
ORIGINAL ARTICLE

Goli Samimi Æ Stephen B. Howell

Modulation of the cellular pharmacology of JM118, the major metabolite
of satraplatin, by copper influx and efflux transporters

Received: 24 May 2005 / Accepted: 19 August 2005 / Published online: 17 September 2005
� Springer-Verlag 2005

Abstract Satraplatin is an orally bioavailable platinum
analog that has activity in prostate cancer. JM118 is the
most abundant species found in the plasma following the
oral ingestion of satraplatin and has anti-tumor activity
in vitro against cell lines that are resistant to cisplatin
(DDP). The goal of the current study was to determine
whether the activity of JM118 in some DDP-resistant
cells can be explained by differences in the cellular
pharmacology of the two drugs. The effect of each of the
Cu transporters CTR1, ATP7A and ATP7B on sensi-
tivity to the growth inhibitory effect of JM118 and its
cellular pharmacology was examined to identify the
characteristics of JM118 that distinguish it from DDP.
These studies were performed using wild type and
CTR1�/� homozygous knockout mouse embryo cells,
and human Me32a Menkes disease fibroblasts that do
not express either ATP7A or ATP7B plus sublines
molecularly engineered to express either ATP7A
(MeMNK cells) or ATP7B (MeWND cells). Knockout
of the Cu influx transporter CTR1 in murine embryo
cells increased their resistance to DDP and reduced its
cellular accumulation but had no effect on sensitivity to
JM118 or its uptake. In the case of DDP, forced
expression of either of the two Cu efflux transporters,
ATP7A or ATP7B, in Me32a cells rendered them
resistant to DDP, increased whole cell accumulation of
Pt but reduced the amount of Pt in DNA. In the case of
JM118, forced expression of either ATP7A or ATP7B
rendered Me32a cells resistant, increased not only whole
cell Pt accumulation but also increased rather than de-
creased the amount of Pt in DNA. These results dem-
onstrate that both ATP7A and ATP7B mediate
resistance to JM118 as well as DDP and suggest that

they sequester both DDP and JM118 into vesicular
compartments within the cell resulting in enhanced
whole cell accumulation and reduced cytotoxicity. We
conclude that there are two important differences be-
tween DDP and JM118 with respect to the effect of Cu
transporters on their cellular pharmacology. First,
whereas CTR1 is involved in DDP accumulation it does
not play a role in the uptake of JM118. Second, ATP7A
and ATP7B, while they both mediate resistance, have
opposite effects on the accumulation of Pt in DNA
following exposure to the two drugs. ATP7A and
ATP7B appear to be able to modulate the toxicity of the
Pt that accumulates in DNA following exposure to
JM118. These results suggest that JM118 will retain
activity in cells in which DDP resistance is due to the
loss of CTR1, but not in cells in which resistance is due
to enhanced expression of ATP7A or ATP7B.
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Abbreviations DDP: Cisplatin Æ ECFP: Enhanced cyan
fluorescent protein Æ EYFP: Enhanced yellow
fluorescent protein Æ ICP-MS: Inductively coupled
plasma mass spectroscopy Æ PBS: Phosphate buffered
saline Æ TGN: Trans-Golgi network

Introduction

Acquired resistance to DDP appears to result from the
cellular engagement of numerous and different defense
mechanisms (reviewed in [21]). However, almost all cells
selected for acquired resistance to DDP have defects in
drug accumulation [1, 10, 15, 16, 23, 24, 26, 27]. Re-
cently it has been discovered that the transporters that
maintain Cu homeostasis also regulate the cellular
pharmacology of many platinum drugs [5–8, 11, 14, 18,
19]. CTR1 is the main Cu influx transporter at the
plasma membrane and has been shown to play a role in
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DDP uptake [5, 6, 14]. ATP7A and ATP7B are
intracellular Cu transporters that sequester Cu from the
cytoplasm into the TGN for subsequent export from the
cell. ATP7A is expressed in many tissues whereas the
expression of ATP7B is limited to the liver. Both ATP7A
and ATP7B modulate the cellular pharmacology of
DDP; forced expression of these proteins renders cells
resistant and reduction of their expression renders them
hypersensitive to DDP [11, 18].

Satraplatin (JM216, Fig. 1) is the first orally available
platinum chemotherapeutic drug (reviewed in [9]). It has
potent in vitro growth inhibitory properties and an
attractive pharmacokinetic profile [25]. Satraplatin has
demonstrated activity in patients with advanced prostate
cancer in a randomized Phase II trial [22] and is cur-
rently being investigated in the same patient population
in a Phase III trial. Following oral administration of
satraplatin no native drug is found in the plasma ultra-
filtrate. However, at least six metabolites have been
identified among which JM118 is the most abundant;
JM118 represented 31% of the ultrafiltrable platinum
during the first 6 h after drug administration [17].
JM383 accounted for <5% of the ultrafiltrable plati-
num and other metabolites were even less abundant.
JM118 and JM383 have similar potency [17] and JM118
has been reported to be two- to sixfold more potent than
satraplatin against human tumor cell lines tested in vitro
[3]. JM118, whose structure is shown in Fig. 1, was se-
lected for the current study on the basis of the fact that it
is the most abundant cytotoxic metabolite found in
plasma.

In an effort to identify the specific characteristics of
JM118 that distinguish it from DDP, we have examined
the effects of altering the expression of CTR1, ATP7A
and ATP7B on the cellular pharmacology and cytotox-
icity of JM118 relative to their effects on DDP. Studies
of the effect of altering CTR1 expression were performed
using mouse embryonic fibroblasts in which both alleles
of CTR1 were knocked out [13]. Studies of the effect of
ATP7A and ATP7B were performed using the human
fibroblast cell line Me32a, established from a patient
with Menkes disease, that does not express either
ATP7A or ATP7B, and sublines transfected to express

either human ATP7A or murine ATP7B [12]. We report
here that, whereas CTR1 is important to the cellular
accumulation and toxicity of DDP, it is not important
for JM118. Increasing the level of expression of ATP7A
and ATP7B in the Menkes cells rendered them resistant
to the cytotoxic effects of both DDP and JM118. This
change in sensitivity was accompanied by increased
whole cell accumulation of platinum consistent with
enhanced vesicular sequestration that limits drug access
to critical targets. However, ATP7A and ATP7B were
found to differentially affect the accumulation of Pt in
DNA following exposure to DDP and JM118.

Materials and methods

Drugs

Cisplatin was generously provided by Bristol-Myers
Squibb (Princeton, NJ, USA) and JM118 by GPC Bio-
tech (Munich, Germany). DDP was stored as a 3.3-mM
stock solution in 0.9% NaCl in the dark at room tem-
perature and JM118 was stored as a lyophilized powder
in the dark at �20�. DDP was diluted directly into
media. JM118 was resuspended in 1:1 vol/vol etha-
nol:water 1:1 to form a stock solution of 1.3 mM before
being diluted directly into media.

Cell lines

CTR1+/+ and CTR1�/� mouse embryonic cells were
generously provided by Dr. Dennis J. Thiele (Duke
University); their development and characterization has
been reported elsewhere [13]. The cells were maintained
in DMEM medium supplemented with 20% fetal bovine
serum, 1X MEM non-essential amino acids, 1 mM
MEM sodium pyruvate, 50 mg/l uridine, 55 lM 2-
mercaptoethanol and 100 U/ml penicillin/streptomycin
at 37�C in a humidified incubator containing 5% CO2.
The ATP7A- and ATP7B-non-expressing fibroblast cell
line Me32a, the isogenic ATP7A-transfected cell line
MeMNK and the isogenic ATP7B-transfected cell line
MeWND, described elsewhere [12], were provided by
Michael J. Petris, Ph.D. (University of Missouri). For
fluorescent growth assay studies the Me32a cells were
transfected with a vector expressing enhanced yellow
fluorescent protein, and the MeMNK and MeWND
cells were transfected with a vector expressing enhanced
cyan fluorescent protein. Single cell clones that ex-
pressed these fluorescent proteins at high levels were
recovered by flow cytometry and used in subsequent
experiments. These cell lines were maintained at 37�C in
a humidified incubator containing 5% CO2 in alpha-
MEM medium supplemented with 10% fetal bovine
serum. MeMNK and MeWND cells and fluorescent
protein-transfected Me32a, MeMNK and MeWND
sublines were grown in the presence of 500 lg/ml G418.

Fig. 1 Structure of satraplatin (JM216), its main metabolite
JM118, and DDP
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Measurement of drug sensitivity

Me32a-EYFP, MeMNK-ECFP and MeWND-ECFP
cells were separately plated in 96-well plates at a den-
sity of 5,000 cells/well in a volume of 200 ll and grown
overnight in alpha-MEM medium without phenol red.
Fluorescence intensity was measured immediately after
the addition of 50 ll of JM118 or control drug from a
5· stock solution to each well as well as after 72 h
using a Safire microplate reader. Excitation/emission
wavelengths were set at 434/476 and 518/535 for ECFP
and EYFP, respectively. Because Me32a-EYFP,
MeMNK-ECFP and MeWND-ECFP cells grew at
different rates, the growth rate in the presence of drug
was expressed as a fraction of that in the absence of
drug for each concentration tested. Each experiment
was performed with quadruplicate wells and each
experiment was performed a total of three independent
times.

For growth rate inhibition assays, CTR1�/� and
CTR1+/+ mouse embryonic cells were plated in 6-well
plates at a density of 1,000 cells/well in 1 ml of medium
and grown overnight. The following day, 1 ml of drug
from a 2· stock solution was added to each well.
Following 48 h of exposure, each well was gently wa-
shed with PBS and trypsinized with 500 ll of 0.25%
trypsin. Once the cells were detached from the well,
500 ll of medium was added to each well, and the
samples were centrifuged in Eppendorf tubes at
13,000 rpm for 5 min. Cell pellets were resuspended in
100 ll of medium. The number of surviving cells was
determined by cell counting using a hemocytometer
and growth inhibition was determined relative to the
total number of surviving cells in the untreated
samples. Each experiment was performed with tripli-
cate wells and each experiment was performed two
independent times.

DDP whole cell uptake

Cells were grown to 80% confluency in six-well plates.
The cells were incubated in fresh medium containing
2 lM DDP or JM118 for 24 h or 90 min. The cells
were then washed twice with cold PBS and lysed by the
addition of 215 ll 70% nitric acid to each well. The
cells were then collected and dissolved at 65�C over-
night, after which the samples were diluted with water/
0.1% Triton-X to a final concentration of 5% acid.
Each experiment was performed with triplicate wells
and each experiment was performed at least three
independent times. Pt measurements were made by
ICP-MS using a Thermo Finnigan ICP-MS (model
Element2) at the Analytical Facility at the Scripps
Institute of Oceanography and normalized to protein
levels or DNA amounts for each cell line. Indium was
added to each sample at 1 ppb as a control for flow
variation.

Pt content of DNA

Cells were grown to 80% confluency in 145 mm plates.
The cells were incubated in fresh medium containing
2 lMDDPor JM118 for 24 h. The cells were then washed
twice with PBS, scraped and pelleted. Genomic DNA was
harvested using DNAzol (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instructions. Follow-
ing quantification by spectroscopy, 215 ll 70% nitric acid
was added to the DNA and the samples were dissolved at
65�C for 2 hrs after which the samples were diluted with
water/0.1% Triton-X to a final concentration of 5% acid.
Each experiment was performed with triplicate plates and
each experiment was performed three independent times.
Pt measurements were made by ICP-MS.

Statistics

Comparisons were made using Student’s t test with the
assumption of unequal variance and by determining the
95% confidence interval with an alpha of 0.05.

Results

Sensitivity to the growth inhibitory effects of DDP
and JM118

The mouse embryonic cells and the human fibroblasts
used in these studies do not form well-defined colonies
when cultured on plastic, therefore sensitivity to the
cytotoxic effect of DDP and JM118 was determined using
a growth rate inhibition assay. The growth rate was
determinedover a period of 48–72 hduringwhich the cells
were continuously exposed to the drug. In the case of the
CTR1+/+ andCTR1�/�mouse embroyonic cells this was
accomplished by counting cells in a hemocytometer after
48 h of exposure. In the case of the human fibroblasts this
was accomplished by engineering them to express either
EYFP or ECFP and quantifying cell number by measur-
ing the intensity of the fluorescent signal as a function of
time up to 72 h of drug exposure. The engineered ATP7A
and ATP7B-deficient subline was designated Me32a-
EYFP, the ATP7A-expressing subline MeMNK-ECFP
and the ATP7B-expressing subline MeWND-ECFP.

Figure 2showsthat themouseembryoniccells that lack
CTR1 expression were 2.1 ± 0.08 (SEM)-fold (P<0.01)
moreresistant to thegrowthinhibitoryeffectsofDDPthan
wild type cells, confirming previous results obtained both
withthesecelllines[6]andinS.cerevisiaeinwhichCTR1was
deleted [14]. However, the CTR1�/� cells showed no dif-
ference in sensitivity to the growth inhibitory effects of
JM118. Thus, the effect of the loss of CTR1 clearly distin-
guishesbetween these twocompounds.

Figure 3 shows that the ATP7A-expressing MeMNK
cells were significantly more resistant to both DDP and
JM118, the Me32a cells. Linear regression was used to
estimate the slope of the curve of the logarithm of sur-
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vival as a function of drug concentration for each
experiment individually. The average ratio of the slope
of the concentration–growth rate curve was 1.8±0.3
(SEM) for DDP and 1.9±0.3 (SEM) for JM118; the
95% confidence interval was 1.4–2.2 for DDP and 1.6–
2.2 for JM118. Similarly, the ATP7B-expressing MeW-
ND cells were significantly more resistant to DDP and
JM118 than the Me32a cells. The average ratio of the
slopes of the concentration–survival curves was 1.6±0.3
(SEM) for DDP and 1.8±0.2 (SEM) for JM118; the
95% confidence interval was 1.2–2.0 for DDP and 1.5–
2.0 for JM118. Thus, increasing the expression of either
of the two Cu efflux transporters rendered the cells more
resistant to both DDP and JM118 and the magnitude of
the effect was similar for both compounds.

Whole cell drug accumulation.

To determine whether the changes in sensitivity to the
growth inhibitory effects of DDP and JM118 were

accompanied by differences in whole cell Pt accumula-
tion, the CTR1+/+ and CTR1�/� cells were exposed to
2 lM DDP or JM118 for 90 min, and the Me32a,
MeMNK and MeWND cells were exposed to 2 lM
DDP for 24 h. The whole cell Pt content was then
quantified by ICP-MS following the digestion of all
cellular constituents in nitric acid. The goal in these
studies was to use a clinically relevant concentration of
DDP and JM118. Due to differences in uptake between
mouse and human cells, a longer duration of exposure
was needed to allow the cells to accumulate an accu-
rately quantifiable amount of Pt for the human cells.

The data presented in Fig. 4 show that, while the loss
of CTR1 significantly decreased DDP uptake, this loss
had no effect on the accumulation of JM118. Following
exposure to DDP the CTR1�/� cells accumulated only
44% of the amount of Pt as the CTR1+/+ cells fol-
lowing a 90 min exposure to 2 lM DDP (P<0.02). In
contrast, there was virtually no difference in whole cell
uptake of Pt following a 90 min exposure to 2 lM
JM118. These results indicate that while CTR1 plays a

Fig. 2 Sensitivity of CTR1+/+ cells (filled square) and CTR1�/� cells (open square) to a 48 h exposure to increasing concentrations of
DDP (left panels) or JM118 (right panels). Each point represents the mean of two independent experiments performed with triplicate
cultures for each drug concentration. Vertical bars, ± SEM; where bars are missing SEM was less than the size of the symbol
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Fig. 3 Sensitivity of Me32a
cells (open square) and
MeMNK cells (filled square) (a
and b) and Me32a cells (open
square) and MeWND cells
(shaded square) (c and d)
following 72 h exposure to
increasing concentrations of
DDP (left panels) or JM118
(right panels). Each point
represents the mean of three
independent experiments
performed with quadruplicate
cultures for each drug
concentration. Vertical bars, ±
SEM; where bars are missing
SEM was less than the size of
the symbol

784



role in the uptake of DDP, it does not play an important
role in the cellular accumulation of JM118.

Similar experiments were carried out with the Me32a,
MeMNK and MeWND cells. The data presented in
Fig. 5 show that increased ATP7A or ATP7B expression
was associated with increased uptake of both DDP and
JM118. In Me32a cells, the average accumulation of Pt
in the cells following a 24 h exposure to 2 lM drug was
0.003±0.0004 (SEM) ng Pt/lg protein for DDP and
0.009±0.001 (SEM) ng Pt/lg protein for JM118. In the
ATP7A-expressing MeMNK cells, the average accu-
mulation of Pt in the cells was 0.006±0.0007 ng Pt/lg
protein for DDP (P<0.03) and 0.020±0.003 ng Pt/lg
protein for JM118 (P<0.02). In the MeWND cells, the
average accumulation of Pt was 0.005±0.0005 ng Pt/lg
protein for DDP (P<0.03) and 0.02±0.002 ng Pt/lg

protein for JM118 (P<0.01). Thus, forced expression of
ATP7A resulted in a twofold increase in the accumula-
tion of DDP and a 2.2-fold increase in JM118 uptake.
Forced expression of ATP7B resulted in a 1.6-fold in-
crease in the accumulation of DDP and a 2.2-increase in
the uptake of JM118. Thus, despite the fact that the
MeMNK and MeWND cells were significantly less
sensitive to the growth inhibitory effects of both DDP
and JM118, they accumulated substantially more in-
tracellular Pt. This suggests the possibility that, in the
Menkes cell line model, ATP7A and ATP7B serve to
sequester these Pt drugs intracellularly rather than ex-
porting them from the cell, thus effectively detoxifying
the drugs while at the same time increasing total cell
accumulation.

Pt content of DNA

The Pt drugs are believed to injure cells primarily
through the formation of DNA adducts. The extent of
adduct formation, as reflected by the amount of Pt in
DNA, was measured in Me32a, MeMNK and MeWND
cells following a 24 h exposure to DDP or JM118.
Studies were not done in the CTR1+/+ and CTR1�/�

cells since expression of CTR1 had no effect on JM118
accumulation. Total genomic DNA was isolated and Pt
levels were quantified by ICP-MS and compared between
cell lines. The results of these studies, presented in Fig. 6,
show that increased ATP7A or ATP7B expression was
associated with a decrease in DNA Pt content following
exposure to DDP. The Pt content of DNA in the
MeMNK cells following a 24 h exposure to 2 lM DDP
was 0.7 ± 0.01 (SEM) of that in the Me32a cells (95%
CI, 0.64–0.70) and the Pt content of the DNA in the
MeWND cells was 0.8±0.1 times of that in the Me32a
cells. In contrast, in the case of JM118, forced expression
of either ATP7A or ATP7B resulted in a significant in-
crease in DNA Pt content. The Pt content of DNA fol-
lowing a 24 h exposure to 2 lM JM118 was 1.5 ± 0.1
(SEM) times higher in the MeMNK cells (95% CI 1.2–
1.7) and 1.5±0.2 (SEM) times higher in the MeWND
cells (95% CI 1.2–1.8) than in the Me32a cells. Thus, the
effect of forced expression of ATP7A or ATP7B pro-
duced opposite effects on the accumulation of Pt in the
DNA of these cells for DDP and JM118. While the
reduction in DNA Pt content following exposure to DDP
was anticipated based on the fact that the cells became
resistant when ATP7A or ATP7B was expressed, the
increased DNA Pt content following exposure to JM118
did not fit the paradigm of a direct link between drug
sensitivity and the extent of adduct formation in DNA.

To further examine the relationship between resis-
tance and the accumulation of Pt in DNA further, the
degree of growth inhibition per unit Pt in DNA was
calculated for DDP and JM118. The data presented in
Table 1 show that in the Me32a cells the percent inhi-
bition of growth per unit Pt in DNA was similar for
DDP and JM118. In the case of DDP, forced expression

Fig. 4 Whole cell Pt accumulation in CTR1�/� cells (open square)
and CTR1+/+ cells (filled square) following 90-min exposure to
2 lM DDP (left) or JM118 (right). Each bar represents the mean of
three independent experiments performed with triplicate cultures
for each drug. Vertical bars, ± SEM. *P<0.02

Fig. 5 Whole cell Pt accumulation in Me32a (open square),
MeMNK (filled square) and MeWND cells (shaded square)
following 24 h exposure to 2 lM DDP (left) or JM118 (right).
Each bar represents the mean of four independent experiments
performed with triplicate cultures for each drug. Vertical bars, ±
SEM. *P<0.02 or smaller
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of either ATP7A or ATP7B did not change this rela-
tionship very much. However, in the case of JM118,
forced expression of either ATP7A or ATP7B reduced
the growth inhibitory effect of a given amount of Pt in
DNA by more than 50%. Thus, these two Cu exports
appear to be influencing the relative toxicity of the ad-
ducts formed in DNA.

Discussion

The Cu transporters CTR1, ATP7A and ATP7B have
previously been shown to modulate the cellular phar-
macology of DDP and several of its analogs [6–8, 11, 14,
18, 19]. Given the apparent activity of satraplatin in
prostate cancer, a disease that is not responsive to any of
the other Pt-containing drugs, it was of interest to
determine whether the Cu transporters also influence the
cellular pharmacology of JM118, the major metabolite
of the drug found in plasma following oral administra-
tion of satraplatin [9]. The results reported here indicate
that, while some of the transporters do affect sensitivity
and drug accumulation, there are substantial differences
in the way they influence JM118 as compared to DDP. It
should be noted again that while JM118 is the most
abundant satraplatin metabolite, others such as JM383
are also found in plasma and are known to be cytotoxic.
Thus, the effect of the Cu transporters on the cellular
pharmacology of JM118 may well not fully describe
effects on the overall clinical behavior of satraplatin.

The CTR1+/+ and CTR1�/� mouse embryo fibro-
blasts provide a powerful model with which to assess the
role of CTR1 in drug influx due to the fact that these
cells differ only in the expression of CTR1 and that they
permit comparison of wild type cells expressing normal
levels of CTR1 to cells that express none. It was previ-
ously reported that CTR1 knockout cells were approx-
imately eightfold more resistant to DDP and
accumulated only 30% as much Pt as CTR1-proficient
cells [6]. The results of the current study confirm this
observation, although the magnitude of the resistance in
the CTR1�/� cells was only 2.1-fold despite the use of
the same type of assay that measured inhibition of
growth rate. Additionally, these results demonstrate that
loss of CTR1 function does not result in resistance to
JM118 and does not alter the extent of JM118 accu-
mulation in the whole cell. The lack of involvement of
CTR1 in JM118 accumulation clearly distinguishes
JM118 from DDP. It is interesting to note that DDP
and JM118 differ in structure only by the presence of the
cyclohexyl ring attached to one of the two amino
groups. The details of how CTR1 transports DDP into
the cell remain unknown, but this change in structure
apparently eliminates JM118 as a substrate for this in-
flux transporter. The fact that, like DDP, JM118 is a
highly polar molecule suggests that its entrance into the
cell is mediated by other yet-to-be-identified transporters
or mechanisms. This is consistent with the prior obser-
vation that JM118 can overcome resistance to DDP in
cells in which DDP resistance is associated with reduced
DDP uptake [20].

As was the case for DDP, Menkes cells engineered to
express ATP7A or ATP7B were found to be significantly
more resistant to the growth inhibitory effects of JM118.
Thus, although JM118 differs in structure enough that it
is not a substrate for CTR1, it nevertheless appears to be
a substrate for some function of both ATP7A and
ATP7B and this function serves to either detoxify the
drug or limit its access to critical cellular targets. Even
though the magnitude of the resistance is not large, in
the case of DDP even small changes in sensitivity are
sufficient to account for the clinical failure of treatment
[2] and thus these two exporters are likely to be impor-
tant determinants of satraplatin activity in vivo.

Although ATP7A and ATP7B function as Cu
exporters, and forced expression of these two trans-
porters in Me32a cells does in fact reduce Cu accumu-
lation [12], such forced expression paradoxically resulted

Fig. 6 Ratio of Pt accumulation in DNA in MeMNK cells (filled
square) and MeWND cells (shaded square) to that in Me32a cells
following 24 h exposure to 2 lM DDP or JM118. Each bar
represents the mean ratio determined from three independent
experiments each performed with triplicate cultures for each drug.
Vertical bars ± SEM

Table 1 Relative growth
inhibition per amount of Pt
present in DNA

aPercent inhibition of growth
rate produced by exposure to
2 lM drug for 72 h determined
by fluorescent growth inhibition
assay
bng Pt/lM DNA following a
24 h exposure to 2 lM drug d-
etermined by ICP-MS

DDP JM118

Percent
inhibition
of growtha

ng Pt/lg
DNAb

Percent
inhibition of
growth/Pt in
DNA

Percent
inhibition
of growtha

ng Pt/lg
DNAb

Percent
inhibition
of growth/Pt
in DNA

Me32a 58.0 0.011 5,272 72.8 0.014 5,200
MeMNK 48.3 0.007 6,900 45.5 0.021 2,167
Me32a 49.2 0.007 7,029 68.0 0.010 6,800
MeWND 37.4 0.006 6,233 48.8 0.015 3,253
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in an increase rather than a decrease in whole cell Pt
content following exposure to either DDP or JM118.
This finding confirms the result of an earlier study on the
effect of ATP7A and ATP7B that demonstrated in-
creased whole cell accumulation of not just DDP but
also carboplatin and oxaliplatin [18]. The fact that ves-
icles isolated from both the MeMNK and MeWND cells
were found to contain more Pt than similar vesicles
isolated from Me32a cells [18] suggests that, as for Cu,
these transporters function to sequester DDP and
JM118 into vesicular structures. In the case of Cu, such
sequestration is associated with efficient export from the
cell via the vesicle secretory pathway. In the case of the
Pt-containing drugs, sequestration appears to dominate
over export such that the net effect is greater whole cell
accumulation of drug.

Enhanced vesicular sequestration provides a plausi-
ble explanation for why forced expression of ATP7A
and ATP7B is associated with reduced accumulation of
Pt in DNA despite increased whole cell accumulation
when cells are exposed to DDP. Presumably enhanced
sequestration limits access of the drug to the nucleus
and thus renders the cell more resistant to the cytotoxic
effect of the drug. However, this paradigm does not
hold for JM118. In the case of JM118, while forced
expression of either ATP7A or ATP7B rendered the
cells more resistant and enhanced whole cell accumu-
lation, it also increased the amount of JM118 reaching
the DNA. The basis for the lack of correspondence
between change in drug sensitivity and change in DNA
Pt content is not currently understood. There are sev-
eral possible explanations for this paradoxical result.
One is that nuclear DNA is not the most critical target
for JM118, and while enhanced sequestration does a
good job of limiting access of the drug to a key un-
known non-DNA target it does not limit, and in fact
encourages, access to nuclear DNA. This concept is
supported by earlier studies on other cell lines showing
no correlation between the extent of JM118 DNA ad-
duct formation and cytotoxicity [3]. Another possibility
is that ATP7A and ATP7B alter the relative abundance
of JM118 adducts formed in nuclear versus mitochon-
drial DNA, or the distribution of adducts between
critical and non-critical parts of the genome. This
hypothesis is supported by the observation that the
relative level of cell growth inhibition per unit Pt in
DNA in JM118-treated MeMNK and MeWND cells
was less than in Me32a cells, while the relative level of
cell kill per Pt in DNA in DDP-treated MeMNK and
MeWND cells was similar to that in the Me32a cells. It
would be of interest to further analyze the types of
adducts formed by JM118 in cells expressing ATP7A
or ATP7B. While it is currently unclear how cells are
rendered resistant to JM118 while accumulating rela-
tively higher levels of platinum in their DNA, this is
one cellular pharmacological characteristic of JM118
that distinguishes it from DDP.

The Me32a cells express neither ATP7A nor ATP7B
whereas the MeMNK and MeWND sublines express

very large amounts of the two proteins, respectively,
thereby making this cell system an excellent model for
characterizing the effects of ATP7A and ATP7B. How-
ever, Me32a cells are human fibroblasts, and the vesicle
export system in which ATP7A and ATP7B operate may
be quite different in these cells than in a fully malignant
epithelial cell. The polarity of epithelial cells is one factor
likely to be of importance; previous reports have sug-
gested that the function of ATP7A and ATP7B is
dependent on cellular polarity that is lacking in fibro-
blasts [4]. Additionally, the ATP7B protein expressed in
this cell line is of murine origin, and it is currently un-
known whether the phenotype associated with the
expression of the murine protein differs from that
associated with the expression of the human protein.
Thus, caution is required in extrapolating the effects of
ATP7A and ATP7B in the fibroblast system to fully
malignant epithelial human tumors. To further assess
the potential clinical importance of ATP7A and ATP7B
as determinants of sensitivity to satraplatin it would be
desirable to study their effect in fully malignant epithe-
lial cells.

JM118 retains activity in some types of DDP-resis-
tant cells [9]. The results of the current study suggest that
JM118 is likely to retain activity in cells in which DDP
resistance is due to the loss of CTR1, but not in cells in
which resistance is due to enhanced expression of
ATP7A or ATP7B. It remains to be determined whether
loss of CTR1 is in fact a common mechanism of DDP-
resistance, and it is likely that other factors also play a
role in the lack of full cross-resistance between JM118
and DDP.

Acknowledgements The authors would like to thank Dennis Thiele,
Ph.D. for generously providing the CTR1+/+ and CTR1�/�

mouse embryo fibroblasts, Michael J. Petris for providing the
Me32a, MeMNK and MeWND cell lines, Annette Deyhle, Ph.D.
of the Scripps Institute of Oceanography Analytical Facility for
technical assistance and the laboratory of Palmer Taylor, Ph.D. at
the University of California, San Diego for use of a Safire micro-
plate reader. Supported in part by grant CA95298 from the Na-
tional Institute of Health and a research contract with GPC
Biotech Inc.

References

1. Andrews PA, Albright KD (1992) Mitochondrial defects in cis-
diamminedichloroplatinum(Ii) resistant human ovarian carci-
noma cells. Cancer Res 52:1895–1901

2. Andrews PA, Jones JA, Varki NM, Howell SB (1990) Rapid
emergence of acquired cis-diamminedichloroplatinum(II)
resistance in an in vivo model of human ovarian carcinoma.
Cancer Commun 2:93–100

3. FokkemaE,GroenHJ,HelderMN,deVriesEG,MeijerC (2002)
JM216-, JM118-, and cisplatin-induced cytotoxicity in relation to
platinum-DNA adduct formation, glutathione levels and p53
status in human tumour cell lineswith different sensitivities to cis-
platin.BiochemPharmacol 63:1989–1996

4. Harris ED, Qian Y, Tiffany-Castiglioni E, Lacy AR, Reddy
MC (1998) Functional analysis of copper homeostasis in cell
culture models: a new perspective on internal copper transport.
Am J Clin Nutr 67:988S–995S

787



5. Holzer AK, Samimi G, Katano K, Naerdemann W, Lin X,
Safaei R, Howell SB (2004) The copper influx transporter hu-
man copper transport protein 1 regulates the uptake of cisplatin
in human ovarian carcinoma cells. Mol Pharmacol 66:817–823

6. Ishida S, Lee J, Thiele DJ, Herskowitz I (2002) Uptake of the
anticancer drug cisplatin mediated by the copper transporter
Ctr1 in yeast and mammals. Proc Natl Acad Sci USA
99:14298–14302

7. Katano K, Safaei R, Samimi G, Holzer A, Rochdi M, Howell
SB (2003) The copper export pump ATP7B modulates the
cellular pharmacology of carboplatin in ovarian carcinoma
cells. Mol Pharmacol 64:466–473

8. Katano K, Safaei R, Samimi G, Holzer A, Tomioka M,
Goodman M, Howell SB (2004) Confocal microscopic analysis
of the interaction between cisplatin and the copper transporter
ATP7B in human ovarian carcinoma cells. Clin Cancer Res
10:4578–4588

9. Kelland LR (2000) An update on satraplatin: the first orally
available platinum anticancer drug. Expert Opin Investig
Drugs 9:1373–1382

10. Kelland LR, Mistry P, Abel G, Freidlos F, Loh SY, Roberts JJ,
Harrap KR (1992) Establishment and characterization of an
in vitro model of acquired resistance to cisplatin in a human
testicular nonseminomatous germ cell line. Cancer Res
52:1710–1716

11. 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

12. La Fontaine SL, Firth SD, Camakaris J, Englezou A, Theo-
philos MB, Petris MJ, Howie M, Lockhart PJ, Greenough M,
Brooks H, Reddel RR, Mercer JF (1998) Correction of the
copper transport defect of Menkes patient fibroblasts by
expression of the Menkes and Wilson ATPases. J Biol Chem
273:31375–31380

13. Lee J, Petris MJ, Thiele DJ (2002) Characterization of mouse
embryonic cells deficient in the Ctr1 high affinity copper
transporter. J Biol Chem 277:40253–40259

14. Lin X, Okuda T, Holzer A, Howell SB (2002) The copper
transporter CTR1 regulates cisplatin uptake in saccharomyces
cerevisiae. Mol Pharmacol 62:1154–1159

15. Metcalfe SA, Cain K, Hill BT (1986) Possible mechanisms for
differences in sensitivity to cis-platinum in human prostate tu-
mor cell lines. Cancer Lett 31:163–169

16. Oldenburg J, Begg AC, van Vugt MJH, Ruevekamp M,
Schornagel JH, Pinedo HM, Los G (1994) Characterization of
resistance mechanisms to cis-diamminedichloroplatinum (II) in

three sublines of the CC531 colon adenocarcinoma cell line in
vitro. Cancer Res 54:487–493

17. Raynaud FI, Mistry P, Donaghue A, Poon GK, Kelland LR,
Barnard CF, Murrer BA, Harrap KR (1996) Biotransforma-
tion of the platinum drug JM216 following oral administration
to cancer patients. Cancer Chemother Pharmacol 38:155–162

18. 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

19. Samimi G, Safaei R, Katano K, Holzer AK, Rochdi M,
Tomioka M, Goodman M, Howell SB (2004) Increased
expression of the copper efflux transporter ATP7A mediates
resistance to cisplatin, carboplatin and oxaliplatin in ovarian
cancer cells. Clin Cancer Res 10:4661–4669

20. 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

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

22. Sternberg CN, Whelan P, Hetherington J, Paluchowska B, Slee
PH, Vekemans K, Van Erps P, Theodore C, Koriakine O,
Oliver T, Lebwohl D, Debois M, Zurlo A, Collette L (2005)
Phase III Trial of Satraplatin, an Oral Platinum plus Predni-
sone vs. Prednisone alone in Patients with Hormone-Refractory
Prostate Cancer. Oncology 68:2–9

23. Teicher BA, Holden SA, Herman TS, Sotomayor EA,
Khandekar V, Rosbe KW, Brann TW, Korbut TT, Frei E 3rd
(1991) Characteristics of five human tumor cell lines and sub-
lines resistant to cis-diamminedichloroplatinum(II). Int J
Cancer 47:252–260

24. Twentyman PR, Wright KA, Mistry P, Kelland LR, Murrer
BA (1992) Sensitivity to novel platinum compounds of panels
of human lung cancer cell lines with acquired and inherent
resistance to cisplatin. Cancer Res 52:5674–5680

25. Vouillamoz-Lorenz S, Buclin T, Lejeune F, Bauer J, Leyvraz S,
Decosterd LA (2003) Pharmacokinetics of satraplatin (JM216),
an oral platinum (IV) complex under daily oral administration
for 5 or 14 days. Anticancer Res 23:2757–2765

26. Wallner KE, DeGregorio MW, Li GC (1986) Hyperthermic
potentiation of cis-diamminedichloroplatinum(II) cytotoxicity
in Chinese hamster ovary cells resistant to the drug. Cancer Res
46:6242–6245

27. Waud WR (1987) Differential uptake of cis-diamminedichloro-
platinum(II) in sensitive and resistant murine L1210 leukemia
cell lines. Cancer Res 46:6549–6555

788


	Sec1
	Sec2
	Sec3
	Sec4
	Fig1
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Sec10
	Sec11
	Fig2
	Fig3
	Sec12
	Fig4
	Fig5
	Sec13
	Fig6
	Tab1
	Ack
	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

