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Heme Oxygenase-1 Gene Enhancer Manifests Silencing
Activity in a Chromatin Environment Prior to Oxidative Stress

YOSHIHIRO DOHIL24 JAWED ALAM,3 MASAO YOSHIZUMI,2 JIYING SUN,! and
KAZUHIKO IGARASHI!#

ABSTRACT

The expression of heme oxygenase-1 (HO-1) is regulated by E1 and E2 enhancers, both of which contain mul-
tiple Maf recognition elements (MARESs). In living cells, MAREs are bound by Bach1/MafK heterodimers,
hence maintaining a quiescent state of the HO-1 gene (hmox-1). However, in transient transfection assays,
they act as transcriptional enhancers. Therefore MAREs may manifest their function only in a chromatin en-
vironment. By using NIH3T3 cell pools stably transfected with EGFP reporter genes driven by the wild-type
or mutated E2 enhancer, we demonstrate that the E2 MAREs function as transcriptional silencers depending
on the binding of Bach1/MafK heterodimer in vivo only in a chromatin environment. After cadmium treat-
ment, they switched into transcriptional enhancers. Surprisingly, single MARE site did not exhibit such func-
tion. Furthermore, by using DNase I hypersensitivity assay, we demonstrate that simple chromatin condensa-
tions were not involved in the Bachl-mediated repression. We conclude that, in a chromatin environment, the
E2 MARE:s function as transcriptional silencers depending on binding of Bach1l/MafK heterodimer. Antioxid.
Redox Signal. 8: 60—67.

INTRODUCTION (Nrf2) and small Maf (MafF, MafG, or MafK) binds to MARE

and activates HO-1 expression (4, 18-21), while the hetero-

HEME OXYGENASE-1 (HO-1) is an antioxidant defense en-  dimer of BTB and CNC homology 1 (Bachl) and small Maf
zyme that degrades pro-oxidant heme into iron, carbon  also binds to MARE and represses its expression (30, 31, 45).
monoxide, and biliverdin, and is essential for higher eukary-  This competitive interplay between Nrf2 and Bachl consti-
otes in order to cope with various aspects of cellular stress tutes the fundamental mechanism of HO-1 regulation. Based
and to regulate cellular iron metabolism (26, 33, 37-39). Its  on the results from chromatin immunoprecipitation experi-
expression is induced at the transcriptional level by its sub- ments, we proposed the following model. Under normal con-
strate heme (3, 4, 40, 47, 48)and regulated principally by two  ditions, the Bachl/MafK heterodimer binds to MARE and
upstream enhancers, E1 and E2 (2, 45). Both enhancer re- keeps a quiescent state of the HO-1 gene (hmox-1). In the
gions contain multiple stress responsive elements (StRE) that  presence of oxidative stress, such as heavy metals and heme,
also conform to the sequence of Maf recognition elements Bachl is released from MAREs to which the Nrf2/MafK
(MAREs) (18, 28). MARE is bound by a heterodimer of the  heterodimer binds (44, 45), leading to HO-1 induction and
Cap’n’Collar (CNC) families and small Maf families (5, 12, ultimately protection against oxidative stress. This model sug-
17, 27, 28, 49). The heterodimer of NF-E2 related factor 2  gests that in vivo the hmox-1 locus is situated in a chromatin
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environment that is permissive for activation but under nor-
mal conditions smox-1 MARE mediate transcriptional repres-
sion by recruiting Bachl. However, the presumptive repres-
sive role of the Aimox-1 MAREs has not yet been elucidated.
As previously reported, the smox-1 E1 and E2 enhancers func-
tion as strong transcriptional enhancers without any repres-
sion in transient transfection assays (2, 18, 45). We therefore
hypothesize that MARE might manifest its function as a tran-
scriptional silencer in vivo only in a chromatin environment.

In general, enhancer regions are often spread over long
stretches of DNA. Enhancers direct the assembly of multiple
transcription factors in order to regulate transcription. Recently,
transcription regulation is conceived to depend, at least in
part, on changes in chromatin structure (10, 25, 42, 43). Co-
valent histone modification and nucleosome remodeling are
important in locally altering chromatin structure, and these
alternations depend on histone modifying enzymes such as
acetyltransferases (HATs) complexes (6) and ATP-dependent
chromatin remodeling complexes (50), respectively. Thus, both
the assembly of transcription factors and changes in chromatin
conformation are important for gene expression.

By using NIH3T3 cell pools stably transfected with EGFP
reporter genes driven by wild-type or mutated hmox-1 E2, we
examined effects of E2 MAREs at a single cell level. We found
that transcriptional activity of the wild-type E2 enhancer was
lower than that of the mutated E2 under normal conditions.
The activity of wild-type E2 is strongly induced by treating
the cells with cadmium. This induction was severely dimin-
ished by mutations in the E2 MAREs. We also investigated
the chromatin conformations of the ~mox-1 E2 enhancer and
core promoter regions in thymocytes from wild-type and Bachl
knock out mice in which Amox-1 is repressed and activated,
respectively (45). Surprisingly, chromatin conformation of these
regions were hypersensitive to DNase [ digestion, showing
less condensation even when the gene was off in the wild-type
cells. Our results clearly demonstrate that the E2 MAREs
possess a dual function as both transcriptional silencers and
enhancers in vivo chromatin environment. Moreover, the silenc-
ing function of MAREs depends on the binding of Bachl/
MafK heterodimers to the enhancer region.

MATERIALS AND METHODS

Plasmids

Plasmids pd2EGFP-1 and pIRESpuro3 were obtained from
Clontech (Mountain View, CA). Plasmids constructed in this
study are shown in Fig. 1A or Fig. 2A. The mouse hmox-1 core
promoter was isolated by PCR using #mox-1 clone (1). PCR were
carried out using the following primers: 5’-GTTAAGGATC-
CTGGAGGCTTTGAAGAACCAC-3’ and 5’-GTTAAGGAT-
CCGCTATGCTCGAGACGGCTCT-3’. The mouse hmox-1 E2
enhancer was isolated by PCR as described previously (45). The
core promoter PCR product was digested with BamHI and in-
serted into the BamHI site of pd2EGFP-1. The resulting plasmid
was digested with Xmal/AfIll and inserted into the Xmal/Notl
site of pBluescript KS (+), to generate pPBSHO-1EGFP. Because
the hmox-1 E2 includes three tandem MARESs, mutations were
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introduced into two or three MAREs of hmox-1 E2 by site-di-
rected mutagenesis using an altered sites in vifro mutagenesis
systems (Promega, Madison, WI), resulting in pAlterlE2WT,
pAlter1E2M2 or pAlter]E2M3. These plasmids were digested
with EcoRI/HindIll and the E2 DNAs inserted into the BamHI
site of pTK-luc plasmid, presented by K. Umezono (Kyoto
University), resulting in pE2WTTKluc, pE2M2TKluc, and
pE2M3TKluc (Fig. 1A). The E2WT and E2M3 DNAs were also
inserted into the Sa/l site of pPBSHO-1EGFP plasmid, resulting in
pGFPE2WT and pGFPE2M3, respectively (Fig. 2A).

Transfection and luciferase assay

NIH3T3 cells were seeded in 12-well plates at 1 X 105 cells/
well and incubated for 15 hours. The cells were transfected
with pE2WTTKluc, pE2M2TKluc, or pE2M3TKluc reporter
plasmids along with control sea pansy luciferase expression
plasmid as an internal control by using the FuGENEG6 trans-
fection reagent (Roche, Basel, Switzerland). After 24 hours,
cell lysates were prepared using the Luciferase Assay System
(Promega) following the supplier’s protocol. Luciferase activ-
ities were measured with a Biolumat Luminometer (Berthold,
Dortmund, Germany), and normalized for transfection effi-
ciency as determined by control sea pansy luciferase activi-
ties. Three independent experiments, carried out in duplicate,
were performed and the results are averaged and illustrated
with standard errors.

Cell culture and generation of stable cell pools

NIH3T3 cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM; Sigma, St. Louis, MO) including 10% fetal
bovine serum (FBS; Sigma) and 1% penicillin/streptomycin
(Gibco, Los Angeles, CA). To generate NIH3T3 cell pools sta-
bly transfected with pGFPE2WT or pGFPE2M3, the cells
were transfected with these plasmids along with pIRESpuro3
plasmid at a ratio of 20:3 using the FuGene6 (Roche). After
72 h, the transfected cells were selected with 3 pg/ml puro-
mycin. After 4 days, the concentration of puromycin was in-
creased to 7 pg/ml. This selection was continued until all as-
says were completed.

FACS analysis

NIH3T3 cells stably transfected with pGFPE2WT or
pGFPE2M3 were seeded in 6-well plates at 2 X 105 cells/well
and incubated for 15 h. CdCl, was then added to achieve a
final concentration of 10 puM, and the cells were incubated for
an additional 24 h. After incubation, the cells were harvested
by trypsinization and resuspended in 500 ul 3% FBS/phos-
phate-buffered serine (PBS). The cells were analyzed using a
FACSCalibur (Becton Dickinson Bioscience, Franklin Lakes,
NJ). The results were quantified using the Cell Quest software
(Becton Dickinson Bioscience).

ChIP assay

Chromatin fixation and purification procedures were as
described previously (35, 44). In brief, single cell suspension
of stably transfected cells (5—8 X 10°) were prepared as pre-
viously described and fixed by adding formaldehyde to 1%
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FIG. 1. Transcriptional activity of the hmox-1 E2 en-
hancer depends on MARE:s in transient transfection assays.
(A) Schematic representation of the imox-1 E2 reporter plas-
mids pTKE2WT, pTKE2M2, or pTKE2M3. Closed boxes
show MARE-like elements within the E2 enhancer. Mutations
are represented by cross symbols. Bent arrows indicate tran-
scription initiation site. TK and Luc indicate thymidine kinase
promoter and luciferase coding regions, respectively. (B) The
various mutations introduced into three MARE-like elements
of hmox-1 E2 are underlined. (C and D) NIH3T3 cells were
transiently co-transfected with reporter plasmids (C), and in-
creasing amounts (1, 3, 9 ng) of Bach1 expression plasmid (D).

final concentration for 10 min at room temperature. The cells
were then sonicated to prepare chromatin suspensions of
300 to 1000-bp DNA in length. Immunoprecipitations were
carried out using anti-Bach1 antibody (polyclonal rabbit anti-
sera) as described previously (45). Normal rabbit serum was
used as negative control. PCR reactions were carried out
using Ex Taq DNA polymerase (Takara Shuzo, Kyoto, Japan).
PCRs were carried out using the following primer: E2, 5°-
AGACTCCGCCCTAAGGGTTC-3" and 5’-GGAAACA-
GCTATGACCATG-3’. Primers of memS5 were as described
previously (44).

DNase I hypersensitive site assay

To prepare nuclei of wild type and Bachl knock out mouse
thymocytes, 1 X 108 thymocytes were washed with ice-cold
PBS and resuspended in RSB buffer (10 mA/ Tris-HCI, pH7.4,
10 mM NaCl, 5 mM MgCl,, 0.1% Nonidet P-40). After 10
min incubation, the suspension was centrifuged (2500 rpm,
10 min, 4°C) to separate the nuclear fraction. Nuclei were di-
gested with various concentrations (0, 0.011, 0.033, 0.1, 0.3,
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0.9, or 2.7 u/ul) of DNase I for 18 min at 37°C. The reactions
were stopped by incubating the mixture with stopping buffer
(20 mM Tris-HCI, pH 7.4, 0.6 mM NaCl, 10 mM EDTA, 1%
SDS, 2 mg/ml proteinase K) for 16 h at 50°C. The DNA was
purified three times by phenol-chloroform extraction and
ethanol precipitation. The DNA was then digested with 10
units of BamHI or Xbal and treated with RNase for an addi-
tional 10 min at 37°C. After purification, the DNA was elec-
trophoresed on 0.7% gel and transferred to Hybond-N* mem-
brane (Amersham, Piscataway, NJ). Membranes were
hybridized with DNA probes of 766-bp (hmox-1 core pro-
moter region) or 1.1-kbp (E2 region) (see Fig. 4A) and ana-
lyzed by Bioimaging Analyzer (Fuji BAS 2000, Tokyo, Japan).

RESULTS

MARE functions as a transcriptional enhancer in
transient reporter assays

The hmox-1 E2 includes three MAREs/StREs which are
directly bound by several heterodimers of bZip proteins (15,
18, 45). To verify that these MARESs activate transcription in
transient transfection assays, we placed E2 or E2 with double
or triple MARE mutations (E2M2 and E2M3) in front of the
core promoter of thymidine kinase (see Figs. 1A and 1B).
These mutations are expected to abolish binding of any Maf
heterodimers. When these reporter plasmids were transfected
into NIH3T3 cells, the wild-type E2 enhancer supported a
high level expression of luciferase (Fig. 1C). By mutating two
or three MARES, reporter expression was reduced progres-
sively compared to pE2Wtluc (Fig. 1C). Whereas Bachl re-
presses HO-1 expression depending on the E1 and E2 en-
hancers, whether all three MARESs within the hmox-1 E2 are
important for Bachl-mediated repression has not been exam-
ined. When a Bachl-expression plasmid was co-transfected
with pTKE2WTluc in NIH3T3 cells, Bachl effectively repressed
luciferase expression in a dose dependent manner (Fig. 1D).
In contrast, both of the reporters with mutations showed less
sensitivity to Bachl-mediated repression. Surprisingly, al-
though E2M2 retained one MARE and its basal expression
level was higher than E2M3, its response to Bach1l was com-
pletely lost like in the case of E2M3 (Fig. 1C and D). When
combined, these results demonstrate that MAREs within the
hmox-1 E2 function as transcriptional enhancers in transient
transfection assays, and the clustered MAREs are essential
for Bachl-mediated transcription repression.

Dual functions of the HO-1 E2 MAREs as
transcriptional silencer and enhancer in an
in vivo chromatin environment

Endogenous imox-1 is repressed through binding of Bach1/
MafK heterodimers to the E1 and E2 MARESs under normal
conditions (44, 45). This contradicts the above and previous
observations that MAREs within Amox-1 E2 function as tran-
scriptional enhancers in transient transfection assays. We there-
fore hypothesize that the transcriptional repression through
the E2 MARESs is manifested in vivo only in a chromatin en-
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vironment. To explore this possibility, we constructed GFP
reporter plasmids driven by E2 or E2M3 and the core pro-
moter of mouse hmox-1 (pGFPE2WT and pGFPE2M3, Fig.
2A), and subsequently generated NIH3T3 cell pools stably
transfected with these plasmids. In order to avoid clone-to-
clone variation, we evaluated promoter activity by assessing
reporter GFP expression in the cell pools at a single cell level
by FACS (Fig. 2B). In both cell pools, GFP-positive cells
formed two fractions depending on their expression levels:
lower expression cells (fraction 1) and higher expression cells
(fraction 2). Because the reporter plasmids were randomly in-
tegrated in chromosomes, the GFP expression levels were af-
fected, at least in part, by chromatin structure surrounding
each integration site (positional effect) (36). Considering the
relative GFP expression level, we surmised that fraction 2 in-
cluded cells with a positive positional effect (i.e., DNA inte-
grated near enhancers that are active in NIH3T3 cells). This
conjuncture is also supported by the appearance of fraction 2
in both E2WT and E2M3 reporter cell pools. By analyzing
the two fractions independently, we noticed that the E2M3 re-
porter gave a larger number of cells in fraction 1 than did

E2WT (Fig. 2C). This may be due to leaky expression from
the core promoter. Furthermore, whereas the reporter genes
were affected by a positional effect in fraction 2, the mean
GFP expression levels were higher in E2M3 than in E2WT
cell pools (Fig. 2D). These results strongly suggest that the
E2 MARES function as transcriptional silencers in an in vivo
chromatin environment under normal conditions.

To determine whether the E2 MAREs function as enhancers
under oxidative stress, we examined the effects of cadmium (Cd)
treatment, which is used to mimic oxidative stress (41). The per-
centage of GFP-expressing cells in fraction 1 was strongly in-
creased after Cd treatment of E2WT cell pools. In contrast, the
magnitude of change was much lower with E2M3 cell pools than
E2WT cell pools (Figs. 2B and 2C). Although cells in fraction 2
were under a positive positional effect, the same tendency was also
observed. The mean GFP expression level in fraction 2 strongly
increased in E2WT cell pools, while it was not affected in E2M3
cell pools (Figs. 2B and 2D). These results strongly suggest that
the repressive effect of the E2 enhancer is canceled after Cd treat-
ment, converting its function to a transcriptional enhancer. More-
over, this dual function depends on the presence of MARE: .
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FIG. 3. The binding of Bachl to the hmox-1 E2 enhancer
in vivo. ChIP assays were carried out with or without anti-
Bachl antibodies or control rabbit IgG. Chromatin was pre-
pared from NIH3T3 cells stably transfected with pGFPE2WT
or pGFPE2M3. Gel images show PCR products of E2 enhancer
and memS5 promoter using input and precipitated chromatin as
template.

Bachl bound to WT MARESs, but not to
mutated MAREs

To confirm that the E2 enhancer integrated into chromatin
was actually occupied by Bachl, we carried out chromatin
immunoprecipitation assays using anti-Bach1 antibodies. To dis-
tinguish the E2 sequence of the reporter gene from endoge-
nous E2 sequence, we used a primer that anneals to the vector
sequence. Bachl binding to the E2 MAREs of the wild-type
reporter gene was clearly detected, while little Bachl binding
to the mutated E2M3 was detected (Fig. 3). Binding of Bachl
was not detected to genes such as mem5 that do not contain
MARE. These results clearly indicated that the repressive
function of the E2 MARESs was dependent on Bachl binding.

DNase I hypersensitivity of hmox-1 enhancer

Because transcription repressors often inhibit gene expres-
sion by inducing changes in chromatin structure, we investi-
gated whether the repressive function of E2 MARE also in-
volved changes in chromatin structure. We compared DNase |
hypersensitivity (24) of the hmox-1 promoter and the E2 en-
hancer regions using normal and Bach1-deficient mice. Bachl-
deficient mice constitutively express high levels of HO-1 in var-
ious tissues including thymus (45). Nuclei were isolated from
thymocytes and digested with various amounts of DNase 1. As
shown in Figure 4, we observed a similar extent of digestion in
E2 (B) and core promoter (C) regions of imox-1 irrespective of
the genotype. These results indicate that chromatin domains of
the E2 enhancer and the promoter were packaged in a less con-
densed structure even when smox-1 is repressed by Bachl.

DISCUSSION

Gene expression results from the balance of two opposing
forces, transcriptional activation and transcriptional repres-
sion. The importance of histone modification (6) and chro-
matin structure (50) in the regulation of eukaryotic gene tran-
scription has become much more widely accepted. Thus, it is
important to examine the physiological functions of tran-
scriptional repressors such as Bachl and its target DNA se-
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quences in the context of a chromatin environment. By using
NIH3T3 cell pools stably transfected with the hAmox-1 E2 re-
porter plasmids with or without mutations in MAREs, we
showed that the E2 enhancer can function as a transcriptional
silencer in vivo only in a chromatin environment. Importantly,
this silencing function correlated well with binding of Bachl
to E2. Previously we had shown that the induction of HO-1 by
cadmium or heme is achieved by removing Bachl from the
E2 enhancer (44-46). Our previous and present observations
establish that, in a chromatin environment, the E2 MARESs re-
press transcription by recruiting Bachl under normal condi-
tions, whereas they activate transcription by recruiting Nrf2
or other activators in place of Bachl upon oxidative stress.

To our knowledge, this study is the first report to demon-
strate that MARE possesses the ability to repress transcrip-
tion. We previously reported that the basal luciferase activity
of the hmox-1 reporter plasmid with deletions of the E1 and
E2 enhancers was low compared with wild-type hmox-1 re-
porter plasmid in transient transfection assays (45). However,
under normal physiological conditions, hmox-1 is repressed
by binding of Bachl/MafK heterodimers to MAREs within
the E1 and E2 enhancer regions. This apparent contradiction
may be explained by a chromatin effect. Transient transfec-
tion assays do not necessarily reflect chromatin structure.
Probably because MARE embeds a 12-O-tetradecanoylphor-
bol-13-acetate-responsive element (TRE) to which AP-1 pro-
teins such as Jun and Fos bind to activate transcription (22),
the hmox-1 reporter plasmids may be affected by AP-1 or other
bZip proteins in transient transfection assays. Under such
conditions, endogenous Bach1 may not be able to bind to MARE
efficiency enough to repress transcription. It is still not clear
how Bachl binds to MARESs of endogenous hmox-1 or the in-
tegrated reporter gene dominantly over other transcriptional
activators. However, unique characteristics of Bachl and the
clustering of the E2 MARESs suggest several interesting pos-
sibilities. The hmox-1 E1 and E2 include tandem duplicated
or triplicated MAREs (18, 45). In this study, we showed that
E2M2, which retained only one MARE, functioned as a weak
enhancer. However, it was not repressed by Bachl, suggesting
that multiple MAREs are critical for the binding of Bachl.
Along this line, we have previously reported that, among
MARE-binding factors, Bach family is unique in that it pos-
sesses a BTB/POZ domain which interacts to form homo-
oligomers (16, 31). The formation of Bachl/MafK hetero-
multimers increases the specificity of their binding to tandem
MARES in vitro (51). In this regard, there is a possibility that
endogenous Bachl may dominantly bind to the ~mox-1 E1 and
E2 MARES because Bach1 oligomers can bind to the clustered
MARE:s in a co-operative manner. In addition, Bachl may in-
teract with proteins that modify chromatin structure and thus
facilitate binding of Bachl to MARE in chromatin.

We also demonstrated in this study that the chromatin struc-
ture of the hmox-1 promoter and E2 enhancer regions was
open even when the gene was transcriptionally inactive (Fig.
4). This is consistent with the finding that histones H3 and H4
of the promoter and E2 enhancer regions are hyperacetylated,
irrespective of activation or repression (44). In general, chro-
matin structure is supposed to change between an open and
closed conformation under activation and repression condi-
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representation of the ~mox-1 gene locus region.
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(B) and (C) Representation of DNase I hyper-
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tions, respectively (7, 23, 29). In contrast to such a widely
accepted view, our results suggest that the Bachl-mediated
repression of Amox-1 involves a mechanism distinct from a
simple chromatin condensation. Binding of Bachl oligomers
to the multiple MAREs may nucleate formation of a structure
like a “chromatin hub” which was suggested for the B-globin
locus control region (LCR) (8, 32).

We cannot exclude the possibility that the amount of inte-
grated DNA is greatly different between E2WT and E2M3 cell
pools. Indeed, larger numbers of GFP positive cells were de-
tected in E2M3 cell pools compared to E2WT cell pools. How-
ever, we generated both stable cell pools simultaneously, and
used all integrated cell pools to average cell-to-cell variation.
After Cd treatment, GFP expression in fraction 1 was strongly
activated in E2ZWT cell pools. Moreover, stimulation of enhancer
activity by cadmium was evident in fraction 2 of E2WT cell
pools, while cadmium effect was not evident in E2M3 cell pools.
Thus, our study strongly suggests that the E2 MAREs possess
the ability to suppress positional effect as shown previously with
the B-globin LCR containing MAREs (9, 11, 13, 14, 34).

This study points to the causative relationship among MARE
and gene silencing. To unveil the detailed mechanisms by which
Bachl achieves reversible, repressed state of target genes, it is
necessary to identify proteins that function together with Bach1
and to investigate their activities on transcription regulation.
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