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Abstract

Expression of the antioxidant gene heme oxygenase-1 (HO-1) is primarily induced through NFE2-

related factor 2 (Nrf2)-mediated activation of the antioxidant response element (ARE). Gene 

transcription is coordinately regulated by transcription factor activity at enhancer elements and 

epigenetic alterations such as the posttranslational modification of histone proteins. However, the 

role of histone modifications in the Nrf2-ARE axis remains largely uncharacterized. The 

environmental contaminant arsenite is a potent inducer of both HO-1 expression and 

phosphorylation of histone H3 serine 10 (H3S10); therefore, we investigated the relationships 

between Nrf2 and H3S10 phosphorylation in arsenite-induced, ARE-dependent, transcriptional 

activation of the human HO-1 gene. Arsenite increased phosphorylation of H3S10 both globally 

and at the HO-1 promoter concomitantly with HO-1 transcription in human HaCaT keratinocytes. 

Conversely, arsenite-induced H3S10 phosphorylation and HO-1 expression was blocked by N-

acetylcysteine (NAC), the c-Jun N-terminal kinase (JNK) inhibitor SP600125, and JNK 

knockdown (siJNK). Interestingly, ablation of arsenite-induced H3S10 phosphorylation by 

SP600125 or siJNK did not inhibit Nrf2 nuclear accumulation nor ARE binding, despite inhibiting 

HO-1 expression. In response to arsenite, binding of Nrf2 to the HO-1 ARE preceded 

phosphorylation of H3S10 at the HO-1 ARE. Furthermore, arsenite-mediated occupancy of 

phosphorylated H3S10 at the HO-1 ARE was decreased in Nrf2-deficient mouse embryonic 

fibroblasts. These results suggest the involvement of H3S10 phosphorylation in the Nrf2-ARE 

axis by proposing that Nrf2 may influence H3S10 phosphorylation at the HO-1 ARE and 

additional promoter regions. Our data highlights the complex interplay between Nrf2 and H3S10 

phosphorylation in arsenite-activated HO-1 transcription.
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1. INTRODUCTION

Arsenic exposure is a major human health concern worldwide [1]. Arsenic is 

environmentally ubiquitous, and widespread human exposure occurs mainly through 

contaminated drinking water and is linked to several diseases ranging from diabetes and 

cardiovascular disorders to cancer [2]. Arsenic produces oxidative stress [2–4], which is 

associated with the pathogenesis and progression of human disease as a result of reactive 

oxygen species (ROS)- induced macromolecular damage or aberrant cellular signaling [5, 

6]. Oxidative stress has been implicated as a mechanism of action in arsenic-associated 

disease and so a clearer understanding of the regulation of the cellular antioxidant defense 

system in arsenic exposure is warranted.

The antioxidant defense system consists of antioxidant factors or enzymes that reduce ROS 

levels or activity. Heme oxygenase-1 (HO-1) is the primary enzyme in heme catabolism; 

excess heme is highly toxic, inducing oxidative stress through generation of ROS [7]. HO-1 

degrades heme into free iron (Fe2+), carbon monoxide (CO) [8], and biliverdin, which is 

rapidly converted to the potent antioxidant bilirubin [9]. By regulating intracellular levels of 

free heme, HO-1 is an essential, highly cytoprotective component of the cellular antioxidant 

defense system [10]. This is evident in that aberrant expression of HO-1 is implicated in 

several diseases and morbidity and mortality is observed in HO-1 deficient organisms [11]. 

HO-1 is highly inducible and many activators of HO-1 expression are pro-oxidants; for 

example, arsenite, the trivalent form of arsenic, is a potent inducer of HO-1 expression [12, 

13]. While arsenite is known to stimulate superoxide anion and H2O2 production in a variety 

of cell lines including immortalized human keratinocytes (HaCaT) [14], the mechanisms of 

ROS production by arsenite remains elusive.
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Transcriptional activation of the HO-1 gene in response to oxidative stress is mediated by 

the antioxidant response element (ARE) [15, 16]. The ARE is a highly conserved sequence 

of TGA(C/T)nnnGCA [17] wherein some of the highly conserved bases may not necessarily 

contribute to transcriptional activation to the degree that the core “n” residues, once thought 

redundant, do [18]. The ARE binds the NF-E2-related factor 2 (Nrf2) basic-leucine zipper 

transcription factor and regulates expression of various antioxidant genes [19] to include 

HO-1 [20]. The upstream promoter region of the HO-1 gene contains several ARE motifs, 

with the most recognized being the two at −10kb (E2) and −4kb (E1), which are activated by 

Nrf2 in response to oxidative stress [20, 21]. Cytosolic Nrf2 is bound to the dimeric Kelch-

like ECH-associated protein 1 (Keap1)/cullin-3 E-3 ubiquitin ligase (Cul3) inhibitory 

complex, which promotes continual ubiquitination and proteasomal degradation of Nrf2 

[22]. Nrf2 is bound to the Keap1 dimer via two motifs of differing binding affinity and it is 

generally understood that under oxidative and electrophilic stress conditions, ubiquitination 

of Nrf2 by Cul3 is prevented possibly through disruption of the low-affinity binding motif 

between Nrf2 and Keap1, known as the “hinge and latch” model [23]. Stabilized Nrf2 

subsequently accumulates and translocates into the nucleus where it forms a heterodimer 

with small Maf proteins and binds to the ARE [24, 25]. However, a recent study suggests 

that instead of disrupting contact between Keap1 and Nrf2, electrophilic induction may 

stabilize Keap1-Nrf2 interaction, yet alters the conformation of Keap1 to prevent Nrf2 

ubiquitination [26]. Arsenite may activate the Nrf2-Keap1-ARE axis by direct modification 

of cysteine residues on Keap1 [27] or by modification of cysteine residues on Nrf2 itself, 

affecting not only Nrf2-Keap1 binding, but Nrf2 binding to AREs [28].

Regulation of enhancer elements like the ARE in transcription rely not only upon 

transcription factor activity, but also upon epigenetically mediated changes in the chromatin 

structure [29]. However, the role of epigenetic alterations in the transcriptional activity of 

the Nrf2-ARE axis of the HO-1 promoter is understudied. To encapsulate the entire genome 

into the nucleus, DNA undergoes folding and compaction to form chromatin. The structural 

unit of chromatin is the nucleosome, a histone octamer composed of the core histones H2A, 

H2B, H3, and H4, around which DNA is coiled [30]. The N-terminal tails of histones can be 

post-translationally modified and so regulate gene transcription through chromatin 

remodeling [31]. While many histone modifications are associated with conventional 

transcriptional mechanisms, some histone modifications show more molecular specificity in 

their role as transcriptional regulators, such as the phosphorylation of histone H3 serine 10 

(H3S10), which has been associated with the rapid induction of immediate early genes 

(IEG) such as c-myc [32], c-fos, and c-jun [33–35]. Coactivator proteins have been 

demonstrated to play a role in ARE activation [36–40]; however, studies revealing 

relationships between Nrf2 and histone modifications are limited [41]. Arsenite potently 

induces HO-1 expression and Nrf2 activation, as well as H3S10 phosphorylation [42–44]. 

This raises the question of whether phosphorylation of H3S10 regulates transcription of 

HO-1 in response to arsenite, and whether there exists a relationship between the 

cytoprotective transcription factor Nrf2 and H3S10 phosphorylation.

Employing immortalized human keratinocytes (HaCaT) as a model biologically relevant to 

arsenite toxicity, our results suggest that arsenite induces HO-1 expression and H3S10 
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phosphorylation through oxidative stress and Jun N-terminal kinase (JNK)-dependent 

pathways. Although some histone modifications are understood to provide a platform for 

transcription factors to bind specific enhancer sequences, we provide evidence suggesting 

that Nrf2 recruitment to the HO-1 ARE is not dependent on H3S10 phosphorylation, but 

rather Nrf2 may affect ARE proximal H3S10 phosphorylation. These results suggests that 

Nrf2 and H3S10 phosphorylation share a critical role in ARE-mediated HO-1 gene 

activation, which will provide new insight into the regulation of HO-1 in response to 

environmental exposure to arsenite and other oxidative stressors, as well as providing 

potential therapeutic targets for arsenicosis.

2. MATERIALS AND METHODS

2.1. Cell Culture and chemical reagents

Immortalized human keratinocyte HaCaT cells [45] were cultured in Dulbecco’s Modified 

Eagle’s Medium supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, 

and 100 ug/ml streptomycin (all from Mediatech). Mouse embryonic fibroblasts (MEF) 

cultured from wild type and Nrf2-deficient mouse lines [46], a gracious gift from Dr. 

Jefferson Chan (University of California, Irvine CA), were cultured in Dulbecco’s Modified 

Eagle’s Medium supplemented with 0.05uM 2-mercaptoethanol (EMD Millipore), 1mM 

non-essential amino acids (Mediatech), and 15% FBS. Cells were incubated at 37°C in a 

humidified 5% carbon dioxide atmosphere. Sodium arsenite (NaAsO2) was purchased from 

Thermo Fisher Scientific and dissolved in water. The MAPK inhibitors SP600125, 

SB203580, and U0126 were purchased from Calbiochem and dissolved in DMSO. N-acetyl 

L-cysteine (NAC) was purchased from Sigma and dissolved in 1M Tris (pH 7.6).

2.2. Antibodies

Antibodies utilized in Western blotting and/or chromatin immunoprecipitation assay (ChIP) 

were purchased from the following companies: anti-heme oxygenase-1 (sc-7695), anti-Nrf2 

(sc-13032X), anti-JNK (sc-571), normal rabbit IgG (sc-2027), normal mouse IgG (sc-2025), 

and anti-RNAPII (sc-899X) all from Santa Cruz Biotechnology; anti-lamin B (Ab-1) from 

Oncogene; anti-lactate dehydrogenase (AB1222) from Chemicon; phospho-specific 

antibodies of p38 MAPK (9211), MEK1/2 (9121), JNK (4688), ERK1/2 (9911), histone 

H3S10 (3377), and anti-Histone H3 (9715) all from Cell Signaling Technology; ChIP grade 

phospho-specific anti-H3S10 (ab14955), anti-RNAPIISer2 (ab5095), and anti-RNAPIISer5 

(ab5131) from Abcam; and anti-β-actin (A5441) from Sigma.

2.3 Whole cell extracts, nuclear and cytoplasmic fractionation, and Western blotting

Whole cell extracts (WCE) were prepared by lysing cells with lysis buffer (150mM NaCl, 

10mM Na2HPO4, 1% Triton-X, 0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate 

(SDS), and 0.2% sodium azide; pH 7.4). Nuclear and cytoplasmic extracts were prepared 

using a nuclear extraction kit (Active Motif) according to manufacturer’s protocol. Cell 

lysates were electrophoretically separated on SDS-polyacrylamide gels then transferred to 

polyvinylidene difluoride (PVDF) membranes (Thermo Fisher Scientific) and probed with 

primary antibodies. After overnight incubation at 4°C, membranes were washed and 

incubated at room temperature with horseradish peroxidase-conjugated secondary antibody 
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(CalBiochem) and subsequently incubated in chemiluminescent HyGlo reagent and 

visualized by exposure to x-ray film (Denville Scientific). Quantification of Western blot 

signals was conducted by densitometric analysis with Image J software [47]. Relative 

density of each treatment signal band was normalized to untreated control signal band. 

Subsequently, normalized relative density of signals was further adjusted by normalization 

to relative density of loading control signal bands.

2.4 Northern blotting

Total RNA was isolated with TRI Reagent RT (Molecular Research Center) according to 

manufacturer’s protocol. 5–10µg of total RNA was separated on 1.1% agarose gel with 5% 

formaldehyde in 3-(N-morpholino)-propanesulfonic (MOPS) acid buffer, followed by 

overnight capillary transfer to a Protran® BA85 nitrocellulose transfer membrane 

(Whatman). 32P-labeled human heme oxygenase-1 cDNA probe was prepared with 

MegaPrime DNA Labeling Kit (GE Healthcare) and hybridized with membrane at 42°C 

overnight and washed with buffer (0.1% SDS in 0.5× SSC buffer) at 52°C. The dried 

membranes were subjected to autoradiography and visualized on x-ray film. Staining RNA 

with ethidium bromide was used for equal RNA loading as well as RNA size markers 28S 

and 18S ribosomal RNA. Quantification of Northern blot signals was conducted by 

densitometric analysis with Image J software [47]. Relative density of each treatment signal 

band was normalized to untreated control signal band. Subsequently, normalized relative 

density of signals was further adjusted by normalization to relative density of loading 

control signal bands.

2.5 Total ROS detection

HaCaT cells were plated in 24-well plates (Cellstar, Greiner bio-one) in standard culture 

conditions overnight. Cells were treated with arsenite (10µM) for 2, 4, and 6 hours and 

incubated with 10µM of CM-H2DCF-DA (2′, 7′-dichlorofluorescein acetate, Life 

Technologies) dissolved in HBSS for 30 minutes at 37°C in the dark. After incubation with 

the dye, cells were washed with PBS twice, and fluorescence measured by microplate reader 

(FLUOstar Omega, BMG LABTECH). The signal was excited at 485 nm, and emission was 

collected at 520 nm. Fluorescent signal were analyzed with the MARS Data Analysis 

software (BMG LABTECH).

2.6 Small interfering RNA (siRNA) transfection

100 pmol of siJNK, (Hs_MAPK8_13, sense 5’-CCAGUAAUAUAGUAGUAAATT-3’, 

anti-sense 5’-UUUACUACUAUAUUACUGGGC-3’; Qiagen) or non-targeting siControl 

(D-001210-01, sense 5’-UAGCGACUAAACACAUCAAUU-3’, anti-sense 5’- 

UUGAUGUGUUUAGUCGCUAUU-3’; Dharmacon) was mixed with 10µl Lipofectamine 

RNAiMAX (Invitrogen) in 800µl FBS/antibiotic-free OptiMEM (Invitrogen) medium 

containing sodium bicarbonate. The resulting RNA-lipid complexes were incubated at room 

temperature for 20 min. The growth media of either 4 × 106 cells in 100-mm dishes, or 2 × 

106 cells in 60-mm dishes was removed and replaced with OptiMEM. 400 µl of 

Lipofectamine/siRNA mix was added to each 100-mm dish (50 pmol), or 200µl was added 

to each 60-mm dish (25 pmol) and incubated for 6 hours, after which time the OptiMEM/
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siRNA mixture was removed and replaced with serum-free DMEM. 48 hours later cells 

were treated with arsenite and harvested for Western, Northern blotting, and/or ChIP assays.

2.7 ChIP assay and quantitative real time PCR (RT-PCR)

Chromatin immunoprecipitation (ChIP) assay was carried out according to the “Fast ChIP” 

protocol [48]. Briefly, HaCaT cells transfected with siRNA or treated with arsenite were 

subjected to chromatin cross-linking with 1.42% formaldehyde, subsequently quenched with 

125 mM glycine, and lysed according to the protocol. Cell lysates were sonicated for 12 

cycles (12 seconds on; 20 seconds rest) to shear chromatin DNA. Sonicated lysates were 

subjected to chromatin immunoprecipitation by incubating with control IgG or applicable 

target antibodies at 4°C in a chilled sonication bath (Branson 2510, 40mHz) for 15 min and 

then incubated with protein A agarose/ssDNA bead slurry (Millipore 16–157) for 45 

minutes. After washing and decrosslinking, the isolated genomic DNA was subjected to 

SYBR Green qPCR with iQ™ SYBR® Green Supermix (Bio-rad) by using the primer pairs 

flanking the HO-1 E2 ARE, E1 ARE, transcription start site (TSS), and Exon 3 as 

previously described [36]. The relative efficiency of each primer set was determined using 

input genomic DNA. Immunoprecipitated genomic DNA in each sample was normalized to 

input (ΔCt), then normalized to control samples and presented as fold enrichment.

3. RESULTS

3.1. Arsenite induces H3S10 phosphorylation and Nrf2 binding at the HO-1 ARE

To address whether histone H3S10 phosphorylation is involved in ARE activation of the 

human HO-1 gene, we first analyzed induction of HO-1 expression and global 

phosphorylation of H3S10 in response to arsenite. HaCaT human keratinocytes exposed to 

0–25 µM arsenite for 8 hr (Fig. 1a), or 10 µM for 0–24 hr (Fig. 1b), showed increased 

expression of HO-1 mRNA and protein in a dose and time dependent manner. Global H3S10 

phosphorylation occurred concomitantly and followed a similar profile of induction as HO-1 

in a dose and time dependent manner (Fig. 1c and d). HO-1 mRNA expression and 

phosphorylation of H3S10 were increased as early as 4 hr (Fig. 1b and d).

To test whether H3S10 phosphorylation is induced at the HO-1 ARE region during 

transcriptional activation, HaCaT cells treated with 10 µM arsenite for 4 hr were analyzed by 

ChIP assay using antibodies specific for phosphorylated H3S10, Nrf2, RNA polymerase II 

(RNAPol), and RNAPol phosphorylated at serine 2 (RNAPolS2) and serine 5 (RNAPolS5), 

markers for active transcription. We employed primer sets covering the most recognized 

ARE regions, the ARE E2 (−10kb ARE) and ARE E1 (−4kb ARE) in addition to the 

transcription start site (TSS) and the exon 3 region (5 kb downstream from TSS) of the 

human HO-1 gene (Fig. 2). Transcriptional activation of the HO-1 gene was inferred by 

Nrf2 binding to the E2 and E1 ARE enhancers (Fig. 2a) and recruitment of RNAPol II to the 

TSS after arsenite treatment (Fig. 2b). Localization at the TSS and Exon 3 regions of both 

the elongating RNAPolS2 (Fig. 2c) and initiated RNAPolS5 (Fig. 2d) was increased, further 

suggesting an active transcriptional state of the HO-1 gene. In contrast to the enrichment of 

Nrf2, phosphorylation of H3S10 occurred at all assessed regions (Fig. 2e).

Ray et al. Page 6

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2 Induction of H3S10 phosphorylation and HO-1 transcription by arsenite in an oxidative 
stress-dependent manner

To determine whether arsenite induces oxidative stress in our model, HaCaT cells were 

treated with 10 µM arsenite for 2–6 hr and subjected to ROS detection via fluorescent CM-

H2DCF-DA dye. As reported previously [4, 12], production of ROS was induced over 4 fold 

after 4 hr arsenite treatment (Fig. 3a), suggesting induction of oxidative stress. We next 

asked whether arsenite induces H3S10 phosphorylation through an oxidative stress-

dependent pathway. To this end, we employed the antioxidant N-acetyl L-cysteine (NAC) to 

test the effect of altered cellular redox status on arsenite-induced phosphorylation of histone 

H3S10. H3S10 phosphorylation in response to 10 and 30 µM arsenite was blocked by 

pretreatment with NAC (Fig. 3b). NAC pretreatment also decreased HO-1 protein and 

mRNA expression (Fig. 3b) in response to arsenite treatment. NAC pretreatment also 

decreased arsenite-induced nuclear accumulation of Nrf2, a pre-requisite for Nrf2-ARE 

binding (Fig. 3c). To ascertain whether NAC inhibits induction of phosphorylated histone 

H3S10 at the HO-1 ARE and promoter regions, HaCaT cells pre-treated with NAC and then 

exposed to arsenite were subjected to ChIP assay for the E1 ARE (Fig. 3d) and the 

transcription start site (TSS) (Fig. 3e) of the HO-1 gene. We found that arsenite-induced 

phosphorylation of histone H3S10 at the HO-1 E1 and TSS regions was decreased by 

pretreatment with NAC (Fig. 3d and 3e). Induction of Nrf2 binding to the HO-1 E1 and TSS 

in response to arsenite was also decreased by NAC (Fig. 3d and 3e). Collectively, these 

results suggest that arsenite-induced oxidative stress is involved in the increase of HO-1 

mRNA and protein expression, Nrf2 nuclear accumulation and binding to the HO-1 ARE, 

and global as well as HO-1 ARE-localized phosphorylation of histone H3S10.

3.3 Regulation of H3S10 phosphorylation by MAPK in response to arsenite

To investigate the protein kinase responsible for arsenite-induced H3S10 phosphorylation, 

we tested the possible involvement of the oxidative stress-responsive MAPK family 

members [49, 50]. We first confirmed that arsenite treatment increased levels of 

phosphorylated p38, ERK, and JNK in HaCaT cells (Fig. 4a). Next, HaCaT cells were 

pretreated with pharmacological inhibitors of either p38 (SB203580), ERK (U0126), or JNK 

(SP600125) for 1 hr prior to arsenite treatment. As shown in Fig. 4b, SP600125 decreased 

arsenite-induced global H3S10 phosphorylation, while U0126 and SB203580 had only 

marginal effects, suggesting the involvement of the JNK pathway in the phosphorylation of 

H3S10 by arsenite. Additionally, SP600125 also blocked arsenite-induced HO-1 mRNA and 

protein expression (Fig. 4c).

Next we explored the possibility that the JNK inhibitor may decrease arsenite-mediated 

HO-1 expression and H3S10 phosphorylation by blocking the nuclear accumulation of Nrf2; 

however, the effect of SP600125 on arsenite-induced Nrf2 nuclear accumulation was 

marginal (Fig. 5a). To further characterize the status of HO-1 promoter elements with 

regards to phosphorylation of H3S10, Nrf2 binding, and involvement of the JNK pathway, 

ChIP assays for the E1 ARE and the TSS regions of the HO-1 gene were conducted with 

HaCaT cells pretreated with SP600125 prior to arsenite challenge for 4 hr. We observed that 

arsenite-induced phosphorylation of histone H3S10 on the HO-1 E1 and TSS was decreased 

by pretreatment with SP600125 (Fig. 5b, 5c), while Nrf2 binding to the HO-1 E1 ARE was 
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not blocked by SP600125 (Fig. 5b). These results suggest that inhibition of histone H3S10 

phosphorylation does not affect Nrf2 nuclear accumulation and subsequent binding to the 

HO-1 AREs. Furthermore, since SP600125 blocked HO-1 mRNA expression induced by 

arsenite (Fig. 4c) despite having no effect on Nrf2 nuclear accumulation and ARE binding, 

these results suggest that SP600125 pretreatment inhibits a transcriptional event which 

occurs after Nrf2 localization to the HO-1 ARE.

3.4 Relationship between H3S10 phosphorylation and Nrf2 in HO-1 ARE activation

We next asked whether JNK is the kinase responsible for the arsenite-induced HO-1 

expression and phosphorylation of H3S10. To address this question, we attempted to 

knockdown JNK in HaCaT cells by employing JNK siRNA and performed Western blotting 

after treatment with arsenite. When JNK expression was decreased in JNK siRNA-

transfected HaCaT cells, increased levels of global H3S10 phosphorylation and HO-1 

expression in response to arsenite were decreased (Fig. 6a). However, arsenite-induced Nrf2 

nuclear accumulation was not significantly changed after JNK knockdown (Fig. 6a).

Collectively, our results employing NAC (Fig. 3b–e), SP600125 (Fig. 4c, 5a–c), and siJNK 

(Fig. 6a) led us to ask whether Nrf2 binding to the HO-1 ARE precedes the enrichment of 

HO-1 ARE with phosphorylated H3S10. A time course ChIP analysis in HaCaT cells treated 

with arsenite demonstrated that Nrf2 recruitment to the HO-1 ARE was induced almost 5-

fold after 30 min of arsenite treatment (Fig. 6b), whereas statistically significant increases in 

H3S10 phosphorylation at the HO-1 ARE was only detectable after 1 hr (Fig. 6c), 

suggesting that Nrf2 binding precedes phosphorylation of H3S10 on the HO-1 ARE (Fig. 

6d). This profile prompted us to explore the possibility that phosphorylation of histone 

H3S10 at the HO-1 ARE may be dependent upon Nrf2. To this end, we employed Nrf2 

knockout mouse embryonic fibroblasts (MEF) and tested whether Nrf2 deficiency affects 

H3S10 phosphorylation following arsenite treatment. Increased HO-1 expression and Nrf2 

nuclear accumulation by arsenite were significantly decreased in Nrf2−/− MEF cells, though 

global levels of arsenite-induced H3S10 phosphorylation were unaffected (Fig. 7a). 

However, we subjected arsenite-treated Nrf2 knockout MEF cells to ChIP assay and 

observed a loss of not only Nrf2 binding to the HO-1 E1 ARE (Fig. 7b), but also decreased 

phosphorylated H3S10 at the E1 ARE in Nrf2−/− MEF compared to wild type Nrf2+/+ MEF 

cells (Fig. 7c). These results suggest that in response to arsenite, Nrf2 may influence H3S10 

phosphorylation at the HO-1 promoter during HO-1 transcription, but not total global levels 

of H3S10 phosphorylation.

4. DISCUSSION

Cells are in a continual battle against oxygen radicals. ROS, while at low levels beneficial 

signaling molecules [5], in excess engage in constant action against cellular 

macromolecules. Cellular antioxidant responses rely heavily upon antioxidant enzymes, and 

timely upregulation of these proteins necessitates a high level of control over transcriptional 

activation. One of the main “control switches” that regulates antioxidant gene expression is 

the oxidative stress-responsive enhancer element ARE. While activation of the ARE through 

the transcription factor Nrf2 has been extensively studied [24, 25, 51], little is known about 
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the contribution of histone modifications in ARE-mediated gene activation. In this study we 

set out to investigate whether histone H3S10 phosphorylation regulates HO-1 gene 

expression through the AREs. We demonstrate here that the HO-1 ARE was enriched with 

phosphorylated H3S10 when the oxidative stress-inducing metalloid arsenite activated 

transcription of the HO-1 gene (Fig. 2) and interestingly, phosphorylation of H3S10 may be 

influenced by Nrf2, the primary transcription factor in ARE activation (Fig. 6, 7).

We employed arsenite in immortalized human keratinocytes as a biologically relevant 

system, given that arsenite induces hyperkeratotic lesions [52] that are implicated as skin 

cancer precursors, a disease state in which arsenite-induced oxidative stress is implicated. 

Our results suggest that oxidative stress induced by arsenite appears to be responsible for the 

induction of H3S10 phosphorylation (Fig. 3). This is supported by previous reports 

demonstrating the production of superoxide anion by arsenite in HaCaT cells [4, 12], 

arsenite-mediated generation of ROS through mitochondrial dysfunction, activation of 

NADH oxidase, and even the direct oxidation of arsenite to arsenate [53]. Arsenite is potent 

inducer of the Nrf2-ARE axis through the nuclear accumulation of Nrf2 and its subsequent 

binding to the ARE [54]. Nuclear accumulation of Nrf2 in response to arsenite may occur 

through stabilization of Nrf2 by inhibition of Keap1/Cul3-mediated Nrf2 ubiquitination 

through direct modification of Keap1 cysteine residues by arsenite [27], or by arsenite 

inducing expression of the adaptor protein p62 which sequesters Keap1 in autophagosomes 

[55]. Our results suggest that activation of the Nrf2-ARE pathway by arsenite is an event 

temporally upstream of histone H3S10 phosphorylation (Fig. 3b–e, 4c, 5, 6b–d) and that 

histone H3S10 phosphorylation of the mouse HO-1 promoter in response to arsenite is 

dependent on the presence of Nrf2 (Fig. 7). One possible explanation for these observations 

is that Nrf2 may directly or indirectly recruit a H3S10 kinase to the HO-1 ARE, where upon 

the kinase, associated with chromatin, phosphorylates H3S10. This is not without 

precedence; it has been demonstrated that transcription factors such as c-myc [56], CREB 

[57], and Elk1 [58] associate with H3S10 kinases on enhancer regions.

Chromatin remodeling has been demonstrated to play a role in HO-1 expression. In response 

to oxidative stress, Brahma-related gene 1 (BRG1), an ATPase of the SWI2/SNF2 family, is 

recruited to enhancer elements [59], co-localizes with Nrf2 to the HO-1 E2 and E1 AREs 

and facilitates the recruitment of RNAPol II to the HO-1 TSS via formation of a left-handed 

Z-DNA structure in the area of the HO-1 promoter, strongly suggesting that chromatin 

remodeling of the HO-1 promoter is essential for formation of the active transcriptional 

complex [36]. BRG1 formation of Z-DNA to facilitate transcription by RNAPol II 

recruitment was not evidenced in other ARE genes such as NQO1 [36], suggesting that ARE 

genes as a whole are not regulated by the same epigenetic alterations, but that activation of 

each ARE gene is influenced by epigenetic processes specific for that gene.

It should be noted that the core promoter TSS region upon which the transcription apparatus 

is formed, as well as the exon 3 coding region, displayed increased phosphorylated histone 

H3S10 enrichment following arsenite treatment (Fig. 2e), although H3S10 phosphorylation 

enrichment was higher at the HO-1 E1 ARE as compared to the HO-1 TSS in subsequent 

ChIP experiments utilizing NAC (Fig. 3d & e) and SP600125 (Fig. 5b & c). This broader 

distribution of histone H3S10 phosphorylation appears to be consistent with the previous 
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reports showing gene-wide distribution of specific histone modifications [60]. It may be also 

consistent with the reports demonstrating that H3S10 phosphorylation regulates 

transcriptional elongation [56, 61], although it is unknown whether increased H3S10 

phosphorylation is necessary for efficient elongation in the coding region. Gene-wide 

H3S10 phosphorylation in response to arsenite suggests complex signaling mechanisms.

H3S10 is phosphorylated by a wide range of protein kinases [62, 63], including PIM1 [56], 

Aurora B [64], IKK-α [65, 66], MSK1/2 [67], and Rsk2 [68], along with p38 [50] and c-Jun 

N-terminal kinases (JNK) [49], members of the oxidative stress-responsive mitogen 

activated protein kinase (MAPK) signaling cascades. Given the role of p38 and JNK 

pathways in ARE-regulated gene expression [69–71], and the involvement of chromatin 

remodeling factors in ARE-gene regulation [36, 41, 72, 73], we characterized the 

involvement of MAPKs, particularly JNK, in H3S10 phosphorylation and HO-1 

transcriptional activation following arsenite exposure. Consistently, it has recently been 

reported that JNK binds various active promoters and is a direct histone H3S10 kinase 

during stem cell differentiation [49]. In HO-1 ARE activation, we speculate that 

phosphorylated H3S10 may further recruit or eject specific histone reader/writer complexes 

and adaptor proteins for setting up a large and fully active Nrf2-ARE complex. This is 

supported, for instance, by the reports of HP1 dissociation from heterochromatin upon 

H3S10 phosphorylation [64], and the recruitment of the phospho-serine binding protein 

14-3-3 to phosphorylated H3S10 coupled with c-fos and c-jun gene activation [74].

While Nrf2 is known as the primary transcriptional activator of AREs, Bach1 (BTB and 

CNC homolog 1), a Maf-related transcriptional repressor, has been identified as a basal 

repressor of HO-1 transcription through the binding of AREs; treatment with arsenite 

decreases Bach1 occupancy of the AREs prior to substantial binding of Nrf2 and 

transcriptional activation [44, 75]. Given that we have demonstrated that Nrf2 binding 

precedes H3S10 phosphorylation of the ARE (Fig. 6d), it is unlikely that Bach1 plays a 

direct role in H3S10 phosphorylation other than to facilitate Nrf2 binding.

In conclusion, we provide insight into the role of H3S10 phosphorylation in transcriptional 

regulation of the ARE-regulated HO-1 gene. Arsenite induced H3S10 phosphorylation in an 

oxidative stress- and JNK-dependent manner that contributed to HO-1 gene transcription. 

Furthermore, we provide evidence for the role of Nrf2 in histone H3S10 phosphorylation on 

the ARE, suggesting a novel role for Nrf2 in the activation of ARE. Further investigations to 

understand the roles of histone modifications and their direct effectors in the regulation of 

antioxidant genes through the Nrf2-ARE axis will provide concrete targets for the purpose 

of modulating cellular antioxidant status.
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Highlights

• Arsenite induces H3S10 phosphorylation (H3S10-P) and Nrf2 binding at the 

HO- 1 ARE.

• Both NAC and SP600125 block arsenite-induced HO-1 expression.

• NAC decreases enrichment of H3S10-P and Nrf2 at the HO-1 ARE.

• SP600125 blocks enrichment of H3S10-P but not Nrf2 at the HO-1 ARE.

• Arsenite-induced Nrf2 binding to the HO-1 ARE precedes H3S10-P.

• Arsenite-induced H3S10-P at the HO-1 ARE was decreased in Nrf2−/− MEF 

cells.

Ray et al. Page 15

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ray et al. Page 16

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Arsenite induces H3S10 phosphorylation and HO-1 expression
HaCaT cells were treated with 1, 5, 10, or 25µM arsenite for 8 hr (a and c), or alternatively 

treated with 10µM arsenite for 4, 8, 12, or 24 hr (b and d) and harvested as either whole cell 

lysate or total RNA. Whole cell lysates were subjected to Western blot analysis with anti-

HO-1 and anti-H3S10 phospho-specific (H3S10-P) antibodies; β-Actin and histone H3 blots 

are shown as loading controls. 6 µg of total RNA was subjected to Northern blot analysis 

employing a 32P-labeled HO-1 cDNA probe; ethidium bromide staining of total RNA is 

shown to verify equal loading and positions of 18 and 28S ribosomal RNA are indicated. 

Quantification of blots is shown to the right. Densitometry analysis was conducted with 

Image J software. Relative density of arsenite treated signal bands were normalized to the 

corresponding control signal bands for fold change, then further normalized to the relative 

density of loading control signal bands for loading accuracy. For HO-1 protein blots, β-

Actin signals were used for normalization, while for H3S10-P, the average relative density 

of β-Actin and histone H3 signal bands were used. The 28s rRNA band was used for 

normalization of the HO-1 mRNA signal bands.
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Figure 2. Arsenite induces H3S10 phosphorylation and transcriptional activation of the HO-1 
gene
HaCaT cells were treated with 10µM arsenite for 4 hr, then harvested for chromatin 

immunoprecipitation (ChIP) and incubated with rabbit IgG, anti-Nrf2 (a), anti-RNA Pol II 

(b), anti-phospho-RNAPol S2 (c), anti-phospho RNAPol S5 (d), or anti-H3S10 phospho-

specific (H3S10-P) (e) antibody as described in Materials and Methods. Isolated genomic 

DNA was subjected to quantitative RT-PCR using primer pairs for the HO-1 E2, E1, TSS, 

and Exon 3 regions. Samples were normalized to input and presented as percent input. 
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Significance was calculated using a t-test and established with p < 0.05 (*) or p < 0.01 (**). 

A representative of four independent experiments is shown.
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Figure 3. Arsenite induces H3S10 phosphorylation and HO-1 expression through oxidative 
stress-dependent mechanisms
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(a) HaCaT cells were treated with 10µM arsenite for 2, 4, and 6 hr, and then analyzed for 

total cellular ROS production by CM-H2DCF-DA assay. Fluorescence levels of control cells 

without arsenite treatment (0) was defined as 1. Significance was calculated using a t-test 

and established with p < 0.05. Results are means ± SE of 4 independents experiments. (b) 

HaCaT cells were pretreated with 10mM NAC for 1 hr, then treated with 10 or 30µM 

arsenite for 8 hr and harvested as whole cell lysates or total RNA. Whole cell lysates were 

subjected to Western blot analysis with anti-HO-1 and anti-H3S10 phospho-specific 

(H3S10-P) antibodies; histone H3 blot is shown as loading control. 5 µg of total RNA was 

subjected to Northern blot analysis employing a 32P-labeled HO-1 cDNA probe; ethidium 

bromide staining of total RNA is shown to verify equal loading and positions of 18 and 28S 

ribosomal RNA are indicated. (c) In the same condition as (b), nuclear and cytoplasmic 

extracts were prepared and subjected to Western blot analysis with anti-Nrf2 specific 

antibody. Quantification of blots in b) and c) is shown to the right. Densitometry analysis 

was conducted with Image J software. Relative density of arsenite and NAC treated signal 

bands were normalized to the corresponding control signal bands for fold change, then 

further normalized to the relative density of loading control signal bands for loading 

accuracy. For HO-1 and H3S10-P protein blots, H3 signals were used for normalization. The 

28s rRNA band was used for normalization of the HO-1 mRNA signal bands. (d & e) 

HaCaT cells were pretreated with 10mM NAC for 1 hr, then treated with 10µM arsenite for 

4 hr and harvested for chromatin immunoprecipitation (ChIP) and incubated with rabbit IgG, 

anti-H3S10 phospho-specific (H3S10-P), or anti-Nrf2 antibody. Isolated genomic DNA was 

subjected to quantitative RT-PCR using primer pairs for the HO-1 E1 (d) and TSS (e) 

regions. Samples were normalized to input and presented as percent input. Significance was 

calculated using a t-test and established with p < 0.05. A representative of three independent 

experiments is shown.
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Figure 4. Induction of H3S10 phosphorylation and HO-1 by arsenite is MAPK-dependent
(a) HaCaT cells were treated with 10µM arsenite for 1, 2, 6, or 12 hr and harvested as whole 

cell lysate and subjected to Western blot analysis with anti-phospho p38 (T180/Y182), anti-

phospho ERK (T202/Y204), and anti-phospho JNK (T183/Y185) specific antibodies. (b) 

HaCaT cells were pretreated with 10µM SB203580, U0126, or SP600125 for 1 hr, then 

treated with 10µM arsenite for 8 hr. Whole cell lysates were subjected to Western blot 

analysis with anti-H3S10 phospho-specific antibody; histone H3 blot is shown as loading 

control. (c) HaCaT cells were pretreated with 10µM SP600125 for 1 hr, then treated with 

10µM arsenite for 8 hr and harvested as whole cell lysates or total RNA. Whole cell lysates 

were subjected to Western blot analysis with anti-HO-1 and anti-H3S10 phospho-specific 

antibodies; lactate dehydrogenase (LDH) blot is shown as loading control. 7 µg of total RNA 

was subjected to Northern blot analysis employing a 32P-labeled HO-1 cDNA probe; 

ethidium bromide staining of total RNA is shown to verify equal loading and positions of 18 

and 28S ribosomal RNA are indicated. Quantification of blots is shown to the right. 

Densitometry analysis was conducted with Image J software. Relative density of arsenite 
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and SP600125 treated signal bands were normalized to the corresponding control signal 

bands for fold change, then further normalized to the relative density of loading control 

signal bands for loading accuracy. β-Actin, H3, and LDH signals were used for protein 

normalization. The 28s rRNA band was used for normalization of the HO-1 mRNA signal 

bands.
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Figure 5. SP600125 inhibits enrichment of phosphorylated H3S10 but not Nrf2 on the HO-1 
ARE in response to arsenite
(a) HaCaT cells were pretreated with 10µM SP600125 for 1 hr, then treated with 10µM 

arsenite for 4 hr and harvested as cytoplasmic and nuclear fractions and subjected to 

Western blot analysis with anti-Nrf2 specific antibodies; Lamin B blot is shown as loading 

control. Quantification of blots is shown to the right. Densitometry analysis was conducted 

with Image J software. Relative density of arsenite and SP600125 treated signal bands were 

normalized to the corresponding control signal bands for fold change, then further 

normalized to the relative density of Lamin B signal bands for loading accuracy. (b and c) 

HaCaT cells were pretreated with 10µM SP600125 for 1 hr, then treated with 10µM arsenite 

for 4 hr, harvested for chromatin immunoprecipitation (ChIP) and incubated with rabbit IgG, 

anti-H3S10 phospho-specific (H3S10-P), or anti-Nrf2 antibody. Isolated genomic DNA was 

subjected to quantitative RT-PCR using primer pairs for the HO-1 E1 (b) and TSS (c) 

regions. Samples were normalized to input and presented as percent input. Significance was 

calculated using a t-test and established with p < 0.05 (*) or p < 0.01 (**). A representative 

of three independent experiments is shown.
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Figure 6. Arsenite induces JNK-dependent H3S10 phosphorylation and recruits Nrf2 to the 
HO-1 ARE prior to enrichment of phosphorylated H3S10
a) HaCaT cells were transiently transfected with JNK specific siRNA or control siRNA as 

described in Materials and Methods. After 48 hr, cells were treated with 10µM arsenite for 8 

hr and nuclear and cytoplasmic fractions were subjected to Western blot analysis with anti-

HO-1, anti-Nrf2, anti-JNK, and anti-H3S10 phospho-specific (H3S10-P) antibodies; Lamin 

B and β-Actin blots are shown as loading controls. Quantification of blots is shown to the 

right. Densitometry analysis was conducted with Image J software. Relative density of 

arsenite treated signal bands were normalized to the corresponding control signal bands 

(siCon/arsenite (−)) for fold change, then further normalized to the relative density of 

loading control signal bands for loading accuracy; JNK and HO-1 were normalized to β-

Actin; H3S10-P and Nrf2 were normalized to Lamin B. (b and c) HaCaT cells were treated 

with 10µM arsenite for 0.5, 1, 2, or 4 hr, then harvested for ChIP assay and incubated with 

rabbit IgG, anti-Nrf2 (b), or anti-H3S10 phospho-specific (H3S10-P) (c) antibody. Isolated 

genomic DNA was subjected to quantitative RT-PCR using primer pairs for the HO-1 E1 

region. Samples were normalized to input and presented as percent input. Significance was 

calculated using a t-test and established with p < 0.05. A representative of three independent 

experiments is shown. (d) Graphical representation of temporal induction of Nrf2 and 

phosphorylated H3S10 (H3S10-P) enrichment on the HO-1 E1 ARE.
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Figure 7. Nrf2 is associated with phosphorylation of H3S10 on the mouse Ho-1 ARE
a) Nrf2 +/+ and Nrf2 −/− MEF cells were treated with 10µM arsenite for 8 hr and nuclear 

and cytoplasmic fractions were subjected to Western blot analysis with anti-HO-1, anti-

Nrf2, and anti-H3S10 phospho-specific (H3S10-P) antibodies; Lamin B, histone H3, and β-
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Actin blots are shown as loading controls. Quantification of blots is shown to the right. 

Densitometry analysis was conducted with Image J software. Relative density of arsenite 

treated signal bands were normalized to the corresponding control signal bands (Nrf2+/+, 

arsenite (−)) for fold change, then further normalized to the relative density of loading 

control signal bands for loading accuracy; HO-1 was normalized to β-Actin; Nrf2 was 

normalized to Lamin B, and H3S10-P was normalized to H3. (b and c) Nrf2 +/+ and Nrf2 −/

− MEF cells were treated with 10µM arsenite for 4 hr, harvested for ChIP assay, and 

incubated with rabbit IgG, (b) anti-Nrf2, or anti-H3S10 phospho-specific (H3S10-P) 

antibody. Isolated genomic DNA was subjected to quantitative RT-PCR using primer pairs 

for the mouse HO-1 E1 region. Samples were normalized to input and presented as percent 

input. Significance was calculated using a t-test and established with p < 0.05. A 

representative of three independent experiments is shown.
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