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1,3-Butadiene (BD) is a common environmental contaminant

classified as ‘‘carcinogenic to humans.’’ Formation of BD-induced

DNA adducts plays a major role in its carcinogenicity. BD is also

an epigenotoxic agent (i.e., it affects DNA and histone methyl-

ation in the liver). We used a panel of genetically diverse inbred

mice (NOD/LtJ, CAST/EiJ, A/J, WSB/EiJ, PWK/PhJ, C57BL/6J,

and 129S1/SvImJ) to assess whether BD-induced genotoxic and

epigenotoxic events may be subject to interstrain differences. Mice

(male, 7 weeks) were exposed via inhalation to 0 or 625 ppm BD

for 6 h/day and 5 days/week for 2 weeks and liver BD-DNA

adducts, epigenetic alterations, and liver toxicity were assessed.

N-7-(2,3,4-trihydroxybut-1-yl)-guanine adducts were detected in

all strains after exposure, yet BD-induced DNA damage in CAST/

EiJ mice was two to three times lower. Epigenetic effects of BD

were most prominent in C57BL/6J mice where loss of global DNA

methylation and loss of trimethylation of histone H3 lysine 9,

histone H3 lysine 27, and histone H4 lysine 20, accompanied by

dysregulation of liver gene expression indicative of hepatotoxicity,

were found. Interestingly, we observed an increase in histone

methylation in the absence of changes in gene expression and

DNA methylation in CAST/EiJ strain. We hypothesized that

mitigated genotoxicity of BD in CAST/EiJ mice may be due to

chromatin condensation. Indeed, we show that in response to BD

exposure, chromatin condensation occurs in CAST/EiJ, whereas

the opposite effect is observed in C57BL/6J mice. These findings

demonstrate that interstrain susceptibility to genotoxicity by

a well-known environmental carcinogen may be due to strain-

specific epigenetic events in response to the exposure.

Key Words: liver; systems toxicology; 1,3-butadiene; mouse;

epigenetics.

Environmental and occupational exposures to man-made

chemical agents, in spite of the major efforts for increased

regulatory action in both United States and Europe, continue to

be a major public health concern worldwide (Judson et al., 2009;

Lucier and Schecter, 1998; Ziegler, 1993). It is widely believed

that exposure to chemicals is one of the major causes of many

human diseases (Rappaport and Smith, 2010), including cancer

(Loeb and Harris, 2008; Wild, 2009). There are a number of

major research efforts that are directed at advancing the science

of rapid identification, assessment, and mitigation of exposures

to hazardous chemical agents, especially agents with a carcino-

genic potential (Kavlock et al., 2009). Recent advances in the

field of research on the mechanisms of toxicity and carcinoge-

nicity indicate that a wide range of chemical carcinogens, in

addition to inducing genetic changes, affect and alter the cellular

epigenetic state (Pogribny et al., 2008; Wild, 2009). These

discoveries redefine the classical model of multistage carcino-

genesis to include both genetic and epigenetic changes at each

stage of the carcinogenic process (Jones and Baylin, 2007).

1,3-Butadiene (BD) is a major industrial chemical and

a common environmental contaminant that is classified as

carcinogenic to humans (IARC, 2009; Swenberg et al., 2010).

BD is metabolized via oxidation by the family of cytochrome

P450 mono-oxygenases to form reactive epoxides: 1,2-epoxy-3-

butene, 1,2:3,4-diepoxybutane, and 3,4-epoxy-1,2-butanediol

(Filser et al., 2007; Himmelstein et al., 1996). These secondary

metabolites may directly interact with DNA and form mutagenic

DNA adducts (Cochrane and Skopek, 1994; Kemper et al., 2001).

The covalent interaction of metabolic derivatives of BD with

DNA is believed to be a critical step in the initiation of

tumorigenesis (Poirier, 2004; Swenberg et al., 2000). It was also

shown recently that short-term exposure to BD also leads to

a variety of nongenotoxic epigenetic alterations in the liver of

C57BL/6J mice (Koturbash et al., 2011). These findings support

the hypothesis that epigenetic alterations may serve as early

indicators of exposure to agents with a carcinogenic potential and

may be used as biomarkers in the assessment of hazardous agents

(LeBaron et al., 2010; Marlowe et al., 2009).

The elucidation of the mechanisms of toxicity is usually carried

out in genetically homogeneous in vivo or in vitro models in order
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to fix as many variables as possible. This provides information in

a single strain or cell line, yet the extrapolation of such data to the

population effects is constrained by the inference from a single

genome to model complex human phenotypes. To address these

limitations, novel animal models are needed. The need to

‘‘account for differences among humans in cancer susceptibility

other than from possible early-life susceptibility’’ (National

Research Council, 2008) is recognized by both the scientific

community and the regulatory agencies. A multistrain approach

provides critical information for understanding the genetic

background-dependent and -independent components of chem-

ical’s mode of action, estimation of interindividual differences in

toxicodynamics and –kinetics, and identification of biomarkers of

toxicity (Rusyn et al., 2010). In this study, we show that important

strain differences in both genotoxic and epigenotoxic responses to

BD exist, and the chromatin condensation response is an

underlying mechanism for such differences.

MATERIALS AND METHODS

Animals and experimental design. Male CAST/EiJ, NOD/LtJ, A/J, WSB/

EiJ, PWK/PhJ, 129S1/SvImJ, and C57BL/6J mice (7 weeks of age) were housed

in a sterilized animal facility at the University of North Carolina at Chapel Hill in

a temperature-controlled room with a 12-h light/dark cycle. These mice were

from a colony of mice maintained at the University of North Carolina at Chapel

Hill and used for the derivation of the Collaborative Cross (Aylor et al., 2011).

The founders of the colony were originally obtained from the Jackson Laboratory

(Bar Harbor, ME). These strains were selected because they provide an excellent

representation of the genetic diversity present in the laboratory mouse by

sampling the three main subspecies of house mouse (Yang et al., 2011). They are

also seven of the eight founders of the Collaborative Cross (Chesler et al., 2008),

and their genomes have been fully sequenced at least at 320 coverage (http://

www.sanger.ac.uk/resources/mouse/genomes/). Animals were given food (NIH-

31 diet, Purina Mills, Richmond, IN) and water ad libitum.

Following the 2-week acclimation period, the mice were randomly assigned to

control (n ¼ 5 per strain, exposed to filtered air) or experimental (n ¼ 5 per

strain, exposed to 625 ppm of BD) groups. Exposure concentration and protocol

were selected based on the National Toxicology Program’s carcinogenesis

studies with butadiene in mice (National Toxicology Program, 1984, 1993).

Exposure was performed for 6 h/day and 5 days/week (Monday through Friday)

for 2 weeks. On each experimental day, the mice were placed in a cylindrical

metal mesh holder for the duration of BD exposure and then transferred back to

their regular cages. Concentrations of BD in exposure chambers were monitored

at the beginning and end of each exposure period using gas chromatography and

were determined to correspond to the target concentrations. Mice were

euthanized by exsanguination following deep isoflurane anesthesia after the last

exposure to BD. The livers were excised, snap-frozen in liquid nitrogen, and

stored at �80�C for subsequent analyses. All experimental procedures involving

animals were reviewed and approved by the Institutional Animal Care and Use

Committee at the University of North Carolina at Chapel Hill.

Determination of N-7 guanine adduct formation. Genomic DNA was

isolated from mouse liver tissues by standard digestion of DNA with proteinase K,

followed by phenol-chloroform extraction and ethanol precipitation. The analysis

of N-7-(2,3,4-trihydroxybut-1-yl)-guanine (THB-Gua) was performed following

neutral thermal hydrolysis by liquid chromatography/positive ion electrospray

ionization/mass spectrometry/mass spectrometry (LC/ESIþ/MS/MS) as described

elsewhere (Koc et al., 1999).

Determination of global DNA methylation status by methylation-sensitive

cytosine extension assay. The extent of global DNA methylation was evaluated

with a [3H]dCTP extension assay as described previously (Pogribny et al., 1999).

Methylation-sensitive quantitative PCR analysis of long interspersed

elements 1 and major and minor satellites repetitive elements. The

methylation status of long interspersed elements 1 (LINE1) and major and

minor satellites repetitive elements was determined by methylation-sensitive

McrBC-quantitative PCR (qPCR) assay (Martens et al., 2005). Briefly,

genomic DNA (1 lg) was digested overnight with the methylation-specific

restriction enzyme McrBC (New England Biolabs, Ipswich, MA) and then

analyzed by qPCR on an Applied Biosystems (Forrest City, CA) 7900 Real-

Time PCR System. The threshold cycle (Ct) is defined as the fractional cycle

number that passes the fixed threshold. The Ct values were converted into the

absolute amount of input DNA using the absolute standard curve method. An

increased amount of input DNA after digestion with McrBC is indicative of

hypomethylation, whereas a decreased amount of input DNA is indicative of

hypermethylation.

Western blot analysis of histone modifications. The status of histone H3

lysine 4 (H3K4), histone H3 lysine 9 (H3K9), histone H3 lysine 27

(H3K27), and histone H4 lysine 20 (H4K20) trimethylation in the livers of

control and BD-exposed mice was determined by Western blot analysis

(Tryndyak et al., 2006). All the antibodies were purchased from Millipore

Corporation (Billerica, MA). Chemiluminescence detection was performed

with the HRP substrate for Western blotting (Millipore Corporation) and

measured directly by a BioSpectrum AC Imaging System (Upland, CA). The

signal intensity was analyzed by ImageQuant software (Molecular Dynamics,

Sunnyvale, CA).

Quantitative reverse transcription-PCR array analysis of the hepatotoxicity-

related gene expression. Total RNA was extracted from mouse liver tissues

using TRI Reagent (Ambion, Austin, TX) according to the manufacturer’s

instructions. Complementary DNA (cDNA) was synthesized from 5 lg of total

RNA using RT2 First-Strand cDNA Synthesis kit (SABiosciences, Frederick,

MD). The Mouse Hepatotoxicity RT2 Profiler PCR Arrays (SABiosciences) were

used according to the manufacturer’s protocol to determine the expression of 84

key genes implicated as potential biomarkers of liver toxicity. The relative level of

messenger RNA (mRNA) for each gene was determined using the 2DDCt method

(Livak and Schmittgen, 2001). The results are presented as fold change for each

mRNA in the livers of mice.

Quantitative reverse transcription-PCR. The levels of gene transcripts for

histone lysine methyltransferases Suv39h1 (Mm00468952_m1), Prdm2
(Mm01348917_m1), and enhancer of zeste homolog 2, Drosophila (Ezh2,

Mm00468464_m1) were determined by quantitative reverse transcription-PCR

(qRT-PCR) using TaqMan Gene Expression Assays (Applied Biosystems)

according to the manufacturer’s protocol. Expression of repetitive elements in

the mouse genome, including LINE1 and major and minor satellites, was

determined by qRT-PCR (Martens et al., 2005).

Methylation-sensitive analysis of chromatin structure. The chromatin

structure in the livers was determined by a modified methylation-based analysis

of nucleosomal DNA accessibility (Miranda et al., 2010). This technique is

based on the fact that CpG sites in DNA are protected from methylation when

these sequences are wrapped around histones (Kladde and Simpson, 1994;

Miranda et al., 2010). Briefly, nuclei from 40 lg of liver tissue of control and

BD-exposed mice were isolated and purified as described previously (Miranda

et al., 2010). After purification, the nuclei were immediately resuspended in

M.HpaII buffer (New England Biolabs, Ipswich, MA) and incubated with 60 U

of HpaII methylase for 15 min at 37�C. The reaction was terminated by the

addition of 150 ll of stop solution (10mM TrisCl, 300mM NaCl, 1% SDS, and

5mM disodium EDTA), and genomic DNA was extracted using the standard

digestion with proteinase K, followed by phenol/chlolorophorm/isoamyl

alcohol extraction and ethanol precipitation (Strauss, 1989). The extent of

CCGG methylation was evaluated with a [3H]dCTP extension assay (Pogribny

et al., 1999).

Statistical analyses. Results are presented as mean±SD. Statistical analyses

were conducted by two-way ANOVA, with pairwise comparisons being made by

the Student-Newman-Keuls method. When necessary, the data were natural
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log-transformed before conducting the analyses to maintain a more equal variance

or normal data distribution. p Values < 0.05 were considered significant.

RESULTS

Hepatic N-7 Guanine Adduct Levels

LC/ESIþ/MS/MS was used to assess the amount of THB-Gua

adducts in hepatic DNA of control mice and each strain of mice

exposed to 625-ppm BD. Inhalational exposure to BD resulted in

extensive formation of racemic and meso THB-Gua adducts in

hepatic DNA in all strains tested (Fig. 1). In addition, the THB-

Gua adducts in liver DNA of BD-exposed NOD/LtJ, A/J, WSB/

EiJ, PWK/PhJ, 129S1/SvImJ, and C57BL/6J mice were two- to

threefold higher than the adducts found in the livers of BD-

exposed CAST/EiJ mice, differences that were significant.

Effect of BD Exposure on Global DNA Methylation and
Methylation of the Repetitive DNA Elements

The extent of interstrain differences in epigenetic responses

to BD treatment was also evaluated. First, we evaluated DNA

methylation, both global and LINE1 repetitive elements, in the

livers of BD-exposed and control mice. Figure 2 shows that

exposure to BD caused strain-dependent changes in the extent

of hepatic DNA methylation. Specifically, levels of global and

LINE1 DNA methylation were significantly decreased after BD

exposure in 129S1/SvImJ and C57BL/6J mice. In PWK/PhJ

mice, BD led to a significant decrease in global DNA

methylation only. No effects were observed in other (CAST/

EiJ, NOD/LtJ, A/J, and WSB/EiJ) strains.

Effect of BD Exposure on Histone Lysine Methylation

Previously we observed that BD exposure also affects lysine

methylation in liver histones in C57BL/6J mice, specifically

decreases in trimethylation of histone H3K9, H3K27, and

H4K20 (Koturbash et al., 2011). Although in C57BL/6J strain

the changes in DNA and histone methylation were both

prominent and concordant, lack of BD effect on DNA

methylation in other strains led us to examine the status of

these key repressive histone marks in the livers of other BD-

exposed strains. Figure 3 shows that exposure to BD had little

effect on histone methylation in other strains examined, with

the exception of a significant increase in H3K4me3, H3K9me3,

H3K27me3, and H4K20me3 in CAST/EiJ mice. Specifically,

the levels of H3K4, H3K9, H3K27, and H4K20 trimethylation

in the livers of BD-exposed CAST/EiJ mice were 1.5, 1.9, 2.7,

and 1.4 times higher, respectively, as compared with the age-

matched control CAST/EiJ mice. Level of H3K4me3 was also

elevated in BD-exposed A/J mice. A small, but significant,

increase in H3K27me3 was also observed in BD-treated

129S1/SvlmJ mice.

Effect of BD Exposure on Expression of Hepatotoxicity-
Related Biomarker Genes

Based on the observation of major strain-specific differences

in both genotoxic and epigenotoxic effects of BD, we selected

C57BL/6J, CAST/EiJ, and A/J strains, as representative of

hypo-, hyper-, or no effect of BD on the epigenome, for further

analyses. It is widely believed that a covalent interaction of

metabolic reactive intermediates of genotoxic carcinogens,

including those formed from BD, with DNA is a critical event

in the initiation of carcinogenesis (Swenberg et al., 2000);

however, although necessary, these genotoxic effects are not

sufficient to explain tumor development. It is believed that

hepatotoxicity also plays a role in liver carcinogenesis

(Neumann, 2009); therefore we determined the expression of

genes considered to be markers of hepatotoxicity (Gao et al.,
2010) in three strains of mice (CAST/EiJ, A/J, and C57BL/6J)

that differed in their genotoxic and epigenetic responses to BD

exposure.

Although no change in serum alanine aminotransferase

activity was observed in mice exposed to 625-ppm BD (data

FIG. 1. Amounts of THB-Gua-BD adducts in liver DNA from mice exposed to 0- or 625-ppm BD. Data are presented as mean ± SD (n ¼ 5). Asterisk and

ampersand (* and &) denote significant (p < 0.05) differences in the same DNA adduct as compared with the corresponding strain’s control mice or as compared

with BD-treated mice of other strains, respectively.
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not shown), histopathological evaluation of the liver sections

revealed that the hepatocytes of the BD-treated C57BL/6J

mice, but not of any other strain examined, showed diffused

glycogen depletion characterized by the lack of cytoplasmic

vacuoles (Koturbash et al., 2011). Gene expression analysis

revealed that exposure of C57BL/6J mice to BD caused

marked changes in expression of the majority of genes,

including Hmox1, Nqo1, Car3, Srebf1, and Lgr5, response

indicative of liver injury (Fig. 4, Supplementary table 1).

Changes in expression of these genes were also observed in the

livers of BD-exposed A/J mice, albeit they were less

pronounced. Upregulation of genes that belong to the ATP-

binding cassette (ABC) transporters, including Abcc2, Abcc4,

Abbc3, and Abcb11, was found in the livers of A/J mice

exposed to BD. Products of these genes are transmembrane

proteins that actively export various substrates and metabolic

intermediates and products from the liver cells to the bile.

Interestingly, few gene expression changes indicative of

hepatotoxicity were detected in the liver tissue of BD-exposed

CAST/EiJ mice.

Analysis of Chromatin Structure

Next, we hypothesized that the observed strain-specific

differences in the effects of BD on liver histone and DNA

methylation, transcriptional response, and DNA damage may

be indicative of dissimilarities of the effects on chromatin

structure. This hypothesis was based on the observation that the

level of background histone methylation in the liver varies

significantly between CAST/EiJ, A/J, and C57BL/6J strains

(Supplementary fig. 1).

It is well-established that CpG sites within DNA are

protected from methylation when these sequences are wrapped

around histones (Kladde and Simpson, 1994; Miranda et al.,
2010). Therefore, CpG sites in condensed heterochromatin are

inaccessible for methylation, whereas CpG sites in relaxed

chromatin are accessible for methylation. It has been reported

that nearly 90% of HpaII sequences (CCGG) in the mouse

genome are located outside of CpG islands, predominantly

within transposable elements (Fazzari and Greally, 2004).

Thus, we analyzed the structure of hepatic chromatin in control

and BD-exposed CAST/EiJ, A/J, and C57BL/6J mice by

determining the accessibility of nucleosomal DNA to methyl-

ation of HpaII sites. Figure 5A shows that exposure of CAST/

EiJ mice to BD resulted in formation of a more condensed

chromatin. This was evidenced by a nearly twofold greater

incorporation of [3H]dCTP into HpaII-digested DNA from

HpaII methylase-pretreated nuclei isolated from the livers of

BD-exposed CAST/EiJ mice as compared with control mice. In

contrast, a decrease in [3H]dCTP incorporation into DNA after

pretreatment of nuclei from the livers of BD-treated C57BL/6J

FIG. 2. Effects of BD exposure on the extent of DNA methylation in mouse liver. (A) Loss of global DNA methylation in the livers of BD-exposed mice as

measured by a cytosine extension ([3H]dCTP incorporation) DNA methylation assay. (B) Loss of LINE1 repetitive elements methylation in the livers of BD-

exposed mice as measured by a methylation-sensitive McrBC-qPCR assay. Data are presented as fold change in BD (625 ppm)-exposed mice relative to the control

mice in each strain, mean ± SD (n ¼ 5). Asterisks (*) denote a significant (p < 0.05) difference from the corresponding strain’s control group.
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mice with HpaII methylase indicated the formation of more

open, relaxed chromatin and, therefore, increased accessibility

of CCGG sites to methylation. Interestingly, BD exposure did

not have an effect on chromatin structure in A/J mice.

Ezh2 is a key histone lysine methyltransferase that catalyzes

the methylation of nucleosomal histone H3 at lysine 27 (Cao

et al., 2002). We tested whether BD exposure has an effect on

the expression of Ezh2. Figure 5B shows that exposure to BD

resulted in significant upregulation of Ezh2 in the livers of

CAST/EiJ mice only. No BD effect on histone methyltrans-

ferases, Suv39h1 and Prdm2, was found.

The formation of different chromatin structures in the livers

of CAST/EiJ and C57BL/6J mice exposed to BD was further

confirmed by the analysis of expression of LINE1 and major

and minor satellites, main repetitive elements in the mouse

genome. Figure 6 shows an approximate twofold decrease in

the level of LINE1 expression in BD-exposed CAST/EiJ mice

(top panel), whereas expression of LINE1 and major and minor

satellites in the livers of BD-exposed C57BL/6J mice was 1.5,

3.2, and 4.7 times greater, respectively (bottom panel), as

compared with control mice. No changes in LINE1 and major

and minor satellites expression were found in the livers of BD-

exposed A/J mice (middle panel).

DISCUSSION

The results of the present study demonstrate that short-term

inhalational exposure of mice to the environmental contaminant

and potent carcinogen, BD, is characterized by substantial

differences in hepatic genetic and epigenetic response among

mouse strains. Specifically, although formation of extensive

amounts of THB-Gua adducts was observed in the livers of mice

from all seven BD-exposed inbred strains, DNA damage was

FIG. 3. Effects of BD exposure on histone lysine trimethylation in mouse liver. Histone H3K4me3 (A), histone H3K9me3 (B), histone H3K27me3 (C), and

histone H4K20me3 (D) levels were assessed by immunostaining using specific antibodies against trimethylated histones. Equal sample loading was confirmed by

immunostaining against total histone H3 or H4 where appropriate (data not shown). Densitometry analysis of the immunostaining results is shown as change in

methylation levels relative to control after correction for the total amount of each histone in the individual samples. Data are presented as mean ± SD (n ¼ 5).

Asterisks (*) denote a significant (p < 0.05) difference from the corresponding strain’s control group.
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significantly less in CAST/EiJ strain (Fig. 1). Our previous study

demonstrated that the presence of THB-Gua adducts in the livers

of BD-exposed C57BL/6J mice is associated with disruption in

the hepatic epigenetic status (Koturbash et al., 2011). The

present study shows that BD exposure, similarly to the observed

differences in genotoxicity response, resulted in substantial

variability in epigenetic alterations among strains. Even though

many reports have demonstrated strain-specific variability in

toxicity in response to chemical exposure (Bradford et al., 2011;

Harrill et al., 2009a,b), a full understanding of the underlying

mechanisms of such differences remains unresolved.

A detailed analysis of the pattern of genetic and epigenetic

alterations caused by BD exposure allowed us to group mouse

strains into three categories: (1) mice with high levels of THB-

Gua adducts (Fig. 1) and a substantial decrease in global and/or

LINE1 DNA methylation (WSB/EiJ, PWK/PhJ, 129S1/SvImJ,

and C57BL/6J strains; Fig. 2); C57BL/6J mice were also

characterized by a substantial decrease in histone H3K9,

H3K27, and H4K20 trimethylation (Fig. 3); (2) mice with high

levels of THB-Gua adducts and no significant alterations in

global or LINE1 DNA methylation (NOD/LtJ and A/J strains);

and (3) mice with low levels of hepatic THB-Gua adducts and

increased histone lysine methylation (CAST/EiJ strain). By

selecting representative strains from each group, we showed

that the strain-specific differences may be due to dissimilarities

in chromatin structure in response to a genotoxic insult.

It is well-established that both DNA methylation and histone

H3K9, H3K27, and H4K20 trimethylation play a crucial role in

the maintenance of proper chromatin structure and genomic

stability (Dillon, 2004; Jenuwein, 2006; Martin and Zhang, 2005).

For instance, a greater extent of DNA methylation and histone

H3K9, H3K27, and H4K20 trimethylation are associated with

condensed chromatin structure and, consequently, gene silencing.

In contrast, decreased DNA and histone H3K9, H3K27, and

H4K20 methylation is associated with the formation of relaxed

chromatin, increased transcription of the LINE1 and other

repetitive DNA sequences, and a variety of genomic instability

FIG. 4. Heatmap of differentially expressed hepatotoxicity biomarker

genes in the livers of control and BD-exposed C57BL/6J, A/J, and CAST/EiJ

mice. Gene expression was determined in total liver RNA from control and BD-

exposed mice (n ¼ 3 from each group). A heatmap (average of fold change

between control and exposed groups within each strain) of genes identified as

significant (p < 0.05) and changing in expression by at least 1.5-fold is shown.

The color bar identifies up and downregulated genes as indicated. See

Supplementary table 1 for a list of genes and gene expression values.

FIG. 5. Analysis of chromatin structure in the livers of control and BD-

exposed C57BL/6J, A/J, and CAST/EiJ mice. (A) Chromatin structure in the livers

of control and BD-exposed C57BL/6J, A/J, and CAST/EiJ mice was determined by

analyzing the accessibility of CCGG sites within nucleosomal DNA to methylation.

The extent of [3H]dCTP incorporation into DNA is directly proportional to changes

in chromatin condensation. (B) Total liver RNA from control mice (white bars) and

mice exposed to 625-ppm BD (black bars) was used to evaluate transcript

abundance of Ezh2. Data are presented as mean ± SD (n¼ 5). Asterisks (*) denote

a significant (p < 0.05) difference from the corresponding strain’s control group.
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events. Additionally, it has been suggested that chromatin

structure may influence the sensitivity of DNA to damage caused

by various environmental agents (Falk et al., 2008).

The results of our study support the hypothesis that

interstrain differences in response to BD exposure may be

caused by alterations in chromatin structure. A profound loss of

DNA and histone H3K9, H3K27, and H4K20 methylation,

a relaxation of chromatin structure, activation of expression of

LINE1 and major and minor satellites, and liver toxicity in BD-

exposed C57BL/6J mice support this suggestion. In contrast, in

the livers of A/J mice exposed to BD, the hepatotoxic effect of

BD was substantially lower, despite comparable amounts of

THB-Gua adducts. This may be explained, in part, by

a substantial upregulation of ABC-transporter genes and the

ability of liver cells to retain a proper epigenetic status.

The most intriguing findings of our study are the substantially

lower formation of THB-Gua adducts and negligible hepatotox-

icity of BD exposure in CAST/EiJ mice. As mentioned above,

CAST/EiJ was the only strain that upon BD exposure exhibited

a substantial increase in histone H3K9, H3K4, H4K20, and

especially H3K27 trimethylation. These observations were

supported by an increase in expression of the Ezh2 histone

methyltransferase. These changes resulted in formation of

a compact heterochromatin structure that may decrease accessi-

bility of DNA to BD-reactive intermediates yielding lower

formation of THB-Gua adducts and less liver toxicity. In addition,

increased capacity for detoxication/elimination or lower capacity

of bioactivation of BD in CAST/EiJ strain, which may well be due

to epigenetic modulation of gene expression, may also play a role.

The linkages between environmental agent-induced DNA

damage, epigenetic effects, and subsequent risk of mutagenesis

remain largely unexplored; however, there is increasing

evidence that chromatin structure strongly influences DNA

repair processes (Kinner et al., 2008). Our data show that BD-

induced DNA and histone hypomethylation effects that have

been associated with carcinogenesis through spontaneous

mutations, including loss of heterozygosity, chromosome

translocation, and DNA deletion (Chen et al., 1998), may lead

to increased cancer susceptibility in some, but not all strains. In

addition, strain-specific changes in chromatin structure may not

only prevent chemical-induced DNA damage but also impact

DNA repair because replication-independent endogenous DNA

double-strand breaks are processed differently in methylated

and unmethylated parts of chromatin (Kongruttanachok et al.,
2010). The relevance of the repair pathways to these strain-

dependent differences remains to be elucidated because THB-

Gua adducts are primarily lost through chemical depurination.

In conclusion, our findings demonstrate that significant

epigenetic events occur following BD exposure and suggest

that the differences in interindividual susceptibility to BD and

other genotoxic chemicals may be determined by variations in

epigenetic response. More importantly, the results of the present

study suggest that assessment of carcinogen-induced epigenetic

alterations, in addition to genetic changes, may facilitate

identification of subpopulation susceptible to exposure.
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