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Background: Activated mesangial cells exhibit SMA and contribute to the progression of diabetic nephropathy.

Results: Scleraxis negatively regulated the AGE-induced expression and secretion of BMP4.

Conclusion: Scleraxis and Id1 are involved in the BMP4-SMA pathway and modulate phenotypic changes.

Significance: Deeper insight into the impact of regulatory mechanism of scleraxis-BMP4-Smad1 signal activation might help to

prevent diabetic glomerular damage.

Activation of mesangial cells (MCs), which is characterized by
induction of smooth muscle a-actin (SMA) expression, contrib-
utes to a key event in various renal diseases; however, the mech-
anisms controlling MC differentiation are still largely unde-
fined. Activated Smadl induced SMA in a dose-dependent
manner in MCs. As a direct regulating molecule for SMA, we
identified and characterized scleraxis (Scx) as a new phenotype
modulator in advanced glycation end product (AGE)-exposed
MCs. Scx physically associated with E12 and bound the E-box in
the promoter of SMA and negatively regulated the AGE-in-
duced SMA expression. Scx induced expression and secretion of
bone morphogenetic protein 4 (BMP4), thereby controlling the
Smad]1 activation in AGE-treated MCs. In diabetic mice, Scx was
concomitantly expressed with SMA in the glomeruli. Inhibitor
of differentiation 1 (Id1) was further induced by extended treat-
ment with AGE, thereby dislodging Scx from the SMA pro-
moter. These data suggest that Scx and Id1 are involved in the
BMP4-Smadl-SMA signal transduction pathway besides the
TGFB1-Smadl-SMA signaling pathway and modulate pheno-
typic changes in MCs in diabetic nephropathy.

Diabetic nephropathy is a morbid complication associated
with diabetes mellitus and is the most common cause of end-
stage renal disease. Glomerulosclerosis in diabetic nephropathy
is caused by accumulation of extracellular matrix (ECM)? pro-
teins in the mesangial interstitial space, resulting in the narrow-
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ing and obliteration of glomerular capillaries (1) and leading to
irreversible progression to end-stage renal disease.

Emerging evidence suggests that the cause of glomeruloscle-
rosis in diabetic nephropathy is phenotypic switching of MCs to
an activated state. In response to injury, MCs can transdiffer-
entiate into myofibroblasts, a specialized population of mesen-
chymal cells that secrete interstitial collagens (i.e. type I and
type III collagens) that are not normally present in the mesan-
gial matrix and markedly up-regulate the expression of smooth
muscle-like proteins (i.e. SMA) (2—4). The fundamental signif-
icance of myofibroblasts and SMA expression is unclear,
although these actions may lead to prevention of cell migration
and concentrate these cells at the site of injury (5). Further-
more, this phenotypic alteration, which is characterized by
SMA gene induction, is a common phenomenon in the process
of sclerotic or fibrotic changes in many organs, such as the liver
(6), lungs (7), and skin (8). However, the underlying molecular
mechanisms for this regulation remain unknown.

Recently, we demonstrated that Smad1 plays a key role in the
progression of various renal diseases such as diabetic nephrop-
athy and proliferative glomerulonephritis (4, 9). Smadl tran-
scriptionally up-regulates ECM proteins (type IV and type I
collagens and osteopontin) in the common process of progress-
ing glomerulosclerosis (4). Moreover, induction of Smad1 and
SMA expression coincides with the development of glomeru-
losclerosis in diabetic rats (10). Furthermore, we reported that
urinary Smadl is a novel marker to detect the initial stage of
glomerulosclerosis in both type 1 and type 2 diabetic rodents
(10, 11). Thus, Smad1 was thought to be closely involved in the
phenotypic change of MCs in diabetes. However, there is little
information about which molecule stands between Smad1 and
SMA, modulating the phenotype of MCs.

The basic helix-loop-helix (PHLH) transcription factors have
been implicated in cell fate specification in a variety of cell lin-
eages. Examples of these proteins include the myogenic bHLH
factors MyoD and myogenin in muscle development (12-15),
neuronal factors such as neurogenin and Mash1 (16), and the
TAL gene involved in hematopoiesis (17). Cell type-specific
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bHLH proteins typically form heterodimers with ubiquitous
bHLH proteins, such as E12/E47 (products of the E2A gene),
through the HLH domains (18) and enable the basic region to
form a bipartite DNA-binding motif that recognizes the so-
called E-box sequence CANNTG (19). In addition, four Id pro-
teins, Id1 through Id4, lack the DNA binding activity due to the
absence of a basic domain and have been characterized as neg-
ative regulators of bHLH transcription factors. The majority of
information concerning the role of bHLH proteins in the pro-
cess of differentiation has been investigated during embryogen-
esis. Few studies have examined the role of these proteins in
adults or in diseases. Although E-box sites are present in the
promoter of the SMA gene, no MC-specific bHLH transcrip-
tion factors have yet been identified. In this study, we identified
scleraxis (Scx) as a binding factor to the promoter of SMA and
established the mechanism and function of Scx-mediated SMA
expression under diabetic conditions.

As described above, in glomerulosclerosis activated MCs
produce bone ECM proteins (type I collagen (Coll) and osteo-
pontin) as well as SMA. Bone morphogenetic protein 4 (BMP4)
has been implicated in several aspects of embryonic develop-
ment, from establishment of the basic embryonic body plan to
morphogenesis of some organs, including the kidney, by regu-
lating cell proliferation, differentiation, apoptosis, and che-
motaxis (20, 21). BMP4 is also involved in the commitment of
mesenchymal cells to chondrogenic and osteogenic lineages
(22, 23). However, the functional roles of BMP4 in adults or in
diseases remain elusive. In this study, we reveal an important
role of BMP4 for activation of Smad1-SMA signal transduction
in the process of phenotypic alteration in MCs. Moreover, we
elucidated the molecular mechanism for negative regulation of
SMA by Scx in MCs. However, Scx positively regulated BMP4-
induced SMA expression.

EXPERIMENTAL PROCEDURES

Animals—The animals were housed under specific patho-
gen-free conditions at the animal facility of Tokushima Univer-
sity. All animal experiments were performed in accordance
with institutional guidelines, and the Review Board of
Tokushima University granted ethical permission for this
study. Male C57BL/6 mice, 8 weeks old, weighing 22—24 g were
rendered diabetic by the intraperitoneal injection of 50 mg per
kg body weight streptozotocin (STZ) in citrate buffer, pH 4.5,
for 5 consecutive days. The diabetic state was confirmed 5 days
after final injection by measurement of the blood glucose level.
All mice that were given STZ had a blood glucose concentration
exceeding 400 mg/dl and were considered diabetic (24).

AGE Preparation—AGE-BSA was prepared by the method
described previously (4, 25). BSA was incubated with glucose
6-phosphate for >60 days at 37 °C. Control BSA was prepared
by incubating BSA without glucose 6-phosphate under the
same conditions as those for AGE-BSA. Preparations were
tested for endotoxin using an Endospecy ES-24S system (Seika-
gaku Co., Tokyo, Japan), and no endotoxin was detected. Pro-
tein concentrations were determined by the Bradford method
using BSA as the standard. Ne-(Carboxymethyl) lysine (CML)
was purchased from Nippi Protein Engineering (T okyo, Japan).
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Cell Culture—A glomerular MC line was established from
glomeruli isolated from normal 4-week-old mice (C57BL/
6] XSJL/]) and was identified according to the method
described previously (26, 27). The MCs were plated on 100-mm
plastic dishes (Nunc Roskilde, Denmark) and maintained in B
medium (a 3:1 mixture of minimal essential medium/F-12
modified with trace elements) supplemented with 1 mm gluta-
mine, penicillin at 100 units/ml, streptomycin at 100 mg/ml,
and 10% fetal calf serum (FCS) (Irvine Scientific, Santa Ana,
CA). The cultured cells fulfilled the generally accepted criteria
for glomerular MCs described previously (26). AGE or BSA
exposure was carried out as described previously (4). CML was
added to the MC culture medium at a final concentration of 100
png/ml after overnight starvation.

Plasmids—The full-length cDNAs of Smadl and EI12 were
obtained using gene-specific primers for reverse transcription-
PCR (RT-PCR) and inserted into pcDNA3 or pCMV-Myc
(resulting in pcDNA3-Smad1l and Myc-E12). The full-length of
Scx cDNA was inserted into p3XFLAG-CMYV (Sigma) to con-
struct the NH,-terminal FLAG epitope-tagged Scx (FLAG-
Scx). A monoclonal antibody (M2; Sigma) directed toward this
epitope was used in the Western blot experiments. For expres-
sion studies, the Scx gene was cloned into the pcDNA3 expres-
sion plasmid. Mouse constitutively active ALK1 (caALK1) was
generated by mutation of Glu-194 into aspartic acid. Site-di-
rected mutagenesis was carried out by a PCR-based approach
and was inserted into pPCMV-Myc. Constitutively active Smadl
(caSmad1) was obtained by substitution of Ser-463 and Ser-465
of mouse Smad1 vector (kindly provided from Prof. Miyazono,
University of Tokyo) with aspartic acid. The constructed plas-
mids were verified by sequencing. Constitutively active Smad3
(caSmad3) expression vector was kindly provided by Dr. J. Oh
(Korea University).

Degenerate PCR and cDNA Cloning—Degenerate PCR prim-
ers were designed according to two highly conserved amino
acid sequence motifs in the basic region and second helix region
of the bHLH proteins. Scx was obtained by the RT-PCR method
using the following two degenerate primers: 5'-CCAA(C/T)G-
C(A/C/G/T)CGIGA(A/G)CG(A/C/G/T)(A/G)-3" and 5'-
CCAG(A/G)TGIG(A/C)(A/G/T)AT(A/G)TA(A/G)CT(A/C/
G/T)GA(A/C/G/T)GC-3', corresponding to the target amino
acid sequences of NARER(D/N) and ASSYIAHL, respec-
tively (29, 30). One microgram of total RNA of mouse MCs
treated with AGE or BSA was reverse-transcribed with oli-
go(dT) primer using Moloney murine leukemia virus reverse
transcriptase (Superscript II; Invitrogen) in a total volume of 30
pl. RT-negative controls were performed to exclude the possi-
bility of genomic or other DNA contamination. Full-length
c¢DNA clones for Scx were isolated by 5'- and 3'-rapid amplifi-
cation of cDNA end (RACE) using poly(A) ™ RNA from mouse
MCs. RACE was performed using a SMART RACE cDNA
amplification kit according to the manufacturer’s instructions
(Clontech).

RT-PCR—Total RNA was extracted from mouse MCs using
TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol. The RNA was reverse-transcribed with oligo(dT)
primer using a SuperScript first-strand synthesis kit (Invitro-
gen) to generate the first-strand ¢cDNA, followed by PCR to
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detect the expression of Scx and GAPDH. The sequences of the
PCR primers were as follows: 5'-GACCGCACCAACAGCGT-
GAA-3" and 5'-GTGGACCCTCCTCCTTCTAACTTC-3' for
Scx; 5'-CTCTGGACGTACAACTGGTATTG-3' and 5'-TGG-
ATGCCCGCTGACTCCAT-3' for SMA; and 5'-TATGACT-
CCACTCACGGCAAAT-3" and 5'-TGCTTCACCACCTTC-
TTGATGT-3' for GAPDH. The reaction products were sepa-
rated on 1.5% agarose gel and stained with ethidium bromide.

Antibodies—We generated polyclonal antibodies (Scx1 and
Scx2) raised against a synthetic peptide corresponding to
amino acids 169 -185 of mouse Scx and confirmed their speci-
ficity by dot blot analysis with the antigenic peptide. For West-
ern blot analyses, results using Scx1 were shown in each figure.
The anti-E12, anti-E2A, and anti-ALK1 (Santa Cruz Biotech-
nology, Santa Cruz, CA); anti-Smad1 (Epitomics, Burlingame,
CA); anti-pSmadl/5/8, anti-Smad2, anti-Smad3, and anti-
pSmad3 (Cell Signaling, Beverly, MA); anti-TGFB3 (R&D Sys-
tems, Minneapolis, MN); anti-TGFf1, anti-TGFB2, and anti-
SMA (Abcam, Cambridge, UK); anti-FLAG, anti-B-actin, and
anti-a-tubulin (Sigma); anti-Myc (Clontech); and anti-Coll
(Rockland Immunochemicals, Gilbertsville, PA) antibodies
were used for Western blot analysis and immunoprecipitation
assay. The anti-pSmad1 (Cell Signaling), anti-SMA, and anti-
Scx1 antibodies were used for immunofluorescent staining.
Polyclonal anti-TGFf1 neutralizing antibody (AB10-NA) and
monoclonal anti-BMP4 neutralizing antibody (MAB757) (R&D
Systems) were used for inhibition assays.

Western Blotting—Proteins from MCs or mouse total kid-
neys were resolved by SDS-PAGE, transferred to a nitrocellu-
lose membrane (GE Healthcare), subjected to Western blot
analysis using primary antibodies, and detected using an
enhanced chemiluminescence detection system (Invitrogen).

EMSA—EMSA was performed using oligonucleotides cor-
responding to specific E-boxes (E1 5'-GGCAGCTCAGCTG-
CTTATGGG-3' and E2 5-GCCCTCAGAACAACTGCT-
CAAATG-3'). Briefly, the nuclear pellet was collected by
centrifugation (600 X g, 10 min, 4 °C). The nuclear lysates (100
pg) were prepared and incubated in 25 ul of reaction mixture
containing poly(dI/dC), 10X binding buffer (50 um ZnCl,, 0.25
mM DTT, 20 mm Tris, 60 mm KCI, 1 mm MgCl,, 0.1 mm EDTA,
and 10% glycerol), and the labeled oligonucleotide for 30 min at
room temperature. The reactions were terminated using 25 ul
of the loading dye and loaded onto a 7% gel retardation assay
gel. The run was performed at 250 V for 3 h at 4 °C. At the end
of the run, the gel was removed, dried, and exposed in a phos-
phorimager at room temperature.

Transfection and Co-immunoprecipitation—CHOK1 cells
were transfected using FUGENE 6 (Roche Applied Science)
according to the manufacturer’s protocol. After 48 h of trans-
fection, the cells were washed with PBS, and 1 ml of ice-cold
lysis buffer (25 mm Tris-HCl, pH 7.4, 100 mMm NaCl, 2 mm
EDTA, 0.5% Nonidet P-40, Complete protease inhibitors mix-
ture; Roche Applied Science) was added. The cell lysates were
precleared with normal rabbit IgG. Equal amounts of protein
were incubated with 10 ul of rabbit anti-FLAG or anti-Myc
antibody for 3 h at 4 °C with constant rotation. The immune
complex was isolated with protein G-Sepharose (2 h at 4 °C),
and the immunoprecipitates were washed three times with
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sample buffer, resuspended in 2X SDS sample buffer contain-
ing 2-mercaptoethanol, and boiled for 5 min. After centrifuga-
tion, a portion of the samples were separated by SDS-PAGE
before Western blot analyses.

Co-immunoprecipitation of Endogenous Scx and E12—Kid-
neys isolated from STZ-induced diabetic mice and nondiabetic
control mice were minced and suspended in lysis buffer con-
taining 150 mm NaCl, 10 mm Tris-HCI, pH 7.5, and 0.1% deoxy-
cholate. The tissue suspension was homogenized, and the
lysates were immunoprecipitated with anti-E12 antibody and
control immunoglobulin G. The presence of Scx in the immu-
noprecipitates was determined by Western blotting with anti-
Scx antibody.

Reporter Assay—MCs (0.15 X 10°) were plated in 24-well
plates and 6 h later co-transfected with increasing amounts of
Myc-E12 expression plasmid. Trasfections were perfomed
using FUGENE 6. Luciferase activities were normalized to
Renilla luciferase activities derived from co-transfected pRL-
SV40-Luc (Promega).

siRNAs and Transfection—MCs (1.0 X 10°) were seeded into
6-well plates (Nunc) and grown until they were 40 —60% con-
fluent. The Smadl, Scx, E12, Id1, and ALK1 siRNA (Invitrogen)
and the control siRNA (Dharmacon, Lafayette, CO) were com-
bined with INTERFERin reagent (Polyplus Transfection, New
York), and the cells were transfected with siRNA (100 nm)
according to the recommended protocol.

Histology, Immunohistochemistry, and Immunocytochemistry—
Tissues were fixed in methyl Carnoy’s solution and were paraf-
fin-embedded. Multiple sections were prepared and stained
with periodic acid silver methenamine and periodic acid-
Schiff’s reagent. Cryopreserved kidney tissues were cut into
5-um-thick sections and fixed in methanol at 4 °C for 15 min.
To eliminate nonspecific staining, sections were incubated with
the appropriate preimmune serum for 30 min at room temper-
ature, followed by incubating with the primary antibodies. For
detection, appropriate biotinylated or fluorescein isothiocya-
nate-conjugated secondary antibodies were wused for
visualization.

ChIP Assay—ChIP assays were performed essentially as
described previously (4). We used anti-E2A antibody (Santa
Cruz Biotechnology), anti-Scx antibody, or normal control IgG
at 4 °C overnight. PCR was performed with primers to amplify
the region containing the E-box on the SMA promoter. The
5'-primer was 5'-GGAGCTCCCCAATTTGTTG-3', and the
3’ primer was 5'-CAGCCTCCGCCTCTTACC-3'. Input DNA
(2.5%) was used as a template in the PCR.

RESULTS

TGFBI-induced SMA Expression Besides Activation of
Smad3 in Diabetic Conditions—Although we previously re-
ported that AGE induces and phosphorylates Smadl (4) and
that Smadl and SMA proteins co-exist in the glomeruli of dia-
betic rats (10), interaction between Smadl and SMA in MCs in
diabetic conditions remained unknown. Induction of SMA as
well as Smadl and pSmad1 was observed in AGE-treated MCs
(Fig. 1A). TGF B has been known to play an important role in the
AGE response of the glomeruli (30) and has previously been
reported to induce SMA expression in various cells, including
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FIGURE 1. Effects of TGF signaling on the induction of Smad1 and SMA
by AGE in MCs. A, Western blot of protein extracts prepared from MCs
treated with AGE or BSA (10 ug/cm?) for 24 h. One of three independent
experiments is shown. B, Western blot analysis for TGFB isoforms in whole
kidney extracts in STZ-induced diabetic and control mice at 32 weeks after
treatment (n = 5 in each group). C, TGFB isoforms proteins were monitored
by Western blot analysis in response to a 24-h treatment with BSA or AGE (10
png/cm?). One of three independent experiments is shown. D, MCs were
treated with neutralizing antibody for TGF 31 (10 wg/ml) or control normal lgY
for 24 h after a 6-h exposure to AGE (10 pg/cm?). Equal amounts of cell lysates
were subjected to Western blot. One of three independent experiments is
shown. B-Actin was used as a loading control.

MCs (3, 31). Because there are three mammalian isoforms,
TGFB1-3, we examined which isoform is expressed and
involved in diabetic kidneys. TGF1 expression was markedly
up-regulated in diabetic mice. In contrast, alteration of TGF32
and TGEFPB3 expressions was not observed (Fig. 1B). Similar
changes were found in MCs treated with AGE (Fig. 1C). To
elucidate the effect of TGFB1 on the induction of SMA by AGE
in MCs, an inhibition assay using the TGF 1 neutralizing anti-
body was performed (Fig. 1D). MCs treated with the TGFB1-
neutralizing antibody showed significant reduction of pSmad3
up-regulated by AGE. However, small reduction of Smadl,
pSmadl, and SMA expression induced by AGE was observed
(Fig. 1D). To confirm the role of Smad3 in AGE-induced SMA
expression, siRNA knockdown for Smad3 was carried out.
Smad3 knockdown did not appear to affect the expression of
SMA in AGE-treated MCs (Fig. 2E). To further examine and
confirm the effect of Smad3 on the SMA expression, we per-
formed transient overexpression of constitutively active Smad3
(caSmad3) in MCs, resulting in no increase in the protein levels
of SMA (Fig. 2F).

Smadl Is Involved in TGFBI-induced SMA Expression in
MCs—Next, we investigated whether Smad1 protein up-regu-
lates SMA protein in MCs. MCs were transiently transfected
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FIGURE 2. Activated Smad1 induces SMA expression in MCs. A and B, after
24 h of transfection with increasing amounts of the Smad1 expression plas-
mid (pcDNA3-Smad1) in the absence (A) or presence (B) of TGFB1 stimulation
for 1 h, Western blot analyses were performed. C, Western blot analyses of
MCs 24 h after transfection with increasing amounts of the caSmad1 expres-
sion plasmid. D, effect of co-transfection of caALK1 and pcDNA3-Smad1 for
24 h on Smad1-SMA signaling pathway in MCs. Whole cell lysates were sub-
jected to Western blot. £, MCs were treated with Smad3 siRNA or scrambled
control siRNA (CTL) for 48 h under the exposure to AGE or BSA (10 ug/cm?).
Equal amounts of cell lysates were subjected to Western blot. F, Western blot
analysis of MCs 24 h after transfection with increasing amounts of the caS-
mad3 expression plasmid. a-Tubulin or B-actin was used as a loading control.
One of at least three independent experiments is shown in each panel.
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with a plasmid encoding Smad1 in the absence or presence of
TGFB1 (Fig. 2, A and B). Induction of SMA was observed in
parallel with the induction of Smad1 protein only when stimu-
lated with TGFB1. These results indicate that Smad1 activation
is important for the induction of SMA. Moreover, constitu-
tively active Smad1 induced SMA protein in a dose-dependent
manner (Fig. 2C). We previously demonstrated that activin
receptor-like kinase 1 (ALK1) transduces TGFf1 signaling to
Smadl in AGE-treated MCs (4). Transiently, co-transfection
assay revealed that Smadl overexpression in MCs notably
induced SMA protein along with phsophorylation of Smad1 by
constitutively active ALK1 (Fig. 2D). These data suggest that
induction and phosphorylation of Smadl are determinants of
SMA expression in MCs.

Scx Is Isolated as a bHLH Factor and Is Induced under AGE
Exposure in MCs—Next, to elucidate the underlying mecha-
nisms in the direct regulation of SMA expression in response to
Smadl1 activation, we focused our attention on the E-box sites
in the promoter of SMA gene. The bHLH transcription factors
belong to a larger superfamily of HLH transcription factors that
contains more than 240 proteins expressed in eukaryotic
organisms ranging from yeast to humans (32). To identify MC-
specific bHLH transcription factors that bind to the E-box

JOURNAL OF BIOLOGICAL CHEMISTRY 20433



Scleraxis and BMP4-Smad1 Axis Regulate SMA

A M N BSA AGE D
AGE (24h)  AGE (72h)
200bp - . .
B BSA  AGE (1pg/cm2) C BSA  AGE (1ug/cm?)
24 72 24 72 24 72 24 72 (h)
Scx ——
GAPDH Pactin | ———
BSA  AGE  (10pg/cm?) BSA  AGE (10ug/cm?)
24 72 24 72 (h) 24 72 24 72 (h)
Scx i Scx onme e
GAPDH P-aCtN | — ——
E Ctl CML F Ctl CML
Scx - Sex | -

FIGURE 3. Identification and regulation of Scx expression by AGE in MCs. A, PCR products obtained using degenerate primers for the HLH transcription
factors family from cDNA prepared from MCs treated with BSA or AGE (10 ug/cm?) for 24 h were analyzed on an acrylamide gel. M, marker; N, negative control.
B, after treatment with BSA or AGE (1 or 10 ng/cm?) for the indicated time, the specific mRNA expression levels were determined by using RT-PCR analysis.
GAPDH amplification was used as a control. One of three independent experiments is shown. C, Scx protein was monitored by Western blot analysis in response
to a 24- or 72-h treatment with BSA or AGE (1 or 10 wg/cm?). One of three independent experiments is shown. D, immunofluorescence analysis of mouse MCs
treated with BSA or AGE (10 ug/cm?) for the indicated time. The cells were counterstained with DAPI, and the nuclei were identified. Data from one of three
representative experiments is shown. After exposure with CML or vehicle alone (Ct/) for 72 h, the expression levels of mRNA (E) and protein (F) were examined.
GAPDH and B-actin were used as a loading control for RT-PCR and Western blot, respectively. One of at least three independent experiments is shown in each

panel.

motif, we performed degenerate PCR screening using primer
sets targeting the conserved sequences within various bPHLH
subfamilies. We carried out the screening for mouse MCs
treated with AGE for induction of SMA expression to isolate
a clone that encodes a specific transcription factor (Fig. 34).
We identified this clone as the cDNA that encodes Scx using
the RACE method. Scx was originally identified as a bHLH
transcription factor that is expressed in the sclerotome, in
mesenchymal precursors of bone and cartilage, and in con-
nective tissues (33, 34). From these reports, Scx has been
implicated in the regulation of the development of collagen-
rich tissues such as tendons and ligaments. However, the
function and significance of Scx expression in MCs have
remained unknown.

Significant induction of both the Scx mRNA and protein lev-
els was observed in AGE-treated MCs using RT-PCR and West-
ern blot analysis, respectively (Fig. 3, B and C). In contrast, BSA
treatment did not induce expression of Scx. Similar results were
seen in CML-treated MCs (Fig. 3, E and F). Because nuclear
localization is important for transcription factor function, we
next examined the issue of whether the translocation of Scx is
affected by AGE treatment in MCs (Fig. 3D). Scx protein was
induced and distributed throughout MCs with a preferential
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cytoplasmic localization after a 24-h incubation in the presence
of AGE. Furthermore, the nuclear accumulation of Scx in
response to AGE was observed in the cells 72 h after AGE stim-
ulation, whereas BSA treatment led to little expression of Scx.
These findings indicate that the induction and subsequent
translocation of Scx to the nucleus are regulated by AGE expo-
sure in MCs.

Scx Associates with E12—Because Scx was reported to bind
the E-box consensus sequence from muscle creatine kinase
enhancer as a heterodimer with E12 based on the results of a gel
mobility shift assay (35), we first examined whether Scx physi-
cally interacts with E12 in mammalian cells by performing
co-immunoprecipitation experiments. FLAG-Scx was co-im-
munoprecipitated with Myc-E12 only when both were co-
expressed. We also confirmed the expression of E12 protein by
immunoblot analysis using anti-E12 antibody (Fig. 44). Fur-
thermore, both Scx and E12 were localized in the nucleus as
detected by DAPI counterstaining in cultured MCs. Scx protein
was partially co-localized with E12 in the nucleus (Fig. 4B). The
co-localization was confirmed via co-immunoprecipitation
assays (Fig. 4C). In subsequent experiments, we validated the
endogenous association of Scx and E12 in the diabetic mouse
kidney by co-immunoprecipitation (Fig. 4D). From these
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FIGURE 4. Scx physically associated with E12. A, co-immunoprecipitation of
FLAG-Scx and Myc-E12 from co-transfected CHOKT1 cells lysate was detected
by Western blot. /P, immunoprecipitation. /B,immunoblot. B, immunofluores-
cence of AGE-treated MCs with antibodies against the Scx (green) and E12
(red) protein showing the localization of the two proteins in the nucleus.
White arrows indicated partial co-localization of Scx and E12 proteins. The
cells were counterstained with DAPI to visualize the nuclei. C, Western blot of
immunoprecipitates from AGE-treated MCs lysates using a polyclonal anti-
E12 antibody or control IgG. The reaction mixture was loaded as input.
D, kidney lysates from diabetic or nondiabetic (Control) mice were immuno-
precipitated (/P) with anti-E12 antibody and control IgG. The presence of Scx
in the immunoprecipitates was determined by Western blot with anti-Scx
antibody. The control antibody does not immunoprecipitate Scx. Aliquots of
the lysates from diabetic kidney were loaded as positive controls (PC). One of
five independent experiments is shown in each panel.

results, we confirmed that Scx and E12 could physiologically
engage in a specific interaction under diabetic conditions.

Scx Negatively Regulates SMA Expression through Direct
Binding to the Promoter—Considering the primary structure,
the Scx protein was expected to bind the E-box in the promoter
of the SMA gene, which is a common target of the bHLH tran-
scription factors (18). Kumar et al. (36) clearly demonstrated
that there are two E-boxes in the SMA promoter, at —214 bp
(E1) and —252 bp (E2), which act as positive regulatory ele-
ments in mice. A labeled oligonucleotide containing the puta-
tive E-box, E1 or E2, was examined to determine whether Scx
would bind to E-boxes in a gel mobility shift assay. Interestingly,
E2 successfully bound to the nuclear extracts, but E1 did not.
Unlabeled oligonucleotides competed effectively with the
labeled E-box for binding to nuclear extracts (Fig. 54). Anti-Scx
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antibodies were found to supershift the labeled E2 oligonucle-
otide-nuclear protein complex. Addition of an anti-E12 anti-
body also resulted in the supershift of the complex (Fig. 5B).
Taken together, these data demonstrated the existence of an
Scx-binding E-box in the promoter region of the SMA gene.
Next, we tested the effects of Scx on the expression of SMA.
Transient overexpression of Scx in cultured MCs without any
stimulation failed to induce SMA expression (data not shown).
Conversely, we found that forced expression of Scx in AGE-
treated MCs was able to strongly repress the expression of the
SMA protein and mRNA (Fig. 5, C and D), suggesting that Scx is
a unique negative regulator of SMA in MCs exposed to AGE.
Next, to explore the mechanisms for induction of SMA protein
expression, we examined transiently overexpression of E12
protein in MCs, because E12 is a ubiquitous bHLH protein.
Expression of SMA protein was increased in an E12-dependent
manner (Fig. 5E). Moreover, we tested the transcriptional activ-
ity of the SMA promoter by transfecting to MCs with E12
expression plasmids. Luciferase activity of the SMA promoter
was increased in a dose-dependent manner (Fig. 5F). These data
indicate that E12 itself contributes to the induction of SMA
protein.

Co-existence of Scx and SMA in Diabetic Nephropathy Mice—
As Scx was induced by AGE stimulation in cultured MCs, we
subsequently examined the glomerular expression of Scx in the
model of diabetic nephropathy mice. Kidneys from the diabetic
or nondiabetic mice at 38 weeks after STZ or vehicle injection
were tested for Scx staining. At this stage, a substantial mesan-
gial expansion was detected in the diabetic mice. Notably, the
glomeruli of the diabetic kidneys showed significantly greater
numbers of Scx-positive cells with nuclear pattern than did the
renal glomeruli of the control mice (Fig. 6). At the same time,
positive immunostaining for pSmad1 and SMA, corresponding
to the diabetic change in STZ-induced diabetic mice, was
observed as in our previous reports (Fig. 6) (4, 10, 11). In addi-
tion, induction of Coll, which is known to be regulated by Scx,
was also observed in STZ-induced diabetic mice. These histo-
logical observations raised a question about the mechanism of
the concurrent expression of SMA, Col and Scx in diabetic
glomeruli.

Smadl-SMA Signaling Pathway Is Strongly Activated by
BMP4 in MCs—To address the above question, we first focused
our attention on the regulatory mechanism for the AGE-in-
duced Smad1 expression and phosphorylation. The neutraliza-
tion of TGFB1 was not enough to suppress the SMA expression
in AGE-treated MCs (Fig. 1D), implying that another molecule
isinvolved in the induction and activation of Smadl under AGE
exposure. Accordingly, we examined the effects of BMP4 in the
induction of SMA protein expression. Induction and secretion
of BMP4 were observed in AGE-treated MCs. BSA did not
show these effects (Fig. 7A). BMP4 notably phosphorylated
Smadl and induced SMA in a dose-dependent manner (Fig.
7B).In addition, BMP4 strongly induced Smad1 protein expres-
sion in parallel with SMA induction (Fig. 7B). The induction of
SMA by TGFB1 and BMP4 was clearly blocked by knockdown
using siRNA for Smad1 (Fig. 7C). Although TGF1 is known to
play an important role in the AGE response of the glomeruli
(37), these results suggest that not only TGFB1-Smad1 but also
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FIGURE 5. Negative regulation of SMA through the Scx-E-box binding. A, EMSA to examine the binding of Scx to the E-boxes (E1 and E2) of the SMA
promoter. Labeled E-box oligonucleotides were mixed with nuclear extract from mouse MCs treated with AGE and yielded shifted bands (arrow). Cold
competition with excess unlabeled E2 probe abrogated the shifted bands. One of four independent experiments is shown. B, supershift demonstrates the
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antibody induced strong supershifted bands, although the mixture between these antibodies and E2 probe without nuclear extract showed no bands. One of
four independent experiments is shown. C, Western blot; D, RT-PCR analyses of SMA expression in whole cell lysates and total RNAs, respectively, from MCs
transfected with increasing amounts of the FLAG-tagged Scx expression plasmid. a-Tubulin and GAPDH served as loading controls, respectively. One of three
independent experiments is shown. E, Western blot analyses of MCs 24 h after transfection with increasing amounts of the Myc-E12 expression plasmid.
a-Tubulin was used as a loading control. One of three independent experiments is shown. F, luciferase activities in lysates prepared 36 h post-transfection were
measured. The activity of the reporter plasmid alone was arbitrary given a value of 1, and the activities of the other transfections were adjusted relative to this
assay. All reporter assays were performed in triplicate, and standard deviations (S.D.) are denoted by the bars. CTL, control.

BMP4-Smadl signal plays a very important role in the pheno-
type alteration of MCs.

Relationship between BMP4 and Scx under AGE Stimulation—
To address the question of the co-induction of BMP4 and Scx
by AGE, we examined the relationship between BMP4 and Scx
in MCs. BMP4 alone did not induce Scx in MCs (Fig. 84). In
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contrast, Scx markedly increased BMP4 expression in a dose-
dependent manner in MCs (Fig. 8B). Next, we examined the
effects of AGE stimulation on the link between BMP4 and Scx
in MCs. To elucidate the effect of BMP4 on the induction of
SMA by AGE in MCs, an inhibition assay using the BMP4 neu-
tralizing antibody was performed. MCs treated with the BMP4-
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FIGURE 6. Detection of Scx and SMA in diabetic nephropathy mice. STZ-
induced diabetic (right panels) and control mice (left panels) were dissected at
32 weeks after treatment (n = 6 in each group). Light microscopy showed
mesangial matrix expansion in STZ mice by periodic acid-Schiff's (PAS) stain-
ing. An increase in the expression of pSmad1, SMA, and Scx was noted by
immunohistochemical staining in diabetic glomeruli in STZ mice. Nuclear
staining of Scx in glomeruliin STZ mice was observed. Nuclei of the cells were
stained by DAPI (blue). Representative microscopic appearance of the glom-
erulus is shown. Original magnification for all panels was X400.

neutralizing antibody showed significant reduction of pSmad1
and SMA up-regulated by AGE. However, no reduction of Scx
expression induced by AGE was observed (Fig. 8C). To confirm
the role of Scx in AGE-induced BMP4 expression, siRNA
knockdown for Scx was carried out. Scx knockdown inhibited
the up-regulation of BMP4 expression by AGE in MCs (Fig.
8D). These results indicate that Scx regulated SMA expression
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through dual pathways (direct negative regulation and BMP4-
mediated positive regulation) in AGE-treated MCs. Moreover,
Coll expression was positively controlled by Scx in AGE-
treated MCs (Fig. 8, B and D). Thus co-expression of SMA,
Coll, and Scx can be achieved in diabetic conditions.

Id1 Modulates the Balance between Scx and SMA Expression
under AGE Stimulation—T o further understand the regulatory
mechanism for co-expression of SMA, Coll, and Scx, we inves-
tigate the negative feedback mechanism in a diabetic condition.
Although AGE up-regulated both Scx and SMA expression, a
time-dependent induction was observed only for SMA expres-
sion. Up-regulation of E12 was found in the same fashion as that
of SMA. In contrast, Coll expression was not affected in the
prolongation of AGE stimulation (Fig. 94). Knockdown of E12
showed the reduction of SMA and no effects on Scx and Coll
expressions under AGE stimulation (Fig. 9B). Next, we exam-
ined the transcriptional regulation of SMA via the E-box (E2) in
its promoter by means of a ChIP assay. Interestingly, binding of
Scx to the E-box (E2) was observed at 24 h of AGE stimulation,
but at 72 h, the binding effect was almost diminished (Fig. 9C).
Inhibitors of differentiation (Ids) and bHLH proteins dictate in
an opposite manner cellular programs of differentiation in var-
ious cell types, and BMPs can induce the expression of Ids (38,
39). Several reports have demonstrated that BMP, but not
TGEB, strongly activates the Id1 promoter in a Smadl-depen-
dent manner (40 —43). Therefore, to understand the molecular
mechanism underlying the co-existence of Scx, SMA, and Coll
in diabetic conditions, we investigated the role of Id1 in the
AGE-stimulated induction of Scx and SMA in MCs. Id1 was
induced by AGE in a time-dependent manner (Fig. 9D) similar
to the induction of SMA in MCs (Fig. 9A4). These data suggest
the possibility that Id1 modulates SMA expression through
negative regulation for Scx under AGE stimulation. Knock-
down of Id1 revealed that Scx significantly suppressed SMA
expression in the absence of Id1 protein under AGE stimulation
(Fig. 9E). Furthermore, a ChIP assay after Id1 knockdown
showed the persistence of the binding effect of Scx until 72 h
post-AGE stimulation (Fig. 9F). Collectively, these results sug-
gest that Id1 may serve an important effector function for the
control of SMA expression via Scx under diabetic conditions.

Relationship between BMP4 Pathway and TGFB1 Pathway in
the Regulation of SMA Induction—We further investigated
whether BMP4 and TGF1 exhibited a synergistic role in the
induction of SMA in MCs. The high dose but not the low dose
of TGFB1 and BMP4 showed an additional effect on the induc-
tion of SMA (Fig. 10, A and B). As ALK1 transduces TGFS1
signaling to Smad1 in MCs (4), we performed knockdown assay
using siRNA for ALK1 in TGFB1-treated MCs. Induction of
ALK1 expression by TGFB1 was much higher in the higher
dose stimulation. Knockdown of ALK1 blocked the TGFB1-
induced expression of SMA (Fig. 10C). Moreover, we carried
out the neutralization assay using TGF1- and BMP4-neutral-
izing antibodies. Although mutual inhibition in these two path-
ways was not shown (Fig. 10, D and E), co-treatment with these
neutralizing antibodies synergistically suppresses SMA induc-
tion in MCs under AGE stimulation (Fig. 10F), suggesting that
both TGFB1 and BMP4 are induced by AGE stimulation. Col-
lectively, activation of both BMP4 pathway and TGFS1 path-
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FIGURE 7. BMP4 induced SMA expression through Smad1 activation in MCs. A, Western blot of equal amounts of total cell lysate protein or conditioned
medium prepared from MCs treated with AGE or BSA (10 ug/cm?) for 24 h. B, Western blot analysis of Smad1, pSmad1, and SMA protein expression in total cell
lysates from MCs treated with BMP4 at the indicated concentrations for 12 h. C, MCs were treated with scrambled or Smad1 siRNA. Scrambled siRNA (CTL) was
used as a control in the experiments. After the siRNA transfection and successive 48 h of incubation, MCs were treated with 10 ng/ml TGF31 or BMP4 for an
additional 12 h. Equal amounts of cell lysates were subjected to Western blotting using antibodies against Smad1, pSmad1, and SMA. B-Actin was used as a

loading control. One of three independent experiments is shown.

way is involved in the synergistic induction of SMA in AGE-
treated MCs.

DISCUSSION

Diverse cells and tissues react to injury with similar
responses, including impaired cell differentiation and develop-
ment of sclerosis and fibrosis from increased ECM accumula-
tion. Regardless of whether the responsible cells are derived
from fibroblasts in the skin, lungs (44), or heart or from hepatic
stellate cells (45), MCs (2, 46), or even transdifferentiated epi-
thelial cells (47, 48), activation of SMA expression is a common
phenomenon. In diabetic nephropathy, activated dedifferenti-
ated MCs, expressing SMA, secrete collagens and lead to ECM
accumulation and subsequent glomerular obliteration. In this
study, we described novel pathways regulating the phenotypic
alteration in MCs under diabetic conditions. Thus far, TGFB1
has been considered to be an important and critical mediator in
the process of induction of SMA (31); however, the molecular
mechanism of the intracellular signal transduction has
remained elusive. Whereas there are three isoforms of TGFf3
(TGEPBL, -B2, and -B3), TGFB1 alone was up-regulated in dia-
betic conditions. We previously found a co-existence of Smadl
and SMA in the sclerotic region in diabetic nephropathy rats
and mice (10, 11). In this study, we demonstrated that the SMA
protein was induced by both BMP4 and TGFf31 in a Smad1-de-
pendent way.
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As Smads3 is a well known intermediate in the TGFf3 signal-
ing pathway (50), we asked whether Smad3 mediated the induc-
tion of SMA expression in an overexpression assay using con-
stitutively active Smad3 and in a knockdown assay using siRNA
for Smad3. Neither of them showed the alteration of SMA
expression in MCs. TGEB1 is able to activate two distinct
TGE-B type I receptors and signal transduction pathways as
follows: the ALK5/Smad2/3 pathway and the ALK1/Smad1/5-
regulated pathway (51). Accordingly, we examined the expres-
sion of ALK1 in MCs under exposure to AGEs. We previously
demonstrated that ALK1 is induced in AGE-treated MCs (4). In
this study, transient overexpression of constitutively active
ALK]1 could induce SMA in parallel with activation of Smadl in
MCs without AGE stimulation. Furthermore, it is generally
known that Smadl is also directly phosphorylated by BMPs
through type I and II BMP receptors (52). Notably, AGE
induced the expression and secretion of BMP4. Subsequently
BMP4 phosphorylated and activated Smadl and induced SMA
expression in MCs. BMP4 induced much higher levels of
Smad1 protein expression than did TGFp1, revealing a novel
aspect of the regulatory mechanism of the phenotypic modula-
tion of MCs. AGE also activates TGF1 signaling pathway lead-
ing to phosphorylation of Smad1 via ALK1. Thus, the BMP4-
Smadl signal, besides TGF1-Smad1 signal, has an additional
effect on SMA induction and is closely involved in the pheno-
typic change.
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FIGURE 8. Scx up-regulated the expression and secretion of BMP4 in AGE-
treated MCs. A, Western blot analysis of pSmad1 and Scx proteins in the
BMP4 stimulation at the indicated concentrations. PC, positive control.
B, Western blot analysis of BMP4 expression in conditioned medium and
whole cell lysates from MCs at 24 h after transfection with increasing amounts
of the Scx expression plasmid (pcDNA3-Scx). Empty vector was used as a
control (CTL). C, MCs were treated with neutralizing antibody (NA) for BMP4
(10 g/ml) or control normal IgG (CTL) for 24 h after a 6-h exposure to AGE or
BSA (10 ug/cm?). Equal amounts of cell lysates were subjected to Western
blot. One of three independent experiments is shown. D, MCs were treated
with siRNAs for Scx for 48 h after a 6-h exposure to AGE or BSA (10 pg/cm?).
Scrambled siRNA was used as a control in the experiments. Equal amounts of
cell lysates or conditioned medium were subjected to Western blot. One of
three independent experiments is shown. B-Actin was used as a loading con-
trol in each experiment.

Previously, Kumar ef al. (36) demonstrated an essential role
of two E-boxes for SMA expression by in vivo analysis using
promoter-LacZ transgenic mice. However, the direct regula-
tory mechanisms for SMA expression via its E-boxes in MCs
have remained elusive. In addition, there has been no informa-
tion about MC-specific bHLH factors. We therefore performed
a degenerate PCR screening for AGE-stimulated MCs and
identified Scx as a key candidate molecule for modulation of the
cell phenotype under diabetic conditions, because it is well
known that AGE is linked to the phenotypic alteration of MCs
in diabetic nephropathy. Induction of Scx was also observed in
CML-treated MCs. Because CML is recognized by receptor for
advanced glycation end products (53), this induction of Scx may
be mediated by the receptor for advanced glycation end prod-
uct pathway. Scx was originally named after its expression in
the sclerotome, which plays a critical role in the development of
chondrogenic cell lineages during embryogenesis (42). Similar
to other bHLH transcription factors, Scx and E12 physically
interacted as a heterodimer and co-localized in the nucleus of
MCs. Thus, judging from the observed expression of Scx, AGE-
induced Scx was thought to act as a transcriptional factor for
some target genes containing E-boxes in the promoter. Gel
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FIGURE 9. Id1 promoted SMA expression through the inhibition of Scx
expression at the downstream signaling pathway of AGE in MCs. A, Scx
and SMA proteins were monitored by Western blot analysis in response to
BSA or AGE (10 ug/cm?) for the indicated times. B, MCs were treated with
siRNAs for E12 for 48 h after a 6-h exposure to AGE or BSA (10 pug/cm?). Scram-
bled siRNA was used as a control in the experiments. Equal amounts of cell
lysates were subjected to Western blot. C, ChIP assay was carried out on MCs
treated with BSA or AGE (10 ug/cm?) for the indicated times. ChIP PCR prod-
ucts were amplified from input-positive controls (Input), a negative control
normal rabbit IgG (Control), and antibodies specific for E12 or Scx. PCR was
performed by using primers for an E-box-containing motif, E2. D, Western
blot analysis of MCs treated with BSA or AGE (10 ng/cm?) for the indicated
times. E, MCs were treated with Id1 siRNAs (RNAi-1 or -2) or scrambled control
siRNA for 48 h after 6-h the exposure to AGE or BSA (10 ug/cm?). Equal
amounts of cell lysates were subjected to Western blot. F, ChIP assay for MCs
exposed to AGE (10 ug/cm?) for 24 or 72 h and treated with siRNAs for Id1 for
the last 18 or 48 h, respectively. The PCR was performed as described as
above. B-Actin was used as a loading control in each experiment. One of three
independent experiments is shown.

mobility shift assays showed that Scx binds to an E-box motif
(E2) in the promoter of SMA. Scx acted as a negative regula-
tor for SMA induction in MCs. In contrast, AGE also up-reg-
ulated the expression of E12 protein that may be involved in
the induction of SMA. These results raised the possibility
that Scx may have a suppressive effect on phenotypic
changes in response to the emergence of SMA induced by
overexpressed E12 under AGE stimulation. In addition, Scx
is known to be expressed in tendons, ligaments, and other
dense connective tissues and to promote the secretion of
Coll (33, 54, 55). Glomerulosclerosis in diabetic nephropa-
thy is characterized by a prolonged and gradual decline in
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FIGURE 10. Effects of BMP4 and TGF31 in the induction of SMA in MCs.
A and B, Western blot analysis of pSmad1, pSmad3, and SMA protein
expression in total cell lysates from MCs treated with TGF31 or BMP4 at the
indicated concentrations for 0.5 or 24 h. C, MCs were pretreated with
siRNA for ALK1 for 48 h before a 24-h exposure to TGFB1. Scrambled siRNA
(Scr) was used as a control in the experiments. Equal amounts of cell
lysates were subjected to Western blot. D and E, MCs were treated with
TGFB1-neutralizing antibody (NA) or BMP4-neutralizing antibody (10
ng/ml) for 1 or 24 h after a 1-h exposure to TGFB1 or BMP4 (10 ng/ml).
Normal IgY or normal IgG was used as a control, respectively. Induction of
SMA and pSmad1 protein expression was monitored in Western blot.
F, MCs were treated with TGFB1-neutralizing antibody or BMP4-neutraliz-
ing antibody (10 wg/ml) for 1 or 24 h after a 6-h exposure to AGE or BSA (10
g/cm?). a-Tubulin was used as a loading control in each experiment. One
of three independent experiments is shown.

24 h

renal function, caused by a progressive accumulation of
ECM, including Coll, and subsequent glomerular oblitera-
tion (4, 56). Accordingly, Scx may be involved in the irrevers-
ible sclerotic change in diabetic glomerulopathy.
Terminally differentiated cell lineages basically manifest a
tendency to stabilize the original phenotype for tissue for-
mation or organ function, although they have the tendency
to change in response to current environmental conditions
as an adaptation. In fact, it is well recognized that MCs
derived from mesenchymal cells dedifferentiated into other
mesenchymally derived cell lineages, such as osteoblasts
and chondrocytes and tenocytes, which represent the expres-
sions of Coll, osteopontin, Sox9, and Cbfal (57-59). This mix-
ture of different phenotypes is also observed in glomeruli of
human diabetic glomerulosclerosis (60, 61). Similar mixture
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was reported in hepatic fibrosis (62). However, little is known
about how the phenotypic alteration in terminally differenti-
ated cells was regulated. In this study, different mesenchymally
derived cell lineage-like phenotypes appeared in damaged
glomeruli of diabetic mice at the same time. We previously
demonstrated that Smad1 transcriptionally up-regulates these
osteoblastic matrix proteins, such as Coll and osteopontin, in
MCs (4). The intermediate mesoderm is the source of all kidney
tissue in the normal development, and the mesoderm pattern-
ing program is controlled by the gradient of BMP4 as a mor-
phogen (63, 64). Therefore, here we examined the relationship
between Scx and BMP4 in AGE-exposed MCs. Transient over-
expression of Scx induced BMP4 in a dose-dependent manner.
Thus, it is speculated that BMP4 controls phenotypic alteration
in MCs to adapt to the critical changes of microenvironments
in the diabetic kidney. BMPs, including BMP4, are indispensa-
ble factors for a normal kidney development and basically
induce irreversible differentiation of perivascular mesenchymal
type cells into osteoprogenitor cells (65). Under normal cir-
cumstances, BMP4 is supposed to control the cell phenotype of
various cells during their development (66). However, under
diabetic conditions, it is considered that the regulation of
BMP4 signaling is not controlled properly. Hence, deregulated
BMP4 signal transduction may turn out to fail to organize the
structure and to restore its original function, further under-
scoring the complexity of gene expression in the diabetic
glomeruli.

In ChIP analyses, along with prolonged treatment with AGE,
binding of Scx to the E-box was diminished. These results point
to another regulatory mechanism between the BMP4-SMA sig-
naling pathway and Scx expression under exposure to AGEs.
The actions of the bHLH proteins are inhibited by the domi-
nant negative HLH proteins, Id1-4. Among the Ids, Id1 was
previously reported to be expressed in MCs (49), but the target
molecule of Id1 was not identified. Several recent studies have
revealed that Id proteins are one of the most crucial targets of
BMPs and that they may be responsible for the exhibition of the
biological activities of BMPs (42). These findings support the
possibility that Id1 may positively regulate BMP signaling by
sequestering the E-protein from Scx to halt its negative regula-
tion for SMA expression in MCs. We report here that Id1 was
strongly induced by AGE in a time-dependent manner. Induc-
tion of Id1 by AGE is considered to block the activation of Scx
and subsequently enhance the expression levels of SMA in
MCs. Taken together, the results discussed herein suggest that
the balance of expression levels between Id1 and Scx could be
an important factor for modulating exacerbation or improve-
ment of diabetic nephropathy. The balance may also contribute
to renal remodeling or reconstitution of injured renal glomer-
uli, especially MCs (Fig. 11).

As SMA is also a marker of phenotypic alterations in other
tissues that lead to fibrosis and/or sclerosis, such as liver, pan-
creas, lungs, and skin, the activation of the BMP4-Smadl sig-
naling pathway and the additional interplay between Scx and
Id1 may contribute to the progressive exacerbation in many
fibrotic or sclerotic diseases. Further elucidation of the mecha-
nism of this complexity in phenotype alteration may reveal
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FIGURE 11. Proposed model for phenotype alteration by Scx, BMP4/
Smad1, and Id1 in diabetic nephropathy. Following kidney injury in diabe-
tes, MCs undergo activation, which connotes a transition from quiescent cells,
and secrete interstitial collagens, including Col1, and exhibit smooth muscle-
like proteins such as SMA. Key mediator proteins underlying these effects are
shown. The state of activated MCs in diabetic conditions is regulated by Scx
activation. The activation of the Scx-BMP4-Smad1 signal may lead to diabetic
glomerulosclerosis, regardless of whether negative feedback of Id1 is present
(B) or not (A). Continuous lines and dashed lines represent positive and nega-
tive regulations, respectively.

novel findings that could lead to more effective therapeutic
approaches.
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