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Simultaneous rather than ordered cleavage of two sites within the
BMP4 prodomain leads to loss of ligand in mice
Anup Tilak1,*, Sylvia M. Nelsen1,*, Hyung-Seok Kim2,*, Nathan Donley1, Autumn McKnite2, Hyunjung Lee1

and Jan L. Christian2,‡

ABSTRACT
ProBMP4 is generated as a latent precursor that is sequentially
cleaved at two sites within the prodomain to generate an active ligand.
An initial cleavage occurs adjacent to the ligand domain, which
generates a non-covalently associated prodomain/ligand complex
that is subsequently dissociated by cleavage at an upstream site. An
outstanding question is whether the two sites need to be cleaved
sequentially and in the correct order to achieve proper control of
BMP4 signaling during development. In the current studies, we
demonstrate that mice carrying a knock-in point mutation that causes
simultaneous rather than sequential cleavage of both prodomain
sites show loss of BMP4 function and die during mid-embryogenesis.
Levels of mature BMP4 are severely reduced in mutants, although
levels of precursor and cleaved prodomain are unchanged compared
with wild type. Our biochemical analysis supports a model in which
the transient prodomain/ligand complex that forms during sequential
cleavage plays an essential role in prodomain-mediated stabilization
of the mature ligand until it can acquire protection from degradation by
other means. By contrast, simultaneous cleavage causes premature
release of the ligand from the prodomain, leading to destabilization of
the ligand and loss of signaling in vivo.

KEYWORDS:Bonemorphogenetic protein 4, Prodomain, Proprotein
convertase

INTRODUCTION
Bone morphogenetic protein 4 (BMP4) is a secreted signaling
molecule that plays an essential role in the development of most
organs. BMP4 activates distinct cellular responses in a dose-
dependent manner and proper regulation of ligand levels is crucial
for normal development. For example, null mutations in Bmp4
lead to early embryonic lethality (Winnier et al., 1995), whereas
hypomorphic or tissue-specific mutations cause a spectrum of ocular,
skeletal, urogenital, cardiovascular and brain anomalies in both mice
(Bragdon et al., 2011) and humans (Bakrania et al., 2008; Reis et al.,
2011; Suzuki et al., 2009; Tabatabaeifar et al., 2009; Weber et al.,
2008). Conversely, mutations that result in gain of BMP function lead
to embryonic lethality in animalmodels and bonedisorders in humans
(Shore et al., 2006; Walsh et al., 2010). Thus, BMP activity must be
strictly regulated to prevent congenital anomalies.

BMP4 is generated as inactive precursor protein that dimerizes
in the endoplasmic reticulum (ER) and is then cleaved to generate
prodomain and mature domain fragments (Bragdon et al., 2011).
Both of these cleavage products are secreted but only the mature
domain is able to bind to and activate BMP receptors. Although
the prodomain lacks signaling activity, it is essential for the
generation of an active ligand. Point mutations or deletions within
the prodomain lead to loss of BMP4 function in animal models
(Cui et al., 2001; Degnin et al., 2004; Goldman et al., 2006;
Kunnapuu et al., 2009; Sopory et al., 2010) and in humans
(Bakrania et al., 2008; Suzuki et al., 2009; Tabatabaeifar et al.,
2009; Weber et al., 2008).

BMP4 is cleaved by members of the proprotein convertase (PC)
family of endoproteases (Constam and Robertson, 1999; Cui et al.,
1998), seven of which have been characterized in mammals (Seidah
et al., 2008). Among these, furin has been identified as an
endogenous BMP4 convertase (Kim et al., 2012), although PC6 and
PC7 also contribute to cleavage in some tissues (Nelsen and
Christian, 2009). Furin preferentially cleaves substrates containing
the optimal consensus motif -R-X-R/K-R-, but can also cleave
following the minimal recognition motif -R-X-X-R- (Molloy et al.,
1992; Nakayama, 1997).

BMP4 is sequentially cleaved at two sites: initially at an optimal
furin recognition motif (S1) adjacent to the mature domain
and subsequently at an upstream minimal motif (S2) within the
prodomain (illustrated in Fig. 1A). Mature BMP4 remains non-
covalently attached to the prodomain following cleavage at the S1
site, whereas subsequent cleavage at the S2 site disrupts the
complex, freeing the mature ligand from the prodomain (Degnin
et al., 2004). Whereas the prodomain/mature BMP4 complex is
preferentially targeted for lysosomal degradation, free BMP4 is
more stable. Analyses in Drosophila and mice have shown that
cleavage at the S2 site is essential for normal development, and
that this site is selectively cleaved in a tissue-specific fashion
(Goldman et al., 2006; Kunnapuu et al., 2009; Sopory et al., 2010).
These studies demonstrate that cleavage of the S2 site provides a
tissue-specific mechanism to regulate the stability, and thus the
signaling intensity, of mature BMP4.

Kinetic analysis of in vitro cleavage of recombinant BMP4
suggests that ordered cleavage is driven, at least in part, by the
presence of optimal and minimal furin consensus motifs at the S1
and S2 sites, respectively. Introduction of an optimal furin
consensus motif at the S2 site (BMP4S2K; illustrated in Fig. 1A)
allows both sites to be cleaved simultaneously such that mature
BMP4 is generated and released from the prodomain complex more
rapidly (Cui et al., 1998; Degnin et al., 2004). Overexpression of
BMP4S2K in Xenopus embryos generates higher ectopic BMP
activity than that induced by the same level of wild-type precursor
(Cui et al., 2001), suggesting that the minimal furin motif at the S2
site acts to dampen BMP4 activity in vivo, perhaps by slowingReceived 13 March 2014; Accepted 2 June 2014
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production of fully cleaved mature BMP4 that is free of its
prodomain.
In order to test whether sequential cleavage of BMP4 is essential

to regulate growth factor activity under physiological conditions, we
generated mice carrying a knock-in point mutation (Bmp4S2KHAMyc)
that converts the S2 site from a minimal to an optimal furin motif.
By contrast to the gain of function phenotype that is observed when
BMP4 is overexpressed (Cui et al., 2001), we found instead that
Bmp4S2KHAMyc is a severe hypomorphic allele, due to selective loss
of cleaved BMP4 ligand.

RESULTS
Introduction of an optimal furin motif at the S2 site of BMP4
leads to embryonic lethality
To test whether the presence of a minimal furin motif at the S2 site
of BMP4 is required for proper regulation of BMP4 activity in vivo,
we generated a cleavage mutant ‘knock-in’ mouse (Bmp4S2KHAMyc,
the S2K allele) by conventional gene targeting (supplementary
material Fig. S1A,B). These mice have sequences encoding HA and
Myc epitope tags knocked in to the Bmp4 allele, as well as a single
point mutation that changes the amino acid sequence of the S2
cleavage site from a minimal furin motif (-RISR-) to an optimal
furin motif (-RIKR-) (Fig. 1A). Whereas wild-type BMP4 is
sequentially cleaved at the S1 and then the S2 site, the S2Kmutation
allows for simultaneous cleavage of both sites (Cui et al., 2001;
Degnin et al., 2004) (illustrated in Fig. 1A). A control mouse line
that carries the same HA and Myc epitope tags at the wild-type
Bmp4 locus (Bmp4HAMyc) was generated in parallel. The epitope
tags do not interfere with proper folding or function of BMP4 when
ectopically expressed in Xenopus embryos (supplementary material
Fig. S1C).
In initial studies, Bmp4S2KHAMyc/+ and Bmp4HAMyc/+ mice were

intercrossed to determine viability at weaning. Whereas Bmp4HAMyc

homozygotes were viable, fertile and appeared grossly normal,
virtually all Bmp4S2KHAMyc homozygotes died before weaning
(Tables 1 and 2). To determine when mutants were dying, we
established timed matings between Bmp4S2KHAMyc/+ mice and
analyzed embryos at various developmental ages. As detailed in
Table 1, Bmp4S2KHAMyc/S2KHAMyc embryos were recovered at the
expected frequency between embryonic day (E) 8 andE11.5, but were

recovered at less than one-third of the expected frequency by
E12.5. Visual analysis of Bmp4S2KHAMyc homozygotes recovered at
E10.5 or later revealed multiple gross abnormalities relative to
wild-type or Bmp4S2KHAMyc/+ littermates (Fig. 1B, top four panels).
Bmp4S2KHAMyc/S2KHAMyc embryoswere severely runted, had abnormal
hearts (Fig. 1B, white arrow), hemorrhages (black arrows) and/or
small eyes (black arrowhead). By contrast, Bmp4HAmyc homozygotes
could not be distinguished from heterozygotes (data not shown) or
wild-type littermates (Fig. 1B, bottom two panels). Bmp4HAmyc

homozygotes were adult viable, grossly normal and did not show the
skeletal or eye defects that are observed in Bmp4 null heterozygotes
(Dunn et al., 1997). These results demonstrate that aminimal cleavage
motif at the S2 site is essential for BMP4 function in development.
Notably, because both loss and gain of BMP function can lead to
embryonic lethality and patterning defects, these results alone do not
indicate whether the S2K mutation causes upregulation or
downregulation of BMP4 activity.

To test whether the S2K mutation causes a loss or gain of BMP
function, we analyzed primordial germ cell (PGC) number, which is
a sensitive indicator of Bmp4 dosage. Bmp4 null heterozygotes
show a 50% reduction, and null homozygotes show complete loss of
PGCs (Lawson et al., 1999). As shown in Fig. 1C, Bmp4S2KHAMyc

heterozygotes and homozygotes showed a 50 and 100% reduction in
PGC number, respectively. This reduction is comparable to that
observed in Bmp4 null heterozygotes and homozygotes,
respectively, consistent with this being a severe hypomorphic
allele. PGC number was slightly reduced in Bmp4HAMyc

heterozygotes (85-90% of control) and homozygotes (70-80% of
control) (supplementary material Fig. S2A), indicating that the

Fig. 1. Phenotypic defects in Bmp4S2KHAmyc

mutant embryos. (A) Schematic illustration
and cleavage patterns of BMP4 proteins
expressed by Bmp4HAmyc and Bmp4S2KHAmyc

mice. Prodomain, dark green bar; mature
domain, light green bar. (B) E10.5 littermates
from Bmp4S2KHAMyc/+ or Bmp4HAMyc/+

intercrosses. White arrow, ballooned heart;
black arrows, hemorrhage; black arrowhead,
small eye. (C) Dorsal view of alkaline
phosphatase-stained E9.5 embryos (top panel)
and graph showing PGC number versus somite
pairs (bottom panel). PGCs are indicated by
white arrows.

Table 1. Progeny from Bmp4S2KHAMyc/+ intercrosses

Age Bmp4+/+ Bmp4S2KHAMyc/+ Bmp4S2KHAMyc/S2KHAMyc Total

P21* 48 (32%) 99 (67%) 2 (1%) 149
E12.5* 40 (32%) 76 (60%) 10 (8%)‡ 126
E10.5-11.5 41 (23%) 101 (57%) 35 (20%)§ 177
E8-9.5 46 (23%) 97 (50%) 53 (27%) 196

Data are presented as number (percentage).
*The observed frequency is significantly different from the expected frequency
by Chi-square analysis (P<0.05).
‡Twenty or §four additional resorbing embryos were recovered.
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epitope tags cause some reduction in activity when measured in this
highly sensitive assay. However, Bmp4HAMyc heterozygotes and
homozygotes have substantially higher levels of PGCs than
age-matched Bmp4S2KHAMyc heterozygotes (supplementary
material Fig. S2B), indicating that the epitope tags do not account
for the reduction in PGCs in mice carrying the S2K mutation.

Bmp4S2KHAMyc is a hypomorphic allele
If Bmp4S2KHAMyc is a hypomorphic allele, then a reduction in Bmp4
dosage should exacerbate the phenotype. By contrast, if these defects
represent a gain of function, then they should be partially rescued by a
reduction in gene dosage. To distinguish between these possibilities,
we reduced Bmp4 gene dosage in all tissues by intercrossing
Bmp4S2KHAMyc/+ andBmp4lacZ/+mice [a null allele inwhich exon 3 is
replaced with lacZ (Lawson et al., 1999)] to generate compound
heterozygotes. Bmp4S2KHAMyc/+ andBmp4lacZ/+micewere recovered
and appeared grossly indistinguishable from controls at weaning,
whereas no live born Bmp4S2KHAMyc/lacZ compound heterozygotes
were observed (Table 3).Bmp4S2KHAMyc/lacZ embryoswere recovered
at the expected frequency betweenE10.5 andE11.5 butwere severely
runted, deformed and/or beginning to resorb relative to wild-type,
Bmp4S2KHAMyc/+ or Bmp4+/lacZ littermates (Fig. 2). Thus, in a
haploinsufficient background, the S2K allele does not support
viability or normal development at the same level as the wild-type
allele.
To test further whether the S2K allele leads to a gain or loss of

BMP4 function, we analyzed BMP activity in BRE:lacZ transgenic
embryos. This transgene contains a BMP-responsive element
coupled to lacZ (Monteiro et al., 2004) that serves as an in vivo
reporter of total BMP signaling downstream of all BMP ligands
and not just BMP4. To narrow down the sites of BMP activity that
might be attributed to BMP4, we first analyzed expression of Bmp4
by β-galactosidase staining of Bmp4lacZ/+ embryos, in which lacZ
marks the site of transcription of endogenous Bmp4 (Lawson et al.,
1999). At E9.5, Bmp4 transcripts are highly expressed in the
ventroposterior mesoderm (Fig. 3A, black arrows), branchial
arches (black arrowheads), the eye (open arrowhead) and the roof
of the midbrain (black asterisk). Endogenous BMP activity was
detected in each of these tissues (Fig. 3B-E) and in the heart (white
asterisk) as shown by β-galactosidase staining of E9.5 BRE:lacZ
transgenic embryos. Bmp4S2KHAMyc/S2KHAMyc embryos exhibited a
reproducible reduction in BMP activity in the ventroposterior
mesoderm (Fig. 3B,C, black arrows), the eye (open arrowhead) and
branchial arches (black arrowheads, boxed insets) relative to
heterozygous (not shown) or wild-type siblings. No differences in

activity were noted in the atria or ventricles of the heart (white
asterisk), which is expected as Bmp4 is not expressed in these
tissues at E 9.5 (Fig. 3A). Bmp4 is expressed in the brain (Fig. 3A),
but we saw little or no decrease in activity in the brain of S2K
mutants. As other BMP family members (e.g. Bmp2 and Bmp7)
are co-expressed with Bmp4 in the brain (Danesh et al., 2009), it is
probable that these other BMPs can function redundantly
to compensate for reduced BMP4 signaling in the brain of
Bmp4S2KHAMyc homozygotes. No differences in BMP activity were
detected in any tissues of Bmp4HAMyc/HAMyc embryos relative to
wild-type littermates (Fig. 3D,E). Collectively, these data indicate

Table 2. Progeny from Bmp4HAMyc/+ intercrosses

Age Bmp4+/+ Bmp4HAMyc/+ Bmp4HAMyc/HAMyc Total

P21 28 (25%) 57 (51%) 27 (24%) 112
E10.5-11.5 13 (23%) 32 (56%) 12 (21%) 57
E8.5-9.5 16 (20%) 43 (54%) 20 (25%) 79

Data are presented as number (percentage).

Table 3. Progeny from Bmp4S2KHAMyc/+ and Bmp4lacZ/+ intercrosses

Age Bmp4+/+ Bmp4S2KHAMyc/+ Bmp4lacZ/+ Bmp4S2KHAMyc/lacZ Total

P21* 11 (37%) 9 (30%) 10 (33%) 0 (0%) 30
E10.5-11.5 8 (22%) 7 (19%) 13 (35%) 9 (24%) 37

Data are presented as number (percentage).
*The observed frequency is significantly different from the expected frequency
by Chi-square analysis (P<0.05).

Fig. 2. Removal of one copy of Bmp4 enhances phenotypic defects in
Bmp4S2KHAmyc mutants. (A-D) Bmp4+/lacZ and Bmp4S2K/+ mice were
intercrossed, and representative E11.5 embryos from a single litter were
stained for β-galactosidase, which marks the Bmp4lacZ allele. (E,F) Embryos
from a second litter were photographed without staining at E10.5.

Fig. 3. Bmp4S2KHAmyc/S2KHAmyc mutants show reduced BMP activity in a
subset of tissues where endogenous Bmp4 is expressed. (A) E9.5
Bmp4lacZ/+ embryo stained with Red-Gal to detect sites of endogenous Bmp4
expression. (B-E) E9.5 Bmp4+/+ and Bmp4S2KHAmyc/S2KHAmyc (B,C) or Bmp4+/+

and Bmp4HAmyc/HAmyc littermates (D,E) carrying a BRE-lacZ transgene were
stained with X-Gal to detect endogenous BMP activity. Embryos from a single
litter were stained for an identical period of time under identical conditions.
Closed black arrows, ventroposterior mesoderm; white asterisk, left atria and
ventricle of heart; open arrowhead, eye; black asterisk, brain; closed
arrowheads, branchial arches. Insets in B-E show enlarged view of branchial
arches.
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that the presence of an optimal rather than a minimal furin cleavage
motif at the S2 site of BMP4 leads to a reduction in BMP4 activity
in vivo.

The S2K mutation does not disrupt precursor stability or
cleavage but leads to a selective loss of cleaved ligand
Equivalent levels of proBMP4 and cleaved prodomain were
detected on western blots of lung lysates from Bmp4HAMyc/+ and
Bmp4S2KHAMyc/+ mice probed with anti-HA antibodies in three
independent experiments (Fig. 4A). This finding shows that the loss
of function in Bmp4S2KHAMyc/S2KHAMyc mice is not due to protein
misfolding caused by the amino acid substitution, as misfolding
would cause the precursor to be retained in the ER,where it could not
be cleaved and/or would be degraded. Thus, the S2K point mutation
does not disrupt folding or trafficking of proBMP4 out of the ER.
Because we were unable to reproducibly detect cleaved BMP4

ligand in total lung lysates using antibodies directed against either
the mature domain or against the myc tag, we also analyzed levels of
BMP4 precursor and cleavage products in cultures of purified lung
endothelial cells, which provide a highly enriched source of
endogenous BMP4 (Frank et al., 2005). Notably, cells were not acid
washed to remove surface-bound proteins prior to lysis and thus
cleaved prodomain and mature BMP4 associated with the cell
surface, as well as that contained in intracellular compartments,
were present in lysates. Western blot analysis revealed equivalent
levels of BMP4 precursor in endothelial cells from Bmp4S2KHAMyc/+

and Bmp4HAMyc/+mice (Fig. 4B). Levels of cleaved prodomain were
slightly reduced in cells isolated from Bmp4S2KHAMyc/+ mice and
were not detectable in the medium of cells from either line. By
contrast, in three independent experiments, steady state levels of
mature BMP4 were reduced by 40-60% in the media and lysates of
cells isolated from Bmp4S2KHAMyc/+ mice relative to Bmp4HAMyc/+

mice (Fig. 4B).
As a control to demonstrate that our antibody specifically

recognizes mature BMP4, we compared ligand levels in lung
endothelial cells isolated from wild-type mice with those isolated
frommice heterozygous for a null mutation, the S2Kmutation or the
HAMyc tag in the absence of the S2K mutation (Fig. 4C). Extracts
were treated with or without peptide N-glycosidase F (PNGase) to
prove that the band we detected is a glycosylated protein, as
expected. Relatively equivalent levels of mature BMP4 were
detected in cells from wild-type and Bmp4HAMyc/+ mice, whereas
significantly lower levels of mature BMP4 were detected in cells
from Bmp4 null heterozygotes (Bmp4+/lacZ) and Bmp4S2KHAMyc/+

mice (Fig. 4C). Thus, the S2K mutation leads to a severe reduction
in steady state levels of mature BMP4 with little or no loss of
precursor or cleaved prodomain.

We were unable to detect endogenous BMP4 cleavage products
in early embryos, and thus it has not been possible to compare levels
of prodomain and mature ligand in Bmp4S2KHAMyc homozygotes
and wild-type littermates. This leaves open the possibility that the
remaining wild-type BMP4 protein in Bmp4S2KHAMyc heterozygotes
in some way confounds the results. This is unlikely, however, given
that we saw an identical selective reduction in steady state levels of
mature BMP4, with little or no reduction in levels of precursor
protein or cleaved prodomain, in HEK cells transfected with the
S2K mutant form of BMP4 (supplementary material Fig. S3).

ProBMP4 traffics through the TGN but is cleaved in more
distal subcellular compartments
Our previous analysis supports a model in which the S1 site of BMP4
is cleaved in the trans-Golgi network (TGN), and the prodomain/
mature ligand complex then traffics to a more acidic, post-TGN
compartment where the S2 site is cleaved (Degin et al., 2004). If this
model is correct, then one mechanism by which the S2K mutation
could lead to a loss of cleaved ligand is by promoting premature S2
cleavage and release of the mature ligand from the prodomain within
the TGN, potentially interfering with ligand stabilization and
trafficking to the cell surface. To test this possibility, we used pulse
chase analysis to examine accumulation of BMP4 cleavage products
in intra- and extracellular compartments over time. HEK cells
were transiently transfected with DNA encoding BMP4HAMyc or
BMP4S2KHAMyc and then pulse labeled with [35S]methionine-
cysteine for one hour. Cells were incubated in unlabeled chase
medium for different times, after which cells were acid washed to
remove cleavage products bound to the outside of cells. BMP4
precursor and cleavage products were then immunoprecipitated from
cell lysates and medium. In cells transfected with wild-type or S2K
mutant BMP4, precursor protein was present within cell lysates at the
onset of the chase period and its levels decreased over time (Fig. 5A,
lysates, top panels). Signal corresponding to cleaved prodomain or
matureBMP4wasnot detected in cell lysates (Fig. 5A, lysates,middle
and bottom panels). By contrast, the intact precursor was detected in
conditioned medium from cells transfected with wild-type or S2K
mutant BMP4 beginning at 20-60 min postchase, and cleavage
fragments became increasingly abundant after that time point
(Fig. 5A, medium). The presence of intact proBMP4 in the cell
medium and the presence of cleavage products in extracellular, but

Fig. 4. The S2K mutation leads to a reduction in steady state levels of
mature BMP4. (A) The S2Kmutation does not lead to reduction in steady state
levels of BMP4 precursor or cleaved prodomain. Western blot of equivalent
amounts of protein from adult lungs of mice probed with anti-HA or anti-actin
antibodies. Bands corresponding to precursor and cleaved prodomain are
illustrated to the right of the gel. Black asterisk denotes a nonspecific
background band. (B) The S2K mutation leads to reduction in steady state
levels of cleaved mature BMP4. Western blot of equivalent levels of protein
from cell lysates or culture medium (med) from adult lung endothelial cells.
Bands corresponding to precursor and cleavage products and antibodies used
to detect each band are indicated to the right of the gel. (C) Steady state levels
of mature BMP4 are reduced in mice heterozygous for a null mutation or the
S2K mutation relative to wild-type controls. Equivalent levels of protein from
endothelial cells purified from adult lungs were treated with or without PNGase
prior to western blot analysis under reducing conditions. The doublet in
PNGase-treated samplesmost probably reflects incomplete deglycosylation in
this experiment.
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not intracellular compartments, strongly suggest that both sites of
proBMP4 are cleaved coincident with, or following, secretion.
To determine whether the BMP4 precursor protein present in cell

lysates and medium has transited the TGN, we examined its
sensitivity to digestion by Endoglycosidase H (Endo H) or PNGase.
Carbohydrates that are transferred onto proteins in the ER are
sensitive to Endo H digestion. When further modified in the Golgi,
these moieties become Endo H resistant, but remain sensitive to
PNGase. BMP4 precursor protein present inside of cells was fully
Endo H sensitive (Fig. 5B, lysates), suggesting that it had not exited
the ER. By contrast, the cleaved prodomain secreted into the culture
medium was fully resistant to digestion by Endo H and sensitive to
digestion by PNGase, indicating that it had transited the Golgi on
the way to the cell surface. As previously noted (Degnin et al.,
2004), BMP4 precursor and mature ligand remain partially Endo H
sensitive following secretion (Fig. 5B, medium; note shift in
mobility following Endo H treatment), suggesting that a subset of

carbohydrates present in the mature domain of BMP4 is inaccessible
to modifying enzymes in the Golgi once these proteins adopt their
fully folded conformation. However, Endo H-resistant/PNGase-
sensitive forms of proBMP4, cleaved prodomain and mature BMP4
were detected in the cell medium (Fig. 5B, arrowheads; note the
additional shift in mobility following PNGase treatment relative to
Endo H-treated samples). These data, showing that the intracellular
pool of BMP4 is restricted to the ER, whereas precursor protein
present in the medium has trafficked through the TGN, demonstrate
that the latter pool is not a contaminant derived from cell lysis. They
further suggest that once BMP4 exits the ER, it rapidly traffics
through the TGN to the cell surface, without being stably retained in
the TGN or in post-TGN compartments.

To more stringently test the possibility that one or both sites of
wild-type proBMP4 are cleaved in the TGN, but that cleavage
products are not detected in cell lysates because they are rapidly
secreted, we repeated pulse chase analysis of BMP4 cleavage in

Fig. 5. ProBMP4 is trafficked through the TGN and cleaved in an intracellular compartment. (A) Pulse chase analysis of HEK293 cells transfected with
DNA encoding BMP4HAmyc, BMP4S2KHAmyc or no DNA (−) suggests that BMP4 is cleaved coincident with or after secretion. Precursor protein and cleavage
products were immunoprecipitated from cell lysates and medium at various times postchase as indicated above each lane, deglycosylated by incubation in
PNGase and analyzed by SDS-PAGE. Arrows designate nonspecific background bands that are detected in untransfected cells. (B) Endo H-resistant, PNGase-
sensitive forms of BMP4 precursor and cleavage products (arrowheads) were detected in the medium but not in cell lysates. Samples were not treated (none) or
were treated with Endo H or PNGase as indicated above each lane. Arrows designate nonspecific background bands that are detected in untransfected cells.
(C) Blocking TGN export does not lead to accumulation of cleavage products in cell lysates, suggesting that BMP4 is cleaved in a post-TGN compartment. Cells
were incubated at either 37°Cor 19°C throughout the chase period. Samples were treated with PNGase. Arrows designate nonspecific background bands that are
detected in untransfected cells. (D,E) Cell-permeable (RVKR-cmk), but not cell-impermeable (D6R) PC inhibitors, block processing of BMP4, whereas the
opposite is observed for Xnr2. Cell lysates andmedium from transiently transfected HEK293 cells were collected after treatment with vehicle (DMSO), RVKR-cmk
or D6R. Western blots were probed with antibodies specific for the HA tag in the prodomain of BMP4 or Xnr2, or with antibodies specific for the mature domain of
BMP4. The two prodomain bands present in the medium of Xnr2-transfected cells correspond to two alternative cleavage sites. Arrow designates a nonspecific
background band that is detected in untransfected cells.
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cells cultured at 19°C, which inhibits trafficking out of the TGN
(Griffiths et al., 1985). The 19°C temperature block caused an
increase in the accumulation of precursor proteins in cell lysates and
efficiently inhibited their secretion, but did not lead to accumulation
of cleaved prodomain or mature ligand within cells (Fig. 5C).
Collectively, these data are most consistent with a model in which
proBMP4 traffics through the TGN but is not cleaved until it reaches
the cell surface.
To ask whether the BMP4 precursor protein is cleaved by PCs that

are active in intracellular compartments or by PCs that are active on
the cell surface or in the extracellular space, we examined processing
of proBMP4 in HEK cells in the presence of the cell-permeable pan-
PC inhibitor decanoyl-RVKR-chloromethyl ketone (RVKR-cmk)
(Hallenberger et al., 1992), or the non-cell permeable peptide
inhibitor hexapeptide D-Arg (D6R) (Cameron et al., 2000). RVKR-
cmkcompletely abolished cleavageof proBMP4, leading to secretion
of intact precursor protein into the cell medium, concurrent with the
loss of cleaved prodomain andmature ligand fragments (Fig. 5D). By
contrast, D6R did not inhibit cleavage of proBMP4 and cleavage
products were found in the medium (Fig. 5D). As a control, we
showed that D6R effectively inhibited cleavage of Xenopus nodal-
related protein 2 (Xnr2) (Fig. 5E), consistent with previous reports
that nodals are cleaved extracellularly (Beck et al., 2002).
Collectively, these results suggest that proBMP4 and proBMP4S2K

are cleaved in a post-TGN intracellular compartment, coincident with
secretion from the cell.

Defects caused by simultaneous cleavage of the S1 and S2
site are not rescued in Bmp4S2KHAMyc/S2G compoundmutants
ProBMP4S2K generates the same end cleavage products as does the
wild-type precursor, and yet steady state levels of the mature ligand
are reduced. These findings suggest that formation of the S1-only
cleaved prodomain/mature ligand complex that arises during
sequential, but not simultaneous, cleavage (illustrated in Fig. 1A) is
essential for stabilization, and thus for full in vivo activity of mature
BMP4. As an initial test of whether failure of the prodomain to
associatewith themature domain contributes to the loss of function in
Bmp4S2KHAMyc mutants, we intercrossed Bmp4S2G/+ mice, which
carry a point mutation that prevents cleavage at the S2 site, with
Bmp4S2KHAMyc/+ mice to generate compound heterozygotes for S2K
and S2G alleles. When proBMP4S2G is cleaved at the S1 site alone,
this generates a stable prodomain/mature domain complex that is
targeted for lysosomal degradation when overexpressed (Degnin
et al., 2004). This leads to slightly lower levels of mature BMP4
protein when expressed from the endogenous locus, albeit sufficient
to support development, as Bmp4S2G/S2G mice are adult viable
(Goldman et al., 2006). If defects in Bmp4S2KHAmyc mutants are
caused by loss of association of the prodomain with the mature
domain, then these defects might be rescued in Bmp4S2KHAMyc/S2G

compound mutants via the formation of BMP4S2G/S2K heterodimers,
in which one prodomain piece remains stably associated with the
mature domains (illustrated in Fig. 6A). Alternatively, because the
stably associated prodomain/mature domain complex is targeted for
more rapid degradation,Bmp4S2KHAMyc/S2G compound heterozygotes
might show a greater loss of function than that seen in heterozygotes
for either allele. Bmp4S2KHAMyc/S2Gmicewere present at only 50% of
the predicted frequency at weaning (Table 4), demonstrating that the
S2G allele enhances the overall loss of BMP4 function associated
with the S2K mutation, although less so than the S2K or null allele.
Consistent with this interpretation, Bmp4S2G/S2KHAMyc compound
heterozygotes showed a more severe loss of PGCs than did embryos
heterozyogous for either the S2K or the S2G allele alone (Fig. 6B).

We also examined adult mice for skeletal defects. Mice
heterozygous for a null allele of Bmp4 show defects in dorsal
fusion of one or more cervical and/or thoracic vertebrae whereas
Bmp4S2G/S2G mice show no skeletal defects (Goldman et al., 2006).
Defects in dorsal vertebral fusion (Fig. 6C)were observedwith similar
frequency in Bmp4S2KHAMyc heterozygotes and in Bmp4S2G/S2KHAMyc

compound heterozygotes (Table 5). Thus, the S2G allele cannot
rescue skeletal defects caused by simultaneous cleavage of
proBMP4S2K, and it may increase their severity, although analysis
of additionalmicewould be required toverify this. These data suggest
that stable association of the prodomain with the mature domain
(Bmp4S2G) cannot substitute for the transient interaction between
these two fragments that normally occurs during sequential
cleavage of the wild-type precursor. Instead, the phenotype of
Bmp4S2G/S2KHAMyc compound heterozygotes is intermediate
between that of Bmp4S2KHAMyc/+ and Bmp4S2KHAMyc/lacZ mice,
consistent with predicted phenotypes in an allelic series.

DISCUSSION
Previous work in our lab has demonstrated that proBMP4 is
sequentially cleaved at two sites within the prodomain, and that
cleavage of the upstream (S2) site is essential for normal
development in vivo (Goldman et al., 2006; Sopory et al., 2010).
The current study extends this work by showing that the presence of

Fig. 6. LossofPGCsanddefects inskeletal patterning inBmp4S2KHAmyc/S2G

compound mutants. (A) Schematic illustration of heterodimeric BMP4
precursor protein and cleavage products predicted to form in Bmp4S2KHAmyc/S2G

compoundmutants. (B) PGC number versus somite pairs at E9 demonstrates a
more severe reduction inPGCnumber inBmp4S2KHAmyc/S2G compoundmutants
than in either single mutant. (C) Dorsal view of representative skeletal
preparations showing normal (left panel), or examples of mild (center panel) or
severe (right panel) defects in vertebral fusion (white arrows).

Table 4. Progeny from Bmp4S2KHAMyc/+ and Bmp4S2G/+ intercrosses

Age Bmp4+/+ Bmp4S2KHAMyc/+ Bmp4S2G/+ Bmp4S2KHAMyc/S2G Total

P21* 22 (30%) 21 (28%) 22 (30%) 9 (12%) 74
E8-9.5 24 (33%) 17 (23%) 15 (20%) 18 (24%) 74

Data are presented as number (percentage).
*The observed frequency is significantly different from the expected frequency
by Chi-square analysis (P<0.05).
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a minimal, rather than an optimal, consensus motif at the S2 site is a
more crucial determinant of BMP activity than is the ability to
cleave this site per se. Specifically, whereas our previous studies
have shown that mice carrying a mutation that prevents cleavage of
the S2 site (Bmp4S2G/S2G mice) are adult viable (Goldman et al.,
2006), in this study we show that mice carrying a mutation that
accelerates cleavage of this site die early in embryogenesis due to
reduced ligand levels. These results provide the first in vivo
evidence that optimal and minimal furin motifs are differentially
recognized and functionally important in an endogenous substrate.
Why does simultaneous, rather than sequential, cleavage of

proBMP4 lead to a loss of function, despite the fact that both
cleavage patterns generate the same end products? The most
probable possibility is that the transient formation of a prodomain/
mature ligand complex, which occurs during sequential but not
simultaneous cleavage, is essential for stabilizing the ligand after its
release. One possible function of this complex is to target the mature
ligand to the extracellular matrix (ECM) to regulate ligand
accessibility, stability and signaling. By analogy, the structurally
related ligand TGF-β remains non-covalently associated with its
prodomain following cleavage and is targeted to the ECM via
covalent interactions between the prodomain and the ECM proteins
latent TGF-β binding protein (LTBP) and fibrillin (Ramirez and
Rifkin, 2009). The ligand/prodomain/LTBP complex forms
intracellularly (Todorovic and Rifkin, 2012) and then binds to
fibrillin following secretion. Mature TGF-β remains inactive until it
is released from the fibrillin complex by proteolysis or mechanical
stress (Robertson and Rifkin, 2013). Fibrillin also binds directly to
the prodomain of multiple BMPs (Sengle et al., 2008) and might
regulate ECM association of the mature ligand. Genetic and cell

biology studies suggest that fibrillins function in a context- and
tissue-dependent fashion to either facilitate signaling (Arteaga-Solis
et al., 2001; Nistala et al., 2010a) or to sequester BMPs in the matrix
in an inactive form (Nistala et al., 2010b).

Our findings lead us to propose the following testable model for
how sequential cleavage of BMP4 maximizes ligand bioavailability
in the context of a cellular environment (illustrated in Fig. 7): first,
our data suggest that the S1 and the S2 sites are cleaved in a
membrane-proximal intracellular compartment, closely coupled to
the process of secretion. We suggest that prodomain binding to
fibrillin and/or to other ECM components occurs intracellularly,
prior to cleavage at the S1 site, thereby generating a fibrillin-bound
prodomain/mature ligand complex (Fig. 7A). This transient complex
serves to deposit mature BMP4 in the ECM coincident with S2
cleavage, thereby facilitating association with heparin sulfate
proteoglycans (HSPGs), collagens or other binding proteins
crucial for ligand stability and/or signaling. In tissues where the S2
site is not normally cleaved, we propose that the ECM-bound
prodomain/mature domain complex is able to signal locally but is
then targeted for re-uptake and lysosomal degradation (Fig. 7B). This
model is consistent with studies showing that HSPGs can promote
endocytosis and lysosomal degradation of BMPs (Jiao et al., 2007)
and with our previous studies showing that deletion of the HSPG-
binding domain on mature BMP4 partially rescues lysosomal
degradation of BMP4S2G (Degnin et al., 2004). Finally, this model
offers an explanation for the severe loss of function observed
in Bmp4S2KHAmyc mutant mice. Specifically, we propose that
introduction of an optimal motif at the S2 site prevents formation
of the transient fibrillin/prodomain/mature domain complex such
that mature BMP4 is released from the fibrillin-bound prodomain
prematurely. Thus, efficient association with HSPGs or other ECM
proteins that are required to stabilize the free ligand would be
precluded (Fig. 7C). This would account for the specific reduction in
levels of cleaved ligand but not cleaved prodomain in Bmp4S2KHAmyc

mutant mice, as the prodomain remains anchored in the ECM
regardless of the order of cleavages.

Previous studies have identifiedmultiple roles for ECM-associated
binding partners in promoting BMP signaling. For example,
members of the glypican family of HSPGS have been shown to

Table 5. Defects in dorsal vertebral fusion in Bmp4S2KHAMyc/+ and
Bmp4S2KHAMyc/S2G/+ mice

Genotype None C7 or T1 Cervical and thoracic n

Bmp4+/+ 4 (80%) 1 (20%) 0 (0%) 5
Bmp4WTHAmyc/+ 5 (83%) 1 (17%) 0 (0%) 6
Bmp4S2KHAmyc/+ 6 (38%) 9 (56%) 1 (6%) 16
Bmp4S2KHAmyc/S2G 3 (38%) 3 (38%) 2 (25%) 8

Data are presented as number (percentage).

Fig. 7. Hypothetical model for regulation of BMP4 ligand activity by cleavages in the prodomain. (A) Fibrillin-bound proBMP4 is sequentially cleaved at the
S1 and S2 sites (lightning bolts) in a membrane-proximal vesicle, and cleavage is closely coupled to the process of secretion. The transient fibrillin/prodomain/
mature ligand complex that forms after S1 cleavage ensures that mature BMP4 is deposited in the ECM coincident with S2 cleavage, thereby facilitating
association of the ligandwith HSPGs or other ECMproteins required for ligand stability. (B) In tissues where the S2 site is not cleaved, the ECM-bound prodomain/
mature domain complex is able to signal locally but is then targeted for re-uptake and lysosomal degradation. (C) Simultaneous cleavage of the S1 and S2 sites
leads to premature release of mature BMP4 from the fibrillin/prodomain complex, precluding efficient association with HSPGs or other binding partners that are
required for ligand stability.
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stabilize BMPs by preventing lysosomal targeting (Akiyama et al.,
2008), to facilitate movement of BMP4 across sheets of cells
(Belenkaya et al., 2004) and/or to function as obligatory co-receptors
(Kuo et al., 2010). Other ECM components or associated proteins,
such as fibronectin, collagen and members of the crossveinless
family, promote BMP signaling through diverse and context-
dependent mechanisms (Harris and Ashe, 2011; Ikeya et al., 2006;
Kelley et al., 2009; Kenny et al., 2012; Serpe et al., 2008). Some
BMP-binding proteins function as either pro- or anti-BMP factors,
contingent on the relative concentrations of mature BMP4 and its
binding partner that are present in a given tissue (Kelley et al., 2009).
This provides a possible explanation for the ability of the S2K
mutation to enhance BMP activity in overexpression studies (Cui
et al., 2001), but to inhibit it undermore physiological conditions. An
alternative explanation is that ECM-binding components are
saturated when their substrates are overexpressed, thus bypassing
this regulatory step.
Our data showing that proBMP4 transits through the TGN intact

raises the question of how it avoids cleavage in this subcellular
compartment. The endogenous BMP4 convertases furin and PC5/6
are first active in the TGN, although they also function in more distal
vesicles, the cell surface and the extracellular space (Seidah et al.,
2008). Precedents exist for post-TGN processing of other TGF-β
family members. For example, the Nodal precursor is secreted intact
and then cleaved in the extracellular space. However, nodal traffics
to the cell surface via a TGN-independent route, thereby avoiding
intracellular PCs (Blanchet et al., 2008), whereas our data show that
BMP4 traffics through the TGN. Interestingly, LTBP2 and 3 bind to
the zymogen form of proPC5/6, allowing it to be sequestered as an
inactive protein in the ECM and leading to impaired processing of
growth and differentiation factor 11 (Sun et al., 2011). Thus, ECM
components can affect both the proteolytic maturation and the
signaling activity of TGF-β family members.
Primary and upstream furin cleavage motifs are conserved in

vertebrate BMP2 and BMP4 precursor proteins and in the
Drosophila ortholog DPP, but there are clear differences in how
these sites are used. Whereas all vertebrate BMP2/4 precursors
contain an optimal furinmotif at the S1 site and aminimal consensus
motif at the S2 site, the order is reversed in DPP, thus leading to the
suggestion that in Drosophila the upstream prodomain (S2) site is
cleaved initially, followed by cleavage of the site adjacent to the
mature domain (S1) (Kunnapuu et al., 2009). Furthermore, cleavage
of the S2 rather than the S1 site of DPP appears to be themore crucial
determinant of ligand activity in Drosophila, unlike in vertebrates.
Specifically, whereas mice homozygous for a knock-in mutation
(Bmp4S2G) that prevents cleavage at the S2 site have substantial
residual BMP4 activity in most tissues (Goldman et al., 2006), a
comparable mutation in Dpp completely ablates DPP activity in the
fly wing disc (Kunnapuu et al., 2009; Sopory et al., 2010).
Conversely, whereas mutations that prevent cleavage of the S1
site, but allow for cleavage at the S2 site alone lead to a nearly
complete loss of vertebrate BMP4 activity (Sopory et al., 2006),
cleavage at the S2 site alone is sufficient for most DPP activity in the
fly wing disc (Kunnapuu et al., 2009). Further analysis and
comparison of cleavage site usage across evolution may shed light
on mechanisms by which proteolytic maturation regulates the
activity of these crucial signaling molecules.

MATERIALS AND METHODS
Generation and genotyping of mice
Animal procedures followed protocols approved by the Oregon Health &
Sciences University and the University of Utah Institutional Animal Care

and Use Committees. Bmp4S2KHAMyc and Bmp4HAMyc mice were generated
using standard gene targeting procedures that are described in detail in the
supplementary Materials and Methods. Bmp4lacZ/+ and BRE-lacZ mice
were obtained from Dr B. Hogan (Duke University, USA) and Dr
C. Mummery (Leiden University, The Netherlands), respectively.

Xenopus embryo assays
RNA (5 pg) was injected near the dorsal midline of four-cell Xenopus
embryos. The dorsal quadrant was dissected from ten embryos in each group
at stage 10 and proteins extracted as described (Moon and Christian, 1989),
with the addition of complete Mini protease inhibitors (Roche), 1 mM NaF
and 1 mM Na3VO4. Two embryo equivalents per sample were resolved by
SDS-PAGE, followed by western blotting with antibodies specific for
phospho- and total Smad1/5/8 (Cell Signaling, 9511 and 9512, respectively).

Transient transfection and pulse chase analysis
HEK293 cells were transfectedwith 100 ng ofDNAencodingBMP4HAMyc
or BMP4S2KHAMyc together with 1.9 µg of DNA encoding GFP using
Lipofectamine 2000 (Invitrogen). Cells were cultured for three days, rinsed
twice with 1× PBS, then pulse labeled with 100 µCi/ml [35S]Met/Cys in
DMEMwithout Met/Cys for 1 h. Cells were again rinsed twice with 1× PBS,
then incubated in chase medium (OPTIMEM) for various time points. For
temperature block experiments, cells were incubated at either 37°C or 19°C
throughout the chase.Mediumwas removed and cells were acid washed three
times (2 min each in 0.1 M glycine, pH 2.5, 150 mMNaCl). Cells were lysed
with RIPA (150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS,
50 mMTris, pH 8.0) and radiolabeled precursor and prodomain proteins were
immunoprecipitated by incubationwith anti-HAantibody (12CA5, 16 μg/ml)
and protein A-Sepharose 4B beads as described (Degnin et al., 2004).
Radiolabeled mature proteins were then immunoprecipitated from HA-
depleted medium and lysates by incubation with anti-Myc antibody (9E10,
16 μg/ml) and protein G-Sepharose beads. Where indicated, proteins were
deglycosylated using PNGase F or Endo H (New England BioLabs).
Immunoprecipitated proteins were analyzed by 8-10% SDS-PAGE and
imaged by autoradiography. Radiolabeled bands were visualized with a GE
Healthcare Phosphorimager.

Inhibitor studies
HEK293 cells were transiently transfected with 200 ng of DNA encoding
BMP4HAMyc or Xnr2HA together with 1.8 µg of DNA encoding pCS2+ as
described above. After 24 h, the culture mediumwas replacedwith serum-free
medium containing vehicle alone (DMSO), or vehicle plus either 25 μM
RVKR-cmk (Calbiochem) or 10 μM D6R (Calbiochem), and cells were
cultured for an additional 20 h in the presence of inhibitors. Cells were lysed
in 150 mM NaCl, 20 mM Tris-Cl pH 7.5, 1 mM EDTA, 1% sodium
deoxycholate, 1%NP40, and culture mediumwas TCA-precipitated. Proteins
were separated on a 4-15% gradient gel and transferred onto a PVDF
membrane. Membranes were probed with anti-HA (Roche, 3F10; 1:1000),
anti-BMP4 (Santa Cruz, sc-12721; 1:1000) or anti-beta-actin antibodies
follow by HRP-conjugated anti-mouse, rat or rabbit IgG (Jackson
ImmunoResearch, 115-035-03, 112-035-03, 111-035-003, respectively;
1:10,000). Immunoreactive proteins were detected using ECL Plus Western
Blotting Detection Reagents (GE Healthcare).

Western blot analysis of mouse tissue and endothelial cells
Whole lungs were homogenized in 1 ml 150 mM NaCl, 1% NP-40, 50 mM
Tris pH 8.0+1× complete Mini protease inhibitors (Roche), incubated on ice
for 1 h and spun down for 15 min. Lysates were pre-cleared with 100 µl
protein G-Sepharose beads on a rocker for 1 h. Lung endothelial cells were
prepared as described (Sobczak et al., 2010). Per whole lung sample, 450 µg
of protein, 5-30 µg of endothelial cell lysates or 40 µl of endothelial cell
medium were resolved by SDS-PAGE and transferred onto a PVDF
membrane. Membranes were probed with anti-HA, anti-BMP4 or anti-actin
antibodies and immunoreactive proteins were detected as described above.

Detection and counting of PGCs
Primordial germ cells were visualized and counted according to Lawson
et al. (1999).
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Skeletal preparations
Skeletal staining was performed as described (Hogan et al., 1994).

Immunostaining and β-galactosidase staining
β-galactosidase staining of Bmp4lacZ/+ and BRE-lacZ embryos was
performed as described (Lawson et al., 1999), using Red-Gal (Research
Organics) or X-Gal (Promega) as a substrate.
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