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the mTOR pathway regulate transforming growth factor-beta
induced EMT [46] and that the inhibition of mTOR may be effective
in intervention for EMT in chronic nephropathies [47]. In this
study, treatment with everolimus abolished the accumulation of
alpha-SMA in the tubulointerstitial space (Fig. 6). Furthermore,
histological analysis revealed that the dilatation of proximal
tubules was reduced by the treatment with everolimus (Fig. 5).
These results suggest that the constitutively active mTOR pathway
modulates dysfunction of proximal tubular epithelial cells via EMT
in CRF.

In addition to improving renal tubular functions, everolimus
also inhibited the accumulation of alpha-SMA (Fig. 6B and D) and
infiltration of macrophages (Fig. 6F and H) without affecting the
Ccr or the level of BUN (Table 1) when administration of
everolimus was started at 8 weeks after Nx. These results are
consistent with the report by Diekmann et al. [19] with another
mTOR inhibitor, rapamycin. However, the effects of everolimus
were rather complex when the administration was initiated at 2
weeks after renal ablation. Everolimus decreased Ccr and increased
the level of BUN, but showed renoprotective effects as indicated by
the decreased levels of alpha-SMA and ED1 (Fig. 6) and did not
induce further albuminuria (Table 1). Because the hypertrophic
responses are predominantly observed within 4 weeks after Nx
[38], high doses of mTOR inhibitors could decrease single nephron-
GFR and increased both afferent and efferent glomerular resistance
without a reduction of whole kidney GFR in normal rat kidney [48].
Therefore, everolimus might cause further reductions of renal
function in the rats during the vigorous compensative adaptation.
However, further studies are needed to clarify the discrepancy in
the pharmacological response to the inhibition of mTOR after Nx,
and the limitation of mTOR inhibitors for CRF focusing on disease
stage.

In summary, the constitutive activated mTOR pathway in the
proximal tubules was revealed in the rat remnant kidneys. In
addition, mTOR inhibitors had renoprotective effects to ameliorate
progressive tubular dysfunction in the advanced stage of CRF.
Although the precise molecular mechanisms of signal transduction
in the progressive renal failure by which the inhibition of mTOR
leads to these effects remain to be elucidated, these results
suggested an additional therapeutic approach to end-stage renal
disease with mTOR inhibitors focusing on the proximal tubular
functions.
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Heterozygous variants of multidrug and toxin extrusions
(MATE1 and MATE2-K) have little influence on the disposition
of metformin in diabetic patients
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Multidrug and toxin extrusions (MATE1/SLC47A1 and
MATE2-K/SLC47A2) play important roles in the renal
excretion of metformin. We have previously identified the
nonsynonymous MATE variants with functional defects at
low allelic frequencies. The purpose of this study was

to evaluate the effects of heterozygous MATE variants

on the disposition of metformin in mice and humans.
Pharmacokinetic parameters of metformin in Mate7(%)
heterozygous mice were comparable with those in
Mate1(+/+) wild-type mice. Among 48 Japanese diabetic
patients, seven patients carried heterozygous MATE variant
and no patient carried homozygous MATE variant. There
was no significant difference in oral clearance of metformin
with or without heterozygous MATE variants. In addition,
creatinine clearance, but not heterozygous MATE variants,
significantly improved the model fit of metformin clearance
by statistical analysis using the nonlinear mixed-effects

Metformin is widely used for the treatment of hyper-
glycemia in patients with noninsulin-dependent diabetes
mellitus. The major pharmacological action of metformin
involves the suppression of gluconeogenesis in the liver.
Lactic acidosis is a rare but serious adverse effect of
metformin, which occurs predominantly in patients with
renal insufficiency. Clinical pharmacokinetic studies
revealed that metformin is mainly excreted into urine
in an unchanged form without hepatic metabolism, and
that the renal clearance of metformin is approximately
five times higher than creatinine clearance (Ccr) [1],
suggesting that renal tubular secretion is a major route
of metformin elimination. In human proximal tubules,
multidrug and toxin extrusion 1 (MATE1/SLC47A1)
and a kidney-specific isoform MATE2-K/SLC47A2 are
localized at the brush-border membranes, which were
characterized as H ™" /organic cation antiporters [2]. In
rodents, Matel, but not Mate2, is expressed in the
kidney [2]. Metformin is a substrate for MATE1 and
MATE2-K, as well as organic cation transporter 2 (OCT2/
SLC22A2), which is localized at the basolateral mem-
branes of the kidney [2,3]. The functional significance of
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modeling program. In conclusion, heterozygous MATE
variants could not influence the disposition of metformin
in diabetic patients. Pharmacogenetics and Genomics
20:135-138 © 2010 Wolters Kluwer Health | Lippincott
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MATE in the kidney was previously shown using Marel
knockout mice [4]. On the basis of these backgrounds
and findings, MATE1 and MATEZ2-K could play key roles

in metformin tubular secretion in humans.

Genetic variants in MATE genes are likely to be one
of the factors for interindividual variability in metformin
pharmacokinetics and pharmacodynamics. Recently, we
and another group identified nonsynonymous single
nucleotide polymorphisms (SNPs) in coding region of
MATE genes, some of which reduced the transport
activity [5,6]. In addition, Becker ez @/. [7] reported that
1s2289669G > A SNP in the MATEI gene was asso-
ciated with the glucose-lowering effect, but metformin
pharmacokinetics was not evaluated. Tzvetkov ez a/. [8]
demonstrated that there was no relationship between
the same SNP and metformin pharmacokinetics. How-
ever, 152289669G > A SNP in the MATE! gene was
located in noncoding intron region and there was no
information about the effect of this non-coding SNP on
the transport activity. Therefore, it is not clear whether
the functional reduced nonsynonymous MATE variants
alter metformin disposition. The allelic frequencies of
all MATE variants were quite low, in the range of
0.6-2.4% [5,6]. Homozygous variants with functional loss
of transport activity decrease drug elimination in most
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cases. The effect of heterozygous variants, in contrast,
depends on the transporters and the drugs. In the breast
cancer resistance protein (BCRP/ABCG2) gene, hetero-
zygous Q141K variant caused elevated oral bioavailability
of its substrate [9]. These results suggested that
information about the influence of heterozygous as well
as homozygous MATE variants on metformin pharmaco-
kinetics is required for its safe use in clinical situations.
In this study, therefore, we focused on the effect of
heterozygous nonsynonymous MATE variants on metfor-
min disposition in diabetic patients.

Using Marel( +/+) wild-type, Marel( =) heterozygous
and Marel (—/-) homozygous mice, we first examined the
pharmacokinetics of metformin (Supplemental methods,
Supplemental digital content 1 /Azp://links.kow.com/FPC/
AS82). High plasma concentration and low urinary excre-
tion of metformin were observed in Marel(—/—-) mice
compared with Marel( +/+ ) mice, whereas there was no
difference between Matel( =) and Matel( +/+ ) mice
(Fig. 1a and b). In addition, several pharmacokinetic
parameters in Marel( =) mice were comparable with
those in Matel(+/+) mice (Supplemental Table 1,
Supplemental digital content 2 /zup://links.low.com/FFPC/
A83). Matel protein expression levels in these three
genotype mice are shown in Fig. lc. The transport of
metformin by HEK293 cells expressing mouse Matel,
mouse Octl or mouse Oct2 was confirmed (Supple-
mental Fig. 1, Supplemental digital content 3 /Azp://
links.fww.com/FPC/A84). Based on these results, we hypo-
thesized that the heterozygous MATE variants do not
influence on the metformin clearance in humans as well
as in mice.

To address the species difference in MATE genes,
pharmacokinetic evaluation was also carried out in
humans. Forty-eight Japanese patients with diabetes
mellitus were enrolled into this study. Blood samples
were obtained at 0, 4, and 9 h after metformin adminis-
tration, followed by the determination of plasma con-
centrations and genotype for MATEI, MATEZ-K, and
OCT2 genes (Supplemental methods, Supplemental
digital content 1 Azp://links.kow.com/FPC/ASZ). The oral
clearance (CL/F) of metformin in diabetic patients was
estimated by the empirical Bayesian method with the
nonlinear mixed-effects modeling program NONMEM
using a basic model: CL/F=01. Two MATE1-G64D
variant carriers, two MATE1-L125F variant carriers, and
one MATE1-D328A variant carrier were found in this
study. In the MATEZ2-K gene, the G211V variant was
found in two patients. All MATE variant carriers were
heterozygotes and included in the MATE-heterozygous
variant group. The plasma concentration—time profile
after an oral administration of metformin in MATE-
heterozygous variant group was similar to that in MATE-
reference group (Supplemental Fig. 2, Supplemental
digital content 4 /fttp://links.fow.com/FPCIASS). Patient
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Metformin pharmacokinetic studies of Mate1(+/+), Mate1(+), and
Mate1(—-/-) mice. (a) Plasma concentration—time profiles were
obtained after the intravenous administration of metformin to Mate1
(+/+) (open circles), Mate1(+) (closed circles), and Mate(~/~)
(open triangles) mice. (b) Urinary excretion of metformin in Mate1
(+/+) (open column), Mate1(%) (gray column), and Mate1(-/~)
(closed column) mice were calculated using urine samples collected
for 60 min after the drug administration. Each column represents the
mean £ SD for six to eight mice. *P<0.05, **P<0.01, significantly
different from Mate1(+/+) mice. (c) Western blot analysis of Mate1 in
renal brush-border membrane fractions was carried out. The arrowhead
indicates the position of mouse Mate1.

characteristics were similar between the two groups.
There was no statistically significant difference in
metformin CL/F between the MATE-heterozygous
variant group and the MATE-reference group (Table 1).
All of 11 OCT2 variant carriers were also heterozygotes.
Only one patient carried both MATE1-G64D and OCT2-
A270S variants. The CL/F values of the MATE-variant
group, the OCTZ-variant group and both the MATE-
variant and OC7T2-variant group were comparable with those
of the reference group (Supplemental Table 2, Supple-
mental digital content 5 azp://links.fow.com/FPC/AS6).

To determine the most important factor contributing
to interindividual variability in metformin CL/E we
examined the relationship between CL/F and patient
characteristics, such as age, sex, renal function, and

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
— 1 —



Table 1 Patient characteristics and effects of heterozygous MATE
variants on metformin oral clearance in 48 Japanese patients
with diabetes mellitus

MATE-heterozygous

MATE reference variant®
Patients a1 7
Sex (male/female) 17/24 1/6
Age (years) 62+10 6718
BMI (kg/mg) 2714 2513
Metformin CL/F (ml/min) 603+ 137 658+ 115
Ccr (ml/min) 98+ 34 83137
eGFR (ml/min) 71123 7121

Ccr, 24-h creatinine clearance; CL/F, oral clearance of metformin; eGFR,
estimated glomerular filtration rate; MATE, multidrug and toxin extrusion.
“MATE-heterozygous variant includes MATE1-G64D (n=2), MATE1-L125F
(n=2), MATE1-D328A (n=1), MATE2-K-G211V (n=2). No patient carried
other MATE variants; MATE1-V10L, MATE1-A310V, MATE1-V338I, MATE1-
N474S, MATE1-V480M, MATE1-C497S, MATE1-Q519H, and MATE2-K-K64N.
Data are expressed as meantSD. There was no statistically significant
difference between two groups.

transporter genetic variations. Regression analysis showed
that metformin CL/F was positively correlated with
both Ccr and estimated glomerular filtration rate (eGFR)
(Supplemental Fig. 3, Supplemental digital content 6
huep://links.tww.com/FPC/AST). In NONMEM analysis, model
fit was significantly improved for the models using the
individual Ccr or eGFR compared with the basic model
(CL/F=01). However, there was no improvement in the
models with age, sex or genetic variants of the MATE
or OCT2 gene. A negative of twice the log likelihood
difference (-2L1D) value was higher in the model
using Ccr than that using eGFR (Supplemental Table 3,
Supplemental digital content 7 Azp://links.bww.com/FPC/
A88). The incorporation of Cer into the basic model
explained part of the interindividual variability in CL/E,
with its value decreasing from 26.1 to 19.6%.

Interindividual variability in MATE activity is likely to
affect the pharmacokinetics of metformin. Examina-
tion with Matel knockout mice strongly suggested the
pharmacokinetic alternation in humans with the func-
tional defect homozygous variants [4]. However, homo-
zygous variants in MATE]! and MATEZ2-K genes were
reported to be quite rare [5,6]. Therefore, we examined
the pharmacokinetic significance of the heterozygous
MATE variants to clarify whether we should pay attention
to these genotypes in the clinical situations. As expected
from the animal data, the heterozygous MATE variants
did not affect the disposition of metformin in humans
(Fig. 1 and Table 1). The rate-limiting step in the renal
secretion of metformin is either the renal blood flow,
the tubular uptake across the basolateral membranes or
efflux into the lumen at the brush-border membranes. In
this study, heterozygous MATE variants did not affect
metformin clearance, although MATE1 and MATE2-K
were important for metformin secretion [2,3]. Likewise,
heterozygous OCTZ variant did not affect metformin
clearance in diabetic patients, even though the pharma-
cokinetic effect of OCTZ variant is still controversial
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[3,8,10]. The renal clearance of metformin was reported
to be in the range of 335-615ml/min in humans [1],
which is comparable with renal plasma flow. These results
suggested that renal blood flow is a rate-limiting factor
for metformin secretion. Therefore, heterozygous MATE
variants possibly show only a minor portion in the inter-
individual variation of metformin pharmacokinetics in
clinical situations.

For determination of the most important factor con-
tributing to metformin disposition among age, sex, renal
function, and heterozygous variations of MATE and OC12
genes, NONMEM analysis was carried out. Consistent
with previous reports [1,8], we showed that Ccr is a
significant predictor of metformin clearance. Although
Cer is used clinically as a marker of GFR, Cecr is known
to overestimate GFR because of the creatinine tubular
secretion. Previously, we showed that creatinine is a
substrate for OCT2, MATE1, and MATEZ2-K [2]. These
reports suggested that creatinine as well as metformin
is excreted into the urine by tubular secretion through
organic cation transport systems in addition to glomerular
filcration. Comparable with these findings, metformin
CL/F had a higher correlation with Cer than with eGFR.
Therefore, Cer is the most clinical reliable indicator of
metformin disposition.

In conclusion, it was shown that heterozygous MATE
variants as well as heterozygous OCTZ2 variants do not
affect metformin disposition in diabetic patients. More-
over, it was revealed that Cer is the most important factor
to predict metformin disposition in the clinical use. On
account of the low allelic frequency, further studies are
needed with much more patients to determine the effect
of homozygous MATE variants on metformin disposition
in clinical situations.
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Rapid and multiplex detection system using an ultra-
sensitive DNA microarray was developed and utilized
for the analysis of six pharmacokinetically relevant sin-
gle nucleotide polymorphisms (SNPs) (MDRI1-C1236T,
MDRI-G2677TA, MDRI-C3435T, CYP3A45-A6986G,
CYP2C19-G681A, CYP2C19-G636A) from blood
samples derived from liver transplant patients. The
SNP detection system is comprised of three processes:
multiplex PCR, single base extension with fluorescently
labelled di-deoxy-nucleotides and detection by DNA
microarray. The entire workflow of this system com-
pletes within Sh. The final genotype call was obtained
statistically by Mahalanobis distance which was calcu-
lated from the bi-coloured fluorescent signals detected
by the microarray. In order to detect the six SNPs, this
system required only 50 copies of genomic DNA, and
the obtained detection calls completely matched with
the results by the sequencing-based genotyping
method. With the high sensitivity and rapid processing,
our SNP detection system utilizing ultrasensitive micro-
array is a promising device applicable for diagnostic
utility.

Keywords: diagnostic tool/microarray/multiplex/SNP/
transplantation.

Abbreviations: CYP, cytochrome P450; ddNTP,
di-deoxy NTP; MDR, multidrug resistance; PMT,
Photo Multiplier Tube; POCT, point of care testing;
PPI, proton pomp inhibitor; SBE, single base exten-
tion; SNP, single nucleotide polymorphism.

Our knowledge of the human genome has increased
rapidly in recent decades due to the completion of
the Human Genome Project and other large-scale
endeavours, and these discoveries are now applied

for personalized medicine and genome-based drug
discovery.

Calcineurin inhibitor tacrolimus (FK-506) has been
used as a primary immuno- suppressive agent in liver
transplantation (/). Proton pump inhibitors (PPIs) are
often co-administrated with tacrolimus in patients
receiving allograft transplantation to avoid surgical
stress-related gastric bleeding or gastrointestinal ulcer-
ation. However, this co-administration sometimes ad-
versely affects the concentration/dose (C/D) ratio of
tacrolimus, which leads to side effects such as nephro-
toxicity, neurotoxicity and life-threatening infection
(2, 3). It is known that the pharmacokinetics of tacro-
limus attributes to individual genomic variation (4—6).
As previously reported, PPIs are primarily metabolized
by the cytochrome P450subfamilies CYP2CI19
and CYP3A4 (7, §8). Tacrolimus is metabolized
by CYP3A4 and CYP3AS5 and pumped out of the
cell membrane by multi-drug resistance 1 protein
(MDRI1/ABCBI1) (Fig. 1) (9-11). Because CYP3A4
on the metabolic pathway is shared by both PPIs
and tacrolimus, the competitive metabolism is
influenced by the molecule activities on the collateral
metabolic pathway, CYP3A45, CYP2CI19 and MDRI
(Fig. 1). In clinical practice, the rapid and multiplex
genotyping system is required in case such as the
administration of tacrolimus.

Several technologies have been developed for the
SNP detection system. The most accurate and com-
monly used SNP detection system is a direct sequen-
cing of target gene regions; however, a sequencing
technology needs long operation time over one work-
ing day and is not suitable for multiplex genotyping.
Other systems are also commercially available such as
SNPstream® by Beckman Coulter (/2) and GeneChip®
by Affimetrix (/3), which are suitable for highly multi-
plexed analysis. On the other hand, we have previously
developed an ultrasensitive DNA microarray based on
three unique technologies: a black plastic substrate, a
columnar array structure and a micro-bead agitation
system. Due to these properties, the signal/noise ratio
was markedly improved, achieving 100-fold higher
sensitivity than that of conventional glass-supported
microarrays (14).

In the present study, we focused on developing
a new SNP detection assay in a compact system,
more suitable for a clinical setting for personalized
pharmacotherapy by the compact system. We de-
veloped multiplex and rapid genotyping system using
an ultrasensitive DNA microarray with the SBE
method for the analysis of six pharmacokinetically
relevant SNPs (MDRI-C1236T, MDRI-G2677TA,
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MDRI-C3435T, CYP3A45-A6986G, CYP2CI19-G681A
and CYP2C19-G636A). The entire workflow of this
system completes within 5h and specific with only
50 copies of genome. Using this system, we analyzed
genomic DNA isolated from the blood of 83 liver
transplant patients. The genotyping results were vali-
dated with the sequencing-based genotyping method.

Materials and Methods

Patients and DNA extraction

A total of 83 Japanese living-donor liver transplant patients, includ-
ing donors and recipients were enrolled in this study (6). Prior to use,
all DNA samples were anonymized using unlinked numbers. Written
informed consent was obtained from all study participants prior to
enrolment. This study was conducted in accordance with the
Declaration of Helsinki and its amendments, and was approved by
the Kyoto University Graduate School of Medicine Ethics
Committee, as well as Human Genome Ethics Committee for
R&D, Toray Industries, Inc.

Human genomic DNA was extracted from whole blood using a
Wizard Genomic DNA Purification Kit (Promega Co., Madison,
WI, USA), and the extracted DNA was dissolved in distilled water
and stored at —30°C. The genomic DNA of cultured cells was ex-
tracted from HEK 293 cells using the QlAamp DNA Mini Kit
(QIAGEN, Germantown, MD, USA), and the extracted DNA was
dissolved in distilled water and stored at —30°C.

= membrane
PPI Tacrolimus
N |
CYP3A4
e
PH ; Tatrolimus
metabolite metabolite

Fig. 1 Transport and metabolic pathway of Tacrolimus and PPI.

Oligonucleotides

Multiplex PCR primers were synthesized for the amplification of six
regions including six SNPs. SBE primers designed to have each
unique tag sequence were synthesized (Table I). Additionally, two
pairs of control template (Control 1, 2) and SBE primers (Control
ISBE, 2SBE) were designed for the standardization of Cyanine (Cy)
3 and Cy5 fluorescence intensity, and another two pairs of control
template (Control 3G, 4C) and SBE primers (Control 3SBE, 4SBE)
were designed to monitor for INTP contamination in SBE reaction
(Table 1I). To hybridize SBE primers onto the DNA microarray,
eleven unique tag-probes of 20 mer nucleotides, which were comple-
mentary to the SBE primer’s tag sequence, were also synthesized.
The 3’ end of each tag-probe was aminated. All nucleotides were
synthesized by Operon Biotechnologies (Tokyo, Japan).

Multiplex PCR and SBE reaction

Six regions of genomic DNA were simultaneously amplified by
multiplex PCR, which include three SNPs of MDRI (C1236T,
G2677TA and C3435T), one SNP of CYP345 (A6986G) and two
SNPs of CYP2CI19 (G681A and G636A). The amplification was
performed in a reaction solution that consisted of 0.2mM each
deoxy-nucleotide (ANTP), 1.5mM magnesium sulphate, 0.3 pM
forward and reverse primers, 1.0 U KOD plus DNA polymerase
(Toyobo Co. Ltd, Tokyo, Japan) and 10pg to 100ng of genomic
DNA, adjusted to 50 pL with KOD-Plus-Vers.2 buffer. These mix-
tures were applied to a thermal cycler PCR system (ABI9700,
Applied Biosystems, Foster City, CA, USA) and denatured at
94°C for 2 min followed by 30 PCR cycles (94°C for 30s, 58°C for
30s and 68°C for 1 min). Following the PCR reaction, free dNTPs
were removed from the PCR products using GFX PCR DNA and a
Gel Band Purification Kit (GE Healthcare UK Ltd, UK). The size of
the amplicons was measured with a 2100 bioanalyzer system (Agilent
Technologies, Inc., USA).

The SBE reaction was performed in 20 pL of reaction mixture
containing 15nM of each SBE primer, except in the case of control
reactions, which contained Control 1SBE primer (7.5nM) and con-
trol 3SBE primer (3.75nM): 5 pL of reaction buffer, 2 pL of purified
multiplex PCR product; 2.5ng of each control template (except
Control 1A (7.5ng) and Control 1G (5.0ng)); 500 nM each of Cy
5 labelled di-deoxy-UTP (ddUTP), Cy3-ddCTP, Cy5-ddGTP and
Cy3-ddATP (PerkinElmer Inc., Boston, MA, USA); 500nM of
di-deoxy-nucleotides (ddNTPs); and 5 units of ThermoSequenase
DNA Polymerase (GE Healthcare Life Science, USA). The assay
was conducted in two separate tubes. The first tube, which was
used for the detection of A or G SNP, contained purified multiplex
PCR amplicons, SBE primers (MDRI1-1236, MDRI1-2677-1,
MDR1-3435, CYP2C19-636, Control ISBE primer and Control

Table 1. Sequences of optimized primers for multiplex PCR amplification and for single-base extension assay at each SNP

position.
SNP position Primers Sequences
MDRI1-1236C/T Forward 5'-~AACAGTCAGTTCCTATATCCTGTGTC-3'
Reverse 5'-CAGCTGGACTGTTGTGCTCTTCCC-3'
SBE 5-ACTCGTCCTGGTAGATCTTGAAGGG-3
MDRI1-2677G/T/A Forward 5'-CCCATCATTGCAATAGCAGGAGT-3'
Reverse 5-GAGCATAGTAAGCAGTAGGGAG-3'
SBE 1 5'-ATCATATTTAGTTTGACTCACCTTCCCAG-3'
SBE 2 5'-ATCATATTTAGTTTGACTCACCTTCCCAG-3'
MDRI1-3435C/T Forward 5'-ACTGCAGCATTGCTGAGAACATTGCCT-3'
Reverse 5'-CATTAGGCAGTGACTCGATGAAGGCAT-3'
SBE 5-~AGCCGGGTGGTGTCACAGGAAGAGAT-3
CYP3A5-6986A/G Forward 5-TGGCATAGGAGATACCCAC-3'
Reverse S-TTCATATGATGAAGGGTAATGTG-3'
SBE 5'-CTCTTTAAAGAGCTCTTTTGTCTTTCA-3'
CYP2C19-681G/A Forward 5-TGCAATAATTTTCCCACTATCATT-3'
Reverse 5-TACGCAAGCAGTCACATAACTAAG-3
SBE 5-ATAATTTTCCCACTATCATTGATTATTTCCC-3'
CYP2C19-636G/A Forward 5'-GAAAAATTGAATGAAAACATCAGG-3¥
Reverse S-TGCCATCTTTTCCAGATATTCACC-3'
SBE 5-GGAAGCAAAAAACTTGGCCTTACCTGGAT-3

Forward: Forward primer for PCR amplification, Reverse: Reverse Primer for PCR amplification. SBE: Primer for
single-base extension. The 5 end of each primer was attached to an original tag sequence (not shown).
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Table II. Sequence of control templates and control primers for single base extension assay.

Name Sequences

Control 1 5-TCTGCAGGTCAGGGGGGCAAGAAGGGGTAACCCAGGTGTCACTGAAGATTGTA*X”
AGATTTGGGGAATGTTGCAGTATTTGAAAGTGCTCCACCAAAGCT-3' X: A or G

Control 2 Y-GTAAGTGGAGCCTGATTTCCCTAAGGACTTCTGGTTTGCTCTTX"AAGAAAGC

TGTGCCCCAGAACACCAGAGACCTCAAATTACTTTACAAATAGAA-3 X: T or C

Control 3G

S-TACCATTTTAAAGGCTATCATTACTCTTTACCTGTGAAGAG“G"AGAACATG

AAGAAATCTACTTTATTCAGATATTCTCCAGATTCCTAAAGATTAGAGAT-3'

Control 4C

5-GTATAGCTCTGTGAAACCATTTGCAAATTTTTTGAATAGGC"TAAGTTATAG

CAGATACAACAGGTTGGGCACTGGATATATAAAGATAAACAAAATATAG-3

Control 1 SBE
Control 2 SBE
Control 3 SBE
Control 4 SBE

5-TCAAATACTGCAACATTCCCCAAATCT-3'
5-TGGTGTTCTGGGGCACAGCTTTCTT-3
5-TATTAATAAAGTAGATTTCTTCATGTTCT-3"
5-AACCTGTTGTATCTGCTATAACTTA-3'

Control: control SNPs template. “X” is the detection position of each SBE primer. SBE: Primer for single-base
extention. The 5’ end of each primer is attached to an original tag sequence (not shown).

3SBE primer), control templates (1A, 1G and 3G), Cy3-ddCTP,
Cy5-ddUTP, ddGTP, ddATP, reaction buffer and thermo sequenase
polymerase. The second tube, which was used for the detection of T
or C SNP, contained purified multiplex PCR amplicons, SBE pri-
mers (MDR1-2677-2, CYP3A5-6986, CYP2C19-681, Control 2SBE
primer and Control 4SBE primer), control templates (2C, 2T and
4C), Cy3-ddATP, Cy5-ddGTP, ddCTP, ddUTP, reaction buffer and
thermo sequenase polymerase. Heat denaturation at 95°C for 2min
was followed by 30 cycles of PCR reaction (95°C for 20s and 60°C
for 15s).

The specificity of the SBE reaction was confirmed by the single
signal intensity of Control 3SBE primer (Cy3) or Control 4SBE
primer (Cy5). Control ISBE primer with Cy5-ddUTP, Control
ISBE primer with Cy3-ddCTP, Control 2SBE primer with
CyS-ddGTP, and Control 2SBE primer with Cy3-ddATP were
used to standardize the signal intensities of each nucleotide. These
controls calibrated the enzyme reaction efficiency and the scanner’s
PMT gain.

Determination of SNPs with the microarray

The DNA microarray platform for 256 spots was provided by Toray
Industries, Inc. Eleven unique oligonucleotide sequences that were
not complementary to the human genome were selected as tag
probes to capture the SNPs specific tagged detection primer. These
tagged probes were covalently immobilized to the surface of the
microarray as previously reported (6). 5pL of each SBE reaction
tubes was mixed with 30 uL of 3D-Gene™ hybridization buffer
(Toray Industries, Inc., Tokyo, Japan) and was applied onto the
DNA microarray. Then, the DNA microarray was placed in a
hybridization ~ chamber (TaKaRa Hybridization =~ Chamber
5 No.TX711, TaKaRa Bio, Japan), and rotated horizontally at
42°C for 1.5h at 250rpm. After hybridization, the microarrays
were washed and dried. The hybridized microarrays were scanned
on a microarray scanner (ScanArray Express, PerkinElmer, Inc.,
USA) to measure fluorescence intensity. At a laser power setting
of 60%, the photomultiplier sensitivity was adjusted so that the
fluorescence signal intensities from the two fluorophores, Cy3 and
CyS, at the gain control spots on the microarray were almost
comparable.

The ratio of Cy3 and CyS signal intensity (Cy3/Cy5, R) was log
translated and used as a calibration factor (Log,(R)) to standardize
the signal intensities of each SNP. We used two reaction tubes and
two sets of control template and SBE primers. For reaction tube 1, R
was calculated as R;=(Scy3/SConlcy3)/(Scy5/SConlcy5) where
Scy3 and SConlcy3 are the Cy3 signal intensity of the sample and
of Control 1, and Scy5 and SConlcy5 are the Cy5 signal intensity of
the sample and of Control 1, respectively. The Cy3 signal intensity of
Control 1SBE primer with Cy3-ddCTP was used for the calibration
of the Cy3 signal intensity of MDRI-1236, MDRI1-2677-1,
MDRI1-3435 and CYP2C19-636, and the Cy5 of Control 1SBE
primer with Cy5-ddUTP was used for the calibration of the CyS5
signal intensity of MDR1-1236, MDR1-2677, MDR1-3435 and
CYP2C19-636, respectively.

For reaction tube 2, R was calculated as R, =(Scy3/SCon2cy3)/
(Scy5/SCon2cy5) where Scy3 and SCon2cy3 are the Cy3 signal in-
tensity of the sample and of Control 2, and Scy5 and SCon2cyS5 are
the Cy5 signal intensity of the sample and of Control 2, respectively.
The Cy3 signal intensity of the Control 2_SBE primer with
Cy3-ddATP was used for the calibration of the Cy3 signal intensity
of MDR1-2677-2, CYP3A5-6986, and CYP2C19-681, and the CyS5
signal of Control 2SBE primer with CyS-ddGTP was used for
the calibration of the Cy5 signal intensity of MDRI1-2677-2,
CYP3A5-6986, and CYP2C19-681, respectively. The whole proced-
ure, consisting of genome extraction, multiplexed PCR, SBE and
detection by DNA microarray, is illustrated in Fig. 2.

Classification

As reported previously (/5), genotype calls were made according to
their Mahalanobis distance (D). All of log,(R) values obtained from
the training group (63 patients) were plotted and were separated into
clusters (Fig. 3). The clusters were statistically validated by Dunnett
test as well-defined clusters. The group centre (1) and the dispersion
parameter (s) of each cluster were calculated. D was calculated using
the logy(R) value of test sample (x), as follows: D2=(x - m)z/xz. The
genotypes of the samples were assigned to the cluster that provided
the minimum D.

Direct sequencing using DNA sequencer

The nucleotide sequences of the PCR products were also measured
by direct DNA sequencing using the BigDye Terminator v3.1 cycle
sequencing kit (Applied Biosystems, Foster City, CA, USA). The
PCR conditions outlined above were used for the amplification of
SNP-containing DNA fragments in an ABI 2720 thermal cycler
(Applied Biosystems), before being sequenced using an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems).

Results

Multiplex PCR condition was examined using the gen-
omic DNA of HEK?293 cells, which provide six DNA
fragments including pharmacokinetically relevant
SNPs (MDRI-C1236T, MDRI-G2677TA, MDRI-
C3435T, CYP3A45-A6986G, CYP2CI19-G681A and
CYP2C19-G636A). The multiplex PCR conditions
and primer sequences were optimized to obtain a simi-
lar amplification yield of each amplicon and to distin-
guish molecular length of each amplicon, which ranged
from 120 to 218bp in length (Table I) by electro-
phoretic separation.

For the multiplex SBE reaction, several combin-
ations of detection primer as well as labelled ddNTPs
were tested to obtain the optimal conditions for
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Genome extraction
from blood

V

Multiplex PCR 2.25 hr

'

Single Base Extension
(SBE) 1.00 hr

{

Detection on
1.50 hr
“3D-Gene™"”

0.25hr

Fig. 2 Workflow and time course of the multiplex SNP detection by
SBE reaction and 3D-Gene™ DNA microarray substrate.
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Fig. 3 Clusters based on logx(R) values. Each SNP in a multiplex
assay results in three clusters. The plot shows 476 data points
from 68 patient genomes. The green circles represent
CC(MDRI-1236, -2677 and -3435, CYP2C19-636) or AA(MDRI-
2677, CYP3A45-6986 and CYP2C19-681) homozygous genotype, and
the red circles represent TT(MDR1-1236, -2677 and -3435,
CYP2C19-636) or GG(CYP3A45-6986 and CYP2C19-681) homozy-
gous genotype. The black circles represent the heterozygous geno-
type CT(MDRI-1236, -2677 and -3435, CYP2C19-636) or
GA(CYP3A45-6986 and CYP2C19-681).

distinguishing the six different SNPs. As a result, seven
primers were selected and are presented as Table 1.

The total handling time from collection of blood
samples to analysis all six SNPs was minimized to
5h, which includes 0.25h for extraction, 2.25h for
multiplex PCR and 1 h for SBE reaction, followed
by 1.5h hybridization (Fig. 2).

For the standardization of fluorescence intensities,
two pairs of control templates (Control 1 and 2) and
two SBE primers (control 1SBE and 2SBE) were used
(Table II). Each pair of control templates was identical
in sequence except one nucleotide which is the artificial
SNP. Following the SBE reaction and DNA micro-
array hybridization, the Cy3 and CyS fluorescence
intensities of each artificial SNP standardized that of
each sample SNP, as described under ‘Determination

560

of SNPs with microarray’ in the ‘Materials and
Methods’ section.

To validate whether SBE reactions were contami-
nated with free dNTPs, the control template (Control
3G or 4C) and a SBE primer (control 3SBE or 4SBE)
were used. For example, if Cy5 fluorescence was
detected when Control 3G, control 3SBE primer,
Cy3-ddCTP and Cy5-ddUTP were assayed in a single
tube, the SBE reaction was determined to be
erroneous.

The genomic DNA of 63 Japanese living-donor
liver transplant pairs, including donors and recipients,
were used to investigate genomic polymorphisms in
CYP3A5,CYP2C19 and MDRI. All of the 63 genomic
DNA samples were amplified by multiplex PCR
and were detected for all six SNPs by our detection
system.

These 63 samples were used as training data to con-
struct a cluster map. As shown in Fig. 3, the log trans-
formed signal intensity ratio (log,(R)) of each sample
was clearly separated into three clusters. These clusters
corresponded to the genotypes (Fig. 3). In the case of
MDRI-2677, four clusters were separated, because
three types of SNPs C, T and A might be available.
The SBE primer MDR1-2677-1 discriminates CC or
CT or TT, and MDRI1-2677-2 discriminates AA or
no signal. If MDR1-2677-1 detects TT and MDRI1-
2677-2 detects AA, the genotype would be TA.

Twenty additional genomic DNA samples were
measured as a test group to confirm the accuracy of
our SNP detection system. The 20 samples were mea-
sured by the SNP detection microarray and each
Logy(R) value and its Mahalanobis distance were cal-
culated. These genotyping results were also measured
by a capillary electrophoresis sequencer (ABI PRISM
3100), using the same PCR amplicons for 120 SNPs
(six SNPs in 20samples). Due to indistinct peaks in
chromatogram by the direct sequencing (Fig. 4B),
SNPs were detected in only 97 runs (81%) (Fig. 5).
Failure of genotyping by direct sequencing may have
been attributable to difficulties in multiplex PCR, as
the amplicon yields were lower in the failed samples
than those of successfully determined samples. These
23 problematic SNPs were identified by re-sequencing
with PCR products amplified separately for each SNP.
Conversely, the SNP detection microarray provided
clear clusters and 119 data points (99%) were perfectly
in accordance with sequencing results (Fig. 5). The one
failed call for MDRI-3435 (sample 1D:44) was identi-
fied following a fresh genomic DNA extraction.

To ascertain the sensitivity of our SNP detection
system, 2 genomic DNA samples were randomly se-
lected from samples of known genotype. The 2 samples
of 1 ug each were subjected to 10-fold serial dilution
and their genetic polymorphisms were measured at
100, 10, 1 ng and 100 pg amounts of genomic DNA.
All six SNPs were detected from the samples contain-
ing only 100 pg of genomic DNA, which corresponds
to approximately 50 genomic copies (Table III). Direct
sequencing failed to genotype samples containing
100 pg of genomic DNA because of weak fluorescence
signal intensity.

— 407 —

1un 0104y ye Bio*

1102 ‘21 Aoy uo Ay



Discussion

In the clinical setting, the detection system for SNPs
should be quick, precise and multiplex. We developed
a multiplex genotype detection system based upon the
ultrasensitive DNA microarray technology, and eval-
uated its performance using six SNPs relating to drug
metabolism.

We first optimized the reaction conditions of mul-
tiple SNP analysis for both amplification and SBE,
using genomic DNA derived from HEK293 cells. As
a result, we identified an optimal combination of PCR
primer sequences and SBE primer sequences as well as
labelled ddNTPs. When a SNP could not be detected
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Fig. 4 A typical mismatched result of genotyping results obtained by
DNA microarray and direct sequencing (sample ID:31, MDR1-3435).
(A) Signal intensity of DNA microarray. The signal for Cy3 (striped
bar-Cystein) shows ‘C’. and Cy5 (open bar-Thymine) shows ‘T,
which show that this site is CT. (B) Electropherogram of the direct
sequencing. The automated sequencing call was homozygotes TT.

Ultrasensitive DNA chip for multiplex detection of SNPs

with the sense strand sequence, the anti-sense strand
sequence was used for the SBE reaction, and this pro-
cess was effective at distinguishing all six SNPs ana-
lysed. After optimizing these conditions, six SNPs were
measured in 63 clinical samples by DNA microarrays.
The genotyping result was validated with the
sequencing-based genotyping method. We regarded
these 63 clinical samples results as a training set. For
the genotypic discrimination, we used the training set
and adopted Mahalanobis distance for statistical
calling of the genotypes. The genotype of new sample
was assigned to the group by the shortest Mahalanobis
distance. We evaluated our detection system using six
SNPs of new 20samples. The concordance rate of
genotyping 120 SNPs by our detection system was
99%. Although one sample failed the detection of a
SNP in MDRI-3435, re-purification of genomic
DNA resulted in the correct detection of the SNPs in
this sample, suggesting DNA degradation as a cause of
incorrect genotyping. Over the course of this study,
some genomic DNA samples were stored for longer
than one year. In a clinical diagnostic setting, most
of the blood sample would be treated within a few
days of sampling and the sample quality should be
ensured by the appropriate handling. Therefore, deg-
radation of genomic DNA would not likely occur in
the clinical setting.

In this study, we focused on developing a new SNP
detection assay in a compact system, more suitable for
a clinical setting for personalized pharmacotherapy by
the compact system. As a primary step to develop an
automated bed-side SNP-detection system constructed
with the DNA microarray and the preprocessing
lab-on-a-chip, we tried to find the minimum amount
of DNA required for SNP detection by our system. In
this study, the six SNPs were detected using only
100pg of genomic DNA, which corresponds to
50 copies of genomic DNA obtained from 0.1 pL of
blood. The required quantity of genomic DNA for this
analysis is even less than SNPstream® (1~2ng) and
Infinium® HD BeadChip (200~400 ng).

Employing the highly sensitive DNA microarray
substrate also enabled significant timesaving in SNP

MDR1-1236

MDR1-2677

MDR1-3435 ——4

CYP3A5-6986

CYP2C19-681

CYPZC196% |
[

0% 20% 40%

60% 80% 100%

Fig. 5 Genotyping results by DNA microarray (open bar) or sequencing (closed bar) of the same amplicons amplified from 20 patients genome. The
DNA microarray correctly distinguishes 100% of genotypes except for one SNP in MDRI-3435. The concordance rates by Sequencing are

70~95%, depending on the SNPs.
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Table II1. Representative results of the clusterization.

SNP position Logy(R) Calculated by Mahalanobis distance Judge
MDRI-1236 2.7 CC:79.0 CT:0.4 TT:132.4 CT
MDRI1-2677-1 35 CC:69.1 CT:0.5 TT:414 CT
MDRI-3435 2.6 CC:64.1 CT:13.6 TT:62.4 CT
CYP3A45-6986 -0.7 AA:12.3 AG:0.0 GG:34.9 AG
CYP2C19-681 —10.8 AA:2637.6 AG:5073.0 GG:15.4 GG
CYP2C19-636 2.6 CC:314.0 CT:1.9 NC CT

Genotyping judgements of six SNPs calculated by Mahalanobis distance. The logy(R) was calculated as shown in the ‘Materials and methods
section. For the ‘judge’ calls, each SNP was assigned to the cluster with the smallest Mahalanobis distance. NC: No samples classified to the

group.

detection. The hybridization reaction with the micro-
array is completed within 1.5h, resulting in a total de-
tection time of 5h (Fig. 2). The short handling time is
particularly suitable to wuse at the bedside.
The substrate of this DNA microarray has been
introduced by Nagino et al. (14) for the detection of
the gene expression profiling. Nagino et al. showed
that it takes 16h for the hybridization of labelled
cDNA to microarray probes. On the other hand, in
our study it takes only 1.5h for the hybridization.
We suggest that one of the reasons for shortening of
the hybridization is the difference of the length of
labelled target nucleotides. The length of labelled
c¢DNA used in Nagino’s trial might range from several
hundreds to several thousands mer; however, the
tag-probe used in this study include polynucleotides
of only 20 mer.

The genotypes of the CYP345, CYP2CI9
and MDRI genes were found to affect the pharmaco-
kinetics of tacrolimus after liver transplantation (40,
9—11). As the genotypes between the graft liver (donor)
and native intestine (recipients) may be very different,
it is necessary to detect the SNPs in DNA samples
from both donor and recipients. As in the case of
co-administration of tacrolimus and other drugs, risk
evaluation by the point of care testing (POCT) is
needed to prevent unexpected side-effects. Our SNP
detection system which is sensitive and timesaving is
suitable to the POCT.

On the other hand, SNPs related to various drug
metabolism events are not limited to those shown in
this study. The advantage of the SBE system on DNA
microarray is its flexibility. By designing the sequence
of PCR primers and SBE tagged primers, the number
of detectable SNPs can be easily expanded. The system
evaluated in this study could be increased to 256 tags
for a sample.

In conclusion, the newly developed ultrasensitive
DNA microarray achieved high sensitivity and accur-
acy for multiplex SNP genotyping. For further study,
we are developing a lab-on-a-chip that enables auto-
matic DNA isolation, labelling and hybridization to
shorten the measurement time to within 3h, avoid
human-error and make it available at the clinical
bedside.
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Loss of the BMP antagonist USAG-1
ameliorates disease in a mouse model

of the progressive hereditary
kidney disease Alport syndrome
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The glomerular basement membrane (GBM) is a key component of the filtering unit in the kidney. Muta-
tions involving any of the collagen IV genes (COL4A3, COL4A4, and COL4AS) affect GBM assembly and cause
Alport syndrome, a progressive hereditary kidney disease with no definitive therapy. Previously, we have dem-
onstrated that the bone morphogenetic protein (BMP) antagonist uterine sensitization-associated gene-1
(USAG-1) negatively regulates the renoprotective action of BMP-7 in a mouse model of tubular injury dur-
ing acute renal failure. Here, we investigated the role of USAG-1 in renal function in Col443~/~ mice, which
model Alport syndrome. Ablation of Usagl in Col4a3~/- mice led to substantial attenuation of disease pro-
gression, normalization of GBM ultrastructure, preservation of renal function, and extension of life span.
Immunohistochemical analysis revealed that USAG-1 and BMP-7 colocalized in the macula densa in the
distal tubules, lying in direct contact with glomerular mesangial cells. Furthermore, in cultured mesangial
cells, BMP-7 attenuated and USAG-1 enhanced the expression of MMP-12, a protease that may contribute to
GBM degradation. These data suggest that the pathogenetic role of USAG-1 in Col443~/~ mice might involve
crosstalk between kidney tubules and the glomerulus and that inhibition of USAG-1 may be a promising

therapeutic approach for the treatment of Alport syndrome.

Introduction

The renal glomerular basement membrane (GBM) contributes
importantly to maintenance of the structural integrity of the glo-
merular capillaries (1, 2). Type IV collagen is the major component
of the GBM, and its mutations have been linked to the genetic
disorder Alport syndrome, a progressive hereditary kidney disease
associated with sensorineural deafness (3). With a genetic frequen-
cy of about 1 in 5,000 people, it counts among the more prevalent
of known genetic disorders (4). The disease is caused by the muta-
tions in any one of the genes encoding the a3, a4, and a5 chains
of type IV collagen (COL4A3, COL4A4, and COL4AS) (5-7),and a
mutation affecting 1 of these chains forming the a3/a4/a5(1V)
collagen network can alter or abolish the GBM expression not only
of the cotresponding chain but also of the other 2 chains (8). The
GBM in Alport syndrome instead retains the feral al/al/a2(IV)
collagen network (9), which confers an increased susceptibility
to proteolytic enzyme, leading to progressive destruction of the
GBM with subsequent hematuria and proteinuria, glomeruloscle-
rosis and ultimately end-stage renal disease. The current therapy is
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limited to dialysis and transplantation, with a higher risk of anti-
GBM disease in the transplanted organs due to immune reaction
against the type IV collagen chains.

Bone morphogenetic protein-7 (BMP-7) is a promising candi-
date to treat Alport syndrome. BMP-7 belongs to the TGF-f super-
family (10), and the kidney is the major site of BMP-7 expression
during both embryogenesis and postnatal development (11). Phar-
macological doses of BMP-7 can repair damaged renal tubules and
preserve renal function in several models of renal diseases, includ-
ing the Col4A3 knockout model of Alport syndrome (12-20).
However, the exact role of endogenous BMP-7 and its mechanism
of action remain unclear. In addition, the administration of recom-
binant BMP-7, whose target cells are widely expressed throughout
the body, might also produce some undesired extrarenal effect.

The local activity of endogenous BMPs is controlled by certain
classes of binding molecules that act as positive or negative regula-
tors of BMP signaling activity (10, 21-24). BMP antagonists function
through direct association with BMP, thus inhibiting the binding of
BMP to its receptors and defining the boundaries of BMP activity.

The product of uterine sensitization-associated gene-1 (USAG-1)
acts as a kidney-specific BMP antagonist, and USAG-1 binds to
and inhibits the biological activity of BMP-7 (22, 25). USAG-1 is

Number3  March 2010

— 411 —



research article

A B Glomerular Sclerotic Hemorrhagic
g
Usaat number glomeruh (%) glomeruli (%)
sag1/
Coldaz_ WT/KO KO/KO 160 = 020 14 i
" e BBV S80S ST 140 12
‘{ .“f o it 120 0.15 10
& """ X 5§ P J 3;‘ 100 :
S 3; 3 ¥ R e ° & . :
k e d i ’ .? ; 40 0.05 4
- ) P Jo. il gt 7 ' (o 20 2
oy g ‘i Sl TR 0 0 0
S OO i ST A S EIEE Mt Usagl/ WT/KO KO/KO WTKO  KO/KO WTKO  KOKO
el - o2 sle ' Col4a3
C Glomerular Sclerotic Tubulo interstitial
number glomeruli (%) fibrosis
160 NS 3 *hk 4
140
120 3
x 100
2 g 2
© 60
40
20
0 0
Usagl/ WT/KO KO/KO WTKO  KO/KO KO/KO
Col4a3

Usag1/
Col4a3 WT/KO

a1(IV) collagen
a3(IV) collagen

podocin

podocin

overlay

Figure 1

Usag1--Col4a3~- mice showed less glomerular and tubular injury. (A) Representative histological findings in Usag1++Col4a3-- mice (WT/KO)
and Usag1--Col4a3-- mice (KO/KO) at 6 weeks and 10 weeks of age. Scale bars: 100 um. (B and C) Quantitative assessment of the number
of glomeruli, percentages of sclerotic and hemorrhagic glomeruli, and tubulointerstitial fibrosis score in Usag1++Col4a3-- mice (WT/KO) and
Usag1--Col4a3-- mice (KO/KO) at 6 weeks (B, n = 5) and 10 weeks of age (C, n = 10). Bars indicate the mean + SD. **P < 0.01; ***P < 0.05. (D)
Electron microphotographs in Usag1++Col4a3+ mice (WT/KO) and Usag1--Col4a3-- mice (KO/KO) at 4 weeks and 10 weeks of age. Arrows
indicate the splitting of GBM. Scale bars: 5 um. (E) Immunostaining for 1(1V) and a3(IV) collagen in the glomeruli of WT littermates (WT/WT),
Usag1++Col4a3~~ mice (WT/KO), and Usag7--Col4a3”- mice (KO/KO) at 6 weeks of age. Podocin was used as a podocyte marker. Note the
positive staining for a1(1V) collagen along with the GBM of Usag7++Col4a3-~ mice (WT/KO) and Usag1--Col4a3-- mice (KO/KQ), while the
staining is restricted to mesangial areas in the glomeruli of WT littermates.
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Usag1--Col4a3-- mice showed less albuminuria and preserved renal function. (A) Urinary albumin excretion normalized by urinary creatinine
in WT littermates (WT/WT, n = 4), Usag1++Col4a3-- mice (WT/KO, n = 8), Usag1+-Col4a3-- mice (HE/KO, n = 5), and Usag1--Col4a3-- mice
(KO/KO, n = 7) at 6 weeks of age. Open circles represent mean value of each column, while closed circles represent individual mice. (B) Plasma
creatinine and blood urea nitrogen (BUN) levels in WT littermates (WT/WT, n = 20), Usag1++Col4a3-- mice (WT/KO, n = 18), Usag1+-Col4a3~-
mice (HE/KO, n = 34), and Usag1--Col4a3-- mice (KO/KO, n = 17) at 10 weeks of age. Bars indicate mean + SD. Open circles represent mean

value of each column, while closed circles represent individual mice.

expressed in distal tubules and colocalizes with BMP-7 in distal
convoluted tubules and connecting tubules (26). Furthermore,
Usagl~/~ mice are resistant to tubular injury such as acute renal
failure and interstitial fibrosis, and USAG-1 is the central negative
regulator of BMP function in the adult kidney (27). Because in
adults the expression of USAG-1 is confined to the kidneys, target-
ing the activity of this protein might yield safer and more kidney-
specific therapies than the administration of BMP-7 (23). For this,
it will be important to first elucidate the role of USAG-1 in the
pathology of progressive glomerular injury.

Here we show that genetic ablation of USAG-1 significantly attenu-
ated the disease progression and preserved renal function in Col4a3~~
mice, a model for human Alport syndrome. The observations in this
study suggest that USAG-1 might contribute to the pathogenesis
of renal deterioration by a mechanism we believe to be novel that
involves crosstalk between the macula densa of the distal tubules and
the mesangium of the belonging glomerulus. In addition, we demon-
strate that in the kidney of Col443~~ mice, TGF- signaling includes
phosphorylation of Smad1/5/8, transcription factors classically con-
sidered to be the downstream effectors of BMP signaling.

Results

Loss of USAG-1 slows progression of glomerular injury in Alport mice.
Col4a3 /- mice, a mouse model of human Alport syndrome, devel-
op progressive glomerulonephritis associated with tubulointersti-
tial fibrosis leading to renal failure. Kidneys from Col443~/~ mice
showed irregular thickening and splitting of the GBM at 4 weeks
of age by electron microscopy. At 5 weeks of age, proteinuria is
initiated, and at 6 weeks of age, minor glomerular lesion is occa-
sionally observed by light microscopy. At 10 weeks of age, severe
glomerular lesions associated with tubulointerstitial fibrosis are
observed, and renal function deteriorates.

To test the role of USAG-1 in the progression of end-stage renal
disease originating from glomerular injury, mice deficient in both
Col4a3 gene and Usagl gene were generated (Usagl”~Col4a37~ mice).
A histological examination of the kidneys from Usagl**Col4a3~~
mice revealed segmental sclerosis and intraglomerular hemorrhage
at 6 weeks of age, while these changes were almost completely
absent in Usagl /~Col4a3 7/ mice (Figure 1, A and B). At 10 weeks of
age, Usagl*/*Col4a3~/ mice demonstrated glomerulosclerosis associ-
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ated with inflammatory cell infiltration, interstitial fibrosis, tubu-
lar atrophy, and cast formation, while these changes significantly
decreased in Usagl /~Col4a3~- mice (Figure 1, A and C).

An ultrastructural analysis of GBM using transmission electron
microscopy at 4 weeks of age showed that Usag!*/*Col4a3~/~ mice had
extensive splitting of the GBM, while Usagl~~Col4a3~/~ mice showed
almost normal GBM structure (Figure 1D). Usagl/ Col4a3/~
mice at 10 weeks of age also exhibited a significant preservation of
GBM structure in comparison with age-matched Usagl"*Col4a3~/~
mice (Figure 1D).

The immunostaining of a1(IV) or a3(IV) collagen was performed
to compare the glomerular localization of a(IV) collagen in both
genotypes (Figure 1E). The expression of a1(IV) collagen was
detected in the GBM of both Usagl*/*Col4a3~~ and Usagl /- Col4a3~/~
mice, while the expression was confined to mesangial area in the
WT mice. The expression of a3(IV) collagen was absent in the
GBM of both Usagl*/*Col4a3~~ and Usagl~-Col4a3~/~ mice, while the
expression was detected along the GBM in the WT mice. Therefore,
regardless of the presence or absence of USAG-1, no alteration was
observed in the glomerular localization of a(IV) collagen.

Usagl~/-Col4a3/~ mice showed less albuminuria, preserved renal function,
and longer life span. An analysis of urinary albumin excretion at 6 weeks
of age is shown in Figure 2A, demonstrating significantly less albu-
minuria in Usagl/~Col4a3~/~ mice than in Usagl”/*Col4a3~- mice. The
systolic blood pressure of Usagl7/~Col4a3~~ mice at 5 weeks of age
was slightly lower than that of Usagl/*Col4a3/~ mice (Supplemental
Figure 2; supplemental material available online with this article;
doi:10.1172/JCI39569DS1). Renal function of Usagl/~Col4a3~/~ mice
at 10 weeks of age, as assessed by serum creatinine and blood urea
nitrogen, was also significantly preserved in comparison with that
of Usagl"/*Col4a37~ mice (Figure 2B), consistent with the results of
renal histology and urinary albumin excretion. Furthermore, upon
aging beyond 13 weeks, Usagl/-Col4a3~/~ mice showed less mortality
than Usagl*/*Col4a3 7/ mice (Supplemental Figure 1).

Inflammatory cytokine expression was significantly reduced in Usagl /
Col4a3~~ mice. As previously reported, the mRNA of inflamma-
tory cytokines such as TNF-a, IL-1f, monocyte chemoattractant
protein-1 (MCP-1), and TGF-B was upregulated in the kidneys of
Usagl*/*Col4a37/- mice at 10 weeks of age (28, 29). In Usag1~-Col4a3~/~
mice, however, increases in inflammatory cytokines were signifi-
Number 3
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Figure 3

The expression of inflammatory cytokines significantly decreased in the kidneys of Usag1--Col4a3-- mice. (A) Real-time RT-PCR analysis of
inflammatory cytokine mRNA in the kidneys of WT littermates (WT/WT), Usag7++Col4a3-- mice (WT/KO), and Usag1--Col4a3-- mice (KO/KO)
at 10 weeks of age. The expression levels were normalized to those of GAPDH and expressed relative to those of WT littermates (n = 10). Bars
indicate the mean + SD. *P < 0.001; **P < 0.01; ***P < 0.05. (B) Representative immunostaining for MCP-1 in the kidneys of WT littermates
(WT/WT), Usag1++Col4a3-- mice (WT/KO), and Usag1--Col4a3-- mice (KO/KO) at 10 weeks of age. Scale bars: 100 um.

cantly attenuated (Figure 3A). Immunostaining for MCP-1 revealed
faint expression of MCP-1 in the glomeruli of Usagl /- Col4a3/ mice
in comparison with Usagl"/*Col4a3~- mice (Figure 3B).

Enhanced Smad1/5/8 phosphorylation in Usagl*/*Col4a3~~ mice, but not
in Usagl /~Col4a3 "/~ mice, was possibly activated by TGF-f signaling. Next,
the activation of Smad signaling was examined. The traditional
view of the TGF-B superfamily signaling pathways assumes 2 dis-
tinct branches: a TGF- branch that signals through Smad2/3 and
a BMP branch that signals through Smad1/5/8 (30).

We observed increased phosphorylation of Smad2, the TGF- sig-
nal transducer, in the kidneys of Usagl**Col443~/~ mice as compared
with WT mice as well as Usagl7~Col4a3~~ mice (Figure 4A), consistent
with high expression of TGF-f in Usagl**Col4a3~/~ mice (Figure 3A).
The phosphorylation of Smad1/5/8, the classical BMP signal trans-
ducer, was expected to be reduced in the kidneys of Usag1*/*Col4a3~
mice due to generally low expression of BMP-7 in kidney disease
models (12, 17,26, 31). However, the phosphorylation of Smad1/5/8
was unexpectedly increased in the kidneys of Usagl"/*Col4a3~~ mice
in comparison with WT mice as well as Usagl/~Col4a3”/~ mice.

Recently, several groups demonstrated that TGF-P activates
Smad1/5 in addition to Smad2/3 in endothelial cells through novel
receptor complexes (32-34). Thus, we hypothesized that the increased
phosphorylation of Smad1/5/8 in the kidneys of Usag1*/*Cold4a3~
mice might also have resulted from high expression of TGF-f. To
test this hypothesis, we administered TGF-f to various types of
cells including MDCK cells, primary mesangial cells, NRK cells (rat
tubule epithelial cells), NTH3T3 cells, and HeLa cells, and demon-
strated that TGF-f can activate the phosphorylation of Smad1/5/8
in addition to Smad2 in all these cell types (Figure 4B). The phos-
phorylation of Smad1/5/8 was induced by TGF-f at concentrations
aslow as 1 ng/ml (Figure 4C). Furthermore, the phosphorylation of
Smad1/5/8 in the kidneys of Usagl*/*Col4a3 / mice correlated well
with renal TGF-f as well as with serum creatinine levels, but not
with the expression of BMP-7 (Figure 4D). Taken together, these
results indicate that enhanced phosphorylation of Smad1/5/8 in
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Col4a3~/- mice might be due to TGF-f signaling and attenuated
phosphorylation of Smad1/5/8 in Usagl/~Col4a3~/~ mice might
reflect reduced expression of TGF-f and disease severity.
Usagl~/-Col4a3~/~ mice showed less expression and activity of MMPs
in the kidneys. Previous reports have demonstrated the important
roles of MMPs in increasing susceptibility of defective Alport
GBM to proteolytic degradation (9). The expression of MMP
mRNA reported to be involved in this model was analyzed in
the kidneys of 10-week-old mice, and this demonstrated strong
upregulation of MMP-2, MMP-3, MMP-7, MMP-9, and MMP-12
in the kidneys of Usagl*/*Col4a3/ mice, while the expression of
these MMPs was significantly less increased in the kidneys of
Usagl /- Col4a3 /- mice (Figure 5A). The proteolytic activity of
these MMPs in the kidney extracts was also determined by casein
and gelatin zymography. Casein zymography showed a signifi-
cant reduction in MMP-7 and MMP-12 activities (Figure 5B),
and gelatin zymography demonstrated significant reduction of
MMP-2 activity in the kidneys of Usagl/~Col4a3~ mice in com-
parison with Usagl*/*Col4a37/~ mice (Figure SC). Also, the bands
seen at 57 and 45 kDa in gelatin zymography, possibly represent-
ing MMP-3 activity (35), were significantly less in the kidneys of
Usagl/-Col4a3~/~ mice. Recently, it was demonstrated that expres-
sion of MMP-12 was markedly upregulated in the glomeruli of
Usagl*/*Col4a3 /- mice, and inhibition of MMP-12 preserved the
integrity of GBM (29). Immunostaining for MMP-12 demonstrat-
ed a significant upregulation in the glomeruli and interstitium
of Usagl*”/*Col4a3 /- mice, while the induction was attenuated in
Usagl/-Col4a3~- mice (Figure SD). While MMP-12 is expressed by
macrophages as well as glomerular cells such as podocytes (29, 36,
37), immunostaining of CD11b, a marker of monocytes and tis-
sue macrophages, failed to demonstrate any significant infiltra-
tion of macrophages or monocytes in the glomeruli of 10-week-old
Usagl**Col4a3~/~ mice (data not shown), suggesting that the glo-
merular MMP-12 in Alport mice was not due to the macrophages
that infiltrated the glomeruli.
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noblotting for Smad phosphory-
lation in the kidneys of WT lit-
termates (WT/WT), Usag7++
Col4a3-- mice (WT/KO), and
Usag1--Col4a3~- mice (KO/KO)
at 4 and 10 weeks of ages. (B)
A panel of cell lines were tested
for the ability of TGF-f to induce
phosphorylation of Smad1/5/8 in
addition to Smad2. Cells were
either left untreated or stimulated
with 4 ng/ml of TGF-{ for 1 hour.
Whole-cell extracts were analyzed
by immunoblotting using anti-
bodies against phosphorylated
Smad1/5/8 (pSmad1/5/8),
pSmad2, and GAPDH as a load-
ing control. (C) Representative
immunoblotting showing the
effect of various concentrations
of TGF-B on the phosphorylation
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USAG-1 was not expressed in the Alport glomeruli. USAG-1 is
expressed predominantly in the distal tubules, more specifically,
in the thick ascending limb, distal convoluted tubules, and con-
necting tubules in adult kidneys, and not expressed in glomeruli
(26). In situ hybridization was used to determine the expression of
USAG-1 in Usagl*”/*Col4a37~ mice and demonstrated that USAG-1
expression was not detectable in the glomeruli of Usagl/*Col4a3~/
mice either (Figure 6A) and was confined to tubules.

USAG-1 colocalizes with BMP-7 in the macula densa. Deficiency of
USAG-1 significantly attenuated glomerular pathology in the
Col4a3/~ mouse model of Alport syndrome in spite of the absence
of USAG-1 expression in glomeruli. Further experiments focused
on the part of the distal tubule that came in contact with its own
glomerulus, the macula densa (Figure 6B). To determine whether
USAG-1 is expressed in macula densa cells, we performed double
staining of nNOS, a specific marker for macula densa, and B-gal
using Usagl % mice. As shown in Figure 6C, -gal staining as
well as immunostaining with anti-LacZ antibody colocalized with
nNOS staining, indicating that USAG-1 was expressed in macula
densa. BMP-7 is expressed in distal convoluted tubules, connect-
ing tubules, collecting ducts, and podocytes (26). B-gal staining
as well as immunostaining with anti-LacZ antibody also colocal-
ized with nNOS in the kidneys of Bmp77'4Z mice, indicating the
expression of BMP-7 in the macula densa (Figure 6C). Therefore,
USAG-1 colocalizes with BMP-7 in the macula densa cells.
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BMP-7 suppressed TGF-B—induced MMP-12 upregulation in mesangial
cells, and USAG-1 antagonized the action of BMP-7. The macula densa,
in which both USAG-1 and BMP-7 are expressed, is adjacent to
mesangial cells in its own glomerulus (Figure 6B). To investigate
potential mechanisms that are responsible for the beneficial effect
of USAG-1 deficiency in Alport syndrome, the effect of BMP-7 and
USAG-1 in cultured mesangial cells was examined. The expression
of MMP-12 in cultured mesangial cells was upregulated by the
administration of IL-1f and TGF-f, but not by the administration
of MCP-1 (Figure 6D), in spite of the fact that MCP-1 is reported to
stimulate MMP-12 expression in podocytes (29). The administra-
tion of BMP-7 suppressed TGF-B-induced MMP-12 upregulation
in mesangial cells, and simultaneous administration of USAG-1
antagonized the suppressive effect of BMP-7 (Figure 6E). These
results indicate that USAG-1 might enhance MMP-12 expression
in the glomeruli by suppressing the inhibitory effect of BMP-7 and
exacerbate glomerular disease progression in Alport syndrome.

Discussion
This study demonstrates that USAG-1 accelerates glomerular
pathogenesis in a mouse model of human Alport syndrome, pos-
sibly through the crosstalk between the kidney tubules and its own
glomerulus. Usagl~~Col4a3~/~ mice demonstrated attenuated glo-
merular disease progression and preserved renal function in com-
parison with Usagl*/*Col4a3/~ mice and significantly decreased
Number 3
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Figure 5

Usag1--Col4a3~- mice showed less expres-
sion and activity of MMPs in the kidneys. (A)
Real-time RT-PCR analysis of MMP mRNA
in the kidneys of WT littermates (WT/WT),
Usag1++Col4a3-- mice, (WT/KO) and Usag1--
Col4a3~- mice (KO/KO) at 10 weeks of age. The
expression levels were normalized to that of
GAPDH and expressed relative to thatin WT lit-
termates (n = 10). Bars indicate the mean + SD.
*P <0.001; **P < 0.01. (B) Casein zymography
analyzing the kidneys of WT littermates (WT/WT),
Usag1++Col4a3-- mice (WT/KO), and Usag1--
Col4a3-- mice (KO/KO) at 10 weeks of age.
(C) Gelatin zymography analyzing the kidneys
of WT littermates (WT/WT), Usag1++Col4a3--
mice (WT/KO), and Usag1--Col4a3-- mice
(KO/KO) at 10 weeks of age. (D) Representative
immunostaining for MMP-12 in the kidneys of
WT littermates (WT/WT), Usag71++Col4a37- mice
(WT/KO), and Usag1--Col4a3-- mice (KO/KO) at
10 weeks of age. Scale bars: 100 um.
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expression and activity of MMPs, which play key roles in disease
progression of Alport syndrome. Furthermore, USAG-1 and BMP-7
colocalized in the macula densa, a part of the distal tubules in con-
tact with its own glomerulus, and BMP-7 reduced MMP-12 expres-
sion in mesangial cells, which was antagonized by USAG-1.
USAG-1 exacerbates glomerular injuries as well as tubular interstitial
fibrosis. Tubular damage and interstitial fibrosis are the final com-
mon pathways leading to end-stage renal disease (ESRD) (38, 39)
irrespective of the nature of the initial renal injury, and the degree
of tubular damage parallels the impairment of renal function (39).
Severe tubulointerstitial fibrosis is observed following glomeru-
lar injury in Col4a3~/- mice, and this exacerbates renal function.
Because Usagl~~ mice were resistant to tubulointerstitial fibrosis
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(27), this resistance might contribute at least
in part to the preservation of renal function
in Usagl~/-Col4a3~/- mice. In addition, Usagl -
Col4a3~/~ mice showed preserved GBM with
less albuminuria in the early stage when
tubular injury has yet to appear. Therefore,
Usagl~-Col4a3~~ mice were resistant to both
glomerular and tubular injuries.

USAG-1 increases the expression of MMP in
Col4a3/~ mice. The molecular mechanisms by
which the altered GBM composition in Alport
syndrome causes renal pathogenesis remain
unclear. It is proposed that abnormal persis-
tence of al/ot1/a2(IV) collagen network in the
adult GBM is associated with increased sus-
ceptibility to proteolysis by proteases in Alport
syndrome (3, 9) and pharmacological abla-
tion of MMP activities, especially MMP-12,
leads to a significant attenuation in Alport
disease progression (29, 40). The expression
and activities of MMPs were significantly
upregulated in the kidneys of Usagl*/*Col4a3~
mice, which is consistent with previous
reports, and they were suppressed in the kid-
neys of Usagl/~Col4a3~/~ mice. The suppression of MMP activities
probably contributed, at least in part, to slow glomerular pathogene-
sisin Usagl/~Col4a3~~ mice. In addition, the administration of BMP-7
decreased the expression of MMP-12 in cultured mesangial cells, and
USAG-1 antagonized the action of BMP-7. Therefore, USAG-1 might
increase the expression of MMP in glomeruli and accelerate GBM
destruction in Col4a3~~ mice.

Other possible roles of USAG-1 and BMP-7 in glomerular pathogen-
esis in Col4a3~~ mice. In addition to the inhibitory effect on MMP
expression, BMP-7 possibly inhibits the progression of glomerular
pathogenesis in Col4a3 /- mice at multiple steps. BMP-7 reduces
the damage in podocytes (20, 41, 42) and mesangial cells (43-45)
and attenuates the expression of inflammarory cytokines (46) and
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Figure 6

USAG-1 colocalizes with BMP-7 in the macula densa and inhibits the action of BMP-7 in mesangial cells. (A) In situ hybridization for USAG-1
mRNA in the kidneys of 10-week-old Co/4a3-- mice. Scale bars: 100 um. G, glomerulus. (B) A schematic illustration of the juxtaglomerular appa-
ratus. The macula densa is a part of distal tubules contacting with its glomerulus of origin and adjacent to mesangial cells. (C) 3-Gal staining as
well as immunostaining with anti-LacZ antibody colocalized with immunostaining with anti-nNOS (a marker for macula densa) antibody in the kid-
neys of Usag7+2¢Z mice and Bmp7+%°Z mice. Kidney section from WT mice was also treated in the same way with the sections from Usag1+/ac
mice and Bmp7+/t2Z mice and demonstrated no f-gal staining. Scale bars: 100 um. (D) Real-time RT-PCR analysis of MMP-12 mRNA in cultured
mesangial cells treated with inflammatory cytokines. The expression levels were normalized to those of GAPDH and expressed relative to those
in controls. TGF-p markedly increased MMP-12 mRNA expression in mesangial cells. The graph reflects data that are representative for results
of 4 independent experiments. (E) Real-time RT-PCR analysis of MMP-12 mRNA in cultured mesangial cells that were incubated with TGF-f,
BMP-7, and USAG-1. BMP-7 suppressed TGF-p-induced MMP-12 upregulation in mesangial cells, and USAG-1 reversed the action of BMP-7.
The graph reflects data that are representative for results of 4 independent experiments.

apoptosis in several types of cells (12, 41). Antagonizing the benefi-
cial effects of BMP-7 by USAG-1 might enhance these injuries and
accelerate glomerular pathogenesis in Alport syndrome.

USAG-I secreted from distal tubules reaches the glomerulus and
accelerates glomerular injury. Although the mechanism by which
USAG-1 secreted from distal tubules reaches the glomerulus
and exacerbates glomerular pathogenesis is not entirely clear, a
crosstalk may exist between the distal tubule and the glomeru-
lus in the same nephron.
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The distal tubule of a nephron makes contact with the vascular
pole of its glomerulus from which the distal tubule originated. At
this point, there is a plaque of very specialized and differentiated
cells in the distal tubule known as the macula densa (Figure 6B). The
macula densa detects changes in the distal tubular fluid composi-
tion and transmits signals to the adjacent extraglomerular mesan-
gial cells and afferent arterioles (47-53). Extraglomerular mesangial
cells are anatomically in continuity with the glomerular mesangial
cells and transmit the signal from the macula densa to the glomeru-
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