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ABSTRACT 
 
Previously we demonstrated that aldehyde dehydrogenase 1a1 (ALDH1A1) is the major ALDH 

expressed in mouse liver and is an effective catalyst in metabolism of lipid aldehydes.  

Quantitative real-time PCR analysis revealed ≈2.5-3-fold induction of the hepatic ALDH1A1 

mRNA in mice administered either acrolein (5 mg/kg acrolein per os) or butylated hydroxyl 

anisole (BHA; 0.45% in the diet), as was cytosolic NAD+-dependent ALDH activity. We 

observed ≈2-fold increases in ALDH1A1 mRNA levels in both Nrf2+/+ and Nrf2-/- mice treated 

with BHA compared with controls, suggesting that BHA-induced expression is independent of 

Nrf2. The levels of AP-1 mRNA and protein, as well as the amount of phosphorylated c-Jun 

were significantly increased in mouse liver or Hepa1c1c7 cells treated with either BHA or 

acrolein. Using luciferase reporters containing the 5'-flanking sequence of Aldh1a1 (-1963/+27), 

over-expression of c-Jun resulted in ≈4-fold induction in luciferase activity, suggesting that c-Jun 

transactivates the Aldh1a1 promoter as a homodimer and not as a c-Jun/c-Fos heterodimer. 

Promoter deletion and mutagenesis analyses demonstrated that the AP-1 site at position -758 and 

possibly -1069 relative to the transcription start site were responsible for c-Jun-mediated 

transactivation. EMSA analysis with antibodies against c-Jun and c-Fos showed that c-Jun binds 

to the proximal AP-1 site at position -758, but not at -1,069. Recruitment of c-Jun to this 

proximal AP-1 site by BHA was confirmed by ChIP analysis, indicating that recruitment of c-

Jun to the mouse Aldh1a1 gene promoter results in increased transcription.  This mode of 

regulation of an ALDH has not been described before. 
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INTRODUCTION 

The ALDH gene superfamily encodes enzymes that catalyze the NAD(P)+-dependent 

oxidation of aldehydes generated from a wide variety of endogenous and exogenous processes to 

their corresponding carboxylic acids. At present, 19 functional ALDH genes have been identified 

in the human genome (Marchitti et al., 2008). Among the ALDH isoforms, cytosolic mouse 

ALDH1A1 plays a critical role in oxidative metabolism of acrolein and 4-hydroxy-2-nonenal 

(4HNE) and protects hepatocytes from damage caused by these aldehydes (Makia et al., 2011). 

The Aldh1a1 gene is highly expressed in the liver, lung, lens, gonads and retina (Hsu et al., 

1999;Hsu et al., 2000) and increased expression in the liver and lens has been postulated as the 

mechanism to protect these organs against oxidant and electrophile-induced cellular damage. 

Murine ALDH1A1 is important in retinoic acid (RA) biosynthesis by efficiently catalyzing the 

oxidation of all-trans- and 9-cis-retinal (Molotkov and Duester, 2003). It regulates normal 

growth, differentiation and development of adult epithelia by synthesizing RA, a ligand for the 

nuclear RA receptor (RAR) and retinoid X receptor (RXR). The Aldh1a1 gene is expressed at 

high levels in mouse hematopoietic stem cells and is critical for HSC differentiation and function 

(Gasparetto et al., 2012)    Because the substrate specificity and kinetics of murine and human 

ALDH1A1 are similar based upon our studies and others  (Makia et al., 2011;Xiao et al., 2009), 

we characterized the molecular regulation  of murine Aldh1a1.  Such information may assist 

interpretation of future research utilizing transgenic models to study aldehyde toxicity in 

atherosclerosis and cardiovascular medicine.  

Although the human and mouse Aldh1a1 gene have been cloned and the promoter region 

characterized, little is known about the molecular mechanisms that regulate Aldh1a1 expression 
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in mouse liver (Elizondo et al., 2009;Hsu et al., 1999). Previous studies identified a putative RA 

response element (RARE) located at position -91/-75 adjacent to the CCAAT box of the 

hALDH1A1 gene, which is conserved in mouse Aldh1a1. This RARE is responsible for RA-

mediated down-regulation of hALDH1A1 and mouse Aldh1a1 gene expression through 

interaction of the RAR and C/EBPβ in human (HepG2) and mouse (Hepa1) hepatoma cells, 

respectively (Elizondo et al., 2000;Elizondo et al., 2009). The down-regulation of ALDH1A1 by 

elevated hepatic RA is a negative feedback pathway to control RA biosynthesis as ALDH1A1 is 

a major enzyme involved in the biosynthesis of RA. Alnouti and Klaassen also reported 

induction of Aldh1a1 gene in mouse liver by constitutive androstane receptor (CAR) activators, 

presumably operating through a CAR/PXR binding site in the proximal promoter of Aldh1a1 

gene (Alnouti and Klaassen, 2008). Aldh1a1 expression is enhanced by electrophiles and 

activators of Nrf2 (Hu et al., 2006;Lee et al., 2003;Reddy et al., 2007;Thimmulappa et al., 

2002;Leonard et al., 2006).  It is not yet known whether the Aldh1a1 gene is a direct target of 

Nrf2, as most activators of Nrf2 also induce AP-1 proteins. Nrf2 is hepatoprotective against 

oxidative and electrophilic stress by up-regulation of electrophile detoxifying genes (Nguyen et 

al., 2003;Reisman et al., 2009b;Reisman et al., 2009a). Nrf2 activation is caused by electrophiles 

modifying sulfhydryl groups in Keap-1 which releases Nrf2 leading to nuclear translocation. In 

the nucleus, Nrf2 heterodimerizes with the small Maf proteins and binds to specific response 

elements termed antioxidant or electrophilic response elements (ARE) to coordinate expression 

of cytoprotective genes (Dinkova-Kostova et al., 2010;Rushmore et al., 1991). AP-1 proteins can 

also serve as binding partners for Nrf2 but predominantly modulate gene expression as either 

homodimers of Jun family proteins (c-Jun, JunD and JunB) or heterodimers with members of the 

Fos family (c-Fos, FosB, Fra1 or Fra2). There is compelling evidence to indicate that AP-1 
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proteins are hepatoprotective especially against oxidative and electrophilic stress. (Hasselblatt et 

al., 2007;Lamb et al., 2003;Tsuji, 2005;Weitzman et al., 2000). To date, there is little evidence 

for a role of AP-1 or Nrf2 in the regulation of ALDHs and detoxification of lipid-derived 

peroxidation products.  

Our preliminary experiments with mouse liver after acrolein exposure or BHA feeding by 

microarray revealed a 2- to 3-fold up-regulation of Aldh1a1 expression along with other 

electrophile detoxification genes (Makia and Prough, data not shown). These results support a 

model in which high acrolein levels stimulate Aldh1a1 gene expression, thereby enhancing 

acrolein metabolism and detoxification. The purpose of this study was to investigate whether 

well-known electrophiles modulate the expression of Aldh1a1 in mouse liver and hepatocyte-

derived cells. Since the major function of ALDH1A1 is to detoxify highly toxic lipid aldehydes, 

the induction of Aldh1a1 gene expression in mouse liver might be a mechanism to alleviate 

toxicity associated with lipid peroxidation and environmental aldehydes. 
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MATERIALS AND METHODS 

Chemicals and Reagents  

Tert-butylhydroxyanisole (BHA), tert-butylhydroquinone (t-BHQ), propen-2-al 

(acrolein), SP600125 (JNK inhibitor), PD98059 (MEK inhibitor) and okadaic acid (OA) were 

purchased from Sigma-Aldrich Company, Inc. (St Louis, MO). AIN-76A diet and AIN-76A diet 

containing BHA were obtained from Purina Test Diet (Richmond, IN). Anti-glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) antibody (clone 6C5, MAB374) was purchased from 

Millipore (Temecula, CA). Rabbit polyclonal antibodies against c-Jun (N; sc-45), Jun D (329; sc-

74), Jun B (N-17; sc-46), JNK (FL; sc-572), phospho-JNK (G-7; sc-6254), c-Jun (sc-44 X), c-

Fos (sc-52 X), Nrf2 (sc-722x), horseradish peroxidase-conjugated goat anti-rabbit (Sc-2004) and 

goat anti-mouse (Sc-2005) were purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, 

CA). Phospho-cJun (Ser63 II) antibody (#9261) was obtained from Cell Signaling Technology 

(Danvers, MA). 

Animals Genotyping and Treatment 

Wild type C57NL/6J mice were obtained from Jackson Laboratories, Bar Harbor, ME.  

Wild type C57BL/6 (WT) and Nrf2 knockout (Nrf2-/-) male mice on C57BL/6 background (22 g 

to 27 g) were obtained from Professor Roberto Bolli, Division of Cardiovascular 

Medicine/Medicine, University of Louisville.  Mice were maintained on AIN76A (Purina) diet or 

paired-fed AIN-76A diet containing 0.45% BHA (Purina Test Laboratories, Richmond, IN) for 7 

days.  Acrolein (5 mg/kg body weight) was administered to mice on normal chow diet by gavage 

for 7 consecutive days. Mice were also treated with SFN (10 mg/kg) by gavage for 7 days. 

Control mice were either placed on AIN76A diet for BHA and SFN experiments or administered 

water by gavage for 7 days for acrolein experiments. The mice were euthanized 24 h after the 
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last treatment; the livers were harvested and stored at -80°C until use. All procedures were 

performed in accordance with protocols approved by University of Louisville Institutional 

Animal Care and Use Committee.  

RNA Isolation and Quantitative RT-PCR.  

RNA was isolated from mouse liver or Hepa-1c1c7 cells using TRI reagent (Molecular 

Research Center, Inc., Cincinnati, OH) as described previously (Makia et al., 2011). Briefly, 

≈0.1g of frozen liver tissue was homogenized in 1 ml of TRI reagent (Invitrogen, Carlsbad, CA). 

RNA was extracted using chloroform and purified using silica membrane spin columns (RNeasy 

reagent; Qiagen, Valencia, CA). The mRNA levels of ALDH1A1, ALDH1A7, ALDH2, 

ALDH1B1 and the Nrf2 regulated genes (HO-1, NQO-1 and GSTM1) were assessed by qRT-

PCR using an absolute quantitation standard curve method. Total RNA isolated from mouse liver 

or Hepa-1c1c7 cells were reverse transcribed to cDNA using the Advantage RT-for-PCR kit 

(Clontech, BD Bioscience, Palo Alto, CA) with random hexamer primers. RNase H was then 

used to degrade any residual RNA in the cDNA mix. QRT-PCR was performed using the ABI 

7900HT Sequence Detector System (Applied Biosystems, Foster City, CA) using gene specific 

FAM-labeled LUX primers (Invitrogen). The primer specificity was determined by BLAST 

analysis against the whole mouse genome to verify single annealing sites. A plot of the Ct versus 

quantity of RNA indicated a linear relationship between the amount of template cDNA added to 

the reaction and the determined Ct values. All qRT-PCR experiments were performed in 

triplicate using cDNA samples from independent RNA sets and the gene expression levels were 

normalized with 18S rRNA as endogenous controls. The data were expressed as mean ± SD and 

analyzed by Student’s t test. Values of p < 0.05 were considered to be significant. 
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Cytosolic ALDH Activity  

The liver cytosolic fractions were isolated following a protocol adapted for preparation of 

liver microsomes (Makia et al., 2011;Remmer et al., 1966). Glycerol was added to the 108,000 x 

g supernatant to a final concentration of 20% and the supernatant stored at -80°C. The hepatic 

ALDH activity was spectrophotometrically measured in the cytosolic fractions isolated from 

mouse liver by monitoring the reduction of NAD+ or NADP+ at 340 nm as previously described 

by Lindahl and Petersen (Lindahl and Petersen, 1991). Enzyme activity was assayed at 25°C in 

50 mM sodium phosphate buffer (pH 7.4), containing 1 mM EDTA with either 1 mM NAD+ or 

NADP+ as cofactor (Makia et al., 2011). 

Western blotting 

Western blot was performed as described previously (Makia et al., 2011). Hepa-1c1c7 cells were 

treated with acrolein (20 µM) at various time intervals (0, 1, 2 and 4 h).  Cellular extracts 

isolated from mouse liver treated with BHA or Hepa-1c1c7 cells were separated by SDS-PAGE 

gel and transferred onto a nitrocellulose membrane. Membranes were probed with antibodies 

against GAPDH (1:10000) at room temperature for 2 h or c-Jun (1:1000), phospho-cJun 

(1:1000), JNK (1:1000) and phospho-JNK (1:1000) at 4°C overnight. The membranes were 

incubated with horseradish peroxidase-conjugated goat anti-rabbit (1:10000) or goat anti-mouse 

secondary (1:10000) antibody and the transferred proteins were visualized with Amersham ECL 

Plus western blotting detection system. 

 

Transcription Factor Binding Sites Analysis  

The putative transcription factor binding sites of the murine Aldh1a1 5’-flanking region (-

8000/+27) was analyzed by Genomatrix MatInspector software with emphasis on the binding 
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sites for Nrf2 (A/GTGACNNNGC) and AP-1 (ATGAC/GTCA). The annotated sequence of the 

5’-flanking region of the Aldh1a1 is shown in Supplemental Figure 1. 

Plasmids and Cloning of Aldh1a1 promoter luciferase constructs  

Mouse genomic DNA was purchased from Promega (Madison, WI) and used to generate 

a 2,002 bp fragment of the mouse Aldh1a1 5’-flanking sequence. This region spans from position 

-1963 to +27 relative to the transcription start site. The upstream primer (5’-

GGTACCAAATGGGCAGGCATGGTAAC-3’) introduced a Kpn1 site, while the downstream 

primer (5’-AGATCTTGGTTTGGCTCCTGGAACAC-3’) introduced a HindIII site. The PCR 

amplification product was cloned into a pCR2.1 vector (Invitrogen, Carlsbad CA).  The sequence 

identity of the product was confirmed by sequence analysis in the University of Louisville Center 

for Genetics and Molecular Medicine Nucleic Acid core facility. Kpn1 and HindIII enzymes 

were used to subclone the 2,002 bp Aldh1a1 promoter region into the pGL3-Basic vector 

(Promega, Madison, WI) to generate the luciferase construct, p2.0Aldh1a1Luc (-

1963/+27Aldh1a1Luc).  Three (3) deletion constructs; 1534 bp (-1496/+27), 1043 bp (-

1005/+27) and 518 bp (-480/+27) fragments of the mouse Aldh1a1 promoter were generated by 

PCR using the -1963/+23 construct as template. The downstream primer for synthesis of the 

three deletion constructs was identical to that of the 2,002 bp fragment. The following upstream 

primers, which introduced a Nhe1 site, were used to generate the PCR products for the deletion 

constructs. 

1534 bp:  5’-GCTAGCCATGGATCTGGCTGGATCTG-3.  

1043 bp:  5’-GCTAGCGGAGGTGGCAATTTCACTAC-3’.  

518 bp:  5’-GCTAGCGGTTTGCTGGTAGCCATGTT-3’.  
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Nhe1 and HindIII were used to subclone the 1534 bp, 1043 bp and 518 bp Aldh1a1 

promoter fragments into pGL3-Basic to generate p1.5Aldh1a1Luc (-1496/+27Aldh1a1-Luc), 

p1.0Aldh1a1Luc (-1005/+27Aldh1a1Luc) and p0.5Aldh1a1Luc (-480/+27Aldh1a1Luc) 

constructs, respectively.  A far upstream region of the Aldh1a1 promoter (position -4,673) that 

contains putative ARE/TRE site was also generated using the upstream primer; 5’-

GGTACCACTCAAATGGCTGAGCCAATG-3’ and a downstream primer identical to that of 

the 2,002 bp fragment. This 4,673 bp PCR fragment was cloned into pGL3 Basic using the Kpn1 

and HindIII enzymes to generate the mouse Aldh1a1 promoter luciferase constructs, 

p4.6Aldh1a1Luc. 

The expression plasmids for c-Fos (pRSV-cfos) and c-Jun (pRSV-cjun) were provided by 

C.B. Pickett and T. Nguyen (Schering-Plough Research Institute, Kenilworth, New Jersey). The 

expression plasmids for JunD (pcDNA3.1-JunD), and JunB (pcDNA3.1-JunB) were kind gifts 

from S.K. Agarwal (Genetics & Endocrinology Section, NIDDK, NIH). The Nrf2 expression 

plasmid (pCI-Nrf2neo) was provided by K.S. Ramos (University of Louisville, KY) and the 

pcDNA3.1-TAM67 expression plasmid was provided by D.J. Samuelson (University of 

Louisville, KY). The plasmid pGSTYa-ARELuc (0.164Ya-ARELuc) containing 164 bases of the 

rat GST-Ya minimal promoter with a consensus ARE cloned upstream of the luciferase reporter 

gene was previously used as a positive control for Nrf2-dependent regulation of gene expression 

(Falkner et al., 1998). A luciferase reporter construct containing the human collagenase TRE 

(pColTRELuc) was generated using a double-stranded oligonucleotide including ≈30 bp of the 

5'-flanking region of the human collagenase gene centered on the defined AP-1 site. This 

plasmid is a functional positive control for AP-1 transcription activity; it is regulated similarly to 

the CAT construct reported by Nyguyen et al. (2003). 
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Transfection of HepG2 Cells and Luciferase Reporter Assays  

The human hepatoma cell line, HepG2 (HB8065, American Type Culture Collection, 

Rockville, MD) was maintained in Dulbeccos Modified Eagles media (DMEM) supplemented 

with 10% fetal bovine serum (FBS, HyClone, Logan UT) and 1% antibiotic-antimycotic solution 

(Invitrogen; Carlsbad CA). Cells were plated at a density of approximately 150,000 cells/ml per 

well in 12-well plates for 24 h. Cells were transfected using 1 μg/2.5 μL of Lipofectamine LTX 

and 1 μL of Plus (Invitrogen, Carlsbad, CA) with 250 ng/well of p4.6Aldh1a1Luc (-

4673/+27Aldh1a1Luc), p2.0Aldh1a1Luc (-1963/+27Aldh1a1Luc), p1.5Aldh1a1Luc (-

1496/+27Aldh1a1-Luc), p1.0Aldh1a1Luc (-1005/+27Aldh1a1Luc), p0.5Aldh1a1Luc (-

480/+27Aldh1a1Luc), pGSTYa-ARELuc or pColTRELuc luciferase constructs. The cells were 

co-transfected with varying amounts of pRSV-cFos (0-80 ng), pRSV-cJun (0-80 ng), pcDNA3.1-

JunD (0-80 ng), pcDNA3.1-JunB (0-80 ng), pcDNA3.1-Fra1 (0-80 ng), pcDNA3.1-Fra2 (0-80 

ng) or pCI-Nrf2neo (0-200 ng). All plasmids were diluted in Opti-MEM® I reduced serum media 

(Invitrogen). The plasmid lipofectamine complexes were transferred into each well containing 

cells and DMEM medium containing 10% FBS. The total mass of DNA being transfected was 

kept constant by co-transfection with blank plasmids such as pRSV (transfection with pRSV-

cJun or pRSV-cFos) or pcDNA3.1 (transfection with pcDNA3.1-JunD, or pcDNA3.1-JunB 

vector to demonstrate the absence of squelching. After incubation at 37°C for 24 h, the DMEM 

media containing 10% FBS was replaced with fresh DMEM medium and then cells were treated 

with either 0.1% DMSO or various compounds at concentrations indicated in the figure legend. 

After overnight incubation (~17-24 h), the growth media was aspirated and the cells washed one 

time with PBS. The crude cell lysates were prepared by adding 0.1 ml of luciferase cell lysis 

buffer (Promega, Madison, WI). The β-galactosidase and luciferase activities were measured as 
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described previously (Falkner et al., 1998). The data were expressed as luciferase activity 

relative to β-galactosidase activity to normalize for transfection efficiency. Cell lysates were 

measured for expression of c-Jun, c-Fos, JunB, and JunD by Western blot analysis.  All transient 

transfection experiments were performed in triplicate and experiments were repeated at least 

twice for confirmation.  

Site-Directed Mutagenesis  

Mutagenesis of the two putative AP-1 sites located at position -1,069 and -758 of 

Aldh1a1 proximal promoter was performed using GeneTailorTm Site-Directed Mutagenesis 

systems (Invitrogen, Carlsbad, CA) following the Invitrogen protocol. Briefly, the 

p1.5Aldh1a1Luc (-1496/+27Aldh1a1Luc) luciferase construct as the template DNA was 

methylated using DNA methylase at 37°C for 1 h. The template strand was methylated to mark it 

for degradation by the host McrBC endonuclease. The methylated plasmid was then amplified by 

PCR with two overlapping primers, one of which contains the target mutation using Platinum 

Taq Polymerase High fidelity (Invitrogen, Carlsbad, CA). The PCR conditions were as follows: 

94°C for 2 min; 20 cycles of 94°C for 30 s; 55°C for 30 s; 68°C for 7 min (≈ 6.5 kb plasmid); 

and 68°C for 10 min. The primers for mutagenesis of AP-1 sites located at positions -1069 and -

758 are shown below. 

-758:   Sense, 5'-TCGACACTGCTTAGAGTAATAATAAACAAGTGCACGC-3’ 

                Antisense, 5' ATTACTCTAAGCAGTGTCGAAGGAAAGAAT-3’ 

-1069: Sense, 5'-TATTTACAAATTGAGAAGCTAAATAAAGGCAAAAAGA-3’ 

                Antisense, 5'-AGCTTCTCAATTTGTAAATACAGAGAGGAA-3’  

The PCR product, linear and double-stranded was analyzed by a 1% agarose gel stained with 

ethidium bromide. The mutagenesis mixture was then transformed into One-ShotR MAX 
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Efficiency DH5αTM-T1R E. coli. The host E. coli circularized the linear mutated DNA and 

McrBC endonuclease in the host cell then digested the methylated template DNA, leaving only 

the unmethylated and mutated product. The sequences of the recovered PCR products were 

analyzed by sequence analysis at the University of Louisville, Center for Genetics and Molecular 

Medicine Nucleic Acid core facility. 

Preparation of Nuclear Extracts  

Nuclear extracts were prepared from HepG2 cells transfected with either pRSV (vector 

control; 2 μg/well) or pRSV-c-Jun (2 μg/well) for 48 h using NE-PER nuclear and cytoplasmic 

extraction reagents (Pierce, Rockford, IL) according to standard protocol. Briefly, HepG2 cells 

(1 x 106) in 35 mm dishes were washed twice with ice-cold PBS and transferred to 

microcentrifuge tubes. Cells were then centrifuged at 1500 x g for 5 min. The supernatant was 

discarded and the cell pellet was allowed to swell in ice-cold cytoplasmic extraction reagent I for 

10 min with vigorous mixing of the tube to resuspend the cell pellet. Ice-cold cytoplasmic 

extraction reagent II was added and the tube was again vigorously mixed for 1 min. The sample 

was then centrifuged at 16,000 x g for 5 min and the cytoplasmic fraction was transferred to a 

clean tube. The insoluble pellet was resuspended in ice-cold nuclear extraction reagent and 

incubated on ice for 40 min with 15 s vortexing every 10 min. The tube was then centrifuged at 

16,000 x g for 10 min; the nuclear extract (supernatant) was stored in aliquots at -80°C until used 

for EMSA. Protein concentration was determined by Pierce® BCA Protein Assay (Pierce, 

Rockford, IL) using BSA as standard. 
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Electrophoretic Mobility Shift Assay (EMSA)  

A non-radioactive LightShift Chemiluminescent EMSA kit (Pierce, Rockford, IL) was 

used to examine whether c-Jun/AP-1 binds to the putative AP-1 binding sites on Aldh1a1 

proximal promoter. The oligonucleotides used as probes or competitors in gel shift assays were 

end-labeled at their 5’ with biotin and the sequences are shown below: 

AP-1 Site B:           Sense,          5’- TGCTTAGAGTAATGATTCACAAGTGCACG-3’ 

                               Antisense,    5’-CGTGCACTTGTGAATCATTACTCTAAGCA-3’ 

AP-1 Mut B:         Sense,          5’-TGCTTAGAGTAATAATAAACAAGTGCACG-3’ 

                               Antisense,    5’-CGTGCACTTGTTTATTATTACTCTAAGCA-3’ 

AP-1 Site C:          Sense,          5’- AATTGAGAAGCTCAGTCAAGGCAAAAAGA-3’ 

                               Antisense,    5’-TCTTTTTGCCTTGACTGAGCTTCTCAATT-3’ 

The complementary oligonucleotides were annealed using a thermocycler (GeneAmp PCR 

system 2400, Applied Biosystems). EMSA reactions containing 20 fmoles of biotin-end labeled 

double-stranded probes and 5 μg nuclear proteins were incubated for 20 min at room temperature 

in a 1X binding buffer with 5 mM MgCl2, 2.5 % glycerol, 0.05% NP-40 and 50 ng/μl poly (dI-

dC). The specificity of binding was determined by addition of 25- to 100-fold excess of 

unlabeled double stranded probes in the binding reactions. To further confirm specificity of 

binding, a 100-fold excess of unlabeled double stranded probe with mutations at the AP-1 

binding site was included in the binding reactions.  For EMSA analyses, the binding reactions 

were incubated with rabbit polyclonal antibodies against c-Jun, c-Fos or Nrf2 for 30 min at 4°C. 

Loading buffer was added to the reactions and the protein-DNA complexes were resolved by 

electrophoresis on 6% precast DNA retardation gel (Invitrogen, Carlsbad, CA) in 0.5 X TBE 

buffer (90 mM Tris-HCl, 90 mM boric acid, 2.5 mM EDTA) at 100 V for 1 h. Following 
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electrophoresis, the binding reactions was then electrophoretically transferred onto a nylon 

membrane (Amersham Hybond-N+, GE Healthcare) using 0.5X TBE for 1 h at 100V. At the end 

of transfer, the transferred DNA-protein complexes were then cross-linked onto membranes 

using a UV cross-linker that was set at 120 mJ/cm2 for an exposure time of 2 min. The biotin-

labeled DNA was detected using the chemiluminescent nucleic acid detection module (Pierce, 

Rockford, IL) following their standard procedure for detection of immobilized nucleic acids.  

Chromatin Immunoprecipitation Assay (ChIP)  

C57BL/6 mice were placed on AIN76 diet (control) or diet containing 0.45% BHA for 7 

days. Animals were euthanized and intact nuclei from the livers of control or BHA-treated mice 

were purified by sucrose density gradient without disrupting the internal macromolecular 

interactions. The ChIP assay was performed using the MAGnify chromatin-immunoprecipitation 

system (Invitrogen, CA) according to manufacturer’s protocol with minor modifications. The 

pure nuclei were suspended in PBS and fixed in 1% formaldehyde at room temperature for 20 

min to cross-link the DNA binding proteins to cognate cis-acting elements. The cross-linking 

reaction was stopped by incubation with 125 mM glycine for 10 min at room temperature. The 

nuclei were harvested after 30 min, washed with PBS and solubilized in buffer containing 50 

mM Tris-Cl, pH 8.0, 1% SDS, 5 mM EDTA, 5 mM EGTA, and 0.5 mM phenylmethanesulfonyl 

fluoride (PMSF) with complete protease inhibitor mix (Roche Molecular Biochemicals). The 

homogenate was sonicated 6-7 times on ice at 40% setting (Branson sonicator) to shear the 

chromosomal DNA into fragments of ≈500 bp in size. The insoluble material was removed by 

centrifugation at 20,000 x g at 4°C for 5 min and the soluble chromatin supernatant (chromatin 

extract) was stored at -80°C until use. Before use, the chromatin extract was diluted 10-fold with 

dilution buffer containing 20 mM Tris-Cl, pH 8.0, 1% Triton X-100, 1.2 mM EDTA and 150 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 26, 2012 as DOI: 10.1124/mol.112.078147

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #78147 

 17

mM NaCl. The cross-linked protein-DNA fragments were immunoprecipitated by overnight 

incubation of diluted chromatin with antibodies against IgG (control), c-Jun (sc-44 X; 1 μg/μl) or 

c-Fos (sc-52 X; 1 μg/μl) conjugated to Dynabeads protein A/G. The immune complexes were 

washed sequentially with IP buffer 1 and 2, and the protein-DNA cross-links were reversed by 

heat treatment in reverse cross-linking buffer containing proteinase K. The non-crosslinked DNA 

pulled down by the different antibodies was purified using the DNA purification magnetic beads.  

The purified DNA was analyzed by real-time PCR (ABI 7900HT Sequence Detector System, 

Applied Biosystems, Foster City, CA) with primers spanning the putative AP-1 sites B (position 

-758) and C (position -1069) in the proximal promoter of Aldh1a1 gene. The sequences of the 

ChIP primers are shown below: 

AP-1 Site B:  Forward,         5’-GTTCCTTCCATATCTTGTGCTGGG-3’ 

                      Reverse,          5’-GAGGTGCGTGCACTTGTGAATCAT-3’ 

AP-1 Site C:  Forward          5’-TCCTTCAAGGTCTGTGACCAAAGC-3’ 

                      Reverse           5’-AACAGGGACCTGAGGAGTGTGTTT-3’ 

 

Statistical Analysis:  Data were analyzed with Student’s t-tests or one-way analysis of variance 

(ANOVA) followed by Tukey test using Sigma Stat software (Sigma Stat 3.5, SPSS, USA). 

Comparisons were made between appropriate groups, and differences were considered to be 

statistically significant at a P-level of 0.05. Results are expressed as means ± standard deviations 

(SD). 
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RESULTS 

Regulation of Aldh1a1 gene expression by acrolein and BHA in mouse liver 

Previous studies demonstrate that the expression of Aldh1a1 gene is modulated by a wide 

variety of endogenous and exogenous stimuli (Alnouti and Klaassen, 2008;Leonard et al., 2006). 

Initial microarray studies were performed in collaboration with C.A. Bradfield, University of 

Wisconsin, Madison, using the EDGE cDNA microarray (Hayes et al., 2005) and the resulting 

data were stored at http://edge.oncology.wisc.edu. The results indicated that acrolein feeding 

increases Aldh1a1 (≈ 2-fold) gene expression in mouse liver. Hepatic Aldh1a1 mRNA levels 

were also induced (≈3-fold) in mice by treatment of mice with BHA that is rapidly metabolized 

to the electrophile/oxidant, t-butyl-hydroquinone. To confirm these microarray data, we 

examined whether acrolein or BHA induce the expression of the Aldh1a1 gene in mouse liver. 

C57BL/6 mice on laboratory chow diet were treated with water (control) or acrolein (5 mg/kg 

bwt by gavage daily for 7 days). The daily human consumption of unsaturated aldehydes is 

estimated to be ≈ 5 mg/kg bwt. No hepatocellular damage was observed in mice exposed to this 

dose of acrolein (Conklin et al., 2010), indicating that 5 mg/kg bwt is a sublethal concentration 

of acrolein.  Significant damage to the liver was observed when mice were administered an 

acrolein dose of 10 mg/kg. Mice on AIN76A diet were also administered SFN (10 mg/kg bwt) 

daily by gavage or fed AIN-76A diet containing 0.45% BHA for 7 days. Aldh1a1, Nqo1 and Ho-

1 gene expression in mouse liver was analyzed by qRT-PCR (Figure 1A). ALDH1A1 mRNA 

levels were significantly increased in mouse liver by acrolein (≈ 4-fold) or BHA (≈2.5-fold) 

treatment compared with controls. As expected, acrolein treatment induced the expression of 

antioxidant and electrophile detoxification genes, Nqo-1 (≈2.5-fold) and HO-1 (≈3.5-fold) gene. 

Nqo-1 and HO-1 expression was increased by BHA treatment as indicated by ≈9-fold and ≈2.5-
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fold increases in mRNA levels, respectively (Figure 1A).  The isothiocyanate, SFN, is believed 

to be a classical activator of only Nrf2 (Ahn et al., 2010;Nguyen et al., 2009), while BHA and 

acrolein modulate gene expression by activation of either Nrf2 or AP-1 (Choi and Moore, 

1993;Lee and Murray, 2010). As anticipated, HO-1 (≈5-fold) and NQO-1 (≈3-fold) mRNA 

levels were significantly induced by SFN, but no significant induction of Aldh1a1 gene 

expression was observed with SFN (Figure 1A).  These results suggest that the mechanism of 

induction of protypical Nrf2 regulated genes, HO-1 and Nqo-1 by electrophiles differs from that 

of Aldh1a1.  

Consistent with the changes in ALDH1A1 mRNA levels noted above, hepatic cytosolic 

NAD+-dependent ALDH activity was increased in mice treated with either acrolein (≈ 4-fold) or 

BHA (≈ 4.5-fold) using 1 mM propionaldehyde and NAD+ as substrate and cofactor, respectively 

(Figure 1B). The basal NADP+-dependent activity was unaffected by treatment with either 

acrolein, BHA or SFN.  From our previous studies, we demonstrated that propionaldehyde is a 

good substrate for ALDH1A1 and that ALDH1A1 only utilizes NAD+ as cofactor in oxidative 

metabolism of this aldehyde (Makia et al., 2011). Even though the Vmax for ALDH3A1 relative 

to ALDH1A1 is large, the mRNA levels of endogenous Aldh3a1 gene in normal mouse liver are 

negligible, suggesting that the major isoform that contributes to NAD+-dependent ALDH activity 

induced by acrolein or BHA in mouse liver is most likely ALDH1A1. These results validate our 

microarray data which demonstrate the induction of hepatic Aldh1a1 gene expression and other 

electrophile detoxification gene by BHA or acrolein. Because neither NAD+- nor NADP+-

dependent cytosolic ALDH activity was increased in mouse liver by SFN, even at a 

concentration of 10 mg/kg, these data suggest that Nrf2 is likely not to be involved in 

electrophile-induced Aldh1a1 expression.  
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Induction of Aldh1a1 gene expression by BHA in Nrf2+/+ and Nrf2-/- C57BL/6 mouse liver 

In order to more directly assess the role of Nrf2 in electrophile-induced transcription of 

Aldh1a1, Nrf2+/+ and Nrf2-/- mice on C57BL/6 background were fed 0.45% BHA in AIN76 diet 

for 7 days and  mRNA levels of Aldh1a1 and known Nrf2 target genes, such as Gstm1, Nqo1 and 

HO-1 were determined by qRT-PCR.  The exposure of mice to BHA resulted in a ≈2-fold 

increase in mRNA levels of hepatic Aldh1a1 expression in both Nrf2+/+ and Nrf2-/- mice 

compared with untreated controls of the same genotype (Table 1, p < 0.05 significance by 2-

tailed t-test). However, the basal expression of Aldh1a1 was significantly reduced in Nrf2-/- mice 

compared with Nrf2+/+. The up-regulation of Nqo-1 (8.8-fold), Gstm1 (10-fold) and HO-1 (2.6-

fold) expression by BHA in Nrf2+/+ mice was significantly reduced in Nrf2-/- mice, consistent 

with BHA-induced expression of these genes being mediated by Nrf2. However, the fold 

induction of Aldh1a1 gene expression by BHA in Nrf2+/+ mice was not statistically different 

from that observed in Nrf2-/- mice, suggesting that BHA-induced expression of Aldh1a1 is likely 

independent of Nrf2 and due to other transcription factors. 

 

Regulation of AP-1 gene expression by acrolein or BHA in mouse liver  

The AP-1 proteins are activated by increased gene expression, increased phosphorylation 

and DNA binding capacity. In order to examine whether electrophile-induced expression of 

Aldh1a1 gene is dependent on AP-1, we assessed the mRNA levels of c-jun and c-fos in the 

livers of BHA-treated mice. We observed significant induction of c-jun (≈2.0 fold) and c-fos 

(≈1.8 fold) expression in Nrf2+/+ mice after BHA treatment (Figure 2A). In Nrf2-/- mice, basal 

expression of c-fos and c-jun were markedly lower than in Nrf2+/+ mice, suggesting that basal c-
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jun and c-fos gene expression is also modulated by Nrf2. The expression of AP-1 genes in 

Nrf2+/+ and Nrf2-/- mice parallels that of the Aldh1a1 gene  (Figure 2A; Table 1) and thus, the 

low basal expression of Aldh1a1 in Nrf2-/- mice could be due to an indirect effect of Nrf2 on 

expression of AP-1 genes in these mice.  We observed ≈4.0-fold and 2.0-fold induction in the 

mRNA levels of c-jun and c-fos genes, respectively, in mouse liver after acrolein treatment per 

os (Figure 2D). The acrolein-induced expression of c-jun and c-fos gene in Hepa-1c1c7 cells was 

consistent with that observed in mouse liver (Figure 2D).  

To further test our hypothesis that Aldh1a1 gene expression is regulated by AP-1 

proteins, we assessed the protein levels and phosphorylation status of c-Jun in cellular extracts 

from Nrf2+/+ mice exposed to BHA. Western blot analysis with antibodies against c-Jun and 

phospho-c-Jun was performed in extracts from the livers of Nrf2+/+ mice exposed to control diet 

or diet containing BHA (Figure 2B and C). We observed significant increases in both protein 

levels and phosphorylation status of c-Jun in BHA-treated mice livers compare with control. The 

effect of acrolein on c-Jun activation was assessed in Hepa-1c1c7 cells. Hepa-1c1c7 cells were 

treated with acrolein (20 μM) at various time intervals and the activities of JNK and c-Jun were 

analyzed by Western blot with antibodies against phospho-c-Jun and phospho-JNK1/2 (Figure 

2E). We noticed increased phosphorylation of c-Jun, 2 h after treatment of cells with 20 μM 

acrolein. The kinetics of c-Jun phosphorylation were similar to that of its upstream kinase, 

JNK1/2. Thus, the results of increased levels of c-Jun and increased phosphorylation of c-Jun 

and JNK1/2 implicate the JNK signaling pathway and its downstream substrate c-Jun in 

electrophile-induced expression of the Aldh1a1 gene.  

 

Aldh1a1 transcriptional activity is not induced by Nrf2  
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To confirm that the mechanism of Aldh1a1 transcription by acrolein or BHA is not mediated 

by Nrf2, luciferase reporter gene assays using constructs containing portions of the Aldh1a1 5’-

flanking sequence (positions -1,963 to +27 relative to the transcription start site) were utilized. 

These sites were conserved in the rat and human ALDH1A1.  An Oct 1 binding site and a 

CCAAT box were identified at position -68 and -87 relative to TSS, respectively. This promoter 

region of Aldh1a1 gene contains putative AP-1 (position -1516, -1069, -758 and -60) and Nrf2 

(position -665, -1068 and -1753) binding sites, whose sequence closely resembles the canonical 

TRE (TGACTCA) and ARE (TGACNNNGCA), respectively (Supplemental Figure 1). HepG2 

cells were transfected with the Aldh1a1 luciferase construct (p2.0Aldh1a1Luc) containing the 

Aldh1a1 promoter cloned upstream of the luciferase gene with increasing concentration of Nrf2 

expression plasmids (0 to 200 ng). As a control for electrophile-induced transcription of ARE 

genes dependent on Nrf2, cells were transfected with the pGSTYa-ARE luciferase construct that 

contains the consensus ARE sequence and the minimal promoter of the rat glutathione S-

transferase A2  gene cloned upstream of a luciferase gene (Falkner et al., 1998). As anticipated, 

we noticed a concentration-dependent increase in GSTA2 ARE-driven transcriptional activity 

(normalized to β-galactosidase activity) by Nrf2 compared with vector control (Supplemental 

Figure 2). In contrast, over-expression of Nrf2 failed to stimulate transcriptional activity of 

Aldh1a1 promoter construct. We also assessed the effect of Nrf2 on an Aldh1a1 luciferase 

construct containing a 4.6 kb fragment of Aldh1a1 promoter. This construct also did not 

demonstrate any significant difference in promoter activity by Nrf2 compared with vector 

control. These transient transfection experiments are consistent with our observations in Nrf2-/- 

and Nrf2+/+ mice treated with SFN, suggesting that electrophile-induced expression of Aldh1a1 

is independent of Nrf2, but dependent upon JNK/c-Jun activation. 
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Increased Aldh1a1 promoter luciferase activity by AP-1  

We examined the effect of AP-1 proteins on Aldh1a1 transcriptional activity by promoter 

luciferase reporter assay in HepG2 cells. Cells were co-transfected with either p2.0Aldh1a1Luc 

or the AP-1 positive control (pColTRE) luciferase constructs and with c-Jun, c-Fos or both c-Jun 

and c-Fos expression plasmids.  The pColTRE construct contains the TRE sequence from human 

collagenase gene cloned upstream of a luciferase gene and is a positive control for AP-1-

dependent gene transcription (Angel et al., 1987). Over-expression of c-Jun resulted in ≈4-fold 

induction in Aldh1a1 transcriptional activity (Figure 3A). The over-expression of c-Jun in 

HepG2 cells was verified by Western blot analysis (Supplemental Figure 2). The regulation of 

Aldh1a1 gene promoter activity by c-Jun and c-Fos was different compared with that of the 

prototypic AP-1 responsive gene, the human collagenase gene. As shown in Figure 3A, both c-

Jun and c-Fos are required for induction of collagenase TRE luciferase activity. This synergism 

between c-Jun and c-Fos for induction of collagenase TRE activity was absent in Aldh1a1 gene, 

suggesting that c-Jun induced Aldh1a1 transcription as a homodimer, but not as a c-Jun/c-Fos 

heterodimer. 

To test the effect of c-Fos on Aldh1a1 promoter activity, we transiently co-transfected 

HepG2 cells with p2.0Aldh1a1Luc or pColTRELuc luciferase constructs and constant amounts 

of c-Jun (40 ng) with increasing additions of c-Fos to the cells (0 to 40 ng) (Figure 3B). While 

increasing c-Fos resulted in a concentration-dependent increase in the transcriptional activity of 

collagenase TRE, increasing concentrations of c-Fos caused a concentration-dependent decrease 

in Aldh1a1 promoter activity, suggesting that c-Fos displays a dominant negative effect on c-Jun-

mediated transactivation of Aldh1a1 promoter activity (Figure 3B). These results indicated that 
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transcriptional activation of Aldh1a1 promoter was mediated by c-Jun homodimer and that 

increased expression of c-Fos caused inhibition of c-Jun homodimer formation. We also assessed 

the role of c-Jun dominant negative protein (TAM67) on acrolein-mediated Aldh1a1 

transcription (Figure 3C). HepG2 cells were co-transfected with p2.0Aldh1a1 and either c-Jun, 

TAM67 or both c-Jun/TAM67 expression plasmids. The c-Jun-mediated increases in Aldh1a1 

promoter activity were enhanced by acrolein treatment. However, acrolein or c-Jun-induced 

transcription of Aldh1a1 was abrogated by over-expression of TAM67, supporting the 

importance of c-Jun in electrophile-induced transcription of Aldh1a1. 

 

Jun AP-1 family proteins activate Aldh1a1 transcriptional activity  

Previous studies indicate that the Jun family members (c-Jun, JunD and JunB) induce the 

expression of genes as either homodimers or heterodimers with members of the Fos (c-Fos, 

FosB, Fra-1 and Fra-2) family. We tested the effect of increasing concentrations of c-Jun, JunD, 

or JunB on Aldh1a1 transcriptional activity in HepG2 cells. As shown in Figure 4, c-Jun (≈3 

fold), JunD (≈2.5 fold) or JunB (≈4.5 fold) at a concentration of 80 ng significantly transactivate 

Aldh1a1 promoter activity compared with control. However, at lower concentrations (20 ng), 

only c-Jun showed significant induction of Aldh1a1 luciferase activity, suggesting increased 

potency of the c-Jun homodimer compared with homodimers of other Jun family members.  This 

discrepancy may be due to the differences in the promoters of the backbone plasmids with CMV 

promoter for the other family members (JunD and JunB) and c-Jun promoter driven by RSV.  

However,Western blot analysis of HepG2 cell lysates from cells transfected with expression 

vectors for either c-Jun, c-Fos, JunB, or JunD demonstrated highly elevated levels of the 
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respective transcription factors expression under the conditions of the luciferase reporter analysis 

(Supplemental Figure 2).   

Previous studies showed that Nrf2 induces the expression of cytoprotective genes by 

forming active heterodimers with AP-1 proteins especially c-Jun (Lee and Murray, 2010). We 

examined whether there is cross-talk between c-Jun and Nrf2 in Aldh1a1 transcriptional 

activation. Cells were transfected with p2.0Aldh1a1Luc with varying concentrations of c-Jun (0 

to 40 ng) and Nrf2 (0 to 80 ng) (Supplemental Figure 4).  Luciferase activity normalized to β-

galactosidase activity was assessed in these cells 48 h after transfection. Over-expression of Nrf2 

had no effect on c-Jun-mediated transactivation of Aldh1a1 promoter activity (Supplemental 

Figure 3), demonstrating that Nrf2 does not regulate Aldh1a1 expression either by itself or as 

heterodimer of c-Jun/Nrf2. 

  

Role of Mitogen Activated Protein Kinases (MAPK) in electrophile-mediated transcription 

of Aldh1a1 

The activities of AP-1 proteins are regulated by MAPK, such as p38, ERK1/2 and JNK. 

The activation of JNK by oxidative stress or electrophile is known to promote phosphorylation of 

its downstream target c-Jun, thereby increasing transcriptional activity of c-Jun (Eferl and 

Wagner, 2003). HepG2 cells were co-transfected with p2.0Aldh1a1 luciferase construct and c-

Jun expression plasmid, followed by treatment with 0.1% DMSO, 50 μM SP600125 (JNK 

inhibitor), 50 μM PD98059 (MEK inhibitor) or 40 nM OA (phosphatase 2a inhibitor) for 17 h. 

Aldh1a1 promoter activity was diminished when cells were treated with JNK (SP600125) or 

MEK (PD98059) inhibitors (Figure 5), suggesting that inhibition of the JNK signaling pathway 

also abrogated the c-Jun-mediated transactivation of Aldh1a1 promoter activity. Presumably, OA 
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inhibits phosphatase 2a, impacting the phosphorylation state of cJun and increasing basal 

Aldh1a1 promoter activity, but displayed little or no effect on c-Jun-mediated transcriptional 

activation of Aldh1a1 gene, after c-Jun induction and phosphorylation has occurred. These 

results indicate that the JNK signaling pathway plays a critical role in electrophile-mediated 

transcriptional activation of Aldh1a1 gene.  

 

Characterization of AP-1-like elements responsible for c-Jun-mediated transactivation of 

Aldh1a1 promoter activity by deletion and mutagenesis analysis 

The analysis of the proximal promoter of Aldh1a1 by the Genomatrix MatInspector 

Professional software revealed four putative AP-1-like elements at positions -1516, -1069, -758 

and -60 (Supp. Figure 1). The p2.0Aldh1a1 construct containing the -1,963 to +27 fragment of 

the Aldh1a1 proximal promoter was used as a template for the generation of three deletion 

constructs: p1.5Aldh1a1 (-1496/+27Aldh1a1Luc), p1.0Aldh1a1 (-1005/+27Aldh1a1Luc) and 

p0.5Aldh1a1 (-480/+27Aldh1a1Luc) with progressive deletion of the AP-1-like elements.   

HepG2 cells were co-transfected with the Aldh1a1 promoter deletion mutant luciferase 

constructs and a plasmid encoding c-Jun protein.  The deletion of the AP-1-like element at 

position -1,516 had no significant effect on c-Jun-mediated transactivation of Aldh1a1-luciferase 

activity (Figure 6A). The deletion of the putative AP-1 sites at positions -1,069 and -758 

significantly decreased transactivation of Aldh1a1-luciferase activity by c-Jun.  Thus, deletion 

analyses indicate that the region containing these two AP-1-like elements at positions -758 (AP-1 

site B) and -1,069 (AP-1 site C) are important for c-Jun-dependent transactivation of Aldh1a1 

transcriptional activity.   
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To investigate the importance of the AP-1-like elements at positions -1,069 and -758 in 

the activation of Aldh1a1-luciferase construct by c-Jun, these putative AP-1 elements were 

mutated by site-directed mutagenesis. The mutation of the proximal putative AP-1 element at 

position -758 (p1.5Aldh1a1MutB) resulted in ≈50% reduction in c-Jun-mediated activation of 

Aldh1a1 promoter activity compared with the p1.5Aldh1a1WT (WT) constructs (Figure 6B).  

However, mutation of the distal AP-1 sequence at position -1,069 (p1.5Aldh1a1MutC) only 

modestly (≈26%) decreased Aldh1a1-luciferase activity compared with the WT plasmid. Double 

mutation of the putative AP-1 elements at sites B and C in the promoter of Aldh1a1 gene further 

attenuated c-Jun responsiveness, indicating that both AP-1-like elements at sites B and C 

contribute to c-Jun dependent transactivation of the Aldh1a1 gene and the AP-1 at site B 

apparently plays a more dominant role than site C.  

 

EMSA analysis to assess nuclear proteins binding to AP-1-like elements in the proximal 

promoter of Aldh1a1 gene 

The nuclear extract isolated from HepG2 cells transfected with plasmid encoding c-Jun 

was incubated with biotin-labeled double-stranded probes containing AP-1-like elements B 

(position -758) and C (position -1069). We observed formation of a DNA-protein complex when 

labeled probe spanning AP-1-like element B was incubated with nuclear extract but not with site 

C (Figure 7A). The specificity of nuclear proteins binding to the AP-1-like element B was 

examined by competition with cold unlabeled WT probe or unlabeled mutant probe containing 

mutations at the AP-1-like element at site B. The nuclear proteins isolated from HepG2 cells 

over-expressing c-Jun were allowed to form complexes with unlabeled WT (25- to 100-fold) or 

mutant probe (100-fold) prior to incubation with biotin-labeled probes spanning AP-1-like 
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element at site B. The results demonstrate that 100-fold excess concentration of unlabeled WT 

probe completely competed with the biotin-labeled probe containing site B for AP-1 binding 

proteins (Figure 7A). Thus, excess unlabeled specific WT probe effectively inhibited the 

formation of protein complexes with the biotin-labeled probe containing AP-1 element at site B. 

However, pre-incubation with unlabeled mutant probe resulted in little or no loss of DNA-

protein complex with the biotin-labeled AP-1B site for protein binding (Supplementary Figure 

5). These results indicate that the nuclear proteins from HepG2 do not form DNA complexes, 

under the conditions used in this assay, with the AP-1-like element at site C, but bind instead to 

site B.  Transfection data support the conclusion that the B site is a stronger affinity response 

element for AP-1 than the C site.  The C site may require other yet unknown protein factors to 

bind prior to AP-1 binding and act synergistically to facilitate AP-1 dependent gene 

transcription. 

To identify the composition of the nuclear proteins that form complexes with the AP-1-

like element at site B (position -758), assays were performed when binding reactions were 

incubated with antibodies against c-Jun, c-Fos, or Nrf2 at 4°C for 30 min (Figure 7B). Incubation 

of nuclear protein-DNA complexes with antibodies against c-Jun, but not c-Fos or Nrf2, blocked 

the formation of the nuclear protein-DNA complex. Similar experiments have been performed 

with the TRE from the human collagenase gene which forms a DNA-protein complex at similar 

positions to the AP-1 B site. Antibodies against c-Jun caused a significant loss of the DNA-

protein complex formed with that TRE, as well (Amunom and Prough, unpublished results).  

These results indicate that c-Jun is a component of the nuclear protein complex on the AP-1 site 

B (position -758). 
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ChIP experiment to assess in vivo binding of nuclear proteins to putative AP-1 sites in the 

proximal promoter of Aldh1a1 gene 

ChIP experiments were used to assess whether BHA promotes recruitment of c-Jun to 

these putative AP-1 binding sites at B (position -758) and C (position -1069) in the proximal 

promoter of Aldh1a1. Using c-Jun or c-Fos antibodies, the complexes containing cross-linked 

AP-1 proteins to the cognate AP-1 elements were pulled down from chromatin extracts prepared 

from the livers of control or BHA-treated mice. The DNA fragments were then analyzed by 

qRT-PCR with primers spanning the AP-1-like elements at B or C in the proximal promoter of 

Aldh1a1 gene. As shown in Figure 7C, liver extracts from BHA-treated mice showed ≈ 10-fold 

increases in recruitment of c-Jun to AP-1-like element at site B compared with the IgG control. 

The recruitment of c-Fos to the AP-1-like element at site B in BHA-treated mice though higher 

than in control mice was comparable to the IgG control. These results confirm that BHA 

promotes enhanced binding of c-Jun to the AP-1 B site and this correlates with increased 

transcriptional activity. The recruitment of c-Jun to AP-1-like element at site C was comparable 

to that of site B (Figure 7D). However, this result contradicts our EMSA experiment, where we 

demonstrated the absence of nuclear protein complexes with the AP-1-like sequence at site C. 

This disparity might be due to the close proximity of the AP-1-like elements at sites B and C, 

which are only 300 bp apart. The sonication method employed for DNA shearing in the ChIP 

experiment generated DNA fragments of ≈500 bp. Thus, inefficient shearing of the DNA might 

produce a single DNA fragment containing both AP-1-like elements.  
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DISCUSSION 

BHA, known to be rapidly metabolized to the electrophile t-butyl-hydroquinone, 

increases the expression of many cytoprotective genes by direct activation of the redox- and 

electrophile-sensitive transcription factor, Nrf2 or by indirect activation of the protein kinase 

signaling pathways, such as MAPK (Choi and Moore, 1993;Lee and Murray, 2010;Wu et al., 

2006;Yuan et al., 2006). BHA-induced expression of Nrf2 target genes, Nqo1, Ho-1 and Gstm1 

in Nrf2+/+ mice is significantly reduced in Nrf2-/- mice, implicating Nrf2 in BHA-induced 

expression of many of these genes (see Table 1).  Studies using keap1-knockdown (keap1-kd) 

mice with constitutively active hepatic Nrf2 (Reisman et al., 2009b) demonstrated that mRNA 

levels encoded by the Nqo1 and Gstm1 genes were significantly increased in keap1-kd mice 

compared with WT (Nrf2+/+), suggesting that the activation of Nrf2 is important for induced 

expression of these genes.  However, Reisman et al. (2009b) also noted that expression of several 

genes were not altered, implying that other signaling systems may be involved in increased gene 

expression due to BHA administration.   

We show in this report that the fold-induction of Aldh1a1 mRNA expression by BHA in 

Nrf2+/+ mice was not significantly different from that in Nrf2-/- mice, suggesting that BHA-

mediated transcription of Aldh1a1 gene is independent of Nrf2.  Aldh1a1 mRNA expression in 

the livers of keap1-kd mice was comparable to that of WT mice (Reisman et al., 2009b), 

supporting the hypothesis that inducible expression of Aldh1a1 gene expression by electrophiles 

is regulated by an Nrf2-independent mechanism. Analysis of the mouse gene expressing 

ALDH1A1 by the Genomatrix MatInspector software demonstrated in the 5’-flanking region 

between position -1963 to +27 relative to the TSS contains AP-1-like (-1516, -1069, -758 and -

60) and Nrf2-like (-665, -1068 and -1753) binding sites. While there was a concentration-
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dependent activation of GSTYa-ARE luciferase activity by Nrf2, increasing concentrations of 

Nrf2 failed to stimulate Aldh1a1 promoter luciferase activity (Supplemental Figure 2) in the 

absence or presence of expressed c-Jun. In addition, Aldh1a1-luciferase construct containing 4.6 

kb region of Aldh1a1 promoter was also unresponsive to Nrf2. The basal and BHA-induced 

expression of c-jun and c-fos genes were significantly reduced in Nrf2-/- mice compared with the 

Nrf2+/+ control mice, suggesting that the Nrf2 may modulate the basal and BHA-induced 

expression of the AP-1 genes. Studies in Nrf2-/- mouse embryonic fibroblast (MEF) documented 

the regulation of AP-1 gene expression by Nrf2 (Yang et al., 2005). Thus, the low basal 

expression of c-jun and c-fos possibly explains the reduced expression of Aldh1a1 gene observed 

in Nrf2-/- mouse liver, but not the fold-induction of gene expression caused by BHA 

administration. Using deletion and mutation analysis of the 5’-flanking region of Aldh1a1 

defined two AP-1 sites at positions -1,069 and -758 of the 5’-flanking region, that appear to be 

involved in Aldh1a1 regulation.  Subsequent experiments using EMSA and ChIP analysis 

demonstrate that the AP-1 site at position -758, and to a lesser extent at position -1,069, are 

responsive elements responsible for increased gene expression caused by increased levels of c-

Jun.  Use of inhibitors of protein kinase and protein phosphatase 2 demonstrated that 

phosphorylated c-Jun is most likely essential for increased Aldh1a1 gene expression.  Other 

members of the c-Jun superfamily also activate the gene, but c-Fos over-expression suppresses 

Aldh1a1 reporter expression demonstrating that c-Jun homodimers regulate this gene.  Nrf2 had 

no effect on expression, in contrast to the results with CYP2J2 (Marden et al, 2003).   

The role of AP-1 transcription factors in induction of genes involved in oxidative 

metabolism has been less well characterized to date.  Aldehydes such as acrolein or 4-hydroxy-2-

nonenal have been reported  (Forman, 2010) to regulate several signaling pathways, including 
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AP-1 and Nrf2.  Lipid-derived aldehydes were also shown to induce the expression of 

electrophile detoxifying genes by activation of MAPK such as JNK (Wu et al., 2006). For 

example, oxidative stress-induced expression of human ferritin H gene was shown to be 

dependent on activation of JunD (Tsuji, 2005). Abrogation of c-Jun-dependent gene activation 

by c-Fos was previously reported by Marden et al. (Marden et al., 2003), who demonstrated that 

whereas c-Jun homodimers strongly activated CYP2J2 expression, heterodimers formed between 

c-Fos and c-Jun were not active. The up-regulation of CYP2J2 gene transcription by BHA is 

dependent on the binding of both c-Jun and Nrf2 involving an atypical AP-1-like element in the 

proximal promoter of CYP2J2 (Lee and Murray, 2010).  The c-Jun-mediated activation of the 

human atrial natriuretic peptide promoter is also inhibited by over-expression of c-Fos (Kovacic-

Milivojevic and Gardner, 1992). Thus, the murine Aldh1a1, atrial natriuretic peptide and human 

CYP2J2 genes show similar pattern of regulation by c-Jun homodimers.  Because CYP2J2, 

Aldh1a1, CYP2c29 (Amunom and Prough, unpublished results), and CYP2C9 (Makia, Prough, 

and Goldstein, unpublished results) all metabolize aldehydes like acrolein and 4-hydroxy-2-

nonenal and are regulated by AP-1 transcription factors, it is interesting to speculate that these 

enzymes may form a battery of genes regulated via AP-1 signaling to protect cells from toxic 

aldehydes and therefore, represents a previously under-appreciated mode of regulation of genes 

encoding aldehyde oxidizing enzymes.  This area of research will require continued analysis of 

these genes by molecular and informatics analysis. 

In summary, we have provided evidence that Aldh1a1 gene expression is induced by 

environmental pollutants and exogenous electrophiles, such as acrolein and BHA and that 

increased expression of Aldh1a1 gene by electrophiles is dependent on c-Jun proteins, but not 

Nrf2 or c-Fos proteins.  We also described an AP-1-like sequence at position -758 that plays a 
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critical role in Aldh1a1 gene expression by electrophiles. The induction of Aldh1a1 gene 

expression in the mouse liver likely represent a mechanism of the liver to protect itself against 

electrophile and oxidant-induced damage generated from endogenous and exogenous compounds 

or during inflammatory disease conditions.  Because the mouse and human enzyme display very 

similar substrate specificity and enzyme kinetics (Makia et al., 2010; Xiao et al., 2009) and the 

5’-flanking regions are significantly conserved between the species, normal and transgenic mice 

may allow the testing of the protective effects of ALDH1A1 against lipid aldehyde toxicity 

associated with atherosclerosis and cardiotoxity of endogenous and exogenous aldehydes. 
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FIGURE LEGENDS 

Figure 1. The regulation of antioxidant and electrophile detoxification gene expression in 

mouse liver treated with either acrolein, BHA or SFN. (A) QRT-PCR analysis of Aldh1a1 

and other electrophile detoxification genes expression in mouse liver after treatment with either 

acrolein, BHA or SFN. For the acrolein experiment, C57BL/6J mice on laboratory chow diet 

were treated with water (control) or 5 mg/kg acrolein by gavage daily for 7 days (n=5). For BHA 

and SFN experiment, C57BL/6J mice on AIN-76 diet were placed on diet containing 0.45% 

BHA for 7 days or administered 10 mg/kg SFN daily for 7 days by gavage (n= 4). Total RNA 

was extracted from the liver, reverse-transcribed to cDNA and qRT-PCR analysis of Aldh1a1, 

Nqo-1 and HO-1 gene expression was performed as described in Materials and Methods. *, p < 

0.05, significantly different compared with controls (Students t-test). (B) Increased liver 

cytosolic NAD+-dependent ALDH activity after treatment with either BHA or acrolein. 

Treatment by BHA, acrolein or SFN was as indicated above. Liver cytosolic ALDH activity was 

measured as described in Materials and Methods using 1 mM propionaldehyde as substrate and 

either NAD+ or NADP+ as cofactor. Specific activities (nmol/min/mg of protein) for cytosolic 

fractions were 2.22 ± 0.24 (NAD+) and 15.8 ± 0.51 (NADP+) for controls; 9.97 ± 2.28 (NAD+) 

and 11.95 ± 0.88 (NADP+) for BHA-treated animals. *, p < 0.05, significantly different from 

controls (Students t-test).  

 

Figure 2. Effect of electrophiles on AP-1 gene expression in mouse liver. (A) BHA induces c-

jun and c-fos gene expression in mouse liver. Nrf2+/+ (n=4) or Nrf2-/- (n=3) mice on C57BL/6 

background were placed on AIN-76A diet (control) or diet supplemented with 0.45% BHA 

(treated) for 7 days. QRT-PCR analysis of mRNA levels of c-jun and c-fos in mouse liver. *, p < 
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0.05, significantly different compared with Nrf2+/+ control mice and **, p < 0.05, significantly 

difference compared with BHA treated Nrf2+/+ mice (One-way ANOVA followed by Tukey 

test.) (B) C57BL/6J mice were fed either AIN-76A diet (control, n=4) or diet supplemented with 

0.45% BHA (fed, n=4) for 7 days. Western blot procedures are described in Materials and 

Methods.  The membranes were incubated with antibodies against c-Jun (1:1000) and phospho-

c-Jun (1:1000; Ser 63) overnight at 4°C. Western blot was repeated three times and the figure is a 

representative blot. (C) Densitometry analysis of c-Jun protein and phospho-c-Jun (phospho 

ser63 c-Jun) levels in mouse liver in response to BHA.  *, p < 0.05, significantly different 

compared to control (Student t-test). (D) Acrolein induces cjun and cfos gene expression in 

mouse liver and Hepa-1c1c7 cells. C57BL/6J mice were treated with water (control, n=5) or 5 

mg/kg acrolein (treated, n=5) by gavage daily for 7 days. Hepa1c1c7 cells were exposed to 20 

µM acrolein for 6 h. The mRNA levels of c-jun and c-fos were assessed by qRT-PCR. *, p < 

0.05, significantly different from DMSO control (Student t-test).  (E) Time-dependent activation 

of c-Jun by acrolein in Hepa-1c1c7 cells. Cells were treated with 20 �M acrolein at various time 

intervals (0 to 4 h).  After separation by electrophoresis, the proteins were transferred to 

membranes and the membranes were probed with antibodies against c-Jun phospho Ser63, c-Jun, 

JNK1/2 and p-JNK1/2. The Western blot experiment was repeated three times with similar 

results and the figure shown is a representative blot. The numbers between blot represent the 

densitometry analysis expressed relative to 0 time expressed as fold-change by number below 

each blot.  

 

Figure 3. Differential regulation of mouse Aldh1a1 and human collagenase transcriptional 

activity by AP-1.  (A) The Aldh1a1 promoter activity was transactivated by cJun proteins. 
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HepG2 cells were transiently co-transfected with p2.0Aldh1a1Luc (spanning -1963 to +27 of 

Aldh1a1 promoter), pGL3 Basic or pColTRELuc (containing human collagenase TRE) 

luciferase constructs and 40 ng c-Jun, c-Fos or both expression plasmids. The normalized 

luciferase activity was determined and data are means ± SD from at least three independent 

experiments. *, p < 0.05, significantly different from vector transfected cells and **, p < 0.05, 

significant difference compared with cJun transfected cells (One-way ANOVA followed by 

Tukey test.) (B) Induction of Aldh1a1 transcription is mediated by c-Jun homodimer and not by 

c-Jun/c-Fos heterodimer. HepG2 cells were transiently co-transfected with either pColTRE-Luc 

(TRE control) or p2.0Aldh1a1Luc luciferase construct with constant concentration of c-Jun (40 

ng) and increasing concentrations of c-Fos (0 to 40 ng) expression plasmid. Luciferase activity 

was normalized to β-galactosidase activity. The results are expressed as the fold induction from 

at least three independent experiments compared with control vector transfected cells. *, p < 

0.05, significantly different compared with c-Jun transfected cells (One-way ANOVA followed 

by Tukey test). (C) Inhibition of c-Jun-mediated transactivation of Aldh1a1-luciferase activity by 

c-Jun dominant negative (TAM67) protein. HepG2 cells were transiently co-transfected with 

p2.0Aldh1a1Luc reporter with c-Jun, TAM67 or both expression plasmid and normalized 

luciferase activity (mean ± SD from at least three independent experiments) was measured. *, p 

< 0.05, significantly different compared with vector-transfected cells; **, p < 0.05, significantly 

different compared with acrolein-treated cells; ***, p < 0.05, significantly different from c-Jun 

transfected and acrolein treated cells (One-way ANOVA followed by Tukey test). 

 

Figure 4. The transactivation of Aldh1a1 promoter activity by Jun family proteins. HepG2 

cells were transiently co-transfected with p2.0Aldh1a1Luc construct with increasing 
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concentration (0, 20, 40 and 80 ng) of either c-Jun, JunD, or JunB expression plasmid. Luciferase 

activities are measured as means ± SD from at least three independent experiments and results 

are expressed as fold induction compared to vector transfected cells *, p < 0.05, significantly 

different compared with vector transfected cells (One-way ANOVA followed by Tukey test). 

 

Figure 5. The role of MAPKs in transactivation of Aldh1a1 promoter activity. Aldh1a1 

transcriptional activity is significantly reduced by inhibition of JNK (SP600125) and MEK 

(PD98059) kinase and increased by inhibition of protein phosphatase 2A (okadaic acid, OA) 

activity in HepG2 cells. HepG2 cells were co-transfected with p2.0Aldh1a1Luc (-

1963/+27Aldh1a1) construct and a c-Jun expression plasmid. Cells were treated with either 0.1% 

DMSO, 50 µM SP600125, 50 µM PD98059 or 40 nM OA for 17 h. Data are mean luciferase 

activities ± SD from at least three independent experiments and presented as fold over control 

vector cells. *, p < 0.05, significantly different compared with vector transfected cells. **, p < 

0.05, significantly different from c-jun transfected cells (One-way ANOVA followed by Tukey 

test). 

 

Figure 6. Characterization of the AP-1-like responsive element in the proximal promoter of 

the Aldh1a1 gene. (A) Deletion analysis to identify the AP-1-like responsive element in the 

proximal promoter of Aldh1a1 gene. HepG2 cells were transiently co-transfected with 250 ng of 

p4.6Aldh1a1Luc (-4673/+27Aldh1a1), p2.0Aldh1a1Luc (-1963/+27Aldh1a1), p1.5Aldh1a1Luc 

(-1496/+27Aldh1a1), p1.0Aldh1a1Luc (-1005/+27Aldh1a1) or p0.5Aldh1a1Luc (-

480/+27Aldh1a1) luciferase constructs and either pcDNA3.1 vector or c-Jun (40 ng) expression 

plasmid. Normalized luciferase activity was measured and the data expressed as mean activity ± 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 26, 2012 as DOI: 10.1124/mol.112.078147

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #78147 

 44

SD from at least three independent experiments. *, p < 0.05, significantly different compared 

with p2.0Aldh1a1 transfected cells and **, p < 0.05, significantly different compared with 

p1.0Aldh1a1 transfected cells (One-way ANOVA followed by Tukey test). (B) Mutagenesis of 

the putative AP-1-like elements located at positions -1,069  (C site) and -758  (B site) on 

Aldh1a1 promoter activity. HepG2 cells were transiently co-transfected with 250 ng of 

p1.5Aldh1a1Luc (-1496/+27Aldh1a1), p1.5Aldh1a1MutB, p1.5Aldh1a1MutC or 

p1.5Aldh1a1MutB/C luciferase constructs and either pcDNA3.1 or c-Jun (40 ng) expression 

plasmids. Normalized luciferase activity was expressed as mean activity± SD from at least three 

independent experiments and data presented as fold induction over vector transfected cells. *, p < 

0.05, significantly different compared with p1.5AldhWT transfected cells, and **, p < 0.05, 

significantly different compared with p1.5Aldh1a1MutC transfected cells (One-way ANOVA 

followed by Tukey test)  

 

Figure 7. EMSA analysis indicates the formation of nuclear protein complex with the AP-1-

like element at site B (position -758) but not with the AP-1-like element at site C (position -

1069). (A) Biotin-labeled double stranded probes were incubated for 20 min with 5 µg of nuclear 

extracts from HepG2 transfected with c-Jun expression plasmids. In the competition 

experiments, 25-100-fold excess of unlabeled double stranded probes was included in the 

binding reactions. The protein-DNA complexes were resolved by electrophoresis and detected 

using chemiluminescence. The result shown in this figure was identical to that of three other 

independent experiments. (B) Analysis using precipitating antibodies confirms that a protein in 

the nuclear extract that binds to the AP-1 site B is c-Jun and not c-Fos or Nrf2. EMSAs were 

performed by incubating nuclear extracts from HepG2 cells over-expressing c-Jun with biotin 
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labeled probe containing AP-1B site of the mouse Aldh1a1 promoter. In super shift experiments 

with antibodies, the binding reactions were incubated with either 1 or 2 µg of rabbit polyclonal c-

Jun, or c-Fos, or Nrf2 antibodies for 30 min at 4°C.  The figure is a representative of three other 

independent experiments. (C) ChIP analysis to examine in vivo binding of c-Jun and c-Fos to the 

AP-1 at sites B and C. Chromatin were prepared from the liver of control or BHA-treated 

C57BL/6J mice. The complexes containing cross-linked DNA binding proteins to their cognate 

cis-element were pulled down with antibodies against IgG, c-Jun or c-Fos conjugated to 

Dynabeads protein A/G. The purified DNA was analyzed by real-time PCR with primers 

spanning AP-1 sites B or C in the proximal promoter of the Aldh1a1 gene. *, p < 0.05, 

significantly different compared with non-immune immunoglobulin (Student t-tests). 
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Table 1 

Effects of Nrf2 genotype on changes in mRNA levels of antioxidant and electrophile 

detoxification genes in response to dietary BHA 

 Constitutive Inducible Fold Induction 
Gene Nrf2(+/+) Nrf2(-/-) Nrf2(+/+) Nrf2(-/-) Nrf2(+/+) Nrf2(-/-) 

Aldh1a1 1.0 0.22 2.51 0.43 2.5* 2.0** 

Aldh1a7 1.0 0.38 2.07 0.66 2.1* 2.2** 

Aldh2 1.0 0.23 1.28 0.31 1.3 1.4 

Aldh1b1 1.0 0.53 1.06 1.29 1.1 2.4** 

Gstm1 1.0 0.1 10.8 0.27 10.8* 2.6*** 

Nqo1 1.0 0.11 8.8 0.48 8.8* 4.6*** 

Ho-1 1.0 0.77 2.84 1.09 2.6* 1.4*** 

QRT-PCR analysis of gene expression in the liver of Nrf2+/+ and Nrf2-/- mice on C57BL/6 

background in response to dietary administration of the phenolic antioxidant, BHA. Values are 

average fold change per genotype in the liver of Nrf2+/+ and Nrf2-/- mice. The Nrf2+/+ mice were 

fed either AIN-76A diet (control, n=4) or diet supplemented with 0.45% BHA (treated, n=4) for 

7 days. The Nrf2-/- mice were fed chow diet only (control, n=3) or diet supplemented with 0.45% 

BHA (treated, n=3). RNA extracted from the liver was reversed-transcribed to cDNA. The 

mRNA levels of Aldh1a1, Aldh1a7, Aldh2, Aldh1b1, Ho-1, Nqo-1 and Gstm1 gene expression 

were analyzed by qRT-PCR. For each sample, a single mRNA was analyzed in triplicate and the 

average is shown.  *, p < 0.05, significantly increased compared to untreated Nrf2+/+ mice (2-

tailed t test). **, p < 0.05, significantly increased compared to untreated Nrf2-/- mice.  ***, p < 

0.05 decreased fold-induction compared to Nrf2+/+ mice. 
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AP-1 Regulation of Murine Aldehyde Dehydrogenase 1a1, N.L. Makia, I. Amunom, K.C. 
Falkner, D. J. Conklin, S. Surapureddi, J.A. Goldstein, and R.A. Prough 

Supplemental Figure 1. The nucleotide sequence of mouse Aldh1a1 promoter depicting 

potential AP-1 and Nrf2 (ARE) binding sites as well as other putative transcription factor 

(TF) binding sites. The sequence shown is position -1,963 to +27 of mouse Aldh1a1 promoter. 

The underlined nucleotides represent putative TF binding sites identified by Genomatrix 

MatInspector sequence identification software. Arrow indicates the transcription start site 

(+1).



Molecular Pharmacology 

Supplemental Figure 2.  Expression of c-Jun, c-Fos, JunB, and JunD in HepG2 cells.  

HepG2 cells were transfected with 2 µg AP-1 expression plasmids in 6 well plates as described 

in Methods. After 24 h, the cell extract was collected from the plate and analyzed by Western 

blot analysis using antibodies against either c-Jun, c-Fos, JunB or Jun D as described in Methods.   
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Supplemental Figure 3.  The Aldh1a1 promoter luciferase activity is not activated by Nrf2.

HepG2 cells were transiently co-transfected with pGSTYa-ARELuc (ARE control), 

p4.6Aldh1a1Luc or p2.0Aldh1a1-Luc luciferase construct and increasing concentrations of Nrf2 

(0 to 200 ng) expression plasmid. Luciferase activity was normalized to β-galactosidase activity 

and corrected for the activities in cells that had been co-tranfected with empty plasmids. 

Normalized data are expressed as mean activity ± SD from at least three independent 

experiments. *, p < 0.05, significantly different compared with control vector-transfected cells 

(One-way ANOVA followed by Tukey test). 
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Supplemental Figure 4. Lack of cross-talk between c-Jun and Nrf2 in transactivation of 

Aldh1a1 promoter. HepG2 cells were transiently co-transfected with p2.0Aldh1a1Luc construct 

with increasing concentrations of c-Jun and Nrf2 expression plasmid. Luciferase activity was 

normalized to β-galactosidase activity and corrected for the activities in cells co-tranfected with 

empty plasmids. Normalized data are expressed as mean activity ± SD from at least three 

independent experiments. *, p < 0.05, significantly different compared with control vector-

transfected cells (One-way ANOVA followed by Tukey test). 
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Supplemental Figure 5.  EMSA analysis indicates the DNA-protein complex formed with 

the AP-1-like element at site B (position -758) was not competed by a mutant AP-1B ds 

oligonucleotide. Biotin-labeled double stranded (ds) oligonucleotides were incubated for 20 min 

with either 10 μg or 5 μg (as shown in the figure) of nuclear extracts from HepG2 transfected 

with the c-Jun expression plasmids. In the competition experiments, 100-fold excess of unlabeled 

double stranded (ds) AP-1B oligonucleotide or mutant double stranded oligonucleotide was 

included in the binding reactions. The protein-DNA complexes were resolved by electrophoresis 

and detected using chemiluminescence. The result shown in this figure was identical to that of 

three other independent experiments.  


