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HEAVY-METAL DEPENDENT
TRANSCRIPTIONAL ACTIVATION

OF THE METALLOTHIONEINS
(MT-I/II) GENES

The hallmark of classical metallothioneins [MTs
(MT-I/II)] is their ubiquitous induction by various
heavy metals including cadmium (Cd) and zinc (Zn).
This induction is mainly controlled at the level of
transcription, which is regulated via an enhancer
sequence designated metal responsive element
(MRE), and a heavy metal dependent MRE-binding
factor, MTF-1.1,2) MTF-1 has well-conserved pro-
tein structure from insects to humans,3–6) which con-
tains six tandem repeats of the C2H2 type zinc finger
motif in its N-terminal half, and three transcriptional
activation domains in its C-terminal half, but there
are no apparent sensing modules for heavy metals
such as the metallothionein-like cysteine cluster
structure discovered in ACE1,7) a transcription fac-
tor for the yeast MT gene.

Response of MTF-1 to Heavy Metals
MTF-1 is essential for the heavy-metal depen-

dent transcriptional activation of the MT-I/II genes.
This is evidenced by the fact that mouse embryonic
stem cells lacking both MTF-1 alleles cannot induce
MT-I/II by any heavy metals so far investigated.8)

Contrary to this result in vivo, Zn is the only heavy
metal able to induce MTF-1 binding to MRE in
vitro.9–11) This conflict between in vivo and in vitro
results has led to the idea that Zn is the second mes-
senger of the heavy metal signals, and MTF-1 is a
sensor protein responsive to an increase in the intra-
cellular concentration of free Zn.12) Such an increase
in the Zn-concentration is thought to originate from
Zn-release from the hypothetical Zn-pool, which is
prompted by other heavy metals. In this regard,
Daniels et al. have reported that a reporter assay sys-
tem in yeast cells, which is driven by MTF-1 and
MRE, can be activated by Zn-addition but not by
Cd.13) This suggests that MTF-1 can actually act as
a Zn sensor that responds directly to Zn, and there
should be a mechanism whereby MTF-1 responds
to heavy metals other than Zn in mammalian cells.
Zhang et al. have recently proposed that Zn-MT is a
mediator of the Cd-, Cu- and H2O2 signal.14) They
found that Cd could promote DNA binding of and
transcriptional activation by MTF-1 in vitro when
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Zn-MT was supplied in the reaction. It is well known
that MTF-1 knockout is lethal, and if Zn-MT is criti-
cal for the activation of MTF-1, why can MT-knock-
out mice develop normally? The authors referred to
possible participation of other MT subfamilies, but
in vivo evidence is necessary for elucidating the in-
volvement of MTs in MTF-1 activation.

Domains Responsive to Heavy Metals
It has not been determined which region(s) of

the MTF-1 protein is engaged in the heavy metal
response. However, the zinc finger domain contain-
ing six C2H2 type zinc finger motifs is now believed
to be the most important for MTF-1 to respond to
Zn. Of these six finger motifs, the first, fifth, and
sixth fingers are suspected to be involved in the sen-
sory system for Zn.15–17) The fifth and sixth fingers
in particular have lower affinity to Zn compared with
other fingers in MTF-1.15) Functional assays also
indicate that the roles of these fingers are distinct
from others.14,16,18) In addition to the finger domain,
the participation of other regions of MTF-1 has also
been reported, such as the N-terminal domain,18) the
region downstream of Zn fingers,3) and a well-con-
served cysteine cluster structure (CxCxCxC) located
in the C-terminal domain.19) Taken together, it seems
likely that the response of MTF-1 to heavy metals is
not attributable to the restricted region of MTF-1,
but requires the entire protein structure, including
intramolecular interactions between various regions.

Unlike heavy metals that activate MTF-1 to in-
duce MT-I/II, Cr6+ does not induce MT-I/II; further-
more, the metal down-regulates the MT-induction
by Zn and Cd.20) Majumder et al. have shown that
such effects of Cr6+ are mediated via modulation of
the MTF-1 function without affecting its DNA bind-
ing capacity.20) They also suggested that Cr6+ inter-
feres with the function of three transactivation do-
mains of MTF-1. These results indicate that MTF-1
can be a target of toxic chemicals as well as the ac-
tivator of genes for cell protection.

Involvement of the Signal Transduction Pathways
Heavy metal signals converging upon MTF-1

may involve signal transduction pathways.
LaRochelle et al. and Saydam et al. have shown that
MTF-1 was metabolically phosphorylated and that
Cd or Zn-induced transcriptional activation via MRE
was inhibited by various kinase inhibitors,21,22) sug-
gesting the involvement of multiple kinase signal-
ing cascades including tyrosine-specific protein ki-
nases, phosphoinositide 3-kinase, protein kinase C,

c-Jun N-terminal kinase, and casein kinase. Although
it is necessary to demonstrate direct evidence for
alterations of MTF-1 function by phosphorylation,
it seems likely that the biological actions of heavy
metals are mediated in part by the signal transduc-
tion pathways. Both groups have also shown that
the DNA binding ability of MTF-1 was not affected
by the phosphorylation, indicating that transcrip-
tional activation by MTF-1 can be controlled at two
steps, DNA binding and the subsequent process.

In conclusion, the modes of transduction of
heavy-metal signals to MTF-1 may be more com-
plicated than those considered initially. Since such
transduction pathways are thought to reflect the in-
tracellular actions of each heavy metal, elucidation
of the mechanism of MTF-1 activation should pro-
vide valuable information for research on the bio-
logical effects of heavy metals.

TRANSCRIPTIONAL SUPPRESSION
OF THE MT-III GENE

In contrast to MT-I/II that is expressed ubiqui-
tously, the expression of MT-III is mainly observed
in brain,23–25) although its existence has been reported
in other tissues such as kidney26) and the male re-
productive system.27) In addition, MT-III is not in-
duced by heavy metals. Although the upstream re-
gion of the mouse MT-III gene contains multiple
MREs, they are thought to be nonfunctional because
MTF-1 cannot bind to them in vitro.28)

Imagawa et al. have pointed out the existence of
a 25 × CTG repeat in the upstream region of the
mouse MT-III gene, and have shown that deletion
of the CTG repeat from the promoter region en-
hanced transcription of a reporter gene fused down-
stream.29) Inversely, fusion of the repeat to the pro-
moter (–257–+57) inhibited transcription of the re-
porter gene, indicating that the repeat functions as a
silencer. On the other hand, Watabe et al. have found
that a sequence similar to the JC virus silencer ex-
ists downstream of the CTG repeat, and have shown
the sequence contributed to the suppression of MT-
III gene expression in primary glial cells.30) How-
ever, Faraonio et al. have argued against the silencer
function of these sequences because the transcrip-
tional suppression by these sequences is not repro-
ducible.28) They suggested that regulatory sequences
for the MT-III gene are located more than 2453-bp
upstream from the transcription start site.

DNA methylation in the promoter region is
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known to be the cause of the inability to induce MT-
I/II in certain lymphoid cells.31,32) As to the MT-III
gene, Faraonio et al. have reported there is no dif-
ference in the methylation pattern of the promoter
region between permissive and non-permissive
cells.28,33) However, DNA methylation of regions
other than upstream of the MT-III gene may partici-
pate in transcriptional suppression of the gene. Deng
et al. have analysed the methylation status of the
CpG sites in the human MT-III gene using various
gastric carcinoma cells33) in which the MT-3 gene is
markedly downregulated as compared with normal
gastric epithelial tissues.34) They have shown that the
extent of DNA methylation of the CpG-island in the
first intron of the MT-III gene is correlated with the
inducibility of the gene in various gastric carcino-
mas.33) Therefore, gene silencing by the higher or-
der structure of chromatin may be involved in the
tissue-specific expression of the MT-III gene.

At present, transcriptional regulation of the MT-
III/IV genes, especially the MT-IV gene, is poorly
understood compared with the MT-I/II genes. It is
necessary to check the validity of the suppression
mechanisms in various cell systems.
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