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between 8:00 AM and 8:00 PM both in fed and 4-day fasted
rats, although the expressions of renal PEPT1 and PEPT2
were increased in 4-day fasted rats. Although we did not
assess the renal handling of CETB in detail, it is plausible
that renal PEPT1 and PEPT2 may little affect the CETB
pharmacokinetics,

CETB pharmacokinetic parameters such as €., and
AUC_, obtained by the intestinal administration were sig-
nificantly larger in 4-day fasted rats compared with the fed
rats. In addition, the CETB absorption rates assessed by the
in situ loop technique in 4-day fasted rats were significantly
increased compared with the fed rats both at 8:00 AM and at
8:00 PM. All these findings seemed to be accountable by
increased intestinal PEPT1 protein expression, Recently, Na-
ruhashi et al. (2002) reported that PEPT1 mRNA expression
was induced by starvation and its level correlated with ab-
sorptive transport of cefadroxil, an oral 8-lactam antibiotic,
in the rat intestine, Furthermore, it was reported that the
expression level of PEPT] assessed by Western blot analysis
in the rat jejunum was significantly correlated with intesti-
nal loop single perfusion of another oral B-lactam antibiotic,
cephalexin (Berlioz et al., 1999). All these findings suggested
that the expression level of intestinal PEPT1 is one of the key
factors determining the absorption of oral g-lactam antibiot-
ics.

In conclusion, we have demonstrated that the diurnal
rhythm of intestinal PEPT1 transport activity is altered by
fasting. The diurnal rhythm of intestinal PEPT1 would be
responsible for the diurnal variation for pharmaecokinetics of
peptide-like drugs such as CETB, which was also abolished
by fasting.
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Short Communication

Decreased Function of Genetic Variants, Pro283Leu and Arg287Gly, in Human

Organic Cation Transporter hOCTI

Ayako TaxkeucHl, Hideyuki MoTtoHAsHI, Masahiro Okupa and Ken-ichi Inui
Department of Pharmacy, Kyoto University Hospital, Kyoto, Japan

Summary: We have evaluated the functional consequences of genetic variations in human organic cation
transporter hOCT1 (SLC22A1). Three coding single nucleotide polymorphisms (cSNPs) resulted in the
amino acid changes Pro283Leu, Arg287Gly and Pro341Leu were assessed. Uptake experiments with
transient expression system using HEK293 cells revealed that the variants Pro283Leu and Arg287Gly
had completely diminished transport activity. The other variant Pro341Leu had a significantly, but not
completely, decreased transport activity, Western blot analysis showed that the expression levels of all
three variant proteins in the crude membranes of HEK293 cells were comparable to those of wild type
hOCT1. Moreover, the expression of variant proteins at the plasma membrane was confirmed by indirect
immunoflucrescence, indicating that these SNPs did not affect the membrane localization of hOCT1.
Present results suggest that the amino acid residues Pro283 and Arg287 have a substantial role in sub-
strate recognition of hOCT1.

Key words: organic cation transporter; human; single nucleotide polymorphism; HEK293; tetraethylam-

monium; localization

Introduction

It has become apparent that some.interindividual
differences in drug disposition and response to drugs are
caused by genetic variations in metabolizing enzymes
and drug transporters.”? The most abundant form of
genetic variation is the single nucleotide polymorphism
(SNP). In particular, SNP in coding regions of genes
(cSNP) may alter the function or structure of the encod-
ed proteins. Although recent advances in high-through-
put screening methods permit a systematic detection of
genetic variation in specific transporter genes and a con-
struction of several SNP databases, the resulting func-
tional consequences and phenotypes at the clinical stage
remain to be defined in many cases.

Human  organic cation transporter hOCTI
(SLC22A1l) is a member of the organic ion transporter
family cloned from human liver.>® OCT! mediates
electrogenic transport of various cations including
model compounds tetraethylammonium (TEA) and N'-

This work was supported by a Grant-in-Aid for Research on Human
Genome, Tissue Engineering, and Food Bictechnology from Ministry
of Health, Labor and Welfare of Japan (H12-Genome-019) and a
Grant-in-Aid for Scientific Research from Ministry of Education,
Culture, Sports, Science and Technology of Japan. This work was
carried out in collaboration with a PharmaSNP consortium.

methylnicotinamide, as well as the neurotoxin 1-methyl-
4-phenylpyridinium (MPP).>® Recently, identification
and functional consequences of several SNPs in
SLC22A1 have been reported.™® However, some ¢SNPs
in SLC22A1 gene have yet been uncharacterized. In the
present study, we selected three ¢SNPs, resulting in the
amino acid changes Pro283Leu, Arg287Gly and
Pro341Len, from a public SNP database NCBI dbSNP
(http: #www.ncbi.nlm.nih.gov/SNP/).® We demon-
strated for the first time the functional ablation of
Pro283Len and Arg287Gly variants despite a conserved
protein expression at plasma membrane, together with a
relatively preserved transport activity of Pro341Leu
variant.

Materials and Methods

Materials: [ethyl-1-*C]JTEA (55 mCi/mmol} was
purchased from American Radiolabeled Chemicals
(St. Louis, MO). Unlabeled TEA was obtained from
Nacalai Tesque (Kyoto, Japan). MPP was from Sigma
Chemical Co. (St. Louis, MO). All other chemicals used
were of the highest purity available.

¢DNA cloning of human organic cation transporter:
The full-length hOCT1 ¢DNA was isolated from a
human liver Rapid-Screen™ Arrayed cDNA Library
Panel (Origene™ Technologies inc, Rockville, MD),
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according to the manufacturer’s protocols. That is, the
library was screened by PCR using the following
hOCT]1-specific primers derived from the published
sequence (Genbank accession number U77086): forward
5'-TGAGCATGCTGAGCCATCATG (bases 88 to 108)
and reverse 5'-GAGCCAAAGAAGAAGCCCGCA
(bases 593 to 573).

Construction of variants: The QuikChange™ site-
directed mutagenesis kit (Stratagene, La Jolla, CA)
was used to construct mutant ¢cDNAs following the
manufacturer’s protocols. Three single point mutations
(C/T933, C/G94 and C/T1127 corresponding to
Pro283Leu, Arg287Gly and Pro341Leu, respectively)
were introduced into hOCT1 ¢DNA. The nucleotide
sequences of mutants were confirmed using a multicapil-
lary DNA sequencer RISA384 system (Shimadzu,
Kyoto, Japan).

Cell culture, transfection and uptake experiments:
HEK293 cells were cultured as described previously,'?
pCMVé6-XL4 plasmid vector DNA containing wild type
hOCT1 and its variants were purified using Marligen
High Purity Plasmid Purification Midiprep System
(Marligen Bioscience, Ijamsville, MD). Transfection
procedures and uptake experiments were performed as
described previously.!?

Western blot analysis: Crude plasma membrane
fractions (1 g} of HEK293 cells transiently transfected
with vector alone, hOCT1 and its variants cDNAs were
solubilized in loading buffer (2% SDS, 125 mM Tris-
HCIl, 20% glycerol, 50 mM dithiothreitol), heated at
95°C for 5min, and Western blot analysis was
performed as described previously.'” To confirm the
specificity of the antibody, the antibody was absorbed
with an excess amount of antigen peptide (5 pg/mL)
used as an immunogen.

Indirect immunofluorescence: HEK293 cells were
seeded onto poly-L-lysine coated cover glasses
(Matsunami Glass Ind., Ltd., Osaka, Japan) and then
transfection was performed. Cells were fixed for 1 hr
with acetone at —20°C. After being incubated with PBS
containing 0.2% gelatin twice for 5 min, they were
incubated with the anti-hOCT]1 (1:200) for 1 hr at room
temperature. Thereafter, cells were incubated with the
Cy3 AffiniPure Goat Anti-Rabbit IgG (H + L) (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA)
at 1:100. These samples were examined with a BX-50-
FLA fluorescence microscope (OClympus, Tokyo,
Japan). Images were captured with a DP-50 CCD
camera (Olympus) using Studio Lite software (Olym-
pus).

Statistical analysis: Data were analyzed statistically
using one-way analysis of variance followed by Fisher’s
t test.
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Fig. 1. A, Uptake of [“C]TEA by HEK293 cells transiently trans-
fected with vector alone, wild type hOCT1 and its variants cDNAs.
HEK293 cells (NONE) and cells transfected with vector alone
(pCMV6-XL4), wild type hOCT1 (WILD TYPE} and its variants
(Pro283Leu, Arg287Gly and Pro341Leu) cDNAs were incubated with
5uM of {""CITEA for 1 min at 37°C. Each column represents the
mean + SEM for three monelayers. **, p<0.01, significant differences
from WILD TYPE.
B, C, Dose-dependent uptake of [“C]TEA by HEK?293 cells transient-
ly transfected with wild type ROCT! (B) and its variant Pro341Leu (C)
cDNAS,
Cells transfected with wild type hOCT1 (WILD TYPE) and
Pro341Leu ¢DNAs were incubated for 1 min at 37°C with various
concentrations of {"*CJTEA in the absence (closed circles) or presence
{open circles) of 5 mM unlabeled MPP. Each point represents the
mean + SEM for three monolayers. When the error bars are not
shown, they are smaller than the symbof.

Results and Discussion

In the present study, a complete functional ablation
of two ¢SNPs Pro283Leu and Arg287Gly was shown for
the first time (Fig. 1A). In contrast, another variant
Pro341Leu exhibited a reduced but relatively preserved
transport activity of [“C]TEA. The uptake of TEA by
wild type hOCT1 and Pro341Leu variant was saturated
at high concentrations and was inhibited by the excess
amount of MPP (Figs. 1B, 1C). Three separate experi-
ments were performed to obtain the kinetic parameters
and both Km value and Vmax value for Pro341Leu
revealed to be significantly different from those of wild
type hOCT1 (Km; 1.27+£0.09 mM for wild type and
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Fig. 2. A, B, Western blot analysis of crude membrane fractions
obtained from HEK293 cells transiently transfected with vector alone,
wild type hOCT1 and its variant cDNAs.

Crude membrane fractions (1 ug) obtained from HEK293 cells tran-
siently transfected with vector alone (pCMV6-XL4), wild type hOCT1
(WILD TYPE) and its variants (Pro283Leu, Arg287Gly and
Pro341Leu) cDNAs were separated by SDS-PAGE (10%) and blotted
onto PYDF membranes. The antiserum for hOCT1 (1:2000) was used
as primary antibody without (A) or with (B} the antigen peptide (5 ug/
mL) of hOCT]1. A horseradish peroxydase-conjugated anti-rabbit IgG
antibody was used for detection of bound antibodies, and the strips of
blots were visualized by chemiluminescence on X-ray film. The ar-
rowhead indicates the position of hOCTI.

C-G, Localization of hOCTI1 proteins in HEK293 cells transiently
transfected with vector alone (C), wild type hOCT1 (D), its variants
Pro283Leu (E), Arg287Gly (F) and Pro341Leu (G).

HEK293 cells transfected with vector alone, wild type ROCT]1 and its
variants (Pro283Leu, Arg287Gly and Pro341Leu) cDNAs were fixed
and stained with antiserum for hOCTI]. The magnification for each
photo is x 200,

0.87£0.05 mM for Pro341Leu, p<0.05; Vinax; 4.09+
0.29 nmol/mg protein/1 min for wild type and 1.79+
0.15 nmol/mg protein/1 min for Pro341Leu, p<0.01).
These results were consistent with a study using
[*HIMPP as substrate in an oocyte expressing system.®

To examine whether expression of hQCT] proteins
are altered in HEK293 cells expressing variants, we
performed Western blot analysis. As shown in Fig. 2A,
the immunoreactive protein was similarly detected in the
cells transfected with wild type hOCT1 and its variants

cDNAs, but not vector alone, indicating the conserved
protein expressions. These positive bands disappeared
when the antiserum was preabsorbed with the hOCT]
antigen peptide (Fig. 2B). Moreover, the localization of
Pro283Leu and Arg287Gly variants were maintained at
plasma membranes, in spite of the diminished TEA
uptake (Figs. 2C-2G). In a previous study, a nonfunc-
tional variant of SLC22AI, Gly465Arg, exhibited a
reduced localization at the basolateral surface, suggest-
ing a defect in membrane trafficking.” Accordingly,
mechanism(s) other than decreased levels of protein
expression or alterations in membrane localization, such
as substrate recognition, would likely be responsible for
the reduced transport function. Considering that the
region between Pro283 and Leu289, located in the large
intracellular loop between the predicted 6th and 7th
transmembrane domains, is highly conserved among
members of the organic cation transporter family,” this
region may have a substantial role in the transport
function in hOCT]1.

At present, there is no report about the in vivo
phenotypes of functionally deleterious mutations in the
SLC22A1 gene. Recently, decreased distributions in the
liver of an anticancer drug metaiodobenzylguanidine
and an antidiabetic drug metformin have been reported
in Octl knockout mice.''® Therefore, large clinical
studies on the genotype-phenotype relationship, using
substrates of hOCT1 such as metformin, would provide
a useful information about the contribution of
SLC22A1 gene polymorphisms in the individuals.

In conclusion, we demonstrated the functional
consequences of Pro283Leu and Arg287Gly variants for
the first time. In addition, this is the first report that
represents the functional ablation of SLC22A4 1 variants
in spite of their normal expression at the plasma
membranes. Further study should be needed to clarify
whether these SNPs in SLC2241 may contribute to the
interindividual variability in the disposition of several
endogenous and exogenous cationic compounds.
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Purpose. Because the urinary excretion of drugs is often decreased in
renal discases, dosage regimens are adjusted to avoid adverse drug
reactions. The aim of present study was to clarify the alteration in the
levels of renal drug transporters and their correlation with the urinary
drug excretion in renal diseases patients.

Methods. We quantified the mRNA levels of human organic anion
transporters (hOATs) by real-time polymerase chain reaction and
examined the excretion of the anionic drug, cefazolin, in renal disease
patients. Moreover, transport of cefazolin by hOATI and hQAT3
were examined using HEK293 transfectants.

Results. Among four hOATS, the level of hOAT1 mRNA was sig-
nificantly lower in the kidney of patients with renal diseases than in
the normal controls. The elimination constant of cefazolin showed a
significant correlation with the values of phenolsulfonphthalein test
and mRNA levels of hOAT3. The uptake study using HEK?293 trans-
fectants revealed that cefazolin and phenolsulfonphthalein were
transported by hOAT3,

Conclusions. These results suggest that hOAT3 plays an important
role for anionic drug secretion in patients with renal diseases and that
the expression levels of drug transporters may be related to the al-
teration of renal drug secretion.

KEY WORDS: organic anion transporter; renal diseases, human
kidney; renal tubular secretion; real-time PCR.

INTRODUCTION

Renal impairments often decrease the rate of drug ex-
cretion into urine, and optimal dosage regimens must be de-
signed to avoid adverse effects. For many drugs which are
eliminated by the kidney, dosage regimens are usually ad-
justed according to creatinine clearance with a simple equa-
tion (1). However, it is accepted that the creatinine clearance
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(CL.,) reflects only the glomerular filtration rate of normal
kidney, and there are some discrepancies between the true
glomerular filtration rate and CL,, in patients with renal in-
sufficiency. In addition, numerous ionic drugs are secreted
into urine by the transporters localized in the proximal tu-
bules. Indeed, the dosage schedule based on CL_, was inad-
equate for ampicillin and cephalexin dosing in some patients
with renal insufficiency (2). The adjustment method of the
cephalexin dosage regimen, in which CL_ and phenolsulfon-
phthalein test were simultaneously considered, appeared to
be more useful than the conventional CL_ method (3). Most
of the phenolsulfonphthalein excretion into urine depends on
the tubular secretion mediated by the organic anion transport
systems (4). Although the dosage adjustment method, con-
sidering the ability of renal tubular secretion, may be useful
for patients with renal diseases, little information is available
about the expression profiles of the organic ion transporters
in renal diseases.

Both renal secretion and reabsorption across the tubular
epithelium are mediated by various transporters, which are
expressed in the apical and basolateral membranes of tubular
epithelial cells (5-7). Human organic anion transporter
hOAT1 was isolated from the kidney and was suggested to be
the p-aminohippurate/dicarboxylate exchanger (8,9), We pre-
viously clarified that the expression level of hOAT1 was the
second highest among the organic ion transporters (SLC22A)
and that hOAT1 was located at the basolateral membrane of
the proximal tubules (10). It was suggested that hOAT1 me-
diated the basolateral uptake into the epithelial cells from the
blood circulation. Human (h)OAT2 was also expressed in the
basolateral membrane of renal tubular epithelium (11). Hu-
man OAT3 was isolated from the kidney (12). The expression
levels of hOAT3 mRNA was the highest among organic ion
transporter family in the human kidney, and hOAT3 protein
was detected in the basolateral membrane of the proximal
tubules (10}). Recently, Sweet et al. (13) established the Qat3
knockout mouse. Although the generated Oat3™~ mice were
fertile and exhibited no obvious morphological defects, the
uptake of taurocholate, estrone sulfate, and p-amino-
hippurate in renal slices prepared from Oat3~"* mice were
greatly reduced in comparison with wild-type mice, suggest-
ing OAT3 may play an important role for basolatera! anion
transport of the proximal tubules. Human OAT4 was also
expressed in the kidney, whereas it was localized to the apical
side of the proximal tubules (14). These hOATSs mediate the
transport of various drugs and contribute to the renal drug
excretion (6),

The purpose of this study is to clarify the expression
levels of renal hOATS in the patients with renal diseases and
their correlation with the rate of the anionic drug elimination.
We quantified the mRNA levels of renal organic anion trans-
porters in the normal parts of kidney cortex from surgically
nephrectomized patients and in the renal biopsy specimens
from patients with renal diseases. In addition, elimination of
the anionic drug, cefazolin was assessed to compare with the
expression levels of renal transporters or the 15- or 120-min
value of the phenolsulfonphthalein test (PSP15' or PSP120').
The transport characteristics of phenolsulfonphthalein and
cefazolin by HEK293 transfectants with hOAT1 or hOAT3
were also examined.

0724-8741/04/0100-0061/0 © 2004 Plenum Publishing Corporation
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MATERIALS AND METHODS

Normal Parts of the Kidney Cortex and Renal
Biopsy Samples

Normal parts of human kidney cortex were obtained
from 35 surgically nephrectomized patients with renal cell
carcinoma or transitional cell carcinoma at Kyoto University
Hospital (24 males and 11 females; age, 64.1 + 7.9 year [mean
+ SD]). These patients did not have any diseases that affected
the kidney other than the carcinoma. Human kidney biopsy
samples for the diagnosis were from 42 patients with various
renal diseases at Tokushima University Hospital and Shi-
zuoka Prefectural Hospital (24 males and 18 females; age,
39.2 + 19.3 year [mean + SD]). The characteristics of these
patients are summarized in Table I. The patients had various
renal diseases that were histologically confirmed as lupus ne-
phritis (n = 4), IgA nephropathy (n = 11), focal glomerular
sclerosis (n = 4), membranoproliferative glomerulonephritis
(n = 3), membranous glomerulonephropathy (n = 6), mes-
angial proliferative glomerulonephropathy {n = 8), and other
nephropathies {n = 6). Kidney biopsy specimens were histo-
logically confirmed to contain the cortical proximal tubules
using the adjacent sections. The values of clinical tests, such as
CL,, PSP15’, or PSP120’, were routinely measured in the
hospital. After phenolsulfonphthalein (6 mg) was adminis-
tered intravenously, urine samples were collected at 15 and
120 min. The amounts of phenolsulfonphthalein in urine
samples were represented as % of the initial dose. This study

" was conducted in accordance with the Declaration of Helsinki
and its amendments and was approved by Kyoto University
Graduate School and Faculty of Medicine, Ethics Committee.
All patients gave their written informed consent.

Quantification of Organic Anion Transporter
mRNA Expression

The expression levels of the drug transporters were
quantified as described previously (10). Briefly, total cellular
RNA was isolated from specimens using a MagNA Pure LC
RNA isolation Kit I (Roche Diagnostic GmbH, Mannheim,
Germany) and was reverse-transcribed to yield cDNA. Real-
time polymerase chain reaction (PCR) was performed using
the ABI PRISM 7700 sequence detector system (Applied
. Biosystems, Foster, CA, USA). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA was also quantified as an
internal control with GAPDH Control Reagent (Applied
Biosystems),

Table I. Characteristics of the Patients

Nephrectomized Patients with

patients renal diseases

Age (years) 641279 3921193
Males/females 24/11 24/18
Aspartate aminotransferase (IU/) 258+ 163 194+ 102
Alanine aminotransferase (IU/) 258+192 198 +215
Lactate dehydrogenase (1UA) 190.4 + 76.5 1755+ 448
Serum creatinine (mg/dl) 0.85+022 13+19
Uric acid (mg/d1) 5417 62+17
Blood urea nitrogen {mg/dl) 152+48 18.7 £ 13.9
Creatinine clearance (mUmin) 776 +£258 588 +24.4
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Calculation of the Apparent Elimination Constants and
Renal Secretion of Cefazolin

Alfter the renal biopsy, the patients received 1 g of cefa-
zolin by 1 h intravenous infusion for the prophylaxis of infec-
tions. The blood samples of the patients were collected im-
mediately and at 1 h after the infusion. To 100 ! of collected
plasma, 200 pl of methanol and 50 pl of cefotiam (100 pg/ml),
as an internal standard, were added. After standing for 1 h at
room temperature, the mixtures were centrifuged and the
supernatants were filtered through a Millipore filter (SJIGVL,
0.45 pm, Bedford, MA, USA). The filtrate was analyzed using
high-performance liquid chromatography (HPLC) as de-
scribed below, and the apparent elimination constant (Ke,,)
was calculated using the plasma concentration at immediately
and 1hr after cefazolin infusion. A high-performance liquid
chromatography (LC-10AS, Shimadzu Co., Kyoto, Japan)
equipped with a UV spectrophotometric detector (SPD-
10AV, Shimadzu} was used for the analysis of cefazolin. The
conditions were as follows: column, Zorbax QDS column 4.6
mm inside diameter x 150 mm (Du Pont, Wilmington, DE,
USA}; mobile phase, 30 mM phosphate buffer (pH
7.0):methanol = 80:20; flow rate, 1.0 mlimin; wavelength, 272
nm; injection volume, 50 wl; temperature, 40°C,

Uptake of p-Aminohippurate and Estrone Sulfate by
HEK293 Cells Transfected with hOAT1 or hQAT3
¢DNA, Respectively

Human OATI1 ¢cDNA was isolated from TriplEX™ hu-
man kidney cDNA library (BD Biosciences Clontech, Palo
Alto, CA, USA) and hOAT3 cDNA was from the Human
Kidney Rapid-Screen™ cDNA Panel (OriGene Technolo-
gies, Rockville, MD, USA) according to the instruction
manuals. Isolated ¢cDNAs were sequenced using a fluores-
cence 373A DNA sequencer (Applied Biosystems), and were
subcloned into pBK-CMV plasmid vector (Stratagene, La
Jolla, CA, USA). Cell culture, transfection of ¢cDNA, and
uptake studies were performed as described previously (15)
with some modifications. Briefly, the day before transfection,
HEK?293 cells were seeded on poly-D-lysine-coated 24-well
plates at a density of 2 x 10° cells/well. The cells were trans-
fected with plasmid cDNA using Lipofect AMINE 2000 (In-
vitrogen, Carlsbad, CA, USA). At 48 h after transfection, the
uptake of p-[**Claminohippurate or [*H]estrone sulfate by
the HEK293 cells was examined. The composition of the in-
cubation medium was as follows (in mM): 145 NaCl, 3 KCl, 1
CaCl,, 0.5 MgCl,, 5 D-glucose, and 5 HEPES (pH 7.4). The
cells were preincubated with 0.2 ml of incubation medium for
10 min at 37°C. After the preincubation, medium was re-
placed with 0.2 ml of the incubation medium containing 5 pM
p-["*Claminohippurate or 18.8 nM [*H]estrone sulfate. At the
end of incubation period, the medium was aspirated, and then
cells were washed two times with 1 ml of ice-cold incubation
medium. The cells were lysed in 0.5 ml of 0.5 N NaOH solu-
tion, and the radioactivity in aliquots was determined in 5 ml
of ACSII (Amersham International, Buckinghamshire, UK).
The protein contents of the solubilized cells were determined
by the method of Bradford (16) using the Bio-Rad Protein
Assay kit (Bio-Rad, Hercules, CA, USA) with the bovine
4-globulin as a standard.
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Uptake of Cefazolin and Phenolsulfonphthalein by
HEK293 Cells Transfected with hOATI1 or hOAT3 cDNA

For the uptake study of cefazolin and phenolsulfon-
phthalein, HEK293 cells were seeded on 6-cm poly-D-lysine-
coated dish at a density of 2 x 10° cells/dish and then trans-
fected with 8 pg hOAT1 or hOAT3 cDNA per dish at 24 b
after seeding. At 48 h after transfection, the uptake studies of
cefazolin and phenolsulfonphthalein were performed. The
cells were preincubated with 2 m) of incubation medium for
10 min. After the preincubation, the medium was replaced
with 2 m] of the incubation medium containing 200 pM cefa-
zolin or 500 nM phenolsulfonphthalein. At the end of the 1-h
incubation period, the medium was aspirated, and cells were
washed once with 5 ml of ice-cold incubation medium con-
taining 2% bovine serum albumin, and then four times with
bovine serum albumin free ice-cold incubation medium. For
measurement of the cefazolin accumulation, the cells were
scraped and homogenized with 1 ml water. With 5 ul of the
homogenate, protein contents were determined. To 0.98 ml of
the homogenate, 20 pl of phosphoric acid was added and
mixed for 30 s, then the samples were loaded onto an Oasis
HLB cartridge (Waters Corporation, Milford, MA, USA)
preconditioned with 1 m! each of methanol and water. The
column was then washed with 1 m! of 5% methanol and then
cefazolin was eluted from the column by 1 ml of methanol.
The eluate was evaporated to bare dryness at 45-50°C and
resuspended in 200 pl! of mobile phase buffer, and the solu-
tion was filtered through a 0.45-pm polyvinylidene fluoride
filter. The concentration of cefazolin 'was measured with
HPLC under the following conditions: mobile phase, 30 mM
phosphate buffer (pH 5.2):methanol = 88:12; flow rate, 1.0
ml/min; wavelength, 272 nm; temperature, 40°C. For mea-
surement of the phenolsulfonphthalein accumulation, the
cells were scraped with 1.5 ml of 75% ethanol, incubated for
1 h at room temperature, and centrifuged at 3000g for 10 min,
After centrifugation, 1 m! of the supernatant was alkalized
with 100 pl of 1 N NaOH and the concentration of phenol-
sulfonphthalein was determined spectrophotometrically at
546 nm. The pellet was solubilized with 1 ml of 1 N NaOH and
protein contents were determined.

Statistical Analysis

Data were analyzed statistically using nonpaired ¢ test or
the one-way analysis of variance followed by Scheffe’s test.

Materials

p-[Glycyl-**Claminohippurate (1.9 GBg/mmol) was pur-
chased from Du Pont-New England Nuclear Research Prod-
uct (Boston, MA, USA). [6,7-*H(N}]Estrone sulfate ammo-
nium salt (1.9 TBg/mmol) was obtained from Perkin Elmer
Life Sciences (Boston, MA, USA). Cefazolin (Fujisawa Phar-
maceutical Co., Osaka, Japan) was from the source. All other
chemicals used were of the highest purity available.

RESULTS

Quantification of hQAT1, hOATZ, hOATS3, and hOAT4
mRNA Levels in the Normal Human Kidney Cortex and
Renal Biopsy Sarr{ples

To investigate the expression levels of renal organic an-
ion transporters, we performed quantitative real-time PCR.
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Fig. 1 shows the mRNA levels of organic anion transporters
in normal parts of the renal cortex or the renal biopsy speci-
mens from patients with kidney diseases. Only the level of
hOAT1 mRNA in the renal biopsy specimens was signifi-
cantly lower than that in the normal control (p < 0.05). The
level of hOAT3 mRNA was slightly decreased, although the
levels of hOAT2 and hOAT4 mRNA were increased in bi-
opsy sections compared with each mRNA level in the normal
kidney (differences not significant).

Correlation Between the Elimination Rate of Cefazolin and
PSP15, ?SPIZO', CL_,, or Expression Levels of Organic
Anion Transporters

Fig. 2 shows the linear regression of Ke,, against PSP15
(A}, PSP120' (B), or CL_, (C) and the relation between CL_,
and PSP15’ (D) or PSP120’ (E). Although we detected a poor
correlation between Ke,, and CL_, (1 = 0.40, p < 0.05), there
was a good linear correlation between Ke,,, and PSP15' (r =
0.75, p < 0.01) or PSP120’ (1 = 0.67, p < 0.01). However, there
was a poor correlation between CL_, and PSP15’ (r = 0.48,
p < 0.05) or PSP120’' (r = 0.56, p < 0.01).

Fig. 3 shows the correlation between the Ke ., and
mRNA levels of organic anion transporters. The levels of
hOAT3 mRNA was significantly correlated with the Ke_,,
(r = 0.44, p < 0.05), although there was no correlation be-
tween hOATI, hOAT2, or hOAT4 mRNA levels and Ke_,.

Characterization of Organic Anion Uptake in HEK293
Cells Transfected with hOAT1 or hOAT3 cDNA

Good linear correlation between Ke,., and PSP15' or
PSP120’ suggested that both cefazolin and phenolsulfon-
phthalein were excreted via the same organic anion transport-
ers in the renal tubules, Therefore, we investigated the effects
of cefazolin or phenolsulfonphthalein on the hOATI1 and
hOAT3 transport activities. The transport function of hOAT1
and hOATS3 was assessed by the uptake of p-['*Claminohip-
purate and [*H]estrone sulfate in HEK293 cells, respectively.
Fig. 4 shows the time course of p-aminchippurate or estrone
sulfate uptake by hOAT1- or hOAT3-expressing HEK293
cells. The accumulations of p-aminohippurate and estrone
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Fig. 1. Expression levels of hOAT1, hOAT2, hOAT3, and hOAT4
mRNA in the human kidney. Total cellular RNA was extracted from
normal human kidney cortex {(O) and renal biopsy specimens of
patients with renal diseases (¢). The mRNA levels of these trans-
porters were determined by real-time PCR. *p < 0.05, significant
difference.
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Fig. 2. The linear regression of the elimination constant of cefazolin
against the 15- (A) or 120-min (B) values of the phenolsulfonphtha-
lein test or creatinine clearance {C), and the relationship between
creatinine clearance and 15- (D) or 120-min (E) values of the phe-
nolsulfonphthalein test. The plasma concentration of cefazolin was
measured by HPLC, and elimination constant of cefazolin (Ke,.,) was
calculated.

sulfate were increased in a time-dependent manner, although
the accumulations of these substrates in HEK293 cells, trans-
fected with the blank vector alone, exhibited a negligible in-
crease. :

As shown in Fig. 5, a concentration-dependence of
p-["*Claminohippurate and [*H]estrone sulfate uptake was
observed in hOATI- and hOAT3-transfected cells. Using a
nonlinear least squares regression analysis, kinetic param-
eters were calculated according to the Michaelis-Menten
equation from three separate experiments. Apparent Michae-
lis-Menten constants (K} for p-['*Claminohippurate trans-
port via hOAT1 and for [*Hlestrone sulfate transport via
hOAT3 were 47.8 + 19.5 and 6.6 + 3.0 pM (mean = SE),
respectively, which were consistent with previous report (17).
Maximal uptake rate (V,,,) values for hOAT1 and hOAT3
were 305.7 + 95.4 and 44.2 » 8.1 pmol/mg protein/min {mean
+ SE), respectively.

Fig. 6 shows that the effects of cefazolin or phenolsul-
fonphthalein on the hOAT1 or hOAT3 transport activity.
Both cefazolin and phenolsulfonphthalein inhibited the or-
ganic anion uptake by hOATI1- and hOAT3-transfected cells,
respectively, in a dose-dependent manner. The 1C,, values
were estimated by nonlinear regression analysis of the com-
petition curves with one compartment model with the follow-
ing equation: V = 100 x IC;, / (ICsq + [{]) + A, where Vis the
uptake amount (% of control), [{] is the concentration of
cefazolin or phenolsulfonphthalein, and A is the nonspecific

Sakurai et al.
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Fig. 3. The linear regression of Ke_,, against hOAT1 (A), hOAT2
(B), hOAT3 (C}), and hOAT4 (D) mRNA levels. The plasma con-
centration of cefazolin was measured by HPLC, and Ke_., was cal-
culated. Total cellular RNA was extracted from the kidney biopsy
specimens. The mRNA levels of hOATI1, hOAT2, hOAT3, and
hOAT4 were quantified by real-time PCR.

organic anion uptake (% of control). The IC,, values for
cefazolin and phenolsulfonphthalein on hQAT1-mediated p-
aminohippurate uptake were 100.6 253 1M and 8.1 + 1.3
pM, respectively, and the 1Cy, values for cefazolin and phe-
nolsulfonphthalein on hOAT3-mediated estrone sulfate up-
take were 116.6 + 13.0 pM and 66.0 £ 16.5 pM, respectively.

Uptake of Cefazolin and Phenolsulfonphthalein by hOATI1-
and hOAT3-Expressing HEK293 Cells

To investigate whether cefazolin and phenolsulfonphtha-
lein are the substrates for hOAT1 and hOATS3, we measured
the accumulation of cefazolin and phenolsulfonphthalein in
hOATI- and hOAT3-expressing HEK293 cells. The cefazolin
accumulation in hOAT3-expressing HEK293 cells was signifi-
cantly higher than that in control cells and the uptake of
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Fig.4. Time course of p-['*Claminohippurate and [*H]estrone sulfate
accumnulation in HEK293 cells. (A) p-]"*Claminohippurate accumu-
lation in HEK293 cells transfected with pBK-CMV vector () or
hOATI1 (@) cDNA. The cells were incubated with 5 pM p-[''C]
aminohippurate at 37°C for specified periods. (B) [*H] estrene sulfate
accumufation in HEK293 cells transfected with pBK-CMV vector
() or hOAT3 (®) cDNA. The cells were incubated with 18.8 nM
[*H]estrone sulfate at 37°C for specified periods. Each point repre-
sents the mean + SE of three monolayers
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Fig. 5. Concentration dependence of p-["*Claminohippurate (A) and
[*H]estrone sulfate {B) accumulation in HEK293 cells transfected
with hOAT1 or hOAT3 cDNA, respectively. The cells transfected
with hOAT1 or hOAT3 cDNA were incubated with various concen-
trations of p-['*Claminchippurate (A) ot [*Hlestrone sulfate (B) in
the absence ({O) or presence (@) of unlabeled 5 mM p-
aminchippurate (A) or 1 mM estrone sulfate (B) at 37°C for 1 min.
After incubation, radioactivity of solubilized cells was measured.
Each point represents the mean * SE of nine monolayers from three
separate experiments.

cefazolin by hOAT3 was inhibited by phenolsulfonphthalein
similar to the level of controls (Fig. 7A). In contrast, hOATI-
mediated cefazolin transport was not detected. We confirmed
hOATI1-mediated p-aminchippurate uptake and hOAT3-
mediated estrone sulfate uptake in the same transfected cells
(Figs. 7B and C). As shown in Fig. 8, furthermore, the phe-
nolsulfonphthalein accumulations in both hOATI1- and
hOAT3-expressing HEK293 cells were significantly higher
than those in control cells, and cefazolin inhibited the phe-
nolsulfonphthalein uptake by both cells to the control level.

DISCUSSION

Renal secretion of various drugs is mediated by the drug
transporters expressed in the tubular epithelial cells, and the
alteration of these transporter levels may affect the drug
elimination by the kidney. In the present study, the expres-
sion levels of organic anion transporters in kidney diseases
were quantified to compare with those in normal controls,
and then correlations between the mRNA levels of these
transporters and anionic drug excretion were analyzed.

The mRNA level of hOAT1 in biopsy samples of pa-
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Fig. 6. Effects of cefazolin (A) or phenolsulfonphthalein (B) on
p-["*Claminchippurate and [*H]estrene sulfate accumulation in
HEK293 cells transfected with hOAT1 or hOAT3 ¢cDNA, respec-
tively. Monolayers of hOAT1 ({)- or hOAT3 (®)-expressing
HEK293 cells were incubated for 1 min at 37°C with 5 pM
p-1"*Claminchippurate (O) or 18.8 nM [*H]estrone sulfate (@) in the
presence of various concentrations of cefazolin or phenelsulfen-
phthalein. After incubation, the radioactivity of solubilized cells was
measured. Each point represents the mean + SE of nine monolayers
from three separate experiments.
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Fig. 7. Uptake of cefazolin in hOATI] or hOAT3 transfected
HEK293 cells. {A) Monolayers of hOATI- or hOAT3-expressing
HEK?293 cells were incubated for 1 h at 37°C with 200 pM cefazolin
in the absence (open columns) or presence (hatched columns) of 3
mM phenolsulfonphthalein. After incubation, the accumulation of
cefazolin in the cells was measured by HPLC. (B) p-[**CJaminohip-
purate accumulation in HEK293 cells transfected with pBK-CMV
vector (open column)} or hOAT1 (hatched column) ¢DNA. (C)
[*H]estrone sulfate accumulation in HEK293 cells transfected with
pBK-CMV vector (open column} or hOAT3 (hatched column)
¢DNA. The cells were incubated with 5 pM p-{"*Claminohippurate
or 18.8 nM [*H]estrone sulfate at 37°C for 1 min. Each column rep-
resents the mean = SE of three monolayers. *p < 0.01, fp < 0.01,
significant differences.

tients with renal diseases was lower than that in the normal
kidney cortex (Fig. 1). Although the level of hROAT3 mRNA
also tended to decrease, the levels of hOAT2 and hOAT4
mRNA were apt to increase. Recently, we reported the alter-
ation of the renal transporter expression in 5/6 nephrecto-
mized rats, which have been widely used to study the pro-
gression of renal damage resulting from reduction of nephron
mass (18-20). Rat organic cation transporter QCT2 protein
was markedly decreased and H*/peptide cotransporter
PEPTZ protein was significantly increased in the kidney of
these rats. Moreover, cother transporters were not changed
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Fig. 8. Uptake of phenolsulfonphthalein in hOAT1 or hOAT3 trans-
fected HEK293 cells. Monolayers of hOATI- or hOAT3-expressing
HEK293 cells were incubated for 1 h at 37°C with 500 pM phenol-
sulfonphthalein in the absence (open columns) or presence (hatched
columns) of 10 mM cefazolin. After incubation, the accumulation of
phenolsulfonphthalein in the cells was measured spectrophotometri-
cally. Each column represents the mean + SE of three monolayers.
*p < 0.01, 1p < 0.01, significant differences.
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significantly. It was suggested that each transporter under-
went a different effect in the impaired kidney. .

In our previous study, we demonstrated that hOATI and
hOAT3 could be major transporters in the human kidney
cortex and localized at the basolateral membrane of the
proximal tubular cells (10). Because hOAT1 and hOAT3 may
play important roles in renal anion secretion, it was assumed
that the changes in these expression levels affected renal drug
secretion. In this study, cefazolin was selected to evaluate
renal drug secretion, because it was reported that tubular
secretion amounted to 50-80% of total excreted cefazolin in
the patients with a glomerular filtration rate above 25 ml/min
(21). In addition, the cefazolin elimination rate was signifi-
cantly decreased by co-administration of probenecid to about
60% (22), suggesting that cefazolin was secreted by anion
transport systems. Indeed, the Ke ., varied among the pa-
tients. While no correlation could be found between the
elimination rate of cefazolin (Ke_,,) and hOAT1, hOAT2 or
hOAT4 expression levels, there is a significant correlation
between Ke,,, and hOAT3 mRNA levels (Fig. 3). Although
renal drug excretion is affected by many factors, such as glo-
merular filtration rate, renal blood flow rate, protein binding
and transport abilities of tubular epithelial cells, the expres-
sion levels of transporters may be concerned mainly with
transport capacities of epithelial cells. In addition, the pa-
tients in this study had various renal diseases and stages. Fur-
ther investigation is needed to clarify more precise correlation
between expression levels of transporters and renal drug se-
cretion. So far, present results suggested that the renal excre-
tion of the cefazolin was partly affected by hOAT3 expression
levels.

The elimination rate of cefazolin was correlated with the
urinary excretion of phenolsulfonphthalein (Fig. 2), suggest-
ing that these compounds were excreted through common
transporters. However, it was not certain which transporter
mediated the secretion of these drugs in the human kidney.
Phenolsulfonphthalein is mainly secreted from the kidney,
and is often used for the diagnosis of renal function. It was
reported that the accumulation of phenolsulfonphthalein into
the renal tubules was inhibited by anionic compounds such as
probenecid or 2,4-dinitropheno! (23). Therefore, tubular se-
cretion of phenolsulfonphthalein should be mediated by the
anion transport system (4). Hosoyamada et al. reported that
phenolsulfonphthalein inhibited p-aminohippurate transport
by hOAT! (8). In this study, we confirmed that phenolsul-
fonphthalein inhibits the hOAT1-mediated p-aminchippurate
transport in a dose-dependent manner. Morecover, it was
shown that the phenolsulfonphthalein was transported by
hOATI1 and hOATS3 (Fig. 8). Therefore, it is suggested that
renal secretion of phenolsulfonphthalein is mediated by these
transporters in the normal kidney.

It was reported that cefazolin inhibited the hOAT1- and
hOAT3-mediated transport (24-26), and was transported by
rOAT1 (27). In the present study, cefazolin inhibited the
hOATI- and hOAT3-mediated uptake, supporting previous
finding. However, only hOAT3-mediated cefazolin transport
could be detected in the present study (Fig. 7). Since this
experiment was performed with higher concentration of ce-
fazolin than ICs, value for cefazolin on hOAT!-mediated p-
aminohippurate uptake, it could not be denied that cefazolin
transport by hOAT!? should be detected at lower concentra-
tion. However, it is suggested that cefazolin is more effec-
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tively transported by hOAT3 than by hOAT1 and that
hOATS3, rather than hOAT, is the common transport path-
way of tubular secretion of phenolsulfonphthalein and cefa-
zolin.

The serum concentration of cefazolin at immediately af-
ter the infusion was 101.5 to 431.0 pM (data not shown).
Because about 80% of cefazolin bound to the protein (21),
the concentration of free serum cefazolin is comparable to
ICs, value for cefazolin on hOAT3 transport. It is possible
that cefazolin is efficiently transported by hOATS3 from blood
circulation to tubular epithelial cells,

Patients with chronic renal insufficiency or nephritic syn-
drome frequently manifest diuretic resistance. It was sug-
gested that the carrier-mediated tubular secretion of diuretics
is important for its efficacy (28,29). In a previous study, we
suggested that rOAT1 contributes, at least in part, to renal
tubular secretion of acetazolamide, thiazides, and loop diuret-
ics (30). In the present study, the hOAT1 mRNA level in the
renal diseases was lower than that of normal parts of the
kidney. It is possible that diuretic resistance may be partly due
to the reduction of tubular secretion by the decreased hOAT]
expression.

This is the first report showing the expression profile of
renal drug transporters in patients with kidney diseases and
provided novel information as follows. Firstly, the hOATI
mRNA levels in the kidney of patients with renal diseases
were lower than in the normal kidney cortex. Secondly, renal
excretion of the anionic drug cefazolin was significantly cor-
related with hOAT3 mRNA, Jevels in patients with renal dis-
eases. Thirdly, both phenolsulfonphthalein and cefazolin
were transported by hOAT3. These results suggested that
hQAT3 should play an important role on the secretion of
these anionic drugs in patients with renal diseases. Although
further investigation is needed to apply the expression levels
of drug transporters to dosage adjustment, it is possible that
the expression profiles of drug transporters may be useful
information for understanding the alteration of renal drug
secretion.
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Genetic variant ArgS7His in human H™/peptide cotransporter 2
causes a complete loss of transport function
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Abstract

We evaluated the functional consequences of genetic variations in human H*t/peptide cotransporter 2 (hPEPT2, SLCI5A42)
resulting in the amino acid changes Arg37His (R57H) and Pro409Ser (P409S). The transport activity of variant R57H was com-
pletely abolished, whereas that of variant P409S was comparable with that of wild-type hPEPT2 at pH 5.0-8.0. R57H variant
protein was detected in the crude membranes of transiently expressed HEK293 cells by Western blot analysis. The expression of the
R57H variant at the plasma membrane was confirmed by indirect immunofluorescence in Xeropus oocytes, suggesting that the loss
of transport function of hPEPT2 R57H was not due to a change in membrane protein expression. This is the first demonstration of a
functional impairment of the SLC15A family induced by a single nucleotide polymorphism.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Peptide transporter; PEPT2; Single nucleotide polymorphism; HEK293; Xenopus oocytes

Drug transporters as well as drug-metabolizing en-
zymes play pivotal roles in determining the pharmaco-
kinetic profiles of drugs and also their pharmacological
effects. Recent technological advances such as massive
molecular sequencing have allowed the identification of
single nucleotide polymorphisms (SNPs) of drug trans-
porters. Evans et al. [1,2] suggested that SNPs of drug
transporter genes are responsible for the variation in
drug responses among individuals. SNPs in coding re-
gions (cSNPs) of drug transporters are of particular
interest, because ¢SNPs induce amino acid mutations
that may alter the function or membrane expression of
drug transporters. The functional characterization of
drug transporter cSNPs has been reported for human
organic cation transporter 1 (hQCT1, SLC2241) [3-5],
hOCT2 (SLC2242) [6], and human organic anion
transporters (OATP-C (SLC21A46) and OATP-B
(SLC2149) [T].

Human H*/peptide cotransporter 2 (hPEPT2,
SLCI5A2), expressed in a variety of tissues including the
kidney, lung, and brain, mediates the uphill transport of
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di- and tripeptides. In addition to small peptides,
hPEPT2 can transport a wide variety of peptide-like
drugs such as B-lactam antibiotics and some angiotensin
converting enzyme inhibitors, because these drugs are
structurally similar to small peptides [8,9]. Thus,
hPEPT2 works not only as a nutritional transporter but
also a drug transporter. In the public SNP database
NCBI dbSNP (http://www.ncbinlm.nih.gov/SNP/), five
c¢SNPs with nonsynonymous changes in APEPT? are
reported, but functional activities of variants induced by
these cSNPs have not been characterized. In the present
study, we selected two ¢SNPs in APEPT?2, resulting in
the amino acid changes Arg57His (R57H) and Pro409-
Ser (P409S), and characterized their functional activi-
ties. We demonstrated for the first time the functional
impairment of hPEPT2 R57H in spite of a conserved
protein expression at the cell plasma membrane.

Materials and methods

Materials. [“C]Glycylsarcosine (Gly-Sar) (4.07 GBg/mmol) was
obtained from Moravek Biochemicals {Brea, CA).

¢DNA cloning of hPEPT2. A human kidney cDNA library, which
was kindly provided by Dr. T. Abe (Tohcku University Graduate
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School of Medicine), was screened by hybridization with hPEPT2
fragments labeled with [e-2PJdACTP (3000C¥mmol; Amersham-
Pharmcia Biotech, Uppsala, Sweden) as described previously [10].
pBluescript phagemid was excised from the Uni-Zap XR vector using
a helper phage and the isolated clone possessed about a 4.5kb insert.
The full-length nucleotide sequences were analyzed using a multi-
capillary DNA sequencer RISA384 system (Shimadzu, Kyoto,
Japan}.

Construction of variants. The QuikChange site-directed muta-
genesis kit (Stratagene, La Jolla, CA) was used to construct mutant
¢DNAs following the manufacturer’s protocols using wild-type
hPEPT2 ¢DNA inserted in the pBluescript vector as a template.
The R57TH (NCEI SNP ID: rs1316300) and P409S (NCRI SNP ID:
rs1920305) in hPEPT2 were altered by G to A and by Cto T
mutations at nucleotide positions 207 and 1262, respectively (hu-
man PEPT2 reference sequence: NM_021082). The nucleotide se-
quences of mutants were confirmed using a multicapillary DNA
sequencer RISA384 system (Shimadzu). These clones were then
subcloned into the expression vector pcDNA3.1 (+) (Invitrogen,
Carlsbad, CA).

Cell culture and transfection. HEK923 cells (American Type Cul-
ture Collection CRL-1573) were cultured as described previously
[11,12]. pcDNA 3.1 (+) containing cDNA encoding wild-type hPEPT?2
or its variants was transfected into HEK293 cells using Lipofect-
AMINE 2000 Reagent (Invitrogen) according to the manufacturer’s
instructions, At 48h after transfection, the cells were used for the
uptake experiment and Western blot analysis.

Uptake experiment in HEK293 cells. Cellular uptake of [*C]Gly-
Sar was measured with monolayers grown on poly-p-lysine-coated 24-
well plates. The incubation medium centained (millimolar) NaCl, 145;
KCl, 3; CaCl, I; MgCh, 0.5; p-glucose, 5, and 2-(N-morpho-
lino)ethanesulfonic acid (MES), 5 (pH 6.0) or N-2-hydroxyethylpip-
erazine-N'-2-ethanesulfonic acid (Hepes), 5 (pH 7.4). The cells were
preincubated with 0.2mL incubation medium (pH 7.4) for 10 min at
37°C. The medium was then removed and 0.2mL of incubation me-
dium (pH 6.0) containing [*C]Gly-Sar was added. After 15min incu-
bation, the medium was aspirated, and the monolayers were rapidly
washed twice with 1 mL of ice-cold incubation medium. The cells were
solubilized in 0.5mL of ¢.5N NaOH and then the radiocactivity in
aliquots was determined by liquid scintillation counting. The protein
content of solubilized cells was determined by the method of Bradford
[13] using a Bio-Rad Protein Assay Kit (Bio-Rad, Richmond, CA)
with bovine y-globulin as the standard.

Polyclonal antibody against hPEPT2. Polyclonal antibody was
raised against a synthetic peptide corresponding to the intracellufar
domain near the COOH-terminal of hPEPT2 (KTEDMRGPADKH).
The procedure for the preparation of polyclonal antibody was
described previousty [10].

Western blot analysis. The preparations of crude plasma mem-
branes and procedures for Western blot analysis were also previously
described [10,14]. To confirm the specificity of the antibody, the
antibody was absorbed with an excess amount of antigen peptide
(2pg/ml) vsed as an immunogen, and Western blot analysis was
carried out.

Functional expression in Xenopus oocytes. ¢RNA synthesis and
uptake measurements were performed as described previously [14].
Indirect immunofluorescence microscopy for cocytes was performed as
described [14]. Briefly, three days after injection, cocytes were fixed
with 4% paraformaldehyde for 1 h, immersed in 30% sucrose for 18 h,
embedded in O.C.T. compound (Sakura Finetechnical, Tokyo), and
rapidly frozen at —20°C. Sections (5 pm thick) were cut, blocked (10%
goat serum), and incubated with the anti-hPEPT2 serum (1:500) for
I h. Thereafter, sections were incubated with the Cy3 AffiniPure goat
anti-rabbit IgG (H+ L) at 1:100. These samples were examined with a
BX-50-FLA fluorescence microscope (Olympus, Tokyo, Japan). Im-
ages were captured with a DP-50 CCD camera (Olympus) using Studio
Lite software (Olympus).

Results

In the public SNP database NCBI dbSNP, five cSNPs
are reported in the SLCI5A42 gene with nonsynonymous
substitutions (RS7H, L350F, P409S, RS09K, and
M704L). Recently, Leabman et al. [15] have reported
that the evolutionary conservation of orthologous se-
quences was the best predictor of transporter function.
As the sequences of human, rat, rabbit, and mouse
PEPT2 were aligned, R57 and P409 were found to be
conserved across the species, suggesting that alterations
of these amino acids induced the functional change in
hPEPT2. For other amino acid substitutions of
hPEPT?2, identical or similar amino acids were observed
in other species. Thus, we focused on the hPEPT2
R57H and P409S variants and performed a functional
characterization of them. The amino acids at positions
57 and 409 of hPEPT2 are shown in Fig. 1, which is
based on the putative secondary structure model of Liu
et al. [16)].

First, we isolated hPEPT2 ¢DNA from the human
kidney cDNA library. The isolated hPEPT2 cDNA was
about 4.5kb long, and the nucleotide sequence for the
open reading frame was identical to that previously re-
ported {16]. When the concentration dependence of
['*C]Gly-Sar uptake was examined, the K, value of Gly-
Sar was calculated at 170puM (Fig. 2), which corre-
sponds to reported values (74 pM) [17).

We then examinéd the transport activity of hPEPT2
R57H and P409S at pH 6.0. [“C)Gly-Sar uptake by
hPEPT2 P409S was not different from that by the wild
type, whereas a complete loss of transport function of
the hPEPT2 R57H variant was demonstrated (Fig. 3A).
The same results were obtained in the Xenopus oocyte
expression system (Fig. 3B).

To examine whether expression of hPEPT2 R57H is
altered in HEK293 cells, Western blot analysis was
performed. As shown in Fig. 4A, an immunoreactive
protein with a molecular weight of about 90kDa was
detected in the cells transfected with wild-type hPEPT2
and its variants, but not vector alone. The expression

R57 P409S

H,N COOH

Fig. 1. hPEPT2 protein topology and the positions of the analyzed
¢SNP resulting in R57H and P409S.
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Fig. 2. Concentration dependence of [*C]Gly-Sar uptake by HEK 293
cells transiently expressing wild-type hPEPT2. HEK293 cells trans-
fected with wild-type hPEPT2 were incubated with varicus concen-
trations of [*C]Gly-Sar (pH 6.0) for Smin at 37°C. Each point
represents the mean & SE for three monolayers.
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Fig. 3. [*C])Gly-Sar uptake by HEK293 cells (A) and by oocytes (B)
transiently expressing wild-type hPEPT2 and its variants R57H and
P409S. (A) HEK?293 cells transfected with vector alone (pcDNA3.1L),
wild-type hPEPT2 (wild type) and its variant (RS7H and P409%5)
¢DNA, were incubated with 20 uM [“C]Gly-Sar {(pH 6.0} for 15 min at
37°C, Each column represents the mean + SE for three monolayers.
(B) Oocytes injected with H.0, wild-type hPEPT2 and its variant
(R57H and P409S) cRNA were incubated with 20 uM [*C]Gly-Sar for
1'h at 25°C. Each column represents the mean =+ SE for 8 oocytes.

levels are comparable among the wild type and two
variants. These positive bands disappeared when the
antiserum was preabsorbed with the hPEPT2 antigen
peptide (Fig. 4B). Furthermore, as shown in Fig. 5, the
hPEPT2 R57H variant protein was expressed at plasma
membranes as well as the wild type and P409S variant in
the Xenopus oocyte expression system. These findings
suggested that the loss of transport function of the
hPEPT2 R57H variant was not due to a change in
membrane protein expression.

The loss of transport function of hPEPT2 R57H may
be caused by the diflerences in the charge of the side
chain of arginine and histidine. The ratio of the non-
protonated (neutral) to protonated (positive) side chain
of arginine (side chain pK, =12.5) is 1:3,160,000 at pH
6.0, whereas that of histidine (side chain pK, =6.0) is
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Fig. 4. Western blot analysis of crude membranes obtained from
HEK?293 cells transiently expressing with wild-type hPEPT?2 and its
variants R37H and P4098. Crude membranes (20 pg} obtained from
HEK293 cells transiently transfected with vector alone (pcDNA3.1),
wild-type hPEPT2 (wild type) and its variant (RS7TH and P409S)
cDNAs were separated by SDS-PAGE (8.5%) and blotted onto PVDF
membranes. The antiserum for hPEPT2 (1:500) was used as primary
antibody without (A) or with (B) the antigen peptide (2pg/ml) of
hPEPT2. A horseradish peroxidase-conjugated anti-rabbit IgG anti-
body was used for detection of bound antibodies, and the strips
of blots were visualized by chemiluminescence on X-ray film. The
arrowhead indicates the position of hPEPT2.

1:1. Thus, we next measured the ['*C]Gly-Sar uptake at
various pHs by the hPEPT2 wild type and two variants.
As shown in Fig. 6, at all pH values tested, [**C]Gly-Sar
uptake by the wild type and P409S variant was com-
parable, whereas the transport activity of hPEPT2
R57H was completely lost.

Discussion

To date, there has been no report concerning the
functional characterization of ¢SNPs of SLCI5A genes.
Here, we have demonstrated for the first time that an
amino acid substitution (R57H) of hPEPT2 due to a
cSNP caused a complete loss of transport function,
According to recent studies in Pept2 knockout mice,
Pept2~/~ mice were healthy and fertile, but dipeptide
transport in the choroid plexus and kidney was reduced
[18,19]. In addition to small peptides, Ocheltree et al.
[20] have recently demonstrated that the uptake of cef-
adroxil, an oral B-lactam antibiotic, in the choroid
plexus was reduced by 83% in Pep:2~/~ mice as com-
pared to Pept2*/* mice, and suggested that PEPT?2 is the
primary transporter responsible for the choroid plexus
uptake of peptide-like drugs at the blood—cerebrospinal
fluid-barrier. If the findings in knockout mice can be
extrapolated to humans, the homozygotes for this allele
are healthy, but the handling of smali peptides and
peptide-like drugs in the choroid plexus and kidney may
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WILD TYPE

R57H

P409S

Fig. 5. Expression of wild-type hPEPT2 and its variant R57H and P409S in Xenopus oocytes. Xeropus cocytes injected with H,O, wild-type hPEPT2
(wild type) and its variants (R57H and P4098) cR NAs were fixed and stained with antiserum for hPEPT2. Cy3-labeled anti-rabbit IgG was used for

detection of bound antibodies.
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Fig. 6. pH-dependence of [*C]Gly-Sar uptake by HEK293 cells tran-
siently expressing wild-type hPEPT2 and its variants R57H and P409S.
HEK293 cells transfected with vector alone (), wild-type hPEPT2
(@), RS7H (), and P4095 () ¢DNAs were incubated with 20 uM
[“C]Gly-Sar at various pHs for 15min at 37°C. Each column repre-
sents the mean 4+ SE for three monolayers.

be affected. Further clinical studies are needed to see
whether this SNP affects the pharmacokinetic profiles of
peptide-like drugs and might be responsible for inter-
individual differences during drug therapy.

The present findings alse provided significant infor-
mation on the biology of H*/peptide cotransporters.
Interestingly, the critical amino acid residue Arg57 we
identified is conserved in PEPT!] and PEPT2 across
human, rat, rabbit, and mouse. Furthermore, recent
functional analyses of chimeric PEPTI/PEPT2 proteins
demonstrated that the N-terminal regions up to the
second transmembrane domain {TMD) may form an
important part of the peptide transporters [21]). As
Arg57 is included in this region (Fig. 1), our data sup-
port the functional importance of this domain. What is
the role of Arg residue at position 57 in hPEPT2? There
have been several reports on the functional roles of the
Arg residue in different transporters [22-24). For ex-
ample, in the lactose/H' symporter, Arg302 of this
transporter facilitated the deprotonation of the car-
boxylic acid of Glu325 during the H* translocation
process [23]. In the present study, we found that
the R57H variant did not show transport activity at pH

5.0-8.0. Tt is noted that, at pH 5.0, the ratio of non-
protonated to protonated side chain of histidine is 1:10,
suggesting that the positive charge of the amino acid
at position 57 did not compensate for the transport
activity. Further studies are needed to determine the
functional roles of Arg57 of hPEPT2.

Using site-directed mutagenesis, conserved His resi-
dues in the second and fourth TMDs of PEPTI and
PEPT2 were shown to be essential for the transport
activity and/or substrate binding [14,25-27]. One His
residue was suggested to be the binding site for the
a-amino group of substrates [28] and the other a
H~*-binding site [14,25-27]. Thus, there is the possibility
that the loss of transport function in the R57H variant
may be caused by interference of the His residue at
position 57 by His residues located in the second and
fourth TMDs of hPEPT2.

In conclusion, we demonstrated that the hPEPT2
R57H variant induced by cSNP G207A showed no
transport activity in spite of a normal expression at the
plasma membranes. These findings suggest that both
peptide homeostasis and pharmacokinetic profiles of
peptide-like drugs may be altered in homozygotes for
this variant.
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Abstract In this study, we have quantified the mRNA
expression levels of multidrug resistance gene 1 (MDR1)
in the normal kidney cortex and renal cell carcinoma
(RCC) segments from 24 Japanese nephrectomized
patients by real-time polymerase chain reaction (PCR).
The mRNA expression level of MDRI in RCC segments
was significantly decreased in comparison with each
normal segment (£=0.0042, by Student’s paired z-test).
In addition, the ten common single nucleotide poly-
morphisms (SNPs} of the MDR/! gene in the patients
were assessed using the PCR-restriction enzyme frag-
ment length polymorphism method to investigate the
influence of these SNPs on its mRNA expression levels.
The allele frequencies of these SNPs were comparable
with our previous report in the Japanese recipients of
living-donor liver transplantation (Goto et al., Phar-
macogenetics 12:451-457, 2002). MDRI1 expression
levels in the normal kidney cortex were independent on
the five SNPs, which were polymorphic in the Japanese
population. Furthermore, the effect of the SNPs on
expression levels of MDR1 mRNA in RCC segments
was not recognized. These findings suggest that the
common SNPs in the MDR! gene have no influence on
the expression of its transcript in RCC segments as well
as in the normal kidney cortex.
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Introduction

An ATP-driven efflux pump P-glycoprotein (Pgp), the
multidrug resistance 1 (MDR/] or ABCBI) gene product,
is expressed in the plasma membrane of several tumor
and normal cells and mediates extrusion of endogenous
compounds, xenobiotics and drugs including anticancer
drugs, cardiac glycosides, immunosuppressants, and
anthracycline antibiotics (Ambudkar et al. 1999). Be-
sides Pgp one of component molecules for the multidrug
resistance of tumor cells, the transporter is now accepted
as playing an important role for intestinal absorption,
tissue distribution, and biliary or urinary excretion of
drugs in normal tissues (Ambudkar et al. 1999).

Single nucleotide polymorphisms (SNPs) exist in the
MDRI gene, and the relationship between SNPs and the
expression/function of MDRI1 has been reported by
several laboratories. First, Hoffmeyer et al. (2000) rep-
resented that the C3435T SNP in the MDRI gene
influenced the expression level of Pgp in the duodenum
and that the absorption rate of orally administered di-
goxin was dependent on the SNP in healthy Caucasians.
However, following examinations comparing SNPs in
the MDRI gene with drug absorption and/or the intes-
tinal expression level of Pgp, MDRI have not been
reproducible (Kim et al. 2001; Kurata et al. 2002; Goto
et al. 2002; Gerloff et al. 2002). Recently, .Siegsmund
et al. (2002) demonstrated that the allele T of ¢cDNA
3435 in the MDRI gene reduced Pgp expression in the
kidney. However, there are few reports illustrating in
detail the renal MDR1 expression with influences by its
genetic variations.

Renal malignant tumors account for more than 2%
of cancer incidence, and renal cell carcinoma (RCC)
compose the majority in renal tumors. RCC shows
resistance against chemotherapy (Hartmann and Boke-
meyer 1999), and it is suggested that Pgp is involved in
the chemoresistance of RCC (Fojo et al. 1987; Kakehi
et al. 1988). Siegsmund et al. (2002) also suggested that



the C3435T SNP in the MDR/ gene would be a risk
factor for the development of RCC in Caucasians. In
spite of suggesting the significance of Pgp and/or AfDRI
SNPs on the patients with RCC described above, the
role of Pgp for chemoresistance of RCC has remained to
be elucidated.

In the present study, we quantified the mRNA levels
of MDR1 in the normal kidney cortex and RCC seg-
ments from Japanese nephrectomized patients with renal
tumors. In addition, the ten common SNPs of the
MDRI gene in these patients were examined, and the
association between genotypes and expression level was
assessed.

Materials and methods

Patients

Twenty-four Japanese patients who were surgically nephrectomized
with RCC at Kyoto University Hospital were entolled in this study.
The subjects consisted of 18 men and six women whose ages ranged
from 39 to 74 (63.6 = 8.5, mean £ SD) vears. The nephrectomized
segments of the normal cortex and RCC were obtained after
receiving written informed consent. The study was performed in
accordance with the Declaration of Helsinki and its amendments,
and was approved by the Ethics Committee of Kyoto University
Graduate School and Faculty of Medicine.

Isolation of total RNA and genomic DNA

Total RNA and genomic DNA from a renal homogenate in a
guanidinium thiocyanate solution were isolated with a MagNA
Pure LC RNA isolation kit 11 and DNA isolation kit (Roche
Diagnostic GmbH, Mannheim, Germany), respectively, as previ-
ously described {(Goto ct al. 2002; Motokashi et al. 2002). The iso-
lated total RNA was reverse-transeribed, and the single stranded
DNA was used for quantification of MDR1 mRNA levels. Geno-
typing of the A/DRJ gene was performed using genomic DNA.

Quantification of MDRI mRNA expression levels

MDRI mRNA levels in the normal kidney cortex and RCC seg-
ments were measured by real-time polymerase chain reaction
(PCR), as previously described (Motohashi et al. 2002). The pri-
mer/probe sct for the specific amplification of MDR1 was designed
according to parameters incorporated in the Primer Express soft-
ware (PE Biosystems, Foster City, CA, USA). The forward and
reverse  primers were GCTCAGACAGGATGTGAGTTGGT
(position; 2812-2834, accession number M14758 in GenBank
database) and CCTGGAACCTATAGCCCCTTTAAC (position;
2897-2920). respectively. The sequence of TagMan probe was
AAAAACACCACTGGAGCATTGACTACCAGG, correspond-
ing to the position 2846-2875. Real-time PCR was performed in a
total volume of 20 pl containing 2 pl of reverse-transeribed cDNA,
| uM forward and reverse primers, 0.2 yM TaqMan probe, and
10 pl TagMan Universal PCR Master Mix (Applied Biosystems,
Foster City, CA, USA). The PCR condition was as follows: 50
cycles of 34°C for 15 s and 60°C for 60 s. The copy number of the
target mRNA sequence in the starting materials was established by
determining the fractional PCR threshold cycle number (Ct) at
which a fluorescence signal generated during the replication process
passed above a threshold value. The initial amount of target
mRNA in each sample was cstimated from the Ct valuc with a
standard curve generated using known amounts of standard
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plasmid DNA.  Glyceraldehyde-3-phosphate  dehydrogenase
mRNA was also quantified as an internal control with glyceral-
dehyde-3-phosphate dehydrogenase control reagent (Applied Bio-
systems).

Genotyping of the MDRI gene

The genotype of the MDRI gene was investipated by PCR-
restriction enzyme fragment length polymorphism methods. The
specific primers and restriction enzymes used in this study were as
previously described (Goto et al. 2002). The PCR conditions were
as follows: after denaturing at 94°C for 3 min, the PCR was per-
formed with | pM of each primer and Taq DNA polymerase
{Takara, Shiga, Jupan), according to the following profile: 94°C for
30's, 60°C for 30 s, and 72°C for 30 s, 35 cycles, following by a
single additional 10-min extension at 72°C. The PCR products were
digested with or without restriction enzymes and separated on
3.5% agarose gel.

Statistical analysis

The difference in the logarithmically transformed data of MDRI
mRNA expressions between normal cortex and RCC was analyzed
using Student’s paired t-test. The correlation between the AMDR]
genotype and its mRNA, expression was analyzed using the Mann-
Whitney U test. P values <0.05 were considered to be significant.

Results

Quantification of MDR1 mRNA in normal kidney
cortex and renal cell carcinoma

Figure 1 shows distribution histograms of logarithmi-
cally transformed mRNA levels of MDRI in the normal
kidney cortex and RCC segments. The average mRNA
expression levels of MDR1 in the normal kidney cortex
and RCC segments were 19.0 and 6.6 amol/ug total
RNA, respectively. A statistical significant difference of
the MDRI mRNA levels in normal kidney cortex and
RCC segments of each patient was observed (P=0.0042,
Fig. 2).

Genotype frequency of ten common SNPs
of the MDRI gene in nephrectomized patients

The genotype of the MDR] gene from the normal kid-
ney cortex and RCC segments was assessed at ten
common nucleotide positions in 24 Japanese patients.
No differences in MDRI genotypes from both segments
of each patient were found. Frequencies of the genetic
variants are summarized in Table 1. In this study, vari-
ants at exon 2-1, cDNA 61, ¢cDNA 307, ¢cDNA 1199,
and exon 12+ 44 were not observed. A variant leading to
amino acid exchange was observed only at cDNA 2677,
The allele frequency of the cDNA 2677 was 45.8% for
allele T and 18.8% for allele A. At cDNA 1236 and
3435, which do not influence amino acid substitute,
genetic variants were recognized. Allele frequencies were
66.7% for allele T at cDNA 1236 and 52.1% for allele T
at cDNA 3435, A complete linkage was observed
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Fig. 1A, B Distribution histograms of MDR1 mRNA expression
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Fig. 2 Effect of malignant transformaticn on renal MDR]1 mRNA
levels in 24 patients with renal cell carcinoma

between cDNA 1236 C/T and an intronic variant of
exon 6+ 139 C/T. Another intronic variant at exon 17-
76 was determined with the frequency of 31.3% for allele
A. These allele frequencies were comparable with our
previous reports in Japanese recipients of living-donor
liver transplantation.

Correlation between MDRI SNPs and MDR1 mRNA
gxpression in normal kidney cortex and renal cell
carcinoma

Next, we examined the association between the MDRI
gene and its mRNA levels in the normal kidney cortex
and RCC. As shown in Fig. 3, the significant effects of
each SNP on MDR1 mRNA expression in the normal
kidney cortex and RCC segments were not recognized.
However, the MDR1 mRNA levels in the kidney were
significantly reduced by transformation to RCC with C/
T of cDNA 1236 and exon 6+ 139, T/A and T/T of exon
17-76, G/T of cDNA 2677, and C/T at cDNA 3435,

Discussion

In the present study, MDR1 mRNA levels in the human
kidney cortex were quantified using the real-time PCR
method. We previously examined its mRNA expression
levels in the small intestine in Japanese recipients of liv-
ing-donor liver transplantation. The MDRI mRNA
levels in the kidney cortex were about 40-fold higher than
those in the intestinal mucosa (Goto et al. 2002; Hashida
et al. 2001). Even if the mucosal samples derived from
patients in end-stage liver failure were considered, the
MDRI1 mRNA contents in the kidney cortex were
markedly higher compared to the intestine. To our
knowledge, this is the first study of the quantification of
MDRI mRNA level in the human kidney cortex.

It is generally accepted that the majority of admin-
istered digoxin, a cardiac glycoside, is excreted into urine
and that Pgp plays an important role for its tubular
secretion (Tanigawara et al. 1992). In addition, con-
comitant administration with various drugs, including
cyclosporin A, calcium channel blockers, macrolide
antibiotics, and azole antifungal drugs elevates serum
concentration of digoxin, at least in part, via renal
tubular Pgp (Rodin and Johnson 1988; Wakasugi et al.
1998). Considering these pharmacokinetic significances
of renal Pgp, the expression levels and activity of Pgp in
the kidney would be a key factor for the optimal dosage
regimen of digoxin.

The present findings represent a wide interindividual
variation of MDR1 mRNA levels in the human kidney
cortex (about 140-fold), and no relationship between the
ten common SNPs of the MDRI gene and its mRNA
expression levels, It was reported that the interindividual
variation of MDR1 expression also existed in the human
small intestine and liver, suggesting that expression
variation has been responsible for interindividual



