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Bone morphogenetic protein 10 (BMP10) is a member of the
TGF-� superfamily and plays a critical role in heart develop-
ment. In the postnatal heart, BMP10 is restricted to the right
atrium. The inactive pro-BMP10 (�60 kDa) is processed into
active BMP10 (�14 kDa) by an unknown protease. Proteolytic
cleavage occurs at the RIRR3162 site (human), suggesting the
involvement of proprotein convertase(s) (PCs). In vitro diges-
tion of a 12-mer peptide encompassing the predicted cleavage
site with furin, PACE4, PC5/6, and PC7, showed that furin
cleaves the best, whereas PC7 is inactive on this peptide. Ex vivo
studies in COS-1 cells, a cell line lacking PC5/6, revealed effi-
cient processing of pro-BMP10 by endogenous PCs other than
PC5/6. The lack of processing of overexpressed pro-BMP10 in
the furin- and PACE4-deficient cell line, CHO-FD11, and in
furin-deficient LoVo cells, was restored by stable (CHO-FD11/
Fur cells) or transient (LoVo cells) expression of furin. Use of
cell-permeable and cell surface inhibitors suggested that endog-
enousPCsprocess pro-BMP10mostly intracellularly, but also at
the cell surface. Ex vivo experiments in mouse primary hepato-
cytes (wild type, PC5/6 knock-out, and furin knock-out) corrob-
orated the above findings that pro-BMP10 is a substrate for
endogenous furin. Western blot analyses of heart right atria
extracts from wild type and PACE4 knock-out adult mice
showed no significant difference in the processing of pro-
BMP10, implying no in vivo role of PACE4. Overall, our in vitro,
ex vivo, and in vivo data suggest that furin is the major conver-
tase responsible for the generation of BMP10.

The heart is the first organ to be formed during embryogen-
esis and it develops via a complex and sequential process that
involves simultaneousmorphogenesis and differentiation. Car-
diac morphogenesis is under the control of a large variety of

regulatory proteins, including TGF-�-related family members
(1). TGF-�-like proteins and other substrates like neuropep-
tides, receptors, or viral glycoproteins are known targets for
members of the secretory basic amino acid (aa)2-specific pro-
protein convertase(s) (PCs) (2, 3). Inmammals, sevenmembers
of the basic aa-specific PC family have been characterized
(mouse genes Pcsk1 to Pcsk7) that cleave various precursors at
the consensusmotif K/R-Xn-K/R2 (n� 0, 2, 4, or 6 andX is any
aa, except Cys) (2). Four of them, furin, PC5/6, PACE4, and
PC7, are ubiquitously or widely expressed and are responsible
for the majority of processing events occurring in the constitu-
tive secretory pathway, at the cell surface and/or in the extra-
cellular matrix (3).
Despite their functional redundancy ex vivo, these PCs fulfill

key processing events in vivo, as revealed by the specific pheno-
types resulting from their respective gene inactivation in mice.
Pcsk3 (furin gene) knock-out (KO) inmice causes early death by
embryonic day 10.5 (E10.5) due to hemodynamic insufficiency
and cardiac ventral closure defects translated into failure of the
heart tube to fuse and undergo looping morphogenesis (4).
These phenotypes emphasize the critical involvement of furin
in cardiac development. Pcsk5 (PC5/6 gene) KO leads to death
at birth with an altered antero-posterior patterning, including
extra vertebrae, lack of tail, kidney agenesis, hemorrhages, col-
lapsed alveoli, and retarded ossification, aswell as heart ventric-
ular-septal defects (5, 6). Mice lacking Pcsk6 (PACE4 gene) KO
survive to adulthood, and some develop incompletely pene-
trant left-right patterning defects combined with cyclopia,
craniofacial, and cardiacmalformations (7, 8).Pcsk7 (PC7 gene)
KO mice exhibit no overt abnormalities (9).3 Thus, heart
defects are a common phenotype associated with the single KO
of the mouse genes coding for furin, PC5/6, or PACE4, but not
PC7.
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Bone morphogenetic protein 10 (BMP10) is a newly identi-
fied cardiac-specific growth factor that is a member of the
TGF-� superfamily and is known to play a critical role in heart
development. BMP10 expression ismost abundant in the devel-
oping and postnatal heart andweaker in the adult liver and lung
(10). During mouse cardiogenesis, after completion of embry-
onic cardiac patterning and looping and at the onset of tra-
beculation and chamber maturation, BMP10 is transiently
expressed in the ventricular trabecular myocardium (E9–
E13.5). By E16.5–E18.5, BMP-10 is only expressed in the atria,
and is restricted to the right atrium (RA) in the postnatal heart,
where it promotes increased cardiomyocyte and heart size (10–
12). Homozygous BMP10 KO embryos die in utero between
E10 and E10.5 due to arrested cardiac development. Compared
with wild type (WT) embryos, KO embryos appear normal at
E8.5, but display cardiac dysgenesis at E9–E9.5 with profound
hypoplastic ventricular walls, absence of ventricular trabeculae,
and a significantly lower heart rate (11).
As with all members of the TGF-� superfamily, BMP10 is

synthesized as an inactive precursor protein (pro-BMP10, �60
kDa) that is presumably activated by proteolytic cleavage, likely
at the motif RIRR3132 (mouse nomenclature) releasing the
secreted non-glycosylated C-terminal mature peptide of 108 aa
(�14 kDa; BMP10) and an N-terminal prosegment of �50 kDa
(supplemental Fig. S1). Mature BMP10 exhibits a conserved
pattern of 7 cysteines, one of which is thought to be engaged in
an interchain disulfide bond (13, 14) (supplemental Fig. S1).
BMP10 shares �98% aa sequence identity among human,
mouse, and rat orthologs.
Cleavage of pro-BMP10 at the motif RXRR2 suggests the

involvement of basic aa-specific PCs (2). The restricted expres-
sion of BMP10mRNA to the RA of the heart in adult mice, and
heart-specific phenotypes observed in mice lacking furin,
PC5/6, or PACE4, led us to test herein the implication of these
convertases in the generation of mature BMP10.

EXPERIMENTAL PROCEDURES

Bioinformatic Searches—We identified all human andmouse
protein sequences with signal peptides in ENSEMBL and
screened them for the consensus sequence (R/K)-Xn-R2[N]
(whereX� 0, 2, 4, 6 aa) using the FuzzPro program (EMBOSS).
Positive hits, where the potential cleavage motif was present in
both human and mouse proteins, were screened against the
Mouse Genome Informatics data base to identify the proteins
where there is also genetic evidence for their relevance in heart
development. Data were integrated and queried using a rela-
tional data base.
In Vitro Assays—Enzymatic in vitro activities of the purified

furin, PC5/6, PACE4, and PC7 (15) were measured at 37 °C in
100 �l of buffer (25 mM Tris-MES, 2 mM CaCl2, pH 7) in the
presence of 100 �M of the fluorogenic substrate pyroglutamic
acid-RTKR-7-amido-4-methylcoumarin (Pyr-RTKR-MCA;
Peptide International). The release of free 7-amino-4-methyl-
coumarin (AMC) was detected with a Spectra MAX GEMINI
EM microplate spectrofluorimeter (Molecular Devices) (exci-
tation, 370 nm; emission, 460 nm; emission cutoff, 435 nm). 1
unit of enzymatic activity was defined as 1 pmol of AMC
released from 100 �M Pyr-RTKR-MCA/min at 37 °C. The

12-mer synthetic peptides encompassing the predicted cleav-
age site of mouse pro-BMP10, DSSARIRR3132NAKG (WT-
mBMP10), and DSSARIRR3132DAKG (N314D-mBMP10, in
which the Asn at the P1� position was mutated to Asp), were
obtained from GenScript (NJ).
To determine the specificity of the PCs for the processing of

the above synthetic substrates, peptides were individually incu-
bated at 37 °C for 2 h in vitro (200�Mpeptide in 100�l of buffer:
25 mM Tris-MES, 2 mM CaCl2, pH 7) with 2 units of purified
PCs (15). For measurement of the time dependence of in vitro
cleavage of WT-mBMP10 peptide by furin, PC5/6, or PACE4,
the incubations were carried out as above for 0, 10, 20, 30, and
40 min. For each incubation mixture the cleavage products
were separated by reversed-phase HPLC (RP-HPLC) on a Var-
ian C18 column (5 �m, 100 Å, 4.6 � 250 mm) using a 0–50%
acetonitrile (�0.1% TFA) gradient over 50 min, at 1 ml/min
flow rate. Peptide bonds were detected at 214 nm. The cleavage
site RIRR3132 was confirmed by mass spectrometry using
MS/MS.
For the determination of kinetic parameters Vmax(app) and

Km(app), furin samples (2 units) were incubated at 37 °C with
increasing concentrations of WT-mBMP10 peptide ranging
from 0 to 200 �M in a total volume of 200 �l of buffer as
described above. Fromeach reactionmixture, corresponding to
one peptide concentration, 25 �l were subjected to RP-HPLC
analysis per time point (see above) and 2–3 time points were
assayed, varying from 0 to 15 min. The initial rate of substrate
cleavage was obtained from the increase over time of the nor-
malized peak area (peak area/number of peptide bonds) corre-
sponding to the C-terminal fragment NAKG. The values were
transformed into micromolar/h by a standard curve generated
from variable concentrations of intact WT-mBMP10 peptide
for which the peak area was normalized to the number of pep-
tide bonds. Vmax(app) and Km(app) were calculated from a fit to
Michaelis-Menten equation (vi � (Vmax(app) � [S])/(Km(app) �
[S])) of plots of initial rates of cleavage (vi) against the
peptide concentration ([S]) using TableCurve2D software
(TableCurve2D version 5.01, SYSTAT Software Inc.).
Plasmids and Reagents—The cDNA encoding for human

BMP10 (pCMV6 � 15 vector) was obtained from OriGene
(MD). Human BMP10 and its mutant cDNAs (R313A, R316A,
and R313A/R316A) were subcloned, with a ProtC tag at the N
terminus, into pIRES2-EGFP vector (Clontech). Human furin,
human PACE4, mouse PC5A, and their mutant cDNAs were
cloned without a tag into pIRES-EGFP vector, as previously
described (16). All cDNAs were verified by DNA sequencing.
Cell Culture, Transfections, and Cell Treatments—HEK293

and COS-1 cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10%
(v/v) fetal bovine serum (FBS; Invitrogen), whereas CHO-K1,
furin-deficient CHO-FD11 (17), and furin-deficient LoVo (18,
19) cells were grown inHam’s F-12mediumwith 10% (v/v) FBS.
All cells were maintained at 37 °C under 5% CO2.
In a typical transfection experiment, at about 80–90% con-

fluence, cells were transiently transfected as follows: COS-1
(total of 4 �g of cDNA), CHO-K1 (total of 3 �g of cDNA), and
CHO-FD11 (total of 3 �g of cDNA) cells with Lipofectamine
2000 (Invitrogen); HEK293 cells (total of 0.6 �g of cDNA) with
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Effectene (Qiagen); LoVo cells (total of 2 �g of cDNA) with
FuGENE HD (Roche Diagnostics). In co-transfection experi-
ments with cDNAs coding for (ProtC)-BMP10 and for the
prosegment of furin (ppFurin) (20) or PACE4 (ppPACE4) (21),
the cDNA ratio of BMP10 to inhibitor was 1:2. The transfection
efficiencies were as follows: COS-1, 40–42%; CHO-K1,
27–30%; CHO-FD11, 30–40%; HEK293, 75–80%; LoVo,
10–11%. At 24 h post-transfection, cells were washed for 1 h (at
37 °C) in serum-free medium followed by incubation for an
additional 20 h in serum-free medium alone or in combination
with 10 �M hexa-D-arginine (D6R; EMD Chemicals), or 25 �M

decanoyl-RVKR-chloromethyl ketone (RVKR-cmk; Bachem),
respectively, as indicated in the figure legends. Following treat-
ments, cells and/or conditionedmediawere collected forWest-
ern blot analyses (see below).
Enzymatic Digestion of Glycosyl Moieties—Proteins from

conditioned media and cell lysates were incubated with
endoglycosidase H (EndoH) orN-glycosidase F (PNGase F) for
90 min at 37 °C. Products were separated on 8% Tris glycine
SDS-PAGE gels, transferred to a PVDF membrane (0.45 �m;
PerkinElmer Life Sciences), and revealed by Western blot (see
below).
Isolation, Culture, and Transfection of Mouse Primary

Hepatocytes—Mouse primary hepatocytes were isolated from
8–10-week-old male livers using a two-step collagenase perfu-
sion method, as previously described (22). In 3.5-cm Petri
dishes coated with fibronectin (0.5mg/ml, Sigma), 5� 105 cells
were seeded in Williams’ medium E supplemented with 10%
(v/v) FBS (Invitrogen). After 2 h, themediumwas replacedwith
hepatozymemedium (Invitrogen) for 12 h prior to transfection.
Transfections were performed with Effectene (Qiagen) using a
total of 5 �g of cDNA, following the manufacturer’s instruc-
tions (transfection efficiencies of 10–15%). The medium was
collected 48 h post-transfection and subjected to immunopre-
cipitation followed by Western blot analysis (see below).
Quantitative RT-PCR (QPCR) Analyses—RNA from isolated

mouse atria (right and left) were extracted using TRIzol, as
recommended by the manufacturer (Invitrogen). Primers from
neighboring exons were used to measure BMP10, furin,
PACE4, PC5/6, and mouse TATA-box binding protein. cDNA
synthesis and QPCR were performed as described previously
(23). The sets of primers were as follows: BMP10, 5�-CATCA-
TCCGGAGCTTCAAGAAC versus 5�-TCCGGAGCCCATT-
AAAAGTG; furin, 5�-CATGACTACTCTGCTGATGG versus
5�-GAACGAGAGTGAACTTGGTC; PACE4, 5�-GCTGGCT-
AAACAAGCTTTCGA versus 5�-CAAAAATGGAGCCCAG-
ACCTT; PC5/6, 5�-ACTCTTCAGAGGGTGGCTA versus
5�-GCTGGAACAGTTCTTGAATC; TATA-box binding pro-
tein, 5�-GCTGAATATAATCCCAAGCGATTT versus
5�-GCAGTTGTCCGTGGCTCTCT.
Western Blotting and Antibodies—Media from COS-1 cells

(transfected with non-tagged pro-BMP10) or mouse atria pro-
tein extracts (50 �g) were subjected to non-reducing (8% Tri-
cine) SDS-PAGE analyses, followed by transfer to a 0.2-�m
PVDF membrane (Millipore) and BMP10 detection using a
BMP10 antibody (BMP10 Ab; under non-reducing conditions)
(1:500; R&D Systems) and the corresponding secondary anti-

body conjugated to horseradish peroxidase (HRP) (1:10,000;
Invitrogen).
Proteins from medium of cultured cells (transfected with

ProtC-tagged pro-BMP10) were analyzed by 8% Tris glycine
SDS-PAGE, followed by Western blotting using a ProtC-Ab
(1:1000;GenScript) and a rabbitHRP-conjugated secondaryAb
(1:10,000; Invitrogen). Pro-BMP10 and its prosegment tagged
with ProtC at the N terminus were immunoprecipitated from
mouse primary hepatocytes culture medium (200 �l) using a
ProtC-Ab (2 �g; Abgent), resolved by 8% Tris glycine SDS-
PAGE gels, and immunodetected using the same ProtC-Ab
(1:1,000) and anti-rabbit IgG-HRP (1:2,000, TrueBlot).
The antigen-antibody complexes were visualized using the

enhanced chemiluminescence kit (ECL; Pierce). Quantitation
was performed using ImageJ software (National Institutes of
Health), and normalization was reported to �-actin. When
media were analyzed by Western blotting, the same volumes
were loaded on SDS-PAGE gels.
Biosynthetic Analyses—HEK293 cells (1 � 106 cells) were

transiently transfected in 60-mm dishes using Effectene (Qia-
gen) and a total of 1�g ofDNA.Twodays post-transfection, the
cells were washed and pulse-labeled with 250 �Ci/ml of
[32S]Met/Cys for either 15 min (pulse-chase experiments) or
2 h. When pulse-labeled for 2 h, the cells were also incubated
with brefeldin A (2.5 �g/ml), tunicamycin (5 �g/ml), D6R (10
�M), cell permeable RVKR-CMK (50 �M), or dimethyl sulfox-
ide. For the pulse-chase experiments, following the 15-min
pulse, the cells were chased for various periods in a medium
containing excess unlabeled Met/Cys. The cells were lysed in
modified radioimmune precipitation assay buffer (150 mM

NaCl and 50 mM Tris-HCl, pH 7.5), 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, and proteinase inhibitor mixture
(Mixture Set I; Calbiochem). Cell lysates and media were
immunoprecipitated with BMP10 Ab (2 �g) recognizing the
mature form. Immunoprecipitates were resolved by SDS-
PAGE on 8% Tricine gels and autoradiographed.

RESULTS

Bioinformatic Analysis of Potential Secretory PC Substrates
Exhibiting Asn at P1�, and Whose Gene Deletion Is Associated
with Heart Defects—Genetic evidence indicated that the pro-
protein convertases play key roles in cardiogenesis and left-
right (furin and PACE4) or antero-posterior patterning (PC5/6)
(5–8). Indeed, deletion of the PC5/6 gene (Pcsk5) led to death at
birth, with mice exhibiting multiple bone morphogenic defects
and heart abnormalities, including ventricular-septal defects
(5, 6). One of the in vivo specific PC5/6 substrates associated
with patterning defects was identified as growth differentiating
factor 11 (Gdf11) (5, 6). The PC5/6-specific processing of
NTKRSRR2952NLGLD in pro-Gdf11 required the presence of
Asn at the P1� position, as its replacement by Asp led to the loss
of PC5/6 specificity (5).
We therefore hypothesized that the motifs (R/K)X(R/

K)R2N, (R/K)XXR2N, or (R/K)XXXXR2N may represent
specific PC5/6 recognition sequences, as they fit the general
basic aa-specific PC consensus motif (R/K)XnR2, where Xn �
0, 2, or 4 aa (2). Consequently, we undertook a bioinformatic
analysis of all the genes coding for secretory proteins containing
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a similar luminalmotif, andwhose gene deletion results in heart
defects. Interestingly, the only substratematching these criteria
and exhibiting a paired basic aa motif was BMP10 (supplemen-
tal Table S1). All the other hits contained a single Arg at the P1
cleavage site. We chose to synthesize five 12–13-aa peptides
(shown in bold in supplemental Table S1) and tested their
cleavage in vitro by furin, PC5/6, PACE4, or PC7. This prospec-
tive screening revealed that only BMP10 was cleaved to any
significant extent by the PCs (not shown),making it the focus of
the present study.
Pro-BMP10 Processing in Adult Mouse Heart—Analysis of

the BMP10 precursor (pro-BMP10) sequence (supplemental
Fig. S1) strongly suggested that cleavage of the N-terminal
prosegment at DSSARIRR3132NAKG (mouse nomenclature)
would release active BMP10. The prosegment contains two
potential N-glycosylation sites at Asn67 and Asn131 and its size
is predicted to be �50 kDa (supplemental Fig. S1). It was
reported that, under non-reducing conditions, both purified
human BMP10 precursor (pro-BMP10) and mature BMP10
migrate as a mixture of monomers and disulfide-linked
homodimers (13).
Accordingly, we first expressed a recombinant human pro-

BMP10 in COS-1 cells and analyzed the secreted products by
SDS-PAGE under non-reducing conditions, followed byWest-
ern blotting using an antibody that only recognizes the native
precursor and its mature BMP10 form (nonreducing condi-
tions are recommended by the R&D manufacturer of the
BMP10 antibody) (Fig. 1A, left panel). The data showed that
endogenous enzymes in COS-1 cells are able to only partially
process pro-BMP10 (present as monomer and dimer) into
mature BMP10. However, co-expression of furin completely
transformed bothmonomeric and dimeric forms of the precur-
sor into the mature �17-kDa BMP10, which in our hands
migrates as amonomer even under non-reducing, but denatur-
ing conditions.
Using the same antibody, Western blot analysis of left (LA)

and right (RA)mouse heart atria extracts revealed the presence
of mature �17-kDa BMP10 only in extracts of the RA (Fig. 1A,
right panel). Because this antibody was raised in mouse, we
could not identify with certainty the pro-BMP10 form, as it
migrates close to non-reduced mouse IgGs recognized by the
secondary anti-mouse HRP-labeled antibody (Fig. 1A, right
panel). Nevertheless, the presence of the�17-kDa BMP10 only
in heart RA extracts agrees with our QPCR analysis (Fig. 1B)
and the previously reported in situ hybridization and QPCR
analyses (11), all of which revealed the restricted expression of
BMP10 mRNA in adult mouse RA.
In conclusion, mature BMP10 (�17 kDa) is detected in

mouse RA extracts and the cognate processing enzyme(s) of
pro-BMP10 in the RA is/are yet to be defined. Thus, we first
measured by QPCR the mRNA levels of the three plausible
processing enzymes furin, PC5/6, and PACE4 in RA and LA of
adult mice. Transcripts of the above three convertases were
similarly expressed in both RA and LA (Fig. 1C), with furin and
PACE4 as the major convertases found in this tissue.
In Vitro Processing of aMouse BMP10 Peptide Encompassing

Its PC-like Cleavage Site—To define the best processing
enzyme(s) of pro-BMP10, we first undertook an in vitro kinetic

analysis of the cleavage of a 12-mer peptide mimicking the
processing site of wild type (WT) mouse pro-BMP10:
DSSARIRR3132NAKG. This peptide was digested for 2 h with
equal activity units of furin, PACE4, PC5/6, or PC7 and the
products were separated by RP-HPLC and identified by mass
spectroscopy (Fig. 2A). The data showed that 86%of the 12-mer
peptide was cleaved by furin at the predicted Arg3132 site, as
compared with 67, 68, and 4% by PACE4, PC5/6, and PC7,
respectively (Fig. 2B and supplemental Table S2A). Kinetic
analyses revealed that furin is �3-fold more efficient in proc-
essing the 12-mer peptide as compared with PACE4 and PC5/6
(Fig. 2C), with an apparent Km(app) of �35 �M and Vmax(app)/
Km(app) of �1.9 h�1 (supplemental Table S2B). Finally, the
replacementof theP1�Asn314 byAsp314 (DSSARIRR3132DAKG)
reduced by more than 50% the cleavage kinetics by the three PC
candidates, without drastically affecting their cleavage selectivity
(supplemental Table S2A). Thus, in contrast to the P1� Asn of
pro-Gdf11 (5), the P1� Asn of pro-BMP10 is not critical for PC
selectivity. We conclude that in vitro furin is the best pro-BMP10
convertase, followed by PACE4 or PC5/6, whereas PC7 is an
unlikely candidate.
Ex Vivo Processing of Human Pro-BMP10—Human pro-

BMP10 carrying a protein C tag (ProtC) just after the signal
peptide site (Fig. 3A), as for pro-Gdf11 (5), was expressed in
COS-1 cells, known to lack PC5/6 expression (21, 24). Although
WT (ProtC)-BMP10 is well processed, the single R316A,

FIGURE 1. In vivo processing of mouse pro-BMP10. A, right panel: Western
blot of tissue extracts from RA and LA isolated from WT adult (3 months old)
male mice using a mouse BMP10 Ab or anti-mouse HRP Ab (control). Left
panel: ex vivo control, Western blot (WB) analysis of 20-h conditioned media
from COS-1 cells transiently transfected with non-tagged pro-BMP10 alone or
with furin using the same mouse BMP10 Ab. Proteins were resolved by 8%
Tris-Tricine SDS-PAGE gels under non-reducing conditions. B, BMP10 mRNA
levels were measured by QPCR in RA (dark gray bar) and LA from WT adult
male mice. Mean � S.D. are given and n � 5 mice per group. Expression of
BMP10 mRNA is restricted to adult mouse RA. C, PACE4, furin, and PC5/6
mRNA levels were determined by QPCR in RA (dark gray bars) and LA (light
gray bars) from WT adult male mice. Mean � S.D. are given and n � 5 mice per
group. No statistical difference was observed between the mRNA levels of the
RA and LA.
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R313A, and double R316A/R313Amutants are not cleaved (Fig.
3B,media). This proves that the cleavage site of pro-BMP10 at
RIRR3162NA requires both P1 and P4 Arg, befitting the cleav-
age recognition motif RXRR2 of basic aa-specific convertases
(2). The cleaved prosegment did not accumulate in cells (Fig.
3B,WT lanes), suggesting that inCOS-1 cells pro-BMP10 proc-
essing is a late cellular event occurring at the cell surface, or in
the media. This is supported by Endo H and PNGase F diges-
tions that show that whereas cellular pro-BMP10 is sensitive to
both enzymes, suggesting an endoplasmic reticulum localiza-
tion, the secreted pro-BMP10 and prosegment are only
digested by PNGase F and are resistant to Endo H treatment
(supplemental Fig. S2). Furthermore, the endogenous pro-
BMP10 convertase is likely to be a member of the PC-family, as
overexpression of potent secretory PC inhibitors composed of
either the prosegment of furin (ppFurin) (20) or PACE4
(ppPACE4) (21, 25) completely abrogated pro-BMP10matura-
tion (Fig. 3B,media).

To verify whether the high efficacy of endogenous furin to
process pro-BMP10 is cell-type dependent, we expressed

(ProtC)-BMP10 in different cells containing varying mix-
tures of the convertases, in the absence or presence of co-
transfected ppFurin (Fig. 4). Thus, we tested HEK293 cells
(expressing furin, PC5/6, and PACE4), COS-1 cells (lacking
PC5/6) (24), CHO-K1 cells (lacking PACE4) (17), CHO-
FD11 cells (lacking endogenous furin and PACE4) (17, 26),
CHO-FD11 cells overexpressing furin in a stable fashion
(lacking PACE4) (25), and LoVo cells (lacking furin and
PC5/6) (18, 24). Western blot analysis of the proteins
secreted in the medium show that all cells expressing ppFurin
cannot process pro-BMP10. Furthermore, cells that are defi-
cient in furin expression invariably exhibit lack of processing
(see CHO-FD11 and LoVo cells). Cells that lack only PACE4
still can process pro-BMP10, albeit less efficiently (32%) than
the same cells overexpressing furin (CHO-FD11/Fur or
furin-transfected LoVo cells) (100%) (Fig. 4). In human LoVo
cells, it seems that full-length furin (Furin) and soluble furin
(sFurin) lacking the transmembrane and cytosolic tail (27),
can both completely process pro-BMP10. This, however, is
not always the case, as will be next demonstrated in CHO-

FIGURE 2. In vitro, furin is better than PC5/6 or PACE4 at processing the 12-mer mouse BMP10 peptide at the predicted R311IRR3142 cleavage site,
whereas PC7 does not cleave this peptide. A, typical RP-HPLC profile for in vitro digestion of the 12-mer mouse BMP10 peptide with soluble furin. The
synthetic peptide (200 �M) was incubated for 2 h in vitro with 2 units of purified soluble furin, PC5/6, PACE4, or PC7, as described under “Experimental
Procedures.” The products were separated by RP-HPLC on a Varian C18 column (5 �m, 100 Å, 4.6 � 250 mm). The cleavage site RIRR2was confirmed by MS/MS.
The % cleavage was calculated as the ratio of the normalized peak areas (peak area/number of peptide bonds) of C-terminal fragment NAKG and the intact
12-mer peptide (at time 0). B, summary of the in vitro 2-h digestions of the 12-mer mBMP10 peptide with furin, PC5/6, PACE4, and PC7, respectively, based on
RP-HPLC analyses. The results represent an average of two independent experiments. C, time dependent in vitro cleavage of the 12-mer mBMP10 peptide. The
synthetic peptide was incubated with purified PCs in vitro for variable amounts of time. For each time point, the incubation mixture was subjected to RP-HPLC
separation and the % cleavage was calculated and plotted as a function of time. Averages of two independent experiments are presented. Based on the linear
range of the respective rate profiles (e.g. % cleavage at 20 min), the 12-mer mBMP10 peptide is a �3-fold better substrate for furin than for PC5/6 or PACE4.
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FD11 cells (Fig. 5). We conclude that, among the processing
enzymes examined, furin cleaves pro-BMP10 most effi-
ciently ex vivo, as it did in vitro, and that this result does not
seem to be cell-type dependent.

Processing of Human Pro-BMP10 by Furin, PACE4, and
PC5/6 Occurs in Different Cellular Locations—The above data
could not eliminate a possible contribution of PACE4 and
PC5/6 in the processing of pro-BMP10. Hence, we tested the
effect of co-expression of furin, PACE4, and PC5/6 with pro-
BMP10 in cells where it is not processed, i.e. CHO-FD11 cells
(Fig. 5). To determine whether localization to the cell surface
is important, we also co-expressed pro-BMP10 with either
sFurin, or mutant PACE4-	C and PC5/6-	C that lack the
C-terminal Cys-rich domains and thus no longer interact with
cell surface heparan sulfate proteoglycans (21, 25). Western
blot analysis of the proteins in the media showed that furin,
PACE4, and PC5/6 can process pro-BMP10 to release the
prosegment to the extent of 100, 90, and 80%, respectively (Fig.
5). The truncated forms that do not bind the cell surface either
have similar efficacies (PC5/6-	C; �90%), are less efficient
(sFurin; �20–40%), or no longer cleave pro-BMP10 (PACE4-
	C; 0%) (Fig. 5). These data suggest that in CHO-FD11 cells,
membrane binding of furin and cell-surface association of
PACE4 are needed formaximal activity on pro-BMP10 conver-
sion, whereas cell surface association is dispensable for PC5/6
activity on this precursor.
Processing of a control protein pro-7B2 by furin-like conver-

tases into 7B2 is known to occur in the trans Golgi network
(TGN) (28). The pan-PC cell-permeable inhibitor decanoyl-
RVKR-chloromethyl ketone (RVKR-cmk) (16, 29), and the cell-
surface peptide inhibitor hexapeptide D-Arg (D6R) (30, 31) are
good inhibitors of furin, PC5/6, and PACE4 activity on RTKR-
MCA in vitro (not shown). However, only RVKR-cmk, and not
D6R, was able to block the ex vivo pro-7B2 processing, as
observed in the medium of COS-1 cells treated with these
inhibitors (supplemental Fig. S3). Thus, we tested the efficacies
of the above inhibitors on pro-BMP10 processing, by analyzing

FIGURE 3. Ex vivo validation of the R313IRR3162 cleavage site by site-di-
rected mutagenesis. A, schematic representation of the 424-aa human pre-
pro-BMP10 and its derived forms, pro-BMP10, prosegment, and mature
BMP10 (BMP10). Depicted are the signal peptide (SP), N-terminal ProtC tag,
potential N-glycosylation sites (N67, N131), predicted PC-processing site
(R313IRR3162) and its mutants: P1 (R316A), P4 (R313A), and P1/P4 (R316A/
R313A). B, cell lysates (left) and 20-h conditioned media (right) from COS-1
cells transiently expressing (ProtC)-BMP10 carrying either no mutation (WT;
lane 1) or mutations R316A (lane 2), R313A (lane 3), and R316A/R313A (lane 4),
or (ProtC)-BMP10 WT and either prepro-furin (ppFurin; lane 5) or prepro-
PACE4 (ppPACE4; lane 6), or no protein (vector, lane 7) were analyzed by West-
ern blotting using a rabbit ProtC-Ab. Processing of pro-BMP10 (pro) WT into
its prosegment is detected only in the medium (right). The mutant forms of
pro-BMP10 (R316A, R313A, and R316A/R313A) are no longer cleaved. In cell
lysates only the uncleaved form (pro-BMP10) is detected (left). *, nonspecific
band. The data are representative of at least two independent experiments.
WB, Western blot.

FIGURE 4. Pro-BMP10 is cleaved ex vivo by endogenous furin (CHO-K1
cells), stably expressed furin (CHO-FD11/Fur cells), or transiently
expressed furin (LoVo cells). Western blot (WB) analyses of 20-h condi-
tioned medium from cells (HEK293, COS-1, CHO-K1, CHO-FD11/Fur, and CHO-
FD11 cells) transiently transfected with either (ProtC)-BMP10 and an empty
vector, or (ProtC)-BMP10 and the prosegment of furin (ppFurin), and from
cells (LoVo cells) transfected with either empty vector, (ProtC)-BMP10 and
empty vector, (ProtC)-BMP10 and furin, or (ProtC)-BMP10 and sFurin. The % of
pro-BMP10 cleavage into its prosegment, calculated as prosegment/(pro-
BMP10 � prosegment) � 100, is indicated below each lane along with the
average % cleavage and S.D. values of several (n) independent experiments.
The deficiency in endogenous PC activity of each cell line is depicted as 	PC.
Note the lack of processing of pro-BMP10 overexpressed in cell lines deficient
in endogenous furin activity (CHO-FD11 and LoVo cells).

FIGURE 5. Ex vivo processing of human pro-BMP10 by overexpressed
furin, PACE4, and PC5/6. Western blot (WB) analyses of 20-h conditioned
media from CHO-FD11 cells transiently transfected with either empty vector
(vector; lane 8), or with a vector expressing ProtC-tagged pro-BMP10 (lanes
1–7; (ProtC)-BMP10) and vectors expressing either no protein (vector), furin,
PACE4, or PC5/6, or their truncated versions sFurin, PACE4-	C, or PC5/6-	C.
Proteins were revealed by using a rabbit ProtC-Ab. The corresponding per-
centages of pro-BMP10 cleavage (%) calculated from the ratio of band inten-
sities of prosegment/(pro-BMP10 � prosegment) are indicated. The average
% of pro-BMP10 cleavage and corresponding S.D. values from 4 independent
experiments (n � 4) are shown as a bar graph.
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CHO-FD11 cells overexpressing the substrate and the conver-
tases (Fig. 6A), and naive HEK293, or COS-1 cells overexpress-
ing pro-BMP10 only (Fig. 6B). InCHO-FD11 cells, the presence
of 25�MRVKR-cmk inhibited the processing of pro-BMP10 by
furin (�60%) and sFurin (�98%). In contrast, 10 �M D6R had
no overt effect (Fig. 6A, left panel). This suggests that intracel-
lular furin and sFurin are mostly responsible for the processing
of pro-BMP10, and that in the media furin is not able to cleave
this precursor.
In contrast to furin, the processing of pro-BMP10 by either

PACE4 or PC5/6 is almost completely (�95%) inhibited byD6R
(Fig. 6A, right panel), suggesting that their activity on pro-
BMP10 is primarily limited to the cell surface. In agreement, the
secreted PACE4-	C that does not bind cell surface heparan
sulfate proteoglycans (21, 25) also does not cleave pro-BMP10
(Fig. 5). Unexpectedly PC5/6-	C is only partially inhibited by
D6R (�30%; Fig. 6A, right panel), suggesting that this truncated
form of PC5/6 can also process pro-BMP10 intracellularly.
To gauge the sensitivity of pro-BMP10 processing by endog-

enous convertases, we compared the effects of RVKR-cmk and
D6R on HEK293 cells (Fig. 6B, left panel) and COS-1 cells (Fig.
6B, right panel). Analysis of the medium from both cell types
revealed that RVKR-cmk completely abolished the processing
of pro-BMP10. In contrast, D6R had either partial (HEK293
cells) or full (COS-1 cells) inhibitory effects on this processing.
These findings suggested that, in HEK293 cells, pro-BMP10
processing is mostly achieved by endogenous intracellular pro-
teases, most likely furin, with some contribution of cell surface/
media enzymes. In contrast, in COS-1 cells, which are very rich

in heparan sulfate proteoglycans (21) and express low levels of
furin and PC5/6 (24), processing of pro-BMP10 mostly
occurred at the cell surface/media, likely by endogenous
PACE4.
We next studied the time-dependent processing of pro-

BMP10 using a pulse-chase paradigm in HEK293 cells. Follow-
ing a 15-min pulse with [35S]Met/Cys, the cells were washed
and chased for 30, 60, and 120 min. Immunoprecipitation of
BMP10 and SDS-PAGE (Fig. 7A) show that it took about 30min
of chase (P15C30) to detect mature BMP10 in the media. The
lack of accumulation of BMP10 in the cells at all chase periods
suggests that, once formed, mature BMP10 is rapidly secreted
(Fig. 7A).
Pro-BMP10 processing was also analyzed after a 2-h pulse

with [35S]Met/Cys in the presence of specific compounds (Fig.
7B). Incubation of cells with brefeldin A, which causes the col-
lapse of the cis/medial Golgi with the endoplasmic reticulum,
prevented secretion and processing of pro-BMP10, in accord-
ance with the activity of PCs starting at the TGN level (3, 32).
Interestingly, incubation of cells with the N-glycosylation
inhibitor tunicamycin resulted in much lower secretion and
processing of pro-BMP10, emphasizing the importance of one
or both potential N-glycosylation sites of the prosegment (Fig.
3A) in the folding and/or stability of pro-BMP10. Finally,
whereas RVKR-cmk completely blocked the processing of pro-
BMP10, the inhibitor D6R only blocked �60% of this cleavage
in the media, without any effect in the cells (compare lanes 2
and 5 of Fig. 7B). Altogether, these data lead us to conclude that
in HEK293 cells pro-BMP10 processing occurs both intracellu-
larly in a post-medialGolgi compartment, likely the TGN, and
at the cell surface.
Because membrane-bound furin is the most promising can-

didate pro-BMP10 convertase, it was necessary to define the
importance of its transmembrane and/or cytosolic tail in this

FIGURE 6. Ex vivo processing of pro-BMP10 by the PCs and their deriva-
tives, and inhibition by D6R and RVKR-cmk. A, Western blot (WB) analysis
of 20-h conditioned medium from CHO-FD11 cells co-transfected with
(ProtC)-BMP10 and either an empty vector or furin, sFurin, PACE4, PC5/6, or
PC5/6-	C. As indicated, the conditioned medium was collected after no treat-
ment (�), or treatment (�) with either the cell permeable convertase inhibi-
tor RVKR-cmk (25 �M) or the cell surface convertase inhibitor D6R (10 �M). For
each condition, the average % of pro-BMP10 cleavage and corresponding
S.D. values from three to four independent experiments are shown as a bar
graph. B, Western blot analyses of 20-h conditioned medium from HEK293
cells (left) or COS-1 cells (right) transiently expressing (ProtC)-BMP10 or no
protein (vector) and collected after no treatment (dimethyl sulfoxide, DMSO)
or treatment with either the cell surface convertase inhibitor D6R (10 or 20
�M) or the cell permeable convertase inhibitor RVKR-cmk (25 or 50 �M). These
data are representative of at least two independent experiments.

FIGURE 7. Ex vivo, pro-BMP10 is processed in a post-medial Golgi com-
partment (likely TGN) and is rapidly secreted into the media. A, HEK293
cells transiently transfected with (ProtC)-BMP10 were pulse-labeled with
[35S]Met/Cys for 15 min and chased for 0, 30, 60, and 120 min in the absence
of the radiolabel. Cell lysates and medium samples were immunoprecipitated
with a mouse BMP10 Ab and then resolved by SDS-PAGE (8% Tris-Tricine gels)
followed by autoradiography (4 days). B, HEK293 cells transiently transfected
with nontagged pro-BMP10 (BMP10) were pulse-labeled with [35S]Met/Cys
for 2 h in the absence of any treatment, or in the presence of brefeldin A (BFA;
2.5 �g/ml), tunicamycin (Tun; 5 �g/ml), D6R (10 �M), RVKR-cmk (50 �M), or
dimethyl sulfoxide (DMSO). In control experiments HEK293 cells were tran-
siently transfected with (ProtC)-BMP10 or no protein (vector). Cell lysates and
medium samples were immunoprecipitated (IP) with mouse BMP10 Ab and
then resolved by SDS-PAGE (8% Tris-Tricine gels) followed by autoradiogra-
phy (17 h for pro-BMP10 detection and 4 days for detection of mature
BMP10).
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process. Although it is known that the cytosolic tail of furin
regulates its cycling from the TGN to the cell surface (32), the
role of the transmembrane domain is less known, except that it
may regulate its trafficking preference to the conventional ver-
sus nonconventional secretory pathways (33). Thus, we com-
pared the pro-BMP10 cleavage byWT furin and furin chimeras
in which either the cytosolic tail (furinCT-PC7) or transmem-
brane/cytosolic tail (furinTMCT-PC7) were replaced by those of
PC7 (33) (supplemental Fig. S4). The data in CHO-FD11media
did not reveal any difference betweenWT and either furin chi-
meras in their ability to process pro-BMP10, whereas soluble
sFurin was much less efficient (supplemental Fig. S4B). Thus,
pro-BMP10 processing requires membrane association of
furin. The intracellular cleavage of pro-BMP10 by furin was
further confirmed by the inability of D6R to inhibit the
pro-BMP10 processing in CHO-FD11 overexpressing either
furinCT-PC7 or furinTMCT-PC7 (not shown), although the latter
chimera is mostly localized at the cell surface (34).
In Mouse Primary Hepatocytes and Right Atria, Furin Is the

Physiological Convertase of Pro-BMP10—To probe the pro-
cessing of pro-BMP10 under more physiological conditions, we
analyzed it in mouse primary hepatocytes and in atria. Because
the complete KOofmouse furin (4) and PC5/6 (5, 6) are embry-
onic lethal, we chose to study pro-BMP10 processing in mouse
primary hepatocytes from WT and conditional KOs of either
furin or PC5/6 in hepatocytes (22). The data show that the lack
of furin results in an 81% reduction of pro-BMP10 processing
(from 84 to 24%). The residual 24% cleavage is likely due to
PC5/6, as its absence lowered the cleavage efficiency from
84% in WT hepatocytes to 63% in PC5/6 KO hepatocytes (Fig.
8). However, a possible contribution of PACE4 cannot be
excluded. Nevertheless, it is clear that in the absence of endog-

enous furin, pro-BMP10 processing is largely compromised in
mouse hepatocytes.
Because the main source of pro-BMP10 in adult mice is the

RA of the heart (11), we needed to estimate the levels of BMP10
in this tissue. Because furin and PC5/6 KO result in embryonic
lethal phenotypes, we could only compare the levels of BMP10
in adult atria from WT and PACE4 KO mice. Western blot
analyses show that BMP10 levels are not significantly different
between WT (5 mice) and PACE4 KO (7 mice) animals (sup-
plemental Fig. S5). This suggests that the absence of PACE4
does not affect the processing of pro-BMP10 in the adultmouse
RA.

DISCUSSION

We reported previously that Asn296 at the P1� position in
pro-Gdf11 (NTKRSRR2952NLGLD) is critical for its selective
cleavage by PC5/6 (5). In agreement, PC5/6 KOmice recapitu-
lated all the phenotypes associated with Gdf11 deficiency. In
addition, PC5/6 KO mice exhibited other specific phenotypes
including heart defects, such as ventricular septal defects and
transposition of great arteries, right-sided aortic arch, and duc-
tus arteriosus (6). To identify other PC5/6 substrates, a bioin-
formatics search detected 9 secretory precursor proteins that
exhibit a PC-like cleavage site with a P1� Asn, and whose gene
KO results in heart-related phenotypes (supplemental Table
S1). In vitro testing of five selected candidates using synthetic
peptides revealed that only pro-BMP10 is a plausible substrate
for PC cleavage (Fig. 2 and supplemental Fig. S1). Kinetic anal-
yses showed that furin is�3-fold better than PACE4 and PC5/6
to cleave a 12-mer peptide encompassing the predicted
DSSARIRR3132NAKG site (Fig. 2C). The associatedKm(app) of
35 �M and Vmax(app)/Km(app) of 1.9 h�1 (supplemental Table
S2B) compare very well with those published for good furin
substrates (35). Unexpectedly, replacement of the P1� Asn by
Asp had no major impact on PC cleavage preference (supple-
mental Table S2A). We therefore concluded that the presence
of an Asn at P1� is not the only criterion governing PC5/6
selectivity.
The above findings with a synthetic peptide are corroborated

by ex vivo data with full-length pro-BMP10. In COS-1 cells, a
cell line lacking PC5/6, pro-BMP10 is efficiently processed by
endogenous PCs (Figs. 1A, 3B, and 4). The lack of processing of
pro-BMP10 overexpressed in a furin- and PACE4-deficient cell
line, CHO-FD11, and in furin-deficient LoVo cells, was re-
stored by stable (CHO-FD11/Fur cells) or transient expression
of furin (Fig. 4). Furthermore, based on the inhibition of pro-
BMP10 processing by D6R, a cell surface PC inhibitor, it seems
that the best convertase furin mostly acts intracellularly, likely
in the TGN where it is largely concentrated (32, 36), whereas
PACE4 and PC5/6 seem to cleave this substrate almost exclu-
sively at the cell surface (Figs. 5 and 6).
To identify the implicated PC(s) in vivo, pro-BMP10 process-

ing was analyzed in a more physiologically relevant environ-
ment. In both primary hepatocytes (Fig. 8) and RA (Fig. 1A and
supplemental Fig. S5) furin is the major convertase responsible
for the production of mature BMP10. Although PC5/6 is
responsible for �20% of pro-BMP cleavage in primary hepato-
cytes (Fig. 8), its contribution to pro-BMP10 cleavage in RA can

FIGURE 8. Furin is the major pro-BMP10 cleaving enzyme in hepatocytes.
Primary hepatocytes isolated from WT mice and those lacking PC5/6 (PC5/6-
KO) or furin (Fur-KO) in hepatocytes (22) were transiently transfected with
plasmids expressing no protein (vector) or (ProtC)-BMP10. Processing of pro-
BMP10 into its prosegment was analyzed in 48-h conditioned medium by
immunoprecipitation (IP) with a rabbit ProtC-Ab followed by Western blot-
ting (WB) using the same antibody. The percentages (%) of cleavages in this
particular experiment are indicated, along with the average % cleavage and
S.D. values of two independent experiments.
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be excluded, as its mRNA is barely detectable in this tissue (Fig.
1C). The higher mRNA levels of PACE4 in the RA made it a
putative PC for pro-BMP10 cleavage in vivo. However, mature
BMP10 levels in heart RA did not differ betweenWT and viable
PACE4 KOmice, ruling out a key in vivo contribution (supple-
mental Fig. S5).
Collectively, the sum of the above in vitro, ex vivo, and in vivo

data strongly supports a major contribution of furin in the
physiological processing of pro-BMP10. In agreement, both
furin (4) and BMP10 (11) mRNAs are first expressed in the
heart at E8.5–9.0, a critical time in cardiogenesis coinciding
with a shift from cardiac patterning and looping to cardiac
growth and chamber formation (11). The zygotic knock-out of
furin has very severe embryonic abnormalities due to effects on
patterning, including cardia bifida and failure of looping (4).
The zygotic knock-out of Bmp10 exhibits a failure of myocar-
dial growth, and abnormal endocardial cushion development in
outflow tract and atrioventricular canal (11). Thus, the abnor-
malities in the complete KO of Bmp10 and furin are related, i.e.
failure of atrioventricular canal development and myocardial
growth, and both knock-out mice die at E10.5. Finally, our data
exclude a significant in vivo PC5/6 and PACE4 contribution in
the processing of heart pro-BMP10, which is in agreement with
the observations that complete PC5/6 (5, 6) and PACE4 (7) KO
mice survive until birth or beyond, respectively.
However, it is likely that BMP10 is not the only substrate that

is affected by the absence of furin in heart embryos. Furin is
likely implicated in the specific processing of multiple TGF-�
like proteins (37) important for heart looping, such as lefty-1
and lefty-2 (4, 8) as well as other bone morphogenetic proteins
such as BMP2 (38) and BMP4 (39). Interestingly, whereas
BMP4 has been proven to have a second processing site in its
prosegment, the cleavage of which enhances the half-life of
active BMP4 (40), no second furin-like cleavage site has been
found in either BMP10 (this work) or Gdf11 (5).
Screening databases for potential furin-like substrates that

exhibit amotif RXRR2Nsimilar to that of BMP10 revealed two
new candidates, namely the type II transmembrane growth fac-
tor ectodysplasin-A (RVRR1562NK) (41), and the extracellular
matrix collagen type V-�1 (collagen type V-�1;RTRR15852NI)
(42), a minor component of collagen I fibrils. In E10.5 mice,
collagen type V-�1 expression was found in the heart, and dor-
sal aortawall, and collagen typeV-�1KOmice revealed that this
protein is important in the development of functional connec-
tive tissues (43).
Inmany cases, members of the PC family might substitute or

supplement furin activity, suggesting the existence of some
functional redundancy between PCs (24, 44). In only a few cases
was furin shown to be absolutely essential for the processing of
a given substrate in vivo. These include the activation of the
V-ATPase subunit regulating intragranular acidification in
pancreatic �-cells (45), the regulation of TGF-�1 production
(37) in immune T cells (46), and the inactivation of PCSK9 in
hepatocytes (22). The present work provides evidence for yet
another in vivo furin-specific substrate, namely BMP10 in the
RA. In the future, inducible tissue-specific KO mice of furin in
heart would certainly be of value to potentially identify other
essential furin substrates implicated in key cardiac functions.
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B., Zonana, J., Thomas, G., and Morris, N. P. (2001) Proc. Natl. Acad. Sci.
U.S.A. 98, 7218–7223
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