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Abstract The present study was undertaken to identify
what regulates intracellular cisplatin (CDDP) accumu-
lation and what changes in membrane fraction of
CDDDP-resistant cell line. The CDDP-resistant rat
hepatoma cell line, H4-1I-E/CDDP, shows a significant
decrease in intracellular platinum accumulation com-
pared with parental H4-1I-E cells, although there was no
difference in the efflux of CDDP between these two cell
lines. In this study, we examined the contribution of
functional change in active transport to the CDDP
resistance of H4-1I-E/CDDP cells. Compared with the
resistant cells, platinum accumulation in the parental
cells was clearly decreased by low temperature or ATP
depletion. In addition, the Na", K "-ATPase inhibitor
ouabain and the K™ channel inhibitor tetracthylam-
monium decreased platinum accumulation in parental
cells but did not change the accumulation in resistant
cells. Amphotericin B, an antifungal agent, increased the
intracellular platinum accumulation in resistant cells to
the same level as in parent cells. Western blot analysis
demonstrated that the Na ™, K" -ATPase o, subunit was
reduced in resistant cells compared with the parental
cells, although there was no difference in the expression
of the Bl subunit between the two cell lines. Further-
more, the Na™, K -ATPase ol subunit of H4-II-E was
decreased following a 24-h exposure to CDDP. These
results suggest that Na™, K " -ATPase-dependent active
transport of CDDP does not occur in resistant cells, and,
furthermore, our findings provide the first evidence that
the Na™, K"-ATPase al subunit plays an important
role in the transport of CDDP.
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Introduction

Cisplatin (CDDP) is one of the most effective antitumor
agents for the treatment of human malignancies. How-
ever, many tumors show a natural or acquired resistance
to CDDP that is independent of multidrug resistance
and is responsible for most therapy failures. Different
mechanisms of resistance have been described, including
reduced intracellular accumulation of CDDP; elevated
intracellular levels of glutathione and metalothioneins;
increased DNA-repair activity; and increased tolerance
to DNA damage [1, 2]. Attempts have been made to
overcome CDDP resistance using novel platinum com-
pounds and various agents that affect these resistance
mechanisms [3, 4]. Understanding the mechanism of
intrinsic and acquired resistance to CDDP is thus critical
for developing more effective treatments for cancer.
Several authors have suggested that reduced CDDP
uptake is an important factor that can result in CDDP
resistance [5]. Although some findings have led to the
suggestion that passive diffusion is a major mechanism
for CDDP uptake, other studies have suggested a role
for active transport. In addition, specific changes in the
plasma membrane have been reported in association
with reduced CDDP accumulation in resistant cells [6].
It has been demonstrated that ouabain, a Na™, K-
ATPase inhibitor, inhibits CDDP uptake and that high
potassium media causes an increase in CDDP accumu-
lation [7, 8]. These findings suggest some component of
CDDP accumulation is dependent on the membrane
potential, which is maintained by Na™, K" -ATPase and
other channels. Furthermore, there is increasing evi-
dence that CDDP may influx and efflux from cells by
utilizing transporters that have evolved for the man-
agement of copper (Cu’") homeostasis [9, 10]. Indeed,
CDDP uptake is impaired in yeast and mammalian cells



in which the gene encoding the major copper importer
CTRI has been deleted.

We reported that our established rat hepatoma CDDP-
resistant subline has a significantly reduced accumulation
of intracellular platinum [11]. This CDDP-resistant cell
line did not show an increased efflux of CDDP due to
improved MRP2 expression. We speculated that there
were some functional or structural changes in active
transport of CDDP into cells. In this study, we validate
this hypothesis by demonstrating some differences in the
responses of the parent and the CDDP-resistant cell lines
to temperature, ATP depletion, and transporter inhibi-
tors. We also show that there is no difference in copper
transport, although there is sharp contrast in the level of
Na ", K"-ATPase al subunit expression. These studies
strongly suggest that the level of membrane potential-
regulating transporters is important for determining the
sensitivity to platinum compounds.

Materials and methods
Drugs

CDDP was purchased from Kyowa Hakko Kogyo
(Tokyo, Japan). Carboplatin (CBDCA) was purchased
from Bristol Pharmaceuticals (Tokyo, Japan). Nedapl-
atin (CDGP) was purchased from Shionogi (Osaka,
Japan).

Cell culture

Rat hepatoma H4-II-E cells were purchased from Dai-
nippon Pharmaceutical (Osaka, Japan). H4-II-E cells
were maintained in minimum essential medium (MEM)
containing 10% fetal bovine serum (FBS) at 37°C in a
humidified atmosphere of 5% CO, in air. CDDP-resis-
tant H4-1I-E/CDDP cells were established by a stepwise
exposure of H4-1I-E cells to increasing concentrations of
CDDP over 12 months; the cells were initially treated
with 0.3 to 0.5 pg/ml of CDDP for 3 months, and the
CDDP concentration was gradually increased up to a
final concentration of 1.0 pg/ml. Established H4-1I-E/
CDDP cells were maintained MEM containing 10%
FBS with 1.0 pg/ml of CDDP.

Intracellular accumulation of CDDP and copper

Cells (4x107) were seeded into 75-cm? tissue culture
flasks and incubated overnight. Next, the cells were
incubated with CDDP, CBDCA, CDGP, or copper
sulfate for 2 h. A single culture was used to determine
the accumulation of each drug in each experiment.
Immediately thereafter, the cells were harvested and
washed three times with cold PBS(—). The resulting cell
pellets were lysed in digestion buffer (10 mM Tris—HCI,
10 mM EDTA, 0.15 M NacCl, and 0.5% sodium lauryl
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sulfate) in the presence of 0.1 mg/ml proteinase K for
1 h at 55°C and then overnight at 37°C. The protein
content was determined using a BCA Protein Assay Kit
(Pierce, Rockford, IL, USA). The amounts of platinum
and copper in the samples were determined by a Hitachi
Z-9000 flameless atomic absorption spectrometry
(FASS, Tokyo, Japan). The results were expressed as ng
platinum or copper per mg protein.

The effects of coincubation with antimycin A, oua-
bain, tetracthylammonium chloride (TEA), and
amphotericin B on the intracellular accumulation of
platinum were investigated. These agents were added at
60 min prior to a 2-h exposure to CDDP. Also, the
influence of temperature reduction on the accumulation
of platinum was studied by incubation of cells with
CDDP at 4°C. Experiments at 4°C were performed
simultaneously with incubations at 37°C and using the
same batch of cells. After exposure, cells were collected
and washed. Subsequently, platinum accumulation was
determined by FASS as described above.

Western blotting

Membrane fractions of cells were extracted using a
plasma membrane protein extraction kit (MBL, Tokyo,
Japan). Membrane proteins (10 pg) were subjected to
SDS-PAGE and transferred to polyvinyllidene difluo-
ride membranes. The membrane was blocked with
Blocking Reagent (Roche Diagnostics, Indianapoilis,
IN, USA) in maleic acid buffer (0.1 M maleic acid and
0.15 M NaCl, pH 7.5) for 1 h at room temperature and
then incubated overnight at 4°C with 1:2000 monoclonal
antibody against Na™, K™-ATPase ol or Bl subunit
(Novus Biologicals, Littleton, CO, USA). The mem-
brane was rinsed with PBS(-) containing 0.1% Tween 20
and then incubated for 1 h with 1:50,000 horseradish
peroxidase-conjugated anti-mouse IgG (Amersham
Biosciences, Piscataway, NJ, USA). The membrane was
then washed and visualized with the ECL Plus Western
blotting detection system and an ECL mini-camera
(Amersham Biosciences).

Results

Relationship between concentration and accumulation
of CDDP

The total amount of intracellular platinum after a 2-h
exposure to CDDP (10, 20, 40, or 60 pg/ml) for H4-1I-E
and CDDP-resistant H4-1I-E/CDDP cells is shown in
Fig. 1. Within this concentration range, intracellular
platinum levels increased linearly with increasing dose.
Intracellular platinum levels differed by approximately
tenfold between the two cell lines. These levels
were significantly lower (P <0.05) in H4-1I-E/CDDP
compared with the parental cells at each tested con-
centration.
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Fig. 1 Intracellular platinum accumulation following CDDP expo-
sure. Cells were incubated with CDDP for 2 h. The amount of
accumulated platinum was determined by FAAS. The symbols
used are as follows: open circle, H4-11-E; filled circle, H4-11-E/
CDDP. Data represent the mean = SD for three individual
experiments

Energy dependency of platinum accumulation

Lowering the temperature to 4°C resulted in a signifi-
cantly reduced intracellular accumulation of CDDP in
both H4-1I-E and resistant H4-1I-E/CDDP cells (81 and
50% of the accumulation at 37°C, respectively; Fig. 2).
The difference between H4-1I-E and H4-1I-E/CDDP
cells was less substantial at 4°C than at 37°C.

We next examined the effect of ATP depletion on
CDDP accumulation using antimycin A, an inhibitor of
respiratory complex III of the electron transport system.
Treatment with antimycin A reduced ATP levels in H4-11-
E and H4-11I-E/CDDP cells by approximately 98%. Un-
der the ATP-deprived conditions, the intracellular accu-
mulation of CDDP in H4-II-E was reduced to 39% of the
level obtained under standard culture conditions (Fig. 3).
However, in the H4-I1I-E/CDDP cell line, depletion of
ATP did not result in a significantly decreased accumu-
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Fig. 2 Influence of temperature reduction on platinum accumula-
tion. Cells were incubated with CDDP (10 pg/ml) at individual
temperatures for 2 h. The amount of accumulated platinum was
determined by FAAS. The symbols used are as follows: open
square, 37°C; filled square, 4°C. Data represent the mean £+ SD for
three individual experiments
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Fig. 3 Influence of antimycin A on platinum accumulation.
Antimycin A was added 60 min prior to a 2-h exposure of cells
to CDDP (10 pg/ml). The amount of accumulated platinum was
determined by FAAS. The symbols used are as follows: open circle,
H4-11-E; filled circle, HA4-1I-E/CDDP. Data represent the
mean = SD for three individual experiments

lation of CDDP. We also assessed the effect of antimycin
A on the accumulation of CDDP derivatives (CBDCA
and CDGP). The intracellular accumulation of CBDCA
and CDGP in H4-II-E was reduced to 46% and 48%,
respectively, of the standard level.

Copper transport

The ability of H4-1I-E and H4-I1I-E/CDDP cells to accu-
mulate copper was assessed by exposing the cells to
CuSOy for 2 h (Fig. 4). Every copper contents were en-
ough over the limit for detection. There was no significant
difference in the basal copper level between the two cell
lines. When treated with 8, 16, 32, or 64 pg/ml CuSQOy, the
intracellular copper levels increased linearly with
increasing dose. At the highest concentration, the level of
intracellular copper was significantly higher (P <0.05) in
the H4-11I-E/CDDP cells than in the parental cells.
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Fig. 4 Intracellular copper accumulation following CuSO,4 expo-
sure. Cells were incubated with CuSO, for 2 h. The amount of
accumulated copper was determined by FAAS. The symbols used
are as follows: open circle, H4-11-E; filled circle, H4-11-E/CDDP.
Data represent the mean + SD for three individual experiments
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Fig. 5 Influence of TEA and/or ouabain on platinum accumula-
tion. These agents (TEA: 20 mg/ml, ouabain: 0.73 mg/ml) were
added 60 min prior to a 2-h exposure of cells to CDDP (10 pg/ml).
The amount of accumulated platinum amounts was determined by
FAAS. The symbols used are as follows: open rectangle, Control;
filled rectangle, TEA; filled rectangle, ouabain; filled rectangle,
TEA + ouabain. Data represent the mean £ SD for three
individual experiments. The statistical significance of differences
between control and test groups was determined by Dunnet’s
multiple comparison tests (*P <0.05)

Effect of transporter inhibitors

Coincubation of CDDP with the Na™, K" -ATPase
inhibitor, ouabain, or the K channel inhibitor, TEA,
resulted in a significant decrease in platinum accumula-
tion in the H4-1I-E cells (Fig. 5). In the presence of both
ouabain and TEA, the platinum concentration in H4-II-
E was not significantly different than with either ouabain
or TEA alone. However, in H4-1I-E/CDDP cells, oua-
bain and TEA did not result in a significantly decreased
accumulation of platinum (data not shown).

Effect of amphotericin B

The effect of amphotericin B, a Na™ ionophore, on the
accumulation of CDDP was assessed in H4-II-E and
H4-11I-E/CDDP cells (Fig. 6). Amphotericin B dose-
dependently enhanced the platinum accumulation. At
3 ug/ml of amphotericin B, the platinum accumulation
in H4-11-E/CDDP was increased approximately fourfold
over the control group, although accumulation in H4-1I-
E cells was unaffected. Amphotericin B at 10 pg/ml
elicited approximately two- and fivefold increases in the
platinum accumulation in the H4-II-E and H4-II-E/
CDDP cells, respectively.

Expression of Na ™, K*-ATPase

Expression of Na®, K"-ATPase al and Bl subunits
were assessed in the membrane fraction of H4-1I-E and
H4-1I-E/CDDP cells (Fig. 7a). Immunoblot analysis
revealed greatly reduced levels of Na™, K" -ATPase al
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Fig. 6 Influence of amphotericin B on platinum accumulation.
Amphotericin B was added 60 min prior to a 2-h exposure of cells
to CDDP (10 pg/ml). The amount of accumulated platinum was
determined by FAAS. The symbols used are as follows: open
square, H4-11-E; filled square, H4-11-E/CDDP. Data represent the
mean = SD for three individual experiments. Statistical signifi-
cance of the differences between H4-1I-E and H4-11-E/CDDP was
determined by Student’s ¢ test (¥ P <0.05)

subunit in H4-II-E/CDDP cells compared with the
parental cells. However, there was no difference in Na ™,
K " -ATPase Bl subunit expression between the two cell
lines. Also, amphotericin B caused no change in the
levels of Na™, K"-ATPase ol or Bl subunit (data not
shown). Furthermore, the effects of CDDP exposure on
Na™, K" -ATPase subunits expression were assessed in
H4-11-E (Fig. 7b). Following a 24-h exposure to CDDP
(10 pg/ml), the level of Na®, K -ATPase ol subunit
was markedly decreased, but that of B1 subunit had no
change.

Discussion

We previously established the novel CDDP-resistant cell
line H4-1I-E/CDDP by continuous exposure to CDDP
[11]. Compared with the parental cell line, H4-1I-E/
CDDP cells exhibited an approximately ninefold in-
crease in resistance to CDDP. The dominant factor in
CDDP resistance in these cells is a reduced uptake of
CDDP, resulting in a reduction of platinum-DNA ad-
duct formation.

There have been many studies on the mechanisms of
resistance to CDDP, and decreased intracellular accu-
mulation of CDDP has been reported in a large number
of them. There is increasing evidence that some com-
ponent of CDDP influx must be mediated by active
transport. Dornish and Pettersen [12] reported that
aldehyde derivatives reduced the cytotoxicity of CDDP
by interacting with a factor on the extracellular surface
of the cell. In addition, Mann et al. [6] reported that the
membrane fluidity was not significantly different in the
sensitive and resistant cells, although there were slight
differences in the lipid compositions of the cells.
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Fig. 7 Expression of the Na ™,
K "-ATPase al and Bl subunit
proteins: A H4-1I-E and H4-II-
E/CDDP; B H4-11-E control
cells and cells following a 24-h
exposure to CDDP (10 pg/ml).
The membrane fraction was
isolated from each cell line.
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Andrews et al. [7] pointed out the significance of a
CDDP transport system being dependent on the func-
tion of Na™, K*-ATPase. Furthermore, many studies
have confirmed the importance of a membrane potential
maintained by Na ™, K-ATPase in CDDP accumula-
tion [13-15]. However, why there down-regulation of
Na™', K"-ATPase occurs and what differences there are
in the membranes of the H4-II-E/CDDP cells is not
currently clear.

This study showed that, following a 2-h exposure to
CDDP, the intracellular accumulation of platinum was
significantly lower in the resistant cell line than in the
parental cell line. We have already reported that there
was no difference in CDDP efflux between two cell lines
[11]. The difference in CDDP accumulation may be due
to the ability of the cells to take up CDDP via active
transport. Uptake by the parental cell line was signifi-
cantly affected by lowering the temperature or depleting
the ATP with antimycin A. In contrast, ATP depletion
did not affect platinum accumulation in the H4-II-E/
CDDP cell line. Thus, it is obvious that the resistant cells
have lost the system for actively transporting CDDP and
other platinum compounds.

It has been pointed out that copper transporter
CTR1 function influences the uptake of all of the clini-
cally used platinum-containing drugs [16—19]. Beretta
et al. [18] reported that impairment of intracellular
CDDP accumulation is not mediated by CTR1 and that
it plays a marginal role in the cellular pharmacology of
CDDP. In this report, copper accumulation was com-
pared between H4-II-E and H4-II-E/CDDP cells fol-
lowing exposure to CuSOy. Although H4-II-E/CDDP
showed markedly lower platinum accumulation than the
parent cells, the copper contents of H4-II-E/CDDP in
basal or following exposure to CuSQO,4 were rather a little
higher than those of H4-II-E. These results suggest that
CTR1 is not down-regulated in the H4-II-E/CDDP cell
line. We do not know whether other copper transporting
factors (ATP7A and ATP7B) associated with CDDP
resistance [20] have been affected in the H4-1I-E/CDDP

cells. However, there did not appear to be a relationship
between platinum and copper influx in our resistant cell
line.

Na™, K"-ATPase plays an important role in active
transport through the cell membrane and in supporting
physical ion balances [21, 22]. In addition, its enzyme
activity is reported to be essential for the intracellular
accumulation of CDDP except for the passive transport.
Na™, K" -ATPase consists of o and B subunits present
in a 1:1 molar ratio. Although the o subunit is the cat-
alytic subunit of Na ¥, K™ -ATPase, its assembly with a
B subunit in the endoplasmic reticulum is required for
stable expression, full function, and transport to the cell
membrane [23, 24]. Binding of ouabain to the extracel-
lular domain of the o subunit inhibits the activity of the
Na™, K*-ATPase [25]. Ouabain has been used for the
identification of active transport of CDDP in a number
of cell lines [26-28]. TEA is a K™ channel inhibitor that
can inhibit the function of Na ™, K™ -ATPase indirectly.
Kolb et al. [29] demonstrated that TEA reduced the
accumulation of CDDP in the renal proximal tubule.
We found that these inhibitors significantly decreased
the platinum accumulation exclusively in H4-11-E cells.
The effect of these drugs was not additive. These results
suggest that the important factor in CDDP influx may
be not only the function of Na ™, K" -ATPase but also
the electrochemical gradient across the membrane.

Amphotericin B, an antifungal agent, has previously
been shown to reverse resistance to CDDP [30, 31]. Both
the rate of ouabain-sensitive potassium uptake and
Na™, K"-ATPase activity are markedly elevated by
amphotericin B [32]. We found that platinum accumu-
lation in the H4-II-E/CDDP cells was recovered by
amphotericin B to the same extent as in the parental
cells. These results suggest that H4-1I-E has an active
transport system for CDDP that is dependent on the
membrane potential generated by Na™, K" -ATPase.
Also, The effects of amphotericin B on the membrane
structure and other transporters should be paid much
attention to.



Gately and Howell [5] have postulated a gated
channel dependent on the function of the Na™, K-
ATPase as the route for CDDP influx. Also, although
there was no difference in ATP content between two
cell lines (data not shown), based on the results from
coexposure with antimycin A or ouabain there may be
an abnormality in the function of the Na™, K" -AT-
Pase in H4-1I-E/CDDP cell lines. Oubain is a repre-
sentative agent that inhibit Na®, KT-ATPase.
Although we have not assessed the effect of ouabain on
the activity of Na ", K" -ATPase, it has been confirmed
that ouabain shows the inhibitive effect on CDDP
accumulation in a dose-dependent manner and that its
effect has reached the maximum level at 1 mM. The
relationship between the activity of Na', K "-ATPase
and CDDP accumulation may give the important
information about the route of CDDP influx. More-
over, coexposure with amphotericin B showed that
there may be some residual Na™, K"-ATPase in the
H4-1I-E/CDDP cells. We speculated that down-regu-
lation of Na®, K" -ATPase might be caused by a de-
creased expression of either the o or B subunits of Na ™,
K "-ATPase. We found no difference in the expression
of the 1 subunit, but there was a significant decrease
in the level of the al subunit in the H4-II-E/CDDP
cells. Also, CDDP exposure decreased the level of the
ol subunit in the H4-1I-E cells. Thus, it was suggested
that the continuous exposure to CDDP transformed
H4-11-E cells into cells with a permanent decreased ol
subunit level. Given that the o subunit is the catalytic
subunit, the decreased level of the ol subunit may
result in resistance to CDDP in H4-1I-E/CDDP cells by
reducing the membrane potential and, thus, CDDP
influx via a voltage-sensitive channel.

In the present study, we assessed the route of CDDP
influx and the mechanism of CDDP resistance using the
rat hepatoma cell lines H4-1I-E and H4-1I-E/CDDP.
The H4-11-E cell line showed active transport of CDDP
that was dependent on the function of Na™, K" -AT-
Pase. We found a decrease in the expression of the Na ™",
K "-ATPase al subunit in the CDDP-resistant H4-11-E/
CDDP cells. Therefore, our results suggest that the
Na™, K*"-ATPase al subunit is a key factor in CDDP
transport.

References

1. Perez RP (1998) Cellular and molecular determinants of cis-
platin resistance. Eur J Cancer 34:1535-1542

2. Siddik ZH (2003) Cisplatin: mode of cytotoxic action and
molecular basis of resistance. Oncogene 22:7265-7279

3. Fuertes MA, Alonso C, Perez JM (2003) Biochemical modu-
lation of Cisplatin mechanisms of action: enhancement of
antitumor activity and circumvention of drug resistance. Chem
Rev 103:645-662

4. Kelland LR, Sharp SY, O'Neill CF, Raynaud FI, Beale PJ,
Judson IR (1999) Mini-review: discovery and development of
platinum complexes designed to circumvent cisplatin resistance.
J Inorg Biochem 77:111-115

20.

21.

22.

89

. Gately DP, Howell SB (1993) Cellular accumulation of the

anticancer agent cisplatin: a review. Br J Cancer 67:1171-1176

. Mann SC, Andrews PA, Howell SB (1988) Comparison of lipid

content, surface membrane fluidity, and temperature depen-
dence of cis-diamminedichloroplatinum(Il) accumulation in
sensitive and resistant human ovarian carcinoma cells. Anti-
cancer Res 8:1211-1215

. Andrews PA, Mann SC, Huynh HH, Albright KD (1991) Role

of the Na™, K *-adenosine triphosphatase in the accumulation
of cis-diamminedichloroplatinum(II) in human ovarian carci-
noma cells. Cancer Res 51:3677-3681

. Andrews PA, Albright KD (1992) Mitochondrial defects in cis-

diamminedichloroplatinum(II)-resistant human ovarian carci-
noma cells. Cancer Res 52:1895-1901

. Komatsu M, Sumizawa T, Mutoh M, Chen Z-S, Terada K,

Furukawa T, Yang X-L, Gao H, Miura N, Sugiyama T, Ak-
iyama S (2000) Copper-transporting P-type adenosine tri-
phosphatase (ATP7B) is associated with cisplatin resistance.
Cancer Res 60:1312-1316

. Ishida S, Lee J, Thiele DJ, Herskowitz I (2002) Uptake of the

anticancer drug cisplatin mediated by the copper transporter
Ctrl in yeast and mammals. Proc Natl Acad Sci USA
99:14298-14302

. Kishimoto S, Miyazawa K, Terakawa Y, Ashikari H, Ohtani

A, Fukushima S, Takeuchi Y (2000) Cytotoxicity of cis-
[((1R,2R)-1,2-cyclohexanediamine-N,N’)bis(myristato)]-platinum
(IT) suspended in Lipiodol in a newly established cisplatin-
resistant rat hepatoma cell line. Jpn J Cancer Res 91:1326-1332

. Dornish JM, Pettersen EO (1985) Protection from cis-dichlo-

rodiammineplatinum-induced cell inactivation by aldehydes
involves cell membrane amino groups. Cancer Lett 29:235-243

. Loh SY, Mistry P, Kelland LR, Abel G, Harrap KR (1992)

Reduced drug accumulation as a major mechanism of acquired
resistance to cisplatin in a human ovarian carcinoma cell line:
circumvention studies using novel platinum (II) and (IV) am-
mine/amine complexes. Br J Cancer 66:1109-1115

. Bando T, Fujimura M, Kasahara K, Matsuda T (1998) Sig-

nificance of Na ™, K " -ATPase on intracellular accumulation of
cis-diamminedichloroplatinum(II) in human non-small-cell but
not in small-cell lung cancer cell lines. Anticancer Res 18:1085—
1089

. Lizuka N, Miyamoto K, Tangoku A, Hayashi H, Hazama S,

Yoshino S, Yoshimura K, Hirose K, Yoshida H, Oka M
(2000) Downregulation of intracellular nm23-H1 prevents
cisplatin-induced DNA damage in oesophageal cancer cells:
possible association with Na™, K*-ATPase. Br J Cancer
83:1209-1215

. Katano K, Kondo A, Safaei R, Holzer A, Samimi G, Mishima

M, Kuo YM, Rochdi M, Howell SB (2002) Acquisition of
resistance to cisplatin is accompanied by changes in the cellular
pharmacology of copper. Cancer Res 62:6559-6565

. Lin X, Okuda T, Holzer A, Howell SB (2002) The copper

transporter CTR1 regulates cisplatin uptake in Saccharomyces
cerevisiae. Mol Pharmacol 62:1154-1159

. Beretta GL, Gatti L, Tinelli S, Corna E, Colangelo D,

Zunino F, Perego P (2004) Cellular pharmacology of cis-
platin in relation to the expression of human copper trans-
porter CTR1 in different pairs of cisplatin-sensitive and -
resistant cells. Biochem Pharmacol 68:283-291

. Holzer AK, Samimi G, Katano K, Naerdemann W, Lin X,

Safaei R, Howell SB (2004) The copper influx transporter
hCTRI1 regulates the uptake of cisplatin in human ovarian
carcinoma cells. Mol Pharmacol 66:817-823

Samimi G, Katano K, Holzer AK, Safaei R, Howell SB (2004)
Modulation of the cellular pharmacology of cisplatin and its
analogs by the copper exporters ATP7A and ATP7B. Mol
Pharmacol 66:25-32

Lingrel JB, Kuntzweiler T (1994) Na™, K*-ATPase. J Biol
Chem 269:19659-19662

Rose AM, Valdes R Jr (1994) Understanding the sodium pump
and its relevance to disease. Clin Chem 40:1674-1685



90

23.

24.

25.

26.

217.

28.

Geering K (1990) Subunit assembly and functional maturation
of Na,K-ATPase. ] Membr Biol 115:109-121

McDonough AA, Geering K, Farley RA (1990) The sodium
pump needs its beta subunit. FASEB J 4:1598-1605

Takeyasu K, Tamkun MM, Renaud KJ, Fambrough DM
(1988) Ouabain-sensitive (Na™*, K )-ATPase activity expressed
in mouse L cells by transfection with DNA encoding the alpha-
subunit of an avian sodium pump. J Biol Chem 263:4347-4354
Andrews PA, Velury S, Mann SC, Howell SB (1988) cis-Di-
amminedichloroplatinum(Il) accumulation in sensitive and
resistant human ovarian carcinoma cells. Cancer Res 48:68—73
Sharp SY, Rogers PM, Kelland LR (1995) Transport of cis-
platin and bis-acetato-ammine-dichlorocyclohexylamine Plati-
num (IV) (JM216) in human ovarian carcinoma cell lines:
identification of a plasma membrane protein associated with
cisplatin resistance. Clin Cancer Res 1:981-989

Komuro Y, Udagawa Y, Susumu N, Aoki D, Kubota T,
Nozawa S (2001) Paclitaxel and SN-38 overcome cisplatin
resistance of ovarian cancer cell lines by down-regulating the

29.

30.

31.

32.

influx and efflux system of cisplatin. Jpn J Cancer Res 92:1242—
1250

Kolb RJ, Ghazi AM, Barfuss DW (2003) Inhibition of baso-
lateral transport and cellular accumulation of cDDP and N-
acetyl-L-cysteine-cDDP by TEA and PAH in the renal proximal
tubule. Cancer Chemother Pharmacol 51:132-138

Kikkawa F, Kojima M, Oguchi H, Maeda O, Ishikawa H,
Tamakoshi K, Mizuno K, Kawai M, Suganuma N, Tomoda Y
(1993) Potentiating effect of amphotericin B on five platinum
anticancer drugs in human cis-diamminedichloroplatinum (II)
sensitive and resistant ovarian carcinoma cells. Anticancer Res
13:891-896

Morikage T, Bungo M, Inomata M, Yoshida M, Ohmori T,
Fujiwara Y, Nishio K, Saijo N (1991) Reversal of cisplatin
resistance with amphotericin B in a non-small cell lung cancer
cell line. Jpn J Cancer Res 82:747-751

Delamere NA, Dean WL, Stidam JM, Moseley AE (1996)
Influence of amphotericin B on the sodium pump of porcine
lens epithelium. Am J Physiol 270:C465-C473



	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Sec10
	Fig1
	Fig2
	Fig3
	Fig4
	Sec11
	Sec12
	Sec13
	Sec14
	Fig5
	Fig6
	Fig7
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32

