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ABSTRACT

Background: Heme oxygenase (HO; EC 1.14.99.3) cat-
alyzes the conversion of heme to biliverdin, which is
reduced enzymatically to bilirubin. Since bilirubin is a
potent antioxidant and heme a pro-oxidant, HO may
protect cells against oxidative damage. HO-1 is highly
inducible by diverse chemical agents, resembling those
evoking induction of phase 2 enzymes (i.e., Michael
reaction acceptors, heavy metals, trivalent arsenicals,
and sulfhydryl reagents). Phase 2 enzymes (glutathione
transferases; NAD(P)H:quinone reductase; glucuronosyl-
transferases) are regulated by antioxidant-responsive el-
ements (ARE), and their induction protects against
chemical carcinogenesis. Is HO-1 regulated by chemical
agents and enhancer elements similar to those control-
ling phase 2 enzymes?

Materials and Methods: Induction of HO-1 by phorbol
ester and heavy metals is transcriptionally controlled
through a 268-bp SX2 fragment, containing two phorbol
ester—responsive (TRE) sites (TGAS/.T ©/,A) which
overlap ARE consensus sequences (TGACNNNGC).

Therefore, mutations of the SX2 element designed to
distinguish ARE from TRE were inserted into chloram-
phenicol acetyltransferase (CAT) reporter plasmids, and
the response of the CAT activity of murine hepatoma
cells stably transfected with these constructs was exam-
ined with a wide range of inducers of phase 2 enzymes.
Results: All compounds raised HO-1 mRNA and CAT
expression constructs containing wild-type SX2. When
the SX2 region was mutated to alter TRE consensus
sequences without destroying the ARE consensus, full
inducibility was preserved. Conversely, when the ARE
consensus was disturbed, inducibility was abolished.
Conclusion: Induction of heme oxygenase-1 is regu-
lated by several chemically distinct classes of inducers
(mostly electrophiles), which also induce phase 2 en-
zymes, and these inductions are mediated by similar
AREs. These findings support the importance of HO-1 as
a protector against oxidative damage and suggest that
HO-1 induction is part of a more generalized protective
cellular response that involves phase 2 enzymes.

INTRODUCTION

This paper provides new insight into the chemi-
cal specificity and molecular mechanisms of the
regulation of heme oxygenase-1 (HO-1; heme,
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hydrogen-donor:oxygen oxidoreductase [a-meth-
ene-oxidizing, hydroxylating], EC 1.14.99.3)
(see review in Ref. 1). The primary function of
this widely distributed microsomal protein is to
convert heme into biliverdin, which is further
metabolized to bilirubin. Since the latter com-
pounds are powerful antioxidants and heme is a
pro-oxidant, it has been suggested that HO pro-
vides cellular protection against oxidative dam-
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age (2,3). It is therefore significant that (i) induc-
ers of HO-1 include phenolic antioxidants,
Michael reaction acceptors, isothiocyanates, 1,2-
dithiole-3-thione, trivalent arsenicals, mercuric
chloride, and 2,3-dimercapto-1-propanol; and
(ii) control of HO-1 by these agents involves
specific enhancer elements known as antioxi-
dant-responsive elements (ARE) or electrophile-
responsive elements (EpRE) (which have the
consensus sequence TGACNNNGC).! This is in-
triguing because the very same chemical agents,
by utilizing similar enhancer elements, also stim-
ulate the synthesis of glutathione transferases,
NAD(P)H:quinone reductase (QR; EC 1.6.99.2),
glucuronosyltransferases, and other enzymes,
collectively known as phase 2 enzymes,2 which
are widely recognized protectors against electro-
phile and oxidative toxicity. Induction of HO-1
therefore appears to be part of a generalized cel-
lular response that protects cells against the tox-
icity of electrophiles and reactive oxygen species,
and thereby ameliorates the risk of cancer.
Heme oxygenase exists in two distinct iso-
forms, HO-1 and HO-2. Although both forms are

'The electrophile-responsive element (EpRE) was so named
because it was shown to be activated by dimethyl fuma-
rate, trans-4-phenylbut-3-en-2-one, and fert-butylhydroqui-
none (4). These compounds all have (or can easily acquire)
Michael reaction acceptor groups, which are reactive elec-
trophiles. In addition to its electrophilic potential, tert-bu-
tylhydroquinone is a well-known antioxidant and can en-
gage in redox cycling reactions. The antioxidant responsive
element (ARE) (5) was so named because it was responsive
to redox-active quinone precursors (catechol, hydroqui-
none) or 1,4-benzoquinone itself, but failed to respond to a
redox-inactive diphenol (resorcinol). Redox-active quino-
nes, however, share a common property with most other
monofunctional phase 2 enzyme inducers, in that they are
also Michael reaction acceptors and thus are powerful elec-
trophiles (6). Consequently, we prefer the term electro-
phile-responsive element (EpRE), as we have previously
shown (6-8) that the common chemical characteristic of
nearly all monofunctional phase 2 enzyme inducers is that
they are electrophiles. Nevertheless, we respect the origi-
nally proposed nomenclature and have elsewhere referred
to the enhancer element as ARE/EpRE (9). In this paper, it
is less cumbersome to designate this element as ARE.

2Two classes of enzymes metabolize xenobiotics: (i) phase 1
enzymes (mostly cytochromes P450), which functionalize
molecules by introducing hydroxyl or epoxide groups; and
(ii) phase 2 enzymes (10), which detoxify by either conju-
gating these functionalized molecules with endogenous li-
gands (e.g., glutathione), thus facilitating their excretion, or
by destroying their reactive centers (e.g., hydrolysis of ep-
oxides by epoxide hydrolase, or reduction of quinones by
QR). Reasons for considering QR a phase 2 enzyme are
presented elsewhere (11-13).

Inducers of enzymes of xenobiotic metabolism belong to
two families (14): (i) Bifunctional inducers, which bind to
the Aryl hydrocarbon (A#) receptor and induce both cer-
tain phase 1 enzymes and phase 2 enzymes; and (ii)
Monofunctional inducers, which induce phase 2 enzymes
independently of the Ak receptor.

present in a wide variety of tissues, HO-2 is con-
stitutively expressed, while HO-1 is highly in-
ducible (see Ref. 1). Prior work has shown that
induction of HO-1 is mediated by physical factors
such as heat shock and ultraviolet irradiation,
and two main types of chemical stresses: (i) those
generating reactive oxygen species such as hy-
drogen peroxide and phorbol esters (e.g., 12-0-
tetradecanoylphorbol-13-acetate [TPA]); and (ii)
thiol reagents and modulators of glutathione lev-
els such as such as arsenite, Cd** and Hg?*,
buthionine sulfoximine, and diamide (1,15). It
has been proposed that HO-1 may exert protec-
tion by reducing levels of the potentially pro-
oxidant heme pool, and by increasing local levels
of the antioxidants biliverdin and bilirubin (15-
17). HO-1 induction protects human skin fibro-
blasts against UVA produced membrane damage
(16) and confers resistance to arsenic in human
lung adenocarcinoma cells (17). Thus, the hy-
pothesis that induction of HO-1 protects cells
against oxidant stress (15) seems well founded.

Damage of critical centers of DNA by elec-
trophiles or reactive oxygen species can lead to
malignant transformation, and cells have
evolved multiple elaborate mechanisms to cope
with such toxicities. Thus, exposure of cells to
low but tolerated levels of electrophiles results in
the coordinate induction of a number of phase 2
enzymes that detoxify electrophiles and reactive
oxygen species (8,14), as well as elevations of
intracellular glutathione (see Ref. 8). This induc-
tive response, termed the Electrophile Counter-
attack Response (8), reduces the vulnerability of
cells to higher concentrations of the same or
other toxic electrophiles and consequently may
protect cells against genotoxicity and neoplasia
(18,19).

Understanding of the molecular mechanisms
of regulation of phase 2 enzymes is therefore
important for devising strategies for protection
against neoplasia. The mouse (4,20) and rat (5)
glutathione transferase Ya genes and the human
(21) and rat (12) quinone reductase genes con-
tain similar control elements present in the 5'-
upstream regions of the genes for these enzymes.
These elements have been designated ARE (5).
Although these elements are ‘‘AP-1-like” in
their sequences (AP-1 is a family of transcrip-
tional activator DNA-binding proteins that bind
to the TPA-responsive element [TRE] consensus
sequence [TGA®/.T ©/,Al), recent evidence in-
dicates (9,22,24) that the transcription factors
that activate ARE sequences are quite distinct
from those that activate the consensus TRE.
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The molecular mechanisms underlying the
transcriptional induction of HO-1 have also been
extensively investigated. Recently, a 268-bp DNA
fragment, designated SX2, was located approxi-
mately 4 kb upstream of the start site of the
mouse HO-1 gene. This element acts both as a
basal level enhancer, and mediates induction by
TPA, heme, and several heavy metals (25-27). In
addition to two CCAAT/enhancer-binding pro-
tein (C/EBP) sequences, this fragment contains
two potential TRE and/or ARE binding sites. Fur-
thermore, it has been demonstrated that the
“TRE/ARE-like”" sites are necessary and suffi-
cient for both heavy metal and TPA induction
(25,26).

In the present study we demonstrate that all
known classes of monofunctional phase 2 en-
zyme inducers also dramatically induce HO-1
mRNA in a mouse hepatoma cell line (Hepa
Iclc7). Indeed, these compounds represent
some of the most potent and effective HO-1 in-
ducers so far discovered. We show that these
compounds induce transcription of the HO-1
gene and that the presence of ARE (not TRE)
consensus enhancer sequences is required for
these inductions.

MATERIALS AND METHODS
Compounds

Most of the inducers were obtained commer-
cially and were of the highest purity available.
Synthetic racemic 1-isothiocyanato-4-(methyl-
sulfinyl)butane (CH5-SO-[CH,],-NCS) (sulfora-
phane) was a gift of C.-G. Cho and G. H. Posner
(Department of Chemistry, The Johns Hopkins
University) (28). 1,2-Dithiole-3-thione was a gift
from T. W. Kensler (Department of Environmen-
tal Health Sciences, The Johns Hopkins Univer-
sity School of Hygiene and Public Health).

Cell Culture and Treatment
with Compounds

Hepa 1clc7 cells were grown in alpha minimal
essential medium supplemented with 10% un-
treated fetal calf serum in a humidified atmo-
sphere of 5-7% CO, at 37°C. Cell lines were free
from mycoplasma. For all assays, cells were
plated at a density of 2.5-5 X 10* cells/cm? in
10-cm plates 24 hr before treatment with induc-
ers. All inducers were added in dimethyl sulfox-
ide (DMSO), except HgCl, and sodium arsenite,

which were added in water. The final concentra-
tion of DMSO in the medium was 0.1% by vol-
ume in all inducer experiments.

RNA Extraction and Northern
Blot Analysis

Total RNA was isolated by the STAT-60 RNAzol
method with direct lysis in STAT-60 RNAzol
buffer followed by chloroform extractions (Tel-
Test ‘B’ Inc., Friendswood, TX, U.S.A.). Ten mi-
crograms of total RNA were subjected to electro-
phoresis in a 1% agarose gel and then transferred
to nylon membranes by capillary action. The ny-
lon membranes were then incubated in hybrid-
ization buffer (1% bovine serum albumin,
7% SDS, 1.0 mM EDTA, 0.5 M sodium phos-
phate buffer, pH 7.0) at 65°C for 2 hr, followed
by hybridization at 65°C for 24 hr in the same
buffer containing *>?P-labeled rat HO-1 cDNA. A
full-length rat HO-1 cDNA was generously pro-
vided by Dr. S. Shibahara, Sendai University,
Japan. It was subcloned into a pBluescript vector
and a Hindlll/EcoRI digestion was performed to
excise the 0.9-kb HO-1 cDNA from the vector.
Nylon membranes were then washed in buffer A
(0.5% bovine serum albumin, 5% SDS, 1 mM
EDTA, 40 mM sodium phosphate buffer, pH 7.0)
for two 15-min periods at 65°C, followed by
washes in buffer B (1% SDS, 40 mM sodium
phosphate buffer, pH 7.0, 1.0 mM EDTA) for
four 15-min periods at 65°C (29). Autoradio-
gram signals were quantitated by densitometric
scanning (Molecular Dynamics, Sunnyvale, CA,
U.S.A.). To control for variation in either the
amount of RNA in different samples or loading
errors, blots were hybridized with an oligonucle-
otide probe corresponding to the 18S rRNA. A
24-bp oligonucleotide (5'-ACG GTA TCT GAT
CGT CTT CGA ACC-3’) complementary to the
18S rRNA was synthesized using a DNA synthe-
sizer (Applied Biosystems, Foster City, CA,
U.S.A.). The 18S oligonucleotide was labeled
with [a-32P]ATP at the 3’-end with terminal de-
oxynucleotidyl transferase (Bethesda Research
Laboratories, Gaithersburg, MD, U.S.A.). All
densitometric values obtained for the HO-1
mRNA transcript (1.8 kb) were normalized to
values for 18S rRNA obtained on the same blot.
Steady-state HO-1 mRNA levels of cells were
measured in densitometric absorbance units, and
the inductions were expressed as a ratios of in-
ducer-treated cells to untreated controls.
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Chloramphenicol Acetyltransferase Assay

Cellular protein extracts were prepared within
24 hr after termination of chemical treatment.
Cells from 10-cm plates were washed with ice-
cold phosphate-buffered saline, resuspended in
1.0 ml of 0.125 M Tris-HCI (pH 7.5), and then
lysed by three cycles of freezing and thawing.
Cell debris was then removed by centrifugation
for 10 min at 14,000 rpm in a microcentrifuge.
Protein concentrations of the supernatant fluids
were determined by Coomassie Blue dye-bind-
ing assay (30). Reaction mixtures containing, in
a final volume of 150 ul, 20 mM acetyl-CoA, 0.3
uCi [**C]chloramphenicol (50 uCi/umol; Amer-
sham, Arlington Heights, IL, U.S.A.), and 100 ug
of protein were incubated for 4 hr at 37°C. The
amount of acetylation was then determined by
measuring the radioactivity of the acetylated and
nonacetylated forms of chloramphenicol, which
were separated by ascending thin layer chroma-
tography. Percentages of chloramphenicol acety-
lation were obtained over the linear range of the
assay (up to 30% conversion) for each sample
and normalized for the protein content of the
extract. Induction is expressed as the ratio of
relative chloramphenicol acetyltransferase (CAT)
activities of inducer-treated cells to control cells,
corrected for protein concentration.

The relative basal CAT activities of the extracts
of Hepa 1clc7 cells transfected with the various
plasmids were as follows: untransfected, 1.00 *
0.07%; pMHOIlcat, 1.20 * 0.07%; pMHO9cat,
6.67 * 0.14%; pMHOSX2cat, 3.00 = 0.13%;
pMHOSX2M2cat, 2.20 = 0.10%; pMHOSX2M4cat,
6.47 * 0.12%; pMHOSX2M789cat, 2.33 £ 0.09%;
pMHOSX2M239cat, 1.67 £ 0.08%.

Plasmid Constructs and Mutations

In plasmid pMHOlcat (26), expression of the
CAT reporter gene is under control of the 1.3 kb
minimal promoter sequence from the 5'-up-
stream region of the mouse HO-1 gene (bp
—1287 to +73). All other plasmids were derived
from this construct. A 9.0-kb BamH1/BamH]1
fragment from the 5’'-upstream region of the
human HO-1 gene (—12.5 to —3.5 kb) was
cloned into the BamH]1 site of pMHO]1cat to pro-
duce pMHO9cat (27). The 268-bp SX2 enhancer
fragment or the corresponding mutants (see be-
low) were cloned between the Sacl and Xbal sites
of pMOlcat (25,26). Oligonucleotide-mediated
site-directed mutagenesis of the SX2 fragment
was carried out by the procedure of Deng and

Nickoloff (31) as previously described (25) (see
Fig. 7 below). Mutants SX2M2 and SX2M4 have
been described (25). In SX2M2, 2-bp substitu-
tions were introduced into both of the TRE/ARE
composite elements such that TRE sites were
mutated, but the ARE sequences remained in-
tact. SX2M4 contains 3-bp mutations within
both of the C/EBP binding sites. Both TRE
(SX2M2) and C/EBP (SX2M4) mutations abolish
protein binding at these sites, as shown by DNase
I footprint analyses (25). Mutant SX2M239 con-
tains extended base substitutions within both of
the TRE sites, altering both the TRE consensus
binding site and the ARE consensus site in each
composite element. In SX2M789, the three nu-
cleotide residues directly upstream of the TRE
consensus site were altered such that the ARE
consensus sequence is mutated, leaving the TRE
site intact. The oligonucleotides sequences used
to generate the SX2M239 mutation were 111-
cttttatgcGTAgATCtggttgggaggg and 163-agatttt
gcGTagATCccctctgtteecte, and those used to gen-
erate SX2M789 were 63-ggctggaaGCTtgagttgtgatt,
109-tgcttttaAAAtgtgtcatggtt, and 161-acagatttAAA
tgagtcaccctc. The numbers correspond to the nu-
cleotide within the SX2 sequence (see Fig. 7) and
the nucleotide substitutions are capitalized. In
addition to alterations within the previously
characterized TRE/ARE composite elements, mu-
tant SX2M789 also contains substitutions at resi-
dues 70-72 of the SX2 sequence. This region
contains an TRE/ARE composite element that
deviates from the consensus TRE binding site and
the consensus ARE by two residues. This com-
posite element does not by itself mediate activa-
tion of the CAT reporter gene in response to
either heme or Cd** (data not shown). All muta-
tions were confirmed by DNA sequence analysis.

Transfections

Hepa 1clc7 cells were maintained in Dulbecco’s
modified Eagle’s medium containing 0.4% glu-
cose and supplemented with 10% fetal bovine
serum. Transfections were carried out by the cal-
cium phosphate precipitation technique (32).
Briefly, Hepa 1clc7 cells (1-2 X 10%/10-cm
plate) were exposed for 16 hr to a DNA mixture
containing 10 ug of the CAT reporter plasmid
and 1 ug of pSV2neo (33). The precipitate was
removed and the cells were cultured in complete
medium. Geneticin (G418 sulfate) was added 24
hr later to a final concentration of 400 ug/ml,
and resistant colonies were selected over a 3- to
4-week period. Resistant colonies (>50/plate)
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FIG. 1. Structures of inducers used in this study

Tert-butylhydroquinone (Compound 1), 1,2-dithiole-3-thione (Compound 2), sulforaphane (Compound 3), sodium
arsenite (Compound 4), trans-4-phenylbut-3-en-2-one (Compound 5), 2,3-dimercapto-1-propanol (Compound 6),
mercuric chloride (Compound 7), benzyl isothiocyanate (Compound 8), phenylarsine oxide (Compound 9), and

1-nitro-1-cyclohexene (Compound 10).

were pooled and propagated in the presence of
Geneticin.

In all transfection experiments we used a
control DNA sample that does not contain
pSV2neo. If resistant colonies were obtained on
the control plate, then all plates were discarded.
In more than 300 independent transfection ex-
periments, this problem has occurred only once.
The 10:1 ratio of CAT plasmid to pSV2neo prac-
tically guarantees that the G418-resistant colo-
nies will also contain the CAT gene. Even if
individual G418-resistant/CAT minus colonies
did arise, the influence of these clones is effec-
tively eliminated by using pooled clonal popula-
tions for the induction experiments. Moreover,
basal CAT activity in extracts from all HO-1/CAT
transfectants is greater than that observed in ex-
tracts from untransfected Hepa cells or cells
transfected with the promoterless construct
pSKcat (34). Therefore, it would be highly un-
likely that the cells utilized in this study lacked
the HO-1/CAT fusion constructs.

RESULTS AND DISCUSSION

Induction of HO-1 mRNA by
Monofunctional Phase 2 Enzyme
Inducers: Time Course

and Concentration Dependence

We have previously shown that phase 2 detoxi-
cation enzymes are induced by several classes of
structurally diverse chemical agents, most of
which are electrophiles, and all of which react

with thiol groups (6-9). Figure 1 shows the
structures of representative examples of these
classes of compounds that were used in this
study. This group of agents includes: oxidizable
diphenols (e.g., tert-butylhydroquinone [Com-
pound 1]); Michael reaction acceptors (e.g.,
trans-4-phenylbut-3-en-2-one [Compound 5]
and 1-nitro-1-cyclohexene [Compound 10]);
isothiocyanates (e.g., sulforaphane [Compound
3] and benzyl isothiocyanate [Compound 8]);
heavy metals (e.g., mercuric chloride [Com-
pound 7]); trivalent arsenicals (e.g., sodium ar-
senite [Compound 4] and phenylarsine oxide
[Compound 9]); and vicinal dimercaptans (e.g.,
2,3-dimercapto-1-propanol [Compound 6]; and
1,2-dithiole-3-thione [Compound 2]) (6-8,35,36).

We first established whether HO-1 was in-
ducible by the whole range of known monofunc-
tional phase 2 enzyme inducers, by treating Hepa
Iclc7 murine hepatoma cells with representa-
tive compounds and measuring steady state
HO-1 mRNA levels by Northern blot analyses
(Fig. 2). A more detailed quantitative analysis of
the time course of induction was then carried out
with tert-butylhydroquinone, trans-4-phenylbut-
3-en-2-one, 1,2-dithiole-3-thione, sodium ar-
senite, HgCl,, 2,3-dimercapto-1-propanol, and
benzyl isothiocyanate, as shown in Fig. 3. All
compounds produced significant HO-1 mRNA
induction, with notable increases by 2 hr, max-
imum levels at 4 to 6 hr, and a modest decrease
by 10 hr. At the concentrations used in this ex-
periment, increases in mRNA levels varied from
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FIG. 2. Northern blot analyses of the time course of the induction of HO-1 mRNA in Hepa 1clc7 cells

The cells were treated with 2.0 uM sodium arsenite (NaAsO,), 10 uM tert-butylhydroquinone (-BHQ), 10 uM
HgCl,, and 150 uM 1,2-dithiole-3-thione for 2, 4, 6, 8, and 10 hr (Lanes 1-5, respectively). Blots of 18S rRNA are

shown for comparison.

about 8-fold for 2,3-dimercapto-1-propanol to
about 180-fold for tert-butylhydroquinone.

After establishing the time course of induc-
tion of a selection of compounds, we assessed the
inducer potencies of Compounds 1-9 in inducing
HO-1 mRNA. As shown in Fig. 4, all compounds
were capable of dramatic, dose-dependent in-
duction of HO-1 mRNA. At the maximum con-
centrations tested, nearly all compounds pro-
duced relative increases in mRNA levels of at
least 10-fold.

Transcriptional Regulation of HO-1
Induction by Monofunctional Phase 2
Enzyme Inducers

In order to determine whether increased tran-
scription of the HO-1 gene was mediated by its

5'-upstream region, Hepalclc7 cells were stably
transfected with a construct containing 9 kb of
this region and the CAT reporter gene
(PMHO9cat). Cells were treated with Com-
pounds 1, 2, and 4-9, and assayed for CAT ac-
tivity after 24 hr (Fig. 5). All compounds pro-
duced highly significant increases in CAT activity
driven by this 5’-upstream region. Relative in-
creases in mRNA levels ranged from 2-fold
(HgCl,) to 12-fold (phenylarsine oxide). In sharp
contrast, when the plasmid containing only the
1.3-kb promoter from the 5’'-upstream region
(pPMHO1cat) was treated with these compounds,
no inductions occurred. Clearly induction of
HO-1 mRNA by these compounds occurs via in-
creased transcription, mediated through en-
hancer elements contained in the 9-kb region.
Since the SX2 region contains two consensus
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FIG. 3. Time course of the induction of HO-1
mRNA in Hepa 1clc7 cells

Cells were treated with the following inducers for 2,
4, 6, 8, and 10 hr: 100 uM tert-butylhydroquinone
(1); 150 uM 1,2-dithiole-3-thione (2); 2.0 uM so-
dium arsenite (4); 100 uM trans-4-phenylbut-3-en-
2-one (5); 100 uM 2,3-dimercapto-1-propanol (6);
and 10 uM HgCl, (7); 10 uM benzyl isothiocyanate
(8). The mRNA was quantitated by Northern blot
analysis, and the values were normalized to the 18S
rRNA amounts on the same blots. Note the logarith-
mic scale of the relative RNA ratios.

ARE sites, and we had previously shown that
monofunctional inducers increased transcription
of phase 2 enzymes through ARE elements (9),
we reasoned that induction of HO-1 by these
agents was likely to be mediated by the SX2
region. Therefore, we tested a CAT reporter con-
struct containing the HO-1 minimal promoter
linked to the 268-bp SX2 region (pMHOSX2cat),
which had been stably transfected into
Hepalclc7 cells. Cells were treated with Com-
pounds 1-10 and assayed for CAT reporter activ-
ity 24 hr later. As shown in Fig. 6, significant
induction by all of these compounds is mediated
through this 268-bp region. Furthermore, the
magnitudes of induction were similar to those
obtained when the entire 9-kb 5'-upstream re-
gion was used (cf. Fig. 5), indicating that the SX2
region mediates most of the inducibility of
mouse HO-1 by these compounds.

Mutational Analysis of the SX2 Region

The SX2 region of mouse HO-1 contains two
ARE consensus elements (Fig. 7) which overlap
consensus TRE sites. The SX2 region also con-
tains two identical consensus C/EBP elements
(37). In order to determine which of these ele-
ments was involved in induction, we mutated
both of the TRE/ARE sites, either changing the

100

30

10

Relative mRNA Levels
Treated/Untreated

Compound No.

FIG. 4. Effect of concentration of inducers on
HO-1 mRNA induction in Hepa 1clc7 cells af-
ter 6-hr exposure

Compounds used were 13, 25, or 100 uM tert-butyl-
hydroquinone (Compound 1); 19, 38, 75, or

150 uM 1,2-dithiole-3-thione (Compound 2); 0.25,
or 1.0 uM sodium arsenite (Compound 4); 12.5, 25,
50, or 100 uM trans-4-phenylbut-3-en-2-one (Com-
pound 5); 100 uM 2,3-dimercapto-1-propanol
(Compound 6); 1.3, 2.5, 5, or 10 uM HgCl, (Com-
pound 7); 1.25, 5, or 10 uM benzyl isothiocyanate
(Compound 8); 25, 50, or 125 nM phenylarsine ox-
ide (Compound 9). The concentrations refer to the
bars from left to right, respectively. The mRNA was
quantitated by Northern blots, and the values were
normalized to the 18S rRNA amounts on the same
blots. Note the logarithmic scale of the relative RNA
ratios.

TRE consensus bases while retaining the ARE
consensus sequence, or changing the ARE bases
while retaining the consensus TRE sequence.
The following mutations of the SX2 region were
prepared (Fig. 7B): (i) in SX2M2, the sequences
making up the two consensus TRE sites (TGACT
CAGCA and TGACACAGCA) were changed to
TGACTACGCA, which leaves the ARE consensus
sequence intact, but mutates the TRE consensus
sequence; (ii) in SX2M4, the two C/EBP se-
quences (TGAGGAAAT) were changed to TGAG
GCCCT; (iii) in SX2M789, the consensus ARE
sites (TGACTCAGCA and TGACACAGCA) were
changed to TGACTCATIT and TGACACATTIT,
respectively, which leaves the TRE consensus in-
tact, but eliminates the terminal GC bases, which
have been shown to be crucial for ARE induc-
ibility; and (iv) in SX2M239, the bases TGACT
CAGCA and TGACACAGCA were changed to
GATCTACGCA in both the consensus ARE and
TRE sites. Apart from these mutations, the con-
structs were identical to pHO1SX2cat.

All of the constructs were then tested for



834 Molecular Medicine, Volume 1, Number 7, November 1995

—_
N b

- A
o

Relative CAT Activity
Treated/Untreated

o N A O ©

1 2 4 5 6 7 8 9
Compound No.

FIG. 5. Response of the 9-kb upstream region
of mouse HO-1 gene to inducers

Hepa Iclc7 cells that had been stably transtected
with the construct pMHO9cat, containing 9-kb of
the 5'-upstream region of the HO-1 gene linked to
the CAT reporter gene were treated with the follow-
ing inducers: 25 uM tert-butylhydroquinone (Com-
pound 1); 25 uM 1,2-dithiole-3-thione (Compound
2); 1.0 uM sodium arsenite (Compound 4); 50 uM
trans-4-phenylbut-3-en-2-one (Compound 5);

12.5 uM 2,3-dimercapto-1-propanol (Compound 6);
2.5 uM HgCl, (Compound 7); 2.5 uM benzyl iso-
thiocyanate (Compound 8); and 100 nM phenylars-
ine oxide (Compound 9). Cells were harvested after
24 hr of treatment and CAT activity was determined.
Results are presented as the relative CAT activities of
treated to untreated cells, and were corrected for
protein concentrations.

inducibility by a panel of inducer compounds.
Figure 8A shows that with the SX2M2 mutation,
changing the sequences that make up the con-
sensus TRE clement had no significant effect
upon the inducibility of the SX2 region by a
variety of inducers. This strongly suggests that
the remaining ARE consensus sequence is medi-
ating this induction, as was shown for the gluta-
thione transferase Ya gene (9). Figure 8B shows
the effect of mutating the C/EBP sequences
(SX2M4). All of the compounds still induced this
mutated SX2 element, but the degree of induc-
tion was diminished. This result is similar to that
previously observed for Cd*" induction of this
region (25). Mutations that eliminated the con-
sensus ARE sequences (SX2M239 and SX2M789)
completely abolished induciblity by these com-

pounds. Thus, we conclude that induction of

HO-1 is mediated by the ARE sites, and is facili-
tated by the C/EBP sites, but that only the ARE
sites are necessary (and sufficient) for induction
of HO-1 by monofunctional phase 2 enzyme
inducers.
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FIG. 6. Response of the SX2 upstream region
of mouse HO-1 gene to inducers

Hepa 1clc7 cells that had been stably transfected
with the construct pMHOSX2cat, which contains the
268-bp SX2 fragment linked to the HO-1 minimal
promoter, were treated with the following inducers:
25 uM tert-butylhydroquinone (Compound 1);

50 uM 1,2-dithiole-3-thione (Compound 2); 5 uM
sulforaphane (Compound 3); 1.0 uM sodium arsen-
ite (Compound 4); 50 uM trans-4-phenylbut-3-en-2-
one (Compound 5); 30 uM 2,3-dimercapto-1-propa-
nol (Compound 6); 3.0 uM HgCl, (Compound 7);
2.5 uM benzyl isothiocyanate (Compound 8);

100 nM phenylarsine oxide (Compound 9); 2.5 uM
1-nitro-1-cyclohexene (Compound 10). Cells were
harvested after 24 hr of treatment and CAT activities
were determined. Results are presented as the rela-
tive CAT activities of treated to untreated cells, and
were corrected for protein concentrations. Note the
logarithmic scale of the relative CAT activities.

CONCLUSIONS

In this study, we demonstrate that all known
classes of monofunctional phase 2 enzyme in-
ducers are also highly potent and effective induc-
ers of HO-1. In addition, we show that induction
proceeds via increased gene transcription and is
mediated entirely through a 268-bp region that
is located approximately 4 kb upstream of the
transcription start site. Furthermore, induction
of HO-1 depends on the presence of consensus
ARE sequences and is entirely independent of
the presence of the consensus TRE sequence. The
induction by these compounds is greatly en-
hanced by the adjacent C/EBP sites. Together
with other recent studies (9,22,23), the present
experiments establish that ARE and TRE elements
are not functionally equivalent, but represent
specific elements with differential responsive-
ness, and presumably bind different transcription
factors.

Interestingly, it was possible to predict the
presence of ARE enhancers in the gene for HO-1
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A
-268

TCTAGAACTT TCACTTCCTT CTGCCTGAAG TTAAAGCCGT TCCGGAACCT TTTACCAACT
-208 TRE/ARE

ATTCCTAGCT GAGGCAGAGG GAACAGAGGG TGACTCAGCA AAATCTGTCT TCCCTTTGTC
148 TRE/ARE C/EBP _

TGCTAATCAC CCCTCCCAAC CATGACACAG CATAAAAGCA GCTGAGGAAA TGAGCAGTGA
88 C/EBP TRE/ARE like

GGAAATCACA ACTCAGCATT CCAGCCGCTG CGGGAAAAAC AAAGTTCAGC TCCTGTGGGG
B
MUTANTS ENHANCER REGIONS

79 27 -106 91 81
TRE/ARE TRE/ARE CIEBP CIEBP TRE/ARE like

SX2 GTGACTCAGCA ATGACACAGCA TGAGGAAA TGAGGAAAT ACAACTCAGCA
SX2M2 AC AC
SX2M4 CCcC CCcC
SX2M789 TTT TTT AGC
SX2M239 GATCTAC GATCTAC

Consensus TRE: TGAC/GT9,A
Consensus ARE: TGACNNNGC

FIG. 7. Sequences of the SX2 region and its mutations

(A) Sequence of the SX2 element of the 5'-upstream region of the mouse HO-1 gene showing the region of —268
to —29 bp from the origin of replication. The locations of three potential TRE/ARE and two C/EBP regulatory re-
gions are shown. (B) The five above-mentioned regulatory regions present in the SX2 sequence are shown to-
gether with the base changes that were introduced to provide the mutants designated SX2M2, SX2M4, SX2M789,
and SX2M239. The consensus TRE and ARE sequences are shown for comparison.
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FIG. 8. Response of M2 (A) or M4 (B) SX2 mutants to inducers

Hepa 1clc7 cells that had been stably transfected with the constructs pMHOSX2M2cat (A) or pMHOSX2M4cat (B)
were treated with the following inducers: 25 uM fert-butylhydroquinone (Compound 1); 50 uM 1,2-dithiole-3-
thione (Compound 2); 5 uM sulforaphane (Compound 3); 1.0 uM sodium arsenite (Compound 4); 50 uM trans-4-
phenylbut-3-en-2-one (Compound 5); 30 uM 2,3-dimercapto-1-propanol (Compound 6); 2.5 uM 1-nitro-1-cyclo-
hexene (Compound 10). Cells were harvested after 24 hr of treatment and CAT activities were determined.
Results are presented as the relative CAT activities of treated to untreated cells, and were corrected for protein
concentrations.
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by observing the response of this enzyme to
known monofunctional phase 2 enzyme induc-
ers. As supported by preliminary evidence from
several groups (see Introduction), this strongly
implies that HO-1 is an important enzyme in
protecting cells against oxidative and electrophile
stress.
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