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

mice and USAG7-- mice 14 days after the operation. Scale bars: 100 pm. (B) Semiquantitative evaluation of morphologic kidney damage in
wild-type mice and USAG7-- mice, expressed as relative severity on a scale from 0 to 4 (n = 6). (C) E-cadherin expression in UUQ. 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 thart the phosphorylation was
preserved in the kidneys of USAGI~"~ mice, while it was downregu-
lated in WT mice (Figure 4C). No difference was observed in the
phosphorylation of Smad1/5/8 prior to disease induction between
USAGI~- mice and WT mice (Figure 4, A and C).

Blocking BMP-7 activity abolishes renoprotection in USAGI--mice. To
analyze the mechanism of renoprotection in USAGI™/ mice, we
administered a neutralizing antibody against BMP-7 to USAGI~~
mice in both kidney disease models. First we evaluated the speci-
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ficity of the neucralizing 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 inhibited 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 (data not shown), indicating che specificity of the
anribody. As a negative control, we used isorype-matched IgG2B.
Next we administered a neutralizing antibody against BMP-7 to
USAG1 / 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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Enhanced BMP signaling in kidneys of USAG1-- mice. (A) Phosphorylation of Smad1/6/8 in kidneys of USAG 7~ mice and WT mice. The
number of pSmad1/5/8-positive nuclei (upper panels) was counted in 10 consecutive fieids 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 um. (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 neurralizing anti-
body also resulted in a deterioration of renal function measured by
elevation of serum creatinine to a level similar to that in WT mice,
while administration of IgG2B did not (Figure 5B). Furthermore,
histological examinarion of the kidneys of USAGI~~ mice treated
with neutralizing antibody demonstrared severely damaged proxi-
mal tubular epithelial cells, while these changes were absent in mice
treated with IgG2B (Figure 5B). We also administered the neutral-
1zing antibody to USAGI~~ mice with UUO and found that type
IV collagen expression in the obstructed kidney was increased in
USAGI~ mice treared with neutralizing ancibody, but notin those
administered IgG2B (Figure SC). Histological examination of the
obscructed 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 5C).

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 contained 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 antagenists in the kidneys using
in-situ hybridization and found that the expression of USAG-1
was confined to distal cubules, as previously described (21), with
a pattern similar to that of BMP-7 (12). Expression of twisced
gastrulation was also detected in some distal tubules; however,
the intensity of the signal was much lower than that 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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Blocking BMP-7 activity abolishes renoprotection in USAG -~ 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 USAG 1~ 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 IV collagen in kidneys of USAG -~ mice treated with anti-BMP-7 antibody and representative histclogical

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-f is known to stimulacte EMT, while
BMP-7 inhibits and reverses the transition (3). Zeisberg et al.
recently reported that BMP-7 reverses TGF-B1-induced EMT and
induces mesenchymal-epithelial transition in vitro (4, 32). They
further demonstrated 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 inflammartory
cytokine expression in the kidney (12), attenuates inflammatory
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 between
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
USAGI1+ mice was abolished in both renal disease models when
a neutralizing antibody against BMP-7 was administered (Figure
5). These resulcs 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 USAGI /" 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 furcher
reduction in BMP signaling.

Furthermore, we demonstrared 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 modulation of BMP activities in the kidney not because of its
ligand specificity, but because of its high expression among ocher
BMP anragonists. In addition, che tissue localization of USAG-1

_(Figure 6B) is quite similar to that of BMP-7 (12), and USAG-1 can

effectively access and inactivace 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 che binding
occurs intracellularly within the secretory pachway 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 USAG! 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-1 is confined to the kidney in adulc mice and humans (21),
it would be a betrer 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 addirional extrarenal actions, including beneficial
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Figure 6

Expression of BMP antagonists in kidney. (A) Kidney cDNA
ot 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 elucidacted
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 ureceric 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 patcern similar to
that of BMP-7, and becomes almost undeteccable in the healchy
adult kidney (Figure 6). Furthermore, gremlin-deficient mice show
severe developmenral 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 funcrion 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 elucidated, there is a possibility that modulation of
the Wnt 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
Nurnber 1
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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 fo 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, results in reinforcement of the renoprotective action of BMP-7.

MET, mesenchymal-epithelial transition.

DKK]1 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 porent
negative regulator of the 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-

with wild-type C57BL/6] mice. Following germline transmission, the mice
were maintained in a mixed Sv] background. PCR genotyping was used
for all subsequent scudies 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 USAGT -~ mice and their wild-type littermates
(USAG17") of the F, generation. All mice were housed in specific pathogen-

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
modulators of BMP signaling regulate and edge the

Table 1

Primers for real-time RT-PCR

boundaries of BMP activity, further understanding Gene
of these modulators would give valuable informa- GAPDH
tion about their pathophysiological functions and TNFau
provide a rationale for a therapeutic approach IL-18
against these proteins. TGFR1
MCP-1
Methods GoHa
Generation of USAG1~~ mice. We isolated a genomic frag- glf;qriZn
ment containing the mouse USAGI gene by screening a DAN
129/Sv] genomic library (Stratagene). We inserted an PROC
nlacZ gene and a PGK-NeoR cassette in the opposite tran- Twisted gas”ulanon
scnpuonal orientation to the USAG/ gene. ES cells were Gremlin
transfected with the linearized targeting vector by elec- Sclerostin
troporation and selecred by G418-conraining medium. Noggin
Homologous recombinants were screened and identified Cerberus
by genomic Sourhern blot analysis with an Hincll-EcoR] Coco
probe mapping outside the 5 homology arm (Figure 1A). BMP-2
Homologous recombined ES cell clones were obrained, g%ﬁj
and correct recombination was confirmed by Southern BMP-5
blot (Figure 1B) as well as PCR analyses. ES cells carry- BMP-6
ing the USAGI-null allele were injected into C57BL/6 BMP-7

blastocysts to obtain chimeric mice, which were crossed
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Sequence of primers (5'-3')

CCAGAACATCATCCCTGCATC; CCTGCTTCAGCACCTTCTTGA
ATGAGAAGTTCCCAAATGGGC; CCTCCACTTGGTGGTTTGCTA
CCTTCCAGGATGAGGACATGA; AAGGTCACACACCAGCAGGTT
GCAACAATTCCTGGCGTTAGC; CGAAAGCCCTGTATTCCGTCT
TGCATCTGCCCTAAGGTCTTC; AAGTGCTTGAGGTGGTTGTGG
TTCCTTCGTGATGCACACCA; TTCTCATGCAGACTTGGCAGC
GCAACAGCACCCTGAATCAAG; TGTATTTGGTGGACCGCAGTT
GCAGTGGTTCCCAGAGAATCA; AACAATCGTCCCGCTCACAGT
CTTCAGTTACAGCGTCCCCAA; CCAAGGTCACAATCTCCCACA
AGGAGGCTTCCATCTCGTCAT, CCGGTTCTTCCGTGTTTCA
AAACGTGTCTGTTCCCAGCAA; ACACTGGTGGATGGACATGCA
AGCCCAAGAAGTTCACCACCA; TATGCAACGGCACTGCTTCAC
CAAGCCTTCAGGAATGATGCC; TCGGACACATCTTTGGCGT
AGAAACAGCGCCTGAGCAAGA; AAAAGCGGCTGCCTAGGTCAT
CCCATCAAAAGCCACGAAGT: CCAAAGCAAAGGTTGTTCTGG
TCCGCTTTTAGCCACTAGGTG; GCTGTTATTCTGGTGTCCCCA
TCGACCATGGTGGCCGGGACCEG; TGTTCCCGGAAGATCTGGAGT
AGCGAATGGATTATCTCTCCCA; TCTTTTCCGGCACACAGCA
CTGGAATGATTGGATTGTGGC; GCATGGTTGGTTGAGTTGAGG
AAGCCTGCAAGAAGCACGAA; GGAAAAGAACATTCCCCGTCA
CCAACCACGCCATTGTACAGA; GGAATCCAAGGCAGAACCATG
TGTGGCAGAAAACAGCAGCA; TCAGGTGCAATGATCCAGTCC

htep://www.jci.org
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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 Graduare 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 cisplacin, and tissue and blood were
collected for further analysis.

UUO. Complete UUO was performed as previously described (46). Brief-
ly, under sodium pentobarbiral anesthesia, the middle portion of che left
ureter was ligated and cut becween 2 ligated points. Ac 14 days after sur-
gery, the mice were sacrificed, and the obscructed kidneys were subjecred
to the studies described below.

Histological studies. The kidneys were fixed in Carnoy solution and embed-
ded in paraffin. Sections (2 um) 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
indicarive of morphological damage to the kidney after cisplatin injection
and UUO: brush border loss, tubule dilacacion, cubule degeneration, and
tubule necrosis. These parameters were evaluated on.a scale of 0 o 4, and
classed as: 0, not present; 1, mild; 2, moderare; 3, severe; and 4, very severe.
The remaining kidney was used for immunohiscochemical scudy, RNA iso-
lation, and protein extraction,

Immunostaining. Frozen sections of kidneys were subjecred 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 (8D
Biosciences — Pharmingen) as previously described (47, 48).

Immunoblotting. Whole kidney prorein was homogenized in RIPA buffer
(50 mM Tris at pH 7.5, 150 mM NaCl, 1% Nonider P-40,0.25% SDS, | mM
NaiVO,, 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-
orarories 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 ar che
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 toral RNA was reverse transcribed in a reacrion volume
of 20 pl using Superscripe 111 reverse transcriptase and random primers
(Invitrogen Corp.). The product was diluted to a volume of 400 pl, and S-ul
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 transcripr (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 che PCR condi-
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tions were as follows: 50°C for 2 minutes, 95°C for 10 minutes, then 95°C
for 13 seconds and 60°C for I minute for 40 cycles.

Administration of neutralizing antibody against BMP-7. In cisplatin nephrotox-
iaty, 1.5 mg/kg neutralizing anti-BMP-7 antibody (R&D Syscems Inc.) was
peritoneally injected into USAGI* mice 24 hours after injection of cisplat-
in. In UUO, 0.5 mg/kg neutralizing anti-BMP-7 antibody was injected every
3 days from day 2 co day 11. As a negative control, isotype-matched 1gG2B
(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 situ hybridization. The kidneys were excised from adult male mice and
fixed in 4% paraformaldehyde in PBS. Frozen sections (5 um 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% acecic anhydride for 15 min-
utes. Hybridization was performed with probes at concentrations of about
1 ug/mlin a hybridization solution (50% formamide, x§ SSC, 1% SDS, 50
pg/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 Diagnasrics Corp.). Fach probe was designed ro conrain 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 gastrularion, 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%). Hybridization was detected using an
anti-DIG AP conjugare (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
n PBS ar 37°C for 4 days after peeling off the skin, dissecting the maxillae
and mandibles, and clearing them in 5% H;O; at room temperature for
minutes. Finally they were rinsed in H,0 and left ro dry.

Statistics. All assays were performed in triplicace. Darta 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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Expression of BMP-7 and USAG-1 (a BMP antagonist)

in kidney development and injury
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Once developed, end-stage renal disease cannot be reversed
by any current therapy. Bone morphogenetic protein-7
(BMP-7), however, is a possible treatment for reversing
end-stage renal disease. Previously, we showed that the BMP
antagonist uterine sensitization-associated gene-1 (USAG-1,
also known as ectodin and sclerostin domain-containing 1)
negatively regulates the renoprotective action of BMP-7.
Here, we show that the ratio between USAG-1 and BMP-7
expression increased dramatically in the later stage of
kidney development, with USAG-1 expression

overlapping BMP-7 only in differentiated distal tubules.
Examination of USAG-1 expression in developing kidney
indicated that a mosaic of proximal and distal tubule
marker-positive cells reside side by side in the immature
nephron. This suggests that each cell controls its own fate for
becoming a proximal or distal tubule cell. In kidney injury
models, the ratio of USAG-1 to BMP-7 expression decreased
with kidney damage but increased after subsequent

kidney regeneration. Our study suggests that USAG-1
expression in a kidney biopsy could be useful in predicting
outcome.
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Bone morphogenetic proteins (BMPs) are phylogenetically
conserved signaling molecules that belong to the transform-
ing growth factor-B superfamily.! Although these proteins
were first identified by their capacity to promote endochon-
dral bone formation, they are involved in the cascades of
body patterning and morphogenesis. Furthermore, BMPs
play important roles after birth in the pathophysiology of
several diseases, including osteoporosis, arthritis, pulmonary
hypertension, and kidney diseases.?

Bone morphogenetic protein-7 is a 35-kDa homodimeric
protein, and kidney is the major site of BMP-7 synthesis
during embryogenesis as well as in postnatal development.
BMP-7-deficient mice die shortly after birth due to severe
renal hypoplasia.** Mutant kidneys suffer gradual cessation
of nephrogenesis, associated with a reduction in ureteric bud
branching and loss of metanephric mesenchyme, indicating
that BMP-7 is essential for survival and differentiation of
mesenchymal cells in kidney development.® In postnatal life,
many developmental features are recapitulated during renal
injury, and BMP-7 has been shown to be important in both
preservation of kidney function and resistance to injury. For
example, BMP-7 inhibits tubular epithelial cell dedifferentia-
tion,®® mesenchyme transformation, and apoptosis stimu-
lated by various renal injuries, and has an anti-inflammatory
effect in models of both acute and chronic renal failure.'!

The local activity of endogenous BMP-7 is controlled not
only by the precise regulation of its expression, but also by
certain classes of molecules that bind to BMP-7, acting
as positive'’ or negative regulators of BMP-7 activity in
the kidney.”'”™® BMP antagonists function through
direct association with BMP, thus inhibiting the binding of
BMP to its receptors, and define the boundaries of BMP
activity.

Recently, we found that the product of uterine sensitiza-
tion-associated gene-1 (USAG-1) acts as a kidney-specific
BMP antagonist, and that USAG-1 binds to and inhibits the
biological activity of BMP-7.'® We further demonstrated that
USAG-1-deficient mice are resistant to kidney injury, and
that USAG-1 is the central negative regulator of BMP
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function in the adult kidney.'” Because the interaction
between BMP-7 and USAG-1 seems to play critical roles in
the kidney, we analyzed the balance between USAG-1 and
BMP-7 expression in kidney injury and development, and
demonstrated the reciprocal relationship between USAG-1
and BMP-7 expression in kidney injury and development.
Close examination of USAG-1 expression in developing
kidneys further provided a clue to proximal-distal differen-
tiation mechanism of nephron by demonstrating the
possibility that each single cell in an immature nephron
controls its own fate to become proximal or distal tubule cell.
In addition, USAG-1 expression in the kidney biopsy could
be a powerful diagnostic tool to predict renal prognosis.

RESULTS

Generation of USAG-1* "7 knock-in mice

To facilitate the temporal and spatial analyses of USAG-1
expression, we generated in-frame USAG-1 +/1acZ mice. In
our previous work, the nuclear lacZ reporter gene that was
knocked in'” proved unsuitable for signal detection. In this
work, the cytoplasmic lacZ reporter gene was used to replace
the open reading frame of USAG-1 and create a novel knock-
in allele (Figure 1a). While USAG-1 +/lacZ mice showed no
overt defects, USAG-1-%*% mice presented the same teeth
phenotype as observed in the original USAG-1 mutants.'” In
situ hybridization (ISH) of a USAG-I antisense probe to
whole embryos at E9.5 and adult kidney specimen confirmed
that lacZ staining in USAG-1* "% mice reflected authentic
USAG-1 gene expression (Figure 1d).

USAG-1 is expressed in distal tubules and overlaps with
BMP-7 in distal convoluted tubules

To further analyze the localization of USAG-1 expression in
the kidney, we used several well-characterized segment
markers. First, we clarified the segments in which well-
known segment markers are expressed (Figure 2a). Tamm
Horsfall glycoprotein (THP) was expressed in thick ascend-
ing limb. The calbindin D28K was expressed in distal
convoluted tubules (DCTs) and connecting tubules (CTs).
Using the antibody from Upstate, NaKATPase o-1 subunit
was strongly expressed in thick ascending limb, DCT, and CT.
AQP-1 was expressed in proximal tubules, descending thin
limb, and possibly in ascending thin limb, while AQP-2 was
expressed in the collecting ducts (CDs)'® and CTs as
reported.

Next, we analyzed the localization of USAG-1 in adult
kidneys using these markers, and demonstrated that all the
tubules expressing calbindin D28K or THP in the cortex
expressed USAG-1 (Figure 2b and c). In the outer medulla,
USAG-1 expression completely overlapped with THP
(Figure 2d) and NaKATPase (Figure 2e), but not with
AQP-2 (Figure 2f) or AQP-1 (Figure 2g). In addition, USAG-
1 expression in the cortex did not overlap with AQP-2
(Figure 2f) or AQP-1 (Figure 2g), except for CTs, which were
double positive for lacZ transcript and "AQP-2 (data not
shown). In the inner medulla, USAG-1 expression was not
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detected (Figure 1d). From these findings, we concluded that
USAG-1 is predominantly expressed in the distal tubules,
more specifically, in thick ascending limb, DCT, and CT in
adult kidneys.

For comparison, the expression of BMP-7 was determined
using BMP-7*"“? mice, and the tubules expressing
calbindin D28K (Figure 2h) or AQP-2 (data not shown)
were positive for lacZ transcript, indicating that BMP-7
is expressed in DCT, CT, and CD as previously reported
(Figure 2a)."!

USAG-1 emerges in developing nephrons and colocalizes
with BMP-7 only in differentiated tubules

Next, we examined the expression of USAG-1 and BMP-7 in
kidney development. The expression of USAG-1 increased
toward the later stage of development, and peaked at E17.5,
while BMP-7 was constantly expressed during kidney
development and decreased at perinatal period (Figure 3a).
As a result, the ratio between USAG-1 and BMP-7 expression
increased significantly toward the later stage of development
(Figure 3a). We also compared the ratio between other BMP
antagonists and BMP-7, and demonstrated that USAG-1 is
predominantly the major BMP antagonist during kidney
development (Figure 3a). At E13.5, USAG-1 expression was
almost absent (Figure 3b), while BMP-7 expression was
intensely expressed in ureteric buds, adjacent metanephric
mesenchyme, and part of comma-shaped body (Figure 3c).
At E15.5, USAG-1 expression was still absent in the comma-
shaped body, but was strongly detected in more differentiated
tubular epithelial cells in the medulla, in a pattern similar to
that of BMP-7, except for the expression in the podocyte
layers of the developing glomeruli, where USAG-1 expression
was absent (Figure 3b and c). Therefore, we conclude that
USAG-1 emerges in developing nephrons and colocalizes
with BMP-7 only in differentiated tubules (Figure 3d). We
also examined the expression of several segmental markers in
USAG-1-deficient kidney to determine whether the develop-
mental process is modified; however, we could not observe
any difference in the expression pattern of these markers
(data not shown).

Mosaicism of proximal tubule marker-positive cell and distal
tubule marker-positive cell in a single immature nephron
From E17.5 to the neonatal period, two patterns of USAG-1
expression were observed in the kidneys: a strong signal in
distal tubules (Figure 3b, arrowheads) and a weak, patchy
signal in the cortex (Figure 3b, arrows). To demonstrate that
both signals were not due to endogenous -galactosidase
activity in the kidney, kidneys of wild-type mice were
subjected to lacZ staining and incubated for the same period
of time, but no signal was detected (Figure 3b).

We further analyzed the property of these signals with
segment markers, and found that the strong signal in
neonatal USAG-1*/%*? kidneys colocalized with THP and
NaKATPase (Figure 4a and b), but not with AQP-1 or AQP-2
(Figure 4c and d). Calbindin D28K was hardly detected in the

Kidney International (2008) 73, 181-191
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Figure 1| Generation of USAG-1*"*Z knock-in mice by gene targeting. (a) Design of Sostdci (gene symbol for USAG-1) null allele

with concomitant replacement by LacZ. Light gray arrows depict the two exons; black arrows indicate the coding sequence. The homology
boxes used for bacterial homologous recombination (BHR) are depicted as white (hb5’ and hb3'). The entire coding sequence of Sostdc]
was replaced by LacZ/Neo, in a manner such that the initiating ATG of Sostdc7 became the ATG of LacZ. The reporter open reading frame
(ORF), LacZ, is followed by an SV40 polyadenylation signal and SV40-derived associated sequence®’ (purple boxes), whereas, the Neo

ORF is followed by the mouse PGK polyadenylation signal and associated sequence®? (yellow boxes). All of these elements are standard
elements used by Velocigene.” The replacement afforded into the Sostdc] BAC by BHR is also translated in an identical manner into the
mouse genome during targeting. Therefore, all the features shown above are also those present in the modified Sostdc? locus in the
targeted embryonic stem (ES) cells. (b) PCR genotyping of USAG-1*/*, USAG-17"9% and USAG- 119?19 fitrtermates. (c) Real-time RT-PCR
analysis of USAG-7 mRNA in the kidneys of USAG-17/*, USAG-1 "9, and USAG-1"*%*2Z |jttermates. Expression of USAG-1 was normalized to
that of GAPDH and expressed relative to that in USAG-1*/* mice. (d) ISH of whole embryo and adult kidney section revealed a similar
distribution of USAG-7 mRNA and lacZ transcripts. C, cortex; OM, outer medulla; IM, inner medulla; P, proximal tubule; G, glomerulus.

Bar =100 um.

immature nephron at this stage. On the other hand, only the
weak, patchy signal, but not the strong signal, colocalized
with the expression of the lectin-binding sites for Lotus
Tetragonolobus Agglutnin (LTA) (Figure 4e), the marker
for proximal tubules.'” NDRGI, the cytoplasmic protein
upregulated in several stress stimuli,”” is known to be
expressed in the proximal tubules and CDs in the kidney.”'

Kidney International (2008) 73, 181-191

The weak, patchy signal of lacZ staining also colocalized with
NDRGI expression (Figure 4f), indicating that these tubules
with weak, patchy signal of lacZ staining possess proximal
tubule property, as well. AQP-1 was partially positive in the
descending part of weak, patchy blue tubules (Figure 4d),
possibly indicating that these tubules might have the
characteristics of proximal tubules and thin limbs of Henle.
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Figure 3| USAG-1 emerged in developing nephrons and colocalized with BMP-7 in differentiated tubules. (a) Expression of USAG-1
and ratio of USAG-1/BMP-7 expression increased in kidney development. Metanephric kidneys from five to six embryos at indicated time
points, and kidneys from seven neonates were collected and subjected to RNA extraction. Expression levels of USAG-1 and BMP-7 were
normalized to the expression of GAPDH and expressed relative to the expression level in the adult kidney. The ratio of USAG-1 and

other BMP antagonists to BMP-7 expression was determined as described (see Materials and Methods). (b and ¢) Localization of lacZ
transcripts in developing USAG-1*%Z (b) and BMP-7+"° (c) kidneys. Expression of USAG-1/lacZ transcripts did not emerge in immature
nephrons, where BMP-7 facilitates differentiation, but was strong and overlapped with that of BMP-7 in the fully differentiated tubules
(arrowheads). Besides, the strong signal of USAG-1/lacZ transcripts in distal tubules (arrowhead), a weak, patchy signal was observed in the
neonatal kidneys (arrows). UB, ureteric bud; M, mesenchyme; C, comma-shaped body; G, glomerulus. Bar = 100 um. (d) Schematic illustration
demonstrating the expression of USAG-1 and BMP-7 during kidney development. USAG-1 expression was negative in the immature nephron,
where BMP-7 was strongly expressed and promoted differentiation. USAG-1 expression emerged in more differentiated tubules and
overlapped with that of BMP-7.

Figure 2| USAG-1 and BMP-7 overlap in DCTs. (a) Schematic illustration demonstrating the expression of USAG-1, BMP-7, and other
segment markers in the nephron. USAG-1 is expressed in thick ascending limb (TAL), DCTs, and in CTs, while BMP-7 is expressed in DCT,
CT, and in CD. (b) Tubules positive for calbindin D28K are positive for LacZ transcripts in the kidneys of USAG-1*"°Z mice. G, glomerulus.
Bar = 100 pum. (¢) Tubules positive for THP in the cortex are positive for LacZ transcripts in the kidneys of USAG-1*+%Z mice. (d) Tubules
positive for THP in the cortex and medulla are positive for LacZ transcripts in the kidneys of USAG-1* "t mice. OM, outer medulla. (e) Tubules
positive for NaKATPase in the cortex and medulla are positive for LacZ transcripts in the kidneys of USAG-1* "% mice. (f and g)

Tubules positive for AQP-2 (f) or AQP-1 (g} are negative for LacZ transcripts in the kidneys of USAG-177% mice. (h) Tubules positive

for calbindin D28K are positive for LacZ transcripts in the kidneys of BMP-7* "4 mice. LacZ transcripts in the kidneys of BMP-7* "9 mice
are also positive in CD and podocyte in glomeruli.
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Close examination of these tubules further clarified that the
weak, patchy signal of lacZ staining and NDRGI signals were
not overlapping in a single cell, but were complementary in
the single tubule (Figure 4g); therefore, the tubule in this area

was made up of two types of epithelial cells: those with distal  similar results (data not shown).
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tubule property and those with proximal tubule property
(Figure 4h). To exclude the possibility that lacZ staining
quenches the fluorescence of other markers, immunostaining
of the serial sections was performed and demonstrated

Figure 5| Expression of USAG-1 decreased in tubular injury. (a) Expression of USAG-7 mRNA decreased in acute tubular injury.
Expression of USAG-1 and BMP-7 and the ratio between USAG-1 and BMP-7 expression during cisplatin nephrotoxicity (CN) were determined
by real-time RT-PCR. Expression of USAG-1 and BMP-7 was normalized to that of GAPDH and expressed relative to that in mice on day 0.
The ratio between USAG-1 and BMP-7 expression was determined by setting the standard curve with plasmids encoding each gene at
various concentrations and analyzing the copy number of each gene contained in kidney cDNA (see Results). N = 4-6 for each experiment,
(b-e) Representative histological findings (b), ISH of USAG-1 mRNA (¢}, and lacZ staining of the USAG-1*"°Z (d), and BMP-7+/Lo¢

(e) kidneys during CN. Bar = 100 um.

Figure 4| Mosaicism of proximal tubule marker-positive cell and distal tubule marker-positive cell in a single immature nephron.
(a) Strong (arrowheads) and weak, patchy signal of lacZ transcripts in neonatal USAG-1" "% kidneys colocalized with NaKATPase.
Bar= 100i1m. (b) Strong signal of lacZ transcripts in neonatal USAG-1*"Z kidneys colocalized with THP. (c) LacZ transcripts in neonatal

USAG-1+

%Z kidneys did not colocalize with AQP-2. (d) AQP-1 was partially positive in the descending tubules with weak, patchy signal

of lacZ transcripts (arrow). (e) Weak, patchy signal of lacZ transcripts colocalized with lectin-binding sites for Lotus Tetragonolobus Agglutnin
(LTA). (f) Weak, patchy signal of lacZ transcripts colocalized with NDRG1. (g) Close examination of the overlapping areas demonstrated that the
weak, patchy signal of lacZ transcripts (arrows) was not overlapping with NDRG1 expression, but was complementary in a single tubule.

(h) Working hypothesis for proximal-distal differentiation mechanism of kidney tubules. Proximal tubule marker-positive cells (green) lie side
by side with distal tubule marker-positive cells (red) in a single immature nephron. It is postulated that each single cell possesses its cell fate to
become proximal or distal tubular cell.
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The ratio between USAG-1 and BMP-7 expression was
reduced in tubular injury and increased in tubular
regeneration

We also examined the expression of USAG-1 and BMP-7 in
kidney injury. Administration of cisplatin causes acute
tubular necrosis and apoptosis, leading to deterioration of
renal function. USAG-1 but not BMP-7 mRNA in the kidney
decreased at day 3 of cisplatin nephrotoxicity (Figure 5a).
ISH and lacZ staining demonstrated that USAG-1 expression
was significantly reduced at day 3 of cisplatin nephrotoxicity,
while the lacZ staining in BMP-7* "**“ mice was maintained
(Figure 5c-e). At day 0 of cisplatin nephrotoxicity, the
expression level of USAG-1 was much higher than that of
BMP-7, but at day 3, the ratio between USAG-1 and BMP-7

Cre (mg di') ®

expression was significantly decreased, indicating that the
reduction of USAG-1 expression was more prominent than
that of BMP-7.

Next, we examined the expression of USAG-1 in the
kidney regeneration. Administration of folic acid (FA) to
mice causes intratubular crystallization, which results in
dilatation and degeneration of tubules, leading to transient
acute renal failure?’ (Figure 6a). In contrast to the cisplatin
nephrotoxicity model, damaged tubular epithelial cells
proliferate and regenerate after several days, and renal
function returns to normal by day 14 (Figure 6a). Expression
of USAG-1 in this model decreased during tubular epithelial
damage (day 1), but increased markedly during proliferation
and regeneration of tubular epithelial cells (days 7-10), and
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Figure 6| Expression of USAG-1 increased in tubular regeneration. (a) Time course of serum creatinine level in FA nephrotoxicity
model. (b) Expression of USAG-1 and BMP-7 and the ratio between USAG-1 and BMP-7 expression after FA treatment. N = 4-6 for each
experiment. (c-f) Representative histological findings (c), ISH of USAG-1 mRNA (d), and lacZ staining of the USAG-1*+"* (e) and BMP-7*+ "
kidneys (f) after FA treatment. Bar = 100 um. USAG-1 was strongly detected in the irregularly lined regenerating epithelial cells (d and

e; arrows).
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Figure 7| USAG-1 as a diagnostic marker for renal prognosis.

A significant correlation is observed between USAG-1 expression

in kidney biopsy sample at day 7 and serum creatinine at day 14

in FA nephrotoxicity (closed circle, N = 23). Open circles indicate control
kidneys without FA nephrotoxicity (N = 4).

returned to the basal level when redifferentiation of tubular
epithelial cells was completed (day 14), while the expression of
BMP-7 increased gradually after the initial dip at day 1 (Figure
6b). ISH and lacZ staining demonstrated that USAG-1 was
strongly detected in the irregularly lined regenerating tubular
epithelial cells at day 10 (Figure 6d and e, arrows), which
might account for the increase in USAG-1 expression at this
time point (Figure 6b). The ratio between USAG-1 and BMP-
7 expression was significantly increased during the regenera-
tion phase (Figure 6b). We also compared the ratio between
other BMP antagonists and BMP-7 in both kidney disease
models, and demonstrated that USAG-1 is predominantly the
major BMP antagonist during kidney injury (Figure S1).

USAG-1 as a predictive marker for renal prognosis

Because USAG-1 is a negative regulator of the renoprotective
action of BMP-7, we postulated that high expression of
USAG-1 in the kidney biopsy might predict poor renal
prognosis.

Because regenerating tubules and damaged tubules are
observed in the regenerating period (days 7-10) of FA
nephrotoxicity and might mimic the situation in the clinical
kidney biopsy specimen, we utilized the model and
performed kidney biopsy at day 7 and examined renal
function at day 14. Interestingly, the expression of USAG-1 in
kidney biopsy at day 7 correlated significantly with renal
function at day 14 (Figure 7), indicating the possibility that
USAG-1 could be a predictive marker of renal prognosis. We
also performed renal biopsies at days 1 and 10. As shown in
Figure S2, USAG-1 expression at day 10 (N = 4, regenerating
period) correlated well with future renal function at day 14,
while USAG-1 expression at day 1 (N =38, tubular damage
period) did not. Therefore, we conclude that USAG-}
expression correlated well with future renal function when
tubular regeneration is observed.
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DISCUSSION

USAG-1 colocalizes with BMP-7 only in differentiated tubules
in developing kidney :
During kidney development, BMP-7, made by both meta-
nephric mesenchyme and tubular epithelial cells (Figure 3c),
is a facilitator of ureteric bud branching at low concentra-
tions, but an inhibitor of branching at high concentrations.”?
The discrepancy is a part of a feedback mechanism
that allows ureteric buds to branch into ‘unpopulated’ areas
of mesenchyme, but not into areas already populated by
nephrons and other bud branches. USAG-1 expression did
not emerge in immature nephrons where BMP-7 facilitates
differentiation, but was strongly expressed and overlapped
with BMP-7 in fully differentiated tubules (Figure 3b and c).
We also demonstrated that USAG-1 expression is lower than
that of BMP-7 at E13.5, is comparable at E14.5 and E15.5,
and is much higher at E17.5 and in newborns (Figure 3a). In
addition, USAG-1 is the major BMP antagonist during
kidney development (Figure 3a). These data support the idea
that USAG-1 might function as a feedback mechanism for
BMP-7 activity during kidney development. However, no
developmental abnormality was observed in the kidney of
USAG-1-deficient mice,'” and some redundant factor might
overcome the lack of USAG-1 in the kidney of USAG-I-
deficient mice during development. Twisted gastrulation is
one candidate for the redundancy, because the expression
pattern is similar to that of USAG-1 and the expression level

; is the second highest among BMP antagonists to USAG-1
(Figure 3a).

USAG-1 expression gives an insight into proximal-distal
differentiation mechanism of immature nephron

In spite of that USAG-1 expression was confined to distal
tubules in adult kidney, weak, patchy expression of USAG-1
in neonatal kidneys colocalized with proximal tubular
markers, such as lectin-binding site for Lotus Tetragonolobus
and NDRGt in the cortex. NaKATPase, another distal tubule
marker, also colocalized with proximal tubular markers in the
area (data not shown). AQP-1 was partially positive in the
descending part of weak, patchy blue tubules, possibly
indicating that these tubules might also have the property
of proximal tubules and thin limbs of Henle. Close
examination of the area double positive for proximal and
distal markers further demonstrated that each single cell is
not double positive for these two markers, but two types of
cells positive for each marker intermingled with each other in
a single tubule (Figure 4g and h). Little is known about the
mechanism how uniform mesenchymal cells differentiate to a
variety of cells, including glomerular epithelial cells, proximal
tubular cells, and distal tubular cells, along the proximal-dis-
tal axis.>* There has been a controversy between the following
two hypotheses: gradient of growth factors brings the
proximal-distal differentiation, or cell fate is determined for
each cell. Recent studies revealed critical roles of Notch in the
determination of proximal tubule cells and the fates of
podocytes.”> Our data might support the cell fate
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hypothesis because the proximal tubule marker-positive
cell lies side by side with the distal tubule marker-positive
cell in a single tubule (Figure 4g and h), and such chimeric
tubule could not be made by the gradient of growth factors.
From these findings, we postulate that each single cell
possesses its cell fate to become proximal tubular cell or distal
tubular cell. Further study is needed to clarify how these
chimeric tubules differentiate to mature tubules (Figure 4h).
Interestingly, all tubule epithelial cells positive for proximal
tubule marker reside in the chimeric tubules in neonatal
kidney, while some distal tubule marker-positive cells reside
outside the area and are terminally differentiated (Figure 4a
and ¢, arrowheads, H), indicating the possible sequence of
differentiation.

USAG-1 expression decreases in tubular injury and increases
in tubular regeneration

In the adult kidney, we demonstrated that the expression of
USAG-1 colocalized with BMP-7 in DCTs (Figure 2a) and
decreased in acute tubular injury (Figure 5). The reduction of
USAG-1 expression in renal injury is not simply due to loss
of tubular epithelial cells, because USAG-1 expression
decreased rapidly in the very early stage of diseases, when
morphological changes of tubular epithelial cells were not
obvious (data not shown).

During the recovery from renal failure, regeneration of
tubular epithelial cells occurs via proliferation and rediffer-
entiation of surviving renal cells.?® In the FA model, USAG-1
expression decreased during tubular injury, increased marked-
ly during the regeneration of surviving cells, and returned to
the basal level after redifferentiation was completed (Figure
6b). In contrast, the expression of BMP-7 increased gradually
to the basal level after the initial dip during tubular injury
(Figure 6b), resulting in a significant increase in the ratio
between USAG-1 and BMP-7 during regeneration. Further
examination with USAG-1-deficient mice is needed to clarify
the role of USAG-1 in the regeneration of kidney injury.

USAG-1 could be a diagnostic marker for renal prognosis

In the clinical setting, prediction of renal prognosis is difficult
even with histological examination, because damaged tubules
and regenerating tubules are mixed in the single specimen,
and are indistinguishable by morphology. Because USAG-1 is
a negative regulator of the renoprotective action of BMP-7,
we postulated that high expression of USAG-1 during kidney
diseases might be a sign of poor renal prognosis. Because the
coexistence of regenerating tubules and damaged tubules in
FA nephrotoxicity model resembles the situation of renal
biopsy in patients, we utilized the model and proved that
high expression of USAG-1 in kidney biopsy in regenerating
period correlated well with poor renal prognosis. Because the
expression of USAG-1 is confined to the kidney, serum
concentration of USAG-1 might reflect the renal expression
level of USAG-1. In that case, blood test for USAG-1
concentration might be enough to predict renal prognosis
and is suitable for health examination.
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MATERIALS AND METHODS

Derivation of USAG-1/LacZ mice

To generate a null allele of Sostdc] (gene symbol for USAG-1), the
coding sequence was replaced with the coding sequence of the
marker gene LacZ, using Velocigene technology, essentially as
described (Figure 1a).” PCR genotyping was performed in all
subsequent studies to allow specific detection of the genotype (Figure
1b). The sequences of the primers used were as follows: primer A,
CCTTCTCTGTGTTTTCACTCCG; primer B, TGATTCAGGGTGCTG
TTGC; and lacZRev, CCGTAATGGGATAGGTCACG.

pB-gal staining and in situ hybridization

B-gal staining and ISH were performed as described previously.
Probe for ISH was designed to contain the open reading frame with
the following length and GC content: USAG-1, 1.0kbp (GC 52.6%).
Hybridization was detected using an anti-DIG AP conjugate (Roche,
Basel, Switzerland) and NBT/BCIP solution (Roche).

17,29

Histological studies and immunostaining

The kidneys were fixed in Carnoy’s solution, embedded in paraffin,
and sections (4 um thick) were stained with periodic acid-Schiff for
routine histological examination. Frozen sections of the kidneys and
primary kidney tubular cells were immunostained as previously
described.>® Reagents utilized were anti-NaKATPase a-1 antibody
(Ab) (Upstate, Billerica, MA, USA), anti-calbindin D28K (Sigma,
St Louis, MO, USA), anti-Tamm Horsfall Protein Ab (Biomedical
Technologies Inc.}, anti-aquaporin 1 Ab (Chemicon, Temecula, CA,
USA), anti-aquaporin 2 Ab (Calbiochem, Darmstadt, Germany),
FITC-conjugated lotus tetragonolobus agglutinin (LTA) (Sigma),
anti-LacZ Ab (Cappel, Solon, OH, USA), and anti-NDRG1 Ab.*’
For .double staining, immunostaining was performed before B-gal
staining, to avoid the possibility that the deposition of X-gal
interferes with antibody binding to the antigen.

Quantification of mRNA by real-time RT-PCR

Real-time reverse transcription (RT)-PCR was performed as
described previously.'” Specific primers were designed using Primer
Express software (Applied Biosystems, Foster City, CA, USA).
To compare the expression levels of different genes, we used modi-
fied real-time PCR by setting the standard curves with plasmids
encoding each gene at various concentrations, and analyzed the copy
number of each gene contained in kidney ¢cDNA as previously
described.'” Serially diluted cDNA or plasmids were used to generate
the standard curve for each primer, and the PCR conditions were as
follows: 50 °C for 2 min, 95 °C for 10 min, then 95 °C for 155, and
60 °C for 1 min for 40 cycles.

Kidney disease models

Cisplatin nephrotoxicity was caused as described previously.'”
Briefly, cisplatin (20mgkg ™', Sigma-Aldrich) was administered by
a single intraperitoneal injection to 8-week-old female C57BL/6]
mice (SLC Japan, Shizuoka, Japan). FA nephrotoxicity was caused by
a single intraperitoneal injection of FA (250 mg kg™', Sigma-
Aldrich) in 0.15M NaHCOs to 11-week-old male C57BL/6] mice.
The kidneys were collected at days 0, 1, 4, 10, and 14, with at least
three animals at each time point.

Animal use

All mice were housed in specific pathogen-free conditions. All animal
experiments were performed in accordance with the institutional
guidelines as well as the National Institutes of Health (NIH) guidelines.
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Statistical analysis

All assays were performed in triplicate. Data were presented as
mean+s.d. Statistical significance was assessed by analysis of
variance, followed by Fisher’s protected 1SD post hoc test.
Correlation was determined by Spearman’s correlation analysis.
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SUPPLEMENTARY MATERIAL

Figure S1. Relative expression of USAG-1 and other BMP antagonists
to BMP-7 in kidney disease models,

Figure S2. Significant correlation was observed between USAG-1
expression and future serum creatinine (day 14) in case that kidney
biopsy was performed at day 10 but not at day 1 in folic acid
nephrotoxicity (closed circles).
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Modulator of bone morphogenetic protein activity
in the progression of kidney diseases .

M Yanagita'

'COE Formation for Genomic Analysis of Disease Model Animals with Multiple Genetic Alterations, Graduate School of Medicine,

Kyoto University, Kyoto, Japan

Tubular damage and interstitial fibrosis is a final common
pathway leading to end-stage renal disease, and once tubular
damage is established, it cannot be reversed by currently
available treatment. The administration of bone
morphogenetic protein-7 (BMP-7) in pharmacological doses
repairs established tubular damages and improves renal
function in several kidney disease models; however,
pathophysiological role of endogenous BMP-7 and
regulatory mechanism of its activities remain elusive. The
activity of BMP is precisely regulated by certain classes of
molecules termed BMP agonist/antagonist. In this review,
roles of BMP agonist/antagonists possibly modulating the
activity of BMP in kidney diseases are discussed. Our group
demonstrated that uterine sensitization-associated gene-1
(USAG-1), a novel BMP antagonist abundantly expressed in
the kidney, is the central negative regulator of BMP-7 in the
kidney, and that mice lacking USAG-1 (USAG-1""" mice) are
resistant to kidney injuries. USAG-1~"" mice exhibited
markedly prolonged survival and preserved renal function in
acute and chronic renal injuries. Renal BMP signaling,
assessed by phosphorylation of Smad proteins, is
significantly enhanced in USAG-1~"" mice during renal injury,
indicating that the preservation of renal function is attributed
to enhancement of endogenous BMP-7 signaling.
Furthermore, the administration of neutralizing antibody
against BMP-7 abolished renoprotection in USAG-1""" mice,
indicating that USAG-1 plays a critical role in the modulation
of renoprotective action of BMP, and that inhibition of
USAG-1 will be promising means of development of novel
treatment for kidney diseases.
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BMP-7 IN KIDNEY DISEASES

Bone morphogenetic proteins (BMPs) are phylogenetically
conserved signaling molecules that belong to the transform-
ing growth factor-f superfamily. Although these proteins
were first identified by their capacity to promote endochon-
dral bone formation, they are involved in the cascades of
body patterning and morphogenesis. Furthermore, BMPs
play important roles after birth in the pathophysiology of
several diseases, including osteoporosis, arthritis, pulmonary
hypertension, cerebrovascular diseases, and cancer and
kidney diseases.

BMP-7, also known as osteogenic protein-1, is a 35-kDa
homodimeric protein, and kidney is the major site of BMP-7
synthesis during embryogenesis as well as postnatal develop-
ment." Its genetic deletion in mice leads to severe impairment
of kidney development, resulting in perinatal death>’
Expression of BMP-7 in adult kidney is confined to distal
collecting tubules and podocytes of glomeruli,® and the
expression decreases in several kidney disease models,
including acute ischemic renal injury, tubulointerstitial
fibrosis, diabetic nephropathy, and remnant kidney model.
Recently, several reports indicate that the administration of
pharmacological doses of BMP-7 inhibits and repairs acute
and chronic renal injury in animal models.”® The admin-
istration of BMP-7 reverses transforming growth factor-
Bl-induced fibrogenesis and epithelial-to-mesenchymal
transition (EMT) and induces mesenchymal-to-epithelial
transition in vitro,® inhibits the induction of inflammatory
cytokine expression,® attenuates inflammatory cell infiltra-
tion, and reduces apoptosis of tubular epithelial cells in renal
disease models. Collectively, BMP-7 plays critical roles in
repairing processes of the renal tubular damage in kidney
diseases. However, the physiological role and precise
regulatory mechanism of endogenous BMP-7 activity remain
elusive.

REGULATORY MECHANISM OF BMP ACTIVITY

The local activity of endogenous BMP is controlled by at least
three different mechanisms. First, the expression pattern of
BMP and its cell surface receptors controls local activity of
BMP. Second, high-affinity binding of BMP to extracellular
matrix increases its local concentration. Vukicevic et al.’
previously showed that BMP-7 binds to basement membrane
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components including type IV collagen. In addition, Gregory
et al.'® recently demonstrated that the prodomain of BMP-7
targets BMP-7 complex to the extracellular matrix. In most
tissues, brnp mRNA expression and BMP protein are found
colocalized.” Restricted diffusion of BMP proteins should
increase its local concentration. :

Finally, BMP signaling is precisely regulated by certain
classes of molecules termed as BMP antagonists.'' BMP
antagonists function through direct association with BMPs,
thus prohibiting BMPs from binding their cognate receptors.
The interplay between BMP and their antagonists fine-tunes
the level of available BMPs, and governs developmental and
cellular processes as diverse as establishment of the
embryonic dorsal-ventral axis, induction of neural tissue,
formation of joints in the skeletal system, and neurogenesis in
the adult brain. The indispensable roles of BMP-7 in the
kidney led us to postulate the existence of some BMP
antagonist that modulates the activities of BMP-7 in the
kidney.

GREMLIN: BMP ANTAGONIST WITH A ROLE IN KIDNEY
DEVELOPMENT

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

Gremlin knockout mice are neonatally lethal because of
the lack of kidneys and septation defects in the lung. Gremlin
is expressed in metanephric mesenchyme surrounding ureter
tips, and gremlin-mediated BMP antagonism is essential to
induce metanephric kidney development.'?

Gremlin is also known as THG-2 (induced in high glucose 2)
because its expression in cultured kidney mesangial cells is
induced by high ambient glucose, mechanical strain, and
transforming growth factor-f."> The expression of gremlin in
adult kidney is almost undetectable in healthy status, but the
expression increases in several kidney disease models,
including diabetic nephropathy,'® cisplatin nephrotoxicity,'*
and unilateral ureteral obstruction. However, the role of
gremlin in the progression of kidney diseases remained to be
elucidated.

NOGGIN

Noggin is a 32kDa glycoprotein secreted by Spemann
organizer of Xenopus embryos, and is found to rescue dorsal
development in the ultraviolet-induced ventralized embryos.
Noggin binds to BMP-2 and BMP-4 with high affinity and to
BMP-7 with low affinity, and prevent BMPs from binding to
its receptors. In .mice, noggin is expressed in the node,
notochord, dorsal somite, condensing cartilage, and imma-
ture chondrocytes, and is essential in skeletal and joint
development.

Recently, it is reported that overexpression of noggin in
podocytes leads to the development of mesangial expansion,
indicating the importance of endogenous BMP signaling in
the maintenance of glomerular structure. Because the
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expression of noggin is almost undetectable in healthy and
diseased kidney, other negative regulator of endogenous BMP
might play a role in glomerular mesangial expansion.

USAG-1 AS A NEGATIVE REGULATOR OF BMP IN THE KIDNEY
Discovery and characterization of USAG-1

Through a genome-wide search for kidney-specific tran-
scripts, our group found a novel gene, which encodes a
secretory protein with a signal peptide and cysteine-rich
domain.'” The rat ortholog of the gene was previously
reported as a gene of unknown function that was preferen-
tially expressed in sensitized endometrium of rat uterus,
termed uterine sensitization-associated gene-1 (USAG-1).
Amino-acid sequences encoded in 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, which comprises of growth
factors, BMPs, and BMP antagonists. Homology search
revealed that USAG-1 has significant amino-acid identities
(38%) to sclerostin, the product of the SOST gene. Mutations
of SOST are found in patients with sclerosteosis, a syndrome
of sclerosing skeletal dysplasia. Because sclerostin was
subsequently shown to be a new member of BMP antagonist
expressed in bones and cartilages, USAG-1 is postulated to be
a BMP antagonist expressed in the kidney.

USAG-1 protein is a 28-30kDa secretory protein and
behaves as a monomer, in spite that a number of BMP
antagonists form disulfide-bridged dimers.'>'® This is
consistent with the fact that USAG-1 protein does not have
the extra cysteine residues present in noggin and differential
screening-selected gene aberrative in neuroblastoma (DAN),
which are necessary to make inter-molecular disulfide
bridges. Recombinant USAG-1 protein physically interacts
with BMP-2, -4, -6, and -7, leading to the inhibition of
alkaline phosphatase activities induced by each BMP in
C2C12 cells and MC3T3-El cells dose-dependently,'s'm
whereas sclerostin only inhibits BMP-6 and BMP-7 activities.

Furthermore, the activity of USAG-1 as a BMP modulator
was confirmed in vivo using Xenopus embryogenesis.
Injection of synthetic RNA encoding BMP antagonists to
the ventral portion of Xenopus embryos inhibits the
ventralizing signal of endogenous BMP, and induces
dorsalizing phenotypes of the embryos, including secondary
axis formation and hyperdorsalization. The injection of as
little as 100pg 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 dorsalization phenotypes, whereas embryos
developed normally when irrelevant mRNA was injected.

Expression of USAG-1

In mouse embryogenesis, expression of USAG-1 mRNA was
first detected on E11.5 and increased toward E17.5." In situ
hybridization of mouse embryos on E11.5 revealed moderate
expression of USAG-1 mRNA in branchial arches and
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