Biochemical
Pharmacology

ELSEVIE Biochemical Pharmacology 63 (2002) 1739-1754

Glutamate—cysteine ligase modifier subunit: mouse Gcelm gene structure
and regulation by agents that cause oxidative stress

Willy A. Solis, Timothy P. Dalton, Matthew Z. Dieter, Sarah Freshvyater,
Judy M. Harrer, Lei He, Howard G. Shertzer, Daniel W. Nebert !

Department of Environmental Health, Center for Environmental Genetics, University of Cincinnati Medical Center,
Cincinnati, OH 45267-0056, USA

Received 22 June 2001; accepted 6 February 2002

Abstract

Glutamate—cysteine ligase is a heterodimer comprising a modifier (GCLM) and a catalytic (GCLC) subunit. In mouse Hepa-1clc7
hepatoma cell cultures, we found that ters-butylhydroquinone (tBHQ; 50 pM) induces the GCLM and GCLC mRNAs ~10- and ~2-fold,
respectively, and that these increases primarily reflect de novo transcription. We determined that the mouse Gelm gene has seven exons,
spanning 22.3 kb; all exons, intron—exon junctions, and 4.7 kb of 5'-flanking region were sequenced. By RNase protection analysis, we
identified two major and several minor transcription start-site clusters over a 300-bp region. The Gelm 5'-flanking region is GC-rich and
lacks a canonical TATA box. Transient and stable transfection studies, using luciferase reporter constructs containing incremental Gelm 5'-
flanking deletions (4.7-0.5 kb), showed high basal activity but only modest (~2-fold) inducibility by tBHQ. The only candidate motif for
oxidative stress regulation (in the 4.7-kb region we sequenced) is a putative inverted electrophile response element (EPRE) 9 bp upstream
from the 5'-most transcription start-site. Site-directed mutagenesis of this —9 EPRE demonstrated minimal (30-40%) decreases in tBHQ
induction and no effect on basal activity—suggesting that this EPRE might be necessary but not sufficient. The nuclear erythroid factor-2
(NEF2)-related factor-2 (NRF2) is known to transactivate via EPRE motifs. In the presence of co-transfected NRF cDNA expression
vector, however, no increase in Gelm promoter activity was observed. Thus, the endogenous Gelm gene shows robust transcriptional
activation by tBHQ in the intact Hepa-1 cell, but reporter constructs containing up to 4.7 kb of promoter (having only the one EPRE at —9)
demonstrate a disappointing response, indicating that the major tBHQ-responsive regulatory element of the mouse Gclm gene must exist
either further 5'- or 3’-ward of the 4.7-kb region studied. © 2002 Elsevier Science Inc. All rights reserved.
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lular thiol and plays a role in numerous detoxification,
bioreduction, and conjugation reactions [1-3]. GSH is a
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limiting step [1]; y-glutamylcysteine is then joined to
glycine by glutathione synthetase to form GSH.
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GSH [2,3]. Thus, it has been proposed that, under physio-
logical conditions, GCLC would not function properly
without its interaction with GCLM [4]. Elucidation of
mammalian GCLC and GCLM gene regulation should,
therefore, be helpful in understanding how the cell main-
tains GSH homeostasis and protection against oxidative
stress.

To date, much attention has been given to regulation of
the GCLC gene. GCLC mRNA levels are increased in
response to various agents that cause oxidative stress or
that deplete cellular GSH (reviewed in [3,5,6]). Further-
more, it has been shown that transcriptional activation by
oxidants is mediated by transcription factors acting
through three DNA motifs: EPRE (also known as antiox-
idant response element, ARE) [7], a 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) response element (TRE) [8—11],
and an NF«xB response element [12,13].

In contrast, much less is known about mammalian
GCLM gene regulation. The rat GCLM mRNA increases
in response to oxidative stress conditions, and this effect is
mediated through both transcriptional and post-transcrip-
tional mechanisms [14]. However, these studies have not
clearly identified the cis elements mediating transcriptional
response of the GCLM gene. There have been efforts to
understand the function of a putative functional inverted
EPRE found in the 5'-flanking region of the human GCLM
[15,16], mouse Gclm [17], and rat GCLM [18] genes.

The EPRE motif is a DNA consensus sequence found in
the 5'-flanking regions of several phase II drug-detoxifying
enzymes [19,20]. To date, there is limited evidence about
the identity of the proteins that bind to this response
element. The “cap-‘n’-collar” NEF2 p45-related factor-
2 (NRF2) [21] has been shown to be an essential member of
the EPRE complex, however, binding to this motif in
response to increased intracellular oxidative stress [22-
26]. Based on these findings, one research group has
implicated the putative functional inverted EPRE motif
in the human GCLM proximal 5'-flanking region as an
important enhancer for this gene [27]. On the other hand,
another group has found this EPRE to be unnecessary for
GCLM induction [28]. This controversy may in part be due
to the nature of the GCLM 5’'-flanking region, which lacks a
TATA box and is very GC-rich [15-18].

As a step toward elucidating the transcriptional mechan-
isms regulating expression of the mammalian GCLM gene,
we have cloned and characterized the intron/exon structure
of the mouse Gclm gene. We have also characterized the
transcriptional induction of Gelm in mouse Hepalclc7
(Hepa-1) hepatoma cells, identified the Gclm transcription
start-sites, and designed 5’-flanking constructs to search for
functional enhancer regions. Using this information, we
show that the transfected Gelm 5'-flanking constructs and
progressive deletions (from 4.7 to 0.5 kb), support high-
level basal transcription with barely measurable responses
to tBHQ and other inducers of oxidative stress. Finally, the
contribution of the putative functional inverted EPRE

motif is examined in transient transfections by site-directed
mutagenesis and by transactivation with a NRF2 cDNA
expression vector.

2. Materials and methods
2.1. Reagents

Diethylmaleate and tBHQ were purchased from Sigma—
Aldrich. RNase A and T1 RNase were bought from Roche
Molecular Biochemicals. SP6, T7 and T3 polymerases
were purchased from New England Biolabs.

2.2. Cell culture and treatments

Hepa-1 cells [29] were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 5% fetal
bovine serum. Cells during logarithmic growth phase were
treated with 1000 x concentrated stocks of tBHQ dissolved
in DMSO, by direct addition to medium. The highest
DMSO concentrations used (0.1%) did not affect gene
expression in these cell cultures. As a means to generate
oxidative stress in the intact animal [30], diethylmaleate
(5 mmol/kg) was given intraperitoneally to three 129/SVJ
male mice (age 6 weeks), and hepatic total RNA was
prepared 24 hr later.

2.3. Hybridization probes

Antisense cRNA probes were synthesized from cDNAs
using SP6, T7 or T3 polymerase [31,32]. Creation of cDNA
vectors containing the HmoxI, Sodl, and Ngol genes have
been previously described [33,34]. Templates for the
GCLM and GCLC probes were derived from partial cDNAs
prepared by reverse transcriptase—polymerase chain reac-
tion (RT-PCR) of total RNA from tBHQ-treated Hepa-1
cells. The primers for GCLM and GCLC have been
described elsewhere [35]. Amplified cDNA fragments were
cloned into Bluescript SK™ (Stratagene) and sequenced to
verify authenticity.

2.4. RNA preparation and analysis

Total RNA was extracted, size-separated and blotted on
nylon membranes, and specific transcripts were measured,
as previously described [32,36,37]. Transcripts were
quantitated, using a Storm Phosphorimager (Molecular
Dynamics).

2.5. RNase protection analysis

Total RNA was isolated [36] from livers of diethylmale-
ate-treated 129/SVJ mice and total RNA from tBHQ-
treated Hepa-1 cell cultures. The RNase protection assay
was performed essentially as described [38—40]. Digests
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Fig. 1. Induction of GCLM, GCLC, HMOXI1 and NQO1 mRNA by varying concentrations of tBHQ in mouse Hepa-1 cells. Treatment with tBHQ was 8 hr.
The Northern blots (A) were semi-quantified by phosphorimager analysis (B), with SOD1 mRNA as the RNA-loading control for each lane. Note the
differences in scale for fold-induction on the ordinate in (B).
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contained 0.50—4.5 pg of RNase A and 24 Egami U of
RNase T1. The hybridization temperature was 60°. Probes
for hybridization extended from a Sac II site ~270 bp 3’
from transcription start-site cluster I to Bip I, Stu I and Pst 1
sites (0.5, 0.6, and 1.5 kb, respectively). The probes were
judged by phosphorimager analysis to be >95% full-length.
All three probe products identified the same two transcrip-
tion start-site clusters. The approximate sizes of the pro-
tected transcripts were determined, using low-molecular
weight RNA standards (Life Technologies) that were end-
labeled with 32P. These, in turn, were used to calibrate a
DNA sequence ladder and adjust for the difference in
mobility between DNA and RNA.

2.6. Isolation and sequencing of the Gclm gene

Overlapping clones containing the Gclm gene were
isolated from a A-phage genomic library, derived from
the 129/SVJ mice (Stratagene). The library was screened
using a random **P-labeled probe of the GCLM cDNA
[41]. Individual A-phage DNA clones were isolated using A
sorb (Promega), excised using Not I or Sal 1, and cloned
into Bluescript. Primers were designed for sequencing,
using a GCLM full-length cDNA prepared by RT-PCR
from mouse liver total RNA. Sequencing of our full-length
mouse cDNA, all intron—exon junctions, and 4.7 kb of the
Gclm promoter was performed by the University of Cin-
cinnati DNA Core.

il

-

2.7. Construction of reporter plasmids

A segment of Gclm 5'-flanking region (4.7 kb) was
cloned into the Kpn I and Sac I sites of the PGL3 Basic
luciferase reporter gene (Promega). Using restriction endo-
nuclease digests and blunt-end ligations, we generated the
desired 3’-ward deletions. Two additional constructs,
pO.5GelmMutALUC  (MutA) and  p0.5GelmMutBLUC
(MutB), were generated—in which the putative inverted
EPRE motif was mutated, using the Quick Change site-
directed mutagenesis kit from Stratagene. The following
sets of primers were used for this purpose:

wild-type A [5-AGGTTTCTGCTTAGTCATTGTCTTCC-
AGGAAACAGC-3']

MutAl [5-AGGTTTCTGCTTAGTACTTGTCTTCCAGG-
AAACAGC-3']

MutA2 [5-GCTGTTTCCTGGAAGACAAGTACTAAGC-
AGAAACCT-3']

wild-type B [5-TCTCGGGTGAGGTTTCTGCTTAGTC-
ATTGTCTTCCAGGAAACAGC-3']

MutB1 [5-TCTCGGGTGAGGTTTCTAATTAGTC-
ATTGTCTTCCAGGAAACAGC-3']

MutB2 [5-GCTGTTTCCTGGAAGACAATGACTAAT-
TAGAAACCTCACCCGAGA-3']

The EPREluc reporter plasmid contains the mouse
Gstal EPRE enhancer region (—754 to —714) [42], as
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Fig. 2. Induction of GCLM, GCLC, and HMOX1 mRNA by 50 uM tBHQ as a function of time. Again, SOD1 mRNA was used as the RNA-loading control.
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previously described [43]. The NRF2 expression plasmid
has been described [44,45].

2.8. Cell transfections

Transfections were performed using the calcium phos-
phate precipitation method [46], or Lipofectamine (Life
Technologies) using the manufacturer’s protocol. Transient
transfections contained a constant amount of plasmid
DNA—which consisted of the reporter construct being
tested, a CMV-[-galactosidase internal control plasmid
(Promega), and Bluescript (Stratagene) as carrier. Stable
transfections were prepared, using the reporter construct
being tested and a CM V-driven B-galactosidase-neomycin
phosphotransferase fusion gene (fGeo) plasmid. Cells
were transfected for 12 hr, and then washed with PBS;
after an additional 24 hr, selection medium containing
geneticin (G418; Life Technologies) was added (at a
concentration of 200 pg/mL), and selection continued

for 14 days. G418-resistant clones were then harvested
by trypsinization and pooled. Before experiments, the
pooled stably transfected cells were incubated in G418-
free culture medium for 48 hr.

2.9. Nuclear run-on transcription analysis and assay of
oxidized (GS-SG), reduced (GSH) glutathione

These studies were performed as previously described
[32,47].
3. Results

3.1. Accumulation of GCLM mRNA following tBHQ
treatment

tBHQ-treated Hepa-1 cells exhibited a dose-dependent
increase in GCLM mRNA (Fig. 1). Treatment with 50 pM
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Fig. 3. Transcription run-on experiments with the mouse Gclc and Gelm genes. Hepa-1 cells were treated with tBHQ (50 pM) or vehicle (DMSO) alone for
the indicated times. Visualization by autoradiography (A) was semi-quantified by phosphorimager analysis (B). Results were normalized to actin
transcription controls and represent the average of two experiments. Blscr, Bluescript negative control.
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tBHQ resulted in maximal (~10-fold) increases in GCLM
mRNA. On the other hand, only modest increases (~2-
fold) in GCLC mRNA were found. Treatment of cells with
50 uM tBHQ for as long as 24 hr did not cause cell toxicity,
as judged by trypan blue exclusion (data not shown). The
rates of mRNA accumulation for the Gelm, Gele, Hmox1,
and Ngol genes were compared as a function of tBHQ
concentration during an 8-hr treatment period (Fig. 1);
although the relative levels of mRNA varied, the mRNAs
for all four oxidative stress—responsive genes accumulated
with similar dose-response relationships. Holding the
tBHQ concentration constant (50 uM) and varying the
time of tBHQ treatment (Fig. 2), we also found similar
kinetics of mRNA accumulation for the Gelm, Gele, and
Hmox1 genes. These data suggest that tBHQ-mediated
oxidative stress induction of these four genes may involve
the same DNA motifs and transcription factors binding to
these motifs.

3.2. Comparison of five agents causing oxidative stress

The relative rates of accumulation of these mRNAs were
compared—following treatment with varying concentra-
tions of tBHQ, hydrogen peroxide, menadione, cadmium,
or arsenite—in the mouse Hepa-1 cell line, in the SV40
large T antigen-transformed fetal hepatocyte ch/ch cell line
[48], and in the L929 cell line. The five agents were not
remarkably different in the induction of these four mRNAs
(data not shown), so we chose to do all the remaining
studies with tBHQ. tBHQ is known to generate reactive
oxygen species and has been widely used as a prototypic
inducer of oxidative stress—responsive genes, especially in
cell culture [49].

3.3. Relationship between induced mRNA accumulation
and gene transcription

Is the accumulation of tBHQ-induced GCLM and GCLC
mRNA due to an enhanced rate of transcription, increases
in mRNA stabilization, or some combination of both?
Nuclear run-on transcription experiments (Fig. 3) con-
firmed that the fold-induction for both mRNAs reflected
primarily increases in transcription rates. Run-on transcrip-
tion in two experiments increased 5- to 7-fold for the Gelm
gene and, maximally, about 2-fold for the Gcle gene. Using
actinomycin D, we also measured the decay of GCLM
mRNA with and without tBHQ treatment. In all cases we
found the half-life of GCLM mRNA to be greater than 8 hr,
and no significant differences in half-lives were seen
between tBHQ-induced and constitutive GCLM mRNA
samples (data not shown).

3.4. GCLM mRNA levels during GSH depletion

GSH levels are known to decline as a result of oxidative
stress [1-3]. Hepa-1 cells were, therefore, treated with

buthionine sulfoximine (BSO), an enzymatic inhibitor of
GCL [1], in order to deplete GSH levels. As previously
reported [50], treatment of Hepa-1 cells with 10 uM BSO
resulted in a time-dependent plunge in GSH levels (Fig. 4).
Following 16 and 24 hr of BSO treatment, GSH levels fell
to 40 and 20% of control levels, respectively, and GS—-SG
levels rose from 1 to 10%. Despite this decrease in GSH
and increase in GS—SG, however, no increases in GCLM or
GCLC mRNA were seen (Fig. 4). These data suggest that
the absolute level of GSH or GS—SG in the cell is not a
signal for the accumulation of GCLM or GCLC mRNA, or
that the intracellular localization of GS—SG or whatever
GSH still exists might be able to compensate so that the
Gclm and Gele genes are not activated.

3.5. Isolation of Gclm genomic clones

Using a mouse GCLM partial cDNA [41] generated by
PCR, we screened a A-phage genomic library and obtained
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Fig. 4. Lack of an effect of GSH depletion on GCLM or GCLC mRNA
concentrations. Hepa-1 cells were treated with 10 uM BSO and harvested
at the indicated times. GSH levels were determined (means + SD for three
independent experiments) (A), and GCLM and GCLC mRNA levels were
estimated by Northern blot analysis (B).
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six overlapping clones. The clones exhibited compatible
restriction digestion patterns, indicating that all six clones
were derived from a single gene (data not shown). Using
mouse GCLM cDNA primers, we determined that the
Gclm gene contains seven exons and spans ~22.3 kb
(Fig. 5). The approximate sizes of the Gclm introns were
determined by PCR of the appropriate A-phage clones, and
all intron—exon boundaries displayed the consensus
sequence for donor (GT) and acceptor (AG) splice sites
(Fig. 5B). Thirty bases into each intron should provide
sufficient sequence for primer design—in order for anyone
to search in the future for DNA sequence variants within
the coding region of the Gclm gene from any inbred mouse
strain or other genetic variant.

The polyadenylation site that we found in exon 7 adds an
additional 440 bp to the 3’ untranslated region, as com-
pared with that reported by Reid et al. [41] who used
oligo(dT) to prime for cloning the cDNA and apparently
primed from a stretch of adenines in the 3’ untranslated
region that turns out to be further 5'-ward than the actual

polyadenylation site and poly(A) tract. This additional
440 bp is also consistent with the 1.9-kb band found for
GCLM mRNA on Northern blots.

3.6. Determination of Gclm transcription start sites

Sequences 5'-ward and 3’-ward of the translation start-
site cluster I in the Gclm gene are extremely GC-rich
(Fig. 6A), and this might lead to the formation of stable
secondary structures—thereby impeding normal extension
by reverse transcriptase. For this reason, we mapped the
transcription start sites using RNase protection analysis.
After hybridization and digestion with RNase, we deter-
mined the sizes of the protected fragments, which corre-
spond in length to the protected 5'-untranslated regions of
the GCLM mRNA (Fig. 6B).

RNA samples isolated from the liver of diethylmaleate-
treated 129/SVJ mice, as well as from tBHQ-treated Hepa-
1 cells, were incubated with a riboprobe synthesized from
129/SVJ genomic DNA fragments. This approach was

(A)
’ f T
—1kb
(B) Mouse Gelm gene structure
Exon kb Intron kb
1 0.435 1 ~9.5
2 0.126 2 ~3.8
3 0.066 3 ~2.8
4 0.085 4 0.9
5 0.060 ] ~2.2
6 0.203 6 ~1.4
7 0.721
Total 1.696 20.6
Intron/Exon boundaries (exonic region in capital letters)
Boundary Sequence

Exon 1/Intron

ACGCACAGCGAGGAGgtgagcacggtgggggccgagggtctectce

Intron 1/Exon

tgataactttgaaasatgcttetttttgecagCTTCGGGACTGTATC

Exon 2/Intron

CCCGATTTAGTCAGGgtaagtagatgtgaatgcagaaaccctgea

Intron 2/Exon

tatgttcattgtatgttgtgtttectgeagGAGTTTCCAGATGTT

Exon 3/Intron

AARATGARAGTTTCTGgtaagctcogetetttttttottttttttt

Intron 3/Exon

acgcagtaaccaggtCttttegttttccagCARRACTGTTCATTG

Exon 4/Intron

GTGCAGTTGACATGGgtaagcagaaatttattttttcataataat

Intron 4/Exon

ttagecectttttgtgtettectttecttecagCATGCTCCGTCCTTG

Exon 5/Intron

TATCAGTGGGCACAGgtaaagcacgtcocggaccctgacacttgeg

Intron 5/Exon

gaatacagttcactttgtttccacttttagGTAAAACCCAATAGT

Exon 6/Intron

ACAATGACCCGAAAGgtgagactggecattttecatctectaggettg

Sov| oy o s e W W[ R

Intron 6/Exon

tcaaacctaacctgtgtggtgttgttttagAACTGCTCTCTGAGG

Exon 7/Poly A

AGTAATGTAAATAAAATTCATTCTTTGATC

Fig. 5. The mouse Gclm gene structure (A), lengths (kb) of all exons and introns, and sequence analysis of the intron/exon junctions (B). Thirty base pairs of
intronic sequence are included at both the donor and acceptor splice-site junctions. The consensus polyadelynation signal is bolded and underlined in (B).
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taken in order to eliminate any possible artifacts that might
result in truncated products possibly due to any DNA
sequence variation between the different inbred strains
of mice (cDNA in Hepa-1 cultures, derived from the
C57L inbred mouse strain [29] vs. 129/SV] genomic
DNA).

Next, we performed RNase titration experiments, in
order to rule out the possibility that overdigestion might
result in the formation of truncated products. As shown in
Fig. 6B, increasing the RNase concentration in our diges-
tions refined the map of initiated products but did not

(A)
-260

generate truncated products. The protected fragments from
129/SV1J hepatic RNA and from Hepa-1 RNA were similar
in size, suggesting that any sequence differences between
these mouse strains do not contribute to differences in the
start sites of transcription. Using yeast tRNA as a negative
control, we failed to detect any protected products when it
was incubated with the riboprobes. In addition, when RNA
from induced cells was mixed with RNA from controls, the
relative levels of detected products were always correlated
with that of GCLM mRNA detected via RNA blot hybri-
dization analysis (data not shown).

GAGCAGCGCTCCCGGGCGCACCGTCAACTCTCACGAGGCGCTGGCGGCGTAGGCCGCGCGCCGCGCTCTGGCCGGCAGGGGGCGCACGTC (1)
GAGCAGCGCTCCCGGGCGCACCGTCAACTCTCACGAGGCGCTGGCGGCGTAGGCCGCGCGCCGCGCTCTGGCCGGCAGGGGGCGCACGTC (2)
GACCTCACCAGGCGGAGGCGGTGTCTAC- CTCACCAGGCGGAGGCGGTGTCTGCCTCGCGCTGTCCTCTGACCGCCAGGGGGAGCCCTGC (3)
GACCTCACCAGGCGGAGGCGGTGTCTAC- CTCACCAGGCGGAGGCGGTGTCTGCCTCGCGCTGTCCTCTGACCGCCAGGGGGAGCCCTGC (4)

-170
CGCGCGCTGTTCTCCC- -CCGCGGCGCCGCCCGCTCCCG---~-=-~---- -~ GCCGC------- CCGGCGCCACGCCCGCCGCAGGCCGAG
CGCGCGCTGTTCTCCC- -CCGCGGCGCCGCCCGCTCCCG- -~~~ - -~~~ -~ GCCGC------~- CCGGCGCCACGCCCGCCGCAGGCCGAG

CGCGCGCTGCGCTCCGGGCCGCGCCGCCACGCTCTCTCGACCCGCGCGCCCGCCGCGCACCACCCGTCGCCACGCCCGCCGCAG CCAAG
GCCGCG-TGCGCTCCGGGCCGCGCCGCCACGCTCTCTCGACCCGCGCGCCCGCCGCGCACCACCCGTCGCCACGCCCGCCGCAG- CCAAG

-100
GGCCAGTCACCCGCGGGCCTGCG-----=--==--=------~- CCCCGCCCCTGGCCCGCCGCGGGACGAGTAACGGTTACGAAGCACTTTC
GGCCAGTCACCCGCGGGCCTGCG--=-=====-==-=-----~= CCCCGCCCCTGGCCCGCCGCGGGACGAGTAACGGTTACGAAGCACTTTC

GGCCAGTCACTTCGGGGCCGGCGTCCCGCAGCCCATTCGCGCCCCGCCCCTGCCCCGCCGCGGGATGAGTACGGTTACGAAGCACTTTC
GGCCAGTCACTTGCGGGCCGGCGTCCCGCAGCCCATTCGCGCCCCGCCCCTGCCCCGCCGCGGGATGAGTAACGGTTACGAAGCACTTTC

W

-30 (EPRE) -9 +1
TCGGGTGAGGTTTCTGCTTAGTICATTGTCTTCCAGGAAACAGCTCCCTCGTTTCGGCGGCGGCGG - - CGGTGGCGGCCGCAGAAGCCGCA
TCGGGTGAGGTTTCTGCTTAGTCATTGTCTTCCAGGAAACAGCTCCTTCGTTTCGGCGGCGGCGG-- CGGTGGCGGCCGCAGAAGCCGCA
TCGGCTACGATTTCTIGCTTAGTCATTGTCTTCCAGGAAACAGCTCCCTCAGTTTGGAATCAGCTCTCCCGCTGCGGCCGCAGTAGCCGGA
TCGGCTACGATTTCTGCTTAGTCATTGTCTTCCAGGAAACAGCTCCCTCAGTTTGGAATCAGCTCTCCCGCTGCGGCCGCAGTAGCCGGA

+60 +101 +141
GCGACCGTCCGCGCCGGGCGCCTCCCTCCCTTCCTTCCCTCCCTCCGGGACCGCCTCTCCGTCGCCGCCCGGCCTCC- TCGGGCCCGAGL
GCGACCGTCCGCGCCGG -CGCCTCCCTCCCTTCCTTCCCTCCCTCCGGGACCGCCTCTCCGTCGCCGCCCGGCCTCC - TCGGGCCCGAGC
GC------ CGGAGCCGCAGCCACCGGTGCCTTCCTT- - -TCCCGCCG - - - CCGCC - - -CAGCCGCCGTCCGGCCTCCCTCGGGCCCGAGT
GC------ CGGAGCCGCAGCCACCGGTGCCTTCCTT- - -TCCCGCCG---CCGCC- - -CAGCCGCCGTCCGGCCTCCCTCGGGCCCGAGC

+150
GCACACCGGGCTGTGGCCGCGCGGAGTCGGCAGCCTCGCGCTCTCCTCTGGGGCCTGGGGCACCGCCGCGCCCTGCGAGGCAGCCGTCTG
GCACACCGGGCTGTGGCCGCGCGGAGTCGGCAGCCTCGCGTTCTCCTTTGGGGCCTGGGGCACCGCCGCGCCCTGCGAGGCAGCCGTTTG

GCAGACCAGGCTCCAGCCGCGCGGCGCCGGCAGCCTCGCGCTC-C-TCTCGGGTCT---- -~ CTCTCGGGCCTCG - - -GGCA- CCG- -CG
GCAGACCAGGCTCCAGCCGCGCGGCGCCGGCAGCCTCGCGCTC-CCTCTCGGGTCT---- -~ CTCTCGGGCCTCG---GGCA-CCG--CG
+240 +318

CCCACTCGCCCGCCCGCCTGCCCGCCCGCTCGCCATCTCTCCGCGGCTCCGGCGCTACCCGGTCCCCTCCGGCGGCAGCTGCC ATG
CCCAATCGCCCGCCCGCCTGCCCGCCCGTTCGCCATCTCTCCGCGGCTCCGGCGCTACCCGGTCCCCTCCGGCGGCAGCTGCC ATG
TCCTGTGGGGCGGCCGCCTGCCTGCCCGCCCGC-----~-~ CCGCAGCCCCTTCGCTGCGCGG - CCCCTG-GGCGGCCGCTGCC ATG
TCCTGTGGGGCGGCCGCCTGCCTGCCCGCCCGC----- -~ CCGCAGCCCCTTCGCTGCTCGG - CCCCTG-GGCGGCCGCTGCC ATG

Fig. 6. (A) Alignment of the 584-bp sequence of the mouse Gclm gene from two laboratories and the human GCLM gene from two laboratories. (Row 1) The
present study, (Row 2) [17], (Row 3) [15], and (Row 4) [16]. The numbering system starts as +1 for the first purine of the 5'-most transcription start-site of
our mouse gene, and the next base upstream is —1 in the promoter. The putative functional inverted EPRE core sequence, starting at —9, is in bold. The
transcription start-site clusters I and II are shown with arrows. The +1 adenine in our study and one human study [16] is underlined and in bold. The +101
cytosine in the other mouse study [17] is underlined and in bold. The +141 guanine at the beginning of cluster II in our study is underlined and in bold. The
adenine at the translation start codon is +318. (B) RNase protection analysis of the GCLM mRNA. Ten milligrams of yeast tRNA (lane 1) or total RNA
isolated from the livers of diethylmaleate-treated 129/SVJ mice (lane 2) or from tBHQ-treated Hepa-1 cells (lane 3) was denatured and hybridized with an
antisense *2P-labeled RNA probe encompassing nucleotides —224 to 4298 of the Gelm 5'-flanking region and 5'-untranslated region (see (A)). Following
hybridization, samples were digested with (A) 4.5, (B) 1.5, or (C) 0.5 mg RNase A—each containing 24 Egami U of RNAse T1. Following digestion, the
samples were loaded on sequencing gels, and sizes of the protected transcripts were determined by comparison with a DNA-sequencing ladder and
normalized with RNA standards (280- and 155-bp markers denoted by arrows). The two main transcription start-site clusters are indicated. All three probe
products showed similar results, although only the results from the Sac II-Blp I probe are shown.
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(B)

"12'3 123 123

cluster I (+1)|

cluster II (+140)

Fig. 6. (Continued).

RNase analysis thus uncovered two clusters of promi-
nent transcriptional start-sites in the Gclm gene (Fig. 6),
which map to 317 bp (cluster I) and 177 bp (cluster II) 5'-
ward of the ATG translation initiation codon and account
for approximately 55 and 30%, respectively, of the total
GCLM transcripts, as determined by phosphorimager ana-
lysis. Following conventional nomenclature for genes with
multiple start-sites, we have named the 5'-most base (an
adenine) in the 5'-most transcription start-site cluster as
“+1,” and the first upstream base (a cytosine) as “—1"" of
the promoter region. The RNase analysis thus assigns the

adenine in the ATG translation initiation codon as “+318”
and the 3’ beginning of the putative EPRE as “—9” in the
proximal promoter (Fig. 6A).

3.7. Characterization of the Gelm promoter

We sequenced 4.7 kb of the Gclm promoter and 5'-
untranslated region; only 264 bp 5’-ward and 320 bp 3'-
ward of the cluster I transcription start-sites are depicted in
Fig. 6A, showing no TATA box motif, plus the GC-rich 5'-
untranslated region and proximal promoter.
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To determine cis-acting sequences responsible for

transcriptional induction of Gclm, we created a series of
deletion constructs that included 4.7-0.5 kb of 5'-flanking
sequence, including the cluster I and II transcription start-
sites. These Gclm genomic fragments were found to drive
expression of the firefly luciferase (LUC) reporter gene in
transient transfections and were normalized for efficiency
by co-transfecting a constitutively expressed [-galactosi-
dase reporter construct. Initial experiments revealed that
the basal activity of all Gelm 5'-flanking constructs (from
4.7 kb upstream, down to only 0.5 kb remaining) was much
higher than that of the SV40 promoter controlling LUC
expression (data not shown). In order to achieve maximal
inducibility, we had to titrate down the promoter construct
DNA concentration, while maintaining the total DNA

concentration constant.

Kpn 1 Pst1 EcoRI Blpl
4.7 | | |
3.5 I
1.5 |
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0.5 |
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the Constructs containing between 4.7 and 0.5 kb of the
Gclm 5'-flanking region plus 5'-untranslated region
(Fig. 7A) revealed only ~2-fold increases in tBHQ-
induced LUC activity. For the construct in which cluster
Iin the proximal promoter was deleted (Fig. 7B), induction
was completely absent, and almost all (96%) of the basal
LUC activity was lost. Interestingly, omission of cluster II,
as demonstrated with the 0.5(4184)GclmLUC construct,
also lowered basal activity (to 12% of that seen with
0.5GcImLUC) but did not affect the ~2-fold induction
by tBHQ. It should be noted that, despite these large
decreases in basal LUC activities for these constructs,
their levels are still at least 20-fold higher than that found
with the transfected promoterless luciferase vector, PGL3
Basic (Fig. 7B). These data suggest that both clusters of
transcriptional start sites are functional.

= tBHQ
1 Untreated

o

Fold-induction

S—
)
—

m— {BHQ
C— Untreated
5 10 15 20
Relative LUC activity

Fig. 7. Analysis of 4.7 kb of the mouse Gelm 5'-flanking region driving the LUC reporter gene. The LUC activity of four 5'-flanking segments are compared
with the positive control EPREluc and the negative control SV40LUC constructs in (A). Deletion of transcription start-site cluster I, or deletion of start-site
cluster II, is compared with the 0.5GcImLUC and the negative control PGL3 Basic constructs in (B). Untreated transfected cells received the vehicle (DMSO)
alone. Treated transfected cells were given 50 uM tBHQ for 12 hr. The results shown are the means & SD of at least three independent experiments.
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Fig. 8. Effects of the putative functional inverted EPRE core sequence following site-directed mutagenesis in two different locations.The constructs were
transiently transfected (A) and stably transfected (B) into Hepa-1 cells, the cells were treated with tBHQ (50 uM) or vehicle only (DMSO) for 12 hr, and LUC
activities were compared with that of the 0.5GclmLUC control. MutA and MutB showed no differences from 0.5GcImLUC in terms of basal LUC activity;
thus, for the sake of simplicity, the fold-induction of LUC activity is shown. The results shown are the means =+ SD for at least three independent experiments.

Induction from the responsive Gclm 5'-flanking con-
structs was lower than what might be expected, based on
the robust transcriptional induction (6- to 7-fold) of the
endogenous Gcelm gene (Figs. 1-3). Lack of strong induc-
tion was not an artifact of our transfection system, how-
ever, because a single copy of the mouse glutathione
S-transferase Al (Gstal) EPRE motif, driving luciferase
(i.e. the EPREIuc construct), responded with a 7- to 8-fold
induction in parallel transfections (Fig. 7A). In untreated
cell cultures, GCLM mRNA is generally maintained at
relatively low levels, as compared with numerous other
mRNAs; hence, the high basal activity of the Gclm reporter
constructs and the low inducibility (Fig. 7) are both
inconsistent with that seen for the endogenous gene in
cultured cells.

3.8. Analysis of the —9 EPRE motif in the Gelm promoter

An inverted putative functional EPRE has been found in
the human GCLM [15,16], mouse Gclm [17], and rat [18]
promoters and has been suggested to play an important role
in oxidative stress-induced up-regulation of the GCLM
gene. These results are controversial, however, because
one research group has found this EPRE to be irrelevant for
GCLM inducibility under similar assay conditions [28].

To determine the function of this —9 EPRE in the mouse
Gclm 5'-flanking region, we introduced mutated bases into
the EPRE core motif. When the mutant constructs MutA
and MutB were transiently transfected into Hepa-1 cells
(Fig. 8), induction of LUC activity by tBHQ decreased
approximately to 30%, as compared with that for the wild-
type 0.5GclmLUC.

To test the possibility that a robust transcriptional
response from the Gelm 5'-flanking region may require
chromatin structure, we generated pools of stable transfec-

tants with several of our reporter constructs. Pools gener-
ated when our longest construct (4.7 kb of 5'-flanking
sequence) was used exhibited a similar fold-induction to
pools generated when our 0.5GclmLUC was used (data not

25
A EPREluc
20 A
15 1

10 1

B 0.5GcimLUC

Fold-induction

0 0.3 1 3
NRF2 (ug cDNA/well)

Fig. 9. Effects of increasing concentrations of NRF2 cDNA (ug per well)
on LUC activity of the transiently transfected EPREIuc positive control
(A) and the 0.5GcImLUC construct (B) containing the —9 EPRE core
sequence. Results are shown as fold-induction means + SD for at least
three independent experiments. Note the large differences in scale on the
ordinate between (A) and (B).
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shown). tBHQ-mediated LUC induction in these stable
transfectants was not appreciably increased, compared
with that in transient transfections. We also compared
pools of stable transfectants containing the MutA and
MutB constructs with 0.5GclmLUC (Fig. 8). tBHQ-
mediated LUC induction of both constructs containing
mutant EPRE sequences were diminished by approxi-
mately 50%, as compared with 0.5GcImLUC showing
no decrease in basal LUC activity. Our results with stable
transfectants are thus entirely consistent with those derived
from transient transfection analysis.

Previous work has specifically implicated the bZIP
transcription factor NRF2 in transactivation of the —9
EPRE motif in the human GCLM promoter [27]. To assess
the degree of function of this EPRE in the mouse Gclm
gene, we co-transfected either the the EPREIuc or the
0.5GcImLUC reporter gene construct in the presence of
increasing concentrations of a plasmid expressing NRF2
(Fig. 9). The results show that increases in NRF2 con-
centrations are able to enhance LUC activity in a dose-
dependent manner for the EPREIluc positive control, but
not at all for the 0.5GcImLUC construct. It might be noted
that the small MAF homodimers and some heterodimers
can bind to EPRE motifs independently of NRF2—if the
EPRE sequence resembles the MAF recognition element
(MARE)—but that such MAF homodimers act as tran-
scriptional repressors [51].

4. Discussion

In this study, we have examined GCLM and GCLC
mRNA accumulation, following induction by tBHQ in
mouse Hepa-1 cells, and have determined that the mechan-
ism of increase is mostly transcriptional. In addition, we
observed that strikingly lowered GSH levels do not cause
Gclm or Gele up-regulation. We also find that the robust
induction of the Gelm gene in Hepa-1 cells is much greater
than the Gelm 5'-flanking region-driven reporter constructs
transiently or stably transfected. In the 4.7 kb of the Gelm
5’'-flanking region that we sequenced, the only pro-oxidant-
responsive motif was an inverted EPRE located 9 bp
upstream of the 5’-most transcription start-site. Although
this —9 EPRE appears partially responsible for tBHQ-
mediated induction, the major enhancer of Gclm up-reg-
ulation by oxidative stress may be further 5’-ward, intronic,
or 3’-ward of the 4.7 kb of 5'-flanking region studied in our
experiments.

4.1. Increases primarily in transcription

In the present study, comparing hydrogen peroxide,
menadione, cadmium and arsenite with tBHQ, we found
tBHQ to be the best inducer for Gelm and Gele in Hepa-1
cells (Figs. 1 and 2), and we have shown that this response
is largely at the transcriptional level (Fig. 3). Gelm induc-

tion was far more robust compared to Gclc, implying that
the levels of GCLM may have the more dominant role in
modulating the intracellular GSH levels. Oxidative stress is
commonly associated with GSH depletion, and GSH is
known to be a feedback inhibitor of GCL activity [1-3,49].
Surprisingly, when we depleted GSH and increased the
GS-SG/GSH ratio with BSO, no differences in GCLC or
GCLM mRNA levels were observed (Fig. 4). Liver cells
have high GSH concentrations—possibly compartmenta-
lized between the cytosol, nucleus and mitochondria—
which might have been able to compensate for BSO-induced
GSH depletion.

Another group has shown a similar trend in rat cells
treated with a product of lipid peroxidation as their inducer
[14]. Their results demonstrated a transcriptional increase
for both GCLC and GCLM genes, with a more pronounced
induction for GCLM, in agreement with what was found in
the present study. In addition to showing that this response
occurs at the transcriptional level, they also reported an
increase in mRNA stability for both genes [14]; in contrast,
we found no detectable differences in mRNA stability for
either the Gclc or Gelm gene. These discrepancies might be
due to the different oxidative stress inducer and/or the
different cell lines used.

4.2. Location of transcription start-sites

In the present study, RNase protection analysis was used
to identify the transcriptional start-sites of the Gclm gene.
Consistent with the Gelm 5'-flanking region being both GC-
rich and without a TATA box, we mapped multiple major
and minor transcriptional start-sites (Fig. 6). As discussed
below, multiple transcriptional start-sites are commonly
associated with TATA-less promoters. For several reasons,
we believe that our analysis documents the accurate start-
sites of the mouse Gclm gene. First, no protected products
were observed when we used an equal quantity of tRNA.
Second, the pattern of protected products was essentially
identical (although the relative abundance of protected
fragments differed to some degree) between RNA isolated
from Hepa-1 cells or 129/SVJ mouse liver RNA. Our RNase
protection probes were derived from DNA isolated from
129/SVJ mice. Third, the level of protected fragments was
always correlated with the level of GCLM mRNA. This is
apparent when comparing the relative abundance of pro-
tected products from tBHQ-induced Hepa-1 cells with that
from diethylmaleate-induced 129/SVJ mouse liver (i.e.
Hepa-1 cells accumulated considerably more GCLM tran-
script than 129/SVIJ mouse liver; results of RNA hybridiza-
tion analysis not shown).

Although our methodologies differ, sequence alignment
demonstrates that we identify the same major start-site
for transcription from cluster I as Galloway et al. [16] did
for the human GCLM gene. This group also identified
several minor start-sites adjacent to cluster I. On the other
hand, using primer extension, Hudson and Kavanagh [17]
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identified a single transcriptional start site for mouse Gclm
at position +101 relative to cluster I. The reason for this
discrepancy is unclear. It should be noted that the position
of the primer used for extension in their study [17] was very
near to cluster II, so that the small extended fragments may
not have been detected in their primer extension assay. In
addition, it is not possible to speculate whether primer
extension analysis used by Galloway et al. [16] would have
detected initiation from cluster II, because they report
using a primer encompassing nucleotides —266 to —427,
(161 bases), which is apparently a mis-statement.

Overall the sites of transcriptional initiation mapped in
the present study are supported teleologically and experi-
mentally by three observations: (a) the transcriptional
initiation sites map to regions of the Gclm 5'-flanking
region that are highly conserved between mouse and
human (Fig. 6A). Sequence conservation in 5'-flanking
regions between species as divergent as mouse and human
is generally maintained when the same DNA regions are
used for the binding of regulatory proteins such as those
responsible for transcriptional initiation; (b) transcriptional
initiation maps to multiple start-sites, as is common with
GC-rich TATA-less promoters. Moinova and Mulcahy [15]
described multiple start-sites for the human GCLM gene,
although they did not present the data; (c) our transient
transfection analysis demonstrates considerable basal
activity, using constructs that contain only cluster I or II
(Fig. 7B). These findings suggest that both of these DNA
regions support transcriptional initiation.

4.3. Mammalian GCLM, a TATA-less gene

We and others have found no canonical TATA box for
GCLM gene, and the transcription start-site clusters are
located in a GC-rich region. Thus, the mouse Gclm 5'-
flanking region resembles that of other ‘“housekeeping
genes’’ that are expressed constitutively [31]. Quite remark-
ably, and in contrast to most housekeeping genes, however,
the mammalian GCLM gene can be highly induced by
environmental signals, such as oxidant stressors.

Regulation of TATA-less promoters appears to be com-
plex [52]; transcription is commonly initiated at multiple
sites, and DNA sequences—termed initiator (INR)
regions—are involved in directing transcription [53]. In
TATA-less promoters, INRs contain a “loose”” DNA con-
sensus that has been shown to interact with the basal
transcription machinery, determine the start of transcrip-
tion, and authorize the direction of transcription [52-55].
Another salient characteristic of the TATA-less promoter is
the presence of numerous SP1-binding sites. SP1 transcrip-
tion factors have been demonstrated to interact with
proteins that bind to INRs and which contribute to the
tissue- and cell type-specific regulation of their target
genes [56,57]. There are numerous putative SP1-binding
sites (e.g. CCCGCC) in the 5'-untranslated region and
proximal promoter shown in Fig. 6A.

4.4. Search of the mouse Gclm 5 -flanking region for
oxidative stress-induced regulation

Analysis of the mouse Gelm 5'-flanking region, from the
transcription start-sites up to —4.7 kb (Fig. 7), showed high
basal expression, yet disappointingly small induction by
tBHQ. Consistent with these data, analysis of the DNA
sequence gave no candidate other than the —9 EPRE. The
results of the 5'-flanking constructs did not parallel the
strong inducibility of the endogenous gene, nor the low
basal activity, as observed by Northern blot (Figs. 1 and 2)
and nuclear run-on (Fig. 3) analysis in the intact Hepa-1
cells.

Not surprisingly, analysis of the Gelm 5'-flanking region
(Fig. 7) does show that the basal transcriptional machinery
is affected considerably by the presence of cluster II, and
especially cluster I, transcription start-sites. We did not
examine Gelm 5'-flanking function in the presence of only
cluster I in the absence of the putative functional inverted
EPRE, and vice versa, and perhaps this should be done;
however, only nine bases separate these two.

4.5. The EPRE motif

There are differences in opinion as to what exactly
constitutes a functional EPRE. On one hand, there is the
10-bp EPRE “core,” GTGACnnnGC (n = any nucleo-
tide), as described in the promoters for the rat GSTAI
and NQOI genes [58], which are functionally essential for
the response to electrophiles in the context of the endo-
genous 5'-flanking regions of these genes. On the other
hand, there appears to be an “extended” EPRE motif in
which additional bases flanking the GTGACnnnGC have
been shown to be critical for function in the context of a
minimal promoter; without such additional flanking bases,
the core motif remains nonfunctional [59]. Following these
criteria, the —9 EPRE in the mouse Gclm and human
GCLM promoters can be seen to match only the EPRE
core and not the extended EPRE motif. Moreover, the
proteins that bind to the EPRE motif have not been fully
characterized, thus adding further to the complexity about
the mechanism of EPRE-mediated up-regulation.

Mutations in critical bases of the EPRE core (Fig. 8)
produced small decreases in tBHQ inducibility, but no
effects on basal Gclm promoter activity. By increasing
concentrations of NRF2 expression (Fig. 9), we saw
enhanced LUC activity using the EPREluc construct,
but this had no effect on the 0.5GcImLUC construct.
We, therefore, conclude that, consistent with the view that
the EPRE flanking sequences are critical to function [59],
the —9 EPRE in the mouse Gclm gene, not having these
flanking sequences, contributes very little to the oxidative
stress-induced up-regulation of this gene.

In this report, we have characterized the magnitude of
the transcriptional response of the Gclm gene to the strong
inducer, tBHQ. As noted above, GCLM mRNA may be
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regulated at the transcriptional and post-transcriptional
levels. Thus, we considered it extremely important to
document the relative level of transcriptional response in
Hepa-1 cells, which we would eventually use to perform
promoter analysis. In tBHQ-treated Hepa-1 cells, the
accumulation of GCLM mRNA is primarily, if not entirely,
the result of a robust increase in transcription. This result
suggests that Hepa-1 would be an excellent cell line in
which to delineate the 5'-flanking elements that drive Gelm
transcriptional responses. Next, it was essential to define
the transcriptional start-site(s) for this gene, because these
sites must be included in constructs that analyze 5'-flank-
ing region and promoter function. Our constructs included
both of two regions that demonstrate a high degree of
homology between the mouse Gclm and human GCLM
genes and were shown by RNase protection and transient
transfection in the present study to be sites of transcrip-
tional initiation. A LUC-reporter construct containing this
proximal promoter and 4.7 kb of 5'-flanking region was
tested, and LUC activity was found to accumulate in
response to tBHQ. The results of this 5'-flanking analysis,
even though our constructs contained the most proximal
transcriptional start-sites, are consistent with other reports
of weak (2-fold) transcriptional inductions supported by
the Gelm promoter and limited 5'-flanking sequence.

Do these sequences contain the response elements
responsible for the robust transcriptional induction of
the Gelm gene? While we acknowledge that the magnitude
of transcriptional response in reporter gene analysis need
not correlate in magnitude with the transcriptional
response of the endogenous gene, additional pieces of
evidence suggest that our constructs, and those of others
in the field, lack important regulatory elements that may be
responsible for the enhanced transcriptional response.
First, in our system a single extended EPRE cloned behind
a minimal promoter does respond robustly when cells are
treated with tBHQ. Second, the basal activity of our
constructs is extremely high. Does this suggest that ele-
ments outside the proximal promoter decrease promoter
occupancy and lower the basal expression of the endogen-
ous gene? If so, we have yet to locate these control
elements. Third, the inducible activity of our 5'-flanking
constructs does not increase when these constructs are
stably transfected into cells. If the Gelm 5'-flanking region
needs to be packaged into chromatin for proper regulation,
then induction should have been increased in stably expres-
sing cells. Taken together, we believe our results leave
doubt that any motif included in —4.7 kb of the mouse Gclm
promoter contains the most powerful regulatory elements
that support induction of the Gclm gene.

We believe that further analysis—of sequences 5'-ward
or 3’-ward of the sequence that we studied—is warranted.
It is not uncommon to find regulatory elements within
intronic sequences that have marked effects on gene
expression [60—62]. In this regard, we have analyzed the
5’-most 7 kb of the intron 1 of the Gelm gene for enhancer

activity. This sequence had no effect on basal activity or
tBHQ inducibility from the 0.5GcImLUC construct (data
not shown). Perhaps control elements are located further
5’-ward of the —4.7 kb construct reported herein. Interest-
ingly, as an example, although some regulatory elements
were located within the first 4 kb of the mouse Hmox!
promoter, a strong EPRE enhancer was subsequently loca-
lized about 10 kb upstream [63].

5. Conclusions

In summary, we found robust transcriptional induction
and mRNA accumulation for the endogenous Gclm gene in
mouse Hepa-1 cells by treatment with tBHQ and four other
agents that cause oxidative stress. We do not see such a
robust effect, however, in 4.7 kb of the Gclm 5'-flanking
region driving the reporter gene, in transient as well as
stable transfections. Deletion analysis of this 5'-flanking
region has shown that sequences surrounding transcription
start-site cluster I are important for basal activity and,
perhaps in small part, for tBHQ inducibility. It seems
highly likely that the —9 EPRE is necessary but not
sufficient in that it does not represent the major enhancer
response element stimulated by oxidative stress, although
it is located within the complex promoter of a TATA-less
gene. Careful in vivo footprinting of the region between
—30 and 4210 (Fig. 6A), which contains this EPRE and
the two transcription start-site clusters, is needed to under-
stand better the constitutive regulation of this gene. More
sequencing—>5’-ward of the 4.7 kb examined in the present
study, sequencing of all introns, and perhaps 3’-ward of the
last exon—will be necessary in order to locate the major
enhancer(s) and transcription factors involved in Gclm up-
regulation by oxidative stress.
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Note added in proof

Alignment of the 584 bases (depicted in Fig. 6A)
between the mouse Gelm and human GCLM 5'-flanking
regions shows 75.7% nucleotide identity. Because the
mouse—rat split occurred in evolution about one-fourth
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as long ago as mouse—human divergence [64], we would,
therefore, expect the mouse-rat alignment to show about
94% nucleotide identity. After submitting our manuscript,
the rat GCLM 5'-flanking sequence was reported [18].
Yang et al. found no EPRE, but 12 (!) API1 sites, in
1.86 kb of 5'-flanking region sequenced, and they found
only a 177- and a 46-bp region of the rat having 94 and 93%
nucleotide identity, respectively, to regions of the mouse
Gclm 5'-untranslated region (these two segments corre-
spond to +51 to +227 and +272 to 4318, using our
numbering in Fig. 6A). However, overall alignment of
the 584 bases in Fig. 6A between rat and mouse gives
only 59% identity—when ~94% identity would be
expected. This discrepancy can be explained either by
more than one insertion or deletion of DNA in the rat
GCLM 5'-flanking region during the past 17 million years,
or by Yang et al. [18] having inadvertently cloned a GC-
rich 5'-flanking region of another gene.
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