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Abstract

We have made the unexpected discovery that copper sulfate protects Saccharomyces cerevisiae from the toxic effects of cisplatin.
Addition of copper to the culture medium of yeast cells at concentrations above 0.1 uM significantly reduced the toxicity of cisplatin.
Since a high-affinity copper transporter, Ctrl, has been reported to play a major role in the uptake of cisplatin, we examined the
effects of copper on the cellular uptake of cisplatin. We found that the cellular concentration of platinum was not significantly
affected by treatment of cells with 1 uM copper. It is known that mammalian metallothionein is induced by copper and is involved in
acquired resistance to cisplatin. Copper significantly increased the level of mRNA for yeast metallothionein at a concentration that
has effectively reduced the toxicity of cisplatin. However, the toxicity of cisplatin in cells with a disrupted gene for ACE], a factor
that regulates transcription of the yeast gene for metallothionein, was also significantly reduced by treatment with copper. These
results suggest that copper protects yeast cells from cisplatin toxicity independently of induction of the synthesis of metallothionein
and of the inhibition of platinum uptake. Since copper is one of the trace elements that are essential for cell function and since a
relatively low concentration of copper (0.1 pM) significantly reduced cisplatin toxicity, it is possible that copper might play an
important role in the expression of cisplatin toxicity.
© 2003 Elsevier Inc. All rights reserved.
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Cisplatin [cis-diamminedichloroplatinum(II)] is an
effective antitumor agent for several types of cancer
[1,2], but the effectiveness of chemotherapy with cis-
platin is often limited by the development of resistance
to this drug [3]. Various mechanisms of cisplatin
resistance have been described and they include
decreased accumulation of cisplatin [4-7], enhanced
intracellular detoxification by a system that involves
glutathione [8-12] or metallothionein [13-16], altered
patterns of DNA platination [17], and increased repair
of damaged DNA [18-22]. However, the details of
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the mechanism of cisplatin resistance remain to be
clarified.

We have been searching for cellular factors that
confer resistance to cisplatin in yeast because yeast has
been established as a model organism in which powerful
genetic techniques can be used to elucidate fundamental
but complex eukaryotic processes. Previously, we iden-
tified CINS and YDR259c¢ as genes that confer resistance
to cisplatin in yeast [23]. We described here the unex-
pected finding that copper has a powerful protective
effect against cisplatin toxicity. Copper is one of the
trace elements that is essential for cell function and a
relatively low concentration of copper (0.1 uM) signifi-
cantly reduced cisplatin toxicity. Thus, copper might
play an important role in the expression of cisplatin
toxicity.
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Materials and methods

Yeast and media. Saccharomyces cerevisiae W303B (MATa his3
canl-100 ade2 leu2 trpl ura3) was grown in yeast extract—peptone—
adenine—dextrose (YPAD) medium (1% yeast extract, 2% peptone,
0.004% adenine, and 2% glucose) or in synthetic dextrose (SD) medium
supplemented with amino acids [24].

Quantitation of the toxicity of cisplatin in yeast. Yeast cells were
cultured (1 x 10*cells/200 pl) in SD medium that contained cisplatin
(Nippon Kayaku, Tokyo, Japan) at various concentrations. After a 48-
h incubation, we measured the absorbance of the culture at 620 nm to
quantify cell growth. We treated yeast cells with metal compounds by
incubating them with copper sulfate, silver nitrate, cadmium chloride
or zinc chloride for 12h. After the 12-h incubation, we washed the
yeast cells once with SD medium and then resuspended them in fresh
SD medium that contained cisplatin, as indicated.

Disruption of the ACEI gene in yeast. The ACEI gene of S. cere-
visiae W303B was disrupted as described previously [25]. For
construction of the acel.:HIS3 vector, the HIS3 gene was amplified
by PCR with the following oligonucleotides as primers: 5-ATG
GTCGTAATTAACGGGGTCAAATATGCCTGGAAACGTGTA
TC-3and 5-TTATTGTGAATGTGAGTTATGCGAAGATACTTG
TTTGTATAGCTC-3'. The product of PCR was introduced into
W303B cells for construction of the ACEI disruptant (acel4), and
disruption of the gene was verified by PCR and subsequent analysis of
the products.

Northern blotting analysis. Cells (5 x 10° cells/ml) were cultured in
30ml of SD medium that contained a metal compound for 12 h. Total
RNA was prepared as described elsewhere [26]. The probe for the
CUPI gene was obtained by PCR with the yeast genome as template-
and gene-specific oligonucleotides. Northern blotting was performed
using the digoxigenin system from Roche Applied Science (Indiana-
polis, IN) in accordance with the manufacturer’s instructions.

Quantitation of the cellular accumulation of platinum. W303B cells
(1 x 10° cells/ml) were cultured in SD medium (30 ml) that contained
150 uM cisplatin for 4h at 30°C. The cellular platinum content was
determined by ICP-MS (HP4500; Yokokawa Analytical Systems,
Tokyo, Japan).

Results and discussion

As shown in Fig. 1A, copper significantly protected
yeast cells against cisplatin toxicity at concentrations of
copper above 0.1 uM and the effect of copper was dose-
dependent. The effective concentration of copper that
reduced cisplatin toxicity was considerably lower than
the concentration at which copper is cytotoxic (more
than 1 mM; Fig. 1B).

The involvement of copper in cisplatin toxicity has
been explained in two ways. One way involves the reg-
ulation of the high-affinity copper transporter Ctrl. Ctrl
plays a major role in the uptake of cisplatin by yeast and
mammalian cells [27,28]. The level of Ctrl falls in the
presence of copper [29,30], and thus, copper has an in-
hibitory effect on the uptake of cisplatin [27,28]. We
monitored the cellular uptake of cisplatin after treat-
ment of yeast cells with copper at a concentration
(1 uM) that effectively prevented the cytotoxic effects of
cisplatin under our conditions. However, the cellular
concentration of platinum was not significantly affected
by treatment of cells with 1 uM copper as shown in
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Fig. 1. (A) Effects of copper on the sensitivity of yeast cells to cisplatin.
Yeast cells (W303B; 1 x 10*cells/200 ul/well) were grown in SD
medium that contained cisplatin and copper sulfate as indicated. After
a 48-h incubation, absorbance at 620 nm was measured spectropho-
tometrically. (B) Effects of copper sulfate on the growth of yeast cells.
Yeast cells (W303B; 1 x 10*cells/200 pl/well) were grown in SD
medium that contained copper sulfate as indicated. After a 48-h
incubation, absorbance at 620nm was measured spectrophotometri-
cally. (C) Effects of copper sulfate on the uptake of platinum. Yeast
cells (W303B; 1 x 10° cells/ml) were cultured in SD medium (30 ml)
that contained 150 uM cisplatin for 4 h and then cellular platinum was
quantitated. Each result is shown as the mean value with SD of results
from three cultures. The absence of a bar indicates that the SD falls
within the symbol.

Fig. 1C. Ishida et al. [28] reported that 100 uM copper
(IT) significantly decreased the accumulation of platinum
in yeast cells treated with cisplatin, but copper at 10 uM
had only a minimal effect. In the present study, 1 uM
copper significantly reduced the toxicity of cisplatin
without affecting the uptake of cisplatin (Figs. 1A
and C). These results suggest that a relatively low
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Fig. 2. Effects of metal compounds on the expression of Cupl mRNA
in yeast cells. Each lane was loaded with 25 pg of total RNA that had
been extracted from cells after treatment with copper sulfate (Cu),
cadmium chloride (Cd), silver nitrate (Ag), or zinc chloride (Zn), as
indicated. The bands of 25S and 18S rRNA (lower panel) provide an
indication of the amount of total RNA loaded in each lane.

concentration of copper can prevent cisplatin toxicity
independently of suppression of the expression of Ctrl.
Synthesis of mammalian metallothionein, a protein
that protect cells against the toxicity of certain drugs,
metals, and oxidative stresses, is induced by heavy
metals, such as copper, zinc, cadmium, and silver [31].
Copper protects mice against the lethal toxicity of cis-
platin as effectively as other metallothionein-inducing
metals [15]. Metallothionein is one of the major factors
involved in the resistance to cisplatin in mammalian cells
[13,32-34]. Transcription of the yeast gene for metallo-
thionein, CUPI, is also induced by copper and silver,
but not by zinc and cadmium [35-37]. The protective
effect of yeast metallothionein (Cupl) against cisplatin
toxicity has not been examined but the possibility exists
that copper might reduce the toxicity of cisplatin via
induction of the synthesis of Cupl in yeast. To examine
this possibility, we investigated the relationship between
the effects of copper on the level of Cupl mRNA and on
cisplatin toxicity. As shown in Fig. 2, the level of Cupl
mRNA was significantly elevated by treatment of cells
with copper sulfate at concentrations at which this salt
efficiently reduced the toxicity of cisplatin (see Fig. 1A).
We also examined the effects of other metals, namely,
silver, cadmium, and zinc, on the toxicity of cisplatin
and the level of Cupl mRNA. Cadmium and zinc
slightly reduced the toxicity of cisplatin (Figs. 3B and
C). However, the effective concentrations of these metals
for depression of the toxicity of cisplatin (1 uM for
cadmium and 10 uM for zinc) did not significantly affect
the level of Cupl mRNA (Fig. 2). Silver induced the
synthesis of Cupl mRNA at concentrations above 1 uM
(Fig. 2), but treatment with silver at concentrations of
0.1 and 1 uM significantly enhanced the toxicity of cis-
platin (Fig. 3A). This result suggests that not all metal
compounds protect the yeast cells from the toxicity of
cisplatin and that the induction of Cupl mRNA does
not always reduce the toxicity of cisplatin.
Transcription of the CUPI gene is regulated by
ACE]l, a copper-dependent transcription factor [38]. To
investigate the role of Cupl in the effects of copper on
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Fig. 3. The effects of metal compounds on the sensitivity of yeast cells
to cisplatin. Cells (W303B; 1 x 10 cells /200 pl/well) were grown in SD
medium that contained cisplatin plus silver nitrate (A), cadmium
chloride (B), and zinc chloride (C) at indicated concentrations. After a
48-h incubation, absorbance at 620 nm was measured spectrophoto-
metrically. Each point and bar represent the mean value and SD of
results from three cultures. The absence of a bar indicates that the SD
falls within the symbol.

cisplatin toxicity, we generated a yeast strain with a
disrupted ACE! gene (acelA). As shown in Fig. 4, the
extent of the copper-dependent induction of CUPI
mRNA in acel 4 yeast cells was very low compared with
that in the wild-type yeast W303B cells. The mutant
yeast cells exhibited slight resistance to cisplatin, but
treatment with copper significantly reduced the toxicity
of cisplatin even in these acel 4 cells (Fig. 5). Our results
suggest that induction of the synthesis of Cupl does not
play a major role in the protection by copper against
cisplatin toxicity. Although mammalian metallothionein
protects cells against cisplatin toxicity [13,32,34], the
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Fig. 4. Effects of copper on the expression of Cupl mRNA in wild-type
yeast (W303B) and yeast with disrupted 4CE! gene (acel 4). Each lane
was loaded with 25 pg of total RNA that had been extracted from cells
after treatment with copper sulfate for 12 h. The bands of actin (Actl)
RNA (lower panel) provide an indication of the amount of total RNA
loaded in each lane.
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Fig. 5. Effects of copper on the sensitivity of wild-type (W303B) and
acel A yeast cells to cisplatin. Yeast cells (1 x 10* cells/ 200 pl/well) were
grown in SD medium that contained cisplatin with or without 1 pM
copper sulfate. After a 48-h incubation, absorbance at 620nm was
measured spectrophotometrically. Each point and bar represent the
mean value and SD of results from three cultures. The absence of a bar
indicates that the SD falls within the symbol.

yeast metallothionein Cupl might have only limited
ability to depress the toxicity of cisplatin.

In the present study, we found that a relatively low
concentration of copper provided protection against
cisplatin toxicity independently of the induction of the
synthesis of metallothionein and of the inhibition of
platinum uptake. Although the mechanism of such
protection is unknown, this study provides new insight
into the biological function of copper, an essential trace
element, in the protection of eukaryotic cells against an
anticancer drug, cisplatin.
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