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ABSTRACT Synthesis of mouse metallothionein (MT)-I
and MT-II is transcriptionally induced by the synthetic glu-
cocorticoid, dexamethasone (DEX) or both in vivo as well as
in numerous cell lines. However, the location(s) of a glucocor-
ticoid response element (GRE) has not been described. The
observation that a marked MT-I gene, as well as heterologous
genes, when placed in the context of 17 kb of f lanking sequence
from the MT locus, are inducible by DEX and lipopolysac-
charide in transgenic mice renewed the search for the GRE.
Analysis of a series of deletion constructs from this 17-kb
region in cultured cells identified a single 455-bp region that
conferred DEX induction on a reporter gene. This 455-bp
region contains two GREs that bind to the glucocorticoid
receptor as assessed by gel mobility shift. Deletion of this
fragment from the 17-kb flanking region eliminates the DEX
responsiveness of reporter genes. The two GREs, which are
located '1 kb upstream of the MT-II gene and '7 kb
upstream of the MT-I gene, are necessary for induction of both
genes and can function independently of elements within the
proximal promoter region of either gene.

Metallothioneins (MTs) were discovered by virtue of their
ability to bind heavy metals such as zinc, copper, and cadmium
(reviewed in ref. 1). Subsequently, it was shown that MT
mRNA is induced by these and many other heavy metals and
that this induction is transcriptional (2), being mediated by a
transcription factor, MTF-1, that binds to multiple metal
response elements (MREs) located in the proximal promoters
of the MT genes (3).

At about the same time that induction of MT by metals was
being explored, Karin and Herschman (4) showed that MT
expression was also inducible by glucocorticoids. It subse-
quently was shown that this induction was also transcriptional
both in vivo and in cultured cells (5, 6). We were eager to
identify the glucocorticoid response element (GRE) that
controls mouse MT-I gene induction, but all attempts to
demonstrate induction after gene transfer of various MT-I
gene constructs with up to 1.8 kb of flanking sequences failed.
These experiments were performed in cell culture (7) and in
transgenic mice (8); in each case induction by metals was
observed but there was no induction by dexamethasone
(DEX), a synthetic glucocorticoid that would induce endog-
enous MT genes in the same experiments (reviewed in ref. 9).
These results were particularly baffling because Karin et al.
(10) identified a GRE in the promoter of the human MT-IIA
gene that was located '250 bp 59 of the transcription start site,
which was one of the first GREs to be identified (11). Thus, the
location of elements involved in the regulation of the mouse
MT-I gene by glucocorticoids appeared to be different than in
the human MT-IIA gene. During the last 15 years sporadic

studies have been directed toward the localization of GREs
that regulate this (12) and other MT genes from various species
(13), but no bona fide GREs have been identified for any other
MT gene except the human MT-IIA gene.

The MT gene family has grown in the last few years. In the
mouse, there are now four MT genes (MT-IV, MT-III, MT-II,
and MT-I) with the same transcriptional orientation clustered
within a 50-kb region on chromosome 8 (14). Expression of
MT-IV and MT-III is restricted to a few cell types, and their
expression is relatively unaffected by metals or hormones that
induce MT-II and MT-I (15, 16). MT-I and MT-II, which are 6
kb apart, are regulated coordinately by metals, glucocorticoid
hormones, and lipopolysaccharide (LPS)-induced cytokines
such as interleukin (IL)-1 and IL-6 (17). The MT gene family
in humans is more complicated. At least 16 human MT genes
are clustered on chromosome 16. Human MT-IV and MT-III
are linked (15) and map close to a cluster of 14 MT genes in
which the MT-IIA gene precedes 13 MT-I variants (18).

Expression of MT-driven genes in transgenic mice generally
has been successful but rather unpredictable in terms of level
of expression, inducibility, and tissue distribution (19). In an
attempt to improve the expression of MT genes in transgenic
mice we assembled a marked MT-I gene (MT-I*) f lanked by
10-kb piece of DNA that lies 59 of the MT-II gene and 7-kb
piece that lies 39 of the MT-I gene (20). These flanking DNAs
were chosen because they contain DNaseI hypersensitive sites
that might mark the location of important regulatory elements
(21). Indeed, constructs with these flanking regions were
expressed at higher levels, copy-number-dependent expression
was improved, and tissue-specific expression patterns were
similar to that of the endogenous MT-I gene (20, 22). Remark-
ably, these flanking sequences conferred DEX inducibility to
the marked MT-I gene (20). This study was designed to find the
GREs in this construct.

MATERIALS AND METHODS

Gene Constructs. The 10-kb EcoRI fragment that lies
upstream of the MT-II gene and the 7-kb EcoRI–XbaI frag-
ment that lies downstream of the MT-I gene were combined in
a Bluescript (Stratagene) vector with a unique cloning site
between them. Either a marked MT-I gene (MT-I*), which has
a 2-bp insertion in the 59 untranslated region that converts a
BglII site to an EcoRV site (20), or a MRE-bGeo reporter gene
(23) was inserted between the two flanking regions. The
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5939-human growth hormone (hGH) construct has a hGH gene
with only 83 bp of promoter sequence inserted between the two
MT-flanking regions. The 5 939-albuminytumor growth factor
type a (TGFa) construct contains the mouse albumin pro-
moter (0.3 kb) and enhancer (2.0-kb NheI–BamHI), the TGFa
cDNA, and the hGH gene (24, 25). The 5939DGRE construct
was prepared by deleting the 455-bp NcoI–EcoRI fragment
from the 39 end of the 10-kb EcoRI fragment. A set of five
progressive 59 deletions was prepared from the 10-kb fragment
using convenient restriction sites, the shortest of which was the
2-kb SmaI–EcoRI fragment designated 5 9a. This deletion
series then was inserted upstream of the MRE-bGeo gene. The
SmaI–EcoRI fragment then was subdivided as depicted (5 9b,
59c 59d, and 59e), and these smaller regions were inserted
upstream of MRE-bGeo. Deletions of the two GREs within the
455-bp fragment were constructed by PCR using primers at the
ends of the fragment and adjacent to either GRE1 or GRE2.
The PCR products were cut with restriction enzymes whose
sites were included in the primers and cloned into Bluescript.
DNA fragments containing either wild-type sequences or
deleted GREs were excised with convenient restriction sites
and reassembled to generate 455-bp fragments with deletions
of GRE1, GRE2, or both. These fragments then were moved
into the MRE-bGeo reporter construct for functional testing.
The plasmid pKH has been described (26); the 59 KpnI–ApaI
region was deleted to create pKHD; pKHD1GRE was created
by inserting a pair of 21-bp oligos containing a consensus
GRE, CGGTACAAAATGTTCTGGGCC and CAGAA-
CATTTTGTACCGGTAC where the underlined nucleotides
represent the consensus GRE.

Assays of Gene Expression. Transgenic mice were generated
by standard techniques (27). Adult transgenic mice of selected
lines were injected with either 1 mgykg LPS or 5 mgykg DEX
dissolved in PBS by intraperitoneal injection. Control litter-
mates received an equal volume of PBS. Six hours later they
were killed by CO2 asphyxiation, and their livers were re-
moved, placed on dry ice, and stored at 280°C until total
nucleic acid was prepared by homogenization in proteinase
KySDS followed by phenolychloroform extraction and ethanol
precipitation. The abundance of specific mRNAs was deter-
mined by solution hybridization as described (20). For cell
culture experiments, plasmids (20 mg) were introduced into
baby hamster kidney (BHK) cells by the calcium phosphate
method (28). Before these experiments, the BHK cells were
transfected with a plasmid containing the Rous sarcoma virus
promoter driving expression of the rat glucocorticoid receptor
(GR) (provided by Keith Yamamoto, University of California,
San Francisco) and a hygromycin resistance gene. A clone
(2990-5) with high expression of GR mRNA was identified and
used for these studies. When constructs contained MRE-bGeo
as reporter gene, stable populations of cells were selected by
growth in 800 mgyml of G418 and 100 mM ZnSO4. When
MT-I* was the reporter gene, the cells were selected in 20 mM
CdSO4. In all cases, pools of at least 50 clones were analyzed
to minimize any positional insertion effects. To measure
induction, the cells were split into several plates and removed
from selection for several days to allow expression to return to
basal levels. Then either 100 mM ZnSO4, 100 nM DEX, or both
were added. Cells were harvested 18–20 hr later for assay of
b-galactosidase activity using o-nitrophenyl b-D-galactopy-
ranoside as substrate (23), or they were harvested 6–8 hr
later to measure MT mRNA by solution hybridization (20).
All measurements were made in at least triplicate, and the
results are expressed as fold induction relative to untreated
cells.

Gel Mobility Shift Analysis. The ability of the identified
GREs to interact with the DNA binding domain of the human
GR (29) was assayed by mobility shift assay (30). As a positive
control, a 375-bp EagI–ScaI fragment of the human MT-IIa
gene was isolated while a 335-bp RsaI piece of the mouse MT-I

cDNA was used as a negative control. The positive control
contains a single GRE (10), whereas the negative control
contains no consensus GRE sequences and does not respond
to DEX in vitro (7) or in vivo (8). Four different SstII–XhoI
fragments were tested that contained either both putative
GREs, a single GRE, or neither GRE (wild type, D3, D4, and
D5, respectively). The various probes were gel-purified and
then radiolabeled by filling in the ends with either @a32P#dATP
or dCTP using DNA polymerase. The binding reaction con-
tained 20,000 cpm of probe ('0.5 ng DNA) in a binding buffer
composed of 10 mM Hepes (pH 7.9), 4 mM TriszHCl (pH 7.9),
30 mM KCl, 1 mM EDTA, 1 mM DTT, and 10% glycerol in
a final volume of 20 ml. In addition, each reaction contained
0.5 mg of (poly)dI-dC, and the specificity of the interaction was
tested by inclusion of 100 ng of unlabeled probe. The binding
reaction was conducted by combining all the above reagents
and incubating for 10 min on ice after which 250 ng of purified
GR was added and kept on ice for an additional 30 min. The
binding reaction mixture then was electrophoresed on a 0.53
TBE (45 mM Trisy45 mM boric acidy1 mM EDTA, pH
8.3)-buffered 4% polyacrylamide gel and processed for auto-
radiography.

RESULTS

MT-Flanking Regions Confer Induction by DEX and LPS in
Transgenic Mice. A 3.8-kb marked MT-I gene was used to
generate several lines of transgenic mice (20). Adult mice were
injected with DEX, LPS, or PBS as a control, and liver MT-I*
mRNA was measured 6 hr later by solution hybridization using
an allele-specific oligonucleotide. Fig. 1 shows that there was
no induction of MT-I* by DEX, whereas LPS induced expres-
sion 3- to 4-fold. Previous studies suggested that an LPS
response element lies between 2180 and 2350 of the MT-I
transcription start site (31); hence, the induction of MT-I* by
LPS was expected. Similar results were obtained with three
independent lines of mice. The lack of induction of MT-I* by
DEX is consistent with previous results obtained after trans-
fection of the same EcoRI fragment into HeLa cells (7). DEX
and LPS typically induce endogenous MT-I mRNA by 5- to
30-fold; most of the variability arises from the basal level of
expression, which is difficult to control. The same constructs
showed good induction by zinc and cadmium (data not shown),
consistent with the location of several MREs in the 150 bp
upstream of the TATA box (20).

When the MT-I* gene was flanked by the 10-kb EcoRI
fragment located 59 of the MT-II gene and a 7-kb EcoRI–XbaI
fragment located 39 of the MT-I gene and introduced into mice,

FIG. 1. Analysis of DEX and LPS response in mice expressing
transgenes flanked by DNA from the mouse MT locus. Adult trans-
genic mice were treated with DEX or LPS for 6 hr, total nucleic acid
was harvested from the liver, and transgene expression was measured
by solution hybridization. The values represent mean 6 SEM relative
to littermate controls injected with PBS; (n), number of animals per
group. The flanking mouse MT locus sequences are indicated by the
dashed lines; for a better depiction of these regions, see Fig. 6A.
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the results were striking. The MT-flanking regions conferred
induction by both LPS and DEX (Fig. 1; 5939-MT-I*). DEX
induction was observed not only in liver but also in kidney,
spleen, pancreas, and brain (data not shown). In this construct,
GREs in the flanking regions could be acting in concert with
elements in the MT-I promoter. To ascertain whether they
could act independently of the MT-I promoter, the MT-
flanking regions were tested with either an albumin promotery
enhancer (5939-albuminytumor growth factor a) or with the
hGH gene and its own minimal (extending to 283) promoter
(5939-hGH). Fig. 1 shows that expression from both of these
constructs was stimulated at least 25-fold by either DEX or
LPS. Thus, we conclude that response elements for both DEX
and LPS exist within the 10- and 7-kb MT-flanking regions,
and these elements can act independently of the MT-I pro-
moter.

Localization of a GRE Within the 5* Flanking Region of the
MT-II Gene. Having obtained DEX-responsive gene expres-
sion in vivo, we established a simpler transfection assay with
BHK cells to test a series of deletions as a means of locating
the GRE(s). To optimize responsiveness to DEX, the BHK
cells first were transfected with an Rous sarcoma virus–GR
construct, and a clone with maximal expression of GR mRNA
was isolated. Then, the 59 and 39 f lanking regions that gave
DEX responsiveness in vivo were added to a MRE-bGeo
reporter gene (Fig. 2A). This reporter gene has five MRE-d
sequences upstream of a TATA box that drives expression of
a gene encoding a b-galactosidase-neomycin phosphotransfer-
ase fusion protein (23). This construct can be used as both a
reporter and a selectable gene. Various deletions were made
in the MT-flanking regions and transfected into the modified
BHK cells, and pools of cells resistant to G418 were selected
in the presence of 100 mM zinc. Under these selection condi-
tions, MRE-bGeo would be optimally induced. Then, several
replica plates of cells were grown for several days without zinc
to allow expression to return to basal levels, before being tested
with DEX, zinc, or both. Using this approach, selection does
not depend upon DEX responsiveness.

The presence of both 59 and 39 f lanking sequences conferred
DEX responsiveness to MRE-bGeo, and the response to a
combination of DEX plus zinc was additive (Fig. 2B, construct
5939). When the two flanking sequences were tested separately,
only the 59 sequence conferred DEX responsiveness (Fig. 2B,
compare 59 and 39). A series of deletions was prepared from
the distal end of the 59 region using convenient restriction sites.
All the deletions were equally responsive to DEX down to the
smallest 2-kb SmaI–EcoRI fragment tested in this series (Fig.
2B, 59a). This region was further subdivided into four frag-
ments that were tested individually. The smallest region tested
that conferred DEX responsiveness was a 455-bp NcoI–EcoRI
fragment, designated 59e in Fig. 2 A. This region had the same
activity as the 10-kb fragment from which it was derived (Fig.
2B), and when it was deleted from the 5939 construct
(5939DGRE), DEX responsiveness was lost.

Two Functional GREs Are Located Within the 455-bp
Fragment. The sequence of the 455-bp NcoI–EcoRI fragment
is shown in Fig. 3. Two potential GREs were identified based
on similarity to the consensus GRE sequence (GGTA-
CAnnnTGTTCT). The more promoter-proximal one, GRE1,
differs at two positions from the consensus, whereas the more
distal one, GRE2, differs in three positions. Initially, we
thought that only GRE1 was likely to be functional; however,
a mutation of two critical bases in this GRE (32) did not
eliminate DEX responsiveness of reporter constructs carrying
this 455-bp fragment (data not shown). Furthermore, sub-
clones from the 455-bp fragment that included only GRE1 or
GRE2 were functional (Fig. 4, constructs D1 and D2), whereas
subclones that lacked both had no activity (data not shown).
Also, deletion of two small regions including GRE1 and GRE2
(underlined in Fig. 3) from the 455-bp fragment abolished

DEX responsiveness (Fig. 4, construct D5). As in previous
experiments, when responsiveness to DEX alone was ob-
served, DEX also enhanced the response observed with zinc
(data not shown). Surprisingly, subfragments that contained a
single GRE (Fig. 4, constructs D1 and D2) produced better
DEX responsiveness than larger fragments with small dele-
tions of either GRE (Fig. 4, constructs D3 and D4). These
experiments were repeated five times with the same result. The
results suggest that sequences upstream of GRE2 and down-
stream of GRE1 have an inhibitory effect on DEX respon-
siveness.

The ability of the DNA fragments used in the functional
assays to bind to the GR also was examined in a mobility shift
assay. A DNA fragment from the human MT-IIA promoter
that has a functional GRE (11) was used as a positive control
and the mouse MT-I cDNA was used as a negative control (Fig.
5). The wild-type 455-bp fragment with both GREs was
completely retarded by the GR, as was the deletion mutant
containing only GRE1, whereas the deletion mutant contain-
ing only GRE2 was only partially retarded under these assay
conditions. Significantly, there was no retardation of the
construct (D5) with both GREs deleted (Fig. 5).

FIG. 2. The mouse MT-IyII locus, deletion constructs and their
activity in cultured cells as assessed by b-galactosidase activity. (A)
The boundary of the 10-kb 59 f lank is indicated by the EcoRI sites (E)
whereas the 39 f lank is bounded by a EcoRI and XbaI (X) site. The
various deletions of the 59 region were obtained by restriction digests
of the sites indicated (S, SpeI; Bg, BglII; Nh, NheI; B, BamHI; Sm,
SmaI). All were tested, but only the results for the largest deletion (59a)
are shown. The construct 5939DGRE is the same as 5939 except that the
region defined in 59e is deleted. (B) Transcriptional response of the
MRE–bGeo fusion constructs in BHK cells in response to induction
with 100 mM ZnSO4, 100 nM DEX, or both in comparison to untreated
cells expressing the tested construct. All results are derived from at
least three separate experiments and are expressed as the mean 6
SEM.
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Induction of MT-I* by DEX in Transfected Cells. The 5939
fragments also were tested in BHK cells with the MT-I*
reporter gene that had revealed DEX responsiveness in vivo.
For these experiments the constructs were transfected into
BHK cells modified to express GR, and populations of cells
resistant to 20 mM cadmium were selected. BHK cells do not
express their endogenous MT genes; hence after mock trans-
fections, all the cells are killed in 20 mM cadmium. As in the
previous experiments, cells were plated without cadmium and
grown for several days before being tested for induction of
MT-I mRNA by treatment with DEX, zinc, or both. MT-I*
mRNA was measured by solution hybridization with an oli-
gonucleotide complementary to the 39 untranslated region of
MT-I mRNA. When the MT-I* gene with both 59 and 39
f lanking regions (Fig. 6A, line 1) was tested in BHK cells, DEX
induced MT-I mRNA as well as zinc ('6-fold), and DEX plus
zinc were additive (Fig. 6B; 5939-MT-I*).

Induction of Both MT-II and MT-I by the DEX-Responsive
Fragment. Normally, the MT-II gene lies between the GRE
element located in the 455-bp NcoI–EcoRI fragment and the

MT-I gene. In the previous experiment the MT-II gene and '4
kb of downstream flanking regions were removed. To test
whether additional GREs are in those regions, we examined
the activity of construct pKH, which includes the DNA be-
tween the GREs and the MT-I gene (Fig. 6A). This construct
produced '2-fold induction of both MT-II and MT-I mRNA
in response to DEX and slightly more induction of both
mRNAs with zinc plus DEX (Fig. 6 C and D). However, when
the region containing GRE1 and GRE2 was deleted (Fig. 6A,
construct pKHD) induction of both mRNAs was lost (Fig. 6 C
and D). Replacement of the region deleted with a single
consensus GRE (Fig. 6A, construct pKHD1GRE) restored
induction of both MT-I and MT-II by DEX (Fig. 6 C and D).

DISCUSSION

The only GRE shown previously to regulate any MT gene is
the one located '250 bp upstream of the human MT-IIA gene.
The identification of the two GREs upstream of the mouse
MT-II gene relied on analysis of pools of many individual
clones. The results were reproducible, and in all cases where
DEX induced expression, the combination of DEX plus zinc
gave an even larger induction than that achieved by zinc alone.
DEX gave the best induction ('6-fold) with construct 5939-
MT-I* (which has intact 59 and 39 regions flanking MT-I*), and
it was comparable to that achieved with zinc. Excellent induc-
tion by either metals or DEX also was observed in transgenic
mice bearing this construct (20). However, when MT-I* was
substituted by MRE-bGeo, induction by DEX was less than
that achieved with zinc. Likewise, removal of all the flanking
regions, except the 455-bp fragment containing the GREs
(construct GRE-MT-I*), resulted in less induction by DEX
than by zinc. These results suggest that there may be synergism
between GRs bound to the GREs and other transcription
factors bound to elements in both the flanking regions and the
proximal MT promoter. However, these GREs do not require
any MT-specific promoter elements because they function well
with either a minimal hGH promoter or with the albumin
promoteryenhancer (Fig. 1). These results argue against the
possibility that the GREs upstream of the MT-II gene act in
concert with cryptic GREs in the mouse MT-I promoter region
that have been shown to function only when taken out of
context (12).

The results reported here contradict some of our earlier
results. In particular, we tested construct pKH previously in
HeLa cells and reported that the small increase (1.2- to
2.3-fold) in MT-I and MT-II mRNA accumulation observed
after administration of DEX was much lower than the response

FIG. 3. Sequence of the region that confers a DEX response. The
locations of the GREs are indicated by the shaded boxes, and the
regions deleted in Fig. 4 are underlined. The sequence begins with the
NcoI site and ends with the EcoRI site shown in bold. The consensus
GRE sequence is GGTACAnnnTGTTCT.

FIG. 4. Deletion analysis within the DEX-responsive fragment.
The intact 455-bp NcoIyEcoRI fragment is denoted as wild type
whereas the 59 fragment lacking GRE1 is D1 and the 39 fragment
lacking GRE2 is D2. Constructs D3–5 represent internal deletions of
GRE1, GRE2, or both GRE1 and GRE2, respectively. The values
shown to the right of each construct represent the mean 6 SEM
induction by DEX (fold) of MRE–bGeo from five separate experi-
ments of samples assayed in triplicate.

FIG. 5. Gel mobility shift analysis of the DNA fragments tested in
Fig. 4. The ability of the DNA-binding domain of the GR to retard the
mobility of wild type (WT) and mutants lacking either one (D3 or D4)
or both (D5) putative GREs was tested and compared with a sequence
known to contain a functional GRE (hMTIIa). The specificity of the
interaction was verified by the lack of interaction between GR and a
fragment containing the mMTI cDNA and also by the ability to block
the shift with excess unlabeled probe as indicated by 1 above the lanes.
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of the endogenous MT genes (26). The induction of MT-I and
MT-II that we observe in BHK cells fortified with GR after
transfection of pKH is only 2- to 3-fold; thus, the small effect
of the GREs in this context precluded its identification 13
years ago. Another result that seems at odds with our current
understanding is that when the MT locus was amplified in S180
cells after selection for cadmium resistance, the amplified
genes selectively lost their responsiveness to DEX but not to
metals (33). We knew from Southern blot experiments that a
large region of DNA contiguous with the MT-I gene was
amplified and would have included the GREs that we have
identified here. Thus, we now would argue that the loss of DEX
responsiveness in those cells probably was due to changes in the
amount or activity of the GR or some other factor that confers
responsiveness to DEX. In fact, another group (34) was able
to preserve hormone responsiveness of MT genes in a different
cell line after amplification of the locus.

The human MT-IIA promoter is responsive to DEX after
gene transfer into cells or mice (35–37). The sequences flank-
ing the GRE in the hMT-IIA gene do not resemble those
flanking either GRE1 or GRE2; thus, it is difficult to know
whether the GREs of mouse and human are homologous. In
contrast, the sequences upstream of rat and mouse MT-II
genes are clearly homologous, and the two GRE sequences are
in comparable locations relative to the transcription start sites;
the GRE2 sequence is identical in the two species, whereas
there are two base differences in GRE1. Thus, it is not clear
whether the rat has one or two functional GREs. Although two
functional GREs are in the mouse, we have shown that they
can be substituted with a single GRE and that it can regulate
both MT-I and MT-II genes (Fig. 6 C and D). Considering that

none of the MT-I genes from any species have been shown
convincingly to respond to glucocorticoids when taken out of
the normal chromosomal location, it is possible that in all
vertebrate species the MT-I genes respond to GRs interacting
with GREs upstream of the MT-II genes.

It is unusual for one GRE (or a pair of GREs in the mouse)
to regulate two (or more in human) genes. There are prece-
dents for centrally located enhancers regulating two diver-
gently transcribed genes (38, 39) and for locus control regions
to control expression of several tandemly linked genes as in the
case of the b-globin locus (40), but we could not find an
example of the arrangement we describe here. There does not
appear to be any preference for activation of the closer MT-II
gene either in vivo (26, 41) or after gene transfer (Fig. 6 C and
D). Several possible mechanisms could allow one GRE (or a
closely spaced pair) to control two genes. The GR bound to the
GRE could interact transiently with basal transcription factors
bound to either MT-II or MT-I gene promoters to facilitate
transcription. Alternatively, stable interactions could be es-
tablished, with the probability of forming such a complex with
factors bound to either MT-II or MT-I gene promoters being
similar. A third possibility is that the promoters for MT-I and
MT-II genes are, in fact, drawn together by factors bound to
common promoter elements, and the GR may join the complex
to activate both promoters simultaneously.

Although not the thrust of this paper, it is clear from the
transgenic analysis, that the combined 59 and 39 f lanking
regions also contain elements that can respond to transcription
factors that are activated in response to LPS, which induces the
expression of interleukins by macrophages. IL-1 and IL-6 have
been shown to induce MT-I and MT-II in various organs in vivo

FIG. 6. Analysis of MT induction by DEX and zinc in cells transfected with various MT-containing constructs. The intact MT locus is shown
on the fourth line. The various regions of the MT locus that were tested are indicated in A. The MT-I* constructs depicted in the top three lines
contain the 3.8-kb EcoRI fragment of the MT-I gene with a mutation that changes a BglII site in the 59 untranslated region to a EcoRV site (indicated
by a �). 5939-MT-I* contains the entire flanking region that was tested in transgenic mice (see Fig. 1) and 5939DGRE-MT-I* has all of the flanking
sequence except for a NcoIyEcoRI deletion of the DEX-response region whereas GRE-MT-I* contains only the NcoIyEcoRI fragment with the
DEX response region (p) upstream of MT-I*. The pKH construct contains MT-I and MT-II and includes the region that conferred a DEX response
(p); pKHD has the DEX region deleted via a KpnIyApaI restriction digest; pKHD1GRE has a single consensus GRE (see Materials and Methods)
in replace of the KpnIyApaI region. The response of the cells to 100 mM ZnSO4, 100 nM DEX, or both was measured by solution hybridization
using oligonucleotides specific for either MT-I (B and C) or MT-II (D). The values (mean 6 SEM) for MT-I are derived from four separate samples;
the values for MT-II represent means from two populations of cells, each assayed in triplicate.
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(42). Activation of the IL-6 receptor results in the activation of
JAK family tyrosine kinases, which then activate STAT tran-
scription factors (reviewed in ref. 43). STAT binding sites have
been located in the promoters of several acute phase proteins
that respond to IL-6 (44). The present results suggest that
similar sequences may reside in the MT flanking regions.
Previous transgenic studies (32) indicate that there is also an
LPS-responsive element in the proximal MT-I gene promoter,
located between 2185 and 2350, but there are no consensus
IL-6 response elements in that region.

The significance of glucocorticoid induction of MT-I and
MT-II is uncertain, primarily because the function(s) of MTs
themselves are not established, despite the availability of mice
that either overexpress or fail to express these ubiquitous
proteins (22, 45). The induction of MTs by glucocorticoids
results in the synthesis of apo-MT, which then binds available
metals, predominantly zinc. This can result in the accumula-
tion of zinc within tissues and a corresponding reduction in
serum levels of zinc. MT-bound zinc accumulates in fetal liver
during the latter stages of development in response to the rise
in maternal corticosterone at that stage of gestation (46). We
have shown that mice lacking functional MT genes are born
with less than half the normal amount of hepatic zinc, and the
mice manifest developmental abnormalities if they are subse-
quently reared on zinc-deficient diets (47). Thus, glucocorti-
coid induction of MTs provides a means of sequestering zinc.
This function also might be important in response to inflam-
mation or starvation, conditions that lead to elevated glu-
cocorticoid levels.
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