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through a far upstream alternative promoter
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Abstract

In humans, microsomal epoxide hydrolase (mMEH) contributes important biological functions that
underlie both detoxification and bioactivation fates arising from exposures to foreign chemicals.
Previously, we discovered that human mEH gene transcription is initiated from alternative
promoters. The respective transcripts are programmed with tissue specificity and the upstream E1b
promoter contributes predominantly to mEH expression. The results presented demonstrate that
exposures to the Nrf2 activators, sulforaphane (SFN) and tert-butylhydroguinone (tBHQ),
markedly activate E1b transcription in human lung and liver cells. Genomic analyses identified
two major DNase | hypersensitive regions (HS-1 and HS-2) within the ~15 kb intervening
sequence separating E1b from the downstream E1 promoter. In BEAS-2B cells, the Nrf2 effectors,
SFN and tBHQ, selectively activated the more distal HS-2 through an antioxidant-response
element (ARE). An activator protein 1/12-O-tetradecanoylphorbol-13-acetate interaction was
further identified within the HS-2 enhancer that functioned to additionally contribute to ARE-
mediated induction responsiveness of the E1b promoter. The results demonstrate that ARE
modulation, integrated with additional transcriptional complexes, regulates the tissue-specific
expression of mEH and that these processes likely coordinate both the protective and bioactivation
functions contributed by mEH activities in human tissues.
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INTRODUCTION

Chemoprevention is the use of natural or synthetic agents to reverse, prevent or delay
carcinogenic progression to invasive cancer [1]. A chemically diverse array of plant-derived
phytochemicals or their synthetic derivatives, including the isothiocyanates, have
demonstrated effectiveness in the prevention or suppression of carcinogenesis in animal
models and human [2]. One key mechanism of their protection against carcinogenesis is to
reduce oxidative stress and minimize oxidative DNA damage by inducing Phase 11
detoxification enzymes and antioxidant proteins [3].

The transcription factor, Nrf2 (NFE2L2), functions as a master regulator of cytoprotective
genes that combat cellular oxidative stress. Activation of these genes involves Nrf2 binding
to antioxidant response elements (ARE) in their respective promoters. Under normal non-
stressed conditions, Nrf2 is constantly subject to proteasomal degradation mediated by
KEAP1. KEAP1 functions as a cytoplasmic anchor of Nrf2 and an adaptor of Cullin-3 E3
ubiquitin ligase complex, leading to continuous ubiquitination of Nrf2 and its proteasomal
degradation. Under oxidative stress conditions, Nrf2 dissociates from KEAP1 and escapes
proteolysis, which in turn leads to rapid accumulation of Nrf2 in the nucleus and the
subsequent transcriptional induction of target genes. Constitutive activation of Nrf2-
mediated genes has been documented in non-small-cell lung cancer-derived cell lines and
tumor samples, as well as other cancers [4-6]. Aberrant activation of Nrf2 was linked to
mutations in KEAP1 and Nrf2 that impair the interaction between the two proteins, leading
to nuclear accumulation of Nrf2. Consequently, these mutations result in up-regulation of
drug metabolizing enzymes and drug efflux pumps and likely confer enhanced resistance of
cancer cells to chemotherapeutic agents [4, 5, 7].

Microsomal epoxide hydrolase (mEH, EPHX1) is a critical biotransformation enzyme that
catalyzes the hydrolysis of electrophilic epoxides to dihydrodiols [8-10]. Epoxides derived
from xenobiotic metabolism by the cytochrome P450 (CYP450) enzymes potentially
interact with cellular macromolecules (DNA, RNA and proteins), detrimental processes that
include certain mutagenicity. Metabolism of epoxides by mEH often generates less reactive
and therefore less toxic dihydrodiol derivatives. Thus, mEH largely contributes a protective
role against the deleterious effects of reactive epoxides. Alternatively, mEH may participate
in bioactivation functions, for example in the coordinated metabolism of polycyclic aromatic
hydrocarbons (PAHS), important components of cigarette smoke and established agents in
the etiology of human lung cancers. In these respects, mEH participates in concert with
CYP450 enzymes in the formation of stable PAH dihydrodiol epoxide-DNA adducts. The
necessity of mEH in the bioactivation of PAHs was established in mEH-null mice, which are
highly resistant to PAH-induced carcinogenesis compared with controls [11]. Furthermore,
data from epidemiological studies suggest that genetic polymorphisms in the coding regions
of mEH contribute to lung cancer risk [12].

In humans, mEH gene transcription is regulated by alternative promoter usage and generates
transcripts with unique noncoding first exons, termed E1 and E1b [13]. E1 is initiated from a
transcription start site ~3.2kb upstream of coding exon 2, while E1b is driven by a far
upstream alternative promoter located ~18.5kb upstream of exon 2. These mMRNA isoforms
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exhibit highly distinctive tissue-specific distribution patterns with the E1 isoform expressed
exclusively in liver, while E1b is expressed in all tissues, including liver [13, 14].

Nrf2 has been reported as a regulator of mEH expression in mice, with the knockout of Nrf2
resulting in reduced basal expression of mEH in mouse liver and small intestine [15-19].
Similarly, Nrf2-null mice demonstrated minimal induction of mEH by Nrf2 activators
[15-21]. Although a functional ARE is believed to exist in the regulatory region of mouse
mEH, as in other phase Il detoxifying enzymes [19, 21], its localization has not been
discerned. Despite the Nrf2 implication as a regulator of mEH in mice, only minimal data
exist regarding human mEH gene regulation. Further, DNA sequence alignment/homology
analyses indicate that the 5" upstream regulatory region comprising the human E1b promoter
is poorly conserved between humans and rodents [14], suggesting that the major regulatory
mechanisms existing for mEH in human and rodents are quite different.

In the present study, we identified two unique intronic DNA enhancer elements, localized in
the intervening region between the human mEH E1 and E1b promoters. These regions
demonstrated marked DNase | hypersensitivity and were characterized for their respective
functional abilities to modulate mEH expression in human cells. The results generated
identify a novel mechanism whereby Nrf2 induces expression of the E1b promoter-derived
transcript and provide insight regarding the transcriptional regulation of the human mEH
gene and its subsequent activities as a mediator of xenobiotic metabolism.

MATERIALS AND METHODS

Materials

Plasmids

The protease inhibitor mixtures were obtained from Calbiochem, FUGENE 6 Transfection
Reagent and the dual luciferase reporter assay system were from Promega (Madison, WI).
All cell culture media and supplies and the TRIzol® Reagent were from Invitrogen Life
Technologies (Grand Island, NY). Sulforaphane (#574215) was purchased from
CalBiochem/EMD Millipore (Billerica, MA); tert-Butylhydroquinone (tBHQ, Cat#B0833)
was from TCIl America (Philadelphia, PA); TPA (12-O-tetradecanoylphorbol-13-acetate,
#445-004-M001) was from Alexis Biochemicals (San Diego, CA). All other chemicals were
purchased from Sigma (St. Louis, MO) unless otherwise indicated. Small interfering RNA
(SiRNA) targeting Nrf2 mRNA (siRNA 1D: s9493) or Silencer® Select Negative Control
No. 1 siRNA and the Lipofectamine RNAIMAX reagent were purchased from Invitrogen.
The mouse monoclonal anti-mEH (sc-135984) and anti-Actin (sc-81178) antibodies and
rabbit polyclonal anti-Nrf2 (sc-13032) were from Santa Cruz Biotechnology (Santa Cruz,
CA); the rabbit polyclonal anti-GAPDH (G9545) was from Sigma; and normal rabbit 1gG
was purchased from Cell Signaling Technology (Beverly, MA).

The E1b promoter luciferase reporter constructs containing 300bp, 1kb, 2kb or 2.2kb of the
5/-flanking region upstream of E1b were constructed as described previously [13]. To
generate the intronic enhancer/E1b-300 promoter luciferase reporter constructs, the regions
containing DNase | hypersensitive sites located between the E1b and E1 gene promoters
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were amplified by PCR from human genomic DNA using primers as follows: DNase |
HS-1(5-ATGCGCTAGCTCAGGAAAGGAATGTGTAGGAGGG-3 and 5/~
ATGCCTCGAGAAATGCTGGGATTACAGGTGTGCG-3); and DNase | HS-2 (5'-
GATCGGTACCTCCCTTTCCACTGGATGTTCCCTT-3 and 5'-
GATCTCTAGAACCATAAGATGCAGGAAGAGGGCT-3). The PCR products were
inserted to the E1b-300 proximal promoter-containing pGL4 luciferase reporter vector. Site-
directed mutagenesis of the putative ARE in DNase | HS-2 was carried out by QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA) with the following
primers: mutARE (5’-ATGGCAAGTaaTGAaTtATGGCCGGCTAGCA-3 and 5'-
TGCTAGCCGGCCAtaAtTCAtACTTGCCAT-3), mutARE-1 (5'-
ATGGCAAGTGCTGAaTtATGGCCGGCTAGCA-3 and 5'-
TGCTAGCCGGCCATaAtTCAGCACTTGCCAT-3'), and mutARE-2 (5'-
ATGGCAAGTaaTGAGTCATGGCCGGCTAGCA-3 and 5'-
TGCTAGCCGGCCATGACTCALttACTTGCCAT-3'). The mutated nucleotides are in
lowercase. Expression plasmids were generated by inserting full length cDNA of Nrf2
(NM_006164.4), KEAP1 (NM_203500.1) and JUN (NM_002228.3) into the p3XFLAG-
CMV-10 expression vector (Sigma). DNA primers used for the amplification of these genes
were as follows: Nrf2 (5'-GATCGCGGCCGCAATGGACTTGGAGCTGCCGCCG-3 and
5-GATCTCTAGACTAGTTTTTCTTAACATCTGG-3"), KEAPL (5'-
ATCGCAGCCAGATCCCAGGCCTAGC-3 and 5'-
GATCTCTAGAATCAACAGGTACAGTTCTGCTGG-3") and JUN (5'-
GATCGAATTCAACTGCAAAGATGGAAACGACC-3 and 5'-
GATCTCTAGAATCAAAATGTTTGCAACTGCTGCG-3). All constructs were confirmed
by DNA sequencing.

transient transfection and luciferase reporter assays

Human lung carcinoma epithelial A549 cells and human bronchial epithelial BEAS-2B cells
were purchased from American Type Culture Collection (Manassas, VA). Both cell lines
were cultured in 5% CO, incubator at 37°C in Dulbecco’s modified Eagle medium
supplemented with 10% FBS, 2 mM L-glutamine, 0.1 mM Non-Essential Amino Acids, 1.0
mM Sodium Pyruvate, 10 mM HEPES, 0.15% sodium bicarbonate, 100 units/ml penicillin
G, and 100 pg/ml streptomycin. Cells were cultured in 24-well or 6-well plates and 100 mm
petri dishes and harvested according to the requirements of the experiments. Normal human
hepatocytes were obtained and maintained as described previously [22, 23].

For transient transfection, A549 and BEAS-2B cells were seeded a day before transfection
in 24-well plates at a density of 5x104 cells per well. To assess the enhancer properties of
intronic regulatory elements on E1b promoter activity, cells were transfected with
corresponding reporter plasmids using a FUGENE 6 transfection protocol according to the
manufacturer’s instructions. The pRL-CMV plasmid containing Renilla Luciferase cDNA
was also co-transfected as an internal control for transfection efficiency. Cells were
harvested 24 h post transfection and luciferase activity was measured and analyzed using a
Veritas Microplate Luminometer (Turner Biosystems/Promega) using the Dual Luciferase
Reporter Assay System (Promega) as described previously [24]. For studying the effect of
chemical treatment on E1b promoter activities and the enhancer activities of DNase | HS
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sites, cells were transfected with E1b promoter reporter or enhancer constructs and pRL-
CMV reporter plasmids for 6 h and were incubated for 24 h in culture medium containing
the indicated concentration of chemicals or vehicle (0.1% DMSO). For assessing E1b
promoter activities in response to ectopic expression of Nrf2 and JUN, cells were co-
transfected with reporter plasmids containing E1b proximal promoter and intronic enhancers
and the corresponding expression plasmid of the give transcription factor. Luciferase
activity was measured in the same manner as described above. All transfections were
performed in triplicate and the results were expressed as means + standard deviations (SD).
The experiments were repeated three times with high reproducibility and the most
representative results are shown.

RNA isolation, reverse transcription and quantitative real-time PCR

For investigating inducible expression of various genes by chemical treatment, A549 and
BEAS-2B cells in 6-well plates were treated with chemicals for 24 h. To assess the effect of
overexpression of Nrf2 on E1b expression in BEAS-2B cells, cells were transfected with
Nrf2-expressing plasmid for 24 h and 48 h as described above. Total RNA was extracted
with TRIzol Reagent according to the manufacturer’s instructions. Total RNA (2 g) was
converted to cDNA using the High-Capacity cDNA Archive Kit (Applied Biosystems/Life
Technologies). cDNAs were analyzed with CFX96 Real-Time PCR Detection System (Bio-
Rad, Hercules, CA) using PerfeCTa SYBR Green SuperMix (Quanta Biosciences,
Gaithersburg, MD). The final concentration of primers in each reaction was 0.2uM. The
PCR conditions consisted of an initial denaturation for 3 min at 95°C, followed by 40 cycles
of 15s at 95°C and 1 min at 60°C. Each sample was run in duplicate and the results were
normalized to the level of B-actin or GAPDH mRNA. The primers used for quantitative real-
time PCR were as follows: E1b, 5-GAGCCTGCGAGCCGAGAC-3’ (forward)/5’-
CGTGGATCTCCTCATCTGACGTTT-3’ (reverse); Nrf2, 5'-
CAGCGACGGAAAGAGTATGAG-3 (forward)/5-GGGCTGGCTGAATTGGGAG-3
(reverse); HMOX1, 5-CAGTGCCACCAAGTTCAAGC-3’ (forward)/5'-
GTTGAGCAGGAACGCAGTCTT-3 (reverse); NQOL1, 5'-
GGCAGAAGAGCACTGATCGTA-3 (forward)/5'-
TGATGGGATTGAAGTTCATGGC-3’ (reverse); f-Actin, 5-
CATGTACGTTGCTATCCAGGC-3 (forward)/5’-CTCCTTAATGTCACGCACGAT-3
(reverse); and GAPDH, 5-CCCATCACCATCTTCCAGGAG-3’ (forward)/5’-
GTTGTCATGGATGACCTTGGC-3’ (reverse). The experiments were repeated three times
and the most representative results were shown.

Western blotting

To assess the effect of chemical treatments on mEH protein level, A549 and BEAS-2B cells
in 100 mm dishes were treated with chemicals at various concentrations for 24 h. To assess
the effect of overexpression of Nrf2 on mEH protein level in BEAS-2B cells, cells were
transfected with Nrf2-expressing plasmid for 24 h and 48 h as described above. At the time
of harvest, cells were washed with PBS, trypsinized and centrifuged at 1000xg for 3 min.
For making whole cell lysates, cells were lysed in RIPA buffer (50 mM Tris, pH 8, 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented with 1x
protease inhibitor cocktail (#539131, Calbiochem/EMD Millipore). The cell lysates were
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centrifuged at 16,000xg for 10 min at 4°C and the supernatants were collected as whole-cell
lysate. Protein concentrations were determined by Pierce 660 nm Protein Assay (Thermo
Scientific. Waltham, MA). The extracted proteins (30 g) were separated on a 10%
denaturing polyacrylamide gel (Bio-Rad) and transferred to a PVDF membrane (Bio-Rad).
After blocking in 5% skim milk for 30 min, the blots were incubated sequentially with
primary antibodies at the dilution of 1:1000 and horseradish peroxidase-conjugated
secondary antibodies at the dilution of 1:5000. The membranes were washed three times
with 1xTBS/0.1% Tween 20, treated with Pierce ECL Western Blotting Substrate (Thermo
Scientific), and exposed to ImageTek-H X-ray films (American X-Ray & Medical Supply,
Jackson, CA). The antibodies used for immunoblotting were as follows: anti-mEH
(sc-135984, Santa Cruz), anti-Nrf2 (sc-13032, Santa Cruz), anti-B-Actin (sc-81178, Santa
Cruz), and anti-GAPDH (G9545, Sigma). The experiments were repeated three times with
highly reproducible results and the most representative results are shown.

Nrf2 siRNA knockdown studies

To reduce endogenous Nrf2 and assess its effects on the E1b expression in A549 cells, cells
were transfected with either control or Nrf2 siRNA at 25nM using the Lipofectamine
RNAIMAX reagent with a Forward Transfection Protocol according to the manufacturer’s
instructions. Briefly, cells were seeded a day before transfection in 6-well plates at a density
of 3x10° cells per well or in 60 mm petri dishes at a density of 7x10° cells per dish. At the
day of transfection, the transfection complexes of the Lipofectamine RNAIMAX reagent
and the given siRNA were added to each well containing cells. After 48 h, cells in 6-well
plates were harvested for RT-PCR analysis and cells in 60 mm petri dishes were collected
for western blotting. To assess the effect of Nrf2 knockdown on tBHQ-mediated induction
of E1b expression in BEAS-2B cells, cells in 6-well plates were transfected with 25nM Nrf2
SiRNA in the same manner as described above. After 36 h, sSiRNA-transfected cells were
treated with tBHQ at 40 uM for an additional 24 h and then harvested for RT-PCR analysis.
The experiments were repeated three times with high reproducibility and the most
representative results are shown.

Chromatin immunoprecipitation (ChlIP) assay

A549 and BEAS-2B cells were grown to 80-90% confluence in 100 mm dishes. Cells were
harvested by trypsinization and fixed in 1% formaldehyde (#252549, Sigma) at 25°C for 10
min with slow agitation. The fixation was stopped by addition of glycine to a concentration
of 0.125M. After a 5 min incubation at 25°C, cells were pelleted by centrifugation at 1000xg
for 5 min and then washed with ice-cold phosphate-buffered saline twice. Cells were lysed
for 10min on ice in SDS lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris-HCI, pH 8)
with protease inhibitor cocktail (#539131, Calbiochem). Cells were then sonicated with a
Bioruptor sonicator (Diagenode, Liege, Belgium) for 5 cycles of 30 sec ON and 30 sec OFF
at HIGH setting in a refrigerated water bath. Sheared cross-linked chromatin was
centrifuged at 12,000xg for 10 min at 4°C and diluted 10-fold in ChIP Dilution Buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI, pH8, and 167 mM
NaCl) with protease inhibitor cocktail. The diluted chromatin was pre-cleaned overnight at
4°C with 35 | protein A/G Plus-agarose beads (sc-2003, Santa Cruz) which were pre-
blocked with sonicated salmon sperm DNA (201190, Stratagene) and BSA (#2930, EM
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Science). Pre-cleaned chromatin was then incubated overnight at 4°C with 4 g of anti-Nrf2
antibodies (sc-13032, Santa Cruz) as well as normal rabbit IgG (#2729s, Cell Signaling
Technology). To collect the antibody-chromatin complex, 75 | protein A/G Plus-agarose
beads pre-blocked as above were added, incubated for 3 h with rotation at 4°C, and pelleted
by centrifugation at 5000xg for 1 min. The pelleted complexes were then washed
sequentially with Low Salt Immune Complex Wash Buffer (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris-HCI, pH 8, 150 mM NaCl), High Salt Immune Complex Wash
Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, pH 8, 500 mM NaCl),
and LiCl Immune Complex Wash Buffer (0.25 M LiCl, 1% IGEPAL CA630, 1%
deoxycholic acid, 1 mM EDTA, 10 mM Tris-HCI, pH 8), followed by two washes with TE
buffer. Precipitated Protein-DNA complexes were eluted twice with 100 pl elution buffer
(1% SDS, 0.1 M NaHCO3) for 15 min at 25°C. To reverse crosslinks, the eluates were
incubated at 65°C for 4 h in the presence of 8 ul of 5 M NaCl and 1 pl of 10 mg/ml RNase
A. Proteins were digested with 2 ul of 10 mg/ml proteinase K for 2h at 45°C in the presence
of 4 ul of 0.5 M EDTA, pH8.0, and 8 pl of 1 M Tris-HCI, pH8. DNA was purified with
ChIP DNA Clean & Concentrator kit (D5205, Zymo Research). Immunoprecipitated DNA
was amplified and the PCR amplicons were analyzed on 1.5% agarose gels. The primer sets
used for detection were: E1b proximal promoter (5-GCGGACCGCCCTTTAAGTAGCC-¥
and 5’-GATCTCTCCGGCTCCCTGGCTC-3'), DNase | HS-1 #1 (5'-
GCCACAGGGTAGGGGAGGCAAA-3 and 5-GGCTGGATCCTTGGCAACGCTT-3),
DNase | HS-1 #2 (5-AGCTCACACTGAGCAGCCTCCC-3 and 5'-
ACCCACCAGGCAACAGACGGAA-3'), DNase | HS-2 (5'-
CCCAACTGTCGCAGGGCTGG-3 and 5-CCGCCTGCCCAAAGACTCCC-3'), E1
proximal promoter (5’-CTGGTAGTGCTGGTGGGGGC-3 and 5'-
CCCACTCCCCACGGCCTTCT-3), and Exon 3 flanking region (5'-
CACCCCACCTTTGGAGGACAGC-3 and 5’-ACATCCCTCTCTGGCTGGCGTT-3').

Electrophoretic mobility shift assays (EMSA)

The nuclear extracts from untreated A549 cells or SFN-treated BEAS-2B cells were
prepared with NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific)
according to the manufacturer’s instructions. Double-stranded E1b HS-2 ARE probe was
end-labeled with [y-32P] ATP by T4 polynucleotide kinase (New England Biolabs, Ipswich,
MA). For EMSA the DNA-binding reactions containing 2 pug of nuclear extracts, 20 fmol of
labeled probes, 0.01 mg/ml sonicated salmon sperm DNA(201190, Stratagene), 2 pl of 5x
binding buffer [20% (v/v) glycerol, 5 mM MgCl,, 2.5 mM EDTA, 2.5 mM dithiothreitol,
250 mM NaCl, 50 mM Tris-HCI (pH 7.5), 0.25 mg/ml poly(dI-dC)] in a final volume of
10ul, were incubated with or without unlabeled competitor for 20 minutes at room
temperature. The DNA-protein complexes were resolved by electrophoresis through a
nondenaturing 4% polyacrylamide gel in 0.5% TBE buffer. Subsequently, gels were dried
and exposed to X-ray film with intensifying screens at —70°C. The probe sequences were as
follows: E1b HS-2 ARE: 5-ATGGCAAGTGCTGAGTCATGGCCGGCTAGCA-3’; mutant
Elb HS-2 ARE: 5-ATGGCAAGTaaTGAaTtATGGCCGGCTAGCA-3’; human NQO1
ARE: 5-CAGTCACAGTGACTCAGCAGAATCT-3; and mutant NQO1 ARE: 5'-
CAGTCACAtaGttTCAcaAGAATCT-3'. The mutated nucleotides are in lowercase.
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Statistical analyses

Data are expressed as means * standard deviations (SD). The statistical significance of the
differences between samples was determined using one-way analysis of variance (ANOVA)
in combination with Dunnett’s test or one-tailed Student’s t test, dependent on the design of
experiments. Differences were considered significant for samples with p-values <0.05.

RESULTS

Nrf2 activators induce E1lb expression in human lung epithelial cell lines

The human bronchial epithelial cell line, BEAS-2B, and the human lung adenocarcinoma
epithelial cell line, A549, were selected as experimental models to test the hypothesis that
Nrf2 functions as a critical modulator of human mEH gene transcription. A549 cells harbor
a point mutation in the KEAP1 gene [6] that creates a loss of function KEAPL, impairing its
interaction with Nrf2, resulting in constitutive activation and nuclear accumulation of the
Nrf2 protein. In contrast, BEAS-2B cells possess a wild-type KEAP1 and maintain a low
level of Nrf2 in cytoplasm due to the tight control imposed by KEAP1. Therefore, A549
cells maintain constitutively activated and high-level Nrf2 while BEAS-2B cells model the
typical low level Nrf2 scenario that is responsive to activation with Nrf2 effectors. To
investigate the potential role for Nrf2 in human mEH transcriptional regulation, the cells
were exposed to various concentrations of Nrf2 inducers for 12 or 24 h. BEAS-2B cells
treated with SFN or tBHQ increased E1b transcription in dose- and time-dependent manners
(Figure 1A). In A549 cells, SFN and tBHQ did not affect E1b transcription (Figure 1B), an
expected result since these cells are constitutively activated by Nrf2 nuclear accumulation.
The mEH protein levels in SFN- or tBHQ-treated BEAS-2B and A549 cells correlated well
with the observed E1b transcript levels (Figure 1C).

To examine further the mechanistic role for Nrf2 as an E1b expression regulator, BEAS-2B
cells were transiently transfected with an Nrf2 expression plasmid. Overexpression of Nrf2
significantly increased E1b, transcription compared with cells transfected with empty vector
(Figure 2A). Western blotting analysis demonstrated that transient transfection with the
Nrf2-expression plasmid inBEAS-2B cells also resulted in significantly increased levels of
Nrf2 cytosolic and nuclear protein (Figure 2B). These data suggested that, although
BEAS-2B cells were not treated with any Nrf2 activator, Nrf2 is simultaneously translocated
and accumulated in the nucleus apparently, likely because exogenous Nrf2 saturates the
normal cytosolic tethering capacity of KEAP1. Accompanying the change in Nrf2 nuclear
protein level, protein levels of mEH in cytosol were also significantly increased (Figure 2B).
Further, siRNA knockdown of Nrf2 in BEAS-2B cells blocked tBHQ-mediated induction of
E1lb mRNA, as well as NQO1, a known Nrf2 target gene (Figure 2C). siRNA-mediated
knockdown of Nrf2 in A549 cells resulted in a ~5-fold decrease constitutive Nrf2
expression, with similar effects noted for mEH and NQO1 (Figure 2D). mEH and Nrf2
protein expression was also decreased in Nrf2 siRNA-transfected A549 cells (Figure 2E).
Together, these results suggested that Nrf2 functions to regulate the tBHQ-mediated E1b
induction in BEAS-2B cells and constitutive E1b expression in A549 cells.
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Identification of an Nrf2-responsive DNA enhancer element

To investigate whether Nrf2 regulatory sites exist in the E1b promoter, we first tested the
ability of SFN or tBHQ to activate transcription in a series of truncated E1b promoter-
luciferase reporter constructs. Surprisingly, transcriptional activity driven by the E1b
promoter was decreased by both SFN and tBHQ in BEAS-2B cells (Figure 3A). The E1b
proximal promoter was not able to drive reporter expression in a manner that mimicked the
endogenous E1b transcript. Based on these results, we postulated that these E1b promoter
regions lack Nrf2 regulatory elements. Thus, we explored the potential for regulatory
elements in other regions. Using the UCSC browser (http://genome.ucsc.edu/), genome-wide
mapping of DNase | hypersensitive (HS) sites revealed two HS sites (HS-1 and HS-2)
located in the 15kb region intervening between the E1b and E1 promoters (Figure 3B).
These sites are present in HepG2, normal human lung fibroblasts and other human cell lines.
Considering that HS is an indicator of active DNA cis-regulatory elements, we tested if
these two elements may restore a more endogenous-like E1b expression pattern to the
reporter construct in response to Nrf2 activator. HS-1 and HS-2 were cloned and inserted 5/
of the —300 bp E1b proximal promoter sequence in the pGL4 luciferase reporter plasmid.
This promoter was chosen because it yielded the highest basal transcriptional activity in
previous studies [13]. In A549 cells, the incorporation HS-1 stimulated transcriptional
activity approximately 2-fold, while HS-2 resulted in a 14-fold increase, indicating that both
elements were likely functional enhancers (Figure 3C). In BEAS-2B cells, inclusion of HS-1
had no effect, while HS-2 increased transcriptional activity approximately 2-fold. (Figure
3C).

In the next series of experiments, we tested whether the HS-1 and HS-2 DNA elements were
responsive to Nrf2 activation. Results of luciferase reporter assays demonstrated that both
overexpression of Nrf2 as well as tBHQ treatments produced a significant induction of
reporter activity in BEAS-2B cells, and the induction pattern closely resembled expression
of endogenous E1b (Figure 4A, upper 2 panels). In contrast, A549 cells did not exhibit any
transactivation to Nrf2 overexpression or to tBHQ treatment, which is consistent with the
expression profile of E1b transcript in this cell line (Figure 4A, lower panels). Since A549
cells display constitutive Nrf2 activation, we sought to determine whether the high enhancer
activity of HS-2 was due to Nrf2 by testing the ability of KEAP1, an Nrf2 inhibitor, to
inhibit transactivation. Transient transfection of KEAP1-expression plasmid to A549 cells
resulted in significant reduction on the nuclear level of Nrf2 (data not shown).
Overexpression of KEAP1 also significantly reduced the enhancer activity in a dose
dependent manner, indicating that constitutively activated Nrf2 contributes to increased
luciferase activity (Figure 4B). Further, KEAP1 expression abrogated the antioxidant-
inducted luciferase activity in BEAS-2B cells (Figure 4C). Based on these results, we
projected that the HS-2 enhancer contained a site that confers Nrf2 responsiveness.

Nrf2 binding to an antioxidant response element (ARE) in HS-2 Enhancer

To investigate Nrf2 binding to HS-2 in vivo, chromatin immunoprecipitation (ChlIP) assays
were performed. Primers used in ChIP assays were specifically designed to amplify the E1b
proximal promoter, the HS regions, the E1 proximal promoter and exon 3 regions (Figure
5A). In A549 cells, an Nrf2 antibody specifically enriched the region containing the HS-2
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site in comparison to a control rabbit IgG (Figure 5B). The binding of Nrf2 to the E1b
proximal promoter was slightly enhanced over the control 1gG. No binding was detected in
other regions. In BEAS-2B cells, ChlP assays were performed to determine whether Nrf2
bound to HS-2 in response to Nrf2 activators. As shown in Figure 5C, SFN induced a clear
increase in Nrf2 binding to the 2"d enhancer element while tBHQ treatment only produced
marginal induction. No binding was detected in the exon 3 region. Taken together, the ChlP
analysis indicated an interaction between Nrf2 and HS-2 enhancer element, which further
supports a critical role of HS-2 in Nrf2-mediated E1b induction.

We next used the Genomatix Software Suite (http://www.genomatix.de/solutions/
genomatix-software-suite.html) to identify a putative ARE in the HS-2 enhancer element.
DNA sequence alignment with known AREs from several human genes confirmed the
presence of a perfect ARE (Table 3-1). Site-directed mutagenesis of the ARE site resulted in
significantly decreased luciferase reporter activity in the A549 and BEAS-2B cells (Fig.
6A). Interestingly, mutation of either the nucleotides “TGA” at the 5’-end or “GC” at the 3’
end in the core ARE motif abolished the luciferase activity (Figure 6A). The results
indicated that both motifs are essential for ARE function. In addition, mutation of the ARE
abolished the responsiveness of BEAS-2B cells to SFN treatments (Figure 6B). These data
indicate that the ARE within the HS-2 enhancer is essential for not only the enhancer
activity, but also for Nrf2-mediated induction of the E1b transcript.

To verify the specific interaction of Nrf2 with this ARE in the 2" enhancer, EMSA analysis
was performed. Incubation of nuclear extracts prepared from untreated A549 cells and SFN-
treated BEAS-2B cells with double stranded oligonucleotides containing this ARE, resulted
in three protein-DNA complexes (Figure 6C, lane 1). Unlabeled probe containing the ARE
from the 2"d enhancer competed out the first and third complex completely and weakened
the intensity of the second complex substantially (Figure 6C, lane 2), whereas a mutant ARE
probe was not able to compete with the wild-type probe in the formation of the first
complex, but weakened the intensity of the second band (Figure 6C, lane 3). These results
suggested that the first complex was specific for Nrf2 binding whereas the two other binding
sites were nonspecific. Further, an oligonucleotide containing human NQOZ1 ARE prevented
the formation of the first and second complexes, but not the third (Figure 6C, lane 4), while
the mutated NQO1 ARE oligonucleotide had no effect on the first complex formation
(Figure 6C, lane 5). In summary, these data strongly suggest a specific Nrf2 interaction with
the ARE in the HS-2 element.

Characterization of a TPA-response element overlapping with the ARE within HS-2

Our analysis of the HS-2 element also revealed a consensus TPA (12-O-
tetradecanoylphorbol-13-acetate)-response element (TRE) that overlaps with the ARE site.
Thus, we tested if this TRE affects Nrf2-mediated reporter activity in A549 cells. TPA
treatments significantly decreased the transactivation of the HS-2 enhancer in a dose-
dependent manner (Figure 7A). Furthermore, A549 cells treated with TPA exhibited a
decreased level of mEH (Figure 7B). Overexpression of JUN (AP-1), a transcription factor
that binds TRE, repressed the transcriptional activity of the HS-2/E1b-300 luciferase
reporter plasmid in A549 cells (Figure 7C). In addition, JUN blocked the tBHQ-induced
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transactivation of the HS-2/E1b-300 reporter construct in BEAS-2B cells (Figure 7D). These
data suggested that the binding of JUN to the TRE embedded in the ARE interfered with the
binding activity of Nrf2 to its target motif in HS-2 and prevented the up-regulation of E1b
promoter activity and E1b expression.

Sulforaphane induces mEH expression in human normal primary hepatocytes

Having demonstrated that antioxidants induce E1b expression in human lung cancer cell
lines, we asked if this regulation is seen in normal cells. Normal human primary hepatocytes
were treated with sulforaphane at various concentrations for 24 h. Results of quantitative
RT-PCR revealed a strong upregulation of E1b and E1 mRNA levels in the primary
hepatocytes after sulforaphane treatments (Figure 8A). We also observed that the total mEH
protein expression was elevated in these cells following treatment with 10 uM sulforaphane
(Figure 8B). These findings are consistent with the results in BEAS-2B cells and suggest
that the role of Nrf2 on E1b induction in lung cancer cells holds true for normal primary
cells.

DISCUSSION

Our previous studies characterized the expression of the human mEH transcripts, E1 and
E1b, which result from the use of alternative gene promoters that are separated by >18kb.
These transcripts are expressed in a tissue-specific manner, yet little is known about their
regulation. The results presented in the current study demonstrate a role for the transcription
factor Nrf2 in the regulation of the human mEH E1b transcript, which is the predominant
transcript detected in all tissues and derived from the far upstream mEH gene promoter. The
regulatory elements involved in Nrf2-mediated regulation of E1b transcript are unique in
that they are located in the intronic region between the two alternative first exons, and
localized downstream of the E1b promoter. A specific HS site identified in the intronic
region, HS-2, present in several human cell lines as well as in normal human liver cells,
conferred responsiveness to Nrf2 inducers and contained an Nrf2 ARE binding element.

AREs are cis-acting regulatory elements present in the promoter region of cytoprotective
genes targeted by Nrf2. Functional ARES contain a core sequence of RTGAChnnGC, where
‘n’ represents any nucleotide [25]. Further characterization of the nucleotides flanking the
core ARE sequences demonstrate that the flanking sequences are required for both basal and
inducible activity of ARESs. Thus, the consensus sequence of AREs was extended to
TMANNRTGAYnnnGCRwwww [26]. Other minor revisions of this consensus sequence
have also been suggested [27, 28]. It is notable that some AREs contain a JUN binding site
(also known as TPA-response element or TRE, 5-TGAGTCA-3’). Based on the length of
ARE sequences and the presence of a JUN binding site, AREs have been divided into four
categories [3]. Class 1 AREs have an extended ARE consensus sequence, as well as an
embedded JUN-binding site, while Class 2 AREs have an extended ARE sequence without a
JUN site. Class 3 and 4 AREs have a minimal core ARE sequence. The difference between
Class 3 and 4 is that a JUN site is present in Class 3 AREs, but not in Class 4 AREs. The
intronic ARE of mEH identified in this study is a Class 3 ARE which contains only minimal
core sequence and an embedded JUN site.
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AREs in different classes display differential responses to chemopreventive agents. Class 1
and 2 AREs are likely more responsive than those in Class 3 and 4 [3]. These classifications
are consistent with the effects of the antioxidant treatments noted here, inducing a moderate
~2-4 fold change on mEH gene transcription, characteristic of a Class 3 ARE. The
embedded JUN binding sites in Class 1 and 3 ARESs may also respond to other factors that
activate JUN, such as UV radiation and TPA. Indeed, we found that JUN overexpression in
Ab549 cells attenuated the transactivation activity of the HS-2 enhancer in luciferase reporter
assays. Therefore, further study of mEH regulation by bZIP transcriptional factors and AP-1
activators through this enhancer element is warranted. Although site-directed mutagenesis of
the ARE in HS-2 completely abolished its responsiveness to Nrf2 activators, the mutated
ARE still enhanced the promoter activity of E1b proximal promoter. These results indicate
that other transcription factors likely bind to the HS-2 region and confer transcriptional
enhancement of the E1b proximal promoter. Further studies are needed to explore this
possibility.

Thus far, identified AREs have been localized to upstream regions of transcriptional start
sites [3, 29]. Interestingly, the HS-2 ARE identified in this study is located in the intronic
region between the E1b and E1 promoters, and downstream of the E1b promoter that it
appears to regulate. The large distance (~7kb) separating the HS-2 from the E1b
transcription start site suggests that an intrachromosomal interaction resulting from
chromatin looping is involved in promoting the transcriptional activation of E1b mediated
by Nrf2. It is well established that chromatin looping functions to bring transcription factors
that bind distal regulatory elements into close proximity to the general transcription
machinery at transcription start sites [30]. This process enables the distal response element
and its associated transcription factors to direct the transcription activity of proximal
promoter. Many studies have demonstrated interactions between promoters and intronic
regulatory elements [31]. In these latter studies, the Chromatin Conformation Capture (3C)
assay was an essential tool used to dissect this mechanism [32], and laboratory efforts are
currently focused on pursuing this technology to define the exact nature of these interactions
within the context of mEH gene regulation.

The intronic enhancers in human mEH gene identified here are likely important drivers of
the transcriptional activity exhibited by the E1b proximal promoter. In the proximal and core
promoters of E1b, we characterized putative binding sites for Sp1/Sp3 [33]. In other reports,
Sp1 has been shown to regulate chromatin looping between intronic enhancers and upstream
promoter regions of several genes [31, 34]. Thus, we speculate that Sp1 participates in the
formation of a chromatin loop between the intronic enhancers and the E1b proximal
promoter by interacting with Nrf2 or other factors binding to these enhancers. However,
other E1b promoter-binding factors may also mediate the DNA looping interaction.
Therefore, although the factors contributing to the E1b chromatin looping remain to be
elucidated, they represent unique targets as E1b expression modulators that may in turn be
regulated through the action of xenobiotics at this distal enhancer.

Nrf2 is a therapeutic target for cancer chemoprevention [35]. Nrf2 induces the expression of
cytoprotective genes, including NAD(P)H:quinone oxidoreductase-1, several UDP-
glucuronosyl and glutathione transferases, heme oxygenase-1, multidrug resistance-
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associated proteins and others [36]. Nrf2 is essential in protecting cells from the toxic and
carcinogenic effects of electrophiles, oxidants and inflammatory agents, as it has been
demonstrated that Nrf2-deficient mice are more sensitive to oxidative stress and reactive
electrophiles than their wild type counterparts [37]. The protective role of Nrf2 has also been
established in many type of diseases, including cancers, Alzheimer’s and Parkinson’s
diseases, chronic obstructive pulmonary disease, asthma, diabetes, and inflammatory
diseases [38]. However, recent clinical studies using lung tumor tissues and cell lines
demonstrate that Nrf2 is excessively expressed due to mutations in KEAP1 or Nrf2 [4-6].
Further, enhanced Nrf2 activity promotes cancer cell survival and contributes to chemo- and
radio-resistance [38]. Therefore, the consequences of Nrf2 activation in carcinogenesis are
biological context-dependent. In these respects, Nrf2 appears as s clinical target to direct the
inhibition of tumor growth and for enhancing the efficacy of anti-cancer drugs.

Similarly, mEH functions in a dual role in the metabolism of xenobiotics. On one hand,
mEH activity is pivotal in the protection against toxicities elicited by reactive epoxide
intermediates. On the other, for example in the metabolism of polycyclic aromatic
hydrocarbons, mEH activity facilitates the generation of DNA adducts and the subsequent
processes of mutagenesis and cancer development. In these respects, mEH enzymatic
activities contribute toward a delicate balance in xenobiotic metabolism, determining both
cellular defenses against xenobiotic exposures as well as chemical bioactivation. Selective
activation, or alternatively, inhibition, of mEH activities, perhaps through Nrf2 targeting,
may provide a strategy for the prevention or treatment of toxicities resulting from certain
xenobiotic exposures. Further detailed mechanistic study of human mEH gene regulation
may enable the needed insight for fine tuning mEH expression to favor its protective
functions.

To fully understand the consequence of mEH up-regulation by Nrf2 activation in human
cancers, it will be necessary to establish a model that closely mimics the in vivo human
situation. In this regard, the current rodent models available are not suitable for human
predictive study in that the respective rodent mEH regulatory regions do not conserve the
human alternative gene promoter regulatory features or DNA structures [14]. Specifically
with respect to the current investigation, the presence of the two functional enhancers
identified are apparently not maintained in rodents and thus contribute selectively to human-
specific responses to transcriptional modulators, such as exposures to antioxidant chemicals
as described here. For example, previous reports have indicated that rodents often exhibit
high mEH inducibility following exposures to prototypical enzymatic inducers such as
phenobarbital and polyaromatic hydrocarbons [39], whereas human primary hepatocytes
from multiple donors exhibit only modest response to the same agents [40]. Thus, there is a
strong rationale for developing an appropriate humanized mEH rodent model for use in
better characterizing the contributions of mEH as a determinant of biological, toxicological
and carcinogenic responses arising from xenobiotic exposures.

In summary, the results of the studies presented demonstrate that Nrf2 contributes a critical
role in the antioxidant mediated transcriptional regulation of human mEH, through the
gene’s distal enhancer region. The data obtained from these investigations provide new
insights regarding the nature of human mEH gene regulation, its modulation by xenobiotic
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agents and the identification of Nrf2 in the context of human mEH as a potential therapeutic
target for cancer chemoprevention.
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Figure 1. Antioxidants induce E1b expression
A.) BEAS-2B cells and B.) A549 cells were treated with DMSO, sulforaphane or tBHQ for

different time periods and E1b mRNA expression was analyzed by the real time quantitative
PCR. GAPDH was used as an internal control. Results are expressed as the mean + SD.
Significant differences from DMSO control are indicated by “*” (p<0.05). C.) The induction
of mEH protein in BEAS-2B and A549 cells was evaluated by western blotting. Whole cell
lysates were immunoblotted to detect mEH protein. GAPDH was used as a loading control.
All experiments were performed three times, and one representative set of data are showed.
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Figure 2. Effect of overexpression and siRNA knockdown of NRF2 on E1b expression
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BEAS-2B cells were transfected with either empty expression vector (Ctrl) or Nrf2-
expressing plasmid. At 24 and 48 h post-transfection, total RNA and proteins were
extracted. A.) Real time qPCR analysis of E1b expression. GAPDH was used as an internal
control and results were normalized to empty vector control. *p<0.05 compared to empty
vector controls. B.) Western blot analysis of Nrf2 and mEH protein levels with p-actin or
GAPDH as a loading control. C.) gPCR analysis of t-BHQ-induced expression of E1b in
BEAS-2B cells transfected with Nrf2 siRNA. BEAS-2B cells were transfected with either
control or Nrf2 siRNA for 48 h and then treated with tBHQ for another 12 h. The
expressions of mEH, NQO1 and Nrf2 genes were measured with Real time quantitative PCR
analysis. B-actin was used as an internal control and all values were normalized to DMSO-
treated control siRNA values. *p<0.05 compared to DMSO controls. D.) A549 cells were
transfected with either control or Nrf2 siRNA. Forty-eight hours after sSiRNA transfection,
cells were harvested for total RNA or total proteins. Significant differences from control
SiRNA were indicated by “*” (p<0.05). E.) Western blot analysis of mEH protein levels with
B-actin as a loading control. All gPCR values are expressed as the mean + SD.
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Figure 3. Identification of regulatory elements involved in E1b induction
A.) Reporter analysis on E1b upstream sequence. BEAS-2B cells were transfected with

luciferase reporter constructs driven by E1b promoters containing —300bp, —1.0kb, —2.0kb
or —2.2kb promoter region. After 24h treatment with Nrf2 inducers, cells were harvested for
luciferase reporter assays. Significant differences from DMSO control were indicated by “*”
(p<0.05). B.) A map of the intronic region located between E1b and E1 harboring DNase
hypersensitive sites in A549, HepG2, K562 and NHLF cells (modified from the UCSC
genome browser). C.) Reporter analysis on DNase | hypersensitive sites. A549 and
BEAS-2B cells were transfected with the E1b —300 or E1b DNase | HS/E1b-300 plasmids
for 24hr and harvested for luciferase assay. Significant differences from the E1b-300
plasmid were indicated by “*” (p<0.05). All luciferase reporter activity values are expressed
as the mean £ SD.
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Figure 4. Role of DNase HS sites in Nrf2-mediated induction of E1b
A.) Effect of Nrf2 overexpression or tBHQ treatment on transactivation activity of E1b

DNase | HS sites in BEAS-2B and A549 cells. For Nrf2 overexpression, cells were co-

transfected with E1b promoter reporter constructs containing HS-1 or HS-2 and varying
amounts of Nrf2. Luciferase activity was determined 24 h later. For tBHQ induction
experiments, cells were transfected with promoter reporter constructs containing HS-1 or
HS-2 and treated with varying amounts of tBHQ 18 h later. Luciferase activity was
determined 6 h after treatment. KEAP1 down regulates HS-2 enhancer activity in A549 cells
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(B) and SFN-treated BEAS-2B cells (C). Cells were co-transfected with the KEAP1
expression plasmid and the reporter vectors containing E1b-300 promoter or E1b DNase |
HS-2/E1b-300 promoter for 24 h. A549 cells were harvested for luciferase assay while
BEAS-2B cells were treated with 2uM SFN for extra 24 h before luciferase assay. All
luciferase values represent mean + SD. *p<0.05 compared to empty vector controls or
DMSO control.
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Figure 5. Nrf2 binds to HS-2 enhancer element
A.) Locations of specific primers in mEH gene used for ChIP assay. The binding of Nrf2 to

the enhancer regions of human mEH gene was evaluated by ChIP assays in untreated A549
cells (B) and BEAS-2B cells (C) treated with Nrf2 activators for 2 h as described under
“Material and Methods”. Cross-linked chromatin was isolated from formaldehyde-fixed
Ab549 and BEAS-2B cells and incubated with anti-Nrf2 or control IgG. Nrf2 binding to E1b
and E1 promoters and enhancer regions was analyzed by PCR with specific primers for
these regions. |, Input, C, control 1gG, N, anti-Nrf2 antibody.
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Figure 6. Identification of Antioxidant response element (ARE) within HS-2
A.) BEAS-2B and A549 cells were transfected with E1b promoter constructs containing

HS-2 (wild-type) or HS-2 with mutations in the core ARE motif. Luciferase values were
determined 24 h later. *p<0.05 compared to wild-type HS-2 construct. B.) Mutation of the
putative Nrf2-binding site influences SFN responsiveness of BEAS-2B cells. Cells were
transfected with the reporter vectors containing E1b-300 promoter, E1b DNase | HS-2/
E1b-300 promoter, or E1b DNase | mutARE/E1b-300 promoter for 18hr and treated with
DMSO or SFN for 6hr before harvested for luciferase assay. All luciferase values represent
mean + SD. *p<0.05 compared to DMSO controls. C.) EMSA analysis of Nrf2 binding to
the putative ARE in E1b DNase | HS-2 in SFN-treated BEAS-2B and A549 cells. E1b
DNase | HS-2 ARE was end-labeled with [y-32PJATP and T4 kinase and incubated with
nuclear extracts from untreated A549 cells or BEAS-2B cells treated with 2 M SFN for 2 h.
The binding of Nrf2 to E1b DNase | HS-2 ARE was competed with 50x molar excess of
cold E1b DNase | HS-2 ARE (Lane 2), mutated E1b DNase | HS-2 ARE (Lane 3), ARE
from human NQO1 gene (Lane 4), or mutated NQO1 ARE (Lane 5). The arrows show
specific binding.
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Figure 7. A TRE binding site influences ARE-driven enhancer activity
A.) TPA treatments down-regulated the enhancer activity in A549 cells. Cells were

transfected with the E1b —300 or E1b DNase | HS-2/E1b-300 plasmids for 18hr, treated with
TPA for 6hr and harvested for luciferase assay. *p<0.05 compared to DMSO controls. B.)
Western blot analysis of mEH expression in A549 cells after treated with TPA for 24 and 48
h. GAPDH was used as a loading control. C.) Regulation of the E1b DNase HS-2 enhancer
activity by JUN overexpression in A549 cells. Cells were co-transfected with the JUN
expressing plasmid and the reporter vectors containing E1b-300 promoter or E1b DNase |
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HS-2/E1b-300 promoter. After 24 h, luciferase activity was measured. *p<0.05 compared to
empty vector controls. D.) JUN blocks tBHQ induced activation of E1b DNase | HS-2
enhancer activity in BEAS-2B cells. Cells were co-transfected with the JUN expressing
plasmid and the reporter vectors containing E1b-300 promoter or E1b DNase | HS-2/
E1b-300 promoter for 18 h and treated with DMSO or tBHQ for 6 h before harvested for
luciferase assay. *p<0.05 compared to DMSO controls. All luciferase values represent mean
+ SD.
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Figure 8. Sulforaphane induces mEH expression in human normal primary hepatocytes
A.) Quantitative RT-PCR analysis of E1b and E1 expression in normal human primary

hepatic cells treated with DMSO or Sulforaphane for 24 h. GAPDH was used as an internal
control. *p<0.05 compared to DMSO controls. B.) Western blot analysis of mEH expression
in normal human primary hepatic cells after treated with DMSO or sulforaphane for 24 h.
GAPDH was used as a loading control.
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Table 1

Alignment of HS-2 ARE with known AREs

ARE

Sequence

E1lb DNasel HS-2

human NQO1 CAGTCACAGTGACTCAGCAGAATCT
human GCLC CCTCCCCGTGACTCAGCGCTTTG
human GCLM GAAGACAATGACTAAGCAGAAAA
ARE core motif GTGACNnnnGC
ARE consensus TMANNRTGAYnnnGCRwwww
AP-1 (TRE) TGACTCA
MAF-recognition element TGCTGACTCAGCA

AGCCGGCCATGACTCAGCACTTGCC
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