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Many secreted proteins are synthesized as precursors with
propeptides that must be cleaved to yield the mature functional
form of the molecule. In addition, various growth factors occur
in extracellular latent complexes with protein antagonists and
are activated upon cleavage of such antagonists. Research in the
separate fields of embryonic patterning and extracellularmatrix
formation has identified members of the BMP1/Tolloid-like
family ofmetalloproteinases as key players in these types of bio-
synthetic processing events in species ranging from Drosophila
to humans.

Bone morphogenic proteins (BMPs)2 were first defined by
the ability to induce de novo bone formation and were first
identified in bone extracts (1). Although all other BMPs are
members of the TGF� superfamily of growth factors, BMP1 is a
metalloproteinase, the first demonstrated role of whichwas as a
procollagen C-proteinase (pCP) (2) that cleaves C-propeptides
from procollagen precursors to produce mature monomers of
themajor fibrillar collagens I–III. This activity is crucial to bone
biology, as collagen I is the major protein component of bone
and is essential to bone structure/function. After initial cloning
of mammalian BMP1, Tolloid (TLD), the protein product of a
zygotically active gene involved in dorsoventral patterning of
Drosophila embryos, was shown to have a domain structure
resembling that of BMP1 (3) and was later shown to exert pat-
terning effects by activating the TGF�-like BMP decapentaple-
gic (DPP) (4). Subsequently, BMP1 and TLD have become pro-
totypes of the BMP1/TLD-like proteinase (B/TP) family. B/TPs

in a broad range of species are now implicated in processes that
include extracellular matrix (ECM) formation and mineraliza-
tion, embryonic patterning, growth factor activation, and gen-
eration of anti-angiogenic protein fragments, all via cleavage of
a growing list of substrates.

B/TP Structure

There are four mammalian B/TPs: BMP1, mammalian TLD
(mTLD), andmammalian TLD-like 1 (mTLL1) and 2 (mTLL2).
mTLD is a longer splice variant encoded by the same gene that
encodes BMP1 (5), whereas TLL1 and TLL2 are genetically dis-
tinct. BMP1, mTLD, mTLL1, and mTLL2 homologs have been
identified inXenopus, whereasDrosophila has two B/TP family
members distinct from those found in vertebrates (6). B/TPs
share a similar protein domain structure (Fig. 1) comprising an
N-terminal prodomain, followed by a conserved protease
domain characteristic of the astacin M12A family of the metz-
incin subclan of metalloproteinases (7, 8) and then by non-
catalytic EGF (EGF-like) andCUBmotifs, the latter named after
the first three proteins in which it was described (complement/
Uef/BMP1) and thought to be involved in protein-protein
interactions (9).
The prodomain confers latency and is cleaved in the Golgi of

some cell types by subtilisin-like proprotein convertases (SPCs)
(10), whereas in other cell types, B/TPs are secretedwith prodo-
mains intact (11, 12), suggesting extracellular activation. In
Drosophila embryos, most TLD occurs as a prodomain-retain-
ing form, suggesting an activation limited by either inefficient
or regulated processing (4). BMP1/mTLD prodomain
sequences, which co-purify with TGF�-like BMPs from
osteoinductive bone extracts (1), can bind BMP2 and BMP4
with high affinity and may participate in regulating their activ-
ity in vivo (12).
Crystal structure analysis indicates that the BMP1 protease

domain, as in the prototypical protease astacin, has a deep
active site cleft, within which three conserved histidines bind
the catalytic zinc, but it differs from the astacin protease
domain in that a conserved tyrosine does not participate in zinc
binding (13). The specificity of B/TP active sites differs from
that of the prototypic protease astacin but is similar to that of
other astacin family members in having a strong preference for
aspartate in the P1� position of substrate cleavage sites (6, 14).
Crystal structure analysis has identified a basic arginine in the
S1� pocket of BMP1, consistent with this preference for P1�
aspartates, whereas a bulky vicinal disulfidemay contribute to a
restricted S1 pocket, helping to explain a preference of B/TPs
for small aliphatic resides in substrate P1 positions (6, 13). Only
five cleavage sites of knownB/TP substrates lack P1� aspartates,
and these all have glutamines in the P2 position (15), although
the significance of this observation remains to be determined.
C-terminal to the protease domain are the CUB and EGF

domains. A subset of CUB domains appears to require Ca2� for
optimum binding activity (16). The most N-terminal BMP1
CUB domain (C1) may play a role in imparting “chordinase”
activity, or ability to cleave chordin (17), a substrate described
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below. EGF domains bind Ca2� and may confer structural
rigidity to portions of B/TPs (18). BMP1, the most proteolyti-
cally active vertebrate B/TP against a number of substrates, has
the fewest C-terminal non-catalytic domains, and deletion of
EGF domains from mTLD enhances its pCP activity and
imparts an otherwise absent chordinase activity (19). Evidence
suggests that the reduced proteolytic activity of mTLD, relative
to BMP1, involves Ca2�-dependent homodimerization via its
extraCUB andEGFdomains, in particular themoreC-terminal
EGF domain, E2, leading to decreased proteolytic activity by
partial occlusion of the active site by the more C-terminal CUB
domains, C4 and C5 (20). A similar mechanism seems to apply
for mTLL1 (21). B/TPs have a number of Asn-linked glycosyl-
ation sites, many of which are conserved among family mem-
bers (Fig. 1). Glycosylation at such sites can affect BMP1 secre-
tion, thermostability, and pCP activity (22).

B/TP Distributions and General Functions

All fourmammalian B/TPs are expressed inmouse gastrulas,
consistent with roles in dorsoventral patterning, whereas in
later development, BMP1, mTLD, andmTLL1 are expressed at
relatively high levels in areas of bone formation, consistent with
roles in this process, andmTLL2 expression localizes to skeletal
muscle (23).mTLL2 appears to serve a non-redundant function
in muscle, as mTLL2-null mice have a small reduction in mus-
cle mass (24). Xenopus BMP1, mTLL2, and mTLL1 homologs
are designated BMP1, Xolloid, and Xolloid-related, respec-
tively. BMP1 and Xolloid are expressed ubiquitously in Xeno-
pus early embryos, whereas Xolloid-related is up-regulated in
ventral regions by BMP signaling (25). In Drosophila embryos,
which have inverted dorsoventral axes compared with verte-
brates, TLD is localized dorsally (4). Studies in Xenopus and
Drosophila were the first to demonstrate B/TP roles in embry-
onic dorsoventral patterning (4, 26). Expression domains of a
second Drosophila B/TP, TLD-related (TLR; also known as
Tolkin), partially overlap those of TLD in embryos, but TLR
functional importance appears to lie mainly in larvae, in which
TLD is not expressed (27–29). Mammalian B/TP expression is
at relatively high levels in the developing and adult central nerv-
ous systems (5, 30–32), suggesting roles in development and
homeostasis of this tissue. Expression levels of mTLL1, in par-

ticular, are high in the adult central nervous system in areas of
high synaptic plasticity (31, 32). Relatedly, B/TPs appear to play
roles in synaptic plasticity in the mollusc Aplysia (33), whereas
TLR participates in axon guidance inDrosophila (27, 29). Mice
null for the Bmp1 gene, which encodes BMP1 and mTLD, are
perinatal lethal, with failure of ventral body wall closure and
persistent gut herniation, likely due to defective ECM and lim-
ited disruption of dorsoventral patterning (34). Consistent with
a loss of pCP activity, Bmp1-null mice have abnormal collagen
fibrils. Surprisingly, however, given the importance of collagen
I to bone, gross skeletal abnormalities are not observed, perhaps
due to functional redundancywithmTLL1 in this tissue (34). In
mice,mTLL1 expression is limited to the cardiovascular system
until 10 days post-conception (dpc) and, at early times, co-lo-
calizes in the heart field with the cardiac-specific transcription
factor Nkx-2.5 (30), which may participate in driving mTLL1
expression in this tissue (35). After 10 dpc, mTLL1 is more
broadly expressed, butmTLL1-null mice die at�13.5 dpc from
deficits apparently confined to the cardiovascular system (30).
In humans, non-synonymous polymorphisms have been
reported in mTLL1 coding sequences in several patients with
atrial septal defects (36), although the significance of these find-
ings remains to be determined.
Recently, mTLD was reported to as a component of human

plasma (37), althoughwith a size of 95 kDa, smaller than the 130
kDa previously reported for mTLD (11, 23). Thus, mTLD or an
mTLD derivative may exert systemic effects, in addition to
localized effects exerted by mTLD produced in individual tis-
sues. CirculatingmTLD appears to be involved in bone fracture
repair and in the fibrosis associatedwith chronic kidney disease
(37, 39). Thus, inhibition or provision of circulatingmTLDmay
represent future approaches to therapeutic interventions in
these and related conditions.

Roles in ECM Formation

B/TPs appear to play important roles in regulating ECMdep-
osition by proteolytic trimming of precursors of various ECM-
related proteins, including collagens, small leucine-rich pro-
teoglycans (SLRPs), small integrin-binding ligand N-linked
glycoproteins (SIBLINGs), lysyl oxidase (LOX), and basement
membrane components perlecan and laminin-332.

Collagens

The major fibrillar collagens I–III are synthesized as procol-
lagens with N- and C-terminal peptides that must be removed
to produce mature triple helical monomers capable of forming
fibrils (40). The C-propeptides are cleaved by B/TPs (2, 41)
intracellularly or extracellularly in a tissue- and developmental
stage-specific manner (42). Prior to secretion, procollagens
form intracellular aggregates (42), which may be processed
more efficiently by B/TPs than are single procollagenmolecules
(43). It has been reported that retained C-propeptides preclude
monomer incorporation into fibrils in vitro and in cultures of
normal fibrogenic cells (44, 45), although collagen monomers
with uncleaved C-propeptides do appear to be incorporated
into fibrils of cells and tissues of embryonic lethal mice doubly
null for the genes that together encode BMP1, mTLD, and
mTLL1 (45, 46). Mutations at collagen I C-propeptide cleavage

FIGURE 1. B/TP protein domain structures. The upper schematic labeled
B/TP represents the general protein domain structure shared by the majority
of B/TPs across species. In the middle and lower schematics, arrowheads
denote alternative splicing that produces BMP1 and mTLD variants form the
same gene. Purple, red, green, blue, yellow, and pink boxes represent signal
peptides, prodomains, metalloprotease, and CUB and EGF domains and
domains unique to each protein, respectively. Triangles denote the sites of
potential Asn-linked glycosylation, conserved in B/TPs across a broad range
of species. CUB domains 1–5, and EGF domains 1 and 2 are labeled C1–5 and
E1 and E2, respectively. z, zebrafish.

MINIREVIEW: BMP1/Tolloid-like Proteinases

41906 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 49 • DECEMBER 9, 2011



sites that result in partial impairment of cleavage by B/TPs
result in mild cases of the brittle bone disease osteogenesis
imperfecta (47), although it is likely that complete inability to
cleave major fibrillar collagen C-propeptides is incompatible
with viability. Recently, it was shown thatmeprins, astacin fam-
ily members related to the B/TPs, can cleave both N- and
C-propeptides of procollagen III in vitro and that theC-propep-
tide cleavage site is the same as that used by B/TPs (48). How-
ever, it is unknownwhether such cleavages bymeprins occur in
vivo, and the physiological relevance of such findings remains
to be determined.

Minor fibrillar collagens V and XI are incorporated into and
are thought to regulate the geometries of fibrils of the more
abundant collagens I and II, respectively (49, 50). The pro-
�2(V) chain of collagen V and the major fibrillar collagen
I–III procollagen chains share an identical protein domain
structure and constitute the clade A procollagen chains,
whereas the pro-�1(V) and pro-�3(V) chains of collagen V
and the pro-�1(XI) and pro-�2(XI) chains of collagen XI
constitute the clade B procollagen chains (51). An obvious
difference between clade A and B procollagens is in the con-
figuration of their N-terminal globular regions (Fig. 2). As

FIGURE 2. B/TP substrates. Schematics are shown for known B/TP substrates. A, collagens: a, clade A fibrillar procollagens; b, clade B fibrillar procollagens; c,
procollagen VII; d, gliomedin. B, non-collagenous ECM-related proteins: e, pro-LOX and pro-LOX-like (B/TPs cleave the former once and the latter at two sites);
f, SIBLING proteins (cleaved by B/TPs into N- and C-terminal fragments, the latter more highly phosphorylated and containing integrin-binding RGD sequenc-
es); g, SLRPs; h, perlecan; i, laminin-332 (cleaved in both the �3 and �2 chains by B/TPs). C, non-ECM-related substrates: j, chordin and SOG (each cleaved by
B/TPs at two corresponding locations, with SOG cleaved at a third additional site (not shown) just N-terminal to CR2; TSG binds BMP2/4-chordin and DPP-SOG
complexes, thereby modulating chordin/SOG cleavage by B/TPs); k, CHL1 and Chl (each has three cysteine-rich (CR) domains with homology to those of
chordin/SOG); l, GDF8/11; m, IGFBP3; n, LTBP (cleaved by B/TPs to release the TGF� “large latent complex” from the ECM); o, pro-ApoA1; p, prolactin/growth
hormone.
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with major fibrillar procollagens, B/TPs cleave the pro-
�2(V) C-propeptide (52). In contrast, clade B procollagen
C-propeptides are cleaved by SPCs, whereas B/TPs cleave
within the large N-terminal globular domains of the pro-
�1(V), pro-�1(XI), and pro-�2(XI) chains (45, 52). Pro-
�3(V) N-terminal sequences can be cleaved by B/TPs in vitro
and in cell culture systems (53), although such processing
may not occur in at least some tissues in vivo (54). Proteolytic
trimming defines the portions of clade B N-terminal globu-
lar regions that project beyond fibril surfaces and that may
participate in regulating fibril geometry (55).
The C-terminal globular NC2 domain of non-fibrillar colla-

gen VII is cleaved upon formation of collagen VII antiparallel
dimers that self-associate to form anchoring fibrils, important
in securing the epidermis to the underlying stroma, and B/TPs
can cleave the NC2 domain in vitro (56). Moreover, mutations
that eliminate this cleavage site result in procollagen VII accu-
mulation at the dermal-epidermal junction in vivo and in the
blistering skin disease dystrophic epidermolysis bullosa (56).
Although procollagen VII processing appears undiminished in
Bmp1-null mice, this may result from functional compensation
by mTLL1 and/or mTLL2 (57).
Gliomedin, a transmembrane collagen important in forma-

tion of the nodes of Ranvier, is shed from Schwann cell surfaces
by SPCs but can be further processed by B/TPs (58). The latter
cleavage results in free olfactomedin domains with enhanced
ability to aggregate, which may help stabilize nodes of Ranvier
(58).

Non-collagenous ECM-related Proteins

LOX and LOX-like are extracellular enzymes necessary for
the formation of covalent cross-links that provide collagen and
elastic fibers with much of their tensile strength. Both are
secreted as zymogens that are activated byB/TPs via cleavage of
prodomains (59, 60). Dentin matrix protein 1 (DMP1) and
DSPP (dentin sialophosphoprotein), SIBLING family mem-
bers, are highly acidic proteins that can be cleaved by B/TPs to
produce fragments involved in initiatingmineralization of hard
tissues (61, 62). Observations that DMP1-processing activity is
decreased in cells null for BMP1, mTLD, and mTLL1 (62) and
that expression of both BMP1 and DMP1 increases coincident
withmineralization (63) are supportive of the physiological rel-
evance for B/TP cleavage of DMP1. Osteoglycin, which is
believed to regulate collagen fibril diameters, and biglycan and
decorin, which appear to play roles in regulating both collagen
fibrillogenesis and TGF� signaling, are SLRPs that are synthe-
sized as precursors and cleaved by B/TPs tomature forms (64–
66). B/TPs also process basement membrane proteins laminin-
332 (also known as laminin-5), in which the �2 and �3 chains
are trimmed, and perlecan, a proteoglycan (67, 68). B/TP cleav-
age of perlecan liberates the anti-angiogenic fragment
endorepellin (67). However, peptides that inhibit mTLD in
vitro may reduce angiogenesis in some systems (69). Thus,
B/TPs may balance regulation of angiogenesis by assisting in
blood vessel growth while releasing anti-angiogenic factors to
prevent excessive angiogenesis.

Non-ECM-related Substrates: Growth Factors

In addition to direct roles in ECM formation, B/TPs affect
development and homeostasis via effects on various non-ECM
proteins, including a subset of growth factors such as BMP2 and
BMP4. Aside from roles as osteoinductive factors (1), BMP2
and BMP4 generate signaling gradients that aremajor determi-
nants of dorsoventral patterning in vertebrate embryogenesis, a
mechanism conserved in Drosophila by signaling gradients of
the BMP2/4 homolog DPP (70). BMP2 and BMP4 are bound
and inhibited by the extracellular antagonist chordin, whereas
DPP is bound and inhibited by theDrosophila chordin homolog
short gastrulation (SOG). In vertebrates, B/TPs provide chor-
dinase activity that cleaves chordin, thus freeing BMP2/4 to
bind cell surface receptors, whereas SOG cleavage by TLD
serves a similar purpose inDrosophila (4, 26, 45). A difference is
that SOG is efficiently cleaved only when bound to DPP,
whereas chordin cleavage is BMP2/4-independent (4, 26).
Dependence of SOG cleavage on DPP as a co-substrate appar-
ently bolsters a long-rangeDPP diffusion function of SOG, thus
contributing to a steeper and more stable DPP signaling gradi-
ent (71). In vertebrates andDrosophila, the protein twisted gas-
trulation (TSG) binds BMP2/4-chordin or DPP-SOG com-
plexes, thus modulating chordin/SOG cleavage by B/TPs (72).
The mammalian protein chordin-like 1 (CHL1) and the
zebrafish protein chordin-like (Chl), with similarities of protein
domain structure to chordin, bind and inhibit BMP2/4 and are
both cleaved by B/TPs (73). Interestingly, the BMP1/mTLD
prodomain, which co-purifies from bone extracts with BMP2/4
(1), can avidly bind BMP2/4 and thus inhibit signaling (12).
Although BMP1 prodomain-BMP4 complexes are found in tis-
sues (12), the roles that such interactions may play in vivo are
yet to be determined.
TGF�1–3, which play important roles in regulating cell

behaviors, are synthesized as inactive proproteins. Upon cleav-
age by SPCs, TGF�1–3 remain noncovalently bound to their
prodomains as latent complexes. Most often, these complexes
are covalently linked via their prodomains to latent TGF�-
binding proteins (LTBPs), which tether them to the ECM (74).
B/TPs cleave LTBP1, thus releasing from the ECM a processed
form of the complex with increased susceptibility to further
activation by matrix metalloproteinases (75). However, this
method of TGF�1–3 activation is one of several reported
mechanisms for TGF�1–3 activation and may thus be limited
to a subset of physiological circumstances. TGF�-related
growth and differentiation factors (GDFs) 8 and 11, negative
regulators of skeletal muscle growth and neurogenesis, respec-
tively, also form noncovalent latent complexes with their SPC-
cleaved prodomains, and in both cases, these latent complexes
are activated by B/TP cleavage of prodomains (76, 77). Simi-
larly, in Drosophila, TLD and TLR can cleave prodomains of
TGF�-like factors activin, dawdle, andmyoglianin (27), the lat-
ter a homolog of mammalian GDF8. TLR cleavage of dawdle
appears to play a role in axon guidance and fasciculation (27).
Insulin-like growth factors (IGFs), which have important

roles in development and metabolism, are bound by IGF-bind-
ing proteins (IGFBPs), which modulate IGF activity. B/TPs can
cleave IGFBP3, one of six mammalian IGFBPs, in vitro and are
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responsible for most IGFBP3 processing in mouse embryo
fibroblasts (15). This processing appears to lower the ability of
IGFBP3 to block IGF cell signaling while enhancing some IGF-
independent IGFBP3 effects on cells (15).

Additional Non-ECM-related Substrates

When secreted by endothelia, prolactin and growth hor-
mone have angiogenic effects, whereas naturally occurring
N-terminal cleavage fragments of the same hormones are anti-
angiogenic. B/TPs can cleave prolactin and growth hormone in
vitro and in cell culture, creating N-terminal fragments similar
in size to those found in vivo and with similar anti-angiogenic
effects (78). Thus, as with perlecan (see above), B/TPs can gen-
erate anti-angiogenic fragments, in this case via cleavage of pro-
angiogenic hormones. Consistent with possible B/TP roles in
angiogenesis is the finding that mTLD mRNA is among the
transcriptsmost strongly induced by transition of resting endo-
thelia to the activated endothelia associated with tumors (79).
ApoA1, the major protein component of HDL, is secreted as

a proprotein unable to bind lipids. BMP1-neutralizing antibod-
ies or siRNA blocks pro-ApoA1 propeptide cleavage, whereas
recombinant BMP1 can cleave the propeptide (80). Also, the
physiological pro-ApoA1 cleavage site resembles those found
in known B/TP substrates. Thus, B/TPs may be responsible for
cleaving pro-ApoA1, perhaps enhancing ApoA1 conversion to
a conformation able to bind phospholipids (80).

B/TP Regulators

A growing number of protein regulators of B/TP activities
have been reported that, due to their modulation of B/TP activ-
ities, may play similarly important roles in morphologic and
homeostatic events.

pCP Enhancers

pCP enhancers 1 and 2 (PCPE1 and PCPE2; also known as
PCOLCE1 andPCOLCE2), proteins that canmarkedly enhance
B/TP pCP activity, each consist of two N-terminal CUB
domains and a C-terminal netrin-like (NTR) domain (81, 82).
The CUB domains of PCPE1 bind procollagen (82) in a coop-
erative manner (83), and its NTR domain can bind BMP1 and
mTLL1 (84, 85), suggesting that PCPE1 may act as a linker that
enhances procollagen-B/TP interactions. Moreover, enhance-
ment of pCP activity by PCPE1 is potentiated by heparin or
heparan sulfate, both of which bind the PCPE1 NTR domain,
procollagen, andBMP1 (85, 86), suggesting that heparan sulfate
proteoglycans (HSPGs) may foster procollagen processing in
vivo by bolstering formation of PCPE-procollagen-B/TP com-
plexes (85, 86). HSPGs may also bind PCPEs to cell surfaces
(86). PCPE1 enhancement of B/TPs seems specific to pCP
activity, as PCPE1 failed to enhance cleavage of a number of
other substrates in vitro (87). However, the extent of collagen
fibril abnormalities in tissues of PCPE1-null mice (46) suggests
possible additional roles for PCPEs. Suggestive but inconclusive
genetic studies have implicated PCPE2 in modulating serum
levels of HDL, whereas biochemical studies have shown PCPE2
to be associated with serum HDL and to be capable of binding
both pro-ApoA1 and BMP1 and perhaps enhancing pro-
ApoA1 processing by BMP1 in vitro (88). In vivo roles for

PCPE2 in modulating HDL levels and pro-ApoA1 processing
are supported by recent findings of decreased pro-ApoA1 proc-
essing and changes to HDL levels and properties in PCPE2-null
mice (89). PCPE1 is also found in serum, and differential glyco-
sylation of serum PCPE1 has been reported as a potential
marker for levels of collagen remodeling in humans (90).
PCPE1 can bind �2-microglobulin (91), although the signifi-
cance of this finding remains to be elucidated.

Scaffold Proteins

PCPEs and HSPGs are not the only molecules able to bind
both B/TPs and their substrates, thus fostering interactions. In
Xenopus, the secreted olfactomedin family proteinONT1binds
both B/TPs and chordin, thereby facilitating chordin degrada-
tion (92). Expressed dorsally in embryos, ONT1 seems impor-
tant in stabilizing dorsoventral patterning, as its loss sensitizes
patterning to disruption uponmanipulation of levels of chordin
or other factors involved in regulating BMP signaling (92).
Fibronectin (FN), a non-collagenous ECMprotein, binds BMP1
non-protease domains via multiple FN sites (93). FN also binds
various B/TP substrates, including LOX, chordin, biglycan,
fibrillar collagens, and IGFBP3; and proteolytic processing of all
these substrates is markedly reduced in FN-null mouse fibro-
blasts (15, 93, 94). Thus, FN appears able to act as a scaffold that
facilitates B/TP-substrate interactions. Although FN can
directly enhance BMP1 cleavage of chordin, procollagen I, and
biglycan in vitro, effects of FN on BMP1 activity are more strik-
ing and consistent in cell cultures (15, 93). Thus, other factors
may be important to FN enhancement of processing. Periostin,
a secreted protein expressed primarily in collagen-rich connec-
tive tissues, binds BMP1 and FN and enhances both deposition
of BMP1 into FN ECM and processing/activation of LOX (95).
Thus, periostin may act as a scaffold that, by facilitating BMP1,
LOX, and FN interactions, enhances formation of covalent
cross-links that bolster the tensile strength of dense connective
tissues.

Secreted Frizzled-related Proteins (sFRPs)

sFRPs consist of a C-terminal NTR domain and an N-termi-
nal frizzled domain. The latter has homology to Wnt ligand-
binding proteins, andmost sFRPs participate in regulatingWnt
signaling. However, sizzled, an sFRP expressed ventrally in
Xenopus embryos, does not bind Wnt ligands, but it affects
dorsoventral patterning by binding B/TPs and competitively
inhibiting their chordinase activity (96). Crescent, a Xenopus
sFRP expressed dorsally in embryos, also inhibits B/TP chordi-
nase activity and binds Wnt ligands (25), perhaps providing
cross-talk between the BMP and Wnt signaling pathways.
Together, these two sFRPs may help stabilize the dorsoventral
BMP signaling gradient, as sizzled may provide negative feed-
back that limits ventral BMP signaling, whereas crescent may
help maintain maximum chordin levels dorsally (25). The
mammalian protein sFRP2 also binds B/TPs but does not have
anti-chordinase activity (97). Instead, it seems capable of
enhancing B/TP pCP activity in vitro, and sFRP2-null fibro-
blasts show decreased procollagen processing (97). In addition,
sFRP2-null mice have decreased fibrosis and improved cardiac
function followingmyocardial infarction (MI) (97), presumably
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because B/TP procollagen processing is a rate-limiting step in
the collagen deposition underlying fibrosis and because fibrosis
inMI impairs cardiac function. sFRP2, which binds BMP1 non-
protease domain sequences, appears to enhance binding of
BMP1 to procollagen, suggesting that pCP activity enhance-
ment may occur via formation of a BMP1-sFRP2-procollagen
complex (97). A subsequent study (98) confirmed sFRP2-BMP1
binding and sFRP2 enhancement of pCP activity at physiologi-
cal sFRP2 concentrations similar to those used by Kobayashi et
al. (97) but found that 10-fold higher concentrations of sFRP2
can inhibit pCP activity and that direct injection of sFRP2 into
rat heart with MI can inhibit collagen deposition. Attempting
to explain the apparently contradictory observations of
decreased fibrosis in sFRP2-null mice (97) and decreased fibro-
sis upon injection of sFRP2 into rat heart withMI, He et al. (98)
suggested that reduced MI fibrosis in sFRP2-null mice may
result from apoptotic loss of fibrogenic cells due to loss of
sFRP2 anti-apoptotic activity. A third study reported no effect
of sFRP2 on the in vitro pCP activity of BMP1 or mTLD (61).

Endogenous B/TP Inhibitors

�2-Macroglobulin, a serum protein also produced by various
cell types, traps and irreversibly inhibits some proteases,
including the B/TPs (99). Interestingly, another B/TP inhibitor
is BMP4, which can non-competitively inhibit chordinase
activity by binding B/TPCUBdomains, thus providing negative
feedback that limits BMP signaling in regions of high BMP2/4
and B/TP concentrations (38).

Perspectives

B/TPs are implicated in manifold interactions likely to affect
key morphogenetic and homeostatic processes. Future studies
employing tissue-specific knockdown/knock-out of B/TPs, sin-
gly or in combination, to remove redundancy should provide
insights into the actual importance of such interactions in vivo.
However, this approach may be complicated by B/TPs in the
general circulation, as tissues in which B/TP expression is
ablatedmay nevertheless be infused with B/TPs produced else-
where. It will be of interest to determine whether circulating
B/TPs are complexed to other proteins that affect their stabili-
ty/activity. It seems reasonable to assume that such complexes
exist, if only to protect B/TPs from �2-macroglobulin, which is
at relatively high levels in serum and which would otherwise
irreversibly inactivate circulating B/TPs.
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