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Fig. 3 Effects of the single-nucleotide A — G polymorphism on
the binding of nuclear proteins to the core promoter region of the
gene for MT-IIA. a Oligonucleotide probes for the electropho-
retic mobility shift assay. The MRE core sequence is underlined.
An arrow indicates the site of initiation of transcription. The
numbers above sequences refer to positions relative to this site.
b The *?P-labeled MRE-a probe was incubated with a nuclear

—5G oligonucleotides to react with the nuclear extract.
However, no specific factors bound to either probe
(data not shown).

A number of basic transcription factors are known
to bind to the TATA box-containing core region of the
promoter (Robert et al. 1996). Since the —5A and —5G
oligonucleotides that we tested in the EMSA did not
contain a TATA box, we extended them to include the
TATA box and prepared TATA —5A and TATA
—5G oligonucleotides (from position —15 to +34;
Fig. 3a) and tested them in the EMSA. We found that
proteins that bound to the *’P-labeled TATA —5A oli-
gonucleotide were present in the nuclear extract of
HEK?293 cells (Fig. 3c, lanes 1-3). In addition, a com-
petition assay using unlabeled TATA —5A or TATA
—5G oligonucleotides showed that the addition of a 25-
fold molar excess of TATA —5A oligonucleotide
inhibited binding, whereas a 50-fold molar excess of
TATA —5G had a negligible inhibitory effect (Fig. 3C,
lanes 5-8). The addition of 100-fold molar excess of
MRE-a oligonucleotide, which bound to MTF-1 (as
shown in Fig. 3b), did not inhibit the binding (Fig. 3c,
lane 4). We also confirmed that neither the TATA
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extract and the mixture was fractionated on non-denaturing
polyacrylamide gel. For competition assays, unlabeled oligonu-
cleotide probes were incubated with the nuclear extract prior to
the addition of **P-labeled MRE-a. The arrow indicates the MTF-

I/MRE complex. ¢, d Results of electrophoretic mobility shift as-

says with *P-labeled TATA —5A as probe. Arrows indicate com-
plexes of transcriptional factor(s) and the TATA-5A probe

—5A oligonucleotide nor the TATA —5G oligonucleo-
tide bound MTF-1 (Fig. 3b, lanes 9-12).

The addition of Zn did not affect the binding of the
2p-labeled TATA —S5A oligonucleotide to nuclear
proteins. This result suggests that the single-nucleo-
tide substitution influenced the efficiency of basal
transcription. Therefore, we labeled the TATA -5G
oligonucleotide with *’P and allowed it to react with
a nuclear extract from Zn-untreated HEK293 cells.
The extent of binding of the TATA —5G oligonu-
cleotide to nuclear proteins (Fig. 3d, lane 2) was sig-
nificantly lower than that of the TATA -5A
oligonucleotide (Fig.3d, lane 1). Furthermore, a
competition assay in which a 100-fold molar excess of
unlabeled —5A oligonucleotide or —5G oligonucleo-
tide competed with the binding of the *?P-labeled
TATA -5A oligonucleotide for binding to nuclear
proteins demonstrated an absence of competition
(Fig. 3D, lanes 4-7). These results suggest that the
single-nucleotide polymorphism in the promoter of
the gene for MT-ITA might reduce the binding, to the
core promoter region, of a nuclear protein that is
involved in basic transcription, with a marked resultant
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Fig. 4 Effects of the single-nucleotide A — G polymorphism on
the promoter activity of dioxin-responsive elements. The region
upstream of the TATA box of the gene for MT-IIA was replaced
by a sequence that contained three dioxin-responsive elements
(XRESs) and performed a reporter-gene assay. After a 12-h incu-
bation, HEK293 cells were treated with dioxin and incubated for
a further 24 h. The activities of luciferase (an index of the activity
of the promoter) and of B-galactosidase (an index of the efficiency
of transcription) were measured. Results are mean + SD (n = 5).
A schematic representation of the relevant regions of the report-
er plasmids is shown above the histograms. **Significantly differ-
ent from the —5A type (P < 0.0001, Student’s ¢ test)

reduction in the efficiency of induction of transcrip-
tion of the gene by heavy metals via the activation of
MTF-1. If our hypothesis is correct, the A — G poly-
morphism should reduce the efficiency of induction
of transcription even il the promoter region
upsiream of the TATA box is replaced by a region
derived from the promoter of other genes. Therefore,
we replaced the region upstream of the TATA box
by a sequence that contained three dioxin-responsive
elements (XREs) and performed a reporter-gene
assay. We observed, as predicted, a marked reduc-
tion in the efficiency of induction by dioxin (Fig. 4).
Point mutations in the core promoter region are
known to inhibit the binding of nuclear proteins to
this region (Chalkley and Verrijzer 1999; Yean and
Gralla 1997). Yanai et al. (1997) reported that a poly-
morphism in the core promoter region of the gene
for angiotensinogen reduced the binding of the
nuclear factor AGCEI to this region. Similarly, in the
case of the gene for a MT, the single-nucleotide poly-
morphism reduced basic transcriptional activity,
thereby reducing the extent of induction of the
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synthesis of MT by heavy metals. The nuclear pro-
tein, whose binding to the core promoter region of
MT-IIA gene is influenced by the A — G substitu-
tion, should be identified by future studies.

The MTs are characterized by free cysteine resi-
dues that account for approximately one-third of the
total number of amino acid residues but do not form
S-S bonds (Kégi 1991; Webb 1979). Exploiting its
abundant intramolecular SH groups, MT reduces the
toxicity of alkylating agents (Cagen and Klaassen
1979), y-irradiation (Satoh et al. 1989), and pesticides
(Satoh etal. 1992), as well as that of heavy metals
such as Cd, and acts as a scavenger of free radicals to
protect cells and animals against various types of oxi-
dative stresses (Sato and Bremner 1993). In addition,
MT is known to reduce the side effects of many anti-
cancer drugs (Okazaki et al. 1998; Satoh et al. 1993b),
such as cisplatin (Naganuma et al. 1987) and adriamy-
cin (Naganuma et al. 1988), and MT-deficient mice
have been shown to be particularly susceptible to
toxicity of anticancer drugs (Zhang et al. 1998). Fur-
thermore, MT has been shown to inhibit spontaneous
or chemical carcinogenesis in mice (Satoh et al.
1993a). Thus, the A — G substitution in the core pro-
moter region of the gene for MT-ITA might reduce
the protective role of MT-IIA against such various
stresses and carcinogenesis.

The single-nucleotide polymorphism found in this
study raises a serious issue with respect to the effect of
Cd on human health. In the population of middle-
aged and elderly Japanese, the mean concentration of
Cd in the kidney exceeds one-third of the JFCFA's
estimated critical concentration (Yoshida et al. 1998).
Olsson et al. (2002) reported that the level of ingested
Cd in farmers in Sweden is not as high. However, a
higher urinary concentration of Cd was associated
with lower renal function (Olsson et al. 2002). It has
also been reported that Cd, at the levels at which
people routinely ingest it, has a potent estrogen-like
activity and acts as an endocrine disruptor (Johnson
et al. 2003). These reports suggest that the concentra-
tion of Cd that accumulates in the bodies of ordinary
people is close to the toxic level. The A — G genetic
polymorphism that influences the efficiency of syn-
thesis of MT, which plays such an important role
in reducing Cd toxicity, might be one of the major
factors that determine individual differences in
human sensitivity to Cd.
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Abstract

To elucidate the mechanism of acquired resistance to
Adriamycin, we searched for genes that, when overexpressed,
render Saccharomyces cerevisiae resistant to Adriamycin. We
identified AKLI, a gene of which the function is unknown but
is considered, nonetheless, to be a member of the Ark/Prk
kinase family, which is involved in the regulation of
endocytosis, on the basis of its deduced amino acid sequence.
Among tested members of the Ark/Prk kinase family (Arkl,
Prkl, and Akll), overexpressed Prkl also conferred Adriamy-
cin resistance on yeast cells. Prkl is known to dissociate the
Slal/Panl/End3 complex, which is involved in endocytosis, by
phosphorylating Slal and Panl in the complex. We showed
that Akll promotes phosphorylation of Panl in this complex
and reduces the endocytic ability of the cell, as does Prkl.
Slal- and End3-defective yeast cells were also resistant to
Adriamycin and overexpression of Akll in these defective cells
did not increase the degree of Adriamycin resistance,
suggesting that Akll might reduce Adriamycin toxicity by
reducing the endocytic ability of cells via a mechanism that
involves the Slal/Panl/End3 complex and the phosphoryla-
tion of Panl. We also found that HEK293 cells that overex-
pressed AAKI, a member of the human Ark/Prk family, were
Adriamycin resistant. Our findings suggest that endocytosis
might be involved in the mechanism of Adriamycin toxicity in
yeast and human cells. (Cancer Res 2006; 66(24): 11932-7)

Introduction

Adriamycin is an anticancer drug that is widely used in a clinical
setting (1). The mechanism of action of Adriamycin, via inhibition
of nucleic acid synthesis by intercalation into DNA and promotion
of the cleavage of DNA by inhibition of DNA topoisomerase II, is
well known, as is the mechanism of cytotoxicity, which involves the
production of free radicals, but many other effects of the drug have
also been reported, with many issues remaining to be clarified
(2, 3). In cancer chemotherapy with Adriamycin, both the natural
and the acquired resistance of cancer cells pose serious problems, as
do the adverse effects of the drug (4). The acquisition of Adriamycin
resistance involves promotion of the excretion of the drug from
cells by overexpressed ATP-binding cassette transporters, such as
P-glycoprotein and multidrug-resistance protein (5-7), and, in
addition to the transporters involved in drug excretion, many other
factors seem to be related to the mechanism of Adriamycin
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resistance. However, the properties of some Adriamycin-resistant
cells cannot be explained by these phenomena, suggesting the
presence of as yet unknown mechanisms of acquired resistance
(8, 9). To shed further light on mechanisms of Adriamycin toxicity
and the acquisition of Adriamycin resistance, we have identified
genes involved in Adriamycin resistance in Saccharomyces cerevi-
siae. S. cerevisiae is widely used as a model eukaryote and its entire
genome has been sequenced. Because many products of yeast genes
have functions similar to those of human genes, information
obtained from yeast cells might help to clarify the mechanism of
acquisition by human cells of resistance to Adriamycin. We
previously searched for genes that conferred Adriamycin resistance
on yeast cells when such genes were overexpressed, using a yeast
DNA genomic library, and we identified the SSL2 (10, 11) and BSD2
(12) genes. In the present study, we identified AKL] as a gene of
which the overexpression rendered yeast cells resistant to
Adriamycin. Akll is considered to be a member of the Ark/Prk
kinase family and to be involved in the regulation of endocytosis on
the basis of certain characteristics of its deduced amino acid
sequence (13), but, to our knowledge, its function has not been fully
analyzed and its relationship to drug resistance has not been
investigated.

This study revealed the involvement of Akl1 in the regulation of
endocytosis via phosphorylation of Panl in the Slal/Panl/End3
complex, as is Prkl (14, 15). In addition, our results suggest that
overexpressed Akll inhibits the internalization step of endocytosis,
leading to Adriamycin resistance in yeast cells. Because human
cells that overexpressed AAK1 (16), which is a member of the
human Ark/Prk kinase family that is known to be involved in the
regulation of endocytosis, were also Adriamycin resistant, it is
possible that the Ark/Prk kinase family might be involved in
Adriamycin toxicity via the regulation of endocytosis not only in
yeast cells but also in human cells.

Materials and Methods

Yeast strains and media. The wild-type yeast strains used in this study
were W303B (MATz his3 canl-100 ade2 leu2 trpl ura3; ref. 17) and BY4742
(MAT2 his341 leu2A0 lys240 ura3A0). The deletion strains (akllA, arklA,
priid, end3d, slald, sla2A, vipld, rvsl6ld, vps234, and vps274), derived
from the parent BY4742 strain, were obtained from Euroscarf (Frankfurt,
Germany). Yeast cells were grown in synthetic dextrose medium with or
without leucine, For the characterization of cells that harbored the
expression vector pYES2 (Invitrogen, Carlsbad, CA) or genes expressed
under the control of the GALI promoter, cells were grown in synthetic
galactose medium that contained 2% galactose and 4% raffinose as the
carbon source instead of dextrose.

Quantification of the toxicity of Adriamycin in yeast cells. Yeast cells
were cultured (1 % 10*/200 pL) in 96-well plates in synthetic dextrose
medium that contained Adriamycin at various concentrations, After
incubation for 48 hours, absorbance at 620 nm was determined
spectrophotometrically. For the colony-formation assay, a suspension of
yeast cells was incubated for 3 hours in liquid medium that contained
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Adriamycin. After washing with synthetic dextrose liquid medium, the cells
were resuspended in synthetic dextrose liquid medium and spotted onto a
plate of agar-solidified medium.

Construction of a point mutant of AKLI (AKLI D181Y). Construction
of a point mutant of AKLI (AKLIDI181Y) was done as described by Hwang
et al. (18) with the QuikChange Site-Directed Mutagenesis Kit (Stratagene,
La Jolla, CA). For mutagenesis of AKLI, PCR was done using plasmid
pRS315-AKL! as the template and the following oligonucleotides as
the mutagenic primers: 5-CCTTGATCCATCGCTATATCAAGATTG-3" and
5-CAATCTTGATATAGCGATGGATCAAGG-3. The mutation in AKLI was
verified with an automated DNA sequencer (L1-COR, Lincoln, NE).

Construction of an expression vector for various genes. The ARKI
and PRKI genes were cloned separately by PCR with chromosomal DNA of
8. cerevisine as template. The following oligonucleotides were used as
primers: 5-GCGGCTCGCCAACTTGGAAG-3" and 5-CAGTTAAAGCCAC-
TAGTTCCT-3' for ARK1, and 5-AGTGGTCTCTAGCGGGATCG-3" and
5-GCTGTTCAGAGAACCACAATG-3 for PRKI. Each product of PCR was
inserted into the pGEM-T easy vector (Promega, Madison, W1). Each insert
was digested with the restriction endonuclease Notl and fragments were
ligated into the single-copy plasmid pRS315. For the expression of each
gene, we used the respective homologous promoter.

Construction of a PANI-HA-expressing plasmid. For construction of
the PANI-hemagglutinin (HA) vector, the PANI gene was amplified by
PCR with chromosomal DNA of . cerevisiae as template and primers
5-GCTAATCTGTACAACTGAATATG-3" and 5-TCAAGCGTAATCTGGAA-
CATCGTATGGGTATGGAAGGGGTGGGGGTGGAGGAATA-3". The ampli-
fied DNA was inserted into the pGEM-T easy vector to produce plasmid
pGEM-PANI-HA. The insert was digested with the restriction endonuclease
Notl and fragments were ligated into the pYES2 expression vector.

Phosphorylation of Panl-HA. Yeast cells (3 % 107) expressing HA-
tagged Panl (Panl-HA) were cultured in 10 mL of synthetic galactose
(—Ura, —Leu) medium for 4 hours and harvested. After washing with ice-
cold water, cells were lysed by grinding with glass beads at 4°C. An aliquot
of cell lysates (100 ng of protein) was immunoprecipitated with anti-HA
agarose beads (Sigma, St. Louis, MO). Immunoprecipitates were fraction-
ated by SDS-PAGE (7.5% polyacrylamide) and transferred to an Immobilon-
P transfer membrane (Millipore, Bedford. MA). Immunoblotting was carried
out using rabbit antibodies against phosphothreonine (Zymed, South San
Francisco, CA) or rat antibodies against HA (Roche, Basel, Switzerland) and
peroxidase-conjugated second antibodies (Dako A/S, Glostrup, Denmark).
Immunoreactive proteins were detected with the enhanced chemilumines-
cence system from Amersham Pharmacia (Uppsala, Sweden).

Endocytic uptake of lucifer yellow. Fluid-phase endocytosis was
assayed using lucifer yellow carbohydrazide (Molecular Probes, Eugene,
OR). Yeast cells were incubated in synthetic dextrose medium in the
presence of 4 mg/mL lucifer yellow carbohydrazide. After a 2-h incubation,
cells were collected and washed thrice with PBS. Cells were resuspended in
PBS and observed under a light microscope.

Construction of the AAKl-expression vector. The cDNA for human
full-length AAKI (clone KIAA1048) in pBluescript was provided by the
Kazusa Research Institute (Kisarazu, Chiba, Japan). For construction of the
AAKI-expression vector, the full-length AAKI cDNA insert was amplified by
PCR with primers 5-CTCGAGACCATGTACCCATACGACGTGCCAGAC-
TACGCTATGAAGAAGTTTTTCGACTCCCGG-3' and 5-GAATTCTTAAA-
TAGCCTTGGCTTCTGGGGTGG-3, and then the product of PCR was
subcloned into the pcDNA3.1/Hygro expression vector (Invitrogen).

Measurement of the viability of AAKl-expressing HEK293 cells.
Human embryonic kidney cells (HEK293 cells) were cultured at 37°C
in DMEM supplemented with 10% fetal bovine serum and 2 mmol/L
L-glutamine. Transfection of HEK293 cells with the plasmid that expressed
AAK1 was done as described elsewhere (19) with TransIT-LT1 (Mirus,
Madison, WI) according to the manufacturer’s protocol. After incubation for
8 hours, cells (5 X 10%) were plated in 96-well plates and cultured in 90-uL
aliquots of medium. One day after plating, Adriamycin was added and cells
were cultured for a further 3 days. Cell viability was assessed by the Alamar
Blue assay (Biosource, Camarillo, CA). Each experiment was repeated at
least thrice and representative results are presented.

Immunoblotting of HA-AAK1. Whole-cell extracts were prepared from
individual transfectants by freezing and thawing. Immunoblotting with
HA-specific antibody was done as described above.

Results

In a previous study, we searched for genes related to Adriamycin
resistance using S. cerevisiae transfected with a chromosomal DNA
library, and we obtained plasmids AR13 and AR17 that included
genes that conferred resistance to Adriamycin on yeast cells when
they were overexpressed (12). In the present study, we analyzed the
DNA sequences of the genomic DNA fragments that had been
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Figure 1. Identification of AKL 1 as an Adriamycin resistance gene. A, restriction
map of the genomic DNA insert in plasmid AR13. Thick black line, vector
pRS425; thin line, genomic DNA insert. Vertical lines above the genomic

DNA insert indicate the restriction sites used to generate different subclones.
The ability of three subclones (AR13a, AR13b, and AR13c) fo confer resistance
to Adriamycin is indicated (+, conferred resistance; —, did not confer resistance).
ORFs are indicated by arrows that point in the direction of transcription, with the
name of each ORF given below the respective arrow. B, sensitivity to Adriamycin
of yeast cells that harbored plasmids with the indicated inserts. Yeast strains
(W303B) carrying plasmids AR13a, AR13b, AR13c, or pRS425 were grown

in synthetic dextrose (—Leu) medium that contained Adriamycin. After incubation
for 48 hours at 30°C, absorbance was measured spectrophotometrically at
620 nm. Peints, mean of results from three cultures; bars, SD. The absence of a
bar indicates that the SD falls within the symbol. C, effects of overexpression of
Akl1 on the sensitivity of yeast cells to Adriamycin. Yeast cells were incubated in
the presence of Adriamycin for 3 hours and washed with synthetic dextrose
(—Leu) medium. Then yeast cells were grown on a plate of agar-solidified
synthetic dextrose (—Leu) for 24 hours.
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Figure 2. Involvement of members of the Ark/Prk kinase family in the sensitivity
of yeast cells to Adriamycin. A, yeast cells (BY4742) harboring pRS315,
pRAS315-AKL 1, pRS315-ARK1, or pRS315-PAKT were grown in synthetic
dextrose (—Leu) medium that contained Adriamycin. B, yeast (BY4742) cells
lacking Ark1, Prk1, or Akl (ark14, prk14, and akl14, respectively) were grown
in synthetic dextrose medium that contained Adriamycin. For further details, see
Fig. 18 legend.

inserted into these plasmids, referring to the Saccharomyces
Genome Database. A region of —5 kbp derived from yeast
chromosome no. 2 was present in both AR13 and AR17, and the
region contained three open reading frames (ORF), designated
T8C3, AKLI, and ORC2 (Fig. 14). To identify the gene involved in
Adriamycin resistance, we cleaved AR13 with restriction enzymes
and subcloned the resultant fragments (AR13a, AR13b, and AR13c)
in pRS425. We introduced the three new plasmids into yeast
W303B cells and examined the Adriamycin sensitivity. Only the
yeast cells transfected with AR13b, which contained the AKLI ORF,
exhibited Adriamycin resistance, showing that overexpression of
AKLI conferred Adriamycin resistance on the yeast cells (Fig. 18
and C). Overexpression of the AKLI gene from a single-copy
plasmid, pRS315, also led to Adriamycin resistance, suggesting that
a severalfold increase in the intracellular level of Akll is sufficient
to allow wild-type yeast cells to become Adriamycin resistant
(Fig. 2).

AKI1 is classified as a member of Ark/Prk kinase family, which
consists of serine/threonine kinases involved in the regulation of
endocytosis, on the basis of its deduced amino acid sequence (13).
However, to our knowledge, its function has not yet been analyzed.
To investigate the involvement of the activity of Akl1 kinase in the
AKI1 overexpression-induced reduction of Adriamycin toxicity, we
prepared plasmids that expressed mutants of Akll with point
mutations in the Akll kinase domain. All members of the Ark/Prk
kinase family have a kinase domain in the NH,-terminal half of the
amino acid sequence, and the abolition of the kinase activity of

Prkl by substituting tyrosine (Y) for aspartic acid (D) at position
158 in this domain has been reported (14). Because the corre-
sponding amino acid in Akll is aspartic acid at position 181
(Asp'®"), we generated a mutant (AklIID181Y) with tyrosine at this
position. When AkIID181Y was overexpressed, the sensitivity to
Adriamycin of the yeast cells was similar to that of the control
strain (Fig. 3). As described below, yeast cells had Akll kinase
activity, and Asp'®' was essential for this kinase activity (Fig. 44). In
view of these findings, we postulated that Akll kinase activity
might be necessary for the Akll overexpression-induced acquisi-
tion of resistance to Adriamycin.

AKIl is considered to function similarly to Arkl and Prkl
because the kinase domain of Akll is strongly homologous to those
of Arkl and Prkl, two members of the Ark/Prk kinase family (13).
Therefore, we investigated the sensitivity to Adriamycin of yeast
cells that overexpressed Arkl and Prkl, respectively. The sensitivity
of Arkl-overexpressing yeast cells was similar to that of the control
yeast cells, but Prkl-overexpressing yeast cells were apparently
resistant to Adriamycin, although the level of resistance was lower
than that of Akll-overexpressing cells (Fig. 24). When we prepared
yeast cells with defective members of the Ark/Prk kinase family
and investigated their Adriamycin sensitivity, we found that Arkl-
defective yeast cells were slightly sensitive and Akll- and Prkl-
defective yeast cells were markedly sensitive to Adriamycin
(Fig. 2B). These observations suggested that Akll and Prkl might
be intimately involved in the mechanism of Adriamycin toxicity,
whereas the involvement of Arkl might be limited.

Prkl seems to promote the dissociation of the Slal/Panl/End3
complex via phosphorylation of both Slal and Pan1 (14, 15, 20). The
Slal/Panl/End3 complex loses its function on dissociation, and
Slal- and End3-defective cells have low endocytic capacity (21, 22).
When we investigated the sensitivity to Adriamycin of SLAI- and
END3-defective yeast cells, we found that both defective lines of
yeast cells were markedly resistant to Adriamycin (Fig. 5).
Moreover, overexpression of Akll in these SLAI- and END3-
defective cells did not increase the level of resistance (Fig. 5),
suggesting that the presence of Slal and End3 is essential for the
Akll overexpression-induced reduction in Adriamycin toxicity. In
this series of experiments, we did not examine the effects of
deletion of the PANI gene because Panl is a protein that is
essential for the proliferation of yeast cells.

0.8
T 084 Control
< (pRS315)
=
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g
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8 0.2
0 T T T 7T 7
0 20 40 60 80 100120140
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Figure 3. Akl1 kinase activity is required for the acquisition of Adriamycin
resistance. Yeast cells (BY4742) harboring pAS315, pRS315-AKL1, or
pRS315-AKL1D1B1Y were grown in synthetic dextrose (—Leu) medium that
contained Adriamycin. For further details, see Fig. 18 legend.
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Figure 4. Effects of overexpression of Akl1 on the
phosphorylation of Pan1-HA and the endocytic uptake of
lucifer yellow. A, yeast (BY4742) cells expressing Pan1
tagged with HA at the COOH terminus (Pan1-HA) were

transformed with pRS315, pRS315-AKL1, pRS315-ARK1, PANT1-HA + + + + N —
pRS315-PRKT, or pRS315-AKL7D1B1Y. Pani-HA
was immunoprecipitated (/P) with anti-HA agarose and B

immunablotted (/8) with phosphothreonine-specific
antibody (a-phosphothreonine; top) or HA-specific
antibody (a-HA; bottom). See text for delails. B, yeas! cells
at the logarithmic phase of growth were incubated with
lucifer yellow for 2 hours. The localization of lucifer yellow
was visualized with FITC fluorescence optics. The
fluorescent images (LY-CH, fop) and the transmission
images (bottom) are shown.

Pan1-HA —» g = o s

Transmission

IP: @-HA
IB: a -phosphothreonine

IP: a-HA
IB: a-HA

Wild type (BY4742) sla1A

Because our results suggested the involvement of the
dissociation of the Slal/Panl/End3 complex via phosphorylation
of Panl and Slal in resistance to Adriamycin, we investigated the
effects of overexpression of Akll on the phosphorylation of Panl
using yeast cells that expressed Panl fused to a HA tag at its COOH
terminus (Pan1-HA). Phosphorylation of Panl-HA was promoted in
Adriamycin-resistant yeast cells that overexpressed Akll and
Prkl, but it was unaffected in yeast cells that overexpressed Akll
and point mutants of Akll (AkI1D181Y; Fig. 4A). These findings
strongly suggested the involvement of the phosphorylation of
Panl in the Akll overexpression-induced acquisition resistance to
Adriamyecin.

The overexpression of Prkl is known to reduce endocytic
ability, but, to our knowledge, no studies of the effects of
overexpression of Akll on endocytosis have been done. We
investigated the fluid-phase endocytotic activity of Akll-over-
expressing yeast cells using the uptake of a fluorescent dye, lucifer
yellow, as an index. The overexpression of Akll decreased the
uptake of lucifer yellow (Fig. 48), showing that the capacity for
endocytosis was reduced in Akll-overexpressing yeast cells as it
was in Slal-defective yeast cells. By contrast, no endocytic
abnormalities were noted in yeast cells that overexpressed the
Akll point-mutant (Akl1D181Y), which might not have any kinase
activity (Fig. 4B). These findings suggest that Akll acts negatively
to control cellular endocytosis by promoting the dissociation of
the Slal/Panl/End3 complex through phosphorylation of Panl,
as does Prkl.

In mammalian cells, adaptor-associated kinase 1 (AAKI; refs.
23, 24) and cyclin G-associated kinase (25, 26) are both members of
the Ark/Prk kinase family, and overexpression of AAK1 has been

reported to reduce the endocytosis of membrane proteins, such as
transferrin receptors and low-density lipoprotein receptor-related
protein (16). To investigate the possible involvement of the Ark/Prk
kinase family in the acquisition of Adriamycin resistance by human
cells, we fused AAK] with a HA tag at its NH, terminus (HA-AAK]1)
and introduced it into HEK293 cells (Fig. 64). The resultant
AAK]1-overexpressing HEK293 cells were found, as anticipated,
to be resistant to Adriamycin (Fig. 6B8). We confirmed that
overexpression of AAKI induced resistance to Adriamycin not

—0— WT + vector
g —=— WT+ AKLY
< —0— end34+ vector
g —e— end3A+ AKL1
: —&— slald + vector
8 —a— £lal4 + AKL1

0o+
0 20 40 60 80 100120140
Adriamycin (M)

Figure 5. Relationship between Akl1 and the Sla1/End3/Pan1 complex in the
acquisition of Adriamycin resistance. Yeast strains (BY4742, slald, and end34)
harboring pRS315 or pRS315-AKL1 were grown in synthetic dextrose (—Leu)
medium that contained Adriamycin. After incubation for 24 hours at 30°C,

the absorbance was measured spectrophotometrically at 620 nm. Points, mean
of results from three cultures; bars, SD. The absence of a bar indicates that
the SD falls within the symbol.
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Figure 6. Effects of overexpression of AAK1, a member
of the human Ark/Prk kinase family, on the sensitivity of
HEK293 cells to Adriamycin. A, immunoblofting analysis
of HA-tagged AAK1. HEK293 cells were transfected with
pcDNA3. 1-HA-AAK1 or the pcDNA3.1 empty vector. Each
lane was loaded with whole-cell extract from the indicaled
transfectants. B, sensitivity of HA-AAK1-expressing
HEK293 cells to Adriamycin. Transfectants expressing
HA-AAK1 were cultured for 3 days in the presence of
various concentrations of Adriamycin. Points, mean of
results from three cultures; bars, SD. The absence of a
bar indicates that the SD falls within the symbol. ECsg

tor cytotoxicity was defined as the effective concentration
of Adriamycin that caused a 50% reduction in cell

viability relative to non-Adriamycin-treated controls
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(which represent 100% viability).

only in HEK293 cells but also in HeLa cells (data not shown). Our
findings suggest that the Ark/Prk kinase family might be involved
in the acquisition of Adriamycin resistance not only in yeast cells
but also in human cells.

Discussion

In the present study, we showed that overexpression of Akil
renders S. cerevisiae resistant to Adriamycin. Akll has a kinase
domain in its NH,-terminal half and is considered to be a serine/
threonine kinase that belongs to the Ark/Prk kinase family (13).
Prkl and Arkl also belong to the Ark/Prk kinase family and these
proteins phosphorylate different specific proteins (27, 28). In our
study, overexpression of Prkl rendered yeast cells Adriamycin
resistant, but overexpression of Arkl did not affect the sensitivity to
Adriamycin (Fig. 2A4). These findings suggest that similar
mechanisms that are mediated by Akll and Prkl might be involved
in the resistance to Adriamycin.

This study is the first, to our knowledge, to reveal that Akll,
similarly to Prkl, phosphorylates Panl in the Slal/Panl/End3
complex, which is involved in endocytosis, and confirms that
Asp'®' is essential for the kinase activity (Fig. 44). Cellular
endocytic ability decreases when Panl is phosphorylated because
the Slal/Panl/End3 complex dissociates (15). This dissociation
might be responsible for the resistance of the yeast cells to
Adriamycin.

The Slal/Panl/End3 complex regulates the internalization step
of the endocytic pathway (15). Yeast cells with defects in genes
for other factors that are involved in this internalization step of
endocytosis, such as Sla2 (29, 30), Vrpl (31), and Rvslé6l (32),
also exhibited marked resistance to }\driarrlg,'cin,3 whereas the
Adriamycin sensitivity of yeast cells with defects in genes for
Vps23 (33) and Vps27 (34), which are involved in the post-
internalization step of endocytosis, was similar to that of control
yeast cells (data not shown). The level of Adriamycin toxicity
might be decreased when the internalization step of endocytosis
is inhibited.

* Unpublished data.

Because endocytosis is involved in the cellular uptake of various
substances, reduced endocytosis might decrease the cellular
uptake of Adriamycin. Reduced endocytosis has also been
reported to increase the stability of Pdr5 (35), a transporter
involved in the excretion of Adriamycin (36, 37). However, the
overexpression of Akll did not decrease the intracellular
accumulation of Adriamycin and, indeed, the level of accumula-
tion increased slightly (data not shown). Therefore, the resistance
to Adriamycin of Akll-overexpressing yeast cells might not be due
to a decrease in the intracellular accumulation of Adriamycin.
Chen et al. identified a carcinoembryonic antigen-related
membrane protein, p95, as an Adriamycin-resistance factor
(38, 39). The mechanism of Adriamycin resistance that involves
p95 has not yet been analyzed, but p95-overexpressing cells
exhibit resistance to Adriamycin without any reduction in
intracellular levels of Adriamycin (38). It is also possible that
the Akll overexpression-induced reduction in the endocytic
ability of the cell might have rendered yeast cells Adriamycin
resistant by increasing the stability of membrane proteins, such as
p95, that are not involved in drug excretion. Adriamycin is known
to impair the functions of cell membranes, and some types of
Adriamycin-resistant cell are resistant to such impairment,
suggesting that some changes in cell membranes (such as changes
in the lipid composition) might be involved in resistance to
Adriamycin (40-42). Because the involvement of endocytosis in
lipid homeostasis has been reported (43), endocytosis might be
involved in the mechanism of Adriamycin toxicity via the
regulation of the lipid composition of membranes.

Adriamycin also impairs formation of the cytoskeleton in human
cells (44). The involvement of formation of the actin skeleton in the
mechanism of cardiotoxicity of Adriamycin has also been reported
(45). Arkl and Prkl are involved not only in the regulation of
endocytosis but also in the formation of cytoskeleton (20).
Therefore, we cannot rule out the possibility that the roles of
members of the Ark/Prk kinase family in formation of the
cytoskeleton might be involved in Adriamycin toxicity.

Overexpression of AAK1, a member of the human Ark/Prk kinase
family, rendered both HEK293 and HeLa cells resistant to
Adriamycin. AAK1 is considered to regulate the internalization
step of endocytosis via the phosphorylation of an adaptor protein,
AP2u (24). Thus, the kinase-dependent regulation of endocytosis
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might be involved in the mechanism of Adriamycin toxicity not
only in yeast cells but also in human cells. To our knowledge, no
studies of the relationship between endocytosis and resistance to
Adriamycin have been reported. Our results suggest novel
mechanism for Adriamycin toxicity and the acquisition of

resistance to Adriamycin in human cells.
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Cisplatin Upregulates Saccharomyces cerevisiae Genes
Involved in Iron Homeostasis Through Activation of the
Iron Insufficiency-Responsive Transcription Factor Aft1
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The response of Saccharomyces cerevisiae to cisplatin was investigated by examining variations in gene expression using cDNA
microarrays and confirming the results by reverse transcription polymerase chain reaction (RT-PCR). The mRNA levels of 14
proteins involved in iron homeostasis were shown to be increased by cisplatin. Interestingly, the expression of all 14 genes is known
to be regulated by Aft1, a transcription factor activated in response Lo iron insufficiency. The promater of one of these genes, FET3,
has been relatively well studied, so we performed a reporter assay using the FET3 promoter and showed that an Aft1 binding site in
the promoter region is indispensable for induction of transcription by cisplatin. The active domain of Aft1 necessary for activation of
the FET3 promoter by cisplatin is identical to the one required for activation by bathophenanthroline sulfonate, an inhibitor of
cellular iron uptake. Furthermore, we found that cisplatin inhibits the uptake of **Fe(ll) into yeast cells. These findings suggest thal
cisplatin activates Aft1 through the inhibition of iron uptake into the cells, after which the expression of Afl1 target genes involved in

iron uptake might be induced.

J. Cell. Physiol. 210: 378-384, 2007. ® 2006 Wiley-Liss, Inc.

Cisplatin is an anticancer drug that is effective
against various malignant tumors, including those of
the testis, ovary, prostate gland, and uterus (Einhorn
and Williams, 1979). However, acquisition of resistance
to cisplatin by tumor cells and the development of
adverse effects are disadvantageous in its clinical usage.
A number of mechanisms have been implicated in the
acquisition of cisplatin resistance, including decreases
in the amount of cisplatin taken up by cells (Kikuchi
et al., 1990; Gately and Howell, 1993), augmented
cellular excretion of cisplatin (Ishikawa and Ali-Osman,
1993; Mistry et al., 1993; Fujii et al., 1994; Aebi et al.,
1996; Fink et al., 1997), enhancement of detoxification
mechanisms due to concentration increases in glu-
tathione and metallothioneins (Naganuma et al., 1987;
Kelley et al., 1988; Godwin et al., 1992; Ikeda et al.,
2001), and inhibition of apoptotic signals (Siddik, 2003).
However, in many types of tumor cells, the development
of resistance cannot be explained only by these mechan-
isms, indicating the possible presence of other unknown
processes.

Recently, comprehensive genetic analyses have
been carried out of various organisms to elucidate
the mechanisms behind the acquisition of resistance.
Studies of the cells of budding yeasts (Brown et al.,
1993; Fox et al., 1994; Furuchi et al,, 2001; Niedner
et al., 2001; Schenk et al., 2001, 2003; Huang et al.,
2005), Dictyostelium discoideum (Niedner et al.,
2001), and mammals (Niedner et al., 2001; Ishida
et al.,, 2002) identified several genes involved in
cisplatin-resistance. However, few studies have exam-
ined the cellular response to cisplatin. Genetic
examination of budding yeasts is easily conducted
and there is a wealth of information regarding the
function of each gene. Furthermore, the functions of

© 2006 WILEY-LISS, INC.

many yeast genes are common to those of mammalian
genes including those of humans. Thus, the findings
obtained from yeast studies provide an insight into the
functions of human proteins.

Using budding yeast as a model organism, we used
¢DNA microarray technology to investigate variations
in gene expression following cisplatin treatment. We
found that the mRNA levels of many proteinsinvolvedin
the maintenance of iron homeostasis were increased by
cisplatin. Furthermore, we demonstrated for the first
time that cisplatin inhibits iron uptake into eukaryotic
cells, leading to iron deficiency and the consequent
activation of the transcription factor Aft1l. Our findings
suggest that target genes of Aftl involved in the
maintenance of iron homeostasis are augmented in
response to cisplatin,

Abbreviations: YPAD, veast extract—peptone—adenine—dextrose;
SD, synthetic dextrose; PCR, polymerase chain reaction; RT-PCR,
reverse transcription polymerase chain reaction; BPS, bath-
ophenanthroline sulfonate, MUG, methyl umbelliferyl -p galac-
topyranoside; WT, wild type.
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MATERIALS AND METHODS

Yeast strains and media

BY4742 (MATo; his3A41; leu2A0; lys240; ura340) and aft1A
(MATa; his341; leu2A40; lys2A0; ura3A0; YGLO7IW:kanMX4)
were obtained from Euroscarf (Frankfurt, Germany). Yeast
cells were grown on yeast extract—peptone—adenine—dextrose
(YPAD) medium (1% yeast extract, 2% peptone, 0.004%
adenine, and 2% glucose) or on synthetic dextrose (SD) medium
supplemented with amino acids. Transformation of yeast cells
wa:.l perforined by the lithium acetate method (Naganuma
et al., 2000).

Construction of pMELb2-FET3-lacZ, pMELb2-FIT3-lacZ,
pMELDb2- LM2-lacZ, and pMELb2-Aft1 binding site-lacZ

The FET3 and FIT3 promoters were amplified by polymer-
ase chain reaction (PCR) using yeast chromosomal DNA as a
template and the following primers: FET3 promoter-F and
FET3 promoter-R for FET3, and FIT3 promoter-F and FIT3
promoter-R for FIT3 (Table 1). The PCR product was digested
with HindI1l and BamH]I, and the fragment was cloned into the
BamHI-HindIII sites of pMELb2, a LacZ expression vector.
The mutant FET3 promoter (LM2) (Yamaguchi-Iwai et al,,
1996) was amplified by PCR using pMELb2 FET3-lacZ as a
template and the primer pair LM2-F and LM2-R (Table 1). The
PCR product was then self-ligated.

The Aftl binding site was created by annealing the
oligonucleotides Aft1 binding site-F, 5-TCGACGAGCACCTG-
CAATGGGTGCACTTTTGAAG-3', and Aftl binding site-R,
5 -TCGACTTCAAAAGTGCACCCATTTGCAGGTGCTCG-3'.
The annealed oligonucleotides were cloned into the Xhol sites
of pMELb2,

Construction of pRS315-AFT1-GFP-GFP-HA. The
AFTI1 gene containing 7569-bp upstream from the transcrip-
tional start site was amplified by PCR using yeast chromoso-
mal DNA as a template and the primer pair AFT1-F and AFT1-
R (Table 1). The PCR product was digested with Sacl and
EcoRV, and the fragment was cloned into the Sacl-Smal sites
of pRS315-Met-GFP-GFP-HA (Isoyama et al., 2001).

Construction of yeast strains overexpressing
mutant forms of Aftlp

The AFTI deletion mutants M1-M14 were constructed by
creating pairs of Kpnl sites in the AFT1 gene and self-ligating
between the respective pairs of Kpnl sites. First, pRS315-
AFT1-GFP-GFP-HA was digested with Sacl and Apal, and the
fragment cloned into the Sacl-Apal site of the pGEM-T easy
vector (Promega, Madison, WI). PCR mutagenesis was
performed on pGEM-T easy-AFT1-GFP-GFP-HA using corre-
sponding sets of primers (Table 1). The amplification added a.
Kpnl site to both ends of the PCR products so, after
amplification, the PCR products were cleaved with Kpnl and
self-ligated, resulting in the removal of the amino acids shown
in Figure 5A. Each pGEM-T easy-AFT! deletion mutant (M1-
M14) was digested with Sacl and Apal and the fragment was
ligated into pRS315. To create the deletion mutant M15,
pRS315-AFT1 was digested with HindllIl and the fragment
religated. Each deletion mutant (pRS315-AFT1 mutants) was
then introduced into aft1A cells.

Microarray

Yeast (5 x 10° cells/ml) was precultured in SD medium for
3 h at 30°C. Cells were then cultured in SD medium for 3 h with
or without 100 uM cisplatin (Nippon Kayaku, Tokyo, Japan).
The suspension was centrifuged at 2,200g for 5 min and the
cells were collected. Total RNA was isolated using the hot
acidic phenol method (Furuchi et al., 2002), after which poly
(A)* mRNA was isolated from 250 pg total RNA using the
Oligotex™ —dt30™" A kit (JSR, Tokyo, Japan). Fluorescent-
labeled cDNA was generated using an oligo dT primer with
Fluorilink Cy3-dUTP or Fluorilink Cy5-dUTP and Super-
Script™ II RT (Invitrogen, Carlsbad, CA), Cy3- and Cyb5-
labeled cDNA probes were combined and hybridized to Yeast
Chip ver2.0. (Hitachi Software Engineering, Kanagawa,
Japan) in 5x SSC at 65°C for 14-16 h. After washing, the
microarray slides were simultaneously scanned by a GenePix
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4000B array scanner (Axon Instruments, Union City, CA).
Array-Pro Analyzer 4.5 analysis software (LI-COR Bios-
ciences, Lincoln, NE) was used to analyze the results.

RT-PCR

Total RNA was extracted using the hot acidic phenol method
(Furuchi et al., 2002). cDNA was synthesized from 3 mg total
RNA using 0.5 mM oligo dT primer, 50 U Molony Murine
Leukemia Virus reverse transcriptase, and 10 U RNA nuclease
inhibitor. Reverse transcription polymerase chain reaction
(RT-PCR) was performed using SYBR premix Ex Tag™
(TaKaRa, Shiga, Japan). Reverse transcribed mRNA was
diluted 10-fold and 0.5 pl of the diluted solution was used as a
template for PCR with specific primers (Table 1) to amplify the
following genes: ARNI, ARN2, ARN3, CCC2, CCPI, FIT1,
FIT2, FIT3, FET3, FET4, FRE1, FRE2, FRE3, FTR1, HMX1,
HSP30, TIS11, YHL035C, and YMR25IW-R. The amplified
DNA was scanned by the iCycler iQ real-time PCR detection
system (Bio-Rad, Philadelphia, PA). Each transcript was
quantified relative to the Glyceraldehyde-3-phosphate dehy-
drogenase standard.

p-Galactosidase assay

B-Galactosidase reporter constructs were transformed into
either BY4742 or aft14 cells. Yeast cells carrying a reporter
plasmid at mid-logarithmic phase were cultured in SD medium
with or without non-toxic concentration of cisplatin for 3 h. The
culture was centrifuged at 2,200g for 5 min to remove the
supernatant. Cells were resuspended in 25 pl Tris-Triton
buffer (0.1 M Tris-HCl, pH 7.5; 0.05% Triton X-100). The
suspensions were frozen, thawed, and incubated with 125 ul Z
buffer (10 mM KCl, 60 mM Na,HPQ,, 40 mM NaH,P0O,, 1 mM
MgSO0,) containing 0.5 mg/ml methyl umbelliferyl -p galacto-
pyranoside (MUG) at 30°C for 5 min. The absorbance of MUG
at ®*360 nm "M450 nm was measured. After adjusting cell
density (ODgoo) and reaction time (min), the value was taken as
an index of p-galactosidase activity. The assay was repeated at
least three times.

Iron uptake assay

Ferrous uptake was assayed as described by Dancis et al.
(1990) with a few modifications. Yeast cells (ODggo = 0.5) were
collected by centrifugation and resuspended in ice-cold assay
buffer (5% glucose, 50 mM sodium citrate, pH 6.5) to ODgqp = 5.
Then 1 pM **FeCly (Perkin Elmer, Wellesley, MA, 74 MBg/ml)
and 1 pM ascorbate were added with or without non-toxic
concentration of cisplatin. The suspensions were incubated at
30°C for 1, 2, or 3 h, and filtered through a glass filter. The
radioactivity retained on the filters was measured using
imaging plates (Fuji Photo Film, Kanagawa, Japan) and a
BAS-5000 imaging analyzer (Fuji Photo Film).

RESULTS

To examine the effect of cisplatin treatment on
budding yeasts, we used DNA microarray technology
to study the variation in gene expression after incuba-
tion with 100 uM cisplatin for 3 h. A more than twofold
increase in the expression of 18 genes and a more than
twofold decrease in the expression of 2 genes was
detected (Table 2).

Variation in expression following cisplatin treatment
was confirmed by RT-PCR analysis for all genes, with
the exception of FIT1, YPR123C, HSP30, and CEEI
(Table 2). Interestingly, among the 16 genes whose
expression was increased by cisplatin, 14 were shown to
be involved in the maintenance of iron homeostasis. Fit2
and Fit3 hold iron within the cell wall (Protchenko et al.,
2001); Arn 1-3 are components of a siderophore
transporter complex produced by microorganisms and
iron (I1I) (Lesuisse et al., 1998; Heymann et al., 1999,
2000): Fre 1-3 are iron reducing enzymes (Georgatsou
and Alexandraki, 1994; Martins et al., 1998); Fet 4is a
low-affinity iron transporter (Dix et al., 1994); Fet3 is
a constituent factor of a high affinity iron transport

—054—
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TABLE 1. Primer Sequences used in plasmid construction and creation of deletion mutants

Primer pair Sequence (5'-3')" Amplification
AFT1-F GATCGAGCTCTCTAGATACACAGGGCAAGGTCATTA AFT1
AFT1-R GATCGATATCGCCATCTTCTGGCTTCACAT

ARN1-F ACCCTCTATAGAATTGGTTCT ARN1
ARNI1-R CGACATATTCGCCATCCTC

ARNZ-F GGCTAACGTTGTTTCTTGT ARN2
ARN2-R CCTGTAATTCTTTCCATTCCA

ARN3-F GTAACCTCATTATACCTTGC ARN3
ARN3-R CCTATCTTTACTGCTTGTAAA

CCC2-F GAGAGGACTGGCCAACG cCceez
CCC2-R CGGCCTGTGATTCTATGTC

CCP1-F CGCTGACTATGTCAGAACA CEP1
CCP1-R CCTTGTTCCTCTAAAGTC

FET3-F GCAAGGTTTGGGTCTTGTTC FET3
FET3-R GATGCTTTTCAGTGGAATGAC

FET3 promoter-F  GCAAGCTTTTTCCGGGTGCGAATCAG FET3
FET3 promoter-R  GCGGATCCAAACATCTAGTTCTAATTTTTTGC

FET4-F GGTGGTTGATTATCGGTACA FET4
FET4-R CCCAATTATGTGCTTGCAAC

FIT1-F TCTAAATCCACGTCTGCAGT FIT1
FIT1-R CGGTAGTGGTTTGAACTCTTG

FIT2-F ACAGTTATGACTGCCGTCTCG FIT2
FIT2-R ACACTTGCTCCTTGGAATGCA

FIT3-F TTTTGTCTGGACTGGTGAAGG FIT3
FIT3-R CAGCACCCATCAAACCAGTA

FIT3 promoter-F  GCAAGCTTCTCCATAAACATTTCCTTTGTC FIT3
FIT3 promoter-R  GCGGATCCAAACATTTITAGGGATTATTGTTATTAG

FREL-F GCTATTTATCCGCACTTTGTC FRE1
FRE1-R CTTTCTTCTTCTAGTTCAACG

FRE2-F GGCTTATAAGCCGGAGTTG FRE2
FRE2-R GCATTGATACTCTTCAAAGTA

FRE3-F CGTACTCGAGGCTTACAAG FRE3
FRE3-R CTTCAAAGTATTCGATTGCC

FTRI1-F GTGCTTCGAAATCCTCGCTG FTR1
FTR1-R CTCTTTTGCTCTTCCGTCAAC

HMXI1-F CCCACTGAAGAAACACGCTT HMX1
HMX1-R GTGCTCTTCTAGTAGCAGAATCC

HSP30-F GGTGTGATATGCCAACGTC HSP30
HSP30-R CAGGTTCGGGTTCGTGG

LM2-F GGCCCATCTTCAAAAGTGCAGGGATTTGCAGGTGCTC LM2
LM2-R GAGCACCTGCAAATCCCTGCACTTTTGAAGATGGGCC

TIS11-F GCAACAGTTGTCTCAACA TIS11
TIS11-R GGTCATTCTCTGCAAAGC

YHL035C-F GAGGAACGCTTTAACAGCA YHLO35C
YHLO035C-R CATCTTACTTGATTGCTTGG

YMR251W-F CAGAGTTCAACTCTTGGGTG YMR251IW
YMR251W-R GTGGGGTGATCCCAATC

YPR123C-F CCATATCCATCCCTGAAGA YPR123C
YPR123C-R CATTTGTTGGAAGAATCGAAT

M1-F GCGGTACCGAACATGCGTCACCGATTAATTCATCTGACAGC M1
MI1-R CGGGTACCCATTGTCGTAGATTTTTCTGTTATTTTTTTGTT

M2-F GCGGTACCGAGGGTCGTGCAAGTGCAAGTGG M2
M2-R CGGGTACCTATGTCAGCCGGATTGAAGCCTTCC

M3-F GCGGTACCAACAATTTGATTCATCTGGATCCAGTACCCAAC M3
M3-R CGGGTACCATTATGGTTGACTACATATTCACTAGCACTTTTGGG

M4-F GCGGTACCTTTGAAGATAAGTCCGATATTAAGCCTTGG M4
M4-R CGGGTACCTTGATTCAGCTTTTCCACATGATGAATATGC

Ms-F GCGGTACCAAGCCCAAAGAAAAAAAGATGTGTATCGAGG M5
M5-R CGGGTACCTTTTCTTTTCCTTCTCGCGTTCCTTCCCC

M6-F GCGGTACCTGTGTATCGAGGTTTAATAACTGTCCG M6
M6-R CGGGTACCTATGGAGGATGTTTGATCGGGCG

MT-F GCGGTACCTCTAAAAGGCCATGCTTACCCTCTG M7
MT7-R CGGGTACCTTTCTTGATTGCATCTACGTCATTATCC

M8-F GCGGTACCTGCTTACCCTCTGTAAATAACACCGG M8
MB8-R CGGGTACCTGCATTCGATGAATCAAGGGATATGGACG

M9-F GCGGTACCAGGAAACCGAAAAGCCAGTGTAAGAATAAAG M9
M9-R CGGGTACCTGGCCTTTTAGATGCATTCGATGAATCAAG

MI10-F GCGGTACCCAGTGTAAGAATAAAGACACACTCTTAAAAAG M10
M10-R CGGGTACCTACGTTATTGGTATTGATACTACCGGTG

MIl11-F GCGGTACCCCGGCATCCGATTTCAAGCTAAAC M11
M11-R CGGGTACCGCTTTTCGGTTTCCTTACGTTATTGG

M12-F GCGGTACCCAAGAAGCTTTAGTTGGCAGCTCTTC M12
M12-R CGGGTACCCAGTGGCAAGATTTCATTCAAATTGAAAGG

*Bold letters indicate Kpnl sites.

system and an oxidizing enzyme of iron (Askwith iron to Fet3 (Fu et al., 1995); and Tis11 is a factor that
et al., 1994); Ftrl is an iron permease (Stearman et al., breaks down the mRNA of an iron-containing enzyme
1996); Hmx 1 is a factor resembling heme-oxygenase when the cell is deficient in iron (Puig et al., 2005)
(Auclair et al., 2003), a copper transporter that transfers  (Table 2).
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TABLE 2. Yeast genes whose expression levels were changed by treatment with cisplatin

Fold-increase

Gene ID Microarray RT-PCR Function
FIT2" YOR382W 49.3 19.1 Cell wall protein involved in iron uptake
FIT3" YOR383C 30.6 10.9 Cell wall protein involved in iron uptake
ARN2® YHLO047C 9.2 7.9 Siderophore transporter
FITI® YDR534C 8.6 1.1 Cell wall protein involved in iron uptake
ARN3" YELO65W 5.8 3.8 Siderophore transporter
FREZ2" YKL220C 4.8 4.5 Ferric and cupric reductase
HMX1" YLR205C 4.7 3.0 Heme-binding protein
ARNI® YHL040C 4.3 2.9 Siderophore transporter
FREI" YLR214W 4.2 3.1 Ferric and cupric reductase
FRE3" YOR381W 3.2 1.9 Ferric reductase
FET3® YMRO58W 3.0 2.5 High-affinity Fe(1I) transporter
FTRI* YER145C 2.9 2.2 Iron permease
FET4" YMR319C 2.2 2.6 Low-affinity Fe(Il) transporter
ceeas” YDR270W 2.5 2.3 Copper transporter
TIS11* YLR136C 6.8 19.56 Protein of the CCCH zinc finger family
VMR1 YHL0O35C 2.0 2.0 Unknown
YMR251W 4.5 3.9 Unknown
YPR123C 2.3 1.0 Unknown
HSP30 YCR021C 0.3 0.8 Heat shock protein
CCP1 YKRO66C 0.5 ND Cytochrome-c peroxidase

ND, not detected.

*Genes whose expression is known to be regulated by Aftl.

It is known that the expression of many genes
involved in cellular uptake of iron are regulated by the
transcription factor Aftl (Yamaguchi-Iwai et al., 1996).
In the present study, we found that all 14 genes involved
in maintaining iron homeostasis whose expression was
augmented by cisplatin were regulated by Aft1 (Table 2).
It is therefore possible that the augmentation of
expression by cisplatin is also regulated by Aftl. To
investigate this, we conducted a p-galactosidase repor-
ter assay using plasmids expressing the LacZ gene
under the control of FIT3 and FET3 promoters with Aft1
binding sites. The results showed that FIT3 and FET3
promoter activities increased in a dose-dependent
rrﬁ‘anner with increasing concentrations of cisplatin
(Fig. 1).

Next, we examined the effects of Aftl deficiency on
cisplatin activation of the FET'3 promoter (Yamaguchi-
Iwai et al., 1996). Cisplatin had a negligible effect on
FET3 promoter activation in an Aftl-deficient, com-
pared with a wild-type, yeast strain (Fig. 2A). Similarly,
when the Aftl binding site (TGCACCCA) was used in
place of the FET3 promoter (245—252 bp upstream from
the FET3 transcription start site), cisplatin effected an
increase in PB-galactosidase activity of the wild-type
strain, but had no effect on reporter gene activity in the
Aftl-deficient yeast (Fig. 2B). A previous study by
Yamaguchi-Iwai et al. (1996) showed that Aftl was
unable to bind a mutant FET3 promoter, LM2, with a
CCC — GGG mutation in its Aftl binding site. We
therefore examined the effect of cisplatin by carrying
out a reporter gene assay in yeast expressing LacZ
under the control of the LM2 promoter and showed that
cisplatin did not affect promoter activity (Fig. 2C). From
the above findings, we conclude that cisplatin augments
the expression of genes involved in maintaining iron
homeostasis, such as FET3, by promoting Aftl binding
to a site present within the promoter region of Aftl
target genes.

Aftl is usually present within the cytoplasm, but is
translocated to the nucleus during periods of cellular
iron deficiency, where it binds to the promoter of its
target genes and accelerates their transcription (Yama-
guchi-Twai et al,, 1995, 2002). Bathophenanthroline
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sulfonate (BPS) is a chelating agent of bivalent iron that
is unable to penetrate the cell membrane and is capable
of chelating iron in cell growth medium. As such, it is
used as an inhibitor of iron uptake into cells (Alcain
et al., 1994). We applied BPS to the reporter gene assay
in wild-type and Aftl-deficient yeasts examined in
Figure 2, and showed it to have similar, negligible
effects on promoter activity in the Aftl-deficient strain
(Fig. 3) as seen following cisplatin treatment.

It is possible that cisplatin activation of Aftl utilizes
similar mechanisms to those of iron chelating agents
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Fig. 1. FET3 and FIT3 promoter activation by cisplatin. Wild-type
(WT) cells (BY4742) were transformed with either the FET3-LacZ or
FIT3-LacZ construct. The transformed cells were incubated with 0,
10, 50, 100, or 1560 pM cisplatin for 3 h and the specific activity of p-
galactosidase was measured. Data are mean £ standard deviation
(SD) from three independent experiments. f-galactosidase activity of a
FET3-lacZ or FIT3-lacZ contral is relatively indicated as 100%.
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Fig. 2. Aftl is necessary for cisplatin activation of the FET3
promoter. WT cells (BY4742) were transformed with the FET3-LacZ
(A), mutant FET3-LacZ (LM2) (B), or AFT1 binding site-LacZ (C)
construct. The transformed cells were incubated with 0 or 100 uM
cisplatin for 3 h and the specific activity of f-galactosidase was
measured. Data are mean + SI) from three independent experiments.

that activate Aft1. We therefore examined Aftl domains
involved in activation by cisplatin and BPS and
compared the effects of these compounds on Aftl
deletion mutants (Fig. 4A) expressed in Aftl-deleted
yeast. The response of the Aftl deletion mutants M1—
M13 to both cisplatin and BPS was found to conform to a
similar pattern. The FET3 promoter could not be
activated in yeasts expressing M4 (A97-107 a.a.), M7
(A271-331 a.a.), or M12 (A413-571 a.a.), but activation
was observed following treatment with both compounds
in yeasts expressing other mutants (IFig. 4B). M4 is a
deletion mutant lacking the nuclear export signal (NES)
(Yamaguchi-Iwai et al., 2002), while the cysteine (Cys
290) responsible for extra-nuclear transport of Aftl is
located within the domain deleted in M7 (Yamaguchi-
Iwai et al., 1995). Both mutants are therefore constitu-
tively present within the nucleus, irrespective of
cisplatin or BPS treatment and, as such, are thought
to be in a state of permanent transcription activation
(Yamaguchi-Twai et al., 2002). It is likely that activation
of the FET3 promoter in the M12 mutant was not
observed following cisplatin and BPS treatment because
of the deletion of the transcription domain (Yamaguchi-
Iwaiet al., 2002). These results indicate that one or more
of the three Aftl domains mutated in M4, M7, and M12
are responsible for activation of the FET3 promoter by
both cisplatin and BPS. Aftl deletion mutants lacking
the amino acids 108-157 and 208-270 were also
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Fig. 3. Aftl mediates BPS activation of the FET3 promoter. WT cells
(BY4742) were transformed with the FET3-LacZ (A), mutant FET3-
LacZ (LM2) (B), or AFT1 binding site-LacZ (C) construct. The
transformed cells were incubated with 0 or 100 uM BPS for 3 h and
the specific activity of p-galactosidase was measured. Data are
mean + SD from three independent experiments.

constructed, but expression of mutated Aftl was not
observed in these yeasts under the conditions of the
present study (data not shown). It is important to note
that the above findings do not exclude the possibility
that cisplatin augments AFTI transcription using
mechanisms similar to those utilized by BPS.

As we believe that BPS activates Aftl by inhibiting
cellular uptake of iron, the effect of cisplatin on the
uptake of **Fe(Il) into yeast cells was examined. As
shown in Figure 5, cisplatin inhibited iron uptake in a
concentration-dependent manner. It is therefore rea-
sonable to assume that cisplatin inhibition of iron
uptake leads to activation of Aftl and the subsequent
induction of target genes involved in the maintenance of
iron homeostasis.

DISCUSSION

The present study determined that expression of
16 yeast genes is accelerated by cisplatin. Among these
are 14 genes that encode proteins involved in the main-
tenance of iron homeostasis (Table 2) and which are
regulated by the transcription factor Aftl (Yamaguchi-
Iwai et al., 1995, 1996) that is activated by a decrease
in intracellular iron concentrations (Yamaguchi-Iwai
et al., 1995, 2002).

This study is the first to demonstrate the inhibition of
cellulariron uptake by cisplatin. When cells are cultured
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Fig. 4. Analysis of Aftl domain requirements for cisplatin activation
of the FET'3 promoter. A: Schematic representation of Aft1 structural
domains and deletion mutants. B: Aftl deletion mutants (M1-13)
were introduced into WT cells carrying FET3-LacZ. Cells were then
incubated with 150 puM cisplatin, 100 pM BPS or with no addition
(control) and the specific activity of p-galactosidase was measured.
Data are mean + SD from three independent experiments.

in the presence of cisplatin, iron uptake is decreased and
the expression of Aftl target genes is activated. The
toxic effects of cisplatin might be induced through its
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Fig. 5. Effect of cmplatm treatment on iron uptake. WT cells

(BY4742) were incubated in assay buffer containing 1 mM **FeCl,
and ascorbate with 0, 50, 100, or 300 uM cisplatin for 2 h. Iron uptake
bv the cells was measured as described in the Materials and Method.

"Significantly different from the control ('P<0.005, P <0.001,
Student’s ¢-test).
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inhibition of uptake of iron, which is an essential
element with an important role in oxidation—reduction
reactions. Aftl might function as a protective mechan-
ism against cisplatin through its upregulation of genes
involved in maintaining iron homeostasis such as FET'3,
FET 4,and FTR I (Askwith etal., 1994; Dix et al., 1994).
Indeed, yeast deficient in AFTI shows an extremely high
sensitivity to the toxic effects of cisplatin (data not
shown). Moreover, we have found that treatment of
yeast with Fe(II) provided protection against toxicity of
cisplatin (unpublished data). These facts suggest that
activity of Aftl and expression of its target genes might
be involved in acquisition of resistance for cisplatin by
acceleration of iron uptake.

The human transcription factors Irpl and Irp2 exert
concentration-dependent regulatory effects on the
expression of factors involved in the maintenance of
iron homeostasis, in a similar way to yeast Aftl
(Pantopoulos, 2004). As such, it would be of interest to
examine whether human cells exhibit comparable
responses to cisplatin to those observed in yeast in the
present study.

Although the mechanisms by which cisplatin inhibits
cellular uptake of iron are unclear, there are several
possible theories. The first is the direct inhibition of
proteins involved in iron uptake, as cisplatin is known to
bind to various intracellular factors including DNA
(Bose, 2002). A second possibility involves the indirect
inhibition of copper uptake. It has recently been
reported that cisplatin inhibits the activity of Ctrl, a
transporter of copper in budding yeasts and human cells
(Ishida et al., 2002; Holzer et al., 2004; Safaei and
Howell, 2005). The copper oxidase Fet3, which forms a
complex with Ftr 1 and is required for iron uptake in
yeast, cannot maintain its activity in the absence of
copper (De Freitas et al., 2003). It is conceivable that
cisplatin inhibition of copper uptake leads to Fet3
inhibition and a subsequent decrease in the amount of
iron taken up via the Fet3—Ftr 1 complex. However, as
an alternative study reports that cisplatin does not
influence intracellular copper levels in yeasts (Ohashi
et al., 2003), further investigation is required into the
effects of cisplatin on cellular copper uptake.

Previous microarray studies have been carried out
into the effects of cisplatin on the expression of genes in
budding yeasts (Birrell et al., 2002; Gatti et al., 2004).
Interestingly, these studies did not find any effect on
genes involved in the maintenance of iron homeostasis.
Earlier investigators cultured yeast on YPAD medium,
which is rich in nutrients, while in the present study, we
used the synthetic minimum medium, SD medium. The
iron concentration of the YPAD medium is higher than
the SD medium, so it is possible that cellular concentra-
tion of iron did not decrease sufficiently to activate Aftl
in yeasts cultured in YPAD medium, even when iron
uptake was inhibited by cisplatin. As an extension of this
hypothesis, we speculate that the iron concentration of
serum might influence the anticancer effects of cisplatin
when used in chemotherapy for the treatment of
cancers.
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A Ubiquitin-proteasome System as a Factor that Determine the Sensitivity to Methylmercury
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To elucidate the mechanism of toxicity of methylmercury (MeHg), we searched for factors that determine the sen-
sitivity of yeast cells to MeHg and found that overexpression of Cdc34 or Rad23, both proteins related to the ubiquitin-
proteasome (UP) system, induces resistance to MeHg toxicity. The acquisition of resistance to MeHg in Cdc34-overex-
pressing yeast cells requires the ubiquitin-conjugating activity of Cdc34 and the proteolytic activity of proteasomes.
Therefore, it seems likely that certain as-yet-unidentified proteins that increase MeHg toxicity might exist in cells and
that the toxicity of MeHg might be reduced by the enhanced degradation of such proteins through the UP system when
Cdc34 is overexpressed. Unlike Cdc34, Rad23 suppresses the degradation of ubiquitinated proteins by proteasomes.
This activity of Rad23 might be involved in the acquisition of resistance to MeHg toxicity when Rad23 is overexpressed.
Overexpression of Rad23 might induce resistance to MeHg by suppressing the degradation of proteins that reduce the
MeHg toxicity. Moreover, when we overexpressed Cdc34 in normal and Rad23-defective yeasts, resistance to MeHg was
enhanced to almost the same extent in both lines of yeast cells. Thus it is possible that the binding of Rad23 to ubiquiti-
nated proteins might be regulated by a mechanism that involves the recognition of substrate proteins and that the func-
tions of Rad23 might not affect the protein-degradation system in which Cdc34 is involved. Many proteins that reduce or
enhance MeHg toxicity and are ubiquitinated might exist in cells. The UP system and related proteins might determine

the extent of MeHg toxicity by regulating the cellular concentrations of these various proteins.

Key words——methylmercury; toxicity; ubiquitin; proteasome; Cdc34; Rad23
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(Fig. ). RT3, #IRNLDEAE O RRFERT
H5BUP 2 AT LD AF VKRB O RBREEICH
WTRAETRENCOWT, £H5S5OWMEREZDL
ICHEER Y S,

= m— 3

11

Proteasome

Fig. 1. Model for the SCF Complex-mediated Proteasomal
Degradation

Proteins are targeted for degradation by the proteasome through the
covalent attachment of ubiquitin (Ub) moieties. Ub activated by the ubi-
quitin-activating enzyme (El) is transferred from El vig ubiguitin-conjugat-
ing enzyme (E2) to the target protein. This final step is catalysed by ubiquitin
ligase (E3). Multi-ubiquitinated proteins are degraded by the proteasome.
Specific target recognition is the function of SCF complex, an E3. The com-
plex is composed of a common core (Cde53, Hrtl and Skpl) and an F-box
protein.

a
Cys95
1\ 295aa

Vol. 127 (2007)

2. UPLRATLENLAZEREIBROEIC K
D A FILAKER DEF R

Cdc34 DK T AF )L 7K SR 15 17 0 B s 4
BERAT CERBTH-0I1C, E2IEHICHET S
CEMMESNTVAEAFTIORAAS JICERES
T5 Cde3ds” 2N T NERBET 583 ZERL
A, TNSOBERHIBEWTIE AFILKERIZ L
T HMELEES sl o7 (Fig. 2b). 8 F 7=,
EERCIdIM 2EAER I -BERETRIREIEF:F
AEEBHEBEOHEMAMED s/ h, ER Cde3d
FERHAZEEBETEIIOLIBHELRD SN
oz (Fig. 2¢). 9 ZhoeOfERIE, Cdc3d 5%
BIzE D AF I KBMMEIC Cdedd AR TAEFRF
CEBENNBBETHLEERLTNS

Cde3d #r T 2EHRHEDIEFF iz, El
THh5 Ubal R EI#HEED 1 DTH S SCF
(Skpl, Cdc53/cullin, F-box protein) ASBi5 L, =
@ E3 # &1klZ 4 D@ subunit (Cdc53, Skpl, Hrtl,
F-box protein) 5725 - EMHSHNTWS (Fig.
D.2Lmnl, COBEHOSEHEETZ=EHRES
#TH El BERBEATOHT M AF VKB
s h-bod, Cdel3d BEBMICED SN L

T Ubiquitin-binding site (Cys 95)
Catalytic domain (1-170 aa)
B cbCa4unique Insert (103-114 aa)

B L . cdc34cesa
E3 cDCs3-binding domain (171-209 aa)
1u +« cdc34E108,D111,E113A
cdc341-170aa X
&
e i
b C ® F&E
Fa ¥
- 12 wwkon) £ & § & §
% 1.0 o] pRSd25 210—
= e CDC34 34—
= °f O cdc3d CosA 81
g 0.6 & cde34 E109,D111,E113A
o 04 & cdc341-170aa
% 0.2
o 0

0 20 40 60 B0 100120140

MeHgCl (nM)

———

Fig. 2. Effects of the Overexpression of Cdc34 on the Sensitivity of Yeast Cells to Methylmercury

a: Structural domains of Cdc34 and construction of mutant proteins. b: Yeast strains carrying pRS425 (control), pRS425-CDC34, pRS425-cde34¥iA,
PRSA2S-cdc34Evs. DILL ELIA or pRSA25-cdcd4’ "™ were grown in SD (-leucine) medium in the presence of various concentrations of methylmercury. ¢: Lysates of
cach strain of yeast cells, cultured in control medium, were subjected to immunoblotting analysis with multiubiquitin-specific antibody, Staining with coomassie

blue (lower panel) is shown as an indication of the amount of total protein loaded.

—561—



No. 3

465

SARFEERMEEED Sl £, Ths
BEORIEFF ALERHRBR O EER A FBRE
THholk. ®

—4, B2I3MEF77IV—2BRELTEY,
HEMSTIIAFILKBMERFE L TRHELE
Cde34 LISz d, 12D B2 FHENREIESIN T
5 0FZT, Zh6D3B00WDOMDE2D5
THEERRIIMEEZFRLALIAH, Cdad %
MERIEEHBIVLTOEERISE OO0,
Ubcd, 5 i3 7 Z@\mBEHR BB H A F )L KR
HAURL, INSEBBAOIEFF LEAEED
EXNBRBICHERTHEEEZRLE Y ZITHHSN
TetEEEDER, BS<BAE2HFHEOEEE RN
DBEVIZEDBDEEZ NS, LEORENS,
E2I3aEFFUMREORERETH, TBE
HORBHIIMENICBI2EAEOIEFF b
EREIEDLILICES>TAFILKBERIIHLT
FEICERT2H0EEASN S,

AEFF AT hEENEARRIRENIZOT
TV —LAICEBEEINTHEPMIIHMENS. Cdc34
EBHEBRIZLD AFINAKBMEIZTOF7 Y —LEE
AIHFETFTTRED 5N T (Fig. 3), /-, #MET
ZRIZETETOF7 YV — LB ERTEEINH
BRI TEWATFILKRRENEZRTIED
MBI N &S, Cde3d BHEMIZE S AFIK
IR 70T 7Y —AILE DI FF {LEA
HORMNLATHHEEZSND,

LIEDO#RRNS, MREAIZIZAFILKBEEDRY

?12 ——
§L° IZMM
g 081 [J pRS425 + MG132
E 0.6 - B CDC34 +MG132
Doas
lgmz
0

0 20 40 60 80100120140
MeHgCl (nM)

Fig. 3. Effects of a Proteasome Inhibitor on the Cdc34-
mediated Resistance of Yeast Cells to Methylmercury
Yeast erg6 cells that harbored pRS425 (control) or pRS425-CDC34
were grown in SD (-uracil) liquid medium, with or without the proteasome
inhibitor MG132 (50 um), which had been dissolved in DMSO, and
methylmercury at the indicated concentration.
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Fig. 4. Effects of a Proteasome Inhibitor on the Hrt3- and
YIr224w-mediated Resistance of Yeast Cells to Methylmer-
cury :

Yeast erg64 cells that harbored pKT10 or pKTI10-HRT3 (a) or pKT10
or pKTI0-YLR224W (b) were grown in SD (-uracil) liquid medium, with or
without the proteasome inhibitor MG132 (50 um), which had been dissolved
in DMSO, and methylmercury at the indicated concentration.
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