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hypothesis because the proximal tubule marker-positive
cell lies side by side with the distal tubule marker-positive
cell in a single tubule (Figure 4g and h), and such chimeric
tubule could not be made by the gradient of growth factors.
From these findings, we postulate that each single cell
possesses its cell fate to become proximal tubular cell or distal
tubular cell. Further study is needed to clarify how these
chimeric tubules differentiate to mature tubules (Figure 4h).
Interestingly, all tubule epithelial cells positive for proximal
tubule marker reside in the chimeric tubules in neonatal
kidney, while some distal tubule marker-positive cells reside
outside the area and are terminally differentiated (Figure 4a
and ¢, arrowheads, H), indicating the possible sequence of
differentiation.

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

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

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

USAG-1 could be a diagnostic marker for renal prognosis

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

Derivation of USAG-1/LacZ mice

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

B-gal staining and in situ hybridization

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

17,29

Histological studies and immunostaining

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

Quantification of mRNA by real-time RT-PCR

Real-time reverse transcription (RT)-PCR was performed as
described previously.'” Specific primers were designed using Primer
Express software (Applied Biosystems, Foster City, CA, USA).
To compare the expression levels of different genes, we used modi-
fied real-time PCR by setting the standard curves with plasmids
encoding each gene at various concentrations, and analyzed the copy
number of each gene contained in kidney ¢cDNA as previously
described.'” Serially diluted cDNA or plasmids were used to generate
the standard curve for each primer, and the PCR conditions were as
follows: 50 °C for 2 min, 95 °C for 10 min, then 95 °C for 15s, and
60 °C for 1 min for 40 cycles.

Kidney disease models

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

Animal use

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

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

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

Figure S2. Significant correlation was observed between USAG-1
expression and future serum creatinine (day 14) in case that kidney
biopsy was performed at day 10 but not at day 1 in folic acid
nephrotoxicity (closed circles).
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Although some guanidine compounds were reported as superior substrates for organic cation
transporter (OCT)2 than OCT1, it was unclear whether this guanidino group was an important factor in
determining the specificity of hOCT1 and hOCT2. Using HEK293 cells transfected with human (h)OCT1 or
hOCT2 cDNA, we assessed the role of hOCT1 and/or hOCT2 in the transport of guanidine compounds such

Keywords: as uremic toxins and therapeutic agents. Guanidine, creatinine and aminoguanidine more markedly
Guanidine inhibited the uptake of ['#C]tetraethylammonium (TEA) by hOCT2 than by hOCT1. [“C|TEA uptake by
grg;?oguamdme hOCT2, but not hOCT1, was trans-stimulated by unlabeled guanidine, methylguanidine, creatinine,
o2 aminoguanidine and phenylguanidine. In patients with renal failure, the impairment of hOCT2 might
UreiiictoRing decrease the excretion of guanidine, methylguanidine, and creatinine as uremic toxins. The uptake of
Kidney aminoguanidine, a candidate for an anti-diabetic agent, was enhanced by hOCT2 with the Michaelis

constant (K.,) of 4.10 + 0.35 mM. Metformin, which was also an anti-diabetic agent, and creatinine more
potently inhibited the uptake of ['*Claminoguanidine by hOCT2 than that by hOCT1. Aminoguanidine had
little impact on the uptake of ['#CJmetformin by hOCT1, but inhibited that by hOCT2 with the ICso of
1.49 + 0.14 mM. These results indicated that the specificity of hOCT1 and hOCT2 was not determined simply
by guanidino group. Among guanidine compounds, aminoguanidine was identified as a new superior

substrate for hOCT2.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Organic cation transporters (OCTs) play an important role in the
tissue distribution of a wide variety of positively charged
molecules, including drugs and endogenous substrates. Human
organic cation transporter 1 (hOCT1) is preferentially expressed in
the liver, and mediates hepatic uptake of cationic compounds [1,2].
In contrast, hOCT?2 is specifically expressed in the renal proximal
tubules, and is considered to mediate the renal uptake of cationic
compounds [3,4]. Functional studies suggested that these trans-
porters were often similar in substrate specificity [4,5], but in
recent years, the compounds with a guanidino group such as
guanidine, creatinine, and metformin were reported to be better
substrates for OCT2 than OCT1 in rat and/or human [6-8].
However, it was unclear whether a guanidino group was important
in determining the affinity of the two transporters.

Some guanidine compounds have been known as uremic toxins
[9-14]. Other guanidine compounds have been reported as anti-
diabetic agents, in particular, aminoguanidine is positively charged
at physiological pH, and its renal clearance was more than twice

* Corresponding author. Tel.: +81 75 751 3577; fax: +81 75 751 4207.
E-mail address: inui@kuhp.kyoto-u.ac.jp (K.-i. Inui).

0006-2952/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2009.01.010

the glomerular filtration rate (GFR), suggesting the contribution of
tubular secretion [15-17].

The aim of this study was to compare the specificity of hOCT1
and hOCT?2 for several guanidine compounds, including uremic
toxins and aminoguanidine (Fig. 1).

2. Materials and methods
2.1. Materials

[Ethyl-1-"“C]tetraethylammonium bromide (55 mCi/mmol)
was purchased from American Radiolabeled Chemicals (St. Louis,
MO, USA). [*“Claminoguanidine (51 mCi/mmol) and [biguanidi-
ne-"4C]metformin hydrochloride (26 mCi/mmol) were purchased
from Moravek Biochemicals, Inc. (Brea, CA). [*H]1-methyl-4-
phenylpyridium acetate (MPP) (2.7 TBq/mmol) was purchased
from PerkinElmer Life and Analytical Sciences Waltham, MA).
Creatinine and guanidine hydrochloride were obtained from
Nacalai Tesque (Kyoto, Japan). N,-Acetyl-L-arginine, aminoguani-
dine bicarbonate salt, 1-butylguanidine sulfate, creatine anhy-
drous, 1,1-dimethylguanidine sulfate salt, guanidinoacetic acid,
guanidinosuccinic acid, guanidinovaleric acid hemihydrate,
methylguanidine hydrochloride, N-propylguanidine sulfate, phe-
nylguanidine carbonate salt, 1,1,3,3-tetramethylguanidine, and 1-
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Fig. 1. Chemical structures of guanidine compounds.

methyl-4-phenylpyridium iodide were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). All other compounds used were of
the highest purity available.

2.2. Cell culture

HEK 293 cells (ATCC CRL-1573, American Type Culture
Collection, Manassas, VA) were cultured in complete medium
consisting of Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum in an atmosphere of 5% C0,/95% air at 37 °C, and
used as host cells. The transfectant stably expressing hOCT1 and
hOCT2 were established as described previously [7,8]. The HEK293
cells transiently transfected with pCMV6-XL4 plasmid vector DNA
(OriGene Technologies, Rockville, MD) containing hOCT1, hOCT2
or hOCT3-cDNA were prepared as described previously [7,18]. The
cell monolayers were used at day 3 of culture for uptake
experiments. In the present study, cells were used between the
78th and 90th passages.

2.3. Uptake experiments

The cellular uptake of cationic compounds was measured with
monolayer cultures of HEK293 cells grown on poly-p-lysine-
coated 24-well plates [7,19]. The protein content of the
solubilized cells was determined by the method of Bradford
[20], using a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories,
Hercules, CA) with bovine-globulin as a standard. For the cis-
inhibition study, the uptake of ['“C]tetraethylammonium (TEA),
['“Claminoguanidine, or ['“C]metformin was achieved by adding
various concentrations of unlabeled inhibitors to the incubation
medium. ICso values were calculated from the inhibition plots

based on the equation, V = Vy/[1 + ([1]/ICs0)"], by a nonlinear least
square regression analysis with Kaleidagraph Version 4.00
(Synergy Software, Reading, PA, USA). V and V,; were the uptake
rates of ['“C]TEA, ['*C]aminoguanidine, or ['*C]metformin in the
presence and absence of inhibitor, respectively. [I] is the
concentration of inhibitor, and n is the Hill coefficient. For the

Table 1
The apparent ICs, values of guanidine compounds for [**C|TEA uptake by hOCT1
and hOCT2.

Guanidine compounds ICsp values for ['C|TEA uptake (mM)

hOCT1 hOCT2
Uremic toxins®

Creatinine N/A 6.06 +0.98
Guanidine N/A 3.03 +042
Guanidinosuccinic acid 1.54 + 0.15 1.47 £0.20
Methylguanidine 2.36 + 0.06 1.53 £ 0.31
Acetyl arginine N/A N/A
Creatine N/A N/A
Guanidinoacetic acid N/A N/A
Guanidinovaleric acid 0.66 + 0.03 1.18 +0.14°
Butylguanidine 021 +0.02 0.12+0.01"
Dimethylguanidine 0.54 + 0.09 0.36 + 0.02
Propylguanidine 0.36 + 0.04 0.29 + 0.02
Tetramethylguanidine 0.48 +0.08 0.78 +£0.13
Aminoguanidine N/A 0.80-+0.11
Phenylguanidine 0.23 +£0.03 0.26 + 0.02

See experimental conditions in the legend of Fig. 2. The apparent ICso values were
calculated from inhibition plots (Fig. 2) by nonlinear regression analysis as
described in Section 2. The data represent the mean =+ S.E. of three independent
experiments. N/A, not available. P < 0.05, significantly different from the ICsq value of
hOCT1.

2 [18].
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trans-inhibition study, the cells were preincubated with either the
incubation medium (control) or the incubation medium plus the
indicated concentration of unlabeled compounds for 30 min. The
cells were rinsed twice with 1 mL of ice-cold incubation medium
before the uptake experiments. The concentration dependence of
the transport of aminoguanidine by hOCT1 and hOCT2 was
analyzed using the Michaelis-Menten equation; V= V.x[S]/
(Km * [S]) * Kaier[S], where V is the transport rate, V. is the
maximum transport rate, [S] is the concentration of aminogua-
nidine, K., is the Michaelis constant and Ky is a diffusion
constant. The accumulation of ['*C]aminoguanidine by hOCT1-
and hOCT2-HEK?293 cells was measured at various concentrations
(0.1-10 mM) for 2 min at 37 °C (pH 7.4).
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2.4. Statistical analysis
Data were expressed as the mean + SE. Data were analyzed

statistically using the non-paired Student’s t test or one-way analysis
of variance (ANOVA) and Dunnett’s multiple comparison procedure.

3. Results

3.1. Inhibitory effects of guanidine compounds on TEA uptake by
hOCT1 and hOCT2

To compare the specificity of hOCT1 and hOCT2, the inhibitory
effects of several guanidine compounds on the uptake of ['*C]TEA
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Fig. 2. Effects of guanidine compounds on [ '*C|TEA uptake by hOCT1 (a, ¢, e and g) and hOCT2 (b, d, f and h). HEK293 cells transfected with hOCT1 and hOCT2 were incubated
at 37 °C for 2 min with 5 uM ['“C|TEA (pH 7.4) in the presence of (a and b); creatinine (open circle), guanidine (closed circle), guanidinosuccinic acid (open triangle), or
methylguanidine (closed triangle), (c and d); acetyl arginine (open circle), creatine (closed circle), guanidinoacetic acid (open triangle), or guanidinovaleric acid (closed
triangle), (e and f); butylguanidine (open circle), dimethylguanidine (closed circle), propylguanidine (open triangle), or tetramethylguanidine (closed triangle), (g and h);
aminoguanidine (open circle), or phenylguanidine (closed circle). Each point represents the mean + S.E. of three independent experiments.
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Fig. 3. Relationship between the calculated hydrophobicity (Clog P) of guanidine
compounds and ICsg values for inhibition of ['#C]TEA uptake by hOCT1 and hOCT2.
The relationship between the calculated hydrophobicity (ClogP) of guanidine
compounds and the measured ICso values for inhibition of ["“CJTEA uptake in
hOCT1-HEK293 (open circle) and hOCT2-HEK293 (closed circle) cells. See
experimental conditions in the legend of Fig. 2. The apparent ICso values were
calculated from inhibition plots (Fig. 2) by nonlinear regression analysis as
described in Section 2. Octanol/water partition coefficients (log P) were calculated
using Chem Draw Ultra 7.0 software.

(a typical substrate for the organic cation transporter) were
examined (Table 1, Fig. 2). The inhibitory effects of guanidino-
succinic acid and methylguanidine were comparable between
hOCT1 and hOCT2. Guanidine and creatinine had stronger

inhibitory effects on ['“CJTEA uptake by hOCT2 than by hOCT1,
whereas guanidinovaleric acid inhibited hOCT1 more than hOCT2.
Guanidinoacetic acid tended to inhibit the uptake of ['“C]TEA by
both hOCT1 and hOCT2, while creatine tended only to inhibit the
hOCT2. Acetyl arginine did not inhibit ['“C]TEA uptake by either
transporters. The inhibition curves of alkyl guanidine compounds
for ['*C]TEA uptake showed that alkyl guanidine compounds had
potent inhibitory effects on both hOCT1 and hOCT2, and that only
butylguanidine had moderately higher affinity for hOCT2 than
hOCT1. Phenylguanidine had an inhibitory effect on ['*C]TEA
uptake by both hOCT1 and hOCT2, while aminoguanidine had a
much greater inhibitory effect on hOCT2 than hOCT1. Fig. 3 plots
the relationship between the log of the measured ICso values
(Table 1) and the calculated log P values (Clog P) of guanidine
compounds.

3.2. Trans-stimulation effects of guanidine compounds on TEA uptake
by hOCT1 and hOCT2

To examine whether these guanidine compounds were sub-
strates of hOCT1 and hOCT2, trans-stimulation experiments were
performed. The transfectants were preincubated with a concen-
tration equivalent to approximately 3-fold the ICso value of the
unlabeled guanidine compounds, or else with 10 mM if the ICsq
value was not available (Table 1) [5]. Then, the ["*C|TEA uptake by
the preincubated transfectants was measured. Fig. 4 shows the

control ::
L1220 —— L
Creatinine :,

Guanidine :)'
Guanidinosuccinic acid [}
Methylguanidine
Acetyl arginine
Creatine
Guanidinoacetic acid
Guanidinovaleric acid “Hoas

(a) (b)

0 700 200 300 400 500 0

T VT S S
100 200 300 400 500

ACCUMULATION (% of control) ACCUMULATION (% of control)

Fig. 4. Trans-stimulation effects of guanidine compounds as uremic toxins on ['*C]TEA uptake by hOCT1 (a) and hOCT2 (b). HEK-hOCT1 and HEK-hOCT?2 cells were incubated
for 2 min at 37 °C with 5 M ['#C]TEA after preincubation with incubation medium (control) or incubation medium containing TEA (5 mM), creatinine (10 mM, hOCT1;
20 mM, hOCT2), guanidine (10 mM, hOCT1; 9 mM, hOCT2), guanidinosuccinic acid (5 mM, hOCT1; 4 mM, hOCT2), methylguanidine (7 mM hOCT1; 5 mM, hOCT2), acetyl
arginine (10 mM), creatine (10 mM), guanidinoacetic acid (10 mM), and guanidinovaleric acid (2 mM, hOCT1; 4 mM, hOCT2) for 30 min at 37 °C, respectively. Data are
expressed as a percentage of the control value. Control values for HEK-hOCT1 and HEK-hOCT2 were 25.6 + 1.4and 14.5 + 1.2 pmol/mg protein/2 min, respectively. Each column
represents the mean + S.E. of three independent experiments. ‘P < 0.05, P < 0.01, significantly different from the control.
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Fig. 5. Trans-stimulation effects of alkyl guanidine compounds, aminoguanidine and phenylguanidine on ['*C]TEA uptake by hOCT1 (a) and hOCT2 (b). HEK-hOCT1 and HEK-
hOCT2 cells were incubated for 2 min at 37 °C with 5 WM ["C|TEA after preincubation with incubation medium (control) or incubation medium containing TEA (5 mM),
butylguanidine (0.6 mM, hOCT1; 0.4 mM, hOCT2), dimethylguanidine (2 mM hOCT1; 1 mM, hOCT2), propylguanidine (1 mM, hOCT1; 0.9 mM, hOCT2), tetramethylguanidine
(1 mM, hOCT1; 2 mM, hOCT2), aminoguanidine (10 mM, hOCT1; 2 mM hOCT2) and phenylguanidine (0.7 mM, hOCT1; 0.8 mM, hOCT2) for 30 min at 37 °C, respectively. Data
are expressed as a percentage of the control value. Control values for HEK-hOCT1 and HEK-hOCT2 were 25.9 + 1.4 and 11.0 + 0.2 pmol/mg protein/2 min, respectively. Each
column represents the mean + S.E. of three independent experiments. P < 0.05, P < 0.01, significantly different from the control.
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trans-stimulation effects of endogenous guanidine compounds as
uremic toxin. Preincubation with unlabeled guanidine, methyl-
guanidine, and creatinine significantly increased the uptake of
['“C]TEA by hOCT2 but not hOCT1. Meanwhile, preincubation with
guanidinovaleric acid increased the ['*C|TEA uptake by hOCT1 but
not hOCT2. As shown in Fig. 5, we examined the trans-stimulation
effects of the other guanidine compounds. Preincubation with
unlabeled butylguanidine, propylguanidine, dimethylguanidine,
and tetramethylguanidine increased the uptake of ['“C|TEA by
both transfectants. On the other hand, the preincubation with
aminoguanidine and phenylguanidine significantly enhanced the
['“C]TEA uptake by hOCT2 but not hOCT1.

3.3. Uptake of aminoguanidine by hOCT1 and hOCT2

To obtain more information about the substrate specificity
of hOCT2, the transport characteristics of ['*C]aminoguanidine
was compared between hOCT1 and hOCT2. Fig. 6 shows the
concentration dependence of ['“Claminoguanidine uptake by
hOCT1 and hOCT2. The uptake by hOCT2 was greater than that by
hOCT1. The uptake was saturated at high concentrations in
hOCT2-expressing cells, although no such saturation was
observed in hOCT1-expressing cells. The apparent Michaelis-
Menten constant (K,) for the uptake of ['*CJaminoguanidine by
hOCT2 was 4.10 + 0.35 mM. The maximal uptake rate (Vi) in
hOCT2-expressing cells was 4.40 + 0.42 nmol/mg protein/min
(mean + S.E. of three separate experiments). Next, we examined
the inhibitory effects of TEA, creatinine and metformin on the uptake
of ['*CJaminoguanidine by hOCT1 and hOCT2 (Fig. 7). Fig. 7a and b

shows the inhibition curves of TEA, creatinine and metformin in
hOCT1- and hOCT2-expressing cells, respectively. Although TEA,
creatinine and metformin inhibited the uptake of ['4C]aminogua-
nidine by both hOCT1 and hOCT2 in a dose-dependent manner, the
uptake by hOCT2 was more inhibited. We calculated the ICso values of
these cationic compounds from the inhibition plots as described in
Section 2 (Table 2). We also examined the inhibitory effect of
aminoguanidine on the uptake of ['“C]metformin (Fig. 8). Amino-
guanidine had little impact on the uptake of ['4Clmetformin by
hOCT1, and the ICso value of aminoguanidine was not estimated
(Fig. 8a). However, aminoguanidine inhibited the [**C]metformin
uptake by hOCT2 with the ICsp of 1.49 + 0.14 mM (Fig. 8b).

To confirm aminoguanidine as a new substrate selective for
hOCT2, the influence of cis-inhibition and trans-stimulation of
aminoguanidine on the [*H]MPP transport by hOCT3 was

Table 2
The apparent ICsq values of cationic compounds for ['*C]aminoguanidine uptake by
hOCT1 and hOCT2.

Inhibitors ICsp values for [**Claminoguanidine uptake
(mM)
hOCT1 hoCT2
TEA 1.39 + 0.06 0.16 + 0.02
Creatinine N/A 424+26
Metformine 9.48 + 0.56 237020

See experimental conditions in the legend of Fig. 7. The apparent ICsq values were
calculated from inhibition plots (Fig. 7) by nonlinear regression analysis as
described in Section 2. The data represent the mean + S.E. of three independent
experiments. N/A, not available.
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Fig. 8. Effects of aminoguanidine on ['“CJmetformin transport by hOCT1 (a) and hOCT2 (b). HEK 293 cells transfected with hOCT1 and hOCT2 were incubated at 37 °C for
2 min with 10 uM ["“C]Jmetformin (pH 7.4) in the absence (open circle) or presence of aminoguanidine (closed circle). Each point represents the mean + S.E. of three

independent experiments.
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Fig. 9. Influence of cis-inhibition (a) and trans-stimulation (b) of aminoguanidine on the [*H]MPP transport by hOCT3, and ['“CJaminoguanidine transport by hOCT1, hOCT2
and hOCT3 (c). (a) HEK293 cells transiently expressing hOCT3 were incubated at 37 °C for 2 min with 13.7 nM [3C]JMPP (pH 7.4) in the absence () or presence (+) of
aminoguanidine (0.8 mM). (b) HEK293 cells transiently expressing hOCT3 were incubated for 2 min at 37 °C with 13.7 nM [*H]MPP after preincubation with incubation
medium (—) or incubation medium containing aminoguanidine (2 mM) (+) for 30 min at 37 °C. (c) HEK293 cells transfected with empty vector, hOCT1, hOCT2 or hOCT3 were
incubated for 2 min at 37 °C with 5 M ['*C]aminoguanidine (pH 7.4). Each column represents the mean + S.E. of three monolayers.

examined in comparison with hOCT2 (Fig. 9a and b). The hOCT3-
mediated uptake of [*H]MPP was little affected by aminoguanidine
in both conditions of cis-inhibition and trans-stimulation. In
addition, the transport of ['*CJaminoguanidine by hOCT2 was the
highest among three OCT isoforms (Fig. 9c).

4. Discussion

Previous reports suggested that guanidine and creatinine,
which had a guadinino group, were predominantly transported by
OCT2 rather than OCT1 [6,7]. We tested the hypothesis that the
guanidino group was a decisive factor in being recognized by
hOCT2, but could not found such selectivity simply by this group.
At the same time, we discovered that aminoguanidine was a new
superior substrate for hOCT2 than hOCT1.

Several guanidine compounds were reported to accumulate in
blood with renal insufficiency, some being described as uremic
toxins [9-14]. Guanidinosuccinic acid and methylguanidine had
the two highest scores for the uremic concentration (Cy)/normal
concentration (Cy) ratio, and there were also significant differences
between the Cy and Cy of guanidine and creatinine [14]. The
plasma concentrations of many cationic drugs increase with renal
failure. It has been considered that the tubular secretion of organic
cations is impaired and the elevated plasma level of alphal acid
glycoprotein prevents the renal excretion in renal failure [21-25].
Based on the present results, it is also possible that the uremic
guanidine compounds inhibit the excretion of cationic drugs
mediated by hOCT.

Fig. 3 shows the relationship between the inhibitory patterns
and the ClogP values of guanidine compounds. In guanidine
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compounds, hydrophobicity was not the major factor in determin-
ing the affinity for hOCT as it was, for example, in n-tetraalk-
ylammonium [5,26,27].

In the trans-stimulation study, we showed that the ['4CJTEA
uptake by hOCT2, but not hOCT1, were increased by preincubation
with unlabeled guanidine, methylguanidine, creatinine, amino-
guanidine and phenylguanidine. Possibly, these compounds are
transported by hOCT2 and the dysfunction of hOCT2 with renal
failure decreases the excretion of guanidine, methylguanidine, and
creatinine as uremic toxins.

Because the three uremic guanidine compounds, guanidino-
succinic acid, methylguanidine and guanidinovaleric acid inhibited
["“C]TEA uptake by hOCT1 as well as hOCT2, the pharmacokinetics
of the cationic drugs may be affected in the patients with renal
failure. The ['“C]JTEA uptake by hOCT1 was trans-stimulated by
guanidinovaleric acid, suggesting the hOCT1-mediated transport
of guanidinovaleric acid compensating the impaired renal func-
tion. It might relate to the fact that the serum level of
guanidinovaleric acid in the patients with renal insufficiency
was similar to normal values [10,13].

Among 14 guanidine compounds, aminoguanidine was found
to be a selective substrate for hOCT2 compared to hOCT1 and
hOCT3. A guanidine compound agmatine (1-amino-4-guanidobu-
tane) was reported as a substrate for hOCT2 and hOCT3, but not for
hOCT1 [28], while guanidine was transported by rOCT2, but not by
rOCT1 and hOCT3 [6]. Therefore, aminoguanidine as well as
agmatin and guanidine can be a good probe to examine the
transport activity of hOCT2 in comparison with hOCT1 and hOCT3.

The apparent affinity of aminoguanidine for hOCT2 was similar
to that of creatinine (K., =4.0 mM) [7] and lower than that of
metformin (K, =1.4 mM) [19]. Aminoguanidine, which inhibits
many diabetes-related complications, remains under therapeutic
testing [16,17,29]. Because aminoguanidine was excreted into
urine by tubular secretion as well as glomerular filtration and
hOCT2 was the most abundant organic cation transporter in the
basolateral membranes of human kidney [3,15], the secretion of
aminoguanidine may be predominantly mediated by hOCT2.

In ACTION I trial (A Clinical Trial In Overt Nephropathy of Type 1
Diabetics), which included patients with type 1 diabetes mellitus
[17], aminoguanidine reduced significantly secondary measures of
outcome such as proteinuria and had additional effects on diabetic
retinopathy and circulating lipid levels. However, the reduction in
the primary end point of time to doubling of the serum creatinine
concentration was not statistically significant. Although creatinine
clearance is often used for the estimation of GFR, creatinine is also
excreted via tubular secretion mediated by hOCT2 [7,3031].
Aminoguanidine might inhibit the transport of creatinine by
hOCT2 and increase the serum concentration of creatinine without
inducing renal impairment. Therefore, the other parameters whose
elimination was unaffected by aminoguanidine should have been
used.

Although creatinine and metformin were also excreted into
urine through transport by hOCT2 [7,19], their ICso values for
aminoguanidine uptake by hOCT2 (creatinine, 42.4 mM; metfor-
min, 2.37 mM) were much higher than the physiological con-
centrations of creatinine (about 45-85 M for male and 30-60 pM
for female) and metformin (about 15-25 wM) (Table 2, Fig. 7)
[24,32-34]. Therefore, the transport of aminoguanidine mediated
by hOCT2 is not likely to be affected by creatinine and metformin,
and diabetic patients whose plasma creatinine concentrations are
increased or who use metformin may be able to use aminogua-
nidine safely. It was reported that the maximum aminoguanidine
concentration was only 40 wM, during the interdialytic period
[15]. It is also probable that aminoguanidine has little effect on the
transport of metformin mediated by hOCT2, at the physiological
concentrations (Fig. 8).

In this study, we demonstrated that many guanidine com-
pounds examined had relatively equal affinity to hOCT1 and hOCT2
and could not found the selectivity for hOCT2 simply by guanidino
group. Among guanidine compounds, we newly discovered that
aminoguanidine had greater affinity for hOCT2 than hOCT1, in
addition to guanidine and creatinine. Therefore hOCT2 could
function as a transporter for aminoguanidine at the basolateral
membranes of renal proximal tubules. These findings will be
helpful to elucidate the specificity of hOCT2, and clarify the
pharmacokinetics of aminoguanidine.
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Identification of multidrug and toxin extrusion (MATE1
and MATEZ2-K) variants with complete loss of transport

activity

Moto Kajiwara!, Tomohiro Terada!, Ken Ogasawara!, Junko Iwano!, Toshiya Katsura!, Atsushi Fukatsu?,

Toshio Doi® and Ken-ichi Inui!

H*/organic cation antiporters (multidrug and toxin extrusion: MATE1 and MATE2-K) play important roles in the renal tubular
secretion of cationic drugs. We have recently identified a regulatory single nucleotide polymorphism (SNP) of the MATE1 gene
(—32G >A). There is no other information about SNPs of the MATE gene. In this study, we evaluated the functional significance
of genetic polymorphisms in MATE1 and MATE2-K. We sequenced all exons of MATE1 and MATEZ2-K genes in 89 Japanese
subjects and identified coding SNPs (cSNPs) encoding MATE1 (V10L, G64D, A310V, D328A and N474S) and MATE2-K (K64N
and G211V). All the variants except for MATE1 V10L showed significant decrease in transport activity. In particular, MATE1
G64D and MATE2-K G211V variants completely lost transport activities. When membrane expression level was evaluated by cell
surface biotinylation, those of MATE1 (G64D and D328A) and MATE2-K (K64N and G211V) were significantly decreased
compared with that of wild type. These findings suggested that the loss of transport activities of the MATE1 G64D and MATE2-K
G211V variants were due to the alteration of protein expression in cell surface membranes. This is the first demonstration of

functional impairment of the MATE family induced by cSNPs.
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INTRODUCTION

In the proximal tubules of the mammalian kidney, organic ion
transporters limit or prevent the toxicity of organic anions and cations
by actively secreting these substances from the circulation into the
urine./* Among human organic ion transporters located at the
basolateral membranes, organic cation transporter 2 (OCT2), organic
anion transporter 1 (OAT1) and OAT?3 were isolated a decade ago, and
have been well characterized as key transporters to regulate the renal
handling of ionic drugs.*® In contrast, the molecular functions of
apical transporters have been only recently characterized. For example,
multidrug resistance-associated protein 4 (MRP4) was demonstrated
to be responsible for the renal elimination of antiviral drugs,®
diuretics’ and cephalosporin antibiotics.* Human orthologs of the
multidrug and toxin extrusion (MATE) family, members of which
confer multidrug resistance on bacteria, were identified most
recently,”!® and named MATEl (SLC47A1) and MATE2-K
(SLC47A2). Both transporters are expressed mainly in the renal
brush border membranes, and are able to transport tetraethylammo-
nium (TEA) utilizing an oppositely directed H* gradient as a driving
force,!! indicating that MATE1 and MATE2-K are H*/organic cation

antiporters. These findings have improved the molecular understand-
ing of the transcellular transport of ionic drugs in the renal tubules.

It is widely recognized that there is a large variation in the responses
to drugs among individuals. Many enzymes involved in drug meta-
bolism, such as cytochrome P450 and uridine diphosphate-glucuro-
nosyltransferase are known to be polymorphic and have been
associated with variations in blood concentrations of drugs.'? In
addition to drug-metabolizing enzymes, the clinical significance of
genetic variation of drug transporters has been demonstrated.!* For
example, polymorphisms of SLCOIBI, which encodes the organic
anion transporting polypeptide 1B1 to mediate the hepatic uptake of
pravastatin, contribute to the interindividual variability in the dis-
position of pravastatin.'* Recent studies of OCT have demonstrated
that polymorphisms of the OCT1 gene in Caucasians and the renal
OCT2 gene in Koreans are responsible for the interindividual differ-
ences in the therapeutic efficacy and pharmacokinetics of metformin,
an anti-diabetic agent.!>!7

Metformin showed large interindividual variation in renal clear-
ance, and a potential genetic contribution by the renal transporter was
speculated.'® Because metformin is also a superior substrate for
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MATE1 and MATE2-K,!®!® polymorphisms of MATEI and MATE2-K
genes may be involved in the interindividual difference in the renal
clearance. We have recently identified a single nucleotide polymorph-
ism (SNP) in the promoter region of MATEI (—32G>A), which
causes a decrease in Spl binding and promoter activity of approxi-
mately 50%.2° However, other genetic information for these trans-
porters, especially the polymorphisms in the coding region, and their
effect on functional properties, have not been well evaluated. In this
study, therefore, we screened for polymorphisms in all exons of
MATE] and MATE2-K genes, and examined their transport activities
by in vitro transient expression system.

MATERIALS AND METHODS

Materials

['*C]TEA bromide (2.035GBqmmol~') and ['*C]metformin (1.998 GBq
mmol~!) were obtained from American Radiolabeled Chemicals Inc. (St Louis,
MO, USA) and Moravek Biochemicals Inc. (Brea, CA, USA), respectively. All
other chemicals used were of the highest purity available.

Identification of SNPs of MATEI and MATE2-K genes

Genomic DNA was isolated from peripheral blood from 89 Japanese subjects
with renal diseases using a Wizard Genomic DNA Purification Kit (Promega,
Madison, WI, USA). Genotyping was investigated by direct sequencing. PCR
primers were designed to span all 17 exons of MATEI and MATE2-K (GenBank
accession number NT_010718) (Table 1). The PCR conditions were 94 °C for
3 min, followed by 40 cycles of 94 °C for 305, 60 °C for 30s and 72 °C for 30,

Table 1 Primers used for direct sequencing

cSNP of the MATE family
M Kajiwara et al

and then a final extension at 72 °C for 10 min, except for MATEI exon 1. The
condition for MATE1 exon 1 was 94 °C for 1 min, followed by 35 cycles of 94 °C
for 30s and 68 °C for 3 min, and then a final extension at 68 °C for 3 min. The
PCR products were sequenced using a multicapillary DNA sequencer RISA384
system (Shimadzu, Kyoto, Japan). This study was conducted in accordance with
the Declaration of Helsinki and its amendments and was approved by the
Fthics Committee of Kyoto University Graduate School and Faculty
of Medicine. All subjects gave their written informed consents.

Construction of non-synonymous variants of MATE1

and MATE2-K

MATE1 and MATE2-K cDNA were excised from MATE1/pcDNA3.1 and
MATE2-K/pcDNA3.1,'% and were subcloned into pcDNA3.1/nV5-DEST (Invi-
trogen, Carsbad, CA, USA) to yield nV5-MATE1 and nV5-MATE2-K. Non-
synonymous variants were constructed by the site-directed mutagenesis of
nV5-MATEI and nV5-MATE2-K, using a QuikChange II Site-Directed Muta-
genesis Kit (Stratagene, La Jolla, CA, USA) with the primers listed in Table 2.
The nucleotide sequences of these constructs were confirmed using a multi-
capillary DNA sequencer RISA384 system (Shimadzu).

Transport studies

HEK293 cells (ATCC CRL-1573; American Type Culture Collection) were
cultured in complete medium consisting of Dulbecco’s modified Eagle’s
medium (Sigma Chemical Co., St Louis, MO, USA) with 10% fetal bovine
serum (Invitrogen) in an atmosphere of 5% CO, and 95% air at 37 °C. cDNA
plasmid transfection (Figure 2: 25ng; Figure 3: 100 ng; Figure 6: 100 ng for
MATE] and 200ng for MATE2-K) and cellular uptake of ['*C]TEA and
['“C]metformin were reported earlier.!!"1%21:22

Gene Location Forward primer (5 to 3') Reverse primer (5" to 3') Amplified length (bp)

MATE1 Exon 1 CGCAGTGGTGCAGAGAGAGGTGCAA AGTCACCCGCGGAGGCAGAAATCAC 451
Exon 2 AAGGTGGCAGAGGCTCACTGAAGTT TCTGTGTAGGTTTCAGCCACTACAT 339
Exon 3 TGAAGGAGGAGCTTTGCAGGCTCTT CCTGCCAGTGGAGCTCTTCCATCTA 248
Exon 4 CTTTGTGTGGCACAATTGAAGGCTT CACCCAGACAGGATAATCTTTCCGT 303
Exon 5 CTTCTGCCTAACTTTCCCTGGAAAC CTGAGCTCACAGATATGGTGGCTAC 192
Exon 6 CTGCCGTGTGACCTCACTTCTGTGT GGTCCCTGGTCCTGGAGTATCTTCA 208
Exon 7 GCCTGTGTGTGCTTGGGTAGCAGAA CGCATGGACACAAGAACCAGCTGAA 279
Exon 8, 9, 10 ATGAGTCTCCCCTCCTCACTGAGTT TGCCTGTGCTCATCCATAGACTCTT 633
Exon 11, 12 ATGAGGCTGCTTCTCTGCACGTGTT CAGCAATGTTTCTGAACAGCCTGAT 481
Exon 13 CCACTGCGCCTAGCCAGAAAGCTAT CCCTCCTCTCAGCTGAAATTTACCA 224
Exon 14 CTCGGGAGATGGGAGTGTTTCAAGA AAGACCCGTGTGCTCCGACGGTCAT 276
Exon 15 CTCCACCTCAGCCATGAAAGCAGAT AGGGAGAGCCAGATCAGATCCTGTT 289
Exon 16 TGGCTTGGCTCTTCCTAAACTAGGT TAGCAGCAAATCTAGCTGTGTCTCA 258
Exon 17 CTCTCCACTATTAGCACATATTCCTT ATCCATGGGCACACCTGAATGACAT 436

MATE2-K Exon 1 CTCATCCCACAAGTTGCCATGGTAG GCACATTTCTGGATCCTGCCTGCAA 369
Exon 2 CCTCAAAGCTGGAGAGGCCTGTCTT GGCTGTGTCTTCCCATCCCTGACCA 297
Exon 3 GGCACACAGCACATGAGGCTGCTGA TGCCATCTCCATGGCACCTGTGGAA 292
Exon 4 TCAGGAAGGCCGCTGTGCCATTACA TGAGGGCTGGGCATCTTCAGGGTTT 400
Exon 5 GAGGTTTCACAGTCCTGGCTGAGAC AGGGATCTTCCGCAGCAGATAGAGT 262
Exon 6 CAATCTGGGGTACTATGTCCTGGAA GCTGGTTCACAGATGGTGGAGAGAA 252
Exon 7 CCTTCTCTCCACCATCTGTGAACCA CAGGATGGTGACTGATCTGTCTCCA 422
Exon 8 CCCTGGTTGAGTCTGATCCCAGGAT TCCAACAGGCTCTACTGCACCCTCT 351
Exon 9 AATGCCCAGTGCCTGAGCCTGCTAA TGAGGGCCTGGCCAGTGAAGCTGGAA 403
Exon 10 TCCCCAAAGCAAAGCAGCGTCCTGT GGGAGACAGAGATAGCTTCAGGTGA 254
Exon 11 CTCTTACACTGCATGCCTGAGATCT TCACAGCAGCAGGGAAGGAGTGAGT 488
Exon 12 GGCTGGGCTGACTTGCACTGACATA CCCAGCACTGAGCCAGGAATGTGAT 275
Exon 13 CTCTGGGCTAGCAGTGCCAGTTACA CAAGTTCATCCTCACAGCCCTGCGA 317
Exon 14, 15 TGCCATGCGAATGGCTTAGCACAGT CTGGGCATTTCTGGCTGAGTAGTCA 483
Exon 16 CAGTGAAGGGGTGAACTGTTGAGCT CACAGAGGGCAGACAAGAGCAACAT 225
Exon 17 CACAGCCAGGTGGTTAACCTAGGTT ACCTGCACTAGACCCCATTGGTGTT 416
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Table 2 Primers used for site-directed mutagenesis

Gene Name Direction Sequence (5-3) Position
Primers for the site-directed mutagenesis
MATE1 VvioL F GGAGCCCGCGCCATTGCGCGGAGGCC 15/40
R GGCCTCCGCGCAATGGCGCGGGCTCC 40/15
G64D F CCGTGTTCTGTGACCACCTGGGCAAGCTGG 179/208
R CCAGCTTGCCCAGGTGGTCACAGAACACGG 208/179
A310V F CATGGTCCCTGTAGGCTTCAGTGTGGCTGCC 918/948
R GGCAGCCACACTGAAGCCTACAGGGACCATG 948/918
D328A F CGCTCTGGGTGCTGGAGCCATGGAGCAGG 966/994
R CCTGCTCCATGGCTCCAGCACCCAGAGCG 994/966
N474S F GGCTCAGGTACACGCCAGTTTGAAAGTAAACAACGTGCC 1404/1442
R GGCACGTTGTTTACTTTCAAACTGGCGTGTACCTGAGCC 1442/1404
MATE2-K K64N F GGCACCTGGGCAATGTGGAGCTGGC 179/203
R GCCAGCTCCACATTGCCCAGGTGCC 203/179
G211V F GGGGGTCAGGGTCTCCGCCTATGCC 621/645
R GGCATAGGCGGAGACCCTGACCCCC 645/621

Abbreviations: F, forward; R, reverse.
Mutations introduced into the oligonucleotides are shown in bold.

Table 3 cSNPs of the MATE1 and MATEZ2-K in 89 Japanese subjects

Location SNP dbSNP (NCBI) Effects Allelic frequency (%) Genotype (n)

MATE1
Exonl 28G>T 5104806851 V1oL 2.2 G/G85,G/T4,TTO
Exonl 33C>T 55104806852 R11R 0.6 c/C88,CM1, T/TO
Exonl 126T>C 55104806853 A42A 0.6 T/T88,T/IC1,CICO
Exon2 191G>A 55104806854 G64D 0.6 G/G88,G/A1,AAD
Exon8 708C>T 55104806855 L236L 9.6 C/C74,C/MT13,TIT2
Exonll 929C>T 55104806856 A310V 2.2 C/C85,CT4,TTO
Exonll 983A>C s5104806857 D328A 0.6 A/A 88,AIC1,C/ICO
Exonl6 1421A>G ss104806858 N474S 0.6 A/A 88,AG1,G/GO

MATE2-K
Exon2 192G>T ss104806859 K64N 0.6 G/G88,G/MT1,TTO
Exon2 207G>A s5104806860 S69S 5.6 G/G 79, G/A 10, A/AO
Exond 345C>A ss104806861 G115G 36.5 C/C 37, C/A 39, A/A 13
Exon8 632_633GC>TT ss104806862 G211V 1.7 GC/GC 86, GC/TT 3, TT/TTO
Exonl0 885C>T ss104806863 Y295Y 48.9 C/C 25, C/T 41, T/T 23

Abbreviations: cSNP, coding single nucleotide polymorphism; MATE, multidrug and toxin extrusion.

Cell surface biotinylation

Cell surface biotinylation was performed according to our earlier methods?? with
some modifications. HEK293 cells were grown on poly-p-lysine-coated 12-well
plates and transfected with MATE1 or MATE2-K ¢DNA plasmids (50 ng for
MATEI and 200 ng for MATE2-K). At 48h after the transfection, cells were
washed three times with 1 ml ice-cold phosphate-buffered saline with Ca and Mg
(138 mm NaCl, 2.7mm KCl, 1.5mm KH,POy, 9.6 mm Na,HPO,, 1 mm MgCl,
and 0.1 mm CaCly, pH 7.3) and then treated with 400 pl of membrane-imperme-
able biotinylating agent, sulfo-NHS-SS-biotin (Pierce, Rockford, IL, USA)
(1.5mgml~") at 4°C for 1h. Subsequently, the cells were washed three times
with 1 ml ice-cold phosphate-buffered saline with Ca and Mg containing 100 mm
glycine and then incubated for 20 min at 4 °C with the same buffer to remove the
remaining labeling agent. After being washed with phosphate-buffered saline
with Ca and Mg, cells were disrupted with 400 pl of lysis buffer (10 mum Tris-base,
150mm NaCl, 1mm EDTA, 0.1% SDS, 1% Triton X-100 and 1% protease
inhibitor cocktail (Nacalai Tesque, Kyoto, Japan), pH 7.4) at 4 °C for 1h with
constant agitation. Following centrifugation, 50 pl of streptavidin agarose beads
(Pierce) was added to 300pl of cell lysate and incubated for 1h at room
temperature to isolate the biotinylated membrane proteins.
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Western blot analysis and quantification of band density

Isolated biotinylated membrane proteins were subjected to western blot analysis
according to NuPAGE manufacturer’s instructions (Invitrogen). Monoclonal
anti-V5 antibody (Invitrogen) (1:2500 dilution) or Na*/K*-ATPase antibody
(1:10000 dilution; Upstate Biotechnology, Lake Placid, NY, USA) was used as
the primary antibody. A peroxidase-conjugated anti-mouse IgG antibody was
used for the detection of bound antibodies, and the blots were visualized by
chemiluminescence on X-ray film. Quantification of band density was per-
formed on scanned images using Image], a public domain image-processing
program (W Rasband, National Institute of Mental Health, Bethesda, MD,
USA). The optical density of each lane was plotted, and the area under the
curve was measured.

Statistical analysis

Kinetic parameter data were statistically analyzed with unpaired t-test com-
pared with the values for the wild type. The other experimental data were
statistically analyzed with the one-way analysis of variance followed by
Dunnett’s test.
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RESULTS

Identification of MATE]1 and MATE2-K SNPs

All 17 exons of the MATEI and MATE2-K genes were sequenced to
find SNPs in 89 Japanese subjects. In this study, eight MATEI SNPs
and five MATE2-K SNPs were identified in the coding region
(Table 3). The allelic frequencies for the non-synonymous SNPs
ranged from 0.6 to 2.2%. Figure 1 shows the position of mutated
amino-acid residues in the predicted secondary structure of MATE1
(a) and MATE2-K (b), respectively. Only Ala310 was localized in the
transmembrane domain (TMD), and other amino-acid residues are
located at the intra- or extracellular domains.

Transport studies of the MATE1 and MATE2-K variants

To assess the functional alterations caused by the non-synonymous
SNPs of both genes, ['*C]TEA transport activity by the variants was
evaluated by in vitro transient expression system. As shown in
Figure 2a, ['*C]TEA uptake by the MATEl G64D variant was
completely abolished. Other MATEI variants except for the MATE1
V10L variant also showed a significant reduction in ["*C]TEA trans-
port activity, and the order of the remaining transport activities were
as follows: wild type=V10L>N474S >D328A=A310V. [“C]Metfor-
min uptake by various variants was similar to ['4C|TEA uptake
(Figure 2b). Both the MATE2-K variants showed significant decrease
in ['*C]TEA and ['"*C]metformin uptake, and the transport activity of
MATE2-K G211V was completely abolished (Figures 3a and b).

Cell surface expression levels of the MATE1 and MATE2-K variants
To determine whether the reduced transport activity of these variants
was due to the decreased expression of transporter proteins in the
plasma membranes, cell surface biotinylation followed by western blot
analysis was carried out. Among the MATEI variants, the cell surface

N474S

Figure 1 Locations of mutated amino-acid residues caused by non-
synonymous single nucleotide polymorphisms (SNPs) in the secondary
structure of multidrug and toxin extrusion 1 (MATE1) (a) or MATE2-K (b)
protein. Amino-acid numbers are shown.

cSNP of the MATE family
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expression level of MATEl G64D and D328A showed a decrease to
approximately 10 and 20% compared with that of the wild-type
MATE]1 (Figure 4), which are well correlated with the reduction ratios
of the transport activity for these variants (Figures 2a and b). Other
MATE] variants exhibited similar cell surface expression level with
wild-type MATEL. In the MATE2-K, both the MATE2-K K64N and
MATE2-K G211V variants showed a decrease to approximately 50 and
1% compared with that of the wild-type MATE2-K, respectively
(Figure 5). These reduction ratios were well correlated with those of
transport activities of both the MATE2-K variants (Figures 3a and b).
These findings suggested that the low transport activities of MATE1
G64D, D328A and two MATE2-K variants were due to the alteration
of protein expression in cell surface membranes.
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Figure 2 Uptake of [14CJTEA (tetraethylammonium) (a) and [}4Clmetformin
(b) by HEK293 cells transiently expressing wild type or various multidrug
and toxin extrusion 1 (MATEL1) variants. The cells were preincubated with
incubation medium (pH 7.4) in the presence of 30 mm ammonium chloride
for 20min. Then, the preincubation medium was removed, and the cells
were incubated with 5 pum of [14CITEA or 10pum of [14CImetformin for 1 min
at 37°C. Each column represents the meanzs.d. of six monolayers from
two independent experiments. **P<0.01, significantly different from the
values for the wild type.
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