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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 scems 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 funec-
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.
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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 (E1) is transferred from El vig ubiquitin-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 (Cdc53, Hrtl and Skpl) and an F-box
protein.
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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“4,
pRS425-cdc34E109. DINL EILA or pRS42S-cdc34'-17% were grown in SD (-leucine) medium in the presence of various concentrations of methylmercury. c: Lysates of
each 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.
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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 MGI32 (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 pKTI0-HRT3 (a) or pKT10
or pKT10-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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Fig. 5. Effects of Overexpression of Mutant Forms of Rad23
on the Sensitivity of Yeast Cells to Methylmercury

a: Schematic representation of the structural domains of Rad23 and the
mutant proteins generated in this study. Rad23 contains a ubiquitin-like
(UbL) domain and two ubiquitin-associated (UBA) domains. b: Yeast cells
that overexpressed FLAG-Rad23 or mutant derivatives were cultured in SD
(-uracil) liquid medium that contained methylmercury at the indicated con-
centrations.
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Cisplatin Upregulates Saccharomyces cerevisiae Genes
Involved in Iron Homeostasis Through Activation of the
Iron Insufficiency-Responsive Transcription Factor Aft1

AKIKO KIMURA,' KAZUAKI OHASHI,"? anp AKIRA NAGANUMA">*

'Laboratory of Molecular and Biochemical Toxicology, Graduate School of
Pharmaceutical Sciences, Tohoku University, Sendai, Japan
?Laboratory of Biochemistry and Molecular Biology, Graduate School of

) Pharmaceutical Sciences, Osaka University, Osaka, Japan
*Tohoku University 21st Century COE Program “Comprehensive Research
and Education Center for Planning of Drug Development and Clinical
Evaluation” Sendai, Japan

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 to iron insufficiency. The promoter 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 bg 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 that
cisplatin activates Aft1 through the inhibition of iron uptake into the cells, after which the expression of Aft1 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
c¢DNA microarray technology to investigate variations
in gene expression following cisplatin treatment. We
found that the mRNA levels of many proteins involved in
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 Aftl. Our findings
suggest that target genes of Aftl involved in the
maintenance of iron homeostasis are augmented in
response to cisplatin.

Abbreviations: YPAD, yeast 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-p galac-
topyranoside; WT, wild type.
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MATERIALS AND METHODS

Yeast strains and media

BY4742 (MATx; his3A41; leu240; lys2A0; ura340) and aft1A
(MATz; his3A1; leu2A0; lys240; ura340; YGLO71W: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
was performed 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 HindIIl and BamHI, and the fragment was cloned into the
BamHI-HindIIl 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 759-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-
AFTI1-GFP-GFP-HA was digested with Sacl and Apal, and the
fragment cloned into the SacI-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 KpnI and
self-ligated, resulting in the removal of the amino acids shown
in Figure 5A. Each pGEM-T easy-AFT1 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 HindIII and the fragment
religated. Each deletion mutant (pRS315-AFT1 mutants) was
then introduced into aftIA 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™"*N4 kit (JSR, Tokyo, Japan). Fluorescent-
labeled ¢cDNA was generated using an oligo dT primer with
Fluonlmk Cy3-dUTP or Fluorilink Cy5-dUTP and Super-
Script™ II RT (Invitrogen, Carlsbad, CA). Cy3- and Cy5-
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

Journal of Cellular Physiology DOT 10.1002/jcp

379

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 reactlon
(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, CCP1, FIT1I,
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 ul 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,HPO,, 40 mM NaH,PO,, 1 mM
MgS0,) containing 0.5 mg/ml methyl umbelliferyl f-» galacto-
pyranosxde (MUG) at 30°C for 5 min. The absorbance of MUG
at ®*360 nm "M450 nm was measured. After adjusting cell
density (ODggo) and reaction time (min), the value was taken as
an index of B-galactosidase activity. 'I‘he 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 (ODegg =0.5) were
collected by centrifugation and resuspended in ice-cold assay
buffer (5% %lucose 50 mM sodium citrate, pH 6.5) to ODggg = 5.
Then 1 uM **FeCl; (Perkin Elmer, Wellesley, MA, 74 MBg/ml)
and 1 uM 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 CCPI
(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 (ITI) (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 4 is a
low-affinity iron transporter (Dix et al., 1994); Fet3 is
a constituent factor of a high affinity iron transport
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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
AFTI1-R GATCGATATCGCCATCTTCTGGCTTCACAT

ARNI1-F ACCCTCTATAGAATTGGTTCT ARNI
ARNI1-R CGACATATTCGCCATCCTC

ARN2-F GGCTAACGTTGTTTCTTGT ARNZ
ARN2-R CCTGTAATTCTTTCCATTCCA

ARN3-F GTAACCTCATTATACCTTGC ARN3
ARN3-R CCTATCTTTACTGCTTGTAAA

CCC2-F GAGAGGACTGGCCAACG ccez2
CCC2-R CGGCCTGTGATTCTATGTC

CCP1-F CGCTGACTATGTCAGAACA CCP1
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  GCGGATCCAAACATTTTAGGGATTATTGTTATTAG

FRE1l-F GCTATTTATCCGCACTTTGTC FRE1
FRE1-R CTTTCTTCTTCTAGTTCAACG

FREZ2-F GGCTTATAAGCCGGAGTTG FRE2
FRE2-R GCATTGATACTCTTCAAAGTA

FRE3-F CGTACTCGAGGCTTACAAG FRE3
FRE3-R CTTCAAAGTATTCGATTGCC

FTR1-F GTGCTTCGAAATCCTCGCTG FTRI
FTR1-R CTCTTTTGCTCTTCCGTCAAC

HMX1-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

YHLO35C-F GAGGAACGCTTTAACAGCA YHL035C
YHLO035C-R CATCTTACTTGATTGCTTGG

YMR251W-F CAGAGTTCAACTCTTGGGTG YMR251W
YMR251W-R GTGGGGTGATCCCAATC

YPR123C-F CCATATCCATCCCTGAAGA YPRI23C
YPR123C-R CATTTGTTGGAAGAATCGAAT

MI1-F GCGGTACCGAACATGCGTCACCGATTAATTCATCTGACAGC M1
MI-R CGGGTACCCATTGTCGTAGATTTTTCTGTTATTTTTTTGTT

M2-F GCGGTACCGAGGGTCGTGCAAGTGCAAGTGG M2
M2-R CGGGTACCTATGTCAGCCGGATTGAAGCCTTCC

M3-F GCGGTACCAACAATTTGATTCATCTGGATCCAGTACCCAAC M3
M3-R CGGGTACCATTATGGTTGACTACATATTCACTAGCACTTTTGGG

M4-F GCGGTACCTTTGAAGATAAGTCCGATATTAAGCCTTGG M4
M4-R CGGGTACCTTGATTCAGCTTTTCCACATGATGAATATGC

M5-F GCGGTACCAAGCCCAAAGAAAAAAAGATGTGTATCGAGG M5
M5-R CGGGTACCTTTTCTTTTCCTTCTCGCGTTCCTTCCCC

M6-F GCGGTACCTGTGTATCGAGGTTTAATAACTGTCCG M6
M6-R CGGGTACCTATGGAGGATGTTTGATCGGGCG

M7-F GCGGTACCTCTAAAAGGCCATGCTTACCCTCTG M7
M7-R CGGGTACCTTTCTTGATTGCATCTACGTCATTATCC

M8-F GCGGTACCTGCTTACCCTCTGTAAATAACACCGG M8
MS8-R CGGGTACCTGCATTCGATGAATCAAGGGATATGGACG

M9-F GCGGTACCAGGAAACCGAAAAGCCAGTGTAAGAATAAAG M9
M9-R CGGGTACCTGGCCTTTTAGATGCATTCGATGAATCAAG

M10-F GCGGTACCCAGTGTAAGAATAAAGACACACTCTTAAAAAG M10
M10-R CGGGTACCTACGTTATTGGTATTGATACTACCGGTG

M11-F GCGGTACCCCGGCATCCGATTTCAAGCTAAAC Mi1
Mi1-R CGGGTACCGCTTTTCGGTTTCCTTACGTTATTGG

Mi12-F GCGGTACCCAAGAAGCTTTAGTTGGCAGCTCTTC Mi2

Mi2-R CGGGTACCCAGTGGCAAGATTTCATTCAAATTGAAAGG

"Bold letters indicate Kpnl sites.

system and an oxidizing enzyme of iron (Askwith iron to Fet3 (Fu et al., 1995); and Tisl1 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 1D 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* YHL047C 9.2 7.9 Siderophore transporter
FITI" YDR534C 8.6 1.1 Cell wall protein involved in iron uptake
ARN3* YELO65W 5.8 38 Siderophore transporter
FRE2" 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
FRE1" YLR214W 4.2 3.1 Ferric and cupric reductase
FRES3" YOR381W 3.2 1.9 Ferric reductase
FET3" YMRO058W 3.0 2.5 High-affinity Fe(II) transporter
FTR1® YER145C 29 2.2 Iron permease
FET4* YMR319C 22 2.5 Low-affinity Fe(II) transporter
ccea* YDR270W 25 23 Copper transporter
TIS11" YLR136C 6.8 19.5 Protein of the CCCH zinc finger family
VMR1 YHL035C 2.0 2.0 Unknown
YMR251W 4.5 39 Unknown
YPR123C 2.3 1.0 Unknown
HSP30 YCRO21C 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 Aft1.

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 wereregulated 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 -galactosidase repor-
ter assay using plasmids expressing the LacZ gene
under the control of FIT3 and FET3 promoters with Aftl
binding sites. The results showed that FIT3 and FET3
promoter activities increased in a dose-dependent
manner with inereasing concentrations of cisplatin
(Fig. 1).

Next, we examined the effects of Aftl deficiency on
cisplatin activation of the FET3 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 FET'3 promoter (245—252 bp upstream from
the FET3 transcription start site), cisplatin effected an
increase in P-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-Iwai 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 150 uM cisplatin for 3 h and the specific activity of p-
galactosidase was measured. Data are mean +standard deviation
(SD) from three independent experiments. p-galactosidase activity of a
FET3-lacZ or FIT3-lacZ control 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 = SD from three independent experiments.

that activate Aftl. We therefore examined Aft1 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 (Fig. 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-Iwai 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 transeription domain (Yamaguchi-
Iwai et 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 pM BPS for 3 h and
the specific activity of f-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 AFT1 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 FET3 promoter. A: Schematic representation of Aftl 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 uM cisplatin, 100 uM BPS or with no addition
(control) and the specific activity of f-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

120
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Fig. 5. Effect of cisplatin 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
by the cells was measured as described in the Materials and Method.
* “Significantly different from the control ( P<0.005, P <0.001,
Student’s t-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 FET3,
FET 4, and FTR 1 (Askwith et al., 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
veast 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 | 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 Aft1
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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Abstract

It has been hypothesized that copper-mediated oxidative stress contributes to the pathogenesis of familial amyotrophic lateral
sclerosis (ALS), a fatal motor neuron disease in humans. To verify this hypothesis, we examined the copper and zinc concentrations
and the amounts of lipid peroxides, together with that of the expression of metallothionein (MT) isoforms in a mouse model
[superoxide dismutase] transgenic (SOD1 Tg) mouse] of ALS. The expression of MT-Iand MT-I1 (MT-I/II) isoforms were measured
together with Western blotting, copper level, and lipid peroxides amounts increased in an age-dependent manner in the spinal cord,
the region responsible for motor paralysis. A significant increase was already seen as early as 8-week-old SOD1 Tg mice, at which
time the mice had not yet exhibited motor paralysis, and showed a further increase at 16 weeks of age, when paralysis was evident.
Inversely, the spinal zinc level had significantly decreased at both 8 and 16 weeks of age. The third isoform, the MT-III level,
remained at the same level as an 8-week-old wild-type mouse, finally increasing to a significant level at 16 weeks of age. It has
been believed that a mutant SODI protein, encoded by a mutant SODI, gains a novel cytotoxic function while maintaining its
original enzymatic activity, and causes motor neuron death (gain-of-toxic function). Copper-mediated oxidative stress seems to be
a probable underlying pathogenesis of gain-of-toxic function. Taking the above current concepts and the classic functions of MT
into account, MTs could have a disease modifying property: the MT-I/I isoform for attenuating the gain-of-toxic function at the
early stage of the disease, and the MT-III isoform at an advanced stage.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

—_— Metallothionein (MT) is a family of low-molecular-
* Corresponding author at: Laboratory of Clinical Pharmacy, College

of Pharmacy, Nihon University, 7-7-1 Narashino-dai, Funabashi, Chiba eight, cystein-rich, heat-stable and metal binding

274-8555, Japan. Tel.: +81 47 465 2397; fax: +81 47 465 2397. proteins (Kagi and Schiffer, 1988). MT participates in a
E-mail address: shin-ono@pha.nihon-u.ac.jp (S.-1. Ono). broad range of physiological functions such as detoxifi-

0300-483X/$ — see front matter © 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.t0x.2006.09.011

~2Z1b—



34 E. Tokuda et al. / Toxicology 229 (2007) 33-41

cation of heavy metals like mercury (Hg) and cadmium
(Cd), homeostasis of essential metals including copper
(Cu) and zinc (Zn), and scavenging reactive oxygen
species (ROS) (Aschner et al., 1997, Hidalgo et al.,
2001). Four isoforms are identified in mammals, three of
which, MT-I, MT-IT and MT-III are found in the central
nervous system (CNS) (Aschner et al., 1997; Palmiter
et al., 1992; Uchida et al., 1991). The localization and
induction patterns between the MT-I and MT-II (MT-
I/1T) isoforms and the MT-II1 isoform in the CNS appear
to be distinct. The expression of MT-VII is mainly
localized in glias (Aschner et al., 1997; Blaauwgeers et
al., 1993) and is induced by exposure to metals including
Hg, Cd, Cu and Zn, cytokines and ROS (Aschner et
al., 1997; Hidalgo et al., 2001). On the other hand, the
MT-11I isoform is mainly present in neurons (Masters et
al., 1994; Uchida et al., 1991), and is not easily induced
by exposure to the above agents (Zheng et al., 1995).

Amyotrophic lateral sclerosis (ALS) is a lethal motor
neuron disease characterized by selective degeneration
of motoneurons, resulting in muscular atrophy including
respiratory and bulbar muscles, complete paralysis, and
death (Rowland and Shneider, 2001). Approximately
90% of ALS is sporadic and the remaining 10% or so
is familial (Cleveland and Rothstein, 2001). Rosen et
al. found that about 20% of familial ALS is linked with
mutations of the gene encoding Cu/Zn superoxide dis-
mutase (SOD1) (Rosen et al., 1993). It has been believed
that abnormal SOD1 proteins encoded by mutant SOD1
do not lose their original enzymatic function but gain a
novel cytotoxic function in motoneurons (gain-of-toxic
function theory) (Bruijn etal., 2004; Gurney etal., 1994).
A presumable mechanism of the gain-of-toxic function
is a Cu-mediated oxidative stress. A point mutation
in SODI causes chemical structure changes of SODI
proteins (misfolding proteins), while retaining its orig-
inal activity and with subsequent clumsy handling of
Cu and Zn (Beckman et al., 2001; Bruijn et al., 2004;
Valentine and Hart, 2003). As a result of decreased Zn-
binding affinity and higher affinity for Cu (Crow et al.,
1997; Lyons et al., 1996), Cu-mediated oxidative stress
is enhanced, and leads to neuronal death (Said Ahmed
et al., 2000: Wiedau-Pazos et al., 1996).

Mouse carrying a human mutant SODI develops an
ALS-like disease, and is a good animal model for ALS
research. The mice do no exhibit any clinical signs of
motor paralysis up to the age of about 12 weeks, and
develop paralysis at the age of 14-16 weeks, dying of
respiratory failure by 17-18 weeks old (Bruijn et al.,
1997; Gurney et al., 1994; Ripps et al., 1995).

In this way, all physiological functions of MT are
likely to be associated with the presumable current
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pathogenesis of ALS. In order to investigate the possi-
ble role of the changes in Cu and Zn concentrations and
lipid peroxides (LPO) products, we therefore measured
temporal changes in the Cu and Zn levels and the amount
of LPO together with MT-VII and MT-III proteins in a
rodent model for ALS.

2. Materials and methods
2.1, Chemicals

An enhanced chemiluminescence (ECL) agent, gluta-
thione-sepharose 4B and polyvinylidene difluoride (PVDF)
membranes were purchased from Amersham Bioscience
(Buckinghamshire, UK). The Protein Assay Rapid Kitwako
and reduced glutathione buffer were obtained from Wako Pure
Chemical Industries Ltd. (Osaka, Japan). The pPGEM-T Easy
vector systems were purchased from Promega K.K. (Tokyo,
Japan). Mouse monoclonal anti MT-VI antibody (clone: E9)
was purchased from Dako Cytomation Inc. (Carpinteria, CA,
USA). Recombinant MT-I and MT-II proteins, mouse mono-
clonal anti B-tubulin (clone: TUB 2.1) and mouse monoclonal
horseradish conjugated anti IgG antibody were from Sigma
Chemical Co. (St. Louis, MO, USA).

2.2. Animals

We used G93A SODI1 transgenic (SOD1 Tg) mice [B6SJL-
Tg (SOD1-G93A)" 1 Gur/J; 002300] as a model for familial
ALS (Gurney et al., 1994). The mice were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA) and were
housed under standard conditions (temperature 22 °C, relative
humidity 60%, 12 hlight/dark cycle, and free access to food and
water) in the animal facility at the College of Pharmacy, Nihon
University. The SOD1 Tg male mice were crossed with CF-1
wild-type (WT) female mice. When they were at the age of 8
or 16 weeks, three to five each of male SOD1 Tg and WT mice
were killed by decapitation under light anesthesia. The spinal
cord (the region responsible for paralysis) and the cerebellum
[non-responsible (control) region] were immediately dissected
on a glass plate on crushed ice, were frozen in liquid nitrogen,
then stored at —80 °C until use. The present study was approved
by the ethics committee for laboratory animal use at the College
of Pharmacy, Nihon University.

2.3. Motor function testing (infrared beam test)

The motor performance was assessed by the infrared beam
test with Digiscan (Omnitech Electronics Inc., Columbus, OH,
USA). Briefly, two sets of infrared beams placed at a distance of
5cm from the transparent acrylic box floor, traversed the area
in perpendicular directions. The beam obstructions served as
indicators of the horizontal activities of the mice. An additional
set of beams located at a distance of 10 ¢cm from the box floor
was used to determine the vertical activities (mice standing on
two hind paws). The motor performance was measured weekly
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from 4 to 17 weeks of age. The mice were first allowed to
acclimatize themselves to the observation situation in a box
with infrared sensors prior to the measurements of the motor
performance. They were then individually placed in the box,
and their motor performance was measured every minute for
5 min. The activity of the mice was expressed as the average
count per min (counts/min).

2.4. PCR analysis of the genotype for G93A SODI
transgenic mice

All offspring were genotyped using the polymerase chain
reaction (PCR) process on genomic DNA isolated from their
tails, which were digested overnight with proteinase K at
50°C. The PCR primers to detect mutant SOD/ transgene
were selected according to the recommendations of The Jack-
son Laboratory: sense, 5'-CAT CAG CCC TAA TCC ATC
TGA-3', and antisense, 5'-CGC GAC TAA CAA TCA AAG
TGA-3'. PCR sessions were performed for 30 cycles under
the following conditions: denaturation at 94°C for 1min,
annealing at 55°C for 45s and extension at 72°C for 1 min
20s. The primers amplified a 236 bp DNA region from mice
carrying the human mutant SODI gene (Gong and Elliott,
2000).

2.5. Preparation of the mouse monoclonal antibody
specific for MT-II1

MT-1II cDNA of the entire coding regions was amplified
by RT-PCR. The PCR products were ligated into the pGEM-
T Easy expression vector as previously described (Hanahan,
1983). MT-11I-glutathione-S-transferase (MT-111-GST) fusion
protein was expressed in E. coli and purified on an affinity
column with immobilized glutathione-sepharose 4B. BALB/c
male mice were immunized with MT-III-GST fusion protein.
The fusion protocol, mouse myeloma with immunized mouse
spleen cells, was described previously (K&hler and Milstein,
1975). The power and specificity of the antibody were tested
using Western blot analysis. The anti MT-III antibody recog-
nized only the recombinant MT-III protein at the expected
position (16.8 kDa), but neither the MT-I nor MT-II protein
(Fig. 1).

MT-I MT-II MT-IlI

32 kDa—

«— MT-Ill

VBN (16.8 kDa)

M1 2 3 4 5 6 7 8 9

Fig. 1. Specific reactivity of prepared anti metallothionein III anti-
body. Two micrograms each of metallothionein (MT)-I, MT-II, and
MT-III recombinant proteins were electrophoresed on an 18% SDS-
polyacrylamide gel, transferred to polyvinylidene difluoride mem-
branes and immunoreacted with the mouse monoclonal anti MT-1II
antibody. M: molecular marker, MT-I, MT-1I and MT-III denote recom-
binant MT-1, MT-11 and MT-11I proteins, respectively (three lanes each).

2.6. Protein preparation and iodoacetamide treatment

Spinal cord and cerebellum tissues obtained from both
SODI1 Tg and WT mice at 8- and 16-week-old were homoge-
nized in a lysated buffer containing 10 mM Tris-HCI (pH 7),
5mM EDTA, 1 mM phenylmethylsulfonylfluoride, 137 mM
sodium chloride, 1% NP-40 and 10% glycerine. After treat-
ment with sonication for 20 s for three times, the homogenates
were centrifuged at 9000 x g for 30 min, and the supernatants
were saved. The protein extracts were treated with 10% iodoac-
etamide and 10% tributyl phosphine/isopropanol. The mixtures
were incubated in a water bath at 60°C for 50 min. After
cooling on ice, the samples treated with iodoacetamide were
centrifuged at 800 x g for 5 min, and then the supernatants were
collected.

Protein concentration was determined with the pyrogallol
red method according to the manufacturer’s directions (Protein
Assay Rapid Kit,,y,, Wako Pure Chemicals, Osaka, Japan).
Briefly, homogenized samples were mixed with the pyrogallol
red-molybdate agent in microplate wells. The mixtures in the
wells were left for 20 min at room temperature and then mea-
sured by a microplate reader (3550, Bio-Rad, Hercules, CA,
USA) furnished with a 600 nm wavelength filter.

2.7. SDS-PAGE and Western blotting

An aliquot of 20 pg protein treated with iodoacetamide
was separated on an 18% polyacrylamide gel with Laemmli
system (Laemmli, 1970) at 100V until the tracking dye,
containing 10mM Tris-HCI (pH 7.5), 10mM EDTA, 20%
glycerol, 1% SDS, 0.025% bromophenol blue, 100 mM DTT
and 0.7M 2-mercaptoethanol, reached the bottom of the gel.
Electrophoresed proteins were transferred to PVDF mem-
branes at 100V for 3h. After transferring, the membranes
were blocked in the solutions containing 3% BSA, 1M
Tris-HCl (pH 7.5) and 40 mM sodium chloride for 1 h at room
temperature and immunoblotted overnight at 4 °C with the pri-
mary antibodies used against mouse monoclonal anti MT-1/11
antibody (dilution at 1:100), mouse monoclonal anti MT-II1
antibody and mouse monoclonal anti B-tubulin (dilution at
1:10,000). After washing with TBS containing 0.1% Tween-20
solution, the membranes were incubated with a mouse mon-
oclonal horseradish conjugated anti 1gG antibody (dilution at
1:10,000) for 1h at room temperature. Immunoreaction was
visualized using the ECL agent. After exposure, films were
scanned by an image analyzer (LAS1000 plus lumino-image
analyzer, Fuji Film, Tokyo, Japan). Band intensities were
quantified with NIH images (National Institutes of Health,
Bethesda, MD, USA). The expression of MT-II or MT-III
protein was determined as a ratio of MT-III or MT-1II to
B-tubulin.

2.8. Analysis of copper and zinc concentrations

Spinal cord and cerebellum samples were digested in con-
centrated nitric acid (65%, v/v) overnight at room temperature
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until no visual resides remained. The tissues were incubated
in a boiling water bath for 1 h to facilitate digestion. Digested
tissues were diluted in ultra-pure water. Copper and zinc con-
centrations in each sample tissue were measured by inductively
coupled plasma mass spectrometry (Agilent 7500, Yokogawa
Analytical Systems, Tokyo, Japan). Blanked samples were pro-
cessed in the same ways. Metal concentrations were reported
in micrograms per gram of wet tissue weight.

2.9. Measurement of lipid peroxides

The LPO concentration was determined using the thiobar-
bituric acid (TBA) method as described elsewhere (Ono et al.,
1998). Briefly, tissues were homogenized in ice-cold PBS.
All subsequent steps were performed using amber-colored
tubes. The homogenized samples were added to 40 mM sul-
furic acid and 10% phosphotungstic acid, and then were
centrifuged at 1500 x g for 10 min. A TBA agent contain-
ing 8.8 M acetic acid and 20 mM TBA was added. Samples
were incubated in a boiling bath for 1h. After cooling with
tap water for 5min, n-butanol was added in order to extract
the malondialdehyde, and the mixture was shaken vigorously
by hand. After centrifugation at 1500 x g for 10 min, the n-
butanol phase was saved. The absorbance of the supernatant
(n-butanol phase) was measured with a spectofluorometer (FP
6200, Nihon Bunko, Tokyo, Japan) at an excitation wave-
length of 515 nm and an emission wavelength of 553 nm. The
LPO level was estimated using 1,3,3-tetraetoxypropane as a
reference standard. Results were expressed as nanomoles of
malondialdehyde reactive substances per gram of wet tissue
weight.

2.10. Statistical analysis

All the data on the motor performance were represented as
mean £ S.E.M. We used repeated-measures ANOVA to com-
pare the motor performance of the SOD1 Tg with that of the
WT mice. All other statistical analyses were carried out using
Student’s r-test, including comparison of the values between
the SODI1 Tg and WT mice and between the 8- and 16-week-
old mice. P values <0.05 were considered to be statistically
significant.

3. Results
3.1. Activity of the G93A SOD1 transgenic mouse

The vertical activities of the mice are shown in Fig. 2.
The SOD1 Tg mice showed no signs of paralysis up to the
age of 12 weeks, and thereafter began to exhibit a week-
dependent decrease in activity, showing the development
of motor paralysis. At 16 weeks of age, an evident reduc-
tion in vertical activity was observed. The horizontal
activities of the mice showed the same pattern (data not
shown).
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Fig. 2. Time-course of changes in the motor performance in the G93A
SOD1 transgenic mice. The motor performance of the mice was mea-
sured by the infrared beam test. Significant difference in the vertical
activities was found between the G93A SODI transgenic (SODI
Tg) mice and the wild-type (WT) mice (p=1.38 x 1075; repeated-
measures ANOVA). The motor performance in the SODI Tg mice
showed a sharp week-dependent decrease after 12 weeks of age, sug-
gestive of development and progression of paralysis (p=5.38 x 107%%;
repeated-measures ANOVA).

3.2. MT-III protein expression

The expression of MT-I/II protein in the spinal cord,
the region responsible for motor paralysis, is shown in
Fig. 3A and B. The protein level had already signifi-
cantly increased in SOD1 Tg mice at 8 weeks of age,
at which time the mice had not yet developed paralysis
(Fig. 3A and B). At 16 weeks of age, when paralysis
became apparent, the increase in the MT-VII levels was
maintained, with levels significantly higher than that at
8 weeks of age (Fig. 3A and B). On the other hand, the
levels of MT-VII protein in the cerebellum, which is not
responsible for paralysis, did not show any differences
between SOD1 Tg and WT mice at either 8 or 16 weeks
of age (Fig. 3C and D).

3.3. MT-UlI protein expression

In 8-week-old SOD1 Tg mice, the MT-III levels in
the spinal cord remained the same as those of the WT
mice (Fig. 4A and B). However, at 16 weceks of age,
when SOD Tg mice exhibited motor paresis, the MT-III
level had significantly increased (Fig. 4A and B). On the
other hand, in the cerebellum, no significant difference
was observed between SOD1 Tg and WT mice at either
8 or 16 weeks of age (Fig. 4C and D).

3.4. Copper and zinc concentrations

Cu concentrations in the SOD1 Tg mouse spinal cord
showed a significant increase compared with those of
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Fig. 3. Changes in metallothionein I and II proteins in G93A SODI
transgenic mice. The spinal cord is the region responsible for motor
paralysis in G93A SOD1 transgenic (SOD | Tg) mice. Metallothionein-
Iand I1 (MT-V/11) proteins were significantly increased in the spinal cord
of 8-week-old SOD1 Tg mice [p= 1.9 x 10~# vs. 8-week-old wild-type
(WT) mice], when motor paralysis was not yet apparent. At 16 weeks of
age, when the SOD1 Tg mice had developed evident paralysis, MT-1/11
proteins showed a further increase (p=5.8 x 1075 vs. 8-week-old WT
and p=0.019 vs. 8-week-old SOD1 Tg mice) (panels A and B). The
cerebellum is not a region responsible for motor paralysis. Cerebellar
MT-VII levels showed no differences between SOD1 Tg and WT mice
at either 8 or 16 weeks of age (panels C and D). Data from three to
five mice each are shown as mean + S.E.M. (panels B and D). Western
blot analyses from each mouse (SOD1 Tg and WT mice) are shown in
panels A and C. **p<0.01; "**p <0.001 by Student’s r-test.
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Fig. 4. Changes in metallothionein III protein in G93A SODI trans-
genic mice. In 8-week-old G93A SODI transgenic (SOD1 Tg) mice,
when the mice were still asymptomatic, no change in MT-III protein
level was observed in the spinal cord. However at 16 weeks of age,
when SOD1 Tg mice were clearly symptomatic, MT-1II level was sig-
nificantly increased [p=0.04 vs. wild-type (WT) mice at the same
age, and p=0.02 vs. 8-week-old SODI Tg mice] (panels A and B).
No change in MT-11I level was observed in the cerebellum at any
age (panels C and D). Data from three to five mice each are shown
as mean = S.E.M. (panels B and D). Western blot analyses from each
mouse (SOD1 Tgand WT mice) are shown in panels A and C. " p <0.05
by Student’s r-test.
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WT mice at both 8 and 16 weeks of age (Fig. 5A). In
SODI1 Tg mice, further increases in the Cu level at 16
weeks of age were seen than that in 8-week-old mice
(Fig. 5A). In the cerebellum, however, no alteration in
the Cu level was either the SOD1 Tg or WT mice at any
time (Fig. 5B). On the contrary, significant decreases in
Zn levels were noted in the SOD1 Tg mouse spinal cord
at both 8 and 16 weeks of age (Fig. 5C). No change in
the Zn level was observed in the cerebellum at any time
(Fig. 5D).

3.5. Amounts of lipid peroxides

Significant increases were already seen in the LPO
concentration in 8-week-old SOD1 Tg mice spinal cords
(Fig. 6A), which had further increased at the age of 16
weeks (Fig. 6A). However, the LPO level in cerebel-
lum showed no change between SOD1 Tg and WT mice
either at 8 or 16 weeks of age (Fig. 6B).

4. Discussion

We found that MT-I/I protein expression signifi-
cantly increased in spinal cord of SOD1 Tg mice (Fig. 3A
and B). The increase was observed as early as 8 weeks
of age, when the SOD1 Tg mice had not yet exhibited
any symptoms of motor paralysis. In 8-week-old SOD1
Tg mice, the Cu concentration had also significantly
increased, with an inverse decrease in Zn levels and a
concomitant elevation of LPO amounts in the spinal cord
(Figs. 5A, C, and 6A). The increase in the MT-I/II and
Cu levels increased in an age-dependent manner, being
higher at 16 than at 8 weeks of age. Based on these
results, we propose that these conditions were strongly
implicated in the pathogenesis of motor neuron death
in SOD1 Tg mice, since these observations exclusively
occurred in the spinal cord, the region responsible for
paralysis, but not in cerebellum, a region not responsible
for paralysis (Figs. 3C, D, 5B, D, and 6B).

Fig. 5. Copper and zinc concentrations in G93A SODI transgenic
mice. A significant increase in copper concentration was observed in
the spinal cord of the as-yet-asymptomatic 8-week-old G93A SODI
transgenic (SOD1 Tg) mice [p=1.9 x 103 vs. wild-type (WT) mice at
the same age], witha further increase at 16 weeks of age (p=3.0 x 10-4
vs. WT at the same age, and p=6.0 x 10* vs. 8-week-old SOD1 Tg
mice) (panel A). An inverse decrease in zinc level was observed in both
8- and 16-week-old SOD1 Tg mice (p=0.02 vs. 8-week-old WT mice,
and p=9.2 x 10~ vs. 16-week-old WT (panel C). In the cerebellum,
no alternation was found either in copper or zinc level (panels B and
D). Data from three to five mice each are shown as mean =+ S.EM.
*p<0.05; " p<0.01; " p<0.001 by Student’s r-test.
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Fig. 6. Lipid peroxides in G93A SODI1 Transgenic mice. Lipid perox-
ides (LPO) levels were significantly increased in the spinal cord of both
8-week-old G93ASODI1 transgenic (SOD1 Tg) mice and 16-week-old
SODI Tg mice [p=2.0 x 10~? vs. 8-week-old wild-type (WT) mice
and p=3.1 x 1077 vs.16-week-old WT mice] (panel A). In the cere-
bellum, no significant change was found in the LPO level at any age
(panel B). *"p<0.01; **"p <0.001 by Student's r-test.

The present findings are partially in agreement with
previous reports. An increase in the spinal MT-I/II iso-
form was reported in this line of transgenic mouse (Gong
and Elliott, 2000; Nagano et al., 2001; Olsen et al.,
2001) or in patients with ALS (Blaauwgeers et al., 1996;
Sillevis Smitt et al., 1994). We reported, on the basis of
the mRNA findings, that MT-I up-regulation was taking
place as early as 8 weeks of age in the same line of trans-
genic mouse spinal cord, but not in the cerebellum (Ono
et al., 2006). Although an elevation of Cu concentration
was previously reported in the same line of SOD1 Tg
mouse (Bush, 2002), no study has previously revealed
an increase in Cu and a concomitant inverse decrease in
Zn levels in the spinal cord of the same SOD1 Tg mouse
at as early as 8 weeks of age.

It is currently accepted that mutant SOD1 is impli-
cated in the pathogenesis of familial ALS. The mutant
SOD1 is believed to gain a novel cytotoxic function,
while retaining its original enzymatic activity (gain-of-
toxic function theory) (Bruijn et al., 2004; Gurney et

al., 1994). The mutant SOD1 is characterized by clumsy
handling of Cu and Zn (Beckman et al., 2001; Bruijn
et al., 2004; Valentine and Hart, 2003), and subsequent
alternations in Cu and Zn levels likely play an impor-
tant role in the gain-of-toxic function (Borchelt et al.,
1994). Some evidence exists to support the idea; First,
Cu-chelating agents such as D-penicillamine and trien-
tine extend survival in SOD1 Tg mice (Andreassen et al.,
2001; Hottinger et al., 1997; Nagano et al., 2003). Sec-
ond, atp7b, encoding Cu-transporting ATPase, is down-
regulated in the spinal cord of SODI Tg mice (Olsen et
al., 2001). Third, crossing an SOD1 Tg mouse with a
mouse model for Menkes' disease, which causes con-
genital Cu deficiency, extend the clinical duration of
survival (Kiaei et al., 2004). Fourth, a Zn decrease in
mutant SOD1 causes peroxynitrate-mediated tyrosine
nitration (Beckman et al., 1993; Estévez et al., 1999)
and an increase in biological 3-nitrotyrosin, a hallmark of
protein nitration, in the spinal cord in patients with ALS
(Beal et al., 1997). Liu et al. demonstrated that ROS pro-
duction increased with aging, measured by using a spin
trap, azulenyl nitrone, in the spinal cord of the SODI
Tg mouse (Liu et al., 1998). The present study revealed
that in 8-week-old SOD1 Tg mice, LPO amounts, mea-
sured as malondialdehyde reactive substances, exclu-
sively accumulated in the region responsible for motor
paralysis, namely the spinal cord, before the onset of
paralysis (Fig. 6A and B). Based on these findings, LPO
accumulation is a probable result of Cuand Zn changes in
the spinal cord, presumably due to Cu-mediated oxida-
tive stress. Taking the classic functions of the MT-I/I1
isoform into account, it is reasonable to postulate that the
spinal MT-I/IT protein increase observed in the present
study is a compensatory induction in response to Cu-
mediated oxidative stress.

We also found that MT-IIT protein levels significantly
increased in the SOD1 Tg mouse spinal cord (Fig. 4A
and B), which was exclusively observed in the paralysis-
responsible spinal cord, as was the case with the MT-I/II
isoforms. Although MT-III mRNA changes have previ-
ously been reported (Gong and Elliott, 2000; Olsen etal.,
2001), no MT-III protein study has been shown in this
line of transgenic mouse. It should be emphasized that
unlike MT-I/I1, the MT-III protein remained unchanged
in 8-week-old SOD1 Tg mice and finally increased at 16
weeks of age, at the end stage of the disease (Fig. 4A and
B). The spinal Cu level in 16-week-old SOD1 Tg mice
was further increased compared with 8-week-old mice
(Fig. 5A), suggesting further LPO production. Neverthe-
less, the concentration of spinal LPO at 16 weeks of age
was not higher than that in 8-week-old mice (Fig. 6A).
However, as MT-I1I protein synthesis induction occurred
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