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Background: Polymorphisms in the gene encoding for Factor VII-activating protease (FSAP) are a risk factor for athero-
sclerosis and vascular calcification.
Results: FSAP mediates proteolytic cleavage and activation of bone morphogenetic protein-2 (BMP-2).
Conclusion: FSAP regulates BMP-2-dependent proliferation and osteogenic differentiation of several cell types.
Significance: Activation of BMP-2 by FSAP provides a novel mechanistic insight into the actions of FSAP in remodeling-
associated diseases.

Factor VII-activating protease (FSAP) is a circulating prote-
ase involved in thepathogenesis of atherosclerosis, calcification,
and fibrotic processes. To understand how FSAP controls the
balance of local growth factors, we have investigated its effect on
the regulation of bone morphogenetic proteins (BMPs). BMP-2
is produced as a large pro-form and secreted as a mature hepa-
rin-binding growth factor after intracellular processing by pro-
protein convertases (PCs). In this study, we discovered that
FSAP enhances the biological activity of mature BMP-2 as well
as its pro-form, as shownby osteogenic differentiation ofC2C12
myoblasts. These findings were complemented by knockdown
of FSAP in hepatocytes, which revealed BMP-2 processing by
endogenous FSAP. N-terminal sequencing indicated that pro-
BMP-2 was cleaved by FSAP at the canonical PC cleavage site,
giving rise to mature BMP-2 (Arg2822Gln283), as well as in the
N-terminal heparin binding region of mature BMP-2, generat-
ing a truncated mature BMP-2 peptide (Arg2892Lys290). Simi-
larly, mature BMP-2 was also cleaved to a truncated peptide
within its N-terminal region (Arg2892Lys290). Plasmin exhib-
ited a similar activity, but it was weaker compared with FSAP.
Thrombin, Factor VIIa, Factor Xa, and activated protein C were
not effective. These results were further supported by the obser-
vation that themutationof the heparin binding regionofBMP-2
inhibited the processing by FSAP but not by PC. Thus, the pro-
teolysis and activation of pro-BMP-2 and mature BMP-2 by
FSAP can regulate cell differentiation and calcification in vascu-
lature and may explain why polymorphisms in the gene encod-
ing for FSAP are related to vascular diseases.

FSAP2 is a circulating plasma serine protease with high
homology to plasmin. A single-nucleotide polymorphism

(SNP) in the FSAP gene (habp2) leads to an amino acid substi-
tution at position 534 (G534E; also referred to as Marburg I).
Approximately 5% of the Western European population are
carriers of this SNP (1). This polymorphism results in a
50–80% decrease in the proteolytic activity of FSAP (2). Carri-
ers of this SNP are more prone to develop carotid stenosis (3),
atherosclerosis, and vascular calcification (4, 5). Although these
human genetic epidemiological studies suggest a vital role for
FSAP in tissue remodeling processes, the precise mechanisms
remain to be elucidated. Recent investigations using FSAP�/�

mice confirm the contention that FSAP regulates remodeling
processes in vivo (6).
Growth factor activity is regulated by a variety of proteolytic

mechanisms in the intracellular as well as the extracellular
space (7). We have previously reported that FSAP can bind to
and cleave growth factors containing heparin binding domains
like platelet-derived growth factor-BB (PDGF-BB) (8). The
inactivation of PDGF-BB by wild type (WT) FSAPwas stronger
than the Marburg I FSAP variant and contributed to less
neointima formation in a mouse model, which emphasizes the
importance of the enzymatic activity of FSAP in vivo (2). Fur-
thermore, twomore growth factors, basic fibroblast growth fac-
tor (bFGF, FGF-2) and vascular endothelial growth factor
(VEGF) were inhibited by FSAP with respect to endothelial cell
activation and angiogenesis (9, 10).
The cystine knot superfamily contains subfamilies of growth

factors that include PDGF, VEGF, and transforming growth
factor-� (TGF-�)-like growth factors. TGF-�1 to TGF-�4 are
well known for their tumor suppressor function (11) and stim-
ulation of extracellular matrix accumulation, which is associ-
ated with the progression of fibrosis (12). These TGF-�-like
growth factors also contain further subdivisions, such as the
bone morphogenetic proteins (BMPs) and the growth and dif-
ferentiation factors (13, 14). BMPs regulate growth, differenti-
ation, and development in the embryo as well as during tissue
remodeling processes in the adult organism. In the vascular
system, they play major roles in the regulation of intimal calci-
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fication in atherosclerotic plaques (15). BMPs bind to homo-
meric and heteromeric complexes of BMP receptor type I and
II, which are localized on the cell surface (16, 17). Ligand-bound
receptor signaling proceeds by Smad1/5/8 phosphorylation,
afterwards phosphorylated Smads translocate into nucleus and
alters the transcriptional program in cells (18).
BMPs are synthesized as large pro-forms, which dimerize

and undergo proteolytic cleavage in theGolgi apparatus by pro-
protein convertases (PCs) to liberate the mature form express-
ing full biological activity (19). In a generalized model of BMP
activation, largely based on studies with BMP-4, which has high
identity to BMP-2, it is clear that there are twomajor PC cleav-
age sites, S1 and S2,with the conserved amino acidmotif RXXR,
which separates the pro-domain from the mature protein.
Cleavage at the S1 site produces the mature growth factor, but
cleavage at the S2 site, more upstream in the pro-domain, facil-
itates the release of the pro-peptide (20). Between the S1 and S2
sites, a putative S3 cleavage site has been proposed (19). In the
intracellular compartment, the pro-domain regulates the cor-
rect folding, dimerization, cleavage, and secretion of themature
BMP (21). Limited proteolysis in combination with a biophys-
ical characterization of a protease-resistant subdomain in the
pro-region of pro-BMP-2 revealed a core fragment that might
mediate correct folding and dimerization of the growth factor
(22). The pro-domain of BMPs can also regulate various aspects
of the activity of the mature protein, but this aspect remains
largely unexplored (23).
Because FSAP inhibits the activity of two major subfamilies

of the cystine knot superfamily of growth factors, PDGF-BB and
VEGF, we hypothesized that other subfamilies, such as TGF-�,
might also be influenced by FSAP. Surprisingly, we found that
TGF-�1 activity was not influenced by FSAP but that BMP-2
activity was increased. This indicates that FSAP activation in
the context of tissue injury would regulate growth factors of the
PDGF and BMP family in opposing ways and channel their
growth- and differentiation-regulating properties in remodel-
ing processes.

EXPERIMENTAL PROCEDURES

Materials—The preparation of single-chain FSAP zymogen
and Phe-Pro-Arg-chloromethylketone-inactivated FSAP from
human plasma has been described before (24). Plasminogen
was isolated from human plasma and was activated with
urokinase as previously described by our group (25). Recom-
binant pro-BMP-2 and BMP-2 were produced in Escherichia
coli as described before (26). Aprotinin was purchased from
CSL Behring (Marburg, Germany), Factor VIIa (FVIIa) was
from Novo Nordisk (Mainz, Germany), activated protein C
was obtained from Lilly, and Factor Xa (FXa) was fromNova-
gen, Merck.
Cell Culture—The mouse myoblast cell line C2C12 was cul-

tivated in RPMI1640 (Invitrogen) with 10% (v/v) fetal calf
serum (FCS) (Fisher), 10 units/ml penicillin, and 10 �g/ml
streptomycin (Invitrogen) on cell culture-treated plastic (Nunc,
Wiesbaden, Germany). Human vascular smooth muscle cells
(VSMCs) were isolated as described earlier (27) and were culti-
vated in basal endothelial growth medium (Promocell, Heidel-
berg, Germany) with additives as above. Mouse hepatocyte cell

line AML12 was cultivated in DMEM (Invitrogen) with addi-
tives as above and complemented with 2 mM glutamine, 1%
(v/v) sodium pyruvate (all from Invitrogen). All cells were
maintained in a humidified atmosphere of 5% CO2 at 37 °C.
BMP-2 Bioactivity Assay Based on Alkaline Phosphatase

Induction in C2C12 Cells—BMP-2 bioactivity wasmeasured by
determining the induction of the osteoblastic marker alkaline
phosphatase in C2C12 mice myoblasts (28). In brief, C2C12
cells were cultivated for 24 h and stimulated with growth fac-
tors in serum-free medium. BMP-2 or pro-BMP-2 was prein-
cubated with FSAP or control buffer (0.2 M arginine, 0.2 M

lysine, 5 mM citrate, pH 4.5), and the reaction was stopped with
aprotinin (10 �g/ml) before the mixture was added to the cells.
After 3 days, cells were washed with PBS and lysed with lysis
buffer (100 mM glycine, 1 mM MgCl2, 1 mM ZnCl2, 1% Nonidet
P-40, pH 9.6). Lysates were centrifuged and transferred into a
new 96-well plate, and a substrate solution (9mM p-nitrophenyl
phosphate, Sigma-Aldrich) was added, followed by the meas-
urement of absorption at 405 nm using a plate reader (Biotek,
Winooski, VT). Values of untreated controls were set to 1, and
treatments were calculated as -fold increase of alkaline phos-
phatase (ALP) induction compared with controls.
Smad1/5/8 Phosphorylation—C2C12 cells (5 � 104 cells/

well) were cultivated in normal medium and thereafter
switched to serum-free medium for 2 h. Cells were stimulated
with agonists for 30 min, washed with PBS, and lysed in radio-
immune precipitation assay buffer (50 mM Tris-HCl, pH 7.4,
150mMNaCl, 1mMEDTA, 1%Triton X-100, 1% SDS) contain-
ing 1 mM orthovanadate and PMSF. Western blotting was per-
formed with anti-phospho-Smad1/5/8 antibody. In parallel,
total Smad protein was analyzed using anti-Smad1 (both from
Cell Signaling Technology (Frankfurt, Germany); anti-Smad1,
catalog no. 9743; anti-phospho-Smad1/5 (Ser0463/465), cata-
log no. 9516).
Western Blot Analysis—SDS-PAGE (15%) was performed,

and proteins were transferred to PVDFmembrane (GEHealth-
care). For Western blot analysis, AmershamTM ECLTM Prime
Western BlottingDetection Reagent (GEHealthcare) was used.
Polyclonal rabbit antibody against BMP-2 was obtained from
Dianova (Hamburg, Germany) (anti-BMP-2, catalog no.
CYT-26591).
Edman Sequencing—For determining the cleavage sites, the

reducing SDS-polyacrylamide gels were run and blotted onto
PVDF membranes. Protein was stained with Coomassie Blue,
and subsequently protein bands were cut out for sequence
determination. The N-terminal sequences of the fragments
were determined by automated Edman degradation using an
Applied Biosystems 492 pulsed liquid phase sequencer
equipped with an on-line 785A phenylthiohydantoin-deriva-
tive analyzer (Applied Biosystems, Darmstadt, Germany) in the
Proteomics Facility, Justus Liebig University, by Dr. Guenther
Lochnit. Five cycles of Edman degradation were performed,
and the detected amino acids were aligned with the pro-BMP-2
sequence.
Proliferation Assay—DNA synthesis of C2C12 cells was

measured by using the Cell Proliferation ELISA BrdU (calori-
metric) kit (Roche Applied Science) using the manufacturer’s
protocol.
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Real-time PCRAnalysis—Total RNAwas extracted using the
Total RNA Miniprep kit (Sigma-Aldrich). Reverse transcrip-
tion was performed using the High Capacity cDNA reverse
transcription kit (Applied Biosystems). Quantitative real-time
PCR was performed using the SensiMix SYBR kit (Bioline
GmbH, Luckenwalde, Germany), and fluorescence of amplified
DNA was detected by the Step One Plus real-time PCR system
(Applied Biosystems). The temperature programofDNAamplifi-
cation was the following: cDNA denaturation at 95 °C for 15 s,
primer hybridization at 60 °C for 30 s, and elongation at 72 °C for
30 s. The amplification plot was monitored over 40 cycles, and
continuous fluorescence measurement indicated mRNA expres-
sion of analyzed genes. Fluorescent threshold cycles (Ct) were set
and normalized against Ct of housekeeping gene GAPDH (�Ct).
Afterward, expression of the target gene was controlled with the
reference probe, and target Ct was calculated as 2���Ct (29).
Primer sequences are provided in supplemental Table 3).
siRNAKnockdown of Endogenous FSAP inMouse Hepatocyte

Cell Line AML12—AML12 cells were transfected with siRNA
against FSAP (Flexitube siRNA; Mm_Habp2-2-1, catalog no.
SI00238105, Qiagen (Hilden, Germany)) as well as control
siRNA (control siRNA, catalog no. 1022076) using Hiperfect
(Qiagen). After a 24 h incubation, cells were analyzed for FSAP
expression at the protein and mRNA level to confirm knock-
down. Rabbit polyclonal anti-FSAP antibody was kindly pro-
vided by M. Etscheid (Paul Ehrlich Institute, Langen, Ger-
many). Afterward, cells were incubated with BMP-2 or pro-
BMP-2, and their processing was analyzed byWestern blotting
and mRNA expression of target genes.
Construction ofMutant BMP-2 and Recombinant Expression

in HEK293 Cells—The construct pET11a_pro-BMP-2 (26) was
used for cloning human pro-BMP-2 cDNA into pSecTag2A
(Clontech) expression vector. Site-directed mutagenesis was
performed using theQuikChange site-directedmutagenesis kit
(Stratagene, La Jolla, CA) (primer sequences are listed in sup-
plemental Tables 1 and 2). Details of the amino acid mutations
are shown under “Results.” DNA sequencing (Seqlab GmbH,
Göttingen, Germany) was performed to check for the correct
sequence of the resulting clones. Human embryonic kidney
(HEK293) cells were transfectedwith empty vector,WTcDNA,
and the variousmutants using Lipofectamine2000 (Invitrogen).
Cells were then switched to serum-free medium containing
insulin/transferrin/selenium supplement (Invitrogen), and
conditionedmediumwas collected after 24 h. The filtered (0.22
�m) conditioned medium was quantified for BMP-2 by West-
ern blotting using E. coli-derived BMP-2 as a standard (26).
Statistical Analysis of the Data—Statistical significance was

tested using analysis of variance, and the individual compari-
sons were made using Bonferroni’s test using GraphPad Prism
(version 5.02) (GraphPad Software, Inc., La Jolla, CA). A value
of p � 0.05 was considered to be statistically significant.

RESULTS

FSAP Does Not Influence the Activity of TGF-�1 or Latent
TGF-�1—In view of the fact that FSAP decreases the activity of
two members of the cystine knot family, PDGF and VEGF, we
tested whether FSAP influenced the activity of TGF-�1, the
prototypic member of the TGF-� family. Incubation of FSAP

with mature TGF-�1 did not influence TGF-� activity toward
inhibition ofmink lung epithelial cell proliferation (supplemen-
tal Fig. 1). Besidesmature TGF-�1, FSAP did not activate latent
TGF-�1 either, although it is known that other proteases are
able to activate this pro-growth factor (30). Although TGF-�1
activity is not influenced by FSAP, we found an unexpected
effect on another cystine knot family member, BMP-2.
FSAP Activates BMP-2 and Pro-BMP-2 in Vitro—Because

BMP-2 is one of the major factors triggering calcification, we
analyzed the influence of FSAP on BMP-2 activity. Therefore,
mature BMP-2 was incubated with FSAP, and osteogenic dif-
ferentiation of C2C12 mice myoblasts was evaluated by deter-
mining ALP induction as a differentiationmarker. Induction of
ALP by BMP-2 was stimulated by the presence of FSAP. This
increase in ALP was dependent on the enzymatic activity of
FSAPbecause the serine protease inhibitor aprotinin, abolished
this effect (Fig. 1A). Further controlswith aprotinin plus BMP-2
and FSAP alone or through the use of preinhibited FSAP
showed that FSAP mediated this effect directly. Because hepa-
rin is known to influence the activity of BMP-2 (31) and FSAP
(32), we tested its influence in this system.Heparin alone hadno
effect on C2C12 cell differentiation but decreased the effect of
BMP-2 in the absence andpresence of FSAP.The effect of FSAP
on BMP-2 signaling was further blocked by treatment with the
BMP antagonist noggin (33, 34) (Fig. 1B). To analyze the FSAP
effect in detail, dose and time course experiments were per-
formed. FSAP increased BMP-2 activity in C2C12 cells in a
dose- and time-dependent manner (Fig. 1, C and D), and this
was confirmed by Western blot analysis (Fig. 2A). SDS-PAGE
revealed cleavage of BMP-2 monomer (13 kDa) to a smaller
species, whichwas found to be truncatedBMP-2 that lacked the
seven N-terminal amino acids (Fig. 2B). The cleavage site was
identified at position Arg2892Lys290 in a cluster of basic resi-
dues (Fig. 2C). Hence, proteolytic cleavage of the N-terminal
heparin binding region (35) by FSAPproduced a truncated pep-
tide (Fig. 2, trBMP-2), which increased the activity of mature
BMP-2. Trypsin is known to cleave BMP-2 at multiple sites,
leading to its activation, and one of these cleavage sites is iden-
tical to that obtained with FSAP (36).
Like all members of the TGF-�-like family, BMP-2 is

expressed togetherwith a large pro-domain,which is cleaved by
PCs (37–39). We then tested whether pro-BMP-2 can be
cleaved and activated by FSAP. Pro-BMP-2 had very low activ-
ity, but this was highly increased upon incubation with FSAP
(Fig. 3A). As with BMP-2, the effect of FSAP on pro-BMP-2was
concentration- and time-dependent, and treatment with apro-
tinin reduced this activity (Fig. 3).Western blot analysis showed
processing of the large pro-BMP-2 precursor (45 kDa, under
reducing conditions) to the cleaved 13 kDa reduced monomer.
N-terminal sequencing indicated that FSAP cleaved pro-
BMP-2 at two locations to generate the naturally occurring
sequence of themature BMP-2 (283QAKHK), corresponding to
the regular S1 PC cleavage site, and a sequence downstream
corresponding to the cleavage site that was identified inmature
BMP-2 (290KRLK) (Fig. 4).

Because FSAP is a circulating serine protease, we compared
its specificity and effect with other proteases derived from
blood. FSAP-mediated proteolysis and activation of mature
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BMP-2 (Fig. 5, A and B) and pro-BMP-2 (Fig. 5, C and D) was
stronger than that with plasmin, whereas other proteases, such
as thrombin, FXa, FVIIa, and activated protein C, were not
effective. Because FSAP and plasmin show high sequence
homology, a detailed comparison between both proteases was
performed. Here, FSAPwasmore effective in activating BMP-2
and pro-BMP-2 than plasmin (supplemental Fig. 2). Analysis of
plasmin cleavage sites showed that mature BMP-2 and pro-
BMP-2 were cleaved only at one site, corresponding to
291RLKSS, which is one amino acid downstream of the FSAP
cleavage site compared with mature BMP-2 (supplemental Fig.
3). Hence, there were some differences between FSAP and plas-
min with respect to efficacy and specificity of cleavage sites.
FSAP Modulates BMP-2-mediated Activation of Smad1/5/8

Phosphorylation and Decreases Cell Proliferation—To further
characterize the biological activity of processed BMP-2 and
pro-BMP-2, the signaling pathway of BMP-2 was analyzed with
a focus on the Smad1/5/8 phosphorylation in C2C12 cells.
Western blotting revealed that the FSAP enhanced BMP-2/
pro-BMP-2-mediated phosphorylation of Smad1/5/8. Smad1
served as an internal loading control for quantification (supple-
mental Fig. 4). Stimulation of myoblasts by BMP-2 led to their
differentiation into osteoblasts with a concomitant inhibition
of cell growth. In C2C12 cells, the growth-inhibitory effect of
BMP-2/pro-BMP-2 was enhanced by FSAP (supplemental Fig.
5). Similarly in vascular smooth muscle cells (VSMCs), after
activation with FSAP and pro-BMP-2, we observed differences
in the expression of Id1 and Smad6 (supplemental Fig. 6).
Hence, the proteolytic cleavage of BMP-2/pro-BMP-2 by FSAP
increased their cellular effects on different cell lines.

FIGURE 1. Influence of FSAP on BMP-2 activity. A, FSAP (50 nM) increased BMP-2 (100 nM) activity shown by induction of ALP in C2C12 myoblast cells.
Coincubation with heparin (hep.; 25 �g/ml) or aprotinin (aprot.; 10 �g/ml) reduced BMP-2 activity. B, FSAP-mediated BMP-2 activity is reversible by incubation
with the BMP inhibitor noggin (50 nM). C, dose-dependent enhanced activity of BMP-2 after FSAP preincubation measured by ALP induction in C2C12 cells. In
the presence of aprotinin, there was no increase in ALP induction. D, time-dependent ALP induction after BMP-2 treatment with FSAP. Means and S.D. values
(error bars) were calculated from triplicate wells, and similar data were obtained in three independent experiments.

FIGURE 2. Characterization of FSAP-mediated BMP-2 proteolysis. A, West-
ern blot analysis with preincubated BMP-2 and FSAP (2 h, 37 °C) in the pres-
ence or absence of aprotinin or heparin. A low molecular weight band
appeared in the presence of enzymatic active FSAP, which was named trun-
cated BMP-2 (trBMP-2). B, SDS-PAGE with preincubated BMP-2 and FSAP (2 h,
37 °C) for sequencing analysis. FSAP buffer served as control. Arrows indicate
the identified amino acid sequences of analyzed peptides. C, schematic of the
amino acid sequence of BMP-2. N-terminal amino acid sequencing revealed a
cleaved BMP-2 product (Arg2892Lys290) and the generation of a seven-resi-
due truncated peptide starting with the sequence KRLKS (protein sequence
from human pro-BMP-2 was taken from UniProt entry P12643).
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Role of Endogenous FSAP inBMP-2 Processing inHepatocytes—
We then investigated whether endogenous FSAP could also
contribute to the cleavage and activation of BMP-2. Because
hepatocytes are the main source of FSAP expression, we tested
if hepatic FSAP could cleave and activate BMP-2 and pro-
BMP-2. The mouse AML12 hepatocyte cell line was treated
with siRNA against the FSAP gene (habp2) to knock down
endogenous FSAP expression. These, as well as control

siRNA-treated cells, were incubated with BMP-2 and pro-
BMP-2, and growth factor processing was followed byWestern
blotting. siRNA treatment significantly reduced FSAP expres-
sion at the protein and mRNA level, and this was also coinci-
dent with reduced processing of pro-BMP-2 (Fig. 6, A and B).
To further elucidate the activity of processed BMP-2, we ana-
lyzed the expression of the BMP-2 target gene hepcidin. Con-
trol siRNA-transfected cells led to the induction of hepcidin

FIGURE 3. Latent pro-BMP-2 can be activated by FSAP. A, dose-dependent ALP induction in C2C12 cells after pro-BMP-2 (100 nM) and FSAP (0 –100 nM)
treatment. Enzymatically inhibited FSAP by cotreatment with aprotinin (aprot.) served as a negative control. B, Western blot analysis of dose-dependent
cleavage of pro-BMP-2 (45 kDa) by FSAP into the mature form (12 kDa) indicated by arrows. C, time-dependent induction of ALP by FSAP (50 nM)-pretreated
pro-BMP-2 (100 nM) in C2C12 myoblasts. Enzymatically inhibited FSAP by treatment with aprotinin served as a negative control. D, Western blot analysis shows
time-dependent cleavage of pro-BMP-2 by FSAP. Graphs represent means and S.D. (error bars) from one experiment, which could be reproduced in three
independent replicates.

FIGURE 4. Characterization of FSAP-mediated pro-BMP-2 proteolysis. A, Western blot analysis of pro-BMP-2 cleavage by active FSAP or enzymatically
(Phe-Pro-Arg-chloromethylketone) inhibited FSAP (PPACK-FSAP). The band pattern revealed cleavage of pro-BMP-2 (45 kDa) to mature BMP-2 (12 kDa) only
after incubation with active FSAP (2 h, 37 °C). B, SDS-PAGE with preincubated pro-BMP-2 and FSAP (2 h, 37 °C) for sequencing analysis. For controlling
nonspecific cleavage, FSAP buffer was used as a negative control. Two generated peptides were analyzed by N-terminal sequencing. C, scheme of FSAP-
mediated pro-BMP-2 proteolysis. The first cleavage site was identified as the natural PC cleavage site (underlined), resulting in liberation of the inactive
pro-domain (Arg2822Gln283), and second cleavage (Arg2892Lys290) was identical to mature BMP-2 proteolysis by FSAP.
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FIGURE 5. Comparison of different extracellular proteases upon BMP-2 and pro-BMP-2 activation. A, ALP induction of BMP-2 (100 nM) after treatment
with different proteases (FSAP, plasmin, thrombin, FVIIa, activated protein C (APC), and FXa, each 50 nM) in C2C12 cells. B, Western blot analysis of proteases-
treated BMP-2 (30 min, 37 °C). The arrows indicate cleaved peptides. trBMP-2, truncated BMP-2. C, pro-BMP-2 (100 nM) activity after incubation with various
proteases (50 nM each) in C2C12 cells and induction of ALP. D, comparison of pro-BMP-2 cleavage by different extracellular proteases. Western blotting shows
cleaved precursor protein bands, which are indicated by arrows. The presented data show means and S.D. (error bars), which are representative from three
independently performed experiments.

FIGURE 6. Processing of BMP-2 by endogenous FSAP in mouse hepatocytes. A, AML12 hepatocytes were analyzed for pro-BMP-2 cleavage by Western
blotting after siRNA-induced knockdown of the FSAP-encoding gene (habp2) compared with control siRNA. Western blot analysis revealed less pro-BMP-2
cleavage (30 min (top) and 4 h (bottom)) in the presence of FSAP siRNA knockdown. The band pattern was compared with that of recombinant pro-BMP-2 and
BMP-2 proteins. B, Western blot showing FSAP protein in siRNA-transfected hepatocytes (supernatants), which served as a control for knockdown efficiency. C,
Real-time PCR analysis of the mRNA expression of the BMP-2 target gene hepcidin in hepatocytes. siRNA-transfected hepatocytes were stimulated with
pro-BMP-2 or BMP-2, and expression of hepcidin gene product (hamp) was analyzed. Fold change in mRNA expression of hepcidin was relative to GAPDH
mRNA. Middle, FSAP mRNA was significantly down-regulated by habp2 siRNA. Bottom, plasminogen (Plg) mRNA expression was not affected by FSAP siRNA
transfection. Graphs are mean values � S.D. (error bars) from four independent experiments. Statistical analysis was carried out by analysis of variance (*, p �
0.05 (significant); n.s., not significant).
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mRNA after growth factor stimulation, whereas hepcidin
expression was low in FSAP siRNA-treated cells (Fig. 6C). As a
control, endogenous plasminogen mRNA expression was
unchanged in hepatocytes, but thiswas not sufficient to activate
pro-BMP-2. These findings suggest that endogenous FSAP
from liver cells can activate BMP-2 and pro-BMP-2.
Effect of Mutating the Putative FSAP Cleavage Sites in

Pro-BMP-2—We have further characterized the cleavage sites
of pro-BMP-2 by FSAP throughmutating the twohot spots that
were identified above. These cleavage sites fall into two clusters
of basic amino acids, where Arg2822Gln283 is located at the
canonical PC cleavage site, and the second cleavage site,
Arg2892Lys290, is located in the heparin binding region of
mature BMP-2. Here, we replaced selected single arginine/ly-
sine residues with a serine using site-directed mutagenesis and
transfected HEK293 cells for protein expression (Fig. 7A).
Western blot analysis of conditioned medium with a BMP-2
antibody showed expression ofWT andmutants of pro-BMP-2
(Fig. 7B). Surprisingly, the activity of each of these single
mutants was increased in the presence of FSAP (Fig. 7C). Thus,
all mutants were cleaved similarly as theWT pro-BMP-2, indi-
cating that endogenous as well as FSAP-mediated processing is

tolerant to single amino acid changes in these two basic
clusters.
We then performed triple mutations of three basic residues

to serines at sites of both the predicted cleavage hot spots (Fig.
8A). The triple mutation of the canonical PC cleavage site
(SSS282) resulted in very low secretion of mutant pro-BMP-2
(Fig. 8B). This low secretion rate indicates the importance of
PC-mediated intracellularly processing as described before
(40). However, this mutant was cleaved by FSAP, as indicated
byWestern blot analysis of FSAP-treated conditioned medium
(Fig. 8B). The triple mutant SSS289 of the heparin binding
region in mature BMP-2 was secreted normally, because this
site is independent of the PC site, but it could not be cleaved by
FSAP (Fig. 8B). Analyzing the biological activity of this (SSS289)
revealed no significant ALP increase in the presence of applied
FSAP (Fig. 8C). Hence, mutations of the identified cleavage
sites showed cleavage as well as activity patterns as would be
expected for the classical PC-mediated cleavage and FSAP-me-
diated cleavage.

DISCUSSION

TGF-�-related growth factors are locally expressed in the
vasculature and regulate fibrotic and degenerative diseases.
Our investigations into the regulation of BMP-2 activity by cir-
culating proteases from the coagulation and fibrinolysis system
showanovelmechanismofBMP-2 activation by FSAP.This fits
well with our previous observations that FSAP inhibits the
activity of PDGF-BB, which is a proliferative factor for mesen-
chymal cells (2). Thus, FSAP inhibits a proliferative factor,
PDGF-BB, and activates a differentiating/growth-inhibiting
factor, BMP-2, which can potentially alter the phenotype of
mesenchymal cells in the vasculature. This may explain the
association of polymorphism in the FSAP gene with carotid
stenosis, atherosclerosis, and calcification in the vasculature
(3–5, 41).
Thus, we propose a model in which tissue injury releases

histones and nucleosomes, which leads to local activation of
FSAP (42, 43). Thereafter, activated FSAP mediates BMP-2
cleavage and generation of truncated BMP-2, which is charac-
terized by enhanced activity. The N-terminal region of mature
BMP-2 contains a 17-amino acid-long heparin binding domain,
which shows high affinity to proteoglycans of the extracellular
matrix (35). Matrix retention sequences can be found in differ-
ent growth factors at N or C termini, BMP-2 has a heparin
binding site at its N terminus (35), and members of the PDGFs
have them on their C terminus (44). Although this is not the
active site where receptor binding and activation is mediated, it
plays an important role in regulating BMP activity in an envi-
ronment-dependent context (31). Previous studies have shown
that trypsin also cleaves mature BMP-2 within the heparin
binding domain at three different sites (Gln2892Arg290,
Arg2902Lys291, and Lys2912Arg292 (26). This so-called digit-
removed BMP-2 had stronger activity in a limb bud cell assay
compared with full-length BMP-2 (35). Furthermore, digit-re-
moved BMP-2 clearly had positive effects on bone formation
after implantation in rats (26). Here, we show that FSAP and
plasmin cleavage can achieve similar enhanced bioactivity but
in a more patho-physiologically relevant manner. The concen-

FIGURE 7. Characterization of different recombinant pro-BMP-2 mutants
and FSAP-mediated growth factor activation. A, amino acid sequence of
wild type (wt) and five different single mutants of human pro-BMP-2. Mutated
amino acids are highlighted, the PC cleavage site is underlined, and putative
FSAP/PC cleavage sites are marked by arrows. Names of cloned constructs are
shown on the right, indicating the position of amino acid exchange. B, expres-
sion of different single mutants of human pro-BMP-2 in HEK293 cells as well as
WT pro-BMP-2 and Western blot analysis of conditioned medium after incu-
bation with FSAP. C, ALP induction of C2C12 cells after stimulation with con-
ditioned medium from single mutants with and without incubation with
FSAP. Error bars, S.D.
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tration of FSAP zymogen in the circulation is 180 nM, and
18–40% is activated under proinflammatory conditions and
subsequently forms complexes with inhibitors (42).
PCs are Ca2�-dependent serine endoproteases and can acti-

vate different growth factors like IGF-1, TGF-�, or VEGF-C by
cleavage of the consensus sequence RX(R/K)R (45). For a long
time it was assumed that processing of pro-BMPs would take
place in theGolgi and that only the processed formswithout the
pro-domainswould be secreted. Association of the pro-domain
with the mature growth factor can bind to the extracellular
domain of BMPRIA (46). Furthermore, it is known from the
literature that, pro-BMP-2 shows no binding characteristics to
the extracellular domain of BMPRII (46). It is still an open ques-
tion whether all of the BMP-2 is secreted in its cleaved mature
form or if some is secreted as a pro-form. Our observations in
HEK293 cells show that some BMP-2 is secreted as a pro-form,
and this confirms earlier observations showing the same phe-
nomenon (47). Apart from the cell culture-based studies, so far,
secreted pro-BMP-2 was detected in patients with rheumatic
arthritis, where the pro-formhas beenmeasured in the synovial
liquid (48). Speculations about a putative role of the BMP-2
pro-domain in the extracellular space could be made by the
observations that some members of the cystine knot family,
such as TGF-�1 (49, 50), PDGF-C (51), and PDGF-D (51),
are secreted as bona fide pro-forms and then processed in the
extracellular environment.
Mutation of single amino acids in the classical S1 cleavage

site did not alter processing and secretion via endogenous PCs.
This can be explained by the fact that alternative PC cleavage
sites, such as S2 and S3, could be used in these circumstances
(20, 40, 52), but future studies are required to resolve this issue.
All of these single mutants were also cleaved by FSAP. Triple

mutation of the canonical PC cleavage site strongly reduced
protein secretion, indicating that in these circumstances, alter-
native cleavage sites are not used. Nonetheless, this mutant was
cleaved by FSAP, presumably at the downstream site in the
mature BMP-2. The triple mutation SSS289 in the mature pro-
tein did not influence cleavage by PCs at the S1 site but abol-
ished the cleavage with FSAP, confirming that the KQR289

motif in mature BMP-2 is required for FSAP-mediated cleav-
age. It is interesting to note that this mutation also diminishes
the cleavage by FSAP at the classical S1 cleavage site for reasons
that are not clear.
One of the unexpected observations we made is that

although BMP-2 can be activated by FSAP, this is not true for
TGF-�1, despite the high similarities between them. One dif-
ference could be the presumed cleavage of the pro-form of
BMP-2 in the Golgi, which leads to dissociation of the pro-
domain from themature factor, whereas in the case of TGF-�1,
the cleaved pro-domain, called latency-associated peptide,
remains associated with the mature growth factor, which is
released as a complex (53). Furthermore, another gene product
called latent TGF-�-binding protein associates with this com-
plex and also regulates processing and cellular association. Fac-
tors such as low pH and proteases in the extracellular milieu
then separate these from the active TGF-� (54). Although the
plasminogen activation system has been shown to be involved
in TGF-� activation (53), here we found that FSAP, despite
similarities to plasminogen, did not show the same effect. Our
preliminary findings show that GDF-5 (growth and differenti-
ation factor 5)/BMP-14 and BMP-7 are also activated by FSAP
(data not shown), indicating that other members of the TGF-�
family that are similar to BMP-2 in their sequence and secretion
mechanisms are likely targets of FSAP.

FIGURE 8. Triple mutation of pro-BMP-2 in the heparin binding domain prevents activation by FSAP. A, mutation sites of generated pro-BMP-2 triple
mutants. B, Western blot analysis of supernatants of transfected HEK293 cells. SSS282 was expressed in very low amounts compared with SSS289. The protein
product of triple mutant SSS282 showed proteolysis after FSAP treatment, whereas the mutant SSS289 was protected. For comparison of immunoreactivity of
BMP-2 antibody and molecular weight bands, E. coli-produced BMP-2 and pro-BMP-2 (control (c)) were included. C, ALP induction by triple mutant strains in
C2C12 cells. No significant activation was observed after incubating SSS289 mutant with FSAP. Data were obtained from three independent experiments with
statistical analysis using analysis of variance (p � 0.05 (significant); n.s., not significant).
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It is interesting to note that of all the hemostasis factors
tested, we found that only plasmin and FSAP cleaved BMP-2.
The serine protease domain of FSAP shows the highest homol-
ogy to plasmin, which is reflected here in their similar proteo-
lytic actions. There were some differences in their efficacy and
preference for cleavage sites. FSAP and plasmin are both likely
to be activated in inflammatory remodeling situations but via
completely different mechanisms. FSAP is converted into the
active form by interaction with nuclear material released by
necrotic/apoptotic cells, such as histones and nucleosome (42,
43), whereas plasminogen is activated by urokinase and tissue
plasminogen activators as well as plasmin. The link between
FSAP and plasmin is reinforced by the fact that FSAP is a potent
activator of pro-urokinase (55), which could be a positive reg-
ulatory loop by enhancing plasmin activation. We further
found evidence that endogenous FSAP expressed by hepato-
cytes contributes to growth factor cleavage and activation that
was identified by transcriptional activation of a hepatic BMP-2
target gene. Hence, using another test system, independently of
adding exogenous FSAP, gave the same results, indicating the
universality of the observations. Similarly, in VSMCs, the
induction of Id1 and Smad6 mRNA by pro-BMP-2 was
increased by FSAP, again confirming the same observations in
another cell type.
Some of the proteins, which are responsible for development

and progression of vascular calcification, belong to the TGF-�
family (56). The atherosclerotic calcification process includes
changes in gene expression of VSMCs (57, 58), pericytes (59),
and adventitial myofibroblast (60). In VSMCs, these changes
are mainly regulated by BMP-2, in a process similar to bone
formation. Furthermore, BMP-2 was detected in calcified
humanVSMCs bymRNA level (61) and by immunohistochem-
istry (62). In mouse models, overexpression of BMP-2 led to
calcification of plaques in ApoE�/� mice (63), whereas inhibi-
tion of BMP-2was protective (64). There is also evidence for the
involvement of FSAP in atherosclerosis and vascular calcifica-
tion processes. This evidence is based on genetic studies in
human populations that link polymorphism in the FSAP gene
to stroke (65), atherosclerosis, and vascular calcification (4, 5).
This link between the two observations will need to be explored
in further detail in future studies. A further implication of our
work is related to the therapeutic use of BMP-2 and pro-
BMP-2. Both of these proteins are used to speed up repair of
bone fractures (66), and their in vivo activation by our described
mechanismsmay play an important role in regulating their effi-
cacy at the site of injury.
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