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Heavy Metal Responses of the Human Metallothionein Isoform Genes
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Metallothioneins (MTs) are proteins known to be involved in defense mechanisms against heavy metals and reac-

tive oxygen species. In human, more than ten MT isoform genes have been identified, in contrast to much fewer isoforms

in other mammalian species. The increased number of isoforms in human may have some biological significance; for ex-

ample, isoforms may have been functionally differentiated to deal with various environmental factors in the evolutional
process. However, we know little about the functions of the individual MT isoforms. To clarify functional differences
between human MT isoforms, we developed a method to determine individual isoform mRNA levels using real-time
polymerase chain reaction (PCR), and studied responses of the isoform genes against heavy metals (Zn, Cd, Cu) and
As in HeLa cells. These metals induced all MT isoforms except for MT-1A by Cu, though their induced levels were
different. Furthermore, these metals preferentially induced isoforms MT-2A and MT-1X suggesting that these isoforms

may be important in protecting from their cytotoxicity.

Key words——metallothionein; isoform; gene expression; heavy metal; real-time polymerase chain reaction

1. FLsI(c
HAFDOAZ OFF A > (MT) X 1957 FF D
FERLIOR, s Bz im0 2 < O ICFEEN R
5N TER 6500 DIXHTESY VNV ETH
é.MT@%WYi/@@%L@%yX?4yﬂ£
D5 EWD R HEZRES, B CHRErTHE
2DODFEETAY T +—L (MT-1, MT-2) @ﬁﬁ
MASNTVWZ.DMT OF T AR E L T
BEbHEI<ASNTVWEORESEHELEOME T, £
D FHICEEICHELET S SHEZT L TCAd R
Hg R EDESBEMAETHZIEITXDZENSDH
WHREEZMZ 5.2 I 5ITEDOEOWFEN S EL A
R ZAMFIER ZIREEFICH L THEEEICEH< Z
ENUREI N Y MT O/RT 25 OHREIT MT-1/
MT-2 /v 77~ A KROMEZE W2 BRI
KDFEHINT NS, 9 £/ MT 3ESE KL

(057 B 2 AR AT - PEEE ER AU SL T
BEETIZE S ) —7 (T214-8585 JIlIGH 2 EXERE
6-21-1)

*e-mail: miuran@h.jniosh.go.jp

REFHIE, HARIFEERFE 126 FRT ORI T L S40 T
FELIEZDDOZEFLICHRBLEZBDTH 5.

Z RV ZADHRIEST, ZERFEH (LFEWE, ¥
A hAA>, FIVED, RERTFH) TRETZZ
EMMEINTRO, 3D MT NS SITHEARA ML
ZOSEREREICES L Tna Z &2 TS 5.
1990 FEARIZIE MT-1, MT-2 12/l A, 2 DD/
TAN T+ —5 MT-3, MT-A BRI N, —K
K F OB E L T, MT-3 13 MT-1, MT-2 |2 kbR
NARME - CRMED2 »ATICELZ1T7I /B -673
JBEOIEA,Y MT-4 I NERKHD 1 5117/
i DA ZFFD.

2. YXIZARVEPMDODMT 7475 —LEIEF
< A TlE MT-1, MT-2, MT-3, MT-4 ® 4 DD
MT 7 1 7 % — LSBT0V 8 FRAMK LITFEE
INTNS. 9 —HFE RO MTIZIZY >IN E LN
IWTOERENER I N TR0 N, ZO%OHE
BFEITORER, MT-2, MT-3, MT-4 OHEERER
FIROWTIY TR LHAESE T EEIFAE I N
80 DIz A, MT-1 KIZEEOT T 1Y 7
F— LB THNEMEL, B 16 HREOMKE (16q13)
27 A =2 L TWbZENREINE (Fig.
1), 371 ZO@BANICHEE SN MT-1 71V 7



666

Vol. 127 (2007)

9 8) 13y 13)

H 1L 1E 1IK1JIA 1D ICIB IF IG1H 11 1X
4 —H—}H—I—H—I—I—I—I+-

- - S>> > > > > > >

0 10 kb
L

Fig. 1. Human MT Genes Located on Chromosome 16

This map was prepared based on the reports by Stennard et al.,'®
Palmiter et al.,® and Quaife et al.,” as well as the gene databese of National
Center for Biotechnology Information, USA.
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Fig. 2. Functional Metallothionein Isoform Genes in Mouse
and Human
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H — e — 234
X ——— — 213
2A — — 249
3 — — 240
4 — — 183

Fig. 3. Primers for Real-time PCR Analysis

The positions of PCR primer pairs (indicated by arrows) are schemati-
cally shown. The sizes of PCR products are indicated on the right in base
pairs (bp).
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Fig. 4. Verification of Specific [soform Sequence Detection

PCR amplification with each primer pair was performed. The reverse
transcription products from HeLa and HepG2 RNA mixture were used as
templates. PCR products were separated on 2% agarose gel followed by
staining with ethidium bromide. m: size markers. DNA fragment sizes are in-
dicated on the left (in bases).

TORZTIFHGBmEELE -BL TSI LEMAL
7z. X 51T HeLa M & T HepG2 Ml 2> & fhiit L
7~ RNA JE&YHkD cDNA 288 & L THW
BHEICh, TIXI REAWESESG LRI, &7
TARX=RTIZOVWTHGwRMEE —-HLAEREIOH
—DHIEEYMNE SN (Fig. 4. BF—%13
RSBV, A4 YA T5— (b)) ITLB
PCR Y D @RI BT NS DK T T4 X —RT
MOHE—DENNELND ZEEHEREL TS, DL
FomEofER, bhbiud 10 FEO MT 71V
7 4 — LBET OB & R R ATRE R T 5 1
N—aHE L.



668

Vol. 127 (2007)

EMT 7MY 74— LBETORBEEILT Mk
A4 7— (Orath) ZHWEUTIVE A A
PCRIZEICKVDHEIELZ. ZO, HiiD& MT Y
1Y 74—, cDNA FiFl 2587 5 2 3 R & Bk
TR THRERZIERT D ZEICXD, REEDOH
Tl (AE—%) ZROBIENTES., FEMEC
DWNTHHFLUZEE, 10705 100 I8 — 0T
ERRTEAE 57z, PCR IS O B3 A B8 2h R 1%
2 THDN, EBRICELDKEERS. 20T h
DREHROEENOWMBIEEZEN L LI A,
MT-1E OEEENE FEND DD, KERRT
WIRTOMT 74 Y 74+ —LIZDWTEEED
BIEMNORETH B T L &R L 2. L LIRS %
DEFHEEBRRNER D20, TXTOHEEKINE
BERIRNL 72K cDNA 2 5%, BRERN S Mkt a
E—$rimselsE Lz DEomEns, UL
Y4 LAPCRIEZHWVW/ZI10EOE NMT 71 7
F—LBELETOREL ) 2RRNCERT 2 HE
NS HZ EMTET.

BBHABMOIESDEZEMA L0, -7V
FoRoJIUBINTINVFER3-U VBT ROy
F—tHONTZAF—E > TELET (HKG) O%F
HEZ2HWTHNET 5BETORIAENHIEI N
5 EMEN, LrLbIbNd TR Tid g-
7O F 2 OFEBET CAd R Zn OFMITE D EH
THILERDTHBY, 5%k RFEEANCD
WTHHL TV ETH HKG OFBENZEH L7
EWSREEIZ RN, 2O bnbnOWPEETIE
HKG IZ X5 HIEIXfThRnwWI & & L.

4. FEFERF(CH(TS HeLa MIATO MT 74 )
7+ — LBLFORR

FROFEEMAY, EFERICHIT S HeLa #ifd
TOETAYV T+ —LDFKBIIODWTHNE, 14
U088 T v a3 ERY (1=3), 1
TNDT 1 v amnSiliti Uz RNAIZDWTHH
L, PHZRDZ. ZO/E, MT2A 71V 7
F—LDFHEBEL NIVPEL> Twm <, DT MT-
IXMWEWZ 28D (Table 1), 2Tk
THOT7 A 7+ —LDFEBEL N)FEL <KL
(MT-1F>MT-1IE>MT-4>MT-1B), MT-1G, MT-
1A, MT-1H KT MT-3 I D W TILE & T RESE PR /L
THolz (Tablel). ZDEIHIT, HFHEIIEZT 1
VI 4 —LBTRERBENDD ZEZERMBL .

Table 1. Steady-State Expression Levels of MT Isoform
Genes in HeLa Cells

Level of gene expression
(¢cDNA copy numbers+S.E./ug RNA)

MT-1A 2.2+04
MT-1B 15.1+3.0
MT-1E 222+12.1
MT-1F 1709+91.2
MT-1G 8.9+£3.7
MT-1H 2.1%+1.1
MT-1X 168833 +4449
MT-2A 198533368957
MT-3 1.5+0.0
MT-4 88+5.2

The expression levels were determined by a real-time PCR method, and
are indicated by cDNA copy numbers/ug RNA.
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Fig. 5. Metal-induced Expression of MT Isoform Genes in HeLa Cells

HeLa cells were seeded on 60-mm dishes (n=3) and cultured for 3 days. After incubation with Zn, Cd, Cu or As for 6 hrs, total RNA was isolated and the ex-
pression levels of MT isoform genes were determined by the real-time PCR method. For each isoform, maximal responses (metal concentrations required are indi-
cated below columns) and control uninduced levels are shown.

CuTRBEZLDT7AMYV I+ —LDRKNBFEREEMN DL, D71 T+ —L DL TiL 25 um
100uM TH > 72Dzt L, MT-3, MT-4 TliF Tholz. MT-1AZREL X)L T, Cu
FN300uM, 200uM EHEEMIICS T RLTW EE RS EVWDIREENRASNTZ. 2S5 DRED

2. E75 As DA, MT-1A OHH200uM TdH > EENERICOWTIEAHTH B, £<DT7 1Y
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Fig. 6 Comparison of the Patterns of MT Isoform Gene Expression Induced by Zn and Cd
MT isoform gene expression levels are represented in an identical scale for cells exposed to 200 um Zn and 5 um Cd, either in linear scale (left) or in logarithmic

scale (right).
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Fig. 7 Relative Expression of MT Isoform Genes

- 1 g, 1F

MT isoform gene expression levels from Fig. 6 are represented by percentages relative to total MT gene expression levels.
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