(Fig. 2C), suggesting that each of these arginine residues con-
tributes to matriptase cleavage of the GFD. Consistent with

accumulation of the 18-kDa GFD, these GFD mutants resulted
in increased �-PDGFR phosphorylation in NIH3T3 cells (Fig.
2C, lower panels). To further test the putative matriptase cleav-
age site, we generated multiple Arg-to-Ala substitutions. The
double-alanine mutation (A340A341GR343) and especially the
triple-alanine mutation (A340A341GA343) effectively reduced
matriptase cleavage of the 18-kDa GFD into the 15-kDa frag-
ment (Fig. 2C). Taken together, these results indicate that the
R340RGR343A (P4 –P1/P1�) motif is the matriptase cleavage site
within the GFD of PDGF-D. However, it should be noted that
the 18-kDa GFD with double- or triple-alanine mutations dis-
played little to no biological activity, as determined by the
�-PDGFR activation assay (Fig. 2C, lower panels).

To address the molecular mechanism by which matriptase
abolishes the biological activity of the PDGF-D GFD and to
establish the structure-function relationship, key structural ele-
ments conserved among the PDGF family members were con-
sidered. Generally, there are eight conserved cysteine residues
in PDGFs committed to the formation of the three-loop struc-
ture via three intrachain disulfide bonds and two interchain
disulfide bonds, as depicted in Fig. 2D. The dimeric three-loop
structure is known to be critical in maintaining the ability of
PDGF ligands to bind and activate their receptors (28). Align-
ment of the amino acid sequences of PDGF-B and the PDGF-D
GFD suggests that the matriptase cleavage site R340R341GR343A
is within loop III of PDGF-D, corresponding to R160KKPIFKK
in PDGF-B (Fig. 2D). As shown using the Swiss-PdbViewer,
these amino acids mapped to loop III of PDGF-B (Fig. 2E,
marked in red) in agreement with a previous report (29). Impor-
tantly, these positively charged amino acids in loop III of
PDGF-B (R160KK162) were shown to be critical for its binding to
the �-PDGFR (29). Consistently, when the positively charged
arginine residues in PDGF-D (R340R341GR343), corresponding
to the R160KK162 motif in PDGF-B according to our model,
were mutated to non-charged alanine residues (A340A341GR343

or A340A341GA343), PDGF-D failed to activate the �-PDGFR.
Thus, we propose that the matriptase cleavage site is within a
critical motif of PDGF-D, possibly the �-PDGFR-binding site.

Matriptase Regulates the ECM Binding Properties of PDGF-D
and Inhibitory Roles of the CUB Domain and Hinge Region in
PDGF-D Interactions with the ECM—The association with the
ECM is a key mechanism by which VEGF/PDGF family mem-
bers establish their tissue gradient, through which they spatially
regulate morphogenesis, wound healing, and angiogenesis in
vivo (2). For instance, PDGF-B bound within the ECM of endo-
thelial tip cells plays a critical role in the regulation of angiogen-
esis by recruiting pericytes that express PDGFRs to nascent
vasculature in vivo (14). Previous studies showed that the bind-
ing of PDGF-B within the ECM is mainly regulated by basic
amino acids clustered at its C terminus, referred to as the reten-
tion motif (16). Unlike PDGF-B, a cluster of basic amino acids is
absent in the C terminus of PDGF-D (7). Because the CUB
domain is known to mediate protein-protein interactions, we
and others (7, 21) previously speculated that FL-D dimers con-
taining two CUB domains are likely to be stored in the ECM as
a latent growth factor. We further speculated that with physio-
logical or pathological stimuli, the serine protease-mediated
removal of the CUB domain might result in the release the

Sequence alignment of PDGF-B with PDGF-D GFD A.
1                          2     3     45      6PDGF-B CKTRTEVFEISRRLIDRTNANFLVWPPCVEVQRCSG~~~CCNNRNVQCRPTQV 146PDGF-D CTPRNYSVNI~REELKLANVVFF~~PRCLLVQRCGGNCGCGTVNWRSCTCN~S 320

7 8PDGF-B QLRPVQVRKIEIVRKKPIF~~~~~KK~~~ATVTLEDHL~~~ACKCETVAAARP 188PDGF-D GKTVKKYHEVLQFEPGHIKRRGRAK~~~TMALVDIQLDHHERCDCICSSRPPR 370
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FIGURE 2. Identification of the matriptase cleavage site (R340RGRAK345,
P4 –P1/P1�P2�) for deactivation of PDGF-D. A, amino acid sequence align-
ment of PDGF-B and the PDGF-D GFD. B, WT recombinant FL-D and its mutant
K345A were incubated with the indicated concentrations of recombinant
matriptase at 37 °C for 1 h. The resultant samples were analyzed by immuno-
blot analysis under reducing conditions. FL-M, FL-D monomer. C, WT, single-
mutant, double-mutant (DM; R340A/R341A), and triple-mutant (TM; R340A/
R341A/R343A) PDGF-D were incubated with 1 nM recombinant matriptase
(rMatriptase) at 37 °C for 1 h. The resultant samples were analyzed by immu-
noblot analysis under reducing conditions (upper panel). The corresponding
samples were applied to serum-starved NIH3T3 cells for 10 min. Activation of
the �-PDGFR was analyzed as described in Fig. 1A. D, diagram depicting the
well established three-loop structure of PDGF-B (left panel) and a deduced
PDGF-D GFD (right panel). The locations of the epitope for antibody raised
against the PDGF-D GFD (¥) and the putative matriptase cleavage site (�) are
indicated. E, a three-dimensional ribbon model of PDGF-B (Protein Data Bank
ID 3MJG) was visualized in Swiss-PdbViewer. The R160KKPIFKK167 motif in
PDGF-B is shown in red on the ribbon model, which is mapped at the loop III
region of PDGF-B.

Structural and Functional Analysis of PDGF-D

9166 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 14 • APRIL 3, 2015



GFD-Ds from the ECM. In this study, we asked whether
PDGF-D interacts with the ECM and, if so, whether PDGF-D
dimer species exhibit differential binding to the ECM. To this
end, we examined the spatial distribution of PDGF-D dimer
species in CM versus the acellular ECM of LNCaP cells engi-
neered to express PDGF-D. As shown in Fig. 3, the GFD-D and
HD were detected mostly in the acellular ECM, whereas the
FL-D dimer was detected in CM, suggesting that the differential
distribution of PDGF-D dimer species in the extracellular
milieu is tightly associated with proteolytic processing for the
removal of the N-terminal CUB domain, which contradicts our
previous speculation.

To determine whether removal of the CUB domain is suffi-
cient for GFD interactions with the ECM or whether the hinge
region also participates in preventing PDGF-D from interacting
with the ECM, we constructed PDGF-D GFD expression plas-
mids GD1 and GD2 containing different lengths of the hinge
region (Fig. 4A). GD1 (Asp202–Arg370) contained most of the
hinge region with an observed molecular mass of 25 kDa under
reducing conditions, whereas GD2 (Arg235–Arg370) had a
shorter hinge region with an observed molecular mass of 20
kDa. When COS-1 cells were transiently transfected, GD1 was
present almost exclusively in CM, whereas GD2 was more read-
ily detected in the ECM fraction (Fig. 4B). As shown in Fig. 4D,
these results were reproduced using U87 human glioblastoma
cells, which are well known to produce abundant ECM (30, 31).
The GD2 protein was susceptible to proteolytic cleavage, as it
was cleaved to the 18-kDa GFD (Fig. 4, B and D, arrows). As
shown by the �-PDGFR activation assay, GD2 (but not GD1)
was biologically active (Fig. 4C). These data demonstrate
that removal of the CUB domain and hinge region of
PDGF-D is required for growth factor activity and deposi-
tion of PDGF-D into the ECM.

Positively Charged Amino Acid Residues (R340R341GR343) in
the GFD Mediate PDGF-D GFD Interactions with the ECM—
The above results demonstrate that the R340R341GR343 motif
in the GFD is critical for PDGF-D ligand activity, as determined
by the �-PDGFR activation assay (Fig. 2). Here, we asked
whether these positively charged amino acids contribute to
deposition of PDGF-D into the ECM. To address this, WT or
triple-alanine mutant (A340A341GA343) PDGF-D expression
plasmid was transiently transfected into LNCaP cells. CM and

the acellular ECM were collected at the indicated time points
and analyzed for the distribution of PDGF-D by immunoblot
assay under reducing conditions. As shown in Fig. 5, whereas
both WT and triple-alanine mutant PDGF-D proteins were
secreted into CM and underwent proteolytic cleavage into the
GFD, only the GFD of WT PDGF-D was detected in the acellu-
lar ECM (Fig. 5B). These results indicate that the positively
charged arginine residues in the R340R341GR343A motif of the
GFD are crucial for interactions between PDGF-D and the
ECM.

To further test the significance of the arginine residues in the
R340R341GR343A motif for interactions of PDGF-D with the
ECM, we directly tested the ECM binding of WT or triple-
alanine mutant rPDGF-D dimer species. As shown in Fig. 6A, WT
rPDGF-D dimers effectively interacted with the acellular ECM
prepared from U87 cells (23, 24). WT GFD-D was found exclu-
sively in the ECM. In contrast, triple-alanine mutant PDGF-D
dimer species were barely detected in the ECM even after 60 min
of incubation with acellular ECM-coated dishes (Fig. 6B), demon-
strating the significance of the R340R341GR343A motif in mediating
PDGF-D deposition into the ECM.

DISCUSSION

We previously identified matriptase as a PDGF-D-inducible
gene (11, 21) and further demonstrated that PDGF-D-specific
signaling results in activation and shedding of matriptase in
prostate epithelial cells (32). We also identified matriptase as a
proteolytic activator of PDGF-D by removing the N-terminal
inhibitory CUB domain from latent PDGF-D proteins (11),
demonstrating a positive-feedback signaling loop between the
serine protease matriptase and PDGF-D signaling. Interest-
ingly, the results from this study demonstrate that matriptase is
not merely an activator of PDGF-D but is also a deactivator. In
addition, we demonstrated that matriptase-mediated proteo-
lytic processing is coupled with the regulation of extracellular
spatial distribution of PDGF-D dimers. Matriptase activates
PDGF-D in a two-step manner involving generation of the HD,
which consists of one FL-D monomer and one active GFD-M.
We showed that generation of the HD is not an intermediate
byproduct when recombinant FL-D proteins are incubated
with recombinant matriptase in a test tube, as evidenced by
existence of the HD in the ECM prepared from the in vitro
culture of PDGF-D-expressing cells. Importantly, our results
suggest the functional significance of the HD in the regulation
of PDGFR signaling, as well as spatial distribution of extracel-
lular PDGF-D. Activation of receptor tyrosine kinases, includ-
ing the PDGFR, is initiated by receptor dimerization, which is
driven entirely by ligand binding (33). The PDGF monomer has
a three-loop structure and forms a dimer in a head-to-tail man-
ner. As a result, in the PDGF dimer, loop II of one subunit
resides close to loops I and III of the other subunit, forming two
binding sites for its receptor. Studies by others and us (11, 20,
26) demonstrated that the CUB domains in the PDGF-D dimer
are not connected by disulfide linkages, thus individually pro-
viding steric hindrance against each receptor binding site. The
GFD-M in the HD, free from CUB domain hindrance, can
interact with one �-PDGFR subunit, whereas the remaining
CUB domain in the FL-D monomer prevents the HD from
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FIGURE 3. Differential distribution of PDGF-D dimer species in CM and the
ECM. Shown are the results from immunoblot analysis of the PDGF-D dimer
species in CM and ECM samples collected from PDGF-D-overexpressing
LNCaP cells as described under “Experimental Procedures” under reducing
(left panel) and nonreducing (right panel) conditions. FL-M, FL-D monomer.
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inducing �-PDGFR dimerization and subsequent activation of
classic �-PDGFR signal transduction. Thus, the HD on the cell
surface at saturating concentrations can function as a dom-
inant-negative isoform for �-PDGFR signaling, as depicted
in Fig. 1H. However, the HD can further undergo serine pro-
tease-mediated pericellular processing for the release of the
remaining CUB domain, resulting in the generation of the

GFD-D, revealing the HD as a precursor of an active growth
factor.

In addition to the role in the regulation of PDGF-D activity,
matriptase-mediated proteolytic processing also regulates
PDGF-D interactions with the ECM. The removal of the CUB
domain and hinge region results in the binding of PDGF-D to
the ECM. PDGF-D dimers stored within the ECM may be
released with physiological or pathological stimuli and brought
into the pericellular milieu for interactions with the �-PDGFR.
At present, the molecular nature of PDGF-D-interacting pro-
teins in the ECM or molecular actions underlying the release of
PDGF-D from the ECM is unknown. It is likely that the levels/
activity of serine proteases and PDGF-D-interacting proteins
within the ECM and on the cell surface will co-regulate extra-
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vectors encoding the FL-D and GFD with different lengths of the hinge region (GD1 and GD2). COS-1 (B) and U87 (D) cells were transiently transfected with GD1
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GD2-expressing COS-1 cells for 10 min, and �-PDGFR activation was assessed by immunoblot analysis using anti-phospho-�-PDGFR antibody. The same
membrane was stripped and reprobed with anti-�-PDGFR antibody. SF, serum-free medium; Ctr., control.
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cellular spatial distribution and PDGF-D activity in the regula-
tion of PDGFR signaling.

Recently, we discovered a novel function of PDGF-D in acti-
vation of osteoclastogenesis critical for prostate cancer cell
growth in the bone microenvironment. Although both PDGF-B
and PDGF-D are potent activators of the �-PDGFR, only
PDGF-D induces osteoclastic differentiation (34). Importantly,
we found that the PDGF-D HD is responsible for inducing
unique signal transduction pathways leading to osteoclast dif-
ferentiation.3 In fibroblasts, as shown in this study, the HD is
biologically inactive, whereas it has the potential to act as both
an inhibitor and activator of the �-PDGFR (Fig. 1). These
results suggest that HD-specific cell signaling occurs in a cell
type-specific manner possibly involving the CUB domain. The
HD may induce heterodimerization of cell-surface receptors
with the �-PDGFR for the formation of novel signaling com-
plexes in some cell types. The identification of HD-specific sig-
naling complexes in osteoclasts will shed light on molecular
mechanisms underlying the novel biological functions of
PDGF-D.

The matriptase-activated GFD of PDGF-D with a molecular
mass of �18 kDa is vulnerable to further proteolytic processing,
resulting in generation of an �15-kDa fragment with loss of
growth factor activity. This study identified the matriptase
cleavage motif within the PDGF-D GFD to be R340R341AR343.
Structural delineation of the PDGF-D GFD with PDGF-B pre-
dicted that the matriptase cleavage motif is within the GFD
receptor-binding site. Interestingly, the same residues are crit-
ical for PDGF-D interactions with the ECM. The binding of
PDGF-D dimer species increased as the FL-D dimer was pro-
cessed into the HD and further into the GFD-D. Consistent
with our finding that the positively charged amino acids in the
R340R341AR343 motif are critical for both growth factor activity
and the ability to interact with the ECM, the HD containing one
GFD liberated from the CUB domain-mediated steric hin-
drance showed higher binding to the ECM compared with the
FL-D dimer, but lower binding compared with the GFD-D, in
which the R340R341AR343 motif in both subunits is unmasked.
Although the processed GFD-D can readily undergo serine pro-
tease-mediated deactivation (generation of the 15-kDa frag-
ment) and further degradation in solution, the HD and 18-kDa
GFD appear to be more stable in the ECM, as evidenced by
accumulation of the GFD in the acellular ECM (Fig. 6). Inter-
estingly, the 15-kDa GFD fragment was barely detected in the
ECM, supporting our finding that the R340R341AR343 motif is
critical for PDGF-D binding to the ECM. We surmise that
matriptase-processed PDGF-D binding to the ECM not only
contributes to PDGF-D deposition in the ECM, but also pro-
tects against further proteolytic degradation.

To our knowledge, this study has provided the first evidence
of serine protease-regulated PDGF-D deposition into the ECM.
This may have profound biological implications. Differential
distribution of PDGF-D dimer species (GD-D � HD � FL-D
dimer) may play a role in forming the growth factor gradient in
vivo. The latent FL-D dimer may circulate in the body and travel

further within the tissue until it undergoes serine protease-me-
diated proteolysis in the extracellular milieu of target cells. This
idea is supported by the observation that PDGF-D is highly
produced by the adrenal gland and in experimental nephritis,
where plasma levels of PDGF-D (but not PDGF-B) are drasti-
cally increased, with PDGF-D apparently acting as an endo-
crine growth factor (7, 8, 35, 36). Unlike PDGF-B, which is
secreted as an active growth factor and contains the C-terminal
retention motif, PDGF-D activity and extracellular spatial dis-
tribution are regulated by the serine protease matriptase, as
demonstrated in this study. These results provide important
information for a better understanding of the differential func-
tions of PDGF-B and PDGF-D despite both being agonists of
the �-PDGFR.
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