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was replaced with 1 ml of each incubation medium containing
cefotiam. At the end of the incubation, the medium was aspirated, and
- then cells were washed three times with 2 ml of ice-cold incubation
- medium. To measure the accumulation of cefotiam, the cells were
scraped and homogenized with 0.5 ml of distilled water. Protein levels
were determined with 5 pl of the homogenate. For measuring the
amount of cefotiam, 50 pl of distilled water and 10 1 of phosphoric
acid were added to 0.45 'ml of the homogenate, and the solution was
mixed for 30 s. Then, 0.5 ml of the sample was loaded onto an Oasis
HLB cartridge (Waters, Milford, MA) preconditioned with 1 ml each
- of methanol and distilled water. The column was washed with 1 ml of
5% methanol, and cefotiam was eluted from the column with 1 ml of
methanol. The eluate was evaporated dry at 45-50°C and resuspended
in 130 i of distilled water. The solution was filtered through a 0.45-pm
polyvinylidene fluoride filter. The concentration of cefotiam was mea-
sured using a high-performance liquid chromatograph (LC-10AT, LC-
10AD; Shimadzu, Kyoto, Japan) equipped with a UV spectrophotometric.
detector (SPD-10AV, SPD-10A, Shimadzu) under the following condi-
tions: column, Zorbax ODS column, 4.6-mm inside diameter X 250 mm
(Du Pont, Wilmington, DE); mobile phase, 30 mM phosphate buffer
(pH 6.5) in methanol at 78:22; flow rate, 0.8 ml/min; wave length 254
nm; injection volume, 50 pl; temperature, 40°C.
Measurement of intracellular o-ketoglutarate. Intracellular o-ke-
“toglutarate (a-KG) concentration was determined by the fluorimetric

method of Williamson and Corkey (23). Briefly, HEK-pBK, HEK- -
hOAT1, and HEK-hOATS3 cells were seeded on poly-D-lysine-coated -

35-mim dishes at a density-of 1 X 10° cells/dish. At 48 h after seeding,
the cells were used for the experiments. The cells were incubated with
0.5 ml of 3% HCIO, for 30 min on ice to extract intracellular a-KG
and to denature protein. After incubation, the buffer was transferred
into a microtube and neutralized by 62 plof 3 M NaOH. The amount
of extracted a-KG in the neutralized buffer was measured by an
enzymatic analysis. The conversions of a-KG and aspartate to gluta-

mate and oxaloacetate, respectively, were catalyzed by aspartate

aminotransferase. The oxaloacetate was then converted to malate by
malate dehydrogenase. The associated conversion of NADH to
NAD™* was determined fluorimetrically (excitation, 355 nm; emis-
sion, 460 nm) at 37°C -with Mlthras LB940 (Berthold Technologles
Bad Wildbad, Germany).

Measurement of intracellular Cl~ concentration. Intracellular con-
centration of Cl~ was, determined by the use of the Cl~-sensitive
fluorophore. SPQ (4, 11). HEK-pBK cells were seeded on a 96-well
polystyrene plate at a density of 4 X 10* cells/well, and at 48 h after
seeding, the cells were used for the experiments. The composition of
solution I was as follows (in mM): 106 NaCl, 24 Na gluconate, 5 K
gluconate, 2 CaClz, 2 MgCly, 5 p-glucose, and 5 HEPES (pH 7.4).
And the composition of KSCN medium was as follows (in mM): 145
_ KSCN, 1 CaClp, 0.5 MgClz, 5 p-glucose, and 5 HEPES (pH 7.4).
According to a previous report (4), SPQ was loaded into the cells.by
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incubation in a 1:1 mixture of solution I and distilled water containing
.5 mM SPQ at 23°C for 4 min. Then, the cells were washed two times
with 0.2 ml of C17(—) high-K medium and incubated with 0.1 ml of
high-K medium containing each concentration of C1~, 5 uM nigeri-
cin, and 10 wM tributyltin at 37°C. During the incubation, SPQ
fluorescence was measured (excitation, 355 nm; emission, 460 nm)
with Mlthras LB940. The background signal due to cell and instru- -
ment autofluorescence was obtained by incubation of the cells with
0.1 ml of KSCN medium containing 5 pM valinomycin, which has
been shown to quench 99% of SPQ fluorescence (4). Data were fitted
to the Stern-Volmer quenching equation: Fo/Foy = 1 + KG[Cl7],
where Fo is the fluorescence in the absence of Cl™, Fc¢; is the
fluorescence in the presence of each concentration of CI™, K is the
Stern-Volmer constant, and [Cl™] is the concentration of Cl™.
Statistical analysis. Data were analyzed statistically using a non-
paired. t-test: Multiple comparisons were performed using Scheffé’s
test. Probability values of <5% were considered significant. '

RESULTS

Effects of extracellular anions on the uptake of p-[**CJami-
nohippurate and [3H]estrone sulfate by HEK-hOATI and
HEK-hOAT3, respectively. The effects of extracellular anions on
the transport of organic anions via hOAT1 and hOAT3 were
examined, using p-['*CJaminchippurate and [*H]estrone sulfate;

. respectively, as model substrates. As shown'in Fig. 1, the uptake
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Fig. 3. Effect of extracellular C1~ on the intracellular concentration of a-ke-
toglutarate (a-KG). After incubation in Cl™-free (open column) or Cl™-
containing (black column) incubation' medium at 37°C for 1 min, intracellular
concentration of a-KG was determined. Each column represents the mean *
SE of 3 monolayers from a typical experiment.
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Fig. 4. Effects of extracellular CI™ at various concen-
trations on the uptake of p-['“Claminohippurate by
HEK-hOAT1 (A) and [3H]estfon¢ sulfate by HEK-
hOAT3 (B). HEK-hOATI1 (A) and HEK-hOAT3 (B)
were incubated. with 5 uM p-['*Claminohippurate and
10 nM [*H]estrone sulfate, respectively, in incubation
medium containing various concentrations of Cl~ at
37°C for 1 min. The values were obtained by subtract-
ing the values for the uptake in HEK-pBK from those in
HEK-hOAT1 or HEK-hOAT3. The concentration of
Cl~ was adjusted by replacing Cl~ with gluconate.
Each point represents the mean * SE of 3 monolayers
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from a typical experiment.

of p-[**Claminohippurate by HEK-hOAT1 with each anion was
stimulated in the following order; CI~ > Br~ > SO~ >
gluconate. The rank order observed in the uptake of [3H]estrone
sulfate by HEK-hOAT3 was C1~ = Br~ > SO2~ > gluconate.
Effects of extracellular Cl™ on the uptake of various com-
pounds by HEK-hOATI and HEK-hOAT3. In the subsequent
experiments, the C17(—) incubation medium, where Cl~ was
substituted with gluconate, and the C17(+) incubation medium
were used. The uptake of p-['*Claminohippurate, [*H]estrone
sulfate, [*H]cimetidine, [*H]methotrexate, [**C]captopril,
[*H]ochratoxin A, and cefotiam by HEK-hOAT1 and HEK-
hOAT3 was evaluated in the absence or presence of extracel-
lular Cl™(Table 1). The uptake of p-['*Claminohippurate,
[*H]cimetidine, [*H]lmethotrexate, [**C]captopril, and [*H]ochra-
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toxin A by HEK-hOAT1 was significantly greater in the presence
than absence of Cl~. The uptake of p-['“Claminohippurate,
[*H]estrone sulfate, [*H]cimetidine, [*H]methotrexate, [*H]ochra-
toxin A, and cefotiam by HEK-hOAT3 was significantly higher in
the Cl™-containing medium than in Cl™-free medium. However,
the uptake of [**C]captopril by HEK-hOAT3 was not affected.
The redson for this could be as follows: as shown in Table 1, the
uptake of ["*C]captopril by HEK-pBK was significantly reduced
when gluconate was replaced with C17, indicating that the in-
crease in the transporter- medlated uptake caused by ClI™ was
masked.

_ Characterization of the effects of CI~ on hOATI and
hOATS3. Figure 2 shows the time course of uptake of p-['*CJami-
nohippurate and [*H]estrone sulfate by HEK-hOAT1 and HEK-

A

Fig. 5. A: the change of intracellular C1~ concentration
induced by high-K medium containing various concen-
trations of Cl~, nigericin, and tributyltin. After loading
with SPQ, HEK-pBK were incubated in high-K medium
containing various concentrations of C1~, 5 uM nigeri-
cin, and 10 puM .tributyltin at 37°C. During the incuba-
tion, SPQ fluorescence was measured. The change of 1
fluorescence was fitted to the Stern-Volmer quenching :
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equation (see MATERIALS AND METHODS for further de-

tails). The ordinate (Fo/Fai) is the ‘total fluorescence 0

measured in the absence of Cl~ divided by that mea- :
“sured in the presence of each concentration of C1~. B

and C: effects of Cl~ at various concentrations on the

uptake of p-['“Claminohippurate by HEK-hOATI and

[Hlestrone sulfate by HEK-hOAT3 under the condi- - B

tions in which intracellular and extracellular Cl1~ are
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equilibrated. HEK-hOAT1 (B) -and HEK-hOAT3 (C) ‘50 +
were incubated with 5"uM p-['*Claminohippurate and <
10 nM [*Hlestrone sulfate, respectively, in high-K me- E
dium containing various concentrations of Cl7, 5 pM = 40
nigericin, and 10 uM tributyltin at 37°C for 1 min. The W '@
values were obtained by subtracting the values for the § © 30
uptake in HEK-pBK from those in HEK-hOATI1 or E g
HEK-hOATS3. The coneentration of Cl~ was adjusted 5 £ 20
by replacing Cl~ with gluconate. Each point represents 3
the mean * SE of 3 or 4 monolayers from a typical £
experiment. : e 10
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Fig. 6. Effect of extracellular C1~ on the concentration-
dependent uptake of p-['“Claminohippurate by HEK-
hOATI1. HEK-hOAT1 were incubated in Cl™-free (4)
or C1™-containing (B) incubation medium with various
concentrations of p-['*Claminohippurate in the absence
(@) or presence (O) of unlabeled 5 mM p-aminohippu-
rate at 37°C for'1 min. Each point represents the
mean * SE of 3 monolayers from a typical experiment.
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hOATS3, respectively, in the absence or presence of extracel-

“lular C1~. The uptake of p-['*Claminohippurate and [>H]és- .

trone sulfate by HEK-hOAT1 and HEK-hOATS3, respectively,
was greater in the Cl1™(+) incubation medium than the C1~(—)
medium throughout. )

OAT1 and OATS3 are organic anion/dicarboxylate exchang-
ers (18, 19), and intracellular a-KG, endogenous dicarboxy-
late, is involved in the uptake of organic anions by HEK-

- hOATI1 and HEK-hOATS3. Therefore, we examined the effect
of extracellular C1~ on the intracellular concentration of a-KG.
When HEK-pBK, HEK-hOAT1, and HEK-hOAT3 were incu-
bated with C17(+) incubation medium, the intracellular con-
centrations of a-KG were not changed compared with cells
incubated with C1™(—) incubation medium (Fig. 3).

Next, the effects of extracellular C1~ at various concentra-
tions on the uptake of p-['*C]aminohippurate and [*H]estrone
sulfate by HEK-hOAT1 and HEK-hOATS3, respectively, were
examined. The concentration of extracellular C1~ was adjusted
by replacing C1~ with gluconate. The uptake of p-['*Clamin-
ohippurate and [*H]estrone sulfate by HEK-hOAT]1 and HEK-
hOATS3, respectively, was increased with the elevation in the
concentration of extracellular C1~ (Fig. 4). :

Moreover, the effects of C1™ at various concentrations on the
uptake of p-['*Claminohippurate and [*H]estrone sulfate by

- HEK-hOAT1 and HEK-hOATS3, respectively, were examined

when there were no concentration gradients_lof Cl~ across
plasma membranes. We adjusted the Cl™ concentration by
substituting gluconate for it. The concentration of intracellular
C1™ was kept equal to that of extracellular C1~ by using a
high-K medium, the K*/H* exchange ionophore nigericin, and
the CI"/OH™ exchange ionophore tributyltin (4, 11). The

100 200 300 400 500
CONCENTRATION (uM) -

high-K medium in the presence of nigericin clamps internal pH.
at the external pH and. strongly depolarizes cell membrane
potential. The addition of tributyltin to pH-clamped cells re-
sults in equal intracellular and extracellular C1~ concentra-
tions. At first, we confirmed the change of internal Cl~ con-
centration using the Cl™-sensitive fluorophore SPQ (4, 11).

Chloride ion quenches the fluorescence of SPQ, and this .

compound is used to determine intracellular C1~. The change
of fluorescence induced by medium containing each concen-
tration of C1™ was fitted to the Stern-Volmer quenching equa-
tion (Fig. 5A). There was a linear correlation between change
in fluorescence and C1™ concentration, indicating that intracel-
lular concentration of C1~ was changed in parallel with extra-
cellular concentration. Figure 5, B and C, shows that the uptake
of p-[**Claminohippurate and [*H]estrone sulfate by HEK-
hOAT1 and HEK-hOATS3, respectively, was increased in pro-
portion to CI~ concentration. Although we simultaneously
measured the intracellular a-KG level in HEK-pBK at each
CI™ concentration, &-KG level was not affected by C1~ con-
centration (data not shown). .
Furthermore, the concentration-dependent wuptake of
p-["*Claminohippurate by HEK-hOAT!1 (Fig. 6) and [°Hles-
trone sulfate by HEK-hOAT3 (Fig.-7) was assessed in the
absence or presence of extracellular C1~. With the use of a
nonlinear. least squares regression analysis, kinetic parameters
were calculated according to the Michaelis-Menten equation in

" three separate experiments. Apparent Michaelis-Menten

constants (K;) and maximal uptake rate (Vmax) values are
summarized in Table 2. Substitution of gluconate with Cl~
did not change the K., value for the uptake of p-['*Clami-
nohippurate by HEK-hOAT1 but caused an approximate

A wf ] B e

Fig. 7. Effect of extracellular C1™ on the concentration-
dependent uptake of [*H]estrone sulfate by HEK- .
hOAT3. HEK-hOAT3 were incubated in Cl™-free (A)
or Cl™-containing (B) incubation medium with various
concentrations of [*H]estrone sulfate in the absence (®)
or presence (O)-of unlabeled 1 mM estrone sulfate at
37°C for 1 min. Each point represents the mean *+ SE of

o 3 monolayers from a typical experiment.
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Table 2. Effects of extracellular Cl~ on K., and Vo, values
for the uptake of p-aminohippurate by HEK- hOATI and
estrone sulfate by HEK-hOAT3 -

Vmax, pmol*mg

) Km, pM protein™'-min~!
HEK-hOAT! (p-aminchippurate) CI~ (=) 55.6*10.5 2183*27.88
: . 1= (+) 41.7+398  580.5*13.96*
HEK-hOATS3 (estrone sulfate) Cl- (-) 17.9%292 744*21.15
o CI” (+) 6.2*0.56* 90.0+9.54

Each value represents the mean * SE of 3 separate experiments. Vmax,
maximum velocity; Km, Michaelis-Menten constant; (—), uptake in Cl™-free
incubation medium; (+), uptake in Cl~-containing incubation medium. *P <
0.05, significantly different from values for uptake in Cl™-free incubation
medium.

threefold increase in the Vgax value. On the other hand,
replacement of gluconate with Cl™.decreased the Ky, value for
the uptake of [*H]estrone sulfate by HEK-hOAT3 to about
one-third but did not change the Vmax value. In addition, we
evaluated the influence of Cl1~ on the concentration-dependent
uptake of cefotiam by HEK-hOATS3 (Fig. 8). The K, values for

the uptake of cefotiam by HEK-hOAT3 in Cl™-free and in

Cl™ -containing medium were 1,702.0 and 552.3 uM, respec-
tively. The V.« values for the uptake in Cl™-free and in
Cl™-containing medium were 146.4 and 186.9 pmol-mg pro-
tein~!-15 min~!, respectively. These results demonstrated
that, similar to the results for the uptake of [*H]estrone sulfate
by HEK-hOATS3, the K, value was decreased to approximately
one-third for the uptake of cefotiam by HEK-hOATS3, while the
. Vmax value was little affected.

~ DISCUSSION

In the human kidney, organic anion transport systems play
critical roles in the excretion of organic anions. It has been
described that the activities of these transport systems are
regulated by inorganic anions. Chloride ion is one-of the most
~ abundant anions in the human body and has been demonstrated
to affect renal tubular transport of organic dnions (8, 13, 14).
However, this phenomenon has not been sufficiently studied at
the molecular level. In this study, we showed that both hOAT1
and hOAT?3 were upregulated by C1~, but the effects of C1~ on
transport kinetics were different betweeri hOAT1 and hOAT3.

Schmitt and Burckhardt (14) reported that the substitution of
Cl1~ with Br™ did not affect the uptake of p-aminohippurate by.
bovine renal basolateral membrane vesicles, while the replace-

" the present study, the replacement of Cl1~

EFFECTS OF CI~ ON hOAT1 AND hOAT3 -

ment of CI™. with SOZ_ or gluconate decreased the uptake .
‘Pritchard (13) also demonstrated that replacing C1~ with. SO3~
or gluconate decreased the uptake of p-aminohippurate by rat
renal basolateral membrane vesicles.” Therefore, Br~ is an
.effective substitute for Cl™ in basolateral organic. anion trans-
port, while SO3~ and gluconate are poor substitutes for C1~ :
with Br~ had llttle
effect on the uptake of p-['*Claminohippurate by HEK-
hOATI1, while accumulation of p-['*C]aminohippurate was
decreased to one-half to one-third by replacing Cl~ with SO3~
or gluconate. Therefore, p-aminohippurate uptake by hOAT1 is
highly dependent on C1™. Br~ could maintain the uptake as a
substitute for C1~, but SO;™ and gluconate could not. Our
results are consistent with previous studies, suggesting that
hOAT!1 is involved in the Cl~-dependent regulation of the baso-
lateral transport of p-aminohippurate in renal proximal tubules.
In our previous examination (8), the uptake of p-aminohip-
purate by rat renal basolateral membrane vesicles was found to
depend on the concentration of C1~, and the same result was
obtained by Pritchard (13). In the present study, the uptake of
p-["*Claminohippurate by HEK-hOAT1 and [*Hl]estrone sul-
fate by HEK-hOAT3 was dependent on the concentration of
Cl~ and was not saturated at 0-150 mM. Physiologically, the
Cl~ concentration in blood ranges from 95 to 105 mM in
healthy individuals (10). However, in patients with diseases
such as acidosis and alkalosis, the pIasma concentration of C1™
can be in-the range of 78-128 mM (17). On the basis of the
present-results, it is suggested that the activities of hOAT1 and
hOATS3 are not saturated and altered with the change in the
concentration of C1~. In addition, information is now available

" about the movement of Cl~ at the basolateral membranes of -

proximal tubules. Ishibashi et al.- (9) ‘demonstrated that a
Na*-dependent CI"/HCO7 exchanger plays a dominant role in
the efflux of C1~ at the basolateral membranes. It is implied
that the C1~ transport system controls the concentration of Ci~
around hOAT1 and hOAT3 and cooperates with hOAT1 and

hOATS3. Soleimani et al. (16) indicated that the basolateral .

Cl ™ /base exchange activity in proximal tubular cells decreased
under acidic ‘conditions and increased under alkalotic condi-
tions. Thus it is probable that the functions of hOAT1 and
hOATS3 are affected under pathological conditions such as
metabolic .acidosis and alkalosis.

‘Several studies have examined the effects of Cl on the

"“transport of organic anions at basolateral membranes (8, 13, 14),

but only p-aminohippurate was used as a substrate. In the current
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Fig. 8. Effect of extracellular C1~ on the concentration- W C § %_
dependent uptake of cefotiam by HEK-hOAT3. HEK- :‘: 2 150k < 3 150
hOAT3 were incubated in Cl~-free (A) or Cl”-contain- =~ g E‘_ a
ing (B) incubation medium with various concentrations % o D o.
of cefotiam in the absence (®) or presence (O) of 1 mM I 100 E 100
probenecid at 37°C for 15 min. Each point represents 3 ° -
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study, the uptake of various compounds by hOATI1 and hOAT3

was increased by ClI™. These results indicated that C1~ affects
both hOAT1 and hOATS3, and these effects are not dependent on
the substrates. It has been shown that hOAT1 and hOAT3 are
involved in the basolateral uptake of various drugs including
diuretics, antiviral drugs, and cephalosporin antibiotics (5, 20, 21).

Therefore, it is implied that the basolateral .uptake of these drugs ,

from blood circulation into tubular cells is regulated by C1~.

It has been shown that OAT1 and OAT3 are organic anion/
dicarboxylate exchangers (18, 19), and organic anion transport
into the cells by these transporters is undertaken in exchange
for endogenous dicarboxylate, «-KG. Thus intracellular con-
- centration of «-KG is a major determinant of the transport
activities of hOAT1 and hOAT3. In the current study, we
showed that C1~ had no effect on intracellular a-KG concen-
tration. It was suggested that the change of intracellular con-
centration of a-KG is not associated with the effects of C1I” on
the functions of hOAT1 and hOAT3.

Previously, we demonstrated that p-aminohippurate uptake
by rat renal basolateral membrane vesicles was stimulated by
the increase 'in Cl~ concentration, when the concentration of
CI™ in the vesicles was equal to that on the-outside (8). In the
current study, the uptake of p-aminohippurate by HEK-hOAT1
and estrone sulfate by HEK-hOAT3 was dependent on extra-

cellular C1™ concentration, and these phenomena were also -

observed when there were no concentration gradients of Cl™
across plasma membranes. Therefore, it is reasonable to as-

sume that Cl™ outside of the cells, i.e., the same side as the

substrate, upregulates the activities of hOAT1 and hOAT3.
Subsequently, the influences of extracellular C1™ on the kinetic
parameters of transport via hOAT1 and hOAT3 were examined.
‘When gluconate was substituted with C17, the Vmax value for the
‘uptake of p-aminohippurate by hOAT1 was increased about
threefold without a significant effect on the K, value. On the other
hand, under the same conditions, the Ky, values for the hOAT3-
mediated uptake of estrone sulfate and cefotiam were decreased to
approximately one-third without any effect on V ,,,, values. These
- results suggested that C]1™ participates in the ¢rans-location rate for
the uptake of p-aminohippurate' by hOAT1 and in the substrate
affinity for the uptake of estrone sulfate and cefotiam by hOATS3.
~ The substrate recognition of hOATI is different from that of

hOATS3. For example, hOAT!1 efficiently transports the nucleotide -

antivirals adefovir, cidofovir, and tenofovir (22), whereas hOAT3

transports cephalosporin antibiotics (21). Therefore, at basolateral .
membranes, C1™ affects V5« values for the uptake of nucleotide

 -antivirals or Kr, values for the uptake of cephalosporin antibiotics.

Although how CI~ affects the activities of hOAT1 and hOAT3 is -
unclear, it was indicated that the transport activities of hOATI and

hOAT3 are upregulated in a different manner by Cl1~.

In summary, Cl~-dependent regulation of hOAT1 and hOAT3
was examined in detail for the first time. It was suggested that C1~
is involved in the regulation and maintenance of organic anion
secretion in renal proximal tubules. In addition, the effects of C1~
on transport kinetics differ between hOAT1 and hOAT3, suggest-
ing that CI™ participates in the trans-location process for hOAT1
- and the substrate recognition process for hOAT3.
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Abstract

Background. We investigated the pharmacokinetics and
pharmacodynamics of paclitaxel with carboplatin or gem-
citabine in patients with urogenital cancer to clarify the
significance of monitoring of the serum concentration of
paclitaxel.

Methods. Paclitaxel was administered at 175mg/m’ or
150mg/m® to patients with hormone-refractory prostate
cancer (n = 10) or advanced transitional cell carcinoma
(n = 6) along with carboplatin or gemcitabine, respectively.
The relationships between pharmacokinetic parameters
and hematological adverse effects, as well as pharmaco-
logical effects, were examined. The effects of patient cha-
racteristics, including single-nucleotide polymorphisms of
MDRI(ABCBI), CYP2C8, CYP3A4, and CYP3AS5, on the
total body clearance of paclitaxel were evaluated.

Results. Total body clearance and volume of distribution
at a steady-state after the intravenous infusion of paclitaxel
were not significantly different between patients with car-
boplatin or gemcitabine. The percent decreases in neutro-
phils and platelets for the regimen with gemcitabine were
significantly greater than those with carboplatin, and
showed a significant positive relationship with the observed
concentration at the end of infusion or time above 0.1-uM
concentration of paclitaxel. Post-therapy decreases in pros-
tate-specific antigen were not positively correlated with the
extent of paclitaxel exposure in the prostate cancer patients.
Neither the polymorphisms at exon 26 (C3435T) and
at exon 21 (G2677A/T) in MDRI nor the CYP3A5*1
allele significantly affected the total body clearance of
paclitaxel.
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Conclusion. The hematological side effects of paclitaxel
were intensified by gemcitabine, and were correlated with
paclitaxel pharmacokinetics. Monitoring of the serum
concentration of paclitaxel will facilitate the therapy, with
less myelosuppression and without any loss of therapeutic
efficacy.

Key words Paclitaxel - Pharmacokinetics - Pharmacody-
namics - Carboplatin - Gemcitabine

Introduction

Paclitaxel, a taxane anticancer drug, which stabilizes micro-
tubule polymerization, leading to mitotic arrest, is used to
treat several cancers, such as ovarian, breast and non-small
cell lung cancers.'? Furthermore, recent studies have shown
that paclitaxel has an effect on hormone-refractory prostate
cancer and advanced transitional cell carcinoma of the uro-
thelial tract.** Dosages of anticancer drugs including taxanes
are usually determined based on the body surface area
of individual patients. However, these agents have strong
toxicity even when they are administered properly, and
the interindividual variability of pharmacokinetics might
account for the unpredictable toxicity. Gianni et al.’ and
Ohtsu et al.® reported that neutropenia was related to the
length of exposure to a paclitaxel concentration above
0.05uM. Moreover, the rate of survival among patients with
non-small cell lung cancer was reported to correlate with
the period of exposure to 0.1uM or more of paclitaxel.”
These reports suggested that the serum concentration of
paclitaxel was related to both adverse effects and clinical -
outcome. Regarding the relationship between patient cha-
racteristics and paclitaxel pharmacokinetics, the alanine
aminotransferase level was reported to correlate with pacli-
taxel clearance.” In the case of another taxane, docetaxel,
Bruno et al.? reported that o,-acid glycoprotein and biliru-
bin levels correlated with the clearance of this drug. There-
fore, it is possible that dosage adjustment based on the
characteristics of each patient would bring about less toxic
therapy without a reduction in pharmacological effect.
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Single-nucleotide polymorphisms (SNPs) of drug-
metabolizing enzymes or drug transporters are reported to
contribute to the pharmacokinetic variability of several
" drugs.® Paclitaxel is metabolized by the cytochrome P450
(CYP) 3A subfamily and CYP2CS8 in the liver, and is also a
substrate of P-glycoprotein, the encoded product of the
human MDRI (ABCBI) gene.® CYP3AS, a homolog of
CYP3Ad4, overlaps greatly in its substrate specificity with
CYP3A4. Goh et al.”? reported that, in CYP3A5*3 homo-
zygotes, midazolam clearance was lower than that in patients
with the *1 allele, but docetaxel clearance did not differ
from that in patients with CYP3A5*], although both mida-
zolam and docetaxel are metabolized by CYP3A4 and
CYP3A5.” We have reported that the mRNA level of
CYP3AS was significantly reduced by the *3/*3 genotype,
and the concentration/oral dose ratio of tacrolimus was
decreased in recipients engrafted with partial liver carrying
the CYP3A5*1/*1 genotype.”* Of note, a relationship
between SNPs of the MDRI gene and the expression/func-
tion of MDR1 has been reported by several investigators.
Hoffmeyer et al."* reported that humans homozygous for a
polymorphism at exon 26 (C3435T) had significantly lower
duodenal MDRI1 levels and the highest plasma digoxin
levels after oral administration. G2677T/A at exon 21, which
is strongly linked to the C3435T transition at exon 26, alters
the disposition of the known P-glycoprotein substrate fexo-
fenadine.'® We reported that ten MDRI SNPs, including
C3435T and G2677T/A, did not influence the intestinal
expression level of MDR1 mRNA or the tacrolimus concen-
tration/dose ratio in living-donor liver transplant patients.”’
Thus, the effect of MDRI genotypes on the expression and
transport activity of MDR1is under discussion. For CYP2CS8,
Dai et al.”® reported that alleles *2 and *3 had a smaller
clearance of paclitaxel. At present, there are a few reports
about the relation between paclitaxel pharmacokinetics and
polymorphisms of CYP3A44, CYP3AS5, and MDR1.%%

In this study, we examined the pharmacokinetics and-

pharmacodynamics of paclitaxel in patients with carbopla-
tin or gemcitabine to clarify the usefulness of monitoring
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the serum drug concentration. In addition, the effect of
patient characteristics, including SNPs of CYPs and MDRI
on the pharmacokinetics of paclitaxel was evaluated.

Patients and methods

Patient selection

Patients who were treated with paclitaxel for hormone-
refractory prostate cancer (n = 10) or advanced transitional
cell carcinoma (n = 6) at the Department of Urology, Kyoto
University Hospital, between March 2003 and December
2004 were enrolled in this study. The study was conducted
during the first cycle of chemotherapy with paclitaxel. The
study was performed in accordance with the Declaration of
Helsinki and its amendments, and was approved by the
Kyoto University Graduate School and Faculty of Medicine
Ethics Committee. Written informed consent was obtained
from each patient. The characteristics and clinical data of
patients are summarized in Table 1.

Chemotherapy regimen and study protocol

Paclitaxel (Taxol; Bristol-Myers Squibb, Tokyo, Japan) for
clinical use was provided as a concentrated sterile solution
(6mg/ml) in a 5-ml vial in a mixture of cremophor EL and
dehydrated alcohol (1: 1 vol/vol). This product was diluted
before use with 500ml of a 5% glucose solution. Paclitaxel
was administered at 175mg/m’® and 150mg/m’, as a 3-h
continuous intravenous infusion, for prostate cancer and
transitional cell carcinoma, respectively.

Premedication consisted of a histamine H, antagonist,
chlorpheniramine maleate, and dexamethasone was intra-
venously administered 30 min before the infusion of pacli-
taxel. The administration of paclitaxel (175mg/m?) was
followed by carboplatin, given as a 150-min infusion, for the
patients with prostate cancer. The dose of carboplatin was

Table 1. Characteristics and biochemical parameters of patients before the administration of

paclitaxel with carboplatin or gemcitabine

Carboplatin (n = 10)

Gemcitabine (n = 6)

Age (years) 649+ 6.0 67888
Body weight (kg) 66.6 £ 6.3 534+23
White blood cells (x10*/ul) 7471253 6.92+£1.67
Neutrophils (x10*/pl) 532+225 480 +1.38
Platelets (x10*/ul) 200 + 44 278 + 98
Aspartate aminotransferase (IU/I) 19.0+5.1 207%£73
Alanine aminotransferase (IU/1) 169+59 233176
Total bilirubin (mg/dl) 0.64 £ 0.25 0.55 +£0.16
Albumin (g/dl) 4054033 407 £0.22
Total cholesterol (mg/dl) 190 +28 199 £ 53
Serum triglyceride (mg/dl) 181 £ 61 192 + 50
Blood urea nitrogen (mg/dl) 162182 16.0 £ 2.37
Creatinine clearance (ml/min) 50.3+142 344 £11.4*
Prostate-specific antigen (ng/ml) 216 + 424 ND

* P < 0.05, significantly different from the mean value in the carboplatin group

Values are means = SD
ND, not determined
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determined based on the Calvert formula,” with a target
area under the concentration-time curve of S5mg/min
x ml. All patients received 560mg estramustine phosphate
daily, given orally. In the patients with transitional cell car-
cinoma, the administration of paclitaxel (150mg/m*) was
followed by gemcitabine (2500mg/m®).* Serum samples for
paclitaxel pharmacokinetics were obtained before, at the
end of, and 1, 2, 6, 24, and 48h after the infusion of pacli-
taxel. Blood cell counts were measured twice per week for
2 weeks after the administration of paclitaxel, and monito-
red until the hematological values recovered to the normal
ranges. The serum prostate-specific antigen (PSA) concen-
tration was measured every 2 weeks.

Analysis of paclitaxel and genotyping of MDRI, CYP2CS,
CYP3A4, and CYP3AS5

Paclitaxel was extracted from serum samples using a Sep-
pak C;; column (Waters, Bedford, MA, USA) as described
previously.” The concentration of paclitaxel was measured
by high-performance liquid chromatography.”? The lower
limit of determination for paclitaxel was 0.01pg/ml. The
calibration curve was linear over the range of 0.01 to 10pg/
ml (¥ > 0.99). The intraassay precision was 9.8%, 3.8%, and
0.8% for the concentrations of 0.01, 0.1, and 1ug/ml, res-
pectively. Genomic DNA was isolated from blood samples
with a PAXgene Blood DNA kit (PreAnalytiX, Hom-
brechtikon, Switzerland). The genotypes of the MDRI,
CYP2C8, CYP3A4, and CYP3AS5 genes were investigated
by polymerase chain reaction (PCR)-restriction enzyme
fragment length polymorphism. The specific primers and
restriction enzymes used in this study were as described
previously. C3435T and G2677T/A polymorphisms were
examined based on the method of Goto et al.'” CYP2C8*2
and *3 were examined according to the method of Dai et
al.’® CYP3A4*1B and *3 and CYP3A5*3 were examined
according to the method of van Shaik et al.*?

Pharmacokinetic and pharmacodynamic analyses

A conventional two-compartment model was used to
analyze the serum concentration-time profiles after the
intravenous administration of paclitaxel, with the ordinary
nonlinearleastsquares method (double precision NONMEM
Version V; GloboMax LLC, Hanover, MD, USA).”* The
C..x value was the observed concentration at the end of
infusion. The area under the serum concentration-time
curve (AUC) after intravenous administration was calcula-
ted by dividing the dose by the calculated total body clea-
rance. The time above paclitaxel concentration 0.05puM
(T > 0.05uM) and the time above paclitaxel concentration
01uM (T > 0.1uM) were graphically measured. The
influence of patient characteristics as well as genotypes
on the pharmacokinetic parameters of paclitaxel was
investigated.

Hematological toxicity was evaluated as nadir and
percent decrease (% decrease) against the pretreatment
values for white blood cell, absolute neutrophil, or platelet

counts. The percent decrease was calculated by the fol-
lowing equation:

pretreatment-nadir

%Decrease = x 100

pretreatment

Outcomes of chemotherapy for prostate cancer were
assessed independently using post-therapy changes in the
PSA concentration. We evaluated the relationship between
the pharmacokinetic parameters (C,,,, AUC, T > 0.1uM,
and T > 0.05uM) of paclitaxel and hematological toxicity,
as well as therapeutic response.

Statistical analysis

Data values are presented as means SD. The statistical
significance of differences in mean values between two
groups was analyzed using the nonpaired t-test, if the vari-
ances in each group were similar, otherwise the Mann-
Whitney U-test was used. Comparisons of mean values
between three groups were performed using one-way ana-
lysis of variance with the post-hoc Dunnett test. Correla-
tions between variables were examined using univariate
analysis. A P value of less than 0.05 was considered to be
significant. Statistical analyses were performed using the
statistical software package Statview version 5.0 (Abacus
Concepts, Berkeley, CA, USA).

Results

Patient characteristics

All patients enrolled in this study were relatively old (age,
55-77 years) men. The characteristics in patients with car-
boplatin and those with gemcitabine were not significantly
different, except for creatinine clearance (Table 1). There
was no patient with hepatic impairment. No patient was
treated with medicines known as strong inhibitors or indu-
cers of CYP3A4 or P-glycoprotein.

Paclitaxel pharmacokinetics

Although there was large interindividual variability in the
serum concentration of paclitaxel after intravenous infu-
sion, values in each patient well fitted a two-compartmental
model (Fig. 1). Table 2 shows the pharmacokinetic parame-
ters of paclitaxel in patients with carboplatin or gemcita-
bine. The coefficient of variation (CV %) for each parameter
was 29% to 52% with carboplatin, and 24% to 70% with
gemcitabine. The central volume of distribution for pacli-
taxel was significantly larger in patients with gemcitabine
than in those with carboplatin. The C,,,, AUC, T>0.1uM,
and T > 0.05uM were not significantly different between the
two groups in spite of the dosage difference, because of the
large interindividual variability.
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Fig. 1. Serum concentration-time curves of paclitaxel in patients with
carboplatin (rn = 10) or gemcitabine (n = 6). The solid lines show the
serum concentrations after paclitaxel administration (175mg/m®) with
carboplatin in each prostate cancer patient, and the dotted lines show
the serum concentrations after paclitaxel administration (150 mg/m®)
with gemcitabine in each patient with advanced transitional cell carci-
noma. Each line was obtained by the nonlinear least squares method,
using the measured serum paclitaxel concentration after the intrave-
nous infusion of the drug

Table 2. Pharmacokinetic parameters of paclitaxel after intravenous
infusion in patients with carboplatin or gemcitabine

Parameter Carboplatin Gemcitabine
CL (I/h per m?) 9.00 £3.48 9.79 £2.81
Q (Vh per m?) 4.40 +1.47 6.72 + 4.68
vV, (I/m?) 9.65£4.18 22.0 £14.5*
Vi (Um?) 57.8£24.5 93.7+359
Coax (Lg/ml) 4.77 £1.38 337+1.72
AUC (ug/h x ml) 22.0x8.0 16.7+5.8
T>0.1uM (h) 27.1+14.1 236166

T > 0.05uM (h) 38.0+11.6 350+85

* P <0.05, significantly different from the mean value in the carboplatin

group
Values are means £ SD

CL, total body clearance; Q, intercompartmental clearance; V,, central
volume of distribution; V, volume of distribution at a steady-state;
C,.axo Observed maximum concentration; AUC, area under the concen-
tration-time curve; T > 0.1 M, time above serum paclitaxel concentra-
tion 0.1uM; T > 0.05uM, time above serum paclitaxel concentration
0.05uM

Effect of patient characteristics and genotype on
paclitaxel clearance

The clearance of paclitaxel in each patient correlated nega-
tively, but not significantly, with alanine aminotransferase
(#* = 0.230; P = 0.0602). None of the other biochemical
parameters tested (aspartate aminotransferase, total biliru-
bin, albumin, total cholesterol, serum triglyceride, blood
urea nitrogen, and creatinine clearance) showed a signifi-
cant relationship with paclitaxel clearance. The clearance of
paclitaxel in patients who had the CYP3A5%1/*3 genotype
was not significantly different from that in those who had
the CYP3A5*3/*3 genotype (Fig. 2A). For the genotypes at
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Fig. 2A-C. Effects of genetic polymorphisms of A CYP3A5*3,
B MDRI C3435T, and C MDRI1 G2677T/A on paclitaxel clearance
(CL). The bars show the mean values of paclitaxel clearance in each
group. The open and closed symbols represent the data for patients
with carboplatin and gemcitabine, respectively

exon 26 (C3435T) in MDRI, statistical analysis of differen-
ces in clearance values between genotypic groups were not
performed because of the small sample size (Fig. 2B). For
genotypes at exon 21 (G2677T/A), homozygotes, namely
the subjects with T/A and T/T, tended to have lower
paclitaxel clearance values than the G/G subjects, but the
difference did not reach statistical significance (Fig. 2C).
CYP3A4*1B, CYP3A4*3, CYP2C8*2, and CYP2C8*3
alleles were not detected in our patients.
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Pharmacodynamic analysis

Hematological toxicity was relatively mild in this study, and
only one patient showed leukopenia and neutropenia of
grade 4 according to the National Cancer Institute common
toxicity criteria version 2.0. The mean percent decreases in
neutrophils and platelets after the intravenous administra-
tion of paclitaxel were significantly greater in patients with
gemcitabine than in those with carboplatin (Table 3). The
percent decrease in neutrophils was positively related with
the C,,, in patients with gemcitabine (# = 0.903; P = 0.002;
Fig. 3A). In addition, the percent decrease in platelets also
correlated positively with the T > 0.1pM in patients with
gemcitabine (7 = 0.769; P = 0.018; Fig. 3B). Other phar-
macokinetic parameters examined did not show a signifi-
cant relationship with the nadir or percent decrease in
white blood cells, neutrophils, or platelets. For the thera-
peutic response, the percent decrease in PSA had a ten-
dency toward a negative relationship with C_,,, AUC, T >

0.1uM, and T > 0.05uM in prostate cancer patients (C__
¥ =0.426; P =0.039; AUC, ¥ =0.248, P =0.149; T > 0.1 M,
7 =0.179, P = 0.233; T > 0.05uM, 7 = 0.059, P = 0.514;

Fig. 3C, D).

Table 3. Hematological toxicity after intravenous infusion of pacli-
taxel with carboplatin or gemcitabine

Carboplatin Gemcitabine

White blood cells

Nadir (x10*/ul) 3911196 2524082

Percent decrease 47.0+£205 6311103
Neutrophils

Nadir (x10*/ul) 2.52+1.60 1.26 + 041

Percent decrease 50.5 £ 25.8 72.6 £ 9.0*
Platelets

Nadir (x10*/ul) 180 + 80 131 £ 47

Percent decrease 2191145 50.1 £ 18.5*

* P <0.05, significantly different from the mean value in the carboplatin

group
Values are means + SD

Fig.3A-D. Relationshipbetween
the pharmacokinetic parameters (A) (B)
of paclitaxel and hematological
toxicity and therapeutic response. —_ —_
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Discussion

Paclitaxel is one of the most useful anticancer drugs for
solid tumors such as non-small cell lung cancer or breast
cancer, although it can cause severe hematological toxicity
and other adverse effects. In this study, we examined the
pharmacokinetics and pharmacodynamics of paclitaxel in
patients with carboplatin or gemcitabine to clarify the use-
fulness of monitoring the serum drug concentration.

Paclitaxel disposition has often been described in terms
of a saturable process,”” but the data in our study were
sufficiently fitted to a linear two-compartment model due
to the relatively small dosage range. In fact, the total body
clearance and volume of distribution at a steady state after
intravenous paclitaxel infusion did not differ significantly
between the two groups treated with paclitaxel at 175 mg/m’
with carboplatin or at 150 mg/m* with gemcitabine. It has
been reported that neither gemcitabine nor carboplatin
affects the pharmacokinetics of paclitaxel,’”” which was
consistent with our results. The pharmacokinetic parame-
ters reported here also correspond to previously reported
values.®” Because the interindividual variability in the
total body clearance of paclitaxel was as large as 39% in
patients with carboplatin and 29% in patients with gemci-
tabine, we next examined the relationship between the cha-
racteristics of the patients and clearance values. There were
no patients with hepatic dysfunction, and we did not observe
a significant relationship between results of hepatic function
tests such as alanine aminotransferase and clearance.
However, taking into consideration that the clearance of
paclitaxel tended to be negatively correlated with alanine
aminotransferase and was significantly decreased in rats
with hepatic failure,” care should be taken in the adminis-
tration of paclitaxel to patients with hepatic failure. In
patients with end-stage renal disease, the clearance of
erythromycin, a substrate of CYP3A4, was 28% lower
than that in healthy subjects.”” Based on this finding, renal
failure might affect the clearance of paclitaxel, but there
was no relationship between renal function and paclitaxel
clearance in this study, similar to the results obtained with
our chronic renal failure model.” Although paclitaxel was
reported to mainly bind to albumin,” the serum albumin
concentration did not affect the pharmacokinetics of pacli-
taxel in this study, probably due to the small interindividual
variability of albumin concentration.

The variability in the pharmacokinetics of paclitaxel was
also examined by genotyping MDRI, CYP2C8, CYP3A4,
and CYP3AS. The proteins encoded by these genes possi-
bly affect the pharmacokinetics, because they are metabo-
lizing enzymes and transporters of paclitaxel in humans. In
the present study, polymorphisms at exon 21 (G2677T/A)
and at exon 26 (C3435T) in MDRI did not significantly
affect the clearance of paclitaxel. Recent reports have also
shown that variant alleles in the MDRI gene did not
explain the interindividual variability in paclitaxel pharma-
cokinetics.*® We previously reported that no polymor-
phism of MDRI correlated with the expression of MDR1
mRNA in the intestine and kidney cortex."””" According to
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a recent metaanalysis of the influence of the MDR1 C3435T
polymorphism, this SNP does not affect the pharmacoki-
netics of digoxin or the expression of MDR1 mRNA?
Shon et al® reported that, after itraconazole pretreat-
ment, the oral clearance of fexofenadine in subjects with
the haplotype 2677TT/3435TT was lower than that in
2677GG/3435CC subjects, although there was no significant
difference in the placebo phase. Unfortunately, in the
present study, we could not evaluate the effects of MDRI
haplotypes on the pharmacokinetics of paclitaxel, because
of the small sample size. Based on these findings, issues
relating to MDRI haplotypes, environmental factors, and
study design might confound the observed effects of MDRI
polymorphisms on drug disposition in vivo. Of note,
patients who had the CYP3A5*1/*3 genotype did not show
a larger clearance of paclitaxel than those with the
CYP3A5*3/*3 genotype, consistent with previous results
for paclitaxel.” In the case of paclitaxel, because CYP2C8
as well as CYP3A4 was reported to be a major metaboli-
zing enzyme, the genotype of CYP3A5 might have little
contribution to the pharmacokinetics of paclitaxel. We
could not find any patients with the CYP2C8*2 and *3 or
CYP3A4*1B and*3 alleles, which were reported to be rare
in Japanese."**

The percent decreases in neutrophils and platelets were
significantly greater for the regimen with gemcitabine than
for the regimen with carboplatin, although the parameters
of paclitaxel exposure such as C,,,, AUC, T > 0.1uM, and
T > 0.05uM were not significantly different between the two
groups. In addition, the percent decrease in neutrophils and
that in platelets had a significant positive relationship with
the C,,,, and T > 0.1 uM of paclitaxel, respectively, in patients
with gemcitabine. Because the total dose of gemcitabine
was as large as 2500mg/m’ in the present study, we consi-
dered that the hematological toxicity increased due to the
synergism of paclitaxel and gemcitabine, and that greater
paclitaxel exposure intensified the decrease of neutrophils
and platelets by gemcitabine. Interestingly, the pharmaco-
Jogical effect, which was assessed as the percent decrease in
PSA in prostate cancer patients, had a tendency toward a
negative correlation with the C,,, AUC, T > 0.1uM, and
T > 0.05uM of paclitaxel. In vitro, in human non-small
cell lung carcinoma A549 cells, a paclitaxel concentration
higher than 9nM blocked the cell cycle in the G2-M phase,
resulting in cell death. Jordan et al.* also reported that
the proliferation of HeLa cells was blocked half-maximally
by paclitaxel at a concentration of 8nM, and inhibition
was complete at concentrations above 33nM. Of interest,
microtubule-depolymerizing agents exhibited a biphasic
dose-response curve, with mitotic arrest at low drug concen-
trations that failed to depolymerize microtubules, and a
p53-independent p21%"“?'-associated G1 and G2 arrest at
higher concentrations that depolymerized microtubules.”
Based on these in vitro studies, the finding in the present
study indicates that the current paclitaxel dosage used for
the treatment of prostate cancer may be excessively high,
although we should also take into consideration indicators
of malignancy, such as the Gleason score, the chemosensi-
tivity of the tumor, and the tumor type.
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In summary, gemcitabine intensified the hematological
side effects of paclitaxel by pharmacological interaction, but
not by pharmacokinetic interaction. In addition, the potency
of the hematological side effects in patients treated with
gemcitabine was significantly correlated with the paclitaxel
exposure. Although the polymorphisms in MDRI and
CYP3A5 did not significantly affect the clearance of pacli-
taxel, monitoring of the serum concentration of paclitaxel
might facilitate treatment, with less myelosuppression,
without decreasing the therapeutic efficacy of this drug.
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Ogawa O, Fukatsu A, Doi T, Inui K. Critical roles of Spl in gene
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Physiol Renal Physiol 293: F1564-F1570, 2007. First published Septem-
ber 12, 2007; doi:10.1152/ajprenal.00322.2007.—A H™/organic cation
antiporter (multidrug and toxin extrusion 1: MATE1/SLC47A1) plays
important roles in the tubular secretion of various clinically important
cationic drugs such as cimetidine. We have recently found that the
regulation of this transporter greatly affects the pharmacokinetic
properties of cationic drugs in vivo. No information is available about
the regulatory mechanisms for the MATE] gene. In the present study,
therefore, we examined the gene regulation of human (h) and rat (r)
MATE], focusing on basal expression. A deletion analysis suggested
that the regions spanning ~65/—25 and —146/—38 were essential for
the basal transcriptional activity of the hMATE1 and rMATE]1 pro-
moter, respectively, and that both regions contained putative Spl-
binding sites. Functional involvement of Spl was confirmed by Spl
overexpression, a mutational analysis of Spl-binding sites, mithramy-
cin A treatment, and an electrophoretic mobility shift assay. Further-
more, we found a single nucleotide polymorphism (SNP) in the
promoter region of hMATE! (G—32A), which belongs to a Spl-
binding site. The allelic frequency of this rfSNP was 3.7%, and
Spl-binding and promoter activity were significantly decreased. This
is the first study to clarify the transcriptional mechanisms of the
MATE] gene and to identify a SNP affecting the promoter activity of
hMATEI.

tubular secretion; basal transcriptional activity; single nucleotide
polymorphism; multidrug and toxin extrusion 1

RENAL ELIMINATION, including glomerular filtration and tubular
secretion, is a major clearance mechanism for many drugs. The
renal tubular secretion of drugs takes place primarily in the
proximal tubules as an interplay of drug transporters located in
the basolateral and brush-border membranes, respectively. For
example, organic cations are taken up by membrane potential-
dependent organic cation transporters and then extruded into
the lumen by H*/organic cation antiporters (14). Molecular
cloning of membrane potential-dependent organic cation trans-
porter 1 (OCT1) was reported in 1994 (12), and at present,
three kinds of organic cation transporters (OCT1-3) from
various species have been identified and characterized (7, 14,
36). In contrast to OCTs, attempts at the molecular identifica-
tion of apical H*/organic cation antiporters have failed for
more than a decade.

Recently, mammalian orthologs of the multidrug and toxin
extrusion (MATE) family, which confers multidrug resistance
on bacteria, have been identified in humans (19, 25), mice (25),
rats (23, 34), and rabbits (37). Two functional isoforms,
MATE1/SLC47A1 (human, mouse, rat, and rabbit) and
MATE2-K/SLC47A2 (human and rabbit), have been charac-
terized in terms of tissue distribution, membrane localization,
and transport characteristic and have been demonstrated to
work as H%*/organic cation antiporters (2, 19, 20, 23, 25,
33-35, 37). MATE] is able to transport various organic cations
such as tetraethylammonium, cimetidine, and metformin and
the zwitterion cephalexin using an oppositely directed H*
gradient (33-35). Human (h) MATE] is primarily expressed in
the kidney and liver and is located at the membranes of the
luminal side (19, 25). Rat (r) MATE! is also present in the
brush-border membranes of renal proximal tubules (20), and
the intrarenal expression of MATE] is limited to the proximal
tubules (34). Our group (20) also demonstrated that the expres-
sion level of IMATE] was remarkably reduced in 5/6 nephrec-
tomized rats and that the ievel of rMATE], but not of rOCT2,
correlated well with the tubular secretion of cimetidine in
female rats (r = 0.74). Furthermore, very recently, our group
identified cysteine and histidine residues essential to the func-
tion of rat and human MATE1 (2). Hence, functional and
expressional aspects of MATE] have been clarified in much
detail, but there has been no information about the transcrip-
tional regulation including basal promoter activity of this
transporter.

The core promoter and proximal promoter regions contain
elements that control the initiation of transcription, and there-
fore, essential regions that harbor functionally relevant poly-
morphisms may have significant effects on gene expression
(6). When such polymorphisms occur in the promoter region of
pharmacokinetic-related genes, drug disposition, efficacy, and
toxicity can be influenced. For example, a genetic polymor-
phism of the uridine diphosphate-glucuronosyltransferase 1A1
gene, UGT1A1*28, a variant sequence in the promoter region,
contributed to individual variation for adverse events in pa-
tients administered the anti-cancer agent irinotecan (13). Thus
a search for single nucleotide polymorphisms in the promoter
region (rSNP) of drug transporters may provide useful infor-
mation on interindividual differences in drug disposition.

In the present study, therefore, we characterized the pro-
moter activity of hMATE] and rMATE] to identify the min-

Address for reprint requests and other correspondence: Prof. K. Inui, Dept.
of Pharmacy, Kyoto Univ. Hospital, Sakyo-ku, Kyoto 606-8507, Japan (e-mail:
inui @kuhp kyoto-u.ac.jp).

F1564

0363-6127/07 $8.00 Copyright © 2007 the American Physiological Society

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

http://www .ajprenal.org

—151—



POLYMORPHISM OF Sp1-BINDING SITE OF MATE1 PROMOTER F1565

imal region and cis-regulatory elements required for the basal
expression of MATE]. Furthermore, we performed rSNP anal-
yses for hMATE] and found that SNP at G—32A, which
belongs to a Spl-binding site, affected the promoter activity of
the gene.

MATERIALS AND METHODS

Materials. [y->>P]ATP was obtained from GE Healthcare (Little
Chalfont, UK). Restriction enzymes were obtained from New England
BiolLabs (Beverly, MA). Antibody for Spl (H-225) was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Mithramycin A
was purchased from Sigma-Aldrich (St. Louis, MO). The plasmid
CMV-Spl was kindly provided by Dr. Robert Tjian (University of
California, Berkeley, CA). All other chemicals used were of the
highest purity available.

Determination of putative transcriptional start site. To identify the
transcription start site of hMATE] and rMATEI, we carried out
5'-rapid amplification of cDNA ends (5'-RACE) using human and rat
kidney Marathon-Ready ¢cDNA (Clontech, Mountain View, CA),
respectively, according to the manufacturer’s instructions. The prim-
ers for 5'-RACE were as follows: a gene-specific primer for htMATE]
(GenBank accession no. FLJ10847), 5S'-CAGGACCAAGAGCGC-
CCGCAGCTCTTCT-3' (209/182); a nested gene-specific primer for
hMATE], 5'-CTGGCGCGGGCTCCTCAGGAGCTTCCAT-3' (114/
87); a gene-specific primer for IMATE] (GenBank accession no.
NM_001014118), 5'-GAGCTGGGCCAAGAACGCAGGACCC-3'
(170/146); and a nested gene-specific primer for rMATEI, 5'-CTG-
GTCCCGGCGCAGGCTCCTCCAAGA-3’ (57/31). The polymerase
chain reaction (PCR) products were subcloned into the pGEM-T Easy
Vector (Promega, Madison, WI). All PCR products were sequenced
using a multicapillary DNA sequencer RISA384 system (Shimadzu,
Kyoto, Japan). )

Table 1. Primer sequences

Construction of reporter plasmids for h(MATEI and rMATE] pro-
moters. The human or rat promoter region upstream of the transcrip-
tion start site was amplified by PCR using human genomic DNA
(Promega) or rat genomic DNA (Clontech) with the primers listed in
Table 1. The PCR products were subcloned into the firefly luciferase
reporter vector pGL3-Basic (Promega). The full-length reporter plas-
mids are hereafter referred to as hMATE1 (—2408/+13) and
rMATEI] (—2422/+24). The 5'-deleted constructs were generated by
digestion with appropriate restriction enzymes. The hMATE1 (—65/
+13) and rMATE1 (—38/+24) constructs were generated by PCR
with the primers listed in Table 1. The site-directed mutations in
putative Spl-binding sites were introduced into the hMATE1 (—65/
+13) construct with a QuickChange 11 site-directed mutagenesis kit
(Stratagene, La Jolla, CA) with the primers listed in Table 1. All PCR
products and deletion constructs for reporter assays or rSNP analyses
were sequenced using a multicapillary DNA sequencer RISA384
system (Shimadzu).

Cell culture, transfection, and reporier gene assays. LLC-PK; and
HEK?293 cells were obtained from the American Type Culture Col-
lection (ATCC CRL-1392 and -1573). Cell culture, transfection,
and reporter gene assays were carried out as described previously
(1, 22, 29).

Western blot analysis. Preparation of nuclear extracts from LLC-
PK; cells was described previously (29). The nuclear extracts of
LLC-PK; cells (125 ng) were solubilized in SDS sample buffer,
separated on a 10% polyacrylamide gel, and transferred onto polyvi-
nylidene difluoride membranes (Immobilon-P; Millipore, Bedford,
MA) by semidry electroblotting. Blots were blocked with 5% nonfat
dry milk in Tris-buffered saline (TBS; 20 mM Tris, 137 mM NaCl, pH
7.5) with 0.1% Tween 20 (TBS-T) for 1 h at room temperature. Blots
were washed in TBS-T and then incubated with the anti-Sp1 poly-
clonal antibody (1 pg/ml, overnight at 4°C). The bound antibody was
detected on X-ray film by enhanced chemiluminescence with a horse-

Reporter Construct Direction Sequence (5'-3") Position
hMATE1 Forward GGACGCGTCAGCCAACCACACGTTGTTTTA —2408/-2387
(—2408/+13) Reverse GGAAGCTTGGAGGCCGGCAGTGAGTACC +13/-7
MATE1 Forward GGACGCGTTCTTGGTGGGGGAACCCCAGT —2522/-2502
(—2422/+24) Reverse GGAGATCTGTGGCCTCCGTGCTGTCGGG +24/+4
hMATE1 Forward GGACGCGTCGGGGCGGGCTCTGGGC —65/—49
(—65/+13) Reverse GGAAGCTTGGAGGCCGGCAGTGAGTACC +13/-7
MATE] Forward GCGACGCGTTTCAGGCCTGTGGGTCC —38/-21
(—38/+24) Reverse GGAGATCTGTGGCCTCCGTGCTGTCGGG +24/+4

Site-directed mutagenesis for h(MATE]L reporter construct
Muztation A Forward GGGCGCCAGGCGCGGAACGTGCTCTGGGCG —77/-48
Reverse CGCCCAGAGCACGTTCCGCGCCTGGCGCCC —48/-77
Muztation B Forward GGGCGGCCGGAACGTGGACTGCAGAGCAGGC —48/—-18
Reverse GCCTGCTCTGCAGTCCACGTTCCGGCCGCCC —18/—-48
SNP Forward GCGGGCGGCCGGGGCGGGAACTGCAGAGC —50/-22
Reverse GCTCTGCAGTTCCCGCCCCGGCCGCCCGC —22/—-50
Oligonucleotides for (MATE] EMSA
Wild probe A Forward GGGCGCCAGGCGCGGGGCGGGCTCTGGGCG —77/-48
Reverse CGCCCAGAGCCCGCCCCGCGCCTGGLCGCCC —48/-77
Wild probe B Forward GGGCGGCCGGGGCGGGGACTGCAGAGCAGGC —48/—18
Reverse GCCTGCTCTGCAGTCCCCGCCCCGGCCGLCC —18/—48
Mutational probe A Forward GGGCGCCAGGCGCCGAACGTGCTCTGGGCG —77/—-48
Reverse CGCCCAGAGCACGTTCCGCGCCTGGCGCCC —48/-77
Mutational probe B Forward GGGCGGCCGGAACGTGGACTGCAGAGCAGGC —48/—18
Reverse GCCTGCTCTGCAGTCCACGTTCCGGCCGCCC —18/—-48
SNP probe B Forward GGGCGGCCGGGGCGGGAACTGCAGAGCAGGC —48/—18
Reverse GCCTGCTCTGCAGTTCCCGCCCCGGCCGCLC —18/—-48
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radish peroxidase-conjugated anti-rabbit IgG antibody (GE Health-
care).

EMSA. Recombinant human Spl (rhSpl) and recombinant human
Sp3 (rhSp3) were obtained from Promega and Alexis (Lausen, Swit-
zerland), respectively. The probes shown in Table 1 were prepared by
annealing complementary sense and antisense oligonucleotides, fol-
lowed by end labeling with {y-32P]JATP using T4 polynucleotide
kinase (Takara Bio, Otsu, Japan) and purification through a Sephadex
G-25 column (GE Healthcare). The composition of the binding
mixture containing rhSpl was based on Martin et al. (17), and
compositions of rhSp3 binding buffer were as follows: 1 mM MgCl,,
0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl, 10 mM Tris-HCI (pH
7.5), and 4% glycerol. Labeled probes were added to the binding
mixture and incubated for 0.5-1 h at room temperature. The DNA-
protein complexes were then separated on a 4% polyacrylamide gel at
room temperature in 0.5X Tris-borate-EDTA buffer. The gel was
dried and exposed to X-ray film for autoradiography.

rSNP analyses. Genomic DNA was extracted from peripheral
blood from 88 patients with renal diseases (47 men and 41 women;
range 14-78 yr) and normal parts of the kidney from 21 renal cell
carcinoma patients (21 men; range 39-77 yr) using a Wizard
Genomic DNA purification kit (Promega). About 120 bp of the
promoter region of the hAMATE] gene were amplified by PCR using

A

(-2408/+13)
(-1148/+13)
(-650/+13)
(-353/+13)
(-272/+13)
(-77/+13)
(-65/+13)
(-25/+13)

pGL3 Basic

B
(-2422/+24)

(-865/424)
(-146/+24)

(-38/+24)

pGL3 Basic

1 1 1 1 1 1 i

0 2 4 6 8 10 12 14
Fold-increase over pGL3-Basic

Fig. 1. Deletion analysis of human multidrug and toxin extrusion 1 (WMATE1)
and rat ()MATE] promoter activity in LLC-PK; cells. A: a series of hMATE1
deleted promoter constructs (equimolar amounts of the —2408/+ 13 construct;
600 ng) were transfected into LLC-PK, cells for luciferase assays. B: a series
of rMATEL! deleted promoter constructs (equimolar amounts of the —2422/
+24 construct; 600 ng) were transfected into LLC-PK; cells for luciferase
assays. Firefly luciferase activity was normalized to Renilla luciferase activity.
Data are reported as the relative increase compared with pGL3-Basic and are
means * SE of 3 replicates.
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A
65 CGGGGCGGGCTCTGGGCGGGCGGCCGGGGCGGGGACTGCAG -25
———— e - —ee
Sp1 Sp1
B

-146 GCGCGCGCGCCTGGGGGTTGCAGGGGCAAGGGGTGCATCCA 106
-105 AGGTCGCAGATACTCGGCCGGCGCTGGGCGGGTTTAGGGGA 65

_——
Sp1
64 GGCGGCCGAGGGCGGGGACTGGAGTCT -38
e
Sp1

Fig. 2. Nucleotides sequence of the hMATE] (A) and rMATEI1 (B) promoter.
Numbering is relative to the transcription start site. The putative binding sites
for Spl are indicated on the sequence (arrows indicate the direction).
C: detection of Sp1 by Western blot analysis. Nuclear extracts from LLC-PK,
cells (125 ng) were separated on a 10% SDS-polyacrylamide gel and blotted
onto a polyvinylidene difluoride membrane. Sp1 antibody (1 pg/ml) was used
as a primary antibody. Horseradish peroxidase-conjugated anti-rabbit 1gG
antibody was used for detection of bound antibody. The arrowhead indicates
the position of Spl.

the forward primer 5'-CGCAGTGGTGCAGAGAGAGGTGCAA-3’
(—154/—130) and the reverse primer 5'-AGTCACCCGCGGAG-
GCAGAAATCAC-3' (297/273). PCR conditions were as follows:
denaturation at 94°C for 30 s, annealing and synthesis at 68°C for 3
min, for 35 cycles. All PCR products were sequenced using a
multicapillary DNA sequencer RISA384 system (Shimadzu).

This study was conducted in accordance with the Declaration of
Helsinki and its amendments and was approved by the Kyoto Uni-
versity Graduate School and Faculty of Medicine Ethics Committee.

Data analysis. The results are mainly expressed relative to pGL3-
Basic and represent means = SE of three replicates. Two or three
experiments were conducted, and representative results are shown.
Data were analyzed statistically with one-way ANOVA followed by
Dunnett’s test.

RESULTS

Determination of the transcription start site of h(MATEI and
rMATE]I. Sequencing of the longest RACE product showed
that the terminal position of A(MATE1 and rMATE1 ¢cDNA was
located 22 and 20 nucleotides upstream of the start codon,
which was 64 and 3 bp downstream of the 5'-end of h(MATE1
and tMATE] cDNA, respectively, registered in the National
Center for Biotechnology Information database [GenBank ac-
cession no. FLJ10847 (hMATE1l) and NM_001014118
(tMATEJ1)]. Therefore, the 5’-end of hMATE1 and rMATE]
cDNA in the database was numbered with +1 as the transcrip-
tion start site in this study.

Determination of the minimal hMATE] and rMATEI! pro-
moter. To determine the minimal region required for basal
activity of the promoter, a series of hMATE] (Fig. 1A) or
rMATE!1 (Fig. 1B) deletion constructs were transfected into
LLC-PK, cells, and luciferase activity was measured. In LLC-
PK; cells, the H*/organic cation antiport system is expressed
in the apical membrane (9, 15, 28), and we hypothesized that
transcription factors and/or cofactors required for the expres-
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sion of MATE]! exist intrinsically in these cells. The longest
reporter constructs of hMATE! and IMATE1 showed an ap-
proximately three- to fivefold increase in luciferase activity
compared with pGL3-Basic. The luciferase activity of both
constructs was completely abolished with the —25/+13
(hMATE1) and —38/+24 (rMATE]) deleted promoter con-
structs, respectively, suggesting that the region between —65
and —25 for hMATE]1 or between —146 and —38 for IMATE1
was important for basal promoter activity. We then performed
a computational sequence analysis of these regions using
TFSEARCH (www cbrc.jp/research/db/TFSEARCH.html). This
analysis revealed that the region proximal to the transcrip-
tion start site lacks canonical TATA or CCAAT boxes.
Instead, two GC-rich sites were observed, suggesting a
possible contribution of Spl to the basal promoter activity
of MATEI1 (Fig. 2, A and B).

Western blot analysis. To confirm the expression of Spl in
LLC-PK; cells, we carried out Western blot analysis for Spl.
As shown in Fig. 2C, an immunoreactive protein with a
molecular mass of 106 kDa corresponding to Spl was detected
in LLC-PK; cells.

Functional involvement of Spl in MATEI promoter activity.
To evaluate the functional involvement of Spl in MATEI
promoter activity, we performed experiments for the inhi-
bition and transactivation of Spl. Mithramycin A is known
to bind to the GC box and inhibit Spl binding (4, 27). As
shown in Fig. 3, treatment with mithramycin A led to a
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Fig. 3. Inhibition of htMATE1 (A) and tMATEI] (B) transcriptional activity by
mithramycin A. LLC-PK, cells were transiently transfected with the h(MATE1
(—65/+13) or IMATEI (—146/+24) construct (same amount as in the dele-
tion analysis). Mithramycin A was added to the cells 5 h after the transfection.
Firefly luciferase activity was normalized to Renilla luciferase activity. Data
are reported as the relative increase compared with pGL3-Basic and are
means * SE of 3 replicates. **P < 0.01, significantly different from the values
without mithramycin A.
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Fig. 4. Effect of Spl overexpression on hMATE] (A) and rMATEI (B)
transcriptional activity. HEK293 cells were transiently transfected with 250 ng
of hMATE1 (—65/+13) or ’MATE1 (—146/+24) construct with the CMV-
Spl expression vector (500, 750, and 1,000 ng). The total amount of trans-
fected DNA was kept constant by adding empty vector. Data are reported as
the relative increase compared with that without CMV-Spl and are means *
SE of 3 replicates. *P < 0.05; **P < 0.01, significantly different from the
values without CMV-Spl.

significant decrease in the promoter activity in a dose-
dependent manner for both reporter constructs. Next, we
investigated the effect of Sp1 overexpression on the MATE1
promoter activity in HEK293 cells (Fig. 4). Transfection of
the CMV-Sp1 expression vector in LLC-PK, cells remark-
ably reduced the activity of the pGL3-Basic (control) via
unknown mechanisms, and therefore, HEK293 cells were
used for Spl overexpression experiments. The promoter
activity of hMATEI1 (—65/+13) or IMATE1 (—146/+24)
showed a dose-dependent increase in the cotransfection of
CMV-Spl, providing direct evidence that Spl enhanced the
activity.

Identification of Spl-binding site of hMATEI promoter. In
the proximal hMATE] promoter region, there are two pu-
tative Spl-binding sites located between —65 and —25, and
these sites were designated as Sp-A (—64/—55) and Sp-B
(—40/—131), respectively. To determine whether these sites
were important for hMATEL promoter activity, we intro-
duced a mutation at each site of the hMATE1 (—65/+13)
construct (mutation A and mutation B; Fig. 5A). As shown in
Fig. 5B, both mutants remarkably reduced the luciferase
activity compared with the wild type. These results suggest
that both Sp-A and Sp-B are important for regulating the
hMATE1 promoter activity. Finally, to confirm that Spl
binds to Sp-A and Sp-B sites, we performed EMSAs with
rhSp1 and wild-type or mutational probes of Sp-A and Sp-B
(Fig. 5A). Both wild probes A and B formed DNA-protein
complexes (Fig. 6A, lanes 3 and 7), whereas no complex
was formed in the absence of thSpl or mutational probes A
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A | | probe A
probe B
Mutation A
AA T s
77 IGGGCGCCAGGCGCGGGGCGGGCTCTGGGQG 48
hMATE1 Sp-A
Mutation B
AA T .
47 GGCGGCCGGGGCGGGGACTGCAGAGCAGGC: -18
hMATE1 Sp-B
B
Wild-type (-65/+13)
Mutation A (-65/+13) *x
Mutation B (-65/+13) i} ++
(-25/+13)
pGL3 Basic _
0 5 10 15 20 25 30

Fold-increase over pGL3-Basic

Fig. 5. Mutational analysis of the putative Spl-binding sites of the hMATE1
promoter. A: the nucleotide sequence of the promoter region from —77 to —18
is shown with the putative Sp1-binding elements (Sp-A and Sp-B underlined).
Site-directed mutations that destroy Spl-binding elements were introduced
individually and designated mutation A and mutation B. The nucleotides
altered for mutational analysis are shown italicized above the wild-type
sequence. The regions used for oligonucleotide probes for EMSA are also
indicated. B: the mutated ~65/+13 constructs (same amount as in the deletion
analysis) were transiently expressed in LLC-PK, cells for luciferase assays.
Firefly luciferase activity was normalized to Renilla luciferase activity. Data
are reported as the relative increase compared with pGL3-Basic and are
means * SE of 3 replicates. **P < 0.01, significantly different from the wild
type.

and B (Fig. 6A, lanes 1, 2, 4-6, and &8). These results
suggest that Spl stimulates the basal promoter activity of
hMATE!1 via Sp-A and Sp-B regions. It was reported that
Sp3 as well as Spl also recognizes classic Sp1-binding sites
(5). We then further examined the interaction of Sp-A and
Sp-B with rhSp3. As observed in rhSpl, specific DNA-
protein complexes in both wild probes A and B were
detected (Fig. 6B).

rSNP Analyses of hMATE]. We then sequenced the pro-
moter region (~120 bp) of the MATE] gene in 88 patients with
rena) diseases and 21 patients with renal cell carcinoma and
found the G—32A SNP at the Sp-B site. The frequency of this
rSNP is summarized in Table 2. To evaluate the effect of the
G—32A SNP on the promoter activity of hMATE1, we carried
out an EMSA and a reporter assay. Both wild and SNP probes
formed DNA-protein complexes, although less complex was
formed with the SNP probe (—32A) (Fig. 7, lanes 4 and 8) than
with the wild probe (—32G) (Fig. 7, lanes 3 and 7). No
complex was formed in the absence of thSp1 (Fig. 7, lanes 1,
2,5, and 6). Furthermore, as shown in Fig. 8, the SNP construct
(—32A) remarkably reduced the luciferase activity compared
with the wild type (—32G). These results indicate that the
G—32A substitution downregulates the basal promoter activity
of hMATEI by weakening the binding of Spl.

POLYMORPHISM OF Sp1-BINDING SITE OF MATE1 PROMOTER

Wild probe A + + + +
probe A + + + +
Wild probe B + + + +
Mutation probe B + + + +
rhSp1{A) or rhSp3(B)| + 4+ + 4 + 4+ + 4+
lex == # ﬁ
complex ?‘i * oy e

1234

Fig. 6. EMSA of recombinant human (rh)Spl (A) or rhSp3 (B) proteins
binding to the hMATEI] probes containing putative Spl-binding elements.
rhSpl (30 ng) or rhSp3 (10 ng) was incubated with the wild or mutated
[y-3?P]ATP-labeled oligonucleotide probes {probe A (—77/—48) and probe B
(—48/—18)} in lanes 3,4, 7, and 8. In lanes 1, 2, 5, and 6, rhSp1 (A) or rhSp3
(B) was not added.

1234 567 8 5678

DISCUSSION

In the present study, we performed a functional promoter
assay of human and rat MATE] genes and obtained convincing
evidence of the involvement of Spl in the regulation of the
basal expression of these transporters. This conclusion is sup-
ported by results of experiments involving the inhibition of
mithramycin A, the overexpression of Spl, mutagenesis of the
GC-rich region, and EMSAs using rhSpl. In the proximal
promoter region of the human and rat MATE] genes, two
GC-rich sites exist instead of a TATA box, and these features
are conserved among species (Fig. 9). In a TATA-less pro-
moter, Spl binds to the GC-rich region to recruit TATA-
binding protein (26) and to fix the transcription start site (3).
Furthermore, it was reported that the promoter activity is
enhanced if multiple Sp1-binding sites exist (18). These find-
ings suggested that Spl plays a significant role as a basal
transcription factor through these GC-rich sites in the MATE1
promoter.

Furthermore, we found a SNP at a Spl-binding site
(G—32A, belonging to the Sp-B site) of the hAMATE] promoter
for the first time and demonstrated that this substitution affects
hMATE] promoter activity by disrupting the binding of Sp1. It

Table 2. Allelic frequency of G—32A of hMATE] for 109
patients with renal diseases and renal cell carcinoma

Gene Location Genotype n Frequency, %
hMATE] -32 G/G 105 96.3
G/A 4 37
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Wild probe B (-32G) + + + +
SNP probe B (-32A) + + + +
rhSp1 (ng) 0 0 90 90 0 0 120120

12 3 4

Fig. 7. Effect of single nucleotide polymorphism (SNP; G—32A) on EMSA
for rhSpl. thSp1 (90 or 120 ng) was incubated with the wild probe (—32G) in
lanes 3 and 4) or the SNP probe (—32A) in lanes 7 and 8. In lanes 1, 2, 5, and
6, thSpl was not added. .

5678

is strongly suggested that this rSNP influences the mRNA level
of MATE]L. _

To date, many large-scale screenings of SNPs of drug
transporters (mainly focusing on SNPs in the coding region;
cSNPs) have been carried out to identify genetic factors
involved in the interindividual differences of pharmacoki-
netics. So far, clinical implications for cSNPs in the genes
for organic anion transporting polypeptides (16) and OCT1
(31, 32) have been demonstrated, but significant results have
not been obtained for other SLC-type drug transporters. In
the present study, we found an rSNP of Spl-binding sites
affecting the MATE] gene. This type of SNP may be
involved in the interindividual differences of pharmacoki-
netics. There are reports that ISNPs of Spl-binding sites of
the resistin gene contribute to type 2 diabetes mellitus
susceptibility (24) and that those of the collagen type I al
gene contribute to low bone mass and vertebral fracture
(11). Further studies of the relationship between gene poly-
morphisms of MATE] and the pharmacokinetic properties of
MATE]! substrate drugs may clarify the clinical implications
of this SNP.

Human and rat MATE1 mRNA is abundantly expressed in
the kidney (19, 34), whereas Sp1 is expressed ubiquitously.
The present study revealed the contribution of Spl to the
transcriptional regulation of MATE], but the mechanism
of this tissue-specific expression has not been clarified. In
the case of intestinal H*-coupled peptide transporter 1, the

F1569

A i i probeB
-32G/A SNP
H A H
-48 GGGCGGCCGGGGCEGGGACTGCAGAGCAGGC  -18
hMATE1 Sp-B
B

Wild-type (-65/+13) (-32G)
SNP (-65/+13) (-324)
(-25/+13)

pGL3 Baslc

0 5 10 15 20
Fold-increase over pGL3-Basic

Fig. 8. Effect of rfSNP (G—32A) of the putative Spl-binding sites on the
hMATE] promoter activity. A: the nucleotide sequence of the promoter region
from —48 to — 18 is shown. B: the SNP —65/+13 constructs were transiently
expressed in LLC-PK; cells for luciferase assays. Firefly luciferase activity
was normalized to Renilla luciferase activity. Data are reported as the relative
increase compared with pGL3-Basic and are means * SE of 3 replicates.
**p < 0.01, significantly different from the wild type.

basal promoter activity was also determined by Spl, but its
tissue specific expression was regulated by the intestinal
specific transcription factor Cdx2 (29, 30). Currently, there
is little information about the renal specific transcription
factor. It has been reported that Sp3 as well as Spl also
recognizes classic Spl-binding sites, and there are a number
of reports that the relative abundance of Sp1 and Sp3 should
allow regulation of gene activities (5). We confirmed by
EMSA that a recombinant Sp3 protein bound to the Sp-A
and Sp-B sites of the hMATE] promoter (Fig. 6B). Another
possible mechanism is the methylation of the GC box in the
promoter region. Methylation of the cytosine residue in the
sequence of 5'-CpG-3’ is an epigenetic modification, and
recent reports have revealed that this epigenetic modifica-
tion contributes to the tissue-specific expression (8, 10, 21).
Further studies are needed to clarify the tissue-specific
expression of MATE].

In conclusion, the present study clearly indicates that Spl
functions as a basal transcriptional regulator of the human
and rat MATE] gene through the two GC boxes, and this
system may be conserved among species. Furthermore, we
have identified an rSNP of the AMATEI gene (G—32A)
(belonging to a Spl-binding site) that affects the promoter
activity.

human MATE1 -89 GGCGCGEGGECGGEECTC TGGGCGGGCGGCCGRGGGCGGGGACTGCAGAG -23

rat MATE1 -86 —-—-~ T-ommom- T-TA---GA------~—~ Am——————mmm o G--TC -39
mouse MATE1 -91 -——-~ Tom—m——- T-TA---GA---~~--~ A-—weem e G--TC-44
~: same
x: no base

GGGCGG: Sp1 consensus sequence

Fig. 9. Nucleotide sequences of the human, rat, and mouse MATEI promoter.
The nucleotide sequences of the promoter region of the human (—69/—23), rat
(—86/—39), and mouse (—91/—44) MATE] are shown with the putative
Spl-binding elements. All of the promoter sequences have the Spl consensus
sequence (GGGCGG). The putative Sp1-binding sites are shown in bold.
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Purpose. In patients with thyroid disorders, abnormalities in the pharmacokinetics of various drugs
including digoxin, a substrate of P-glycoprotein (Pgp) which plays a crucial role in drug absorption and
disposition, have been reported. In this study, we examined the effect of 3,53’ -L-triiodothyronine (T3) on
the function and expression of Pgp using the human intestinal epithelial cell line Caco-2. .
Materials and Methods. The effect of T5 on the expression of Pgp and MDR1 mRNA was assessed by
Western blotting and competitive polymerase chain reaction, respectively. Digoxin uptake and transport
by Pgp was assessed using Caco-2 cell monolayers.

Results. The expression of MDR1 mRNA was increased by T3 treatment in a concentration-dependent
manner. Pgp expression was also increased by 100 nM Tj, whereas it decreased on depletion of T. The
amount of [*H]digoxin accumulated in Caco-2 cell monolayers treated with T was diminished
significantly compared with that in control cells. In addition, the basal-to-apical transcellular transport
of [®H]digoxin was accelerated by Tj treatment.

Conclusions. These results indicate that T; regulates the expression and function of Pgp. It is possible that
changes in Pgp expression alter the pharmacokinetics of Pgp substrates in patients with thyroid disorders.

KEY WORDS: Caco-2 cells; digoxin; P-glycoprotein; 3,5,3'-L-triiodothyronine.

INTRODUCTION

P-glycoprotein (Pgp), a 170 kDa membrane glycoprotein
and gene product of MDR1, acts as an ATP-dependent
multidrug efflux pump which transports a wide range of
hydrophobic compounds such as B-blockers, calcium channel
antagonists, anticancer agents, and immunosupressants. Ex-
pression of Pgp in humans and rodents is observed in various
tissues including the brain, liver, kidney, and small intestine.
Therefore, Pgp is considered to be closely related to the
absorption, distribution, and excretion of drugs, suggesting
that the alteration of Pgp expression levels may affect the
pharmacokinetics of drugs (1). Greiner et al. (2) showed that
the AUC of digoxin, a Pgp substrate, was decreased following
an up-regulation of Pgp expression caused by the coadmin-
istration of rifampin. Dexamethasone also modulates Pgp
expression and affects the pharmacokinetics of Rhodamine
123 in rats (3,4). Pharmacokinetic variations due to changes in
Pgp expression levels may be closely related to the efficacy
and side effects of drugs.

Thyroid hormone is secreted from the thyroid gland to
maintain normal growth, development, body temperature,
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and energy levels. Most of its effects appear to be mediated
by the activation of nuclear receptors that regulate mRNA
transcription and subsequent protein synthesis. A change in
the serum thyroid hormone level may be followed by the
altered expression of proteins that have important physiolog-
ical functions. In a hyperthyroid state, in addition to an
increase in appetite and a reduction in body weight, the
pharmacokinetics of drugs such as propranolol (5) and
digoxin (6-9) changed dramatically. We previously demon-
strated that thyroid hormone induced Pgp and mdrla/lb
mRNA expression in hyperthyroid rats (10). Furthermore,
Siegmund et al. (11) showed that the administration of
levothyroxine tended to up-regulate the expression of
MDR! mRNA and Pgp in healthy volunteers. However, it
did not result in major alterations to the pharmacokinetics of
talinolol. Therefore, the mechanism of the changes in
pharmacokinetics of drugs caused by thyroid hormone
remains to be elucidated.

In the present study, to evaluate in further detail the
effect of thyroid hormone in the small intestine, we investi-
gated the effect of thyroid hormone on the expression of
MDR1 mRNA and Pgp abundance and Pgp function using
the human intestinal epithelial cell line Caco-2.

MATERIALS AND METHODS
Materials. [°H]Digoxin (1.37 TBg/mmol) was obtained from

PerkinElmer Life and Analytical Sciences (Boston, MA). [C]
Inulin (259 MBg/mmol) was from Moravek Biochemicals Inc.
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