&
A
macula densa
extraglomerular
mesangium
Golgi apparatus

B
Usag1/ / /K
ey b WT /KO KO /KO

Rusac-1
@BVP-7
3 MMP

lus. The signals from the macula densa to the mesangial cells involve
small diffusible substances (ATP or adenosine) released from the
macula densa (47, 54). Multiphoton imaging demonstrates the
water flow across the macula densa into the mesangial cell field at
varying osmolarities in the luminal fluid (47). The histological char-
acteristics of the macula densa also support the idea of substance
transportation from the macula densa to mesangial cells: the nuclei
of macula densa cells are apically located, while most of cell organ-
elles tend to be located basally and laterally, thus indicating that the
substances from the macula densa are possibly secreted basolater-
ally (Figure 7A). In addition, the basement membrane of the macula
densa is fused with the basement membrane of the extraglomerular
mesangial cells, indicating the lack of a barrier to interfere with the
substance transportation from the macula densa to the glomeru-
lus (Figure 7A). Furthermore, Hugo et al. demonstrated that extra-
glomerular mesangial cells function as reserve cells for glomerular
mesangial cells (55). Extraglomerular mesangial cells stimulated by
substances secreted from the macula densa migrate into glomerulus
after glomerular injury and repopulate as mesangial cells.

As shown in Figure 6C, both USAG-1 and BMP-7 are expressed
in the macula densa, and USAG-1 secreted from the basolateral
membrane of macula densa could inhibit the action of BMP-7 on
the adjacent mesangial cells. In the experiments using cultured
mesangial cells, BMP-7 significantly attenuated TGF-B-induced
MMP-12 upregulation, and the inhibitory effect of BMP-7 was
abolished by the addition of USAG-1. Moreover, BMP-7 reduced
TGF-B-induced cytotoxicity in mesangial cells (data not shown).
Therefore, USAG-1 might exacerbate glomerular pathogenesis
in Alport syndrome through accelerating upregulation of GBM-
degrading enzyme and cytotoxicity by inhibiting the reno-protec-
tive effects of BMP-7 (Figure 7B).

An alternative possibility that may explain the effect of USAG-1
on glomerular injury is an interaction between circulating USAG-1
and BMP-7 in plasma. BMP-7 is present in plasma at a concentra-

The Journal of Clinical Investigation

heep://www.jci.org

research article

Figure 7

Hypothetical model for involvement of USAG-1
secreted from distal tubules in the pathogenesis
of glomerular damage in Alport syndrome. (A) The
macula densa (red), a part of the distal tubules,
lies beside the extraglomerular mesangial cells
(green), and the nuclei of the macula densa cells
are apically located, suggesting the possibility
that substances (blue) might be secreted from the
basolateral membrane of the macula densa. Note
that the basement membrane of the macula densa
cells is continuous with the basement membrane
of the extraglomerular mesangial cells. (B) In
Usag1++Col4a3-- mice (WT/KO), the mesangial
cells are activated (purple) and secrete MMPs
(scissors), which degrade GBM. Following GBM
destruction, podocytes residing on the GBM are
damaged (brown) and albuminuria is observed.
BMP-7 (blue) secreted from the macula densa is
captured by USAG-1, which is also secreted from
the macula densa. As a consequence, BMP-7
cannot bind to its receptors and exert its renopro-
tective action. In Usag7--Col4a3-- mice (KO/KO),
BMP-7 secreted from the macula densa can bind
to its receptors on mesangial cells and podocytes,
and protect fragile alport GBM from degradation.

tion range of 100-300 pg/ml (12). Due to the lack of an effective
ELISA system, the plasma level of USAG-1 remains to be deter-
mined. If an appropriate amount of USAG-1 is present in the cir-
culation, it could therefore bind to BMP-7 and thus inhibit its
activity. To test the effect of circulating USAG-1 in the progres-
sion of Col4a3~/~ mice, we performed systemic gene transfer of
USAG-1 expression vector to Usagl7~Col4a3~/~ mice and demon-
strated that the difference in albuminuria between the gene trans-
fer group and the control group was not statistically significant
(Supplemental Figure 3).

Novel therapeutic approach for Alport syndrome. At present there is
no definitive therapy to prevent or slow renal disease progression
in Alport syndrome. Several studies using a mouse model of Alport
syndrome have provided potential therapies, such as MMP inhibi-
tor (29, 40), angiotensin-converting enzyme inhibitor (56), statins
(57), transplantation of bone marrow-derived stem cells (58-60),
and total body irradiation (61). The results of the present study
support the notion that therapeutic trials to inhibit the function
of USAG-1 may become a novel therapeutic approach for Alport
syndrome either alone or in combination with other approaches.
A therapeutic trial targeting USAG-1 is promising because it is
expected to be effective in both glomerular and tubular injuries, is
more kidney-specific, and has fewer extrarenal effects because the
expression of USAG-1 is confined to the kidney.

Methods
Mice. The Usagl~/~ mice used in this study have been described previ-
ously (27), and Col4a3~- mice were purchased from Jackson Laboratory
(JAX mice strain 129-Col4a3tm1Dec/]) (62). Usagl~-Col4a3~/~ mice were
generated by breeding Usagl /- and Col4a3*/- mice. Col4a3~/~ lictermates
(Usag1*/*Col4a3~/~ mice) and WT littermates (Usagl*/*Col4a3*/* mice)
served as controls. All animal studies were approved by the Animal
Research Committee, Graduate School of Medicine, Kyoto University,
and performed in accordance with the guidelines of Kyoto University.
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Age-matched mice were used for all studies. The ages of mice used in
each experiment are described below.

Assessment of albuminuria. The mice were placed in metabolic cages, and
urine was collected over a 24-hour period. During the urine collection, mice
were allowed free access to food and water. Urinary albumin concentration
was measured using the Albuwell M assay kit (Exocell).

Renal histopathology and electron microscopy. The kidneys were fixed in
Carnoy’s solution and embedded in paraffin. Sections (2-um thick) were
stained with PAS for routine histological examination, and the degree of
morphological change was determined for ten 10-week-old mice and five
6-week-old mice per group by experienced pathologists who were blinded to
the genotypes. The following parameters were evaluated: percentage of hem-
orrhagic glomeruli and sclerotic glomeruli; and tubular atrophy/interstitial
fibrosis score. Tubular atrophy/interstitial fibrosis was graded as follows:
grade 0, 0%-24%; grade 1, 25%-49%; grade 2, 50%-74%; grade 3,2 75%.

Frozen sections of the kidneys were immunostained as previously
described (63). The primary antibodies were against podocin (64), al
(H11), and a3 (H31) chains of type IV collagen (a gift from Y. Sado; ref.
65), MCP-1 (R&D Systems), MMP-12 (Santa Cruz Biotechnology Inc.),
nNOS (Cayman Chemical and Abcam), and LacZ (Cappel Laborarory).
For double staining with -gal, immunostaining was performed before
B-gal staining to avoid the possibility that the deposition of X-gal might
interfere with the antibody binding to the antigen. For electron microsco-
Py, portions of the cortex were fixed in 2% glutaraldehyde and post-fixed
in 1% osmic acid. After embedding, ultrathin sections were stained with
uranyl acetate and lead citrate.

B-Gal staining and in situ hybridization. B-Gal staining and in situ hybrid-
ization were performed as described previously (26, 66). The probe for in
situ hybridization of USAG-1 mRNA contained the 1.0-kb open reading
frame with GC content of 52.6%. Hybridization was detected using an anti-
digoxigenin antibody conjugated with alkaline phosphatase and Nitro blue
tetrazolium chloride/S-bromo-4-chloro-3-indolyl phosphate, 4-toluidine
salt (Roche Diagnostics).

Immunoblotting. Whole-kidney tissue was homogenized in RIPA buffer and
subjected to immunoblotting as previously described (67). The primary anti-
bodies were anti- phospho-Smad1/5/8 (Cell Signaling Technology), phos-
pho-Smad2 (Upstate Biotechnology), and GAPDH (Fitzgerald Industries).

Quantification of mRNA by real-time RT-PCR. Real-time RT-PCR was per-
formed as described previously (27). Specific primers were designed using
Primer Express software (Applied Biosystems). Serially diluted cDNA was
used to generate the standard curve for each primer, and the PCR condi-
tions were as follows: 50°C for 2 minutes, 95°C for 10 minutes, then 95°C
for 15 seconds, and 60°C for 1 minute for 40 cycles.

Cell cultures. Mouse mesangial cells were established from glomeruli iso-
lated from a 4-week-old normal mouse (C57BL/6]) and characterized as
described previously (68). Cells of passage numbers 18 to 21 were cultured
in DMEM/F12 containing 20% fetal calf serum.

Assessment of MMP mRNA expression in mesangial cells. Mesangial cells were
seeded at a concentration of 5 x 104/ml. After 24 hours, the culture medi-
um was replaced with DMEM containing 0.5% bovine serum albumin. The
cells were incubated for 72 hours with 10 ng/ml MCP-1 (R&D Systems),
250 pg/ml IL-1f (R&D Systems), or 3 ng/ml TGF-B (R&D Systems) in the
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presence or absence of 20 ng/ml BMP-7 (R&D Systems) and then were ana-
lyzed for MMP mRNA expression by real-time RT-PCR. All experiments
were performed in quadruplicate.

Production of recombinant USAG-1-Flag protein. A recombinant C-termi-
nally Flag-tagged USAG-1 protein (USAG-1-Flag) was produced using
the Baculovirus Expression System (Invitrogen) and purified from culture
medium by affinity absorption on anti-FLAG M2 affinity beads (Sigma-
Aldrich). Protein concentrations were estimated by Coomassie staining.

Zymography. Renal proteins were extracted as previously described (69).
Samples standardized for protein concentration of 60 pg/lane were elec-
trophoretically separated in 10% SDS-polyacrylamide gels that contained
1 mg/ml gelatin or a-casein. After separation, gels were placed in 2.5%
Triton X-100 in PBS, washed, and incubated in developing buffer (50 mM
Tris, pH 7.5, 200 mM NaCl, 5 mM CaCl2, and 0.02% Brij-35) overnight
at 37°C. The gels were stained with 0.5% Coomassie blue R250 and then
destained with a 10% acetic acid, 40% methanol solution until the gelati-
nolytic bands were clearly seen.

Systemic gene transfer. Usagl~-Col4a3~- mice were injected with 300 pg of
pcDNA3.1mUSAG-1 (cDNA for mouse USAG-1 cloned into the pcDNA3.1
expression vector) into the tibialis anterior muscle at 6 weeks as described
(70) and were analyzed at 8 weeks for urinary albumin and renal histology.

Statistics. Data are presented as the mean * SD. Statistical significance was
assessed by Student’s ¢ test for 2 group comparisons and by ANOVA, fol-
lowed by Fisher’s protected least significant difference post-hoc test for mul-
tiple group comparisons. Significance was defined as a value of P < 0.0S.
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Sir, — More and more epidemiological evi-
dence suggests that hepatitis B virus (HBV)
and hepatitis C virus (HCV) are associated
with glomerular disease, the foremost being
membranoproliferative glomerulonephritis
(MPGN) [1].

Several histological findings have been
reported in renal biopsies obtained from pa-
tients with glomerulonephritis including
MPGN associated with chronic HBV infec-
tion, although the pathogenesis of hepatitis B
glomerulonephritis remains unknown.

Administration of interferon-a and riba-
virin are currently used in the treatment of
MPGN associated with HCV [2], while only
in few patients treatment of HBV related
MPGN with interferon has been described.
Moreover, there is even less evidence of treat-
ment of MPGN associated with simultaneous
HBYV and HCV infection. Here, we report a
case of proteinuria due to MPGN associated
with simultaneous HBV and HCV infection.

A 62-year-old woman presented with
edema of legs since 10 months and hyperten-
sion. Her significant medical history was a
thoracoplasty due to tuberculosis with blood
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transfusion 44 years ago. At admission physi-
cal examination showed hypertension (160/
90 mmHg). The liver and spleen were not pal-
pable. She did not show any abnormalities in
the neurologic tests. The laboratory findings
were hemoglobin 10.4 g/dl, blood urea nitro-
gen (BUN) 23 mg/dl, creatinine 1.1 mg/dl
with a creatinine clearance of 61 ml/min, total
serum proteins 6.7 g/dl, albumin 3.9 g/dl,
cholesterol 175 mg/dl, asparate aminotrans-
ferase 36 U/l, alanine aminotransferase 24
U/l, alkaline phosphatase 151 U/l, lactate
dehydrogenase 266 U/l. Serological work-up
showed C3 75.7 mg/dl, C4 8.9 mg/dl, and
CH50 of < 7.0 U/ml. Immunoglobulins: IgG
1,592 mg/dl, TgA 151 mg/dl, IgM 139 mg/dl.
Other serological data were normal or nega-
tive including CRP, ANA, double-strand
DNA, ABGM, MPO- and PR3-ANCA. Cryo-
globulinemia was found along with positive
rheumatoid factor (35.6 IU/ml). Virologic
studies were positive for HBs antigen and
HBc and HBe antibody. HBV DNA and HCV
RNA in serum were detected by quantitative
polymerase chain reaction assay. The HBV
DNA titer was 4.5 Log copy/ml. The HCV ge-
notype was group Ib and HCV RNA titer
showed 1,680 KU/ml. Urine examination re-
vealed 3+ proteinuria and 24-h urinary pro-
tein was 2.2 g. On the fifth admission day, re-
nal biopsy was performed. A specimen
evaluated with light microscopy showed 2 of
14 glomeruli sclerosed. The glomeruli had
diffuse hypercellularity with a marked in-
crease in mesangial cells and matrix, resulting
in an appearance of lobular formation. The
glomerular capillary loops were thickened
and double contours were recognized. There
were no periodic acid-Schiff's (PAS)-positive
deposits. Immunofluorescence analysis re-
vealed granular capillary wall and mesangial
regions staining that was predominantly for
IgG with little IgM or C3. IgA and Clq were
negative. These features were consistent with
type l MPGN associated with HBV and HCV
infection. A liver biopsy was not performed
but there was no evidence of cirrhosis on ul-
trasound examination of the abdomen. Blood
pressure control was poor despite treatment
cilnidipine 20 mg once a day and amlodipine
besilate 5 mg once a day. To reduce protein-
uria and high blood pressure, olmesartan
40 mg once a day was initiated. In July 2006,
therapy with interferon-o 40 pg per week and
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Figure 1.
visible, resulting in a lobular formation appearance. (a) Periodic acid-Schiff stain. Original magnification
x 400. Immunofluorescence microscopy, using polyclonal IgG antibodies, showing deposits only in the
mesangium; these deposits were graded on a scale of 0 to 4+ as 3+ for IgG (b), 2+ for IgM (c), and 3+ for C3
(d). Original magnification x 400.

rivabirin 400 mg per day was started. After 6
weeks, despite the initially good clinical re-
sponse, hemolytic anemia appeared and
rivabirin was tapered off. 4 weeks later, ane-
mia had improved and rivabirin was started
again. We increased rivabirin to a dose of 800
mg/day 4 weeks after restarting rivabirin. In
December 2006, the patient showed no ap-
pearance of HBV-DNA and HCV-RNA by
quantitative blood analysis. One year after
treatment, the patient was still in clinical and
virologic remission.

This case suggests that the association of
MPGN with chronic hepatitis is due to repli-
cative HBV and HCV. The HCV associated
CGN seems to be related to the glomerular
deposition of immune complexes made by the
HCV antigen, anti-HCV IgG antibodies, and
a rheumatoid factor, which is an IgM kappa
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Light microscopic: Proliferation of endocapillary cells and mesangial cells as well as matrix are

[3], while several studies reveal that patients
with MPGN have a significant HBsAg carrier
rate and report the pathogenesis to be immune
complex mediated [4], though glomerular de-
posits of HBsAg may not be detectable as in
our present case. The cause and effect relation-
ship of HBV infection and glomerulonephritis
could be proven only by demonstrating disap-
pearance of the glomerular abnormalities on
histology following seroconversion of virus
after interferon therapy. In our case, HBV
DNA had disappeared and clinical remission
was prominent though seroconversion of
HBYV had not been achieved. Recently, it has
been reported that interferon in HBV-asso-
ciated glomerulonephritis achieved remission
of proteinuria without seroconversion to
anti-HBe [5]. The mechanism of remission of
proteinuria using interferon in simultaneous
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Figure 2. Clinical course of the patient.

HBV and HCV related glomerulonephritis is
still unclear and requires further study.
Regarding treatment of HCV related
glomerulonephritis, a combined therapy with
interferon-o. and ribavirin has become the
standard treatment [6]. Once this combina-
tion therapy was started in our case, protein-
uria and viremia were further decreased.
Proteinuria dropped to a minimum level of
200mg per day 8 weeks after starting this
therapy. HCV RNA titers were also signifi-
cantly reduced. Owing to hemolytic anemia,
ribavirin was stopped for a little while.
Karmar et al. recommend to treat HCV re-
lated glomerulonephritis patients for at least
48 weeks and to continue the anti-viral ther-
apy even in the absence of a decrease in HCV
RNA concentration of 2 log at week 12 [7].
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This is why we are now still continuing anti-
viral therapy.

The present case demonstrated a patient
with MPGN associated with simultaneous
HBV and HCV infection. She achieved clini-
cal remission under a full spectrum of drugs.
We conclude that MPGN can be associated
with simultaneous HBV and HCV infection
and responds well to therapy with inter -
feron-o and ribavirin.
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ABSTRACT: Riboflavin, or vitamin B2, is a precursor to flavin adenine dinucleotide (FAD) and
flavin mononucleotide (FMN) molecules, required in biological oxidation-reduction reactions. We
previously reported a case of a newborn female who had clinical and biochemical features of
multiple acyl-CoA dehydrogenation deficiency (MADD), which was corrected by riboflavin
supplementation. The mother was then found to be persistently riboflavin deficient, suggesting
that a possible genetic defect in riboflavin transport in the mother was the cause of the transient
MADD seen in the infant. Two recently-identified riboflavin transporters G protein-coupled
receptor 172B (GPR172B or RFTI) and riboflavin transporter 2 (C200rf54 or RFT2) were screened
for mutations. Two missense sequence variations, ¢.209A>G [p.Q70R] and c.886G>A [p.V296M]
were found in GPRI72B. In vitro functional studies of both missense variations showed that
riboflavin transport was unaffected by these variations. Quantitative real-time PCR revealed a de
novo deletion in GPR172B spanning exons 2 and 3 in one allele from the mother. We postulate
that haploinsufficiency of this riboflavin transporter causes mild riboflavin deficiency, and when
coupled with nutritional riboflavin deficiency in pregnancy, resulted in the transient riboflavin-
responsive disease seen in her newborn infant. This is the first report of a genetic defect in
riboflavin transport in humans. ©2010 Wiley-Liss, Inc. ~
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INTRODUCTION

Riboflavin or vitamin B2 is a water-soluble vitamin essential for normal cellular functions. It is a precursor in
the synthesis of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD), both of which are important
molecules in biological reduction-oxidation reactions (Powers, 2003). In particular, FAD is a cofactor for the
electron transfer flavoprotein (ETF) and ETF ubiquinone oxidoreductase (ETF:QO) making up the electron
transport pathway for a number of mitochondrial flavoprotein dehydrogenases (most of which are acyl-CoA
dehydrogenases) mainly involved in fatty acid and amino acid metabolism. A defect in either ETF or ETF.QO
causes multiple acyl-CoA dehydrogenation deficiency (MADD), or glutaric aciduria type 2 (MIM# 231680). This
is an autosomal recessive disorder with mutations commonly found in the two genes encoding the two subunits of
ETF (ETFA; MIM# 608053, and ETFB; MIM# 130410), or in ETFDH (MIM# 231675) which encodes ETF:QO
(Indo et al., 1991; Beard et al., 1993; Colombo et al., 1994; Goodman et al., 2002). The clinical phenotype varies
from severe neonatal onset with congenital anomalies and early death to mild and/or later onset forms (Rhead et
al., 1987). Some patients respond dramatically to pharmacological doses of riboflavin, in particularly those with
mutations in the ETFDH gene (Olsen et al., 2007; Law et al., 2009).

We now report on a novel genetic mutation in the mother of a neonatal case of suspected MADD, the latter of
whom had no identifiable genetic defects in ETFA, ETFB or EFTDH. A newborn female presented on the first day
of life with clinical and biochemical findings consistent with MADD. Riboflavin supplementation corrected the
biochemical abnormalities 24 hours after commencing the vitamin. The mother was subsequently shown to be
persistently riboflavin-deficient. We postulated that a primary genetic defect in one of the recently identified
riboflavin transporter genes in the mother was the cause of the transient MADD in the infant, and that such defect
would be absent in the infant.

MATERIALS AND METHODS

The clinical details of this family have been previously reported (Chiong et al., 2007). In brief, a female infant
(I11:1 — Figure 1), the first child of nonconsanguineous parents of Australian and Maltese background, presented
within the first 24 hr of life with clinical features and urinary organic acids highly suggestive of multiple acyl-CoA
dehydrogenase deficiency (MADD). Urine metabolic screening performed on day 2 showed a typical dicarboxylic
aciduria with gross increases in hexandioate, octandioate, decanediaoate and decenedioate, moderate increases in
ethylmalonate, glutarate, 2-hydroxyglutarate, 5-hydroxyhexandioate and 7-hydroxyoctanedioate. Hexanoylglycine
was also markedly increased but no other acylglycines were detected. Blood spot screening from the baby on day 2
by tandem mass spectrometry showed normal acylcarnitines, C4-carnitine, 0.52 and 0.45 pmol/L (cut off 1.3
umol/L), C10-carnitine, 0.76 pmol/L and 0.63 pmol/L (cut off 1 umol/L), C10:1-carnitine, 0.39 pmol/L and 0.21
pmol/L (cut off 1 pmol/L), C14-carnitine, 0.73 pmol/L and 0.7 pmol/L (cut off 1 pmol/L), C14:1-carnitine, 0.6
and 0.51 (cut off 1), Cl6-carnitine, 1.91 umol/L and 1.93 pmol/L (cut off 11 pmol/L), C6-carnitine 0.37 umol/L
and 0.27 pmol/L (cut off 1 pmol/L) and C5D-carnitine 0.21 pmol/L and 0.22 pmol/L (cut off 0.3 umol/L). C12 —
carnitine was not measured in the blood spots. Plasma carnitine and acylcarntine levels on day 2 were: total — 26
mmol/L (normal range [NR] 8 — 45), free — 11 (NR 4 — 33), glutarylcarnitine — 0.40 (NR 0 — 0.16),
hexanoylcarnitine — 0.2 (NR 0 - 0.1), octanoylcarnitine — 0.4 (NR 0 — 0.4), decaonylcarnitine — 0.9 (NR 0 — 0.4),
decenoylcarnitine — 0.2 (0 — 0.2), dodecanoylcarnitine — 1.15 (NR 0 — 0.34), tetradecenoylcarnitine — 1.08 (NR 0 —
0.27), tetradecanoylcarnitine — 0.77 (NR 0 — 0.19), palmitoylcarnitine — 0.91 (NR 0 — 0.74).

Remarkably, within 24 hr of the commencement of resuscitative therapy, including oral riboflavin, her clinical
condition improved dramatically and her chemistry returned to normal. Fibroblast ETF and ETF:QO enzymology
of cells cultured in riboflavin replete or depleted medium were all normal, making MADD highly unlikely.
Riboflavin was ceased at 15 months of age, and now aged 5 yrs she has remained healthy with no further episodes
of metabolic decompensation and with normal urinary organic acids and plasma acylcarnitines.

Based on these findings, her mother (II:1 — Figure 1) was suspected of having riboflavin deficiency, and this
was confirmed biochemically. Initially, the low riboflavin level was thought to be nutritional in origin, but
sustained correction of the plasma acylcarnitines in the mother only when she continued oral riboflavin therapy led
to the conclusion that she was likely to have a primary genetic defect of riboflavin transport or metabolism. Her
husband (II:2) and parents (I:1 and 1:2) had normal riboflavin levels, urinary organic acids and plasma
acylcarnitines. A second child (II1:2) had normal urine organic acids, plasma acylcarnitines and riboflavin levels
at 1 month of age. During the pregnancy with this child the mother (II:1) had been on riboflavin supplementation.
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Figure 1. Pedigree and Haplotypes of Family with Riboflavin Deficiency. Pedigree of the family, showing I:1, maternal
grandmother, 1:2, maternal grandfather, II:1, riboflavin-deficient mother (in black), I1:2, father; III:1, infant with transient
riboflavin deficiency; II1:2, unaffected infant. I:1, I:2, II:2 and I11:2 had normal plasma acylcarnitines and riboflavin levels.
Schematic diagrams of the GPRI172B gene show the haplotypes of each family member for the three polymorphisms,
p.Q70R, p.A271V and p.V296M. The dashed line represents the position of the region deleted in the pathogenic allele in
1.

We postulated that a primary genetic defect in riboflavin metabolism or transport in the mother was the cause of
the transient MADD in the infant III:1, and that such defect would be absent in the infant. Mutations in ETFA,
ETFB and ETFDH have been previously excluded (Chiong et al., 2007). We also excluded mutations of FAD
synthesis in the riboflavin kinase (RFK) and FAD synthetase (FLADI) genes as the cause of riboflavin deficiency.
The newly identified human riboflavin transporters, G protein-coupled receptor 172B (GPR172B; MIM# 607883)
or riboflavin transporter 1 (RFT!) (Yonezawa et al., 2008) and riboflavin transporter 2 (C20orf54 or RFT2; MIM#
613350) (Yamamoto et al., 2009) were screened for mutations that may potentially lead to riboflavin deficiency.
GPRI172B, a 2.8 kb gene located at chr17p13.2, contains 5 exons and has two mRNA transcript variants (GenBank
reference numbers NM_001104577.1 and NM_071986.3). The two transcripts differ only in the 5’ untranslated
region (5° UTR) and encode the same protein of 448 amino acids (NP_001098047.1 and NP _060456.3).
Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG translation initiation
codon in the reference sequences, according to journal guidelines (www.hgvs.org/mutnomen). The initiation
codon is codon 1.

These studies were approved by the Ethics Committee of the Children’s Hospital at Westmead, and informed
consent was obtained from the parents of the proband. Using the genomic DNA of the riboflavin-deficient mother
(1I:1), the four coding exons (exons 2 - 5) in GPRI72B were screened using direct sequencing (Macrogen, Seoul,
Korea). Primers and PCR conditions are available upon request. Two single nucleotide polymorphisms were
identified in exon 3 of GPR172B.
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In order to exclude pathogenicity of the two mutations, the in vitro function of the two mutated GPR172B
proteins was characterized. Experimental procedures were previously described (Yonezawa et al., 2008). Briefly,
human GPRI72B cDNA was subcloned into pcDNA3.1/Hygro(+) plasmid vector. Site-directed mutations in
GPR172B gene was introduced with QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA) and the mutations were confirmed by direct sequencing. HEK 293 cells were seeded onto poly-D-
lysine-coated 24-well plates at a density of 7.5 x 10* cells per well. The cells were transfected with 200 ng of
plasmid DNA per well using | pl of Lipofect AMINE 2000 (Life Technologies, Carlsbad, CA). Forty-eight hours
after the transfection, the cells were used for the subsequent experiments. Cells were incubated in the incubation
buffer containing 10 nM [3H]riboﬂavin (0.903 TBg/mmol, Moravek Biochemicals, Inc., Brea, CA) for 1 min, and
then washed twice with ice cold incubation buffer. The cells were solubilized in 0.5 N NaOH, and the
radioactivity was measured by liquid scintillation counting. The composition of the incubation buffer was as
follows: 145 mM NaCl, 3 mM KCI, 1 mM CaCl,, 0.5 mM MgCl,, 5 mM D-glucose and 5 mM HEPES (adjusted
with NaOH to pH 7.4).

In order to identify any copy number variations in GPRI72B, primers were designed using Primer3 software
(Rozen and Skaletsky, 2000) at five different sites along the length of GPRI72B, with two pairs of primers
spanning the locations of the missense mutations in exon 3, and one pair of primers in the remaining coding exons
(exons 2, 4 and 5), as well as a pair of primers in a remote genomic region as a reference. Primer sequences are
available upon request. Real-time PCR was performed using a Rotorgene 6000 (Corbett Life Sciences, now
QIAGEN, Doncaster, Vic, Australia). Each reaction of 10 pl contained 0.5 U Hotmaster Taq polymerase (5
PRIME, Hamburg, Germany), 1x Hotmaster Taq buffer provided with polymerase, 0.2 mM of each dNTP
(Invitrogen, Carlsbad, CA), 0.5 pM of each primer, 0.5 M betaine (Sigma-Aldrich, Castle Hill, NSW, Australia),
5.0% DMSO (Sigma-Aldrich, Castle Hill, NSW, Australia), 1x SYBR green dye (Invitrogen, Carlsbad, CA) and
25 ng genomic DNA. The PCR program conditions were as follows: initial denaturation at 94°C for 4 min,
followed by 40 cycles of 94°C for 20s, 56°C for 20s and 70°C for 30s, with a fluorescence measurement at the end
of each 70°C elongation step. Analysis of qPCR was carried out as previously described (Pfaffl, 2001).

RESULTS

Two previously reported single nucleotide polymorphisms (SNP) in exon 3 of GPRI72B were identified
(GenBank reference NC_000017.9), both of which were apparently homozygous in II:2, as shown in Figure 2.
The first was a transition from an adenine residue to guanine at cDNA position 209 resulting in a missense
mutation at glutamine 70 to arginine (c.209A>G; p.Q70R). The second was a transition from a guanine to adenine
at ¢.886, changing valine 296 to methionine (¢.886G>A; p.V296M). Both missense mutations have previously
been reported in the dbSNP (reference ID for ¢.209A>G rs346822, ¢.886G>A rs2304445).

The uptake of riboflavin of three mutant GPR172B proteins was investigated along with the wild-type protein:
p.Q70R, p.V296M and a third containing both p.Q70R and p.V296M. Results are shown in Figure 3. There were
no significant differences between the rates of uptake of any of the three mutant proteins compared to the wild-
type GPR172B.

A further possibility is the occutrence of a large deletion that would not be detectable by PCR and direct
sequencing. We used a quantitative PCR (qPCR) strategy to search for heterozygous deletions in GPRI72B,
which revealed a partial deletion of the GPRI72B gene in the riboflavin-deficient mother II:1. Figure 4 shows
reduced copy numbers of exon 2 and both regions tested in exon 3, indicating that II:1 carries one intact and one
truncated copy of GPR172B, whereas the infant III:1 has two intact copies. Array CGH using the Human Genome
CGH Microarray 244A (Agilent Technologies, Inc. Santa Clara CA) array did not detect any deletions in II:1 (data
not shown), limiting the size of the deletion to a maximum of 1.9 kb. We were unable to define the exact position
of the breakpoints of the deletion.

Additional screening of other family members at these loci revealed that infant IIl:1 was homozygous for
p.Q70R and for p.V296M. Infant III:2 and the father (I:2) of the infants III:1 and III:2 and infant I11:2 were
homozygous for p.Q70R and heterozygous for p.V296M. The genotype and quantitative PCR results for the infant
III:1 is consistent with our hypothesis that she has not inherited the deleterious allele from II:1. The maternal
grandfather 1:2 was heterozygous for p.Q70R and for p.V296M. The maternal grandmother I:1 was homozygous
for p.Q70R and heterozygous for p.V296M. It was not possible to determine from which parental chromosome
the partial deletion of GPR172B in II:1 has arisen. Screening also revealed a third common SNP at ¢.812C>T
(p.-A271V, 1s346821), heterozygous in the father, the infant III:2 and the maternal grandmother. Genotype data are

— 427 —



E1980 Hoetal.

summarized in Figure 1. Biochemical testing for the father, infant III:2 and maternal grandparents revealed normal
plasma acylcarnitines and riboflavin levels.

A c.209A>G B c.886G>A

TGGAGGCGGCTGGCC CcCaAATGGCATGCTGCC

Patient

Normal
control

Figure 2. GPR172B Missense Mutations ¢.209A>G (p.Q70R) and c.886G>A (p.V296M). (A) Chromatograms showing
the apparently homozygous change in the riboflavin-deficient mother II:1 from the genomic reference sequence (adenine,
top panel) to guanine (bottom panel) at cDNA position ¢.209. (B) Chromatograms showing the apparently homozygous
change in the riboflavin-deficient mother II:1 from the genomic reference sequence (guanine, top panel) to adenine (bottom
panel) at cDNA position c.886.
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Figure 3. Uptake of Riboflavin by Variant GPR172B Proteins. Uptake of [*H]riboflavin (10
nM) in HEK293 cells transfected with pcDNA3.1/Hygro(+) plasmids containing wild-type
(WT) or variant (p.Q70R alone, p.V296M alone, or combined p.Q70R and p.V296M)
GPR172B cDNA. No significant differences were found between the wild-type protein and any
of the variant proteins. Data are presented as mean +/- SE (n=3).
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Figure 4. Structure of GPR172B and Relative Copy Number in II:1 and III:1. (A) Schematic diagram of the arrangement
of exons in GPR172B on chromosome 17, showing the five exons (box), with the coding regions highlighted in grey and
the untranslated regions in white. Introns are indicated by a line. The initiation ATG codon is marked as shown. The two
missense sequence variations detected in the riboflavin-deficient mother (II:1) are indicated by arrows above the gene.
The arrows below the gene mark the locations of the primers used for the quantitative PCR studies to identify copy
number variations. (B) Normalised copy numbers for five regions of GPRI72B in riboflavin-deficient mother (white bars)
and infant (grey) relative to 3 controls from normal population (black). The threshold for a deletion is 0.6 (solid line).
The riboflavin-deficient mother carried a deletion over the regions of Ex2, Ex3-1 and Ex3-2, whilst Ex4 and Ex5 showed
normal copy numbers. The infant did not carry any deletions in this locus. Data are presented as means +/- SD (n =4).

DISCUSSION

We hypothesized that a genetic defect in the riboflavin-deficient mother II:1 was responsible for the transient
MADD-like phenotype observed in the infant IIl:1. Screening of the recently discovered riboflavin transporter
GPR172B revealed a heterozygous deletion of exons 2 and 3. This deletion was identified only in the mother, but
not the infant, in accordance with our hypothesis. The deletion is also de novo, inferred from the presence of
heterozygous SNPs in both parents of II:1 at the same location. The initiation codon of GPRI72B is located in
exon 2, and therefore the deletion of exons 2 and 3 is likely to completely disrupt expression of GPR172B from
that allele. We surmise that the haploinsufficiency is the cause of the mild riboflavin deficiency observed in II:1.

We also identified two missense mutations which are unlikely to have any pathogenic effects on riboflavin
transport. The observed rates of riboflavin uptake of different alleles of GPR172B, expressed in vitro, suggest that
neither the two missense mutations individually, p.Q70R or p.V296M, nor the combination of both p.Q70R and
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p.-V296M in cis, has any effect on the functionality of the GPR172B protein (Figure 3). In addition, in silico
splicing prediction suggested that neither variation would affect exon splicing.

The frequencies of these alleles in normal populations lend further support to their non-pathogenicity. The
genotypic frequency of homozygous p.Q70R is 94.5%, suggesting that the p.R70 is the predominant allele.
Alignment of GPR172B to its homologues reveals that p.R70 is the ancestral allele (data not shown). Although
the genotypic frequency of homozygous p.V296M is lower (only 1.8%), it is more common than the prevalence of
MADD. The screening of the other family members (summarized in Figure 1) and biochemical testing also
suggest that the missense mutations p.Q70R and p.V296M are not the genetic causes for riboflavin deficiency.

The second riboflavin transporter gene C200rf54 (RFT2) was also screened, with eleven variations identified
(Table 1). We excluded pathogenicity in the only nonsynonymous change identified (data not shown). Large
genomic deletions were excluded by the presence of heterozygous variations throughout the length of the gene.

Table 1. Variations in RFT2 identified in individual II:1

Systematic name *  Predicted protein  Status ° Location dbSNP entry *
effect °
c.-14_-6del9 pM1? Heterozygous 5’ UTR rs11467076
c321C>T p= Heterozygous Exon 2 153746808
c.456C>T p= ' Heterozygous Exon 2 rs3746807
c.765C>T p-= Heterozygous Exon 3 rs3746805
c.800C>T p.P267L Heterozygous Exon 3 rs3746804
c.1073+21A>T no change to Heterozygous Intron 3 n/a
splicing
c.1197+106A>G  no change to Homozygous Intron 4 rs6054589
splicing
c.1197+108C>T no change to Heterozygous Intron 4 rs3746801
splicing
c.1233T>C p= Homozygous Exon 5 rs910857
c.*16delC Heterozygous 3 UTR rs3215628

* Systematic name designations based on GenBank reference sequence NM_033409.3. Nucleotide numbering reflects
c¢DNA numbering with +1 corresponding to the A of the ATG translation initiation codon in the reference sequences,
according to journal guidelines (www.hgvs.org/mutnomen).

® Protein changes based on GenPept reference sequence NP_212134.3, with initiation codon numbered 1; splicing
predictions by Berkeley Drosophila Genome Project Splice Site Predictor,
http://www fruitfly.org/seq_tools/splice.html

¢ Status in individual II:1

4 dbSNP, http://www.ncbi.hlm.nih.gov/projects/SNP/

In contrast to previous disorders involving riboflavin metabolism, the case we have reported is a dominant
disorder with a very mild phenotype. None of the usual symptoms of riboflavin deficiency were observed in the
mother II-2, and the deficiency was only detected biochemically. This may be in part due to a compensatory effect
of at least one other riboflavin transporter, RFT2 (Yamamoto et al., 2009). RFT2 is expressed predominantly in
the small intestine, and is thought to be the primary transporter involved in riboflavin uptake (Yamamoto et al.,
2009). The manifestation of the MADD-like phenotypes in only the infant can be attributed to the greater demand
for nutrients in the growing fetus, as well as the high expression level of GPRI72B in placenta (Yonezawa et al.,
2008), suggesting that its main role may be placental transport of riboflavin.

To our knowledge, this is the first description of a genetic defect involving riboflavin uptake in humans.
Although there are no similar parallels in human, the mouse ascorbic acid (vitamin C) transporter Slc23al shows a
similar gene dosage response, with heterozygote mice having a reduced level of ascorbic acid compared to wild-
type, and with homozygous wildtype offspring of heterozygous females showing mild ascorbic acid deficiency
(Sotiriou et al., 2002). Interestingly, supplementation of ascorbic acid of heterozygous females during pregnancy
normalizes ascorbic acid levels in the newborn pups, except for those homozygous for the mutation (Sotiriou et al.,
2002).
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It is interesting to note that the second child, III:2, had no postnatal problems and testing confirmed her to be
riboflavin replete. Her mother continued riboflavin supplementation throughout the pregnancy. We conclude that
the matemal riboflavin supplementation protected the second infant from the consequences of riboflavin
deficiency.

In conclusion, a deletion spanning exons 2 and 3 of the riboflavin transporter GPRI72B was identified in the
mother of the infant initially suspected of MADD. The deletion was not present in the infant, indicating that
transient clinical and metabolic abnormalities in the infant were a consequence of maternal riboflavin deficiency.
Genes involved in cellular riboflavin metabolism/transport have previously been suggested to be associated with
riboflavin-responsive forms of MADD (Rhead et al., 1993; Vergani et al., 1999), but identification of mutations
have until now been limited to EFTA, EFTB and EFTDH. For patients with MADD and without mutations in
these three genes, screening of GPRI72B, and indeed the second riboflavin transporter RFT2, should be
considered.
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Abstract

Platelet-derived growth factor (PDGF) plays critical roles in mesangial cell (MC) proliferation in mesangial proliferative
glomerulonephritis. We showed previously that Smad1 contributes to PDGF-dependent proliferation of MCs, but the
mechanism by which Smad1 is activated by PDGF is not precisely known. Here we examined the role of c-Src tyrosine kinase
in the proliferative change of MCs. Experimental mesangial proliferative glomerulonephritis (Thy1 GN) was induced by a
single intravenous injection of anti-rat Thy-1.1 monoclonal antibody. In Thy1 GN, MC proliferation and type IV collagen
(Col4) expression peaked on day 6. Inmunohistochemical staining for the expression of phospho-Src (pSrc), phospho-
Smad1 (pSmad1), Col4, and smooth muscle o-actin (SMA) revealed that the activation of c-Src and Smad1 signals in
glomeruli peaked on day 6, consistent with the peak of mesangial proliferation. When treated with PP2, a Src inhibitor, both
mesangial proliferation and sclerosis were significantly reduced. PP2 administration also significantly reduced pSmadi, Col4,
and SMA expression. PDGF induced Col4 synthesis in association with increased expression of pSrc and pSmad1 in cultured
MCs. In addition, PP2 reduced Col4 synthesis along with decreased pSrc and pSmad1 protein expression in vitro. Moreover,
the addition of siRNA against c-Src significantly reduced the phosphorylation of Smad1 and the overproduction of Col4.
These results provide new evidence that the activation of Src/Smad 1 signaling pathway plays a key role in the development
of glomerulosclerosis in experimental glomerulonephritis.
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Introduction

Glomerulonephritis is usually progressive and remains an
important cause of end stage renal disease. In sclerosing
glomerulonephritis, accumulation of the extracellular matrix
(ECM) is a critical process in progressive glomerular injuries
[1,2]. Type IV collagen (Col4) is one of the most important
components of the expanded ECM [3]. Moreover, smooth muscle
o actin (SMA) is a known common molecular marker of
phenotypic changes of mesangial cells (MCs) in many glomerular
diseases. We previously reported that Smadl participates in the
development of glomerulosclerosis in experimental glomerulone-
phritis [4]. We also reported that Smadl transcriptionally
regulates the expression of Col4 and SMA [5,6]. However, the
mechanisms by which Smadl is activated in glomerulonephritis
have not been fully elucidated.

Platelet-derived growth factor (PDGF) is known to be a critical
mitogen for MCs in vitro and in vivo [1,7]. It is noteworthy that
mice deficient for PDGF B or PDGF receptor show abnormal
glomeruli due to a lack of MC development [8-11]. Several lines
of evidence indicate that PDGF plays a key role in the
development of glomerulosclerosis not only in experimental

.@ PLoS ONE | www.plosone.org

models but also in human glomerular diseases [12,13]. The
introduction of a neutralizing anti-PDGF antibody has shown that
both mesangial proliferation and glomerulosclerosis can be
markedly ameliorated in a rat glomerulonephritis model [14].
Moreover, we previously showed that the development of
glomerulosclerosis from mesangial proliferation is dependent on
PDGF-induced Smadl activation [4], but little is known
concerning the regulatory mechanisms of Smadl activation by
PDGF in glomerulonephritis. c-Src is a ubiquitously expressed
non-receptor protein-tyrosine kinase [15] that is involved in
multiple pathways regulating cell growth, migration, and survival
[16]. c-Src is also an important component of the PDGF signal
transduction pathway [17]. Several reports have demonstrated
that PDGF plays a key role in MC proliferation and glomerulop-
athy in vivo and in vitro [7,18,19]. Previously we demonstrated that
Smadl is phosphorylated by PDGF in MCs [4]. However, the
exact role of c-Src in MCs as well as in glomerulonephritis remains
unclear.

In the present study, we demonstrated that c-Src is activated in
experimental proliferative glomerulonephritis and that the reduc-
tion of c-Src ameliorates the development of glomerulosclerosis by
blocking of the Smad] signal transduction pathway. We further
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showed that c-Src plays an important role as a switch molecule for
the activation of Smadl downstream of PDGF signaling. These
findings unveil the molecular mechanisms underlying the
induction of MC proliferation and MC phenotype alteration,
resulting in proliferative glomerulonephritis. Taking these results
together, we hypothesized that the Src/Smadl pathway may be
critical in the pathogenesis of proliferative glomerulonephritis.

Materials and Methods

Animals

Full details of the animal experimental protocols were approved
and ethical permission was granted by the Review Board of Kyoto
University (Permit Number: Med Kyo 08508). We used age-
matched male Wistar rats (8 to 12 weeks old, 180 to 200 g) bred at
the Shimizu Laboratory Animal Center (Hamamatsu, Japan). The
animals were housed under specific pathogen-free conditions at
the Animal Facility of Kyoto University. Levels of serum
creatinine and blood urea nitrogen were measured using a Hitachi
Mode 736 autoanalyzer. The urinary albumin concentrations
were measured from 24-h urine collections by Nephrat and
Albuwell (Exocell), according to the manufacturer’s protocols.

Cell culture experiments

A glomerular mesangial cell line was established from glomeruli
isolated from normal 4-week-old mice (C57BL/6JxSJL/]) and was
identified according to a method described previously [7]. The
MCs were plated on 100-mm plastic dishes (Nunc) that were
maintained in B medium (a 3:1 mixture of minimal essential
medium/F12 modified with trace elements) supplemented with
1 mM glutamine, penicillin at 100 units/ml, streptomycin at
100 pg/ml, and 10% fetal calf serum (Irvine Scientific). The cells
were passaged weekly with trypsin-EDTA. The cultured cells
fulfilled the previously described criteria generally accepted for
glomerular mesangial cells [20]. Stimulation with angiotensin II
(Ang II) (Sigma), PDGF, PP2 (Calbiochem, Darmstadt, Germany),
or olmesartan (Cosmo Bio, Tokyo, Japan) was carried out in
DMEM containing 0.5% FCS at 37°C for the indicated times. A
rat monoclonal anti-PDGFB-receptor antibody (APB3) and its
antagonistic effects on the PDGF-R signal transduction pathway
in vitro have been described previously [4].

Constructs, transfection, and co-immunoprecipitation

Src ¢cDNAs (pUSE Src wild type, pUSE Src kinase mutant, and
empty vector) were obtained from Upstate Biotechnology, Inc.
(Lake Placid, NY). MCs were transfected using FuGene6 (Roche,
Mannheim, Germany) according to the manufacturer’s protocol.
After 48 h of transfection, the cells were washed with PBS, and
1 ml ice-cold lysis buffer (25 mM Tris-HC1 pH 7.4, 100 mM
NaCl, 2 mM EDTA, 0.5% Nonidet P-40, Complete protease
inhibitors cocktail; Roche) was added. For co-immunoprecipita-
tion assay, whole cell lysates were first pre-cleared with protein G—
Sepharose (Amersham) and followed by incubation with anti-
PDGFR antibody (Santa Cruz) for 3 h at 4°C. The immune
complex was isolated and separated by SDS-PAGE and analyzed
by Western bot analysis. Protein was detected using polyclonal
rabbit anti-Src antibody (Cell Signaling Technology).

Histology and Immunohistochemistry

Tissues were fixed in Methyl Carnoy’s solution and were
paraffin-embedded. Multiple sections were prepared and stained
with periodic acid silver methenamine (PASM) and periodic acid-

Schiff’s reagent (PAS). Immunohistochemical staining was per-
formed with antibodies specific to Col4 (Progen) or SMA (Abcam),
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using an established avidin-biotin detection method (Vector
Laboratories). Frozen sections were used for the detection of pSrc
and pSmad] (Cell Signaling Technology). Glomerular morphom-
etry was evaluated in PASM-stained tissues. The glomerular
surface area and the PASM-positive area/glomerular area (%)
were measured using an image analyzer with a microscope (IPAP,
Sumitomo Chemical, Osaka, Japan) as previously described [21—
24]. To quantitatively measure the expression of pSrc and
pSmadl, pSrc-positive or pSmad]-positive cells/DAPI-positive
nuclei were counted, and the mean percentages of pSrc-positive or
pSmad]l-positive cells were calculated. An investigator scored
sections in a blinded fashion, according to an established scoring
system (range 0—4; 0, no ECM deposition; 4, ECM deposition in
all sections of the glomeruli) to semiquantify the localization of

Col4 and SMA.

Small-interfering RNA

MCs (0.5x10% were seeded into 12-well plates (Nunc) and were
grown until they were 60% to 80% confluent. The small-
interfering RNAs (siRNAs) for c-Src, Smadl, and LRPI
(Dharmacon) or control scrambled siRNA (Dharmacon) were
combined with DharmaFECT transfection reagent (Dharmacon),
and the cells were transfected according to the recommended
protocol with siRNA (100 nM final concentration). After 48 h of
transfection, cells were starved in DMEM containing 0.5% BSA
before treatment. After 48 h of incubation, the cells were
stimulated with or without PDGF (Calbiochem).

TGFB-neutralizing antibody assay

MCs were resuspended at a concentration of 1x10° cells/ml
and plated onto 100-mm dish either in the presence of 10 pg/ml
TGFB-neutralizing antibody (R&D Systems) or a control normal
chicken IgY. After 24 h of incubation, the cells were treated with
PDGF for additional 12 h and were harvested and underwent
protein extraction on Western blotting.

Western blotting

Isolated glomerular MCs were suspended in RIPA buffer
(50 mM Tris, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.25%
SDS, 1 mM NazVO,, 2 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 10 mg/ml of aprotinin) and incubated for 1 h at 4°C.
After centrifugation, the supernatants were used as total cell
lysates. Twenty micrograms of each sample was applied to SDS-
PAGE. After electrophoresis, the proteins were transferred to
nitrocellulose filters (Schleicher & Schuell). The blots were
subsequently incubated with anti-phospho-Smadl, anti-phspho-
Src (Cell Signaling Technology), anti-SMA, anti-LRP1 (Abcam) or
anti-Col4 antibody (Progen), followed by incubation with
horseradish peroxidase-conjugated goat anti-rabbit IgG and sheep
anti-mouse IgG (Amersham). The immunoreactive bands were
visualized using horseradish peroxidase-conjugated secondary
antibody and the enhanced chemiluminescent system (Amersham).
These bands were quantified using an imaging densitometer
(Science Lab 99 Image Gauge, Fujifilm, Tokyo, Japan).

Data analysis

The data are expressed as the mean * S.D. Comparison among
more than two groups was performed by one-way analysis of
variance (ANOVA), followed by post hoc analysis (Bonferroni/
Dunn test) to evaluate the statistical significance between the two
groups. All analyses were performed using StatView (SAS
Institute, Cary, NC). Statistical significance was defined as
P<0.05.
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Results

Glomerular phosphorylation of c-Src and Smad1 parallels

the progress of glomerulosclerosis in rat Thyl GN
We utilized a model of mesangial proliferative glomerulonephri-
tis, known as anti-Thyl-induced glomerulonephritis (Thyl GN),
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which exhibits sclerosis in the glomeruli. The renal function of Thyl
GN on day 6 was significantly decreased (Figure S1A). MC
proliferation began on day 3 and glomerulosclerosis began on day 6.
Renal damage clearly regressed until day 15. Sclerosis in the kidney
peaked on day 6 and sclerotic changes subsided until day 15
(Figure 1A and B). Localization of phospho-Src (pSrc) and phospho-

Figure 1. Induction and activation of c-Src and Smad1 in proliferative glomerulonephritis. (A) Representative light-microscopic
appearance and immunohistochemistry of glomeruli in Thy1 GN. Scale bars=100 pum. (B) Quantitative assessment of PASM staining in Thy1 GN.

*P=0.002, **P=0.002).
doi:10.1371/journal.pone.0017929.g001
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Smadl (pSmadl) in the nuclei was scant on day 0. On day 3,
phosphorylation began in ¢-Src and Smadl proteins. The level of
phosphorylation gradually increased and positively stained nuclei in
parallel with the activity of mesangial proliferation during the
development of glomerulosclerosis. Phosphorylation peaked on day
6 and then decreased towards day 15 (Figure 2, C, D and E).
Phosphorylation of c-Src and Smadl was almost undetectable on
day 0 but became prominent during the proliferative stages in Thyl
GN, peaked on day 6, and then decreased towards day 15
(Figure 2C, D and E). In addition, the expression of Col4 and SMA
changed in parallel with the activation of c¢-Src and Smadl
(Figure 2A, B and E). These data suggest that both Smad] and c-Src

are activated in the course of proliferative injuries in rat kidneys.

PP2 preserves renal function and attenuates
glomerulosclerosis in rat glomerulonephritis

To investigate whether the c-Src/Smadl pathway plays a
pivotal role in developing glomerulosclerosis, we administered a
Sre specific inhibitor, PP2, to Thyl GN rats from days 0 to 6 and
assessed glomerulosclerosis on day 6. Untreated Thyl GN rats
showed an increased degree of glomerulosclerosis, whereas
glomerulosclerosis was significantly decreased in the PP2-treated
group (Figure 3A, B), along with renal function (Figure 3, C-E).

Src in PDGF-Smad1 Signal in Glomerulonephritis

PP2 represses the activation of Smad1 and the
expression of both Col4 and SMA in rat

glomerulonephritis

Next, to examine the effect of PP2 on the morphological
changes seen in Thyl GN glomerulosclerosis, we examined Col4
and SMA expression in the two groups. PP2 treatment
significantly inhibited Col4 and SMA expression, whereas
expression was increased in the non-treatment group (Figure 3F).
Moreover, we examined whether PP2 affected the phosphoryla-
tion and translocation of c-Src and Smadl in Thyl GN rats. PP2
treatment inhibited the phosphorylation of ¢c-Src and Smadl, and
their expression was localized in the nucleus in untreated Thyl
GN (Figure 3F). These data from immunohistochemistry were
confirmed by Western blot analysis (Figure 3G).

Effect of PP2 on PDGF-mediated signaling in MCs
Because PDGF is well known to play a key role in the
development of glomerulosclerosis, we investigated whether PDGF
can activate c-Src/Smad]l signal transduction and increase the
synthesis of Col4. Expression of Col4, pSrc, and pSmadl was
induced by PDGF stimulation in MCs cultured for 12 hours
(Figure 4A-D). These inductions were inhibited by PP2 treatment
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Figure 2. Time course of glomerular expression of Col4, SMA, pSrc and pSmad1 in Thy1 GN. (A, B) Staining scores per glomerular cross-
section for Col4 (*P<c0.001, **P<0.001) and SMA (*P<0.001 and **P=0.009) were calculated. Data represent mean values * S.D. of at least three
independent experiments; n =6 for each experimental group. (C, D) Quantification of glomerular pSrc and pSmad1 by optical densitometry. The pSrc-
positive nuclei and pSmad1-positive nuclei were counted in 10 consecutive fields in each specimen and normalized by the number of DAPI-positive
nuclei. *P<0.001, **P<<0.001. (E) Western blot for the glomerular lysates from each group. Data represent mean values * S.D. of at least three

independent experiments; n=6 for each experimental group.
doi:10.1371/journal.pone.0017929.g002
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Figure 3. Src-specific inhibitor PP2 inhibits glomerulosclerosis and glomerular expression of pSrc and pSmad1 in Thy1 GN. (A-C)
Serum blood urine nitrogen (BUN), serum creatinine (Cre), and UAE in the nontreatment and PP2 groups. P values were 0.001, 0.001 and 0.017,
respectively. (D, E) Representative light-microscopic appearance of glomeruli (PAS and PASM staining) and quantitative assessment of PASM staining
in Thy1 GN with or without PP2 on day 6. Scale bars =100 pm. *P<0.001. (F) Immunohistochemistry of glomeruli (Col4, SMA, pSrc and pSmad1) in
Thy1 GN with or without PP2 on day 6. Scale bars =100 um; n =6 for each experimental group. (G) Western blot for the glomerular lysates from each
group. Data represent mean values + S.D. of at least three independent experiments; n=6 for each experimental group on day 6.
doi:10.1371/journal.pone.0017929.g003
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