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During the initial 4 h of treatment, copper and zinc similarly activated the rates of transcription and mRNA
accumulation from the two human metallothionein (MT) genes, viz., MTI-G and MTII-A, in the hepatoblas-
toma cell line HepG2. The levels of copper-induced MT mRNAs remained at a plateau for up to 15 h. In
contrast, the levels of zinc-induced MT mRNAs gradually declined after about 4 h, despite substantial
transcription. The decrease in the zinc-induced MT mRNA half-life is probably due to a posttranscriptional
event(s).

Metallothioneins (MTs) are a group of ubiquitous, low-
molecular-weight, .cysteine-rich proteins. Almost all of the
vertebrate MTs are 61 or 62 amino acids long and have
highly conserved cysteine residues (6). MTs present an
interesting system for the study of gene regulation, at both
the transcriptional and posttranscriptional levels. To date,
six functional human MT genes, designated MTII-A (9),
MTI-A (13), MTI-B (5), MTI-E (16), MTI-F (16, 17), and
MTI-G (17), have been isolated and characterized. All of
these MT genes have a tripartite structure consisting of three
exons and two introns. The mature MT mRNAs have 5' and
3' untranslated regions of about 75 and 142 nucleotides,
respectively (4). In most tissues, a basal level of MT mRNA
is found. MT mRNA synthesis is also induced by various
stimuli, including heavy-metal ions and steroid hormones (1,
3, 4). Furthermore, it has been suggested that interferon
modulates human MT gene expression at the posttranscrip-
tional level (2).

Patterns of total MT mRNA accumulation in copper- and
zinc-induced HepG2 cells. To study the patterns of MT
mRNA induction by copper and zinc, semiconfluent cultures
of HepG2 cells were treated with one of the inducers for
various times (17), and total RNA was isolated (7, 14). Five
micrograms of RNA from each time point was attached to
the nitrocellulose membrane with a slot-blot apparatus and
was probed with the MTII-processed gene probe (9). This
probe hybridizes to all of the human MT mRNAs and,
hence, gives a general picture of MT gene expression. MT
mRNA levels were elevated in response to both inducers
within 1 h of induction and continued to increase for up to 6
h (Fig. 1). However, after this time, levels of MT mRNA in
zinc-induced cells began to decline, while those in copper-
induced cells remained steady. No such difference was
observed when the same RNA samples were probed with a
human -y-actin probe (Fig. 1), indicating that the difference in
MT mRNA accumulation observed in copper- or zinc-
induced cells is specific to MTs.

Transcript accumulation and rate of transcription from
individual human MT genes. We have subcloned the 3'

linker region of the RNA probe vector pGEM and synthe-
sized [32P]UTP-labeled antisense RNA (15). A large excess
of the antisense RNA was hybridized in solution to increas-
ing amounts of total RNA from HepG2 cells (14). After
hybridization, the remaining probe was digested with
RNases A and T1, and the RNase-resistant hybrids were
assayed by trichloroacetic acid precipitation and scintillation
counting. RNase-resistant counts per minute were plotted
against increasing amounts of total cellular RNA, and the
absolute number of MT mRNA molecules was calculated
from the slopes of these titration data (10).
As observed in the case of the total MTs, the level of

MTI-G transcript increased steadily after copper induction
for up to 6 h and then reached a plateau. At that time,
approximately 1,200 molecules of MTI-G transcript were
present per cell (Fig. 2a). The initial pattern of zinc-induced
MTI-G transcript accumulation was more or less similar to
that of copper; however, after 4 h, the level started to
decline. By 15 h of zinc induction, only about 800 molecules
per cell were present (Fig. 2b). To analyze whether the
patterns of MTI-G mRNA accumulation reflect the patterns
of transcription from this gene, we pulse-labeled the HepG2
cells with [3H]uridine for 20 min at various times of induction
by copper or zinc (8) and measured the relative amounts of
label present in the MTI-G transcripts. To measure the
relative rate of transcription of the MTI-G gene, total RNA
from the treated HepG2 cells was isolated and hybridized to
a 793-base-pair HhaI-HhaI fragment of the MTI-G gene
clone containing the first exon, first intron, and 18 base pairs
of the second exon attached to the nitrocellulose membrane
(11). For the measurement of MTII-A gene transcription, a
2.3-kilobase HindIII-NdeI fragment of the genomic clone
containing all three exons and both introns was used. After
hybridization, the filters were washed in 0.1 x SSC (1 x SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.1%
sodium dodecyl sulfate at 58°C and treated with RNases A
and T1. The radioactivity present on the filters was measured
by liquid scintillation counting. The efficiency of hybridiza-
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FIG. 1. Patterns of MT gene expression in HepG2 cells induced
with copper and zinc. Total RNA was isolated from the HepG2 cells
at different times during induction, and 5 Fg was applied to each of
the slots on the nitrocellulose membrane in the presence of 5x SSC
and 1% formaldehyde with a Schleicher & Schuell slot-blot appara-
tus. The filter was hybridized to the [32P]UTP-labeled antisense
RNA probe derived from the MT-II processed gene (left) or the
human y-actin gene (right). After hybridization, the filter was
washed and autoradiographed. Hours of induction (1 to 15) are also
noted.

transcription rate reached a maximum by about 4 h. After
this time, the rate of transcription from the MTI-G gene in
copper-induced cultures dropped rapidly. The rate of tran-
scription in zinc-induced cultures showed some decline;
however, it was still two to three times higher than that
induced with copper.
We also studied the pattern of expression of the MTII-A

gene in response to heavy-metal ions. In comparison with
the response of the MTI-G gene, the response of the MTII-A
gene was much higher. At maximum induction, about 7,800
MTII-A transcript molecules accumulated per cell, while the
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maximum level of MTI-G transcripts was only about 1,200
molecules per cell. Even though the level of MTII-A tran-
scripts was higher, the overall pattern of induction of MTII-
A was quite similar to that of MTI-G in response to both
copper and zinc (Fig. 2c and d). The copper induction curve
reached a plateau by 4 to 6 h, while in the case of zinc
induction, the MTII-A transcript level showed a steady
decline after 4 h. By 15 h of induction with zinc, only about
one-half the MTII-A mRNA (less than 4,000 molecules per
cell) was present, compared with its maximal level (Fig. 2d).
We further compared MTII-A transcript accumulation

with MTII-A rate of transcription. During the early stage of
induction, there was a parallel increase in MTII-A gene
transcription and mRNA accumulation when the cells were
treated with either copper or zinc. After about 4 h of
induction, there was a slow decline of the zinc-induced
MTII-A transcription rate (Fig. 2d), but the decline was
much more rapid in the case of copper induction (Fig. 2c).
For example, the rate of MTII-A gene transcription was 21
ppm/100 base pairs, and the number of its transcript was
7,500 molecules per cell after 14 h of induction by copper. In
contrast, after 14 h of zinc treatment, the rate of MTII-A
transcription and the number of mRNA molecules were 36
ppm/100 base pairs and 4,000 molecules per cell, respec-
tively. These data show that the observed patterns of MTI-G
and MTII-A mRNA accumulation in HepG2 cells after 4 to 6
h of treatment with copper and zinc cannot be explained by
changes in corresponding transcription rates.

Effects of dactinomycin and cycloheximide on the turnover
of heavy-metal-induced MT mRNA. To determine whether
ongoing mRNA and protein synthesis is essential for the
observed MT mRNA turnover, we induced MT synthesis in
HepG2 cells by copper or zinc and then blocked further
transcription and translation with dactinomycin and cyclo-
heximide treatments, respectively. Total RNA was isolated
from those cells at various times during treatment with the
inhibitor(s), and the levels of MTI-G and MTII-A transcripts
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FIG. 2. Time courses of MTI-G (a and b) and MTII-A (c and d) gene transcription and mRNA accumulation. The relative transcription

rates (parts per million) were obtained by dividing the observed counts per minute by the input counts per minute and correcting for the
efficiency of hybridization. Hybridization to the pUC13 DNA-containing filters was always less than 1 ppm. The data were normalized to parts
per million per 100 base pairs for comparison with the rate of transcription from the MTII-A gene. Each value plotted is the average of two
independent experiments. The number of MT mRNA molecules was determined by the solution hybridization technique (10, 14).
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FIG. 3. Effects of dactinomycin (ActD) and cycloheximide (Chx) on the turnover of heavy-metal-induced MT mRNA. MTs were induced
by treating the HepG2 cells with either copper or zinc for 3 h. Then the transcription and translation were stopped by the addition of
dactinomycin (5 p.g/ml) and cycloheximide (10 ,ug/ml), respectively (12). At different times, cells were harvested and total RNA was isolated.
Five micrograms ofRNA from each sample were applied in duplicate to a nitrocellulose filter with a Schleicher & Schuell slot-blot apparatus,
and the filters were hybridized with either MTI-G- or MTII-A-specific 3' probes. Left, MTI-G probe; center, MTII-A probe; right, human
y-actin probe. Hours of treatment with dactinomycin alone or in combination with cycloheximide are noted at the sides.
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were analyzed by slot-blot hybridization (Fig. 3). In the
zinc-induced cells, there was no significant change in MTI-G
or MTII-A mRNA levels after treatment with dactinomycin
alone or in combination with cycloheximide. A similar
pattern was observed in the copper-induced MTII-A and
MTI-G transcript levels, though the autoradiographic signals
in the MTI-G lanes were generally low. As a control, an
identical filter was hybridized to the 32P-labeled ly-actin
probe. No appreciable change in the levels of actin mRNA
was observed under these conditions. These data show that
blockage of cellular transcription leads to the stabilization of
previously synthesized MT mRNAs in zinc-treated HepG2
cells.
The major observation of the present study is the metal-

ion-specific posttranscriptional control of MT mRNA levels
in the human hepatoblastoma cell line HepG2. During the
initial 4 h of treatment, the responses of the two MT genes
studied to either copper or zinc were found to be similar.
However, during the later hours of induction, levels of
zinc-induced MT mRNAs declined steadily, while the levels
in the copper-induced culture remained constant. This de-
cline in zinc-induced MT mRNA levels was not due to any
blockage of transcription from the MT genes. In fact, the
rates of transcription in both the MTI-G and MTII-A genes
in the zinc-induced culture were observed to be higher than
those in copper-induced cells. One of the possible explana-
tions of these observations is the activation of a MT mRNA
turnover pathway by zinc. The putative factors involved in
the pathway are probably transient, since zinc-induced MT
mRNAs seem to remain stable in the absence of transcrip-
tion and translation. The differential effects of copper and
zinc on the expression of the MT gene at the posttranscrip-

tional level may have implications for heavy-metal homeo-
stasis by MT.
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