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Cisplatin [cis-diamminedichloroplati-
num (II)] is a highly active anticancer
agent. This agent is curative against most
testicular cancers and is highly active
against a wide range of other tumor types,
notably ovarian, bladder carcinoma, and
non-small-cell lung cancer (1). Treatment
failure is frequently caused by the devel-
opment of resistance to cisplatin. Al-
though the insensitive tumors generally
exhibit only low-level resistance, the use of
cisplatin at close to its maximally tolerated
dose implies that the developed resistance
eliminates cisplatin as an active com-
pound. Resistance to cisplatin has been
widely studied in a variety of models and
in clinical samples, but it has been difficult
to identify the molecular changes leading
to drug resistance. Ishida et al. (2) report
in this issue of PNAS the identification of
an important pathway for uptake of cis-
platin into yeast and mammalian cells,
uptake mediated by a high-affinity copper
transporter.

The action of cisplatin in cell killing is
now well established (3). In serum, the
high concentration of chloride ions en-
hances cisplatin stability. The lower chlo-
ride concentration in cells favors rapid
hydrolysis of the chloride ligands of cis-
platin, leading to an activated molecule
that is capable of reacting bifunctionally.
Although cisplatin can react with a variety
of cellular macromolecules, there is strong
evidence that the most important target is
DNA (3, 4). An important line of evidence
that DNA is an essential target of cisplatin
is the observation that bacterial and yeast
mutants that are defective in various
DNA-repair pathways are also hyper-
sensitive to cisplatin. Cisplatin can form
both intrastrand and interstrand DNA
crosslinks, with intrastrand purine:purine
representing the majority of the adducts.

As is the case with other anticancer
agents, reduced accumulation of cisplatin
is frequently observed in cisplatin-
resistant cell lines. Although drug efflux
has been intensively studied as a mecha-
nism of drug resistance, relatively few
studies have demonstrated a role for re-
duced drug uptake in acquired drug resis-
tance. However, cisplatin has been an
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exception to this generalization, and sev-
eral authors have suggested that de-
creased uptake of cisplatin is an important
factor that can result in drug resistance
(5). Whereas some considerations have
led to the suggestion that a major mech-
anism for cisplatin uptake is passive dif-
fusion, other studies have suggested a role
for active transport. For example, reactive
aldehydes, such as benzaldehyde, are able
to block cisplatin accumulation, suggest-
ing modification of a membrane protein
required for cisplatin uptake (reviewed in
ref. 6).

To identify yeast genes that play a role
in sensitivity to cisplatin, Ishida et al
started with a simple genetic approach. By
using the transposon mutagenesis ap-
proach of Snyder and coworkers (7), they
screened yeast loss-of-function mutants
for cisplatin resistance. An advantage of
the transposon mutagenesis approach is
that in general only one gene is mutated
per cell and the mutation is usually a
complete loss of function. In addition, the
mutated gene is marked by the transpo-
son, greatly simplifying identification of
the mutated gene. This approach is similar
to that used in recent studies that have
employed a set of yeast strains carrying
deletions in all ORFs encoding nonessen-
tial genes. The deletion set has been used
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to characterize, on a genome scale, genes
required for repair of DNA damage
caused by a variety of different DNA-
damaging agents (8—10). Both approaches
allow efficient identification of all loss-of-
function mutations that result in a specific
phenotype.

The strain that generated the highest
level of cisplatin resistance carried a mu-
tation in the MACI gene, a transcription
factor that regulates the catalase genes, as
well as genes required for the uptake of
iron and copper (11). Each of the known
genes regulated by MACI were sequen-
tially deleted, and it was observed that
deletion of the gene encoding the high-
affinity copper transporter CTRI nearly
recapitulated the cisplatin resistance that
was observed in macl-deficient cells. This
result indicated that the resistance seen in
maclA mutants was principally caused by
a failure to express CTRI. Interestingly,
deletion of a second yeast high-affinity
copper transporter CTR3 produced only a
minor effect on cisplatin sensitivity.

Ishida et al. carefully exclude the possi-
bility that cisplatin resistance caused by
ctrl A arises from indirect effects, rather
than the ability of CTRp to transport
cisplatin into cells. For example, because
mutation of c#r/ A results in an impairment
of copper uptake, activities of enzymes,
such as superoxide dismutase, that rely on
copper or iron can be impaired. A series of
deletion strains carrying defects in genes
such as SODI (superoxide dismutase),
FET3 (a protein encoding a ferro-O2-
oxidoreductase that is part of the high-
affinity iron transport system), LYS7 (a
copper chaperone for superoxide dis-
mutase that is important for protection
from oxidative stress and which also con-
fers an auxotrophy for lysine), and others
were examined, but none of the single
mutants resulted in significant enhance-
ment of cisplatin resistance. The final key
point in the demonstration that CTR1p
plays an important role in cisplatin influx
was that ctr/A results in a reduction of
cisplatin levels in yeast cells, but does not

See companion article on page 14298.
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alter efflux of cisplatin. Taken together, a
very strong case is made for CTRI as the
major protein for cisplatin uptake in yeast.

The next obvious question is whether
mammalian homologs of yCTRI also are
able to import cisplatin into cells, and
whether the mammalian homologs play an
important role in cisplatin levels. Mam-
malian homologs of yCTRI have been
identified (12, 13), in part through their
ability to complement yeast ctr/A mu-
tants. Interestingly, murine CTRI plays an
essential role in embryonic development;
mouse embryos lacking mCTRI die at
mid-gestation, presumably from the lack
of functioning of copper-dependent en-
zymes (14, 15). Ishida et al. used mouse
cells carrying two, one, or no functional
copies of mCTRI and assessed cisplatin
sensitivity and drug accumulation. Their
results showed cisplatin accumulation and
sensitivity was proportional to the number
of functional CTR! alleles. Homozygous
ctrl mutant cells were 8-fold resistant to
cisplatin and exhibited a 70% reduction in
cisplatin accumulation (2). Cells heterozy-
gous for ctrl also showed a reduction in
cisplatin accumulation and intermediate
cisplatin resistance. These results clearly
establish CTR1p as a major factor in the
uptake of cisplatin into mammalian cells
and a potentially critical protein in cellular
sensitivity to cisplatin.

Other investigators also have observed
connections between cisplatin levels and
copper-transport proteins. A member
of the class of cation transporters called
P-type ATPases plays important roles in
copper homeostasis. Mutations in copper-
transporting ATPases result in the syn-
dromes called Wilson’s disease and
Menkes syndrome (16, 17). Komatsu ez al.
(18) have recently demonstrated that ec-
topic expression of the gene mutated in
Wilson’s disease, ATP7B results in an
approximately 9-fold resistance to cispla-
tin and a somewhat lower level of resis-
tance to copper. This result may suggest
some shared properties among copper
transporters that allow relatively efficient
transport of cisplatin.

Regulation of copper levels in cells is a
balancing act. Insufficient levels of copper
lead to the inactivity of copper-dependent
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enzymes, but excessive levels of copper
are toxic. Precise regulation of copper
levels in yeast is attained by several mech-
anisms. The transcription factor MACI
requires copper for transcriptional activa-
tion (19) but also senses copper levels and
does not activate transcription when cop-
per levels are high (20, 21). Regulation of
Maclp DNA binding by phosphorylation
has also been suggested (22). Posttransla-
tional mechanisms are also important in
regulation of Ctrlp. High levels of copper
lead to degradation of Ctrlp (23). Inter-
estingly, the MACI transcription factor
appears to be required for efficient deg-
radation of Ctrlp (24).

The details of the known regulation of
CTRI lead to the question of how copper
levels influence cellular uptake of cispla-
tin, and whether cispla-
tin levels can alter the
levels of Ctrlp. Not sur-
prisingly, Ishida et al. (2)
found that copper is a
competitive inhibitor of
cisplatin uptake. Some-
what surprisingly, they
also found that, like cop-
per, cisplatin could lead to Ctrlp degra-
dation. This result would suggest that the
highest intracellular levels of cisplatin
would occur under conditions where
Ctrlp expression is unlinked to its stabil-
ity, i.e., under conditions where cisplatin
(or copper) uptake does not lead to de-
stabilization of Ctrlp. At present, regula-
tion of mammalian Ctrl remains to be
elucidated. It seems likely that stability of
mammalian Ctrlp will be an important
regulatory mechanism.

There are several important avenues
that the work of Ishida et al. opens up.
There are the obvious questions about
whether mutations of mammalian Ctrl
occur in platinum-insensitive tumors. A
full understanding of the roles of Ctrlin
drug resistance will require an under-
standing of how the transporter is regu-
lated in mammalian cells. It will be equally
interesting to determine whether Ctrl ex-
pression influences the specific tissues
that are especially sensitive to toxicity
from cisplatin.
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Like copper,
cisplatin could lead to
Ctr1p degradation.

An additional set of questions relates to
whether Ctrl can transport other plati-
num compounds, such as carboplatin and
oxaliplatin. If the level of Ctrl expression
is an important determinant of cisplatin
resistance, it will be of interest to try to
develop active platinum derivatives that
have distinct uptake mechanisms. Al-
though platinum compounds that can be
efficiently accumulated in a Ctrl-indepen-
dent fashion may be useful for overcoming
resistance, such compounds also may have
novel toxicity spectra. Nonetheless, the
work of Ishida et al. has clearly opened up
new avenues for the design of potentially
active platinum anticancer agents.

Yeast cells are increasingly becoming
applied as a model for the study of
the action of anticancer drugs. Many
of the experimental ap-
proaches described by
Ishida et al. are still only
feasible in yeast systems.
Although this point has
been long appreciated
by cell biologists and
biochemists interested
in fundamental biologi-
cal questions, workers with an interest in
the mechanisms of anticancer only re-
cently have appreciated the questions that
can be addressed by using yeast. For ex-
ample, yeast cells are being applied to
study the action of anticancer drugs tar-
geting DNA topoisomerases (25, 26), and
to understand the action of drugs such as
rapamycin that target the phosphatidyl-
inositol-3 kinase TORI (27, 28).

The revolution in genomics has under-
standably generated a great deal of excite-
ment over the potential for identifying
new targets for cancer chemotherapy. An
underappreciated point is that there is
also great potential for better understand-
ing the action of agents that we already
know are clinically active. As elegantly
demonstrated by Ishida et al., important
insights await a careful analysis of already
identified active anticancer agents.
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