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Abstract

Bone morphogenetic proteins (BMPs) are phylogenetically conserved signaling molecules that belong to the transforming growth factor
(TGF)-8 superfamily, and are involved in the cascades of body patterning and morphogenesis. The activities of BMPs are precisely regulated
by certain classes of molecules that are recently recognized as BMP antagonists. BMP antagonists function through direct association with
BMPs, thus prohibiting BMPs from binding their cognate receptors. In this review, the classification and functions of BMP antagonists will be
discussed, especially focusing on the new family of tissue-specific BMP antagonists composed of uterine sensitization-associated gene 1

(USAG-1) and sclerostin.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Bone morphogenetic proteins (BMPs) are phylogeneti-
cally conserved signaling molecules that belong to the
transforming growth factor (TGF)-B superfamily [1-4].
Although these proteins were first identified by their
capacity to promote endochondral bone formation [5-7],
they are involved in the cascades of body patterning and
morphogenesis [8]. Furthermore, BMPs play important roles
after birth in pathophysiology of several diseases including
osteoporosis [9], arthritis [5], kidney diseases [10-12],
pulmonary hypertension [13,14], cerebrovascular diseases
[15] and cancer [16].

In addition to the tissue-specific expression of BMPs and
their cell surface receptors, BMP signaling is precisely
regulated by certain classes of molecules that are recently
recognized as BMP antagonists [1-3,17]. These BMP
antagonists function through direct association with BMPs,
thus prohibiting BMPs from binding their cognate receptors.
The interplay between BMP and their antagonists governs
developmental and cellular processes as diverse as establish-
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ment of the embryonic dorsal-ventral axis [18], induction of
neural tissue [19], formation of joints in the skeletal system
[5] and neurogenesis in the adult brain [20].

In this review, the classification and functions of BMP
antagonists will be discussed, especially focusing on the new
family of BMP antagonists composed of uterine sensitiza-
tion-associated gene 1 (USAG-1) and sclerostin.

2. Classification of BMP antagonists

Since chordin and noggin, secretory proteins expressed in
the Spemann organizer of Xenopus embryos, are elucidated
to inhibit BMP signaling through direct binding [1-3,5] (see
Sections 6 and 7), number of proteins are documented as
members of the BMP antagonists. BMP antagonists have a
secretory signal peptide and cysteine arrangement consistent
with the formation of the cystine-knot structure and
represent a subfamily of cystine-knot superfamily, which
comprises of many homodimeric and heterodimeric proteins
such as TGF-B, growth differentiation factors (GDFs),
gonadotropins, and platelet-derived growth factors, and
BMPs [21]. Recently, Avsian-Kretchmer et al. classified
BMP antagonists into three subfamilies based on the size of
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Fig. 1. Phylogenetic tree of BMP antagonists. Phylogenetic tree of human
BMP antagonists based on the overall amino acid sequence similarity of
representative members from each subfamily. The GenomeNet server at
http://www.genome.jp/ was used for phylogenetic tree construction.

the cystine-knot [17]: the DAN family (eight-membered
ring) [22-24]; twisted gastrulation (nine-membered ring)
[25-28]; and chordin and noggin (10-membered ring) [29—
31]. They further divided the DAN family into four
subgroups based on a conserved arrangement of additional
cysteine residues outside of the cystine-knots: [1] PRDC
[32] and gremlin{22,33,34]; [2] coco [35] and Cerl [23];
homologue of Xenopus Cerberus; [3] Dan [36,37]; and [4]
USAG-1 [38,39] and sclerostin [40-42]. This subdivision is
almost consistent with the phylogenic tree, based on the
overall amino acid sequence similarity shown in Fig. 1.

USAG-1 and sclerostin are newly defined BMP
antagonists abundantly expressed in the kidneys and bones,
respectively. The discovery, function, and expression of
these unique BMP antagonists will be discussed later in
detail (see Sections 3 and 4). In addition to the entire amino
acids sequence similarity, there are several evidences to
support the idea that USAG-1 and sclerostin form a distinct
family of BMP antagonists. One reason is the evolutionary
origin of the genes; genes for USAG-1 and sclerostin are
missing in fly and nematode; however, a single ortholog for
both USAG-1 and sclerostin was found in Fugu rubripes and
Ciona intestinalis [17]. Furthermore, exon—intron arrange-
ments of all orthologous genes for USAG-1 and sclerostin
are highly conserved [17]. Another reason is that USAG-1
and sclerostin are secreted as monomers [38,40], while many
other BMP antagonists form dimers [30]. This result is
consistent with the findings that many BMP antagonists
possess extra cysteine residues that could allow the
formation of homodimers, which are missing in USAG-1
and sclerostin [17].

3. USAG-1
3.1. BMP-7 and kidney diseases
BMP-7, also known as osteogenic protein-1 (OP-1), is a

35 kDa homodimeric protein, and the kidney is the major
site of BMP-7 synthesis [43-46] during embryogenesis as

well as postnatal development. Its genetic deletion in mice
leads to severe impairment of kidney development resulting
in perinatal death [47,48]. Expression of BMP-7 in adult
kidney is confined to distal collecting tubules and podocytes
of glomeruli [49], and the expression decreases in several
kidney disease models [50-54]. Recently, several reports
indicate that the administration of recombinant BMP-7
inhibits the progression of chronic kidney disease in animal
models [51-53,55-59]; BMP-7 inhibits epithelial-to-
mesenchymal transition (EMT) of tubular epithelial cells,
and reduces the fibrosis of interstitium [59]. However, the
regulatory mechanism of the action of BMP-7 in the kidney
has not been elucidated.

3.2. Discovery of USAG-1

Through a genome-wide search for kidney-specific
human transcripts, our group found a novel gene, which
encodes a secretory protein with a signal peptide and
cysteine-rich domain [38]. The rat orthologue of the gene
was previously reported as a gene of unknown function that
was preferentially expressed in sensitized endometrium of
rat uterus, termed uterine sensitization-associated gene-1
(USAG-1) [39]. Amino acid sequences encoded in the rat
and mouse cDNAs are 97% and 98% identical to the human
sequence respectively, indicating high degrees of sequence
conservation.

Domain search predicted this protein to be a member of
the cystine-knot superfamily, with signal peptide of 23
amino acids [38]. Homology search revealed that USAG-1
has significant amino acid identities (38%) to sclerostin, the
product of the SOST gene [40]. Mutations of SOST are
found in patients with sclerosteosis, a syndrome of
sclerosing skeletal dysplasia [60] (see Section 4). Because
sclerostin was subsequently shown to be a new member of
BMP antagonist expressed in bones and cartilages [40—42],
USAG-1 is postulated to be a BMP antagonist expressed in
the kidney [38].

3.3. USAG-I is a BMP antagonist

USAG-1 is a 28-30 kDa secretory protein and behaved as
a monomer [38,61], in spite that a number of BMP
antagonists form disulfide-bridged dimers. This is consistent
with the fact that USAG-1 does not have the extra cysteine
residues present in noggin and DAN, which are necessary to
make inter-molecular disulfide bridges [17]. Recombinant
USAG-1 protein binds to BMP-2, -4, -6, and -7 with high
affinity, leading to the inhibition of BMP-2, -4, -6 or -7-
induced alkaline phosphatase activities (ALP) in C2C12
cells [38] and MC3T3-E1 cells [61] dose-dependently, while
sclerostin only inhibits BMP-6 and BMP-7 activities [40].

Furthermore, the activity of USAG-1 as a BMP anta-
gonist was confirmed in vivo using Xenopus embryos [38].
Injection of synthetic mRNA encoding BMP antagonists
to the ventral portion of Xenopus embryos inhibits the
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Fig. 2. Expression of USAG-1 mRNA: (A) x40; (B) x200. In E17.5 mouse embryos, the expression of USAG-1 is prominent in kidney tubules; and (C) in
ameloblasts of teeth. In adult kidney, the expression of USAG-1 is confined to distal tubules in the kidney (D).

ventralizing signal of endogenous BMP, and induces
secondary axis formation and hyperdorsalization of the
embryos [62]. The injection of as little as 100 pg USAG-1
mRNA was sufficient to cause secondary axis formation, and
injection of increasing doses of mRNA up to 1000 pg led to a
corresponding increase in the frequency of secondary axis
formation and hyperdorsalization, while embryos developed
normally when irrelevant mRNA was injected. Furthermore,
injection of USAG-1 mRNA into the animal pole of
Xenopus embryos induced expression of NCAM in animal
caps dose-dependently, but not that of muscle actin [38],
indicating that USAG-1 directly antagonizes BMP signaling
in Xenopus embryos.

3.4. Expression of USAG-1

In mouse embryogenesis, expression of USAG-1 mRNA
was first detected on embryonic day 11.5 (E11.5) and
increased towards E17.5 [38]. In situ hybridization of mouse
embryos on E11.5 revealed the moderate expression of
USAG-1 mRNA in branchial arches and pharynx. On E17.5,
strong expression of USAG-1 mRNA was confined to kidney
tubules and ameloblasts of teeth (Fig. 2A~C). In addition,
moderate expression was observed in hair follicles, ganglia,
choroids plexus and ependymal cells in the ventricles of the
brain.

In adult tissues, the expression was by far most abundant in
the kidney and is restricted to the epithelial cells of distal
collecting tubules (Fig. 2D) [38]. No expression was observed
in proximal tubules or blood vessels in the kidney. Thus, the
cellular distribution of USAG-1 is overlapping with that of
BMP-7 in the kidney [49]. Taken together with the fact that

proximal tubule epithelial cells (PTECs) are the site of injuries
in many types of kidney diseases, and that PTECs express the
receptors for BMP-7 [49], we hypothesized the working model
about the regulation of reno-protective action of BMP-7
(Fig. 3); in renal injuries, PTECs are mainly damaged and
undertake EMT to fibloblast-like mesenchymal cells. BMP-7
secreted from distal tubules binds to the receptors in the
PTECs, and inhibits EMT [59]. USAG-1 is also secreted from
distal tubules, binds to BMP-7, and inhibits the reno-protective
actions of BMP-7 by reducing the amount of “active BMP-7".

EMT
De-differentiation

o BMP7_ USAGH

Proximal tubules

Fig. 3. Working model about the regulation of reno-protective action of
BMP-7. In renal injuries, proximal tubule epithelial cells (PTECs) are
mainly damaged and undertake EMT to fibloblast-like mesenchymal cells.
BMP-7 secreted from distal tubules is reported to inhibit EMT of PTEC
[104]. USAG-1 is also secreted from distal tubules, binds to BMP-7, and
inhibits the reno-protective actions of BMP-7 by reducing the amount of
active BMP-7.
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Expression and possible functions of USAG-1 in
developing teeth was further evaluated by Laurikkala
et al. [61]. They independently identified ectodin (other
name for USAG-1) as a BMP antagonist, and showed that
ectodin/lUSAG-1 was intensely expressed in the peripheral
part of the teeth, but was absent in and around the enamel
knot signaling centers [61]. They also showed that ectodin/
USAG-1 antagonized the BMP-mediated induction of Msx2
expression in cultured tooth explants. Furthermore, BMP-2
and BMP-7 stimulated ectodin/USAG-1 expression in tooth
explants, and the induction was prevented by SHH and
FGF4, coexistent signals with BMPs in the enamel knot.

O’Shaunghnessy et al. reported the expression of Wise
(other name for USAG-1; see Section 3.5) in the dermal
papilla of hail follicle, and indicated that the expression
pattern and level varied during the hair cycle [63]. It has been
reported that noggin is expressed in hair follicles and plays a
critical role in the induction of hair follicle by modulating
the activities of BMPs [64,65]. Wise/USAG-1 might also
share some roles with noggin in hair-follicle induction.

3.5. USAG-1 as a modulator of Wnt signaling

Recently, Itasaki et al. reported another function of
USAG-1 as a context-dependent activator and inhibitor of
Whnt signaling [66]. They carried out a screen to identify
factors that can change the AP identity of neural tissue and
found a Wise, Xenopus orthologue of USAG-1. Over-
expression of Wise/USAG-1 in animal caps caused a
posterior character, and the posteriorizing effect required
Dishevelled [67] and B-catenin, which are components of
the canonical Wnt signaling pathway, indicating that in this
context Wise/USAG-1 activated the Wnt signaling cascade
by mimicking some of the effects of Wnt ligands. In
contrast, in an assay for secondary axis induction, Wise/
USAG-1 antagonized the axis-inducing ability of Wnt8.
They further demonstrated the physical interaction between
Wise/USAG-1 and Wnt co-receptor, lipoprotein receptor-
related protein 6 (LRP6) [68], and that Wise/USAG-1 is able
to compete with Wnt8 for binding to LRP6.

Recently, close relationships between the Wnt and BMP
pathways have been reported; for instance, the canonical Wnt
antagonist DKK1 and noggin cooperate in head induction
[69], while the expression of DKK1 is regulated by BMP-4 in
limb development [70]. Furthermore, a BMP antagonist
called Cerberus (see Section 5.2) has a binding site for Wnt
proteins that is distinct from the BMP binding site, and
antagonizes Wnt activities by directly binding to Wnt [71].
USAG-1 might also have dual activities, and play as a
molecular link between Wnt and BMP signaling pathway.

4. Sclerostin

Sclerostin, encoded by the SOST gene, is another
newly defined BMP antagonist, abundantly expressed in

long bones and cartilages [40-42]. The SOST gene was
originally identified as the gene responsible for a progressive
sclerosing bone dysplasia known as sclerosteosis, an
autosomal recessive disorder [60]. Sclerostin binds to
BMP-6 and BMP-7 with high affinity and to BMP-2 and
BMP-4 with low affinity, leading to the inhibition of BMP-6
and BMP-7 activities [40]. There has been a controversy
about the cell type expressing sclerostin [40-42], however,
van Bezooijen et al. recently elegantly showed that
sclerostin is expressed exclusively by osteocytes, and
inhibits the differentiation and mineralization of murine
preosteoblastic cells [42]. Its unique localization and action
on osteoblasts suggested that sclerostin might be the
previously proposed osteocyte-derived factor that is
transported to osteoblasts at the bone surface and inhibits
bone formation [42].

In scleosteosis, loss of sclerostin might prolong the active
bone-forming phase of osteoblasts, resulting in the increased
bone mass. Winkler et al. reported that transgenic mice
overexpressing SOST/sclerostin exhibited low bone mass
and decreased bone strength as the result of a significant
reduction in osteoblast activity and subsequently, bone
formation [41]. Based on its suppressive role in bone
formation, sclerostin could be a therapeutic target for the
treatment of osteoporosis.

Although three groups independently reported that
sclerostin is a novel BMP antagonist [40-42], there is a
partial disagreement in its mechanism of action; while Kusu
et al. and Winkler et al. reported that sclerostin is a classical
BMP antagonist and inhibits BMP-induced Smad phos-
phorylation and ALP [40,41], van Bezooijen et al. reported
that sclerostin does not inhibit short-term response to BMP
such as Smad phosphorylation [42]. Further investigation
would be needed to elucidate mechanism of action of
sclerostin.

High bone mass diseases are also caused by gain-of-
function mutations in LRP5 [72], a co-receptor for Wnt
proteins, and the clinical features are quite similar to those of
sclerosteosis. In addition, close interactions between BMP
and Wnt signaling pathways are reported in osteoblastic
cells [73,74]. Recently Winkler et al. reported that Wnt
induces osteoblast differentiation through BMPs, and that
BMP antagonists, such as sclerostin and noggin inhibit the
Wht-induced osteoblast differentiation [75]. The induction
of BMP proteins in this autocrine loop is essential for Wnt-
induced osteoblast differentiation.

Furthermore, high affinity binding between noggin and
sclerostin was reported, and that noggin—sclerostin complex
was competitive with BMP binding, and mutually attenuated
the activity of each BMP antagonist [76]. These data
demonstrate the possibility that function of noggin and
sclerostin are pleiotrophic. They affect BMP signaling
pathway negatively as BMP antagonists, but when their
expression overlaps, they might form a complex, and BMP
are available to bind to their receptors and induce
downstream signaling pathways.
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5. Other members of the DAN family

Differential screening-selected gene aberrative in neuro-
blastoma (DAN) family is composed of at least seven
proteins: Dan, Cerberus, coco, PRDC, gremlin, sclerostin
and USAG-1. All of them are conserved proteins with a
signal peptide for secretion, putative N-linked glycosylation
sites, and a cystine-knot motif in the carboxyl terminus [17].
Outside the cystine-knot motif, members of the DAN family
have limited homology.

5.1. Dan

Dan gene (also called NO3) was first identified as a gene
downregulated in src-transformed fibroblasts [36] and
overexpression of DAN suppresses the tumorigenic activity
of transformed fibroblasts [37,77,78]. Dan can bind BMP-2
and -4 at high concentrations; however, it is not clear
whether the binding is physiologically relevant, because Dan
also binds to GDF-5 more efficiently [79]. Dan mRNA is
localized in many developing axon tracts, although Dan
deficient mice have only subtle defects [79].

5.2. Cerberus/Cerl

Cerberus was identified in a search for transcripts that are
abundantly expressed in Spemann organizer of Xenopus
embryos [80], and injection of Cerberus mRNA into Xenopus
embryos causes unique phenotype of inducing an ectopic
head without trunk formation [71]. Trunk formation requires
Nodal and Wnt signaling, whereas head induction requires
inhibition of Wnt and BMP signaling. Cerberus, as a
multifunctional antagonist, inhibits all three signaling path-
ways, which leads to simultaneous head formation and trunk
inhibition [71]. Cerberus binds to BMP-4 and inhibits the
activities, while it binds to Wnt and nodal by separate sites
and inhibits these signaling pathways as well.

Although mouse protein Cerberus-like (mCerl) is
distantly related to Xenopus Cerberus [81], it does not
directly inhibit Wnt signals, and is unclear whether it is a true
mouse orthologue. Homozygous null mutants for mCerl
show no anterior patterning defects, are born alive, and are
fertile [82]. Since mCerl and Xenopus Cerberus differ in
biochemical activities, there might be additional Cerberus-
like protein, which may compensate for the loss of mCer-1.

5.3. Coco

Recently, another closely related protein, named Coco was
discovered in a screen for Smad7-induced genes [35]. Coco
blocks BMP/TGFf3 signaling in the ectoderm and regulates
cell fate specification and competence prior to the onset of
neural induction. In addition, Coco acts as a neural inducer
and induces ectopic headlike structures in neurula staged
embryos. This gene is expressed maternally in an animal to
vegetal gradient, and its expression levels decline rapidly

following gastrulation. Coco can inhibit Wnt signaling, and
might be a candidate for the mouse orphologue for Xenopus
Cerberus [35].

5.4. Protein related to DAN and Cerberus (PRDC)

PRDC was identified by gene trapping in embryonic stem
cells {83]. PRDC binds to BMP-2 and BMP-4, and blocks
the activities. PRDC transcripts are widely expressed
showing higher levels in ovary, brain, and spleen. PRDC
is expressed in granulosa cells of the ovaries, and might play
some roles in follicular development by antagonizing the
actions of BMPs.

5.5. Gremlin

Gremlin was identified from a Xenopus ovarian library
for activities inducing secondary axis [22]. Gremlin is a 28-
kDa protein, and binds to BMP-2/-4 and inhibits their
binding to the receptors.

Gremlin-deficient mice are neonatally lethal because of
the lack of kidneys and septation defects in lung [84]. In
early limb buds, mesenchymal gremlin is required to
establish a functional apical ectodermal ridge and the
epithelial-mesenchymal feedback signaling that propagates
the sonic hedgehog morphogen [85]. Furthermore, gremlin-
mediated BMP antagonism is essential to induce meta-
nephric kidney development [84].

Gremlin is also known as DRM (down-regulated by v-
mos) because it was identified as a gene that down-regulated
in mos-transformed cells [33,34]. Another name for gremlin
is JHG-2 (induced in high glucose 2) because its expression
in cultured kidney mesangial cells is induced by high
ambient glucose, mechanical strain, and TGF- [86]. The
expression of gremlin in the kidney increased in strepto-
zotocin-induced diabetic nephropathy [50]. Although both
USAG-1 and gremlin are expressed in the kidney and seem
to play some roles in kidney diseases, there are several
differences: first, target molecules of gremlin are considered
to be BMP-2 and BMP-4 [22], whereas USAG-1 antag-
onizes BMP-7 as well [38]; second, gremlin is expressed in
mesangial cells in the kidney glomerulus [86], while the
expression of USAG-1 is confined to the epithelial cells of
distal tubules [38]. Thus these two BMP antagonists seem to
play distinct roles in the development and progression of
kidney diseases.

6. Noggin

Noggin is a 32 kDa glycoprotein secreted by Spemann
organizer of Xenopus embryos [87], and is found to rescue
dorsal development in the ultra-violet-induced ventralized
embryos. Noggin antagonizes the action of BMPs, and
induces neural tissue and dorsalizes ventral mesoderm
[3,88]. Noggin binds to BMP-2 and BMP-4 with high
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affinity and to BMP-7 with low affinity, and prevent BMPs
from binding to its receptors. Recently, Groppe et al.
reported the crystal structure of noggin—-BMP-7 complex,
and demonstrated that noggin inhibits BMP signaling by
blocking the molecular interfaces of the binding epitopes for
both type I and type II receptors [30].

In mice, noggin is expressed in the node, notochord, dorsal
somite, condensing cartilage, and immature chondrocytes and
is required for patterning of the neural tube and somites
[89,90]. The function of noggin is essential in skeletal and
joint development: homozygous mice for noggin-null mutant
had excess cartilage and failed to initiate joint formation [89].
Although heterozygous mice for noggin-null mutant appear
normal, heterozygous mutations in the human locus result in
individuals with apical joint fusions, indicating functional
haploinsufficiency [91,92]. Furthermore, transgenic mice
overexpressing noggin in mature osteocalcin-positive osteo-
blasts showed dramatic decreases in bone mineral density and
bone formation rates [93].

Craniosynostosis, or premature cranial suture fusion,
results in an abnormal skull shape, blindness and mental
retardation. Recent studies have demonstrated that gain-of-
function mutations in fibroblast growth factor receptors
(fgfr) are associated with syndromic forms of craniosynos-
tosis [94,95]. Warren et al. reported that noggin is expressed
postnatally in the suture mesenchyme of patent, but not
fusing, cranial sutures, and that the expression of noggin is
suppressed by FGF2 and syndromic fgfr signaling [31]. In
addition, noggin misexpression prevents cranial suture
fusion. They conclude that syndromic fgfr-mediated
craniosynostoses may be the result of inappropriate down-
regulation of noggin expression.

Beyond the skeletal development, noggin also plays
essential roles in various tissues; noggin is expressed in the
follicular mesenchyme, where it neutralizes the inhibitory
action of BMP4 on hair-follicle induction [64,65]. Further-
more, noggin antagonizes BMP signaling to regulate the
stem cell niche during neurogenesis [20].

7. Chordin

Chordin, another BMP antagonist found in Spemann
organizer [96,97], is a 120-kDa large protein, which contains
four cysteine-rich domains of about 70 amino acids each
[96-98].

Chordin has a homolog in Drosophila, called short
gastrulation (sog), which binds to decapentaplegic, a BMP2/
4 homologue. Chordin binds to BMP-2 and BMP-4, and
prevents their interaction with BMP receptors [96]. The
activities of chordin are further regulated by a metallopro-
tease Tolloid [99], and twisted gastrulation (see Section 8).

Chordin deficient mice demonstrate, at low penetrance,
early lethality and a ventralized gastrulation phenotype [100].
The mutant embryos that survive die perinatally, displaying
an extensive array of malformations in pharyngeal and

cardiovascular organization that encompass most features of
DiGeorge and Velo-Cardio-Facial syndromes in humans
[101].

Double knockout mice for noggin/chordin display severe
defects in the development of head and facial structures, and
demonstrate disrupted mesoderm development and abnor-
mal left to right patterning [100].

8. Twisted gastrulation (Tsg)

Twisted gastrulation (Tsg) is a secreted protein that
regulates BMP signaling in the extracellular space through
its direct interaction with BMP and chordin [26-28], and the
ternary complex of BMP/Chordin/Tsg is cleaved by the
metalloprotease, Tolloid [99].

First, Tsg promotes the formation of stable ternary BMP/
chordin/Tsg complexes. Because this ternary complex
prevents binding of BMP to its receptors, in this aspect
Tsg behaves as a BMP antagonist. Second, the stability of
these inhibitory ternary complexes is controlled by the
Tolloid metalloprotease, which cleaves chordin at specific
sites. Because the presence of Tsg makes chordin
susceptible for cleavage by Tolloid, Tsg promotes the
degradation of chordin by Tolloid, and releases BMP that is
now able to signal through its receptors. In this second
aspect, Tsg functions to increase BMP activity.

Tsg-deficient mice were born healthy, but more than half
of the neonatal pups showed severe growth retardation
shortly after birth and displayed dwarfism with delayed
endochondral ossification and lymphopenia, followed by
death within a month [102]. Tsg-deficient thymus was
atrophic, and phosphorylation of Smadl was augmented in
the thymocytes, suggesting enhanced BMP-4 signaling in
the thymus. Since BMP-4 promotes skeletogenesis and
inhibits thymus development [103], these findings suggest
that Tsg acts as both a BMP-4 agonist in skeletogenesis and a
BMP-4 antagonist in T-cell development.

9. Summary and future directions

Although the functions of BMPs are spaciotemporally
regulated in embryonic and postnatal developmental
processes, the expression of BMPs and the receptors is
not strictly restricted to certain areas. Instead, the expression
of BMP antagonists is precisely regulated, and edges the
boundaries of BMP functions. In other words, BMP
antagonists act as on/off switch of BMP functions. While
developmental functions of BMPs have been extensively
studied, the biological functions of BMPs after birth remain
to be elucidated, probably due to the embryonic and
perinatal lethality or developmental defect of BMP-deficient
mice. Mice deficient of or overexpressing certain BMP
antagonists can be powerful tools to elucidate the biological
function of BMPs after birth.



DTD 8

M. Yanagita/Cytokine & Growth Factor Reviews xxx (2005) xxx—xxx 7

Furthermore, USAG-1 and sclerostin are unique in their
tissue-specific expression, biochemical behavior, and their
possible functions after birth. Future investigation would
provide valuable information on their pathophysiological
functions and give a rationale for the therapeutic approach
against these proteins.
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Dialysis dependency is one of the leading causes of morbidity and mortality in the world, and once end-
stage renal disease develops, it cannot be reversed by currently available therapy. Although administration
of large doses of bone morphogenetic protein-7 (BMP-7) has been shown to repair established renal injury
and improve renal function, the pathophysiological role of endogenous BMP-7 and regulatory mechanism
of its activities remain elusive. Here we show that the product of uterine sensitization-associated gene—1 (USAG1),
a novel BMP antagonist abundantly expressed in the kidney, is the central negative regulator of BMP func-
tion in the kidney and that mice lacking USAG-1 (USAGI~- mice) are resistant to renal injury. USAGI~/- mice
exhibited prolonged survival and preserved renal function in acute and chronic renal injury models. Renal
BMP signaling, assessed by phosphorylation of Smad proteins, was significantly enhanced in USAGI~- mice
with renal injury, indicating that the preservation of renal function is attributable to enhancement of endog-
enous BMP signaling. Furthermore, the administration of neutralizing antibody against BMP-7 abolished
renoprotection in USAGI7~ mice, indicating that USAG-1 plays a critical role in the modulation of renopro-
tective action of BMP and that inhibition of USAG-1 is a promising means of development of novel treatment

for renal diseases.

Introduction

Despite a significant increase in understanding of the pathophys-
iology of renal diseases, the incidence of end-stage renal disease
(ESRD) is still increasing. Tubular damage and interstitial fibrosis
are the final common pathway leading to ESRD (1, 2), irrespective
of the narture of the initial renal injury, and the degree of tubular
damage parallels the impairment of renal function (2). Once tubu-
lar damage is established, it cannot be reversed or repaired by cur-
rently available treatment, and renal function deteriorates to renal
failure, which is often life threatening (3). If we can come up with
an agent that can reverse established tubular damage, it would sig-
nificantly reduce the need for dialysis. Bone morphogenetic pro-
tein-7 (BMP-7) is a promising candidate for such an agent, because
iris reported to protect the kidney from renal injury (4-8). BMP-7
is known to play essential roles in kidney development, because
BMP-7-null mice die shortly after birth due to severe renal hypo-
plasia (9, 10). BMP-7 is also abundant in the adult kidney, especial-
ly in distal tubule epithelial cells (11, 12). Recently, several reports
indicared thar the expression of BMP-7 is decreased in renal dis-

Nonstandard abbreviations used: BMP-7, bone morphogenetic protein-7; EMT,
epithelial-mesenchymal transition; MCP-1, monocyte chemotactic protein-1; PTEC,

" proximal tubule epithelial cell; USAG1, uterine sensitization-associated gene-1; UUO,
unilateral ureteral obstruction.
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ease models (5, 6, 13-16) and that administration of recombinant
BMP-7 at pharmacological doses repairs chronic renal injury (4-8).
However, the pathophysiological role and regulatory mechanism
of endogenous BMP-7 remain elusive.

The local activity of endogenous BMP is controlled not only
by regulation of'its expression, but also by certain classes of mol-
ecules rermed BMP antagonists (17). BMP antagonists function
through direct association with BMP, thus inhibiting the bind-
ing of BMP to its receptors. Uterine sensitization-associated gene—1
(USAGI) encodes a secreted protein and was initially found as a
gene of unknown function whose expression was upregulated in
sensitized endometrium of the rat uterus (18). Recently, Avsian-
Kretchmer et al. suggested USAG-1 as a candidate for a novel
BMP antagonist using bioinformatic analysis (19). Furthermore,
Laurikkala et al. demonstrated USAG-1 to be a BMP antagonist
expressed in teeth (20).

We independently identified USAG-1 to be a novel BMP antago-
nist, abundantly expressed in the kidney (21). The expression of
USAG-1 is abundant in renal tubules and teeth in late embryo-
genesis and in adult tissues it is by far most abundant in the kid-
ney, especially in the distal rubule with a pactern similar to that of
BMP-7. From these findings, we hypothesized that USAG-1 might
regulate the renoprotective action of BMP-7 in the adulc kidney.

To evaluate this hypothesis, we generated USAGI-knockout
(USAG17") mice and induced acute and chronic renal disease models
in which renal tubules, but not glomeruli, were mainly damaged.
Number 1
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Generation and analysis of USAGI~ mice. USAGI~~ mice were gener-
ated by deleting the first exon including the transcription initia-
tion codon, the signal peptide, and the following 46 amino acids
(Figure 1). USAGI~~ mice were born at the ratio expected according
to Mendel’s law of heredity and were viable, fertile, and appeared
healchy except that they exhibited supernumerary teeth, both
in the incisors and molars, and fused teeth in the molar region
(Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/JC125445DS1). Although there was
variation in the sites of extra teerh and fused teeth, this tooth phe-
notype was fully penetrant. Food consumption was not disturbed
by this tooth phenotype in USAGI7~ mice (data not shown).
Attenuated acute tubular injury in USAG1~ mice. To induce acute
tubular injury, we utilized a cisplatin nephrotoxicity model (22-24).
Administration of a nephrotoxic agent, cisplatin, to wild-type litter-
mates caused acute tubular injury that resulted in severe renal fail-
ure. Within the first 3 days, 54% of wild-type mice died, while 92% of
USAGI7~ mice survived the period (Figure 2A). The renal function
of USAGI-/~ mice on day 3 was significantly preserved compared
with that in wild-type littermares (Figure 2B). Histological exam-
ination of the kidneys of wild-type mice on day 3 showed severe
proximal tubular damage, while this change was markedly reduced
in USAGI7/- mice (Figure 2, C and D). Expression of E-cadherin, a
marker for tubular epithelial integrity (25), was markedly reduced
in the kidneys of wild-type mice, while its expression was preserved
in USAGI™" mice (Figure 2E). Tubular apoptosis, a characteristic
feature of rubular injury in cisplatin nephrotoxicity (23), was also
significantly reduced in USAGI/~ mice (Figure 2F). As reported pre-
viously (24), cisplatin administration resulted in upregulation of
TNF-g, IL-1B, monocyte chemotactic protein-1 (MCP-1), TGF-f1,
and type IV collagen expression in the kidney of wild-type mice,
However, the induction of these genes was completely abolished
in USAGI/~ mice (Figure 2G). Infiltration of macrophages and
monocytes in the kidney was also significantly reduced in USAGI 7~
mice (Figure 2H), in accordance with the reduction of MCP-1
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PCR genotyping of F; littermates. Template(-) is the negative
control. (D) Northern blot analysis of USAGT mRNA in the
kidney of USAG1+* and USAGT-- (KO) mice.

expression (Figure 2G). Expression of BMP-7 was compa-
rable between wild-type mice and USAGI~~ mice before
and after injection of cisplatin (Figure 2G).

Renal fibrosis is reduced in USAGI~/~ mice. As a model of
chronic renal injury, we performed unilateral ureteral
obstruction (UUO) (26, 27) in both USAGI~~ mice and
wild-type mice, and the kidneys were harvested 14 days
after the operation. In wild-type mice, the obstructed kid-
ney showed dilatation/degeneration of renal tubules and
interstitial fibrosis, whereas the normal architecture was
preserved in USAGI~~ mice, except for mild dilatation
of tubules (Figure 3, A and B). Expression of E-cadherin
was markedly reduced in the kidneys of wild-type mice, while
its expression was preserved in USAGI~/~ mice (Figure 3C). Fur-
thermore, expression of a-SMA, a marker of tubulointerstitial
myofibroblasts (28), was upregulared in the interstitium of the
obstrucred kidney of wild-type mice, while high expression of
o-SMA was restricted to vascular smooth muscle cells in USAGI -
mice (Figure 3D). Since expansion and fibrosis of the renal inter-
stitium is another characteristic feature of UUOQ (6), we examined
the deposition of type IV collagen, which is a normal component
of the tubular basement membrane. The basement membranes of
neighboring tubules are adjacent to each other in the normal kid-
ney. In the obstrucred kidney of wild-type mice, expansion of the
interstitial component increased the distance between adjacent
basement membranes, and type IV collagen produced by intersti-
tial myofibroblasts was aberrantly expressed in the interstitium.
However, in the obstructed kidney of USAGI~~ mice, the distance
between the basement membranes was significantly smaller than
thar in wild-type mice (Figure 3E). Expression of TNF-a, IL-18,
MCP-1, TGF-B1, and type IV collagen was markedly upregulated
on day 14 in the obstructed kidney of wild-type mice. In contrast,
the induction of these genes was significantly attenuated, by 33%,
46%, 37%, 75%, and 23%, respectively, in USAGI~~ mice (Figure 3F).
Expression of BMP-7 in the obstructed kidney was comparable in
wild-type mice and USAGI~- mice.

BMP signaling is enbanced in USAGI/~ mice. To evaluate whether
the reduction in renal injury in USAGI~~ mice is attributable to
enhanced BMP signaling, phosphorylation of Smad1/5/8 in the
kidney was examined in both models (Figure 4). After the induc-
tion of kidney disease models, phosphorylation of Smad1/5/8
was hardly detected in wild-type mice, while in USAGI~-mice, the
phosphorylation was preserved in the nuclei of tubular epithelial
cells (Figure 4A). To examine the specificity of the antibody against
phospho-Smad1/5/8, we performed double immunostaining using
anti-phospho-Smad1/5/8 antibody and anti-phospho-Smad2/3,
and found that most of the nuclei positive for phospho-Smad1/5/8
were negative for phospho-Smad2/3 (Figure 4B), indicating the
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Figure 2

USAGT- mice showed less renal injury in cisplatin nephrotoxicity. (A) Survival curves of wild-type mice (black line) and USAG 7~ mice (red line)
after cisplatin administration (n = 24). (B) Serum creatinine (Cre) and blood urea nitrogen (BUN}) levels at 3 days after injection of cisplatin (n = 6).
(C) Representative renal histological findings in wild-type mice and USAG 77 mice on day 3. Scale bars: 100 um. (D) Semiquantitative evaluation of
morphologic kidney damage, expressed as relative severity on a scale from 0 to 4 (n = 6). Morphological findings were scored according to proximal
tubule brush border loss (BB loss), tubule dilatation (Dilatation), tubule degeneration (Degeneration), and tubule necrosis (Necrosis). *P < 0.01;
**P < 0.001. (E) E-cadherin expression in cisplatin nephrotoxicity. Kidney lysates were subjected to immunoblotting with anti—E-cadherin antibody.
Representative data from 4 independent experiments are shown. (F) TUNEL staining of kidneys on day 3 of cisplatin nephrotoxicity. The number
of TUNEL-positive cells per section was counted in transverse sections (n = 8). Scale bars: 10 um. (G) Gene expression in cisplatin nephrotoxicity.
Gene expression was determined by real-time RT-PCR. In each experiment, expression levels were normalized to the expression of GAPDH and
expressed relative to mice on day 0. n = 4-6 for each experiment. P < 0.005; *P < 0.02. Colda1, collagen type IV « 1. (H) Infiltration of Mac-1-posi-
tive cells after cisplatin injection. The number of Mac-1-positive cells per field was counted in 10 consecutive fields (n = 6). Scale bars: 100 um.
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Figure 3
USAG1-- mice showed reduced EMT and tubulointerstitial fibrosis in

Shamope  Day 14 Shamape  Day 14 Sham ope  Day 14

UUO. (A) Representative histology of the obstructed kidney in wild-type

mice and USAGT-- mice 14 days after the operation. Scale bars: 100 um. (B) Semiquantitative evaluation of morphologic kidney damage in
wild-type mice and USAGT-- mice, expressed as relative severity on a scale from 0 to 4 (1 = 6). (C) E-cadherin expression in UUO. Kidney
lysates were subjected to immunoblotting with anti-E-cadherin antibody. Representative data from 4 independent experiments are shown. (D)
Immunostaining of a-SMA in UUO. Arrowheads indicate vascular smooth muscle cells. (E) Immunostaining of type IV collagen in UUO. Scale
bars: 10 um. (F) Gene expression in UUO. Gene expression was determined by real-time RT-PCR. In each experiment, the expression levels

were normalized to the expression of GAPDH and expressed relative

to expression in mice on day 0. n = 4-6 for each experiment. *P < 0.01;

tP < 0.005; "P < 0.001; **P < 0.0001. Sham ope, mice 14 days after sham operation; day 14, mice 14 days after UUO.

specificity of the antibody against phospho-Smad1/5/8. We also
examined the phosphorylation of Smad1/5/8 in immunoblotting
of kidney lysates and demonstrated that the phosphorylation was
preserved in the kidneys of USAGI7~ mice, while it was downregu-
lared in WT mice (Figure 4C). No difference was observed in the
phosphorylation of Smad1/5/8 prior to disease induction between
USAGI7~ mice and WT mice (Figure 4, A and C).

Blocking BMP-7 activity abolishes renoprotection in USAG1~mice. To
analyze the mechanism of renoprotection in USAGI~ mice, we
administered a neutralizing antibody against BMP-7 to USAGI7~
mice in both kidney disease models. First we evaluated the speci-
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ficity of the neutralizing activity of the antibody using an assay
measuring alkaline phosphatase activity and phosphorylation of
Smad1/5/8 in C2C12 cells induced by BMPs. Addition of the anti-
body inhibired the alkaline phosphatase activity and phosphoryla-
tion of Smad1/5/8 induced by BMP-7, but not by BMP-4 (Figure
5A) or BMP-2 (dara not shown), indicating the specificity of the
antibody. As a negarive control, we used isotype-matched IgG2B.
Nexr we administered a neutralizing antibody against BMP-7 to
USAGI7~ mice with cisplatin nephrotoxicity. Of 7 mice treated with
neutralizing antibody, 2 mice died on day 2 and 1 mouse died on
day 3, while none of the mice treated with isotype-matched IgG2B
Volume 116 ~ Number 1
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Figure 4

Enhanced BMP signaling in kidneys of USAG7~- mice. (A) Phosphorylation of Smad1/5/8 in kidneys of USAG7-- mice and WT mice. The
number of pSmad1/5/8-positive nuclei (upper panels) was counted in 10 consecutive fields in each specimen and normalized by the number
of DAPI-positive nuclei (lower panels). n = 6. Scale bar: 10 um. *P < 0.001; **P < 0.0001. Non treat, mice without disease models. {B) Double
immunostaining of phospho-Smad1/5/8 and phospho-Smad2/3. Almost all the nuclei positive for pSmad1/5/8 were negative for pSmad2/3.
Scale bar: 10 pm. (C) Immunoblotting of phospho-Smad1/5/8 in kidney lysates prior to disease induction and in both kidney disease models.

Representative data from 5 independent experiments are shown.

died within the first 3 days. Administration of neutralizing anti-
body also resulted in a deterioration of renal function measured by
elevarion of serum creatinine to a level similar to that in WT mice,
while administration of IgG2B did not (Figure SB). Furthermore,
histological examination of the kidneys of USAGI7~ mice treated
with neutralizing antibody demonstrated severely damaged proxi-
mal tubular epithelial cells, while these changes were absent in mice
treated with IgG2B (Figure 5B). We also administered the neutral-
izing antibody to USAGI~/~ mice with UUO and found that type
IV collagen expression in the obstructed kidney was increased in
USAGI7~ mice treated with neutralizing antibody, but not in those
administered IgG2B (Figure SC). Histological examination of the
obstructed kidneys of USAGI/~ mice treated with neutralizing anti-
body demonstrated severe interstitial fibrosis, while this change
was almost absent in mice treated with IgG2B (Figure SC).

USAG1 is the most abundant BMP antagonist in adult kidney. Finally
we analyzed the expression of USAG-1 and other BMP antago-
nists in adult kidneys using modified real-time PCR and in situ
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hybridization (Figure 6). To compare the expression levels of
different genes in real-time PCR, we set the standard curve with
the plasmid encoding each BMP antagonist at various concentra-
tions and analyzed the copy number of each gene conrtained in
kidney cDNA. Among known BMP antagonists, USAG-1 was by
far the most abundant in the kidneys, and twisted gastrulation
was the second most abundant BMP antagonist. We also ana-
lyzed the localization of BMP antagonists in the kidneys using
in situ hybridization and found thar the expression of USAG-1
was confined to distal tubules, as previously described (21), with
a pattern similar to that of BMP-7 (12). Expression of twisted
gastrulation was also detected in some distal tubules; however,
the intensity of che signal was much lower than thar of USAG-1,
in accordance with the results of real-time PCR. Differential
screening-selected gene aberrative in neuroblastoma (DAN)
and protein related to DAN and Cerberus (PDRC) were faintly
observed in the inner medulla, and other BMP antagonists were
not detected with this method.
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Figure 5

Blocking BMP-7 activity abolishes renoprotection in USAG1-- mice. (A) Evaluation of neutralizing activity of anti~-BMP-7 antibody. Anti~-BMP-7
antibody inhibits alkaline phosphatase activity and phosphorylation of Smad1/5/8 induced by BMP-7, but not by BMP-4. (B) Serum creatinine
level of USAG7-- mice treated with anti~BMP-7 antibody and representative histological findings on day 3 of cisplatin nephrotoxicity. Scale bar:
100 um. (C) Gene expression of type 1V collagen in kidneys of USAG 1~ mice treated with anti~BMP-7 antibody and representative histological

findings on day 14 of UUO. *P < 0.1; **P < 0.01; *P < 0.001; TP < 0.0001.

Discussion

Epithelial-mesenchymal transition (EMT) is a necessary step for
renal fibrosis, as well as in embryonic development and tumor
progression (29-31). TGF-§ is known to stimulate EMT, while
BMP-7 inhibirs and reverses the transition (3). Zeisberg et al.
recently reported that BMP-7 reverses TGF-f1-induced EMT and
induces mesenchymal-epithelial transition in vitro (4, 32). They
further demonstrared that administration of a pharmacological
dose of BMP-7 resulted in regression of established lesions in the
kidney and improved renal function. In this report, we demon-
strated that deficiency of USAG-1, a novel BMP antagonist in the
kidney, results in marked preservation of renal function by rein-
forcement of BMP signaling.

Based on these findings, we set the working hypothesis: in many
types of renal disease, proximal tubule epithelial cells (PTECs)
are the main site of injury (33) and undergo EMT, which causes
loss of structural integrity of epithelial cells characterized by a
reduction of E-cadherin expression and the induction of a-SMA
in interstitial myofibroblasts (Figure 7A). BMP-7 secreted from
distal tubules (12) inhibits EMT of PTECs and induces redifferen-
tiation of mesenchymal cells to epithelial cells. USAG-1 produced
from distal tubules binds to BMP-7 and inhibits its renoprotective
action by interfering with binding to its receptors.

In addition to the inhibition of EMT, many other pharmaco-
logical actions of BMP-7 have been reported. Administration of
recombinant BMP-7 inhibits the induction of inflammatory
cytokine expression in the kidney (12), attenuates inflammarory
cell infiltration (6), and reduces apoptosis of tubular epithelial
cells in renal disease models (34) (Figure 7A). These phenomena
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are also observed in USAGI~~ mice, and the similarity berween
BMP-7-treated animals and USAGI~ mice strongly supports our
working model that deficiency of USAG-1 reinforces the renopro-
tective activities of BMP.

In accordance with this hypothesis, the renoprotection in
USAGI~~ mice was abolished in both renal disease models when
a neutralizing antibody against BMP-7 was administered (Figure
3). These results strongly support the hypothesis, and BMP-7 is a
potent candidate for the counterpart of USAG-1.

We also observed preserved phosphorylation of Smad1/5/8
in the kidneys of USAGI~- mice in both renal disease models,
suggesting that BMP signaling was enhanced in USAGI7~ mice,
while no difference was observed between WT and KO mice in
phosphorylation of Smad1/5/8 prior to disease induction (Fig-
ure 4, A and C). We assume that BMP signaling prior to disease
induction might be potent enough to cause full phosphorylation
of Smad1/5/8 regardless of the presence or absence of USAG-1,
while in the later stages of kidney diseases, BMP signaling is
decreased and the presence of USAG-1 might cause a further
reduction in BMP signaling.

Furthermore, we demonstrated that USAG-1 is by far the most
abundant BMP antagonist in the kidney (Figure 6A). Because other
BMP antagonists also antagonize BMP-7 activities (Supplemental
Figure 2), we conclude that USAG-1 plays an important role in
the modularion of BMP activities in the kidney not because of its
ligand specificity, but because of its high expression among other
BMP antagonists. In addition, the tissue localization of USAG-1
(Figure 6B) is quite similar to that of BMP-7 (12), and USAG-1 can
effectively access and inactivate BMP-7 at the site of production.
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Although we illustrated USAG-1/BMP-7 binding as occurring out-
side of PTECs in Figure 7A, it might be possible that the binding
occurs intracellularly within the secretory pathway in PTECs and
that USAG-1 and BMP-7 are secreted in complex form. Further
investigations are necessary to clarify this point.

Interestingly, the expression of USAG-1 decreased during the
course of disease models (Supplemental Figure 3 and unpub-
lished observations). We assume that the reduction of USAG-1 in
renal diseases is a self-defense mechanism to minimize its inhibi-
tory effect on BMP signaling. Because the reduction in USAG-1
expression in WT mice is not enough to overcome the reduction
in BMP-7 expression, further reduction or abolishment of the
action of USAG-1 is desirable for the preservation of renal func-
tion, and the results of the present study justify therapy targeted
toward USAG-1. For example, drugs or neutralizing antibodies
that inhibit binding between USAG-1 and BMP or gene-silencing
therapy for USAGI would enhance the activity of endogenous BMP
and might be a promising way to develop novel therapeutic meth-
ods for severe renal disease (Figure 7B). Because the expression of
USAG-1is confined to the kidney in adult mice and humans (21),
it would be a better rarget for kidney-specific therapeutic trials.
On the other hand, administration of recombinant BMP-7, whose
target cells are widely distributed throughout the body, might
produce some additional extrarenal actions, including beneficial
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Figure 6

Expression of BMP antagonists in kidney. (A) Kidney cDNA
of wild-type mice with Svj background was subjected to real-
time PCR with various primers for BMP antagonists, and the
standard curve was set using the plasmid encoding each BMP
antagonist from concentrations of 1 pg/ul to 1 fg/ul. The values
of each BMP antagonist in the kidney cDNA were multiplied by
the length of the vectors and normalized to the value of USAG-1
expression (n = 4-5). Expression of USAG-1 was by far the
most abundant in the kidney among other BMP antagonists.
Tsg, twisted gastrulation. (B) Kidney sections were subjected
to in situ hybridization with probes for all BMP antagonists.
Expression of USAG-1 was confined to the distal tubular epi-
thelial cells. Twisted gastrulation was also sparsely expressed
in some distal tubules. Differential screening—selected gene
aberrative in neuroblastoma (DAN) and protein related to DAN
and Cerberus (PDRC) were faintly detected in the inner medul-
la. Expression of other BMP antagonists was not detected by
this method. Scale bars: 100 um. IM, inner medulla; OM, outer
medulla; C, cortex; DT, distal tubule; G, glomerulus.

effects, such as actions on renal osteodystrophy (35-39) and
vascular calcification (40, 41).

Furthermore, these therapies targeted toward USAG-1
might protect the kidney during administration of neph-
rotoxic agents such as cisplatin. The pathological roles of
USAG-1 in glomerular injury should be further elucidated
before we undertake therapeutic trials against USAG-1.

Despite the essential role of BMP-7 in renal development,
we did not observe any developmental abnormality in the
kidney of USAGI~~ mice with this genetic background. We
assume that there are many reasons for the lack of develop-
mental abnormality: First, USAG-1 expression in the devel-
oping kidney is not apparent on embryonic day 11.5 (21),
whereas BMP-7 expression is intense in the metanephric
mesenchyme (42) with a pattern similar to that of gremlin
(43). In the later stages, USAG-1 expression appears in the
tubular epithelium in the medullary region (21), whereas BMP-7
expression is confined to the condensed mesenchyme and periph-
eral ureteric epithelium (42). Therefore, the expression pattern of
USAG-1 in the developing kidney is totally different from that
of BMP-7. Second, the expression of USAG-1 is very low in early
embryogenesis, increases toward the late stage of embryogenesis,
and is much higher in the adult kidney (21), while the expression
of gremlin is high in early embryogenesis with a pattern similar to
that of BMP-7, and becomes almost undetectable in the healthy
adulc kidney (Figure 6). Furthermore, gremlin-deficient mice show
severe developmental abnormality in the kidney, which is quite
similar to that of BMP-7-deficient mice. Therefore, we conclude
that gremlin is a regulator of BMP-7 activity in the developing kid-
ney, and lack of USAG-1 might be compensated by gremlin and
does not cause any developmental abnormality in the kidney.

Recently another function of USAG-1 as a modulator of Wnt sig-
naling has been reported in Xenopus embryogenesis (44). Although
the role of the Wnt pathway in the progression of renal diseases
remains to be elucidared, there is a possibility that modulation of
the Wnr pathway might also play some roles in the preservation of
renal function in USAGI7~ mice. Close relationships between the
Wnt and BMP pathways have also been reported; for instance, dick-
kopf homolog 1 (DKK1), a Wnt antagonist, and noggin, a BMP
antagonist, cooperate in head induction, while the expression of
Volume 116
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Working model of role of BMP-7 and USAG-1 in renal diseases. (A) In renal injury, PTECs are mainly damaged and undergo EMT to fibroblast-
like mesenchymal cells. BMP-7 secreted by the distal tubule inhibits EMT and apoptosis of PTECs. USAG-1 is also secreted by the distal tubule,
binds to BMP-7, and inhibits the renoprotective actions of BMP-7. (B) Therapeutic implication of USAG-1. Reduction of USAG-1 activity, for
example, by a neutralizing antibody blocking the binding of USAG-1 and BMP-7, resuilts in reinforcement of the renoprotective action of BMP-7.

MET, mesenchymal-epithelial transition.

DKK1 is regulated by BMP-4 in limb development. Furthermore,
a BMP antagonist, cerberus, has binding sites for both Wnt and
BMP and antagonizes the activities of both the Wnt and BMP sig-
naling pathways. USAG-1 might also have dual activities and act
as a molecular link between these 2 important signaling pathways.
In conclusion, this study showed that USAG-1 plays important
roles in the progression of renal diseases and might be a potent
negative regularor of rhe renoprotective action of endogenous
BMP signaling. Recently, Lin et al. identified a positive regulator
of BMP-7 named kielin/chordin-like protein (KCP) and demon-
strated that KCP~~ mice are susceptible to tubular
injury and interstitial fibrosis (45). These data sup-
. port the idea that BMP-7 protects the kidney from
renal injury. Because these negative and positive

Table 1

with wild-type CS7BL/6] mice. Following germline transmission, the mice
were maintained in a mixed SvJ background. PCR genotyping was used
for all subsequent studies to allow specific detection of both the wild-
type and USAGI- alleles (Figure 1C). Sequences of the primers used for
genotyping are as follows: F1, CCCCTCCTCATCTGGCTGCTTCCTA-
AACGG; R1, CAGTCACGACGTTGTAAAACGACGGGATCC; F2,
GGGATCCCACCCCTTCTCT; and R2, GCCGGGACAGGTTTAACCA.
Animal use. All experiments except those represented in Supplemental Fig-
ure 3 were performed using USAGI- mice and their wild-type littermates
(USAGI") of the F, generation. All mice were housed in specific pathogen-

Primers for real-time RT-PCR

modulators of BMP signaling regulate and edge the

boundaries of BMP activity, further understanding Gene Sequence of primers (5'-3')
of these modulators would give valuable informa- GAPDH CCAGAACATCATCCCTGCATC; CCTGCTTCACCACCTTCTTGA
tion abour their pathophysiological functions and ThFo. ATGAGAAGTTCCCAAATGGCC; CCTCCACTTGGTGGTTTGCTA
provide a rationale for a therapeutic approach IL-18 CCTTCCAGGATGAGGACATGA; AACGTCACACACCAGCAGGTT
against these proteins. TGFR1 GCAACAATTCCTGGCGTTACC; CGAAAGCCCTGTATTCCGTCT
8 P MCP-1 TGCATCTGCCCTAAGGTCTTC; AAGTGCTTGAGGTGGTTGTGG
Methods Colda TTCCTTCGTGATGCACACCA; TTCTCATGCACAGTTGGCAGC
Generation of USAGI-'~ mice, We isolated a genomic frag. USAG1 GCAACAGCACCCTGAATCAAG; TGTATTTGGTGGACCGCAGTT
i wee. We 150 genomic frag Chordin GCAGTGGTTCCCAGAGAATCA; AACAATCGTCCCGCTCACAGT
ment containing the mouse USAGI gene by screening a DAN CTTCAGTTACAGCGTCCCCAA; CCAAGGTCACAATCTCCCACA
129/8v] genomic libraty (Stratagene). We inserted an  pppp AGGAGGCTTCCATCTGGTCAT. CCGGTTCTTCCGTGTTTCA
nlacZ gene and a PGK-NeoR cassette in the opposite tran- Twisted gastrulation ~ AAACGTGTCTGTTCCGAGCAA; ACACTGGTGGATGGACATGCA
scriptional orientation to the USAGI gene. ES cells were Gremlin AGCCCAAGAAGTTCACCACCA; TATGCAACGGCACTGCTTCAC
transfected with the linearized targeting vector by elec- Sclerostin CAAGCCTTCAGGAATGATGCC; TCGGACACATCTTTGGCGT
troporation and selected by G418-containing medium. Noggin AGAAACAGCGCCTGAGCAAGA; AAAAGCGGCTGCCTAGGTCAT
Homologous recombinants were screened and identified ger berus CCgATCAAAAAgggAgG%AGGT; Cgé]/:\g?TCAAI(\)GGTTgT[I}%-‘(-}%i
b i Southern blot analysis with an HinclL-EcoR] 0co TCCGCTTTTAGCCACTAGGTG; ATTCTGGT
o e e an e BIP-2 TCGACCATGGTBGCCGEGACCCG; TRTTCCOGGAAGATCTGGAGT
probe mapping ouside the 5 homology arm (Figure 14). = p o0 AGCGAATGGATTATCTCTCCCA; TCTTTTCCGGCACACAGCA
Homologous recombined ES cell clones were obtained, BMP-4 CTGGAATGATTGGATTGTGGC: )GCATGGTTGG'ITGAGTTGAGG
and correct recombination was confirmed by Southern BMP-5 AAGCCTGCAAGAAGCACGAA"GGAAAAGAACATTCCCCGTCA
blox (Figure 1B) as well as PCR analyses. ES cells carry-  pyp.g CCAAGCCACGCCATTGTACAGA; GGAATCCAAGGCAGAACCATG
ing the USAGI-null allele were injected into C57BL/6 BMP-7 TGTGGCAGAAAACAGCAGCA; TCAGGTGCAATGATCCAGTCC

blastocysts to obtain chimeric mice, which were crossed
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free conditions. Experiments represented in Supplemental Figure 3 were
performed using CS7BL/6 mice. All animal experiments were approved by
the Animal Research Committee at the Graduate School of Medicine, Kyoto
University, and the Animal Experiment and Use Committee at the Univer-
sity of Tsukuba and were in accordance with NIH guidelines.

Cisplatin administration. Cisplatin (Sigma-Aldrich) was administered at
20 mg/kg to mice by a single intraperitoneal injection. Mice were sacri-
ficed 72 hours after administration of cisplatin, and tissue and blood were
collected for further analysis.

UUO. Complete UUO was performed as previously described (46). Brief-
ly, under sodium pentobarbital anesthesia, the middle portion of the left
ureter was ligated and cut between 2 ligated points. At 14 days after sur-
gery, the mice were sacrificed, and the obstructed kidneys were subjected
to the studies described below.

Histological studies. The kidneys were fixed in Carnoy solution and embed-
ded in paraffin. Sections (2 pm) were stained with PAS for routine histo-
logical examination, and the degree of morphological changes was deter-
mined using light microscopy. The following parameters were chosen as
indicative of morphological damage to the kidney after cisplatin injection
and UUO: brush border loss, tubule dilatation, tubule degeneration, and
tubule necrosis. These parameters were evaluated on a scale of 0 to 4, and
classed as: 0, not present; 1, mild; 2, moderate; 3, severe; and 4, very severe.
The remaining kidney was used for immunohistochemical study, RNA iso-
lation, and protein extraction.

Immunostaining. Frozen sections of kidneys were subjected to
immunostaining with polyclonal antibodies against type IV collagen (ICN
Pharmaceuticals), phosphorylated Smad1/5/8 (Cell Signaling Technol-
ogy), and phosphorylated Smad2/3 (Santa Cruz Biotechnology Inc.) and
monoclonal antibodies against a-SMA (Sigma-Aldrich) and Mac-1 (BD
Biosciences — Pharmingen) as previously described (47, 48).

Immunoblotting. Whole kidney protein was homogenized in RIPA buffer
(50 mM Tris at pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.25% SDS, 1 mM
Na;VO,, 2 mM EDTA, 1 mM PMSF, and 10 pg/ml aprotinin) and subjected
to immunoblotting as described previously (49). Anti-E-cadherin antibody
and anti-GAPDH antibody were from BD Biosciences — Transduction Lab-
oratoties and Research Diagnostic Inc., respectively.

Apoptosis detection and quantification. The TUNEL technique (In Situ Cell
Death Detection Kit; Roche Diagnostics GmbH) was used to detect apop-
totic cells in situ. All apoptotic nuclei within a transverse section at the
renal pelvis were counted.

Quantification of mRNA by real-time RT-PCR. Real-time RT-PCR was per-
formed with a 7700 Sequence Detection System {Applied Biosystems).
Five micrograms of total RNA was reverse transcribed in a reaction volume
of 20 ul using Superscript III reverse transcriptase and random primers
(Invitrogen Corp.). The product was diluted to a volume of 400 pl, and 5-nl
aliquots were used as templates for amplification using SYBR Green PCR
amplification reagent (Applied Biosystems) and gene-specific primers. Spe-
cific primers for each gene transcript (listed in Table 1) were designed using
Primer Express software version 2.0.0 (Applied Biosystems) and checked
as to whether they showed a single peak in the dissociation curve. Serially
diluted cDNA or plasmids encoding probes for in situ hybridization were
used to generate the standard curve for each primer, and the PCR condi-
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tions were as follows: 50°C for 2 minutes, 95°C for 10 minutes, then 95°C
for 15 seconds and 60°C for 1 minute for 40 cycles.

Administration of neutralizing antibody against BMP-7. In cisplatin nephrotox-
icity, 1.5 mg/kg neutralizing anti~-BMP-7 antibody (R&D Systems Inc.) was
peritoneally injected into USAGI7- mice 24 hours after injection of cisplat-
in. In UUOQ, 0.5 mg/kg neutralizing anti-BMP-7 antibody was injected every
3 days from day 2 to day 11. As a negative control, isotype-matched IgG2B
(BD Biosciences) was injected at the same time points. Neutralizing activity
of the antibody was evaluated by an assay measuring the production of alka-
line phosphatase activity by C2C12 cells, as previously described (21).

In sity hybridization. The kidneys were excised from adult male mice and
fixed in 4% paraformaldehyde in PBS. Frozen sections (5 pm thick) were
treated with 1 ug/ml proteinase K in PBS at 37°C for 30 minutes and acety-
lated in 0.1 M triethanolamine-HCI, 0.25% acetic anhydride for 15 min-
utes. Hybridization was performed with probes at concentrations of about
1 pg/ml in a hybridization solution (50% formamide, x5 SSC, 1% SDS, 50
ug/ml transfer RNA, and 50 pg/ml heparin) at 60°C for 16 hours. RNA
probes were synthesized by in vitro transcription with a DIG RNA Label-
ing Mix (Roche Diagnostics Corp.). Each probe was designed to contain an
open reading frame with the following length and G+C content: USAG-1,
1.0 kbp (G+C 52.6%); sclerostin, 1.5 kbp (61.7%); coco, 1.2 kbp (54.7%);
DAN, 1.0 kbp (60.6%); twisted gastrulation, 0.7 kbp (55.1%); PRDC, 0.8
kbp (57.7%); chordin, 1.5 kbp (60.2%); gremlin, 0.9 kbp (50%); noggin, 0.7
kbp (64.7%); cerberus, 1.5 kbp (48.8%). Hybridizarion was detected using an
anti-DIG AP conjugate (Roche Diagnostic Corp.) and NBT/BCIP solution
(Roche Diagnostics Corp.).

Analysis of phenotype of adult teeth. Skeletal preparations of the maxillae and
mandibles were made by soaking the mouse heads in 0.02% proteinase K
in PBS at 37°C for 4 days after peeling off the skin, dissecting the maxillae
and mandibles, and clearing them in 5% H;0; at room temperature for §
minutes. Finally they were rinsed in H,O and left to dry.

Statistics. All assays were performed in triplicate. Data are presented as
mean * SD. Statistical significance was assessed by ANOVA, followed
by Fisher’s protected least significant difference post-hoc test. Surviv-
al curves were derived using the Kaplan-Meier method and compared
using log-rank test.
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