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ABSTRACT
     The aryl hydrocarbon receptor (Ahr) is a xenobiotic sensor that regulates the expression of a
battery of drug-metabolizing genes.  However, Ahr is also important for normal liver 
development.  The purpose of the present study was to examine the ontogeny of Ahr mRNA in 
mouse liver, and determine the epigenetic mechanisms regulating Ahr gene transcription during 
postnatal liver development.  There was a 224% increase in hepatic Ahr mRNA from 2 days 
before birth to 45 days after birth.  ChIP-on-chip analysis demonstrated that DNA methylation
and histone H3K27 tri-methylation (H3K27Me3), two epigenetic marks for suppression of gene 
transcription, were consistently low around the Ahr gene locus.  In contrast, enrichment of 
histone H3K4 di-methylation (H3K4Me2), a hallmark for gene activation, increased 182% from
prenatal to young adult period around the Ahr gene locus.  Regression analysis revealed a 
strong correlation between enrichment of H3K4Me2 and Ahr mRNA (r=0.91).  In conclusion, 
postnatal H3K4Me2 enrichment positively associates with Ahr mRNA in developing mouse liver, 
providing a permissive chromatin state allowing Ahr gene transactivation in postnatal liver 
development.
(171 words)

INTRODUCTION
    The aryl hydrocarbon receptor (Ahr) is well recognized as a ligand-activated transcription 
factor for aromatic hydrocarbons, including TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) and 
polycyclic aromatic hydrocarbons. In the absence of a ligand, the Ahr is sequestered in the 
cytosol by two molecules of heat-shock protein 90 (HSP90).  Upon ligand binding, the Ahr is 
released from HSP90, translocates into the nucleus, and dimerizes with the Ahr nuclear 
translocator (ARNT).  The Ahr-ARNT heterodimer then binds to the xenobiotic response 
element of target genes, which results in gene transcription (Li et al., 1994; Ma et al., 1995).
     In mice, Ahr is also most enriched in lung, and is expressed at intermediate levels in liver 
and the gastrointestinal tract (Petrick and Klaassen, 2007).  In liver, Ahr regulates the 
expression of a large battery of drug-metabolizing genes, including the prototypical target genes 
cytochrome P450 1A1, 1A2, and 1B1 (Rowlands and Gustafsson, 1997), several liver aldehyde 
dehydrogenases in mice (Alnouti and Klaassen, 2008b), some liver UDP 
glucuronosyltransferases in rats (Shelby and Klaassen, 2006) and mice (Buckley and Klaassen, 
2009), the organic anion transporting polypeptides 2b1 and 3a1 (Cheng et al., 2005), and some 
multidrug resistance-associated protein efflux transporters in mice (Cheng et al., 2005; Maher et 
al., 2005).  
    In addition to its role in drug metabolism, the Ahr is also important for normal liver 
development.  Ahr-null mice have been engineered, either by deleting Ahr exon 1 (Fernandez-
Salguero et al., 1995; Gonzalez and Fernandez-Salguero, 1998) or exon 2 (Schmidt et al., 
1996; Harstad et al., 2006).  Common phenotypes of the two lines of Ahr-null mice include a 
marked decrease in liver size per gram of body weight, moderate hepatic portal fibrosis, and 
decreased constitutive expression of certain xenobiotic-metabolizing enzymes, such as Cyp1a2
(Lahvis and Bradfield, 1998). In addition to the common liver phenotypes, Ahr-null mice with 
exon 1 deletion also have increased mortality within the first 2 weeks of age, hyper-proliferative 
blood vessels in the portal areas of the liver, glycogen depletion in liver, inflammation of bile 
ducts, and adenocarcinomas with aging (Gonzalez and Fernandez-Salguero, 1998).  In 
contrast, Ahr-null mice with exon 2 deletion are viable and fertile, but exhibit a spectrum of 
hepatic defects including transient microvesicular fatty metamorphosis, prolonged 
extramedullary hematopoiesis, and portal hypercellularity with thickening and fibrosis (Schmidt 
et al., 1996).  
     Although the Ahr plays important roles in both drug metabolism and normal development, the 
mechanisms underlying the developmental regulation of the Ahr gene in vivo are poorly 
characterized.  Recently, it has become increasingly evident that developmental gene regulation 
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is controlled by epigenetic mechanisms (Jaenisch and Bird, 2003; Kiefer, 2007).  DNA 
methylation and histone modifications are the ultimate regulatory epigenetic mechanisms of 
gene expression during development. In general, changes in DNA methylation profiles and 
chromatin structure determine whether there is a permissive chromatin environment for the 
transcription machinery to access gene promoter regions and initiate transcription.  DNA 
methylation is a covalent modification that results in stable silencing of the function of 
methylated DNA sequences during development, either by interfering directly with transcription 
factor binding to response elements of target genes, or by recruiting corepressor complexes and 
reinforcing gene silencing (Bird, 2002; Reik, 2007).  
     Histone modifications can be divided into those that correlate with activation and those that 
correlate with repression.  Acetylation, methylation, phosphorylation, and ubiquitination have 
been implicated in activation, whereas methylation, ubiquitination, sumoylation, deamination, 
and proline isomerization have been implicated in repression (Kouzarides, 2007). Formerly, it 
was thought that histone acetylation was the most important epigenetic modification regarding 
the ability for genes to be transcribed.  However, it is now known that histone acetylation is not 
only involved in transcription, but also in DNA repair, replication, and condensation (Kouzarides, 
2007). Histone H3 phosphorylation has also been shown to correlate with gene trans-activation.  
However, like histone acetylation, phosphorylation of histone is not very specific for gene
transcription, because it correlates with entry into mitosis as well (Cheung et al., 2000).  Only 
recently, by analyzing on a genome-wide scale chromatin landmarks and transcription initiation 
of most promoters in human ES cells, several classes of genes with various histone 
methylations have been identified (Guenther et al., 2007).  The majority of actively transcribed 
genes have histone methylation at the K4 position around the transcription start site. Histone 
H3 lysine 4 di-methylation (H3K4Me2) is found in a broad range of promoters, enhancers, and 
long-range regulatory elements, and it also strongly associates with tissue-specific gene 
regulation (Bernstein et al., 2005). In addition, it has also been shown that the co-occurrence 
between certain types of histone acetylation and methylation of H3K4 is high (Bernstein et al., 
2005; Pokholok et al., 2005). Until now, vast amount of data have confirmed that H3K4me2 is 
related to initiation of gene transcription on a genome-wide scale, building a strong argument 
that H3K4Me2 is important in gene transcriptional activation (Bernstein et al., 2005; Kim et al., 
2005; Roh et al., 2006). In contrast, H3 lysine-27 tri-methylation (H3K27Me3) is associated with 
suppression of gene transcription, because H3 lysine-27 tri-methylated histone is a target for the 
chromodomain protein Polycomb, that silences genes by yet unknown mechanisms (Boyer et 
al., 2006; Lee et al., 2006; Kiefer, 2007).  
     Little is known of the ontogeny of the Ahr mRNA in mouse liver during development, nor the 
epigenetic mechanism of Ahr gene transcriptional activation during development.  Therefore, 
the purpose of the present study was to reveal the ontogeny of hepatic Ahr mRNA expression in 
mice, and determine the epigenetic mechanisms mediating the Ahr mRNA expression during 
liver development.  Because alterations of chromatin structure by epigenetic modifications is a 
critical mechanism to regulate gene expression, it is hypothesized in the present study that 
specific epigenetic marks associate with changes in Ahr mRNA expression during liver 
development in mice.  

METHODS
Animals.  Eight-week old C57BL/6 breeding pairs were purchased from Charles River 
Laboratories (Wilmington, MA).  Mice were housed according to the American Animal 
Association Laboratory Animal Care guidelines, and were bred under standard conditions at the 
University of Kansas Medical Center.  Breeding pairs were established at 4:00 pm, and 
separated the following day at 8:00 am.  The body weight of females was recorded each day to 
monitor pregnancy status.  Livers from offspring were collected at the following four ages: day -
2, 1, 5, and day 45, representing 3 different developmental periods: prenatal (day -2), neonatal 
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(day 1 and 5), and young adulthood (day 45). Due to the smaller liver size, from two days 
before birth to 5 days of age, livers from male and female offspring (same litter) were pooled at 
each age to achieve the minimum amount of liver needed for subsequent experiments.  Due to 
variations caused by estrous cycle in sex-maturing adult female mice, only male livers were 
used at day 45 of age.  Livers were frozen immediately in liquid nitrogen, and stored at -80C.  
All animal procedures were reviewed and approved by the Institutional Animal Care and Use 
Committee at KUMC.
RNA Isolation.  Total RNA was isolated using RNA Bee reagent (Tel-Test Inc., Friendswood, 
TX) per the manufacturer’s protocol.  RNA concentrations were quantified using a NanoDrop 
Spectrophotometer (NanoDrop Technologies, Wilmington, DE) at a wavelength of 260 nm.  The 
integrity of the total RNA samples was evaluated by formaldehyde-agarose gel electrophoresis, 
and confirmed by visualization of 18S and 28S rRNA bands.
Branched DNA Amplification (bDNA) Technology.  The mRNA expression of Ahr was 
determined by bDNA assays (QuantiGene bDNA signal amplification kit, Panomics, Fremont, 
CA).  Multiple oligonucleotide probe sets for Ahr (including capture, label, and blocker probes) 
were designed using ProbeDesigner Software v1.0 (Bayer Corp., Diagnostics Div.) as 
previously described (Petrick and Klaassen, 2007).  Ten g of total RNA was added to each well 
of a 96-well plate (n=5 per age). The mRNA was captured by specific probe sets and attached 
to a branched DNA amplifier. Enzymatic reactions occur upon substrate addition and the 
luminescence for each well is reported as Relative Light Units (RLU). Statistical significance 
compared to day 45 expression levels were considered at p<0.05 (one way ANOVA followed by 
Duncan’s multiple range post hoc test (SPSS program, Chicago, IL)).
Western blotting Analysis.  AhR protein was quantified by western blotting analysis during 
liver development (day -2 and day 1: n=2; day 5 and day 45: n=3).  Protein concentrations from 
total tissue homogenate were determined using Pierce protein assay reagents according to the 
manufacturer's recommendations (Pierce Biotechnology, Rockford, IL). Briefly, 60μg of total 
protein was loaded per lane and separated on 7.5% sodium dodecyl sulfate–polyacrylamide 
gels. Proteins were transferred overnight at 4°C to polyvinylidene difluoride membranes. 
Membranes were blocked for 2h in blocking buffer (1% nonfat dry milk with 0.5% Tween 20). All
primary and secondary antibodies were diluted in blocking buffer. Primary antibody (rabbit 
polycolonal) against mouse AhR protein (SA-210) was purchased from BIOMOL (Plymouth 
Meeting, PA).  Protein levels of mouse β-actin were used as a loading control (Primary antibody: 
ab8227, Abcam, Cambridge, MA).  Lung from Adult C57/BL6 male mice was used as a positive 
control for AhR protein expression.  Liver from adult male Ahr-null male mice was used as a 
negative control.  AhR-null mice were purchased from Jackson laboratories (stock # 002831) as 
previously described (Schmidt et al., 1996).  Blots were subsequently incubated with a goat 
anti-rabbit horseradish peroxidase–conjugated secondary antibody for 1 h. Protein-antibody 
complexes were detected using an ECL chemiluminescent kit (Pierce Biotechnology, Rockford, 
IL) and exposed to Fuji Medical X-ray film (Fisher Scientific, Springfield, NJ). 
In silico analysis of CpG island localization.  CpG islands are defined as DNA sequences at 
least 200bp in length, with a GC percentage greater than 50% and an observed/expected CpG 
ratio that is greater than 60%.  An in silico analysis of CpG islands within 10kb upstream plus 
1kb downstream of the Ahr promoter region was performed using the Methyl Primer Express 
Software v1.0 (Applied Biosystems, Foster City, CA).  
ChIP-on-chip assay of DNA methylation and histone methylation.  Genpathway’s ChIP-on-
chip assays (San Diego, CA) using Affymetrix GeneChip Mouse Tiling 2.0R E array, were used 
to determine the following epigenetic profiles of Ahr on mouse chromosome 12:  DNA 
methylation, histone H3K4 di-methylation, and histone H3K27 tri-methylation as described 
previously (Li et al., 2009).                     
     Briefly, for DNA methylation, genomic DNA from mouse livers was isolated and sonicated to 
an average length of 300-500 bp.  An antibody against 5-methyl-cytosine was used for 
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immunoprecipitation (ab51552, Abcam, Cambridge, MA).  DNA without immunoprecipitation 
was used as a control for background hybridization.  The specificity of the immunoprecipitation 
was validated by quantitative PCR reactions with positive and negative control primers.  Both 
the immunoprecipitated and control DNA were amplified by random priming.  The amplified DNA
was purified, quantified, and tested by quantitative PCR at the same genomic regions as the 
original immunoprecipitated DNA to assess quality of the amplification reactions.  Amplified 
DNAs were fragmented and labeled using the DNA Terminal Labeling Kit (Affymetrix, Santa 
Clara, CA), and then hybridized to Affymetrix GeneChip Mouse Tiling 2.0R E Array at 45C 
overnight.  Arrays were washed and scanned by a GeneChip HT Array Plate Scanner. 
     For histone modifications, liver homogenates were fixed with 1% formaldehyde and 
quenched with glycine.  Chromatin containing DNA cross-linked by formaldehyde was isolated 
and sonicated to an average length of 300-500 bp.  Methylated histone H3 proteins at lysine 4 
and 27 were immunoprecipitated with polyclonal antibodies (Millipore 07-030 for H3K4Me2, and 
Millipore 07-449 for H3K27Me3) (Millipore, Billerica, MA).  Complexes were washed, eluted from 
the beads with SDS buffer, and subjected to RNase and proteinase K treatment.  Crosslinking 
was reversed by incubation overnight at 65C, and DNA fragments were purified by phenol-
chloroform extraction, precipitated by ethanol, labeled, and then hybridized to the Affymetrix 
GeneChip Mouse Tiling 2.0R E arrays.  Arrays were scanned with a GeneChip HT Array Plate 
Scanner. 
     Data from the arrays were analyzed using the Affymetrix Tiling Analysis Software (TAS), 
which generated BAR files that contain the intensities for all probes on the arrays. The 
intensities are expressed as fold enrichment of ChIP signals vs. input signals. The data image 
was viewed by the Integrated Genome Browser (IGB) (Affymetrix, Santa Clara, CA).  The 
boundaries of detection were set from 10kb upstream of the transcription start site, to 10kb 
downstream from the end of the entire gene locus.  Based upon recommendations by Affymetrix 
and known positive and negative genomic regions, thresholds were set as >3-fold enrichment of 
the probe intensities for DNA methylation, and >4-fold enrichment for histone methylations.  
Enrichments above the recommended thresholds reflect a false discovery rate below 2%.  
Intervals were defined as regions of a sequence > 200bp with signals higher than the threshold 
values, and active regions are genomic regions that contain one or more intervals in close 
proximity to each other (with intervals overlapping by at least 1 bp to be added to the same 
active region) at any given age. 
Regression analysis of Ahr mRNA expression with DNA and histone methylations.  The 
mRNA expression of Ahr during liver development and the patterns of the three epigenetic 
marks (DNA methylation, histone H3K4Me2 and H3K27Me3) were analyzed using Sigma Plot 
10.0 (Systat Software Inc., San Jose, CA).

RESULTS
Ahr mRNA expression during mouse liver development.  The ontogenic expression of 
mouse liver Ahr mRNA is shown in Fig. 1A.  Ahr mRNA expression was low before birth, 
increased after birth (216% of prenatal levels at day 1, and 162% at day 5 of age), and peaked 
at 45 days of age (293%).  Compared to levels at day 45 of age, Ahr mRNA expression was 
significantly lower at day -2 and 5.  The Ahr mRNA expression at 1 day of age also appeared 
lower than adult levels, although the difference was not statistically significant.  Corresponding 
to the Ahr mRNA expression, western blotting analysis demonstrated that the AhR protein was 
low two days before birth, but was up-regulated in liver right after birth, and remained high till 
day 45 of age (Fig.1B).  Because it has been demonstrated that AhR protein expression in lung
of rodents is high (Pollenz et al. 1998; Petrick and Klaassen, 2007), adult lung from wild-type 
mice was used as a positive control, whereas adult liver from Ahr-null mice was used as a 
negative control as described in METHODs. 



Page 6 of 16

Acc
ep

te
d 

M
an

us
cr

ip
t

6

DNA Methylation of the Ahr gene during liver development.  The Ahr gene is approximately 
36.9 kb long on chromosome 12.  Within 10kb upstream and 1kb downstream of the Ahr gene 
promoter region, in silico analysis identified one CpG island slightly upstream of the TSS site, 
which is 1635bp in length.  However, despite the presence of a GC-rich region, DNA-
methylation signal enrichment within the CpG island did not reach the threshold value of 3.0-fold
for positive DNA methylation, and there was also no enrichment in DNA methylation throughout 
the Ahr gene locus (Fig. 2, upper panel).  In addition, there was no DNA methylation enrichment 
upstream of the Ahr gene transcription start site or downstream of the end of the Ahr gene 
(10kb up and down).  The fold changes were all below the threshold of 3-fold (day -2, 1.12-fold;
day 1, 1.27-fold; day 5, 1.28-fold; and day 45, 1.14-fold).  In summary, Ahr DNA methylation 
signals were consistently low in the developing mouse liver.
Di-methylation at lysine-4 of histone H3 (H3K4Me2) of the Ahr gene during liver 
development.  Based on the threshold (4.0), four active regions for H3K4Me2 were found 
around the Ahr gene locus, which are all in the gene, and are around 1.5, 3.3, 5.4, and 32.9kb 
downstream of the TSS.  There was no H3K4Me2 enrichment upstream of the Ahr gene 
transcription start site or downstream of the Ahr gene locus (10kb up and down).  The fold 
change of H3K4Me2 was lower than the threshold at day -2 of age with no positive H3K4Me2 
regions of the Ahr gene locus (Fig. 3, upper panel) (fold change at day -2: 2.3-fold, Fig. 3, lower 
panel).  At 1 day of age, there was an increase in the fold change of H3K4Me2 of the Ahr gene, 
with one interval identified in the gene (fold enrichment: 6.03), which is located 1350 bp
downstream of the promoter region (Fig. 3, upper panel), although the overall average fold 
changes still did not reach the 4.0 threshold (3.3-fold, Fig. 3, lower panel).  At 5 days of age, 
there was another positive H3K4Me2 region identified in the gene, which is 1405 bp 
downstream of the promoter region (fold enrichment: 6.02, Fig. 3, upper panel), but still, the 
overall average fold change was below the threshold (3.7-fold, Fig. 3 lower panel).  At 45 days 
of age, there was a strong enrichment of histone H3K4 di-methylation that exceeded the 
threshold, with four active regions in the Ahr gene locus, at 1522 bp (8.46-fold), 3271 bp (5.33-
fold), 5374 bp (6.21-fold), and 32.85kb (5.86-fold) downstream of from the TSS, respectively
(Fig. 3, upper panel), and the overall average fold change was as high as 6.5-fold (Fig. 3, lower 
panel).  In summary, there was an enrichment in the histone H3K4 di-methylation of the Ahr
gene locus from prenatal to the young adult period in mouse liver, and the value in young adults 
was 182% higher than the prenatal value. 
Tri-methylation at lysine-27 of histone 3 (H3K27Me3) at the Ahr gene in liver during 
development.  There was no H3K27Me3 enrichment upstream of the Ahr gene transcription 
start site or downstream of the end of the Ahr gene (10kb up and down).  As shown in the upper 
panel, the H3K27Me3 average values for the Ahr gene locus gradually decreased during 
development, however, all fold changes were below the 4.0-fold at any age examined (-2, 1, 5, 
and 45 days of age).  The average fold changes of H3K27Me3 around the Ahr gene locus
(including 10kb up and down) were computed and shown in the lower panel of Fig. 4.  The 
histone H3K27 tri-methylation values for Ahr were approximately 1.23-fold at day -2 of age, 
followed by 1.08-fold at day 1, 0.99-fold at day 5, and 0.87-fold at day 45.  In summary, the 
histone H3K27 tri-methylation signals of Ahr gradually decreased and were lower than threshold 
throughout liver development.    
Regression analysis of Ahr mRNA expression and epigenetic marks.  Regression analysis 
demonstrated no correlation between DNA methylation of the Ahr gene locus and Ahr mRNA (R
= 0.06), whereas histone H3K4Me2 and H3K27Me3 each exhibited a strong correlation with Ahr
mRNA expression (R = 0.91 and -0.86, respectively).  However, histone H3K4Me2 of the Ahr
gene locus was the only methylation profile to exceed the threshold value (4.0-fold).  In 
summary, among the three epigenetic marks, H3K4Me2 is the only enriched mark above the 
threshold that strongly correlated with Ahr mRNA expression during mouse liver development. 
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DISCUSSION
    The present study revealed a postnatal increase in the Ahr mRNA expression in mouse liver
during development, and demonstrated the role of histone H3K4 di-methylation in triggering the 
postnatal increase of Ahr mRNA during mouse liver development.  
     The methylation of DNA at cytosine residues is a well-established epigenetic mechanism that 
regulates tissue-specific gene expression.  DNA methylation usually silences gene transcription, 
by preventing the recruitment of the transcription complex, or by indirect mechanisms involving 
changes in chromatin structure (Jaenisch and Bird, 2003).  It has been suggested that the 
interplay between methylation and demethylation dictates the distinct DNA methylation patterns 
of genes and consequently influences their transcriptional activity.  Much attention has been 
paid to the association between DNA methylation patterns and Ahr target genes.  For example, 
mouse Cyp1a2 gene expression coincides well with the methylation status of DNA during liver 
development (Jin et al., 2004).  However, little is known of the role of DNA methylation in the 
ontogenic expression of mouse Ahr in liver.  The present study is the first to demonstrate that 
despite the presence of a CpG island, DNA methylation is consistently low at the Ahr gene locus 
from 2 days before birth to 45 days of age, and therefore does not appear to play a significant 
role in regulating Ahr mRNA expression in liver development.  
     Recently, a large body of data has been generated for histone marks on the genomes of 
various organisms, primarily focusing on yeast (Hawkins and Ren, 2006).  A current area of 
research is to understand how these histone modifications correlate and/or regulate 
transcriptional activity.  A remarkable pattern has emerged for histone H3K4 di-methylation of 
actively transcribed genes, and H3K27 tri-methylation of silenced genes.  Among the various 
modifications, histone methylations are more stable and the enzymes that catalyze the histone 
methylation are implicated in playing essential roles in the function of the human genome 
(Barski et al., 2007).  High-resolution profiling of histone methylations in the entire human 
genome has demonstrated that active genes are characterized by high levels of H3K4Me2, and 
in contrast, inactive genes are characterized by low or negligible levels of H3K4 methylation of 
the promoter regions, and high levels of H3K27 tri-methylations (Barski et al., 2007). Therefore, 
histone methylations were selected in the present study rather than other types of histone 
modifications. It has been shown that the H3K4Me2 signals are usually localized to the vicinity 
of the transcription start site, providing a permissive chromatin environment to trigger gene 
transcription (Barski et al., 2007).  In the present study, the strong postnatal enrichment of 
H3K4Me2 in the close vicinity of the Ahr gene promoter indicates histone H3K4 di-methylation is 
likely a mechanism to trigger the increase in Ahr gene activation during liver development in 
mice. In contrast, although the gene suppression mark K3K27Me3 gradually decreases during 
development around the Ahr gene locus, which correlates with Ahr mRNA increase, the signals 
of H3K27Me3 are well below threshold at all ages.  Therefore, it is difficult to ascertain the 
importance of the H3K27Me3 profile with regard to Ahr mRNA expression despite the strong 
correlation between H3K27Me3 and hepatic Ahr mRNA expression.   
     Interestingly, it appears that Ahr target genes also undergo regulation by histone 
modifications.  For example, it has been shown in the mouse Hepa-1 cell line that the chromatin 
structure plays an essential role in Cyp1a1 gene transcription.  Specifically, Cyp1a1 gene 
induction by the Ahr/ARNT complex is strongly associated with modifications of specific 
chromatin marks of Cyp1a1, including hyperacetylation of histone H3K14 and H4K16, tri-
methylation of histone H3K4, and phosphorylation of H3S10 (Schnekenburger et al., 2007).  
Taken together, analyzing distinct histone epigenetic signatures around the Ahr gene locus and 
its target genes might become an essential approach in future research on Ahr-mediated drug 
metabolism and disposition.  However, lack of specific inhibitors for histone modification 
enzymes makes it more challenging to establish a causative role of histone modifications in 
regulating Ahr gene transcription. Nevertheless, the strong association between the increase in 
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Ahr gene expression and H3K4 di-methylation enrichment provides a direction for future studies 
that may explore specific upstream factors regulating Ahr gene expression during development.  
     Taken together, the present study suggests that epigenetic modifications are a probable 
mechanism facilitating a permissive chromatin state that activates Ahr gene transcription during 
liver development in mice.  The lack of all epigenetic marks, as observed in the Ahr gene locus 
in fetal liver, associate with a low basal expression of Ahr mRNA.  In contrast, high levels of 
H3K4Me2 in the absence of suppressor signals of H3K27Me3 and DNA methylation triggers the 
increase in Ahr expression in adult mouse liver.  Moreover, the increase in Ahr mRNA correlates 
with the dynamic enrichment of H3K4Me2 during liver development.  Epigenetic regulation of 
Ahr gene transcription by histone H3K4 di-methylation is a strong candidate to be considered in 
the developmental programming of Ahr expression in mouse liver.   Future studies will 
determine the causative mechanisms of the ontogeny of Ahr by altering the epigenetic 
signatures during liver development.  
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FIGURE LEGENDS
Figure 1A.  Ontogenic expression of Ahr mRNA in mouse liver.  Ahr mRNA ontogenic 
expression was determined by bDNA assay as described in MATERIALS AND METHODS
(n=5).  Data were expressed as RLU / 10g total RNA.  Asterisks (*) indicate statistical 
significance compared to day 45 levels (p<0.05, one way ANOVA followed by Duncan’s multiple 
range post hoc test).  Figure. 1B. Ontogenic expression of AhR protein from liver homogenates. 
Day -2 and day 1 of age: n=2; day 5 and day 45 of age: n=3.  -actin was used as a loading 
control; adult lung from wild-type mice (Ahr+/+) was used as a positive control for AhR protein 
expression, whereas adult liver from Ahr-null (Ahr-/-) mice was used as a negative control.   
Figure 2.  DNA methylation status of Ahr gene during mouse liver development. Upper panel:  
browser view of fold changes of DNA methylation at the Ahr gene locus at day -2, 1, 5, and 45 
of age (equal amounts of pooled samples from n=5 at each age).  Solid lines through the signal 
enrichment peaks indicate the threshold value (3.0) for positive DNA methylation.  Lower panel: 
Fold enrichment of DNA methylation at day -2, 1, 5, and 45 of age.  The dashed line indicates 
the threshold value (3.0-fold) for enriched intervals.

Figure 3.  Di-methylation of histone H3 at lysine-4 (H3K4Me2) at the Ahr gene locus during 
mouse liver development.  Upper panel: browser view of fold changes of histone H3K4Me2 at 
the Ahr gene locus at day -2, 1, 5, and 45 of age (equal amount of pooled samples from n=5 at 
each age).  Solid lines through the signal enrichment peaks indicate the threshold value (4.0) for 
enriched intervals. Bars under the  peaks of each age indicate the existence and length of 
active regions for H3K4Me2.  Asterisks (*) indicate the peak center.  Lower panel:  Fold 
enrichment of H3K4Me2 at day -2, 1, 5, and 45 of age. The dashed line indicates the threshold 
value (4.0-fold) for enriched intervals.

Figure 4.  Tri-methylation of histone H3 at lysine-27 (H3K27Me3) at the Ahr gene locus during 
mouse liver development.  Upper panel: browser view of fold changes of histone H3K27Me3 at 
the Ahr gene locus at day -2, 1, 5, and 45 of age (equal amount of pooled samples from n=5 at 
each age).  Solid lines through the signal enrichment peaks indicate the threshold value (4.0) for 
enriched intervals. Lower panel: Fold enrichment of H3K27Me3 at the Ahr gene locus at day -2, 
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1, 5, and day 45 of age. The dashed line indicates the threshold value (4.0-fold) for enriched 
intervals.

Figure 5.  Regression analysis of the correlation (R) between Ahr mRNA and the fold changes 
of the three epigenetic marks (DNA and histone di- and tri-methylations) at day -2, 1, 5, and 45 
of age during liver development in mice.  

REFERENCE 

Alnouti Y and Klaassen CD (2008a) Regulation of sulfotransferase enzymes by prototypical 
microsomal enzyme inducers in mice. J Pharmacol Exp Ther 324:612-621.

Alnouti Y and Klaassen CD (2008b) Tissue distribution, ontogeny, and regulation of aldehyde 
dehydrogenase (Aldh) enzymes mRNA by prototypical microsomal enzyme inducers in 
mice. Toxicol Sci 101:51-64.

Baker ME (2005) Xenobiotics and the Evolution of Multicellular Animals: Emergence and 
Diversification of Ligand-Activated Transcription Factors Integr. Comp. Biol., 45: 172 -
178.

Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z, Wei G, Chepelev I and Zhao K 
(2007) High-resolution profiling of histone methylations in the human genome. Cell
129:823-837.

Benedict JC, Lin TM, Loeffler IK, Peterson RE and Flaws JA (2000) Physiological role of the aryl 
hydrocarbon receptor in mouse ovary development. Toxicol Sci 56:382-388.

Bernstein BE, Kamal M, Lindblad-Toh K, Bekiranov S, Bailey DK, Huebert DJ, McMahon S, 
Karlsson EK, Kulbokas EJ, 3rd, Gingeras TR, Schreiber SL and Lander ES (2005) 
Genomic maps and comparative analysis of histone modifications in human and mouse. 
Cell 120:169-181.

Bird A (2002) DNA methylation patterns and epigenetic memory. Genes Dev 16:6-21.
Boyer LA, Plath K, Zeitlinger J, Brambrink T, Medeiros LA, Lee TI, Levine SS, Wernig M, 

Tajonar A, Ray MK, Bell GW, Otte AP, Vidal M, Gifford DK, Young RA and Jaenisch R 
(2006) Polycomb complexes repress developmental regulators in murine embryonic 
stem cells. Nature 441:349-353.

Buckley DB and Klaassen CD (2009) Induction of Mouse UDP-Glucuronosyltransferase mRNA 
Expression in Liver and Intestine by Activators of Ahr, CAR, PXR, PPAR{alpha}, and 
Nrf2. Drug Metab Dispos.

Carlstedt-Duke JM (1979) Tissue distribution of the receptor for 2,3,7,8-tetrachlorodibenzo-p-
dioxin in the rat. Cancer Res 39:3172-3176.

Cheng X, Maher J, Dieter MZ and Klaassen CD (2005) Regulation of mouse organic anion-
transporting polypeptides (Oatps) in liver by prototypical microsomal enzyme inducers 
that activate distinct transcription factor pathways. Drug Metab Dispos 33:1276-1282.

Cheung P, Allis CD, and Sassone-Corsi P (2000) Signaling to chromatin through histone 
modifications. Cell 103: 263-271 

Fernandez-Salguero P, Pineau T, Hilbert DM, McPhail T, Lee SS, Kimura S, Nebert DW, 
Rudikoff S, Ward JM and Gonzalez FJ (1995) Immune system impairment and hepatic 
fibrosis in mice lacking the dioxin-binding Ah receptor. Science 268:722-726.

Gonzalez FJ and Fernandez-Salguero P (1998) The aryl hydrocarbon receptor: studies using 
the AHR-null mice. Drug Metab Dispos 26:1194-1198.

Guo GL, Choudhuri S and Klaassen CD (2002) Induction profile of rat organic anion 
transporting polypeptide 2 (oatp2) by prototypical drug-metabolizing enzyme inducers 
that activate gene expression through ligand-activated transcription factor pathways. J 
Pharmacol Exp Ther 300:206-212.



Page 10 of 16

Acc
ep

te
d 

M
an

us
cr

ip
t

10

Guenther MG, Levine SS, Boyer LA, Jaenisch R and Young RA (2007) A chromatin landmark 
and transcription initiation at most promoters in human cells. Cell 130:77-88.

Harstad EB, Guite CA, Thomae TL and Bradfield CA (2006) Liver deformation in Ahr-null mice: 
evidence for aberrant hepatic perfusion in early development. Mol Pharmacol 69:1534-
1541.

Hawkins RD and Ren B (2006) Genome-wide location analysis: insights on transcriptional 
regulation. Hum Mol Genet 15 Spec No 1:R1-7.

Jaenisch R and Bird A (2003) Epigenetic regulation of gene expression: how the genome 
integrates intrinsic and environmental signals. Nat Genet 33 Suppl:245-254.

Jin B, Park DW, Nam KW, Oh GT, Lee YS and Ryu DY (2004) CpG methylation of the mouse 
CYP1A2 promoter. Toxicol Lett 152:11-18.

Kiefer JC (2007) Epigenetics in development. Dev Dyn 236:1144-1156.
Kim TH, Barrera LO, Zheng M, Qu C, Singer MA, Richmond TA, Wu Y, Green RD and Ren B 

(2005) A high-resolution map of active promoters in the human genome. Nature
436:876-880.

Kouzarides T (2007) Chromatin modifications and their function. Cell 128:693-705.
Lahvis GP and Bradfield CA (1998) Ahr null alleles: distinctive or different? Biochem Pharmacol

56:781-787.
Lahvis GP, Pyzalski RW, Glover E, Pitot HC, McElwee MK and Bradfield CA (2005) The aryl 

hydrocarbon receptor is required for developmental closure of the ductus venosus in the 
neonatal mouse. Mol Pharmacol 67:714-720.

Lan F, Collins RE, De Cegli R, Alpatov R, Horton JR, Shi X, Gozani O, Cheng X and Shi Y 
(2007) Recognition of unmethylated histone H3 lysine 4 links BHC80 to LSD1-mediated 
gene repression. Nature 448:718-722.

Lee TI, Jenner RG, Boyer LA, Guenther MG, Levine SS, Kumar RM, Chevalier B, Johnstone 
SE, Cole MF, Isono K, Koseki H, Fuchikami T, Abe K, Murray HL, Zucker JP, Yuan B, 
Bell GW, Herbolsheimer E, Hannett NM, Sun K, Odom DT, Otte AP, Volkert TL, Bartel 
DP, Melton DA, Gifford DK, Jaenisch R and Young RA (2006) Control of developmental 
regulators by Polycomb in human embryonic stem cells. Cell 125:301-313.

Li H, Dong L and Whitlock JP, Jr. (1994) Transcriptional activation function of the mouse Ah 
receptor nuclear translocator. J Biol Chem 269:28098-28105.

Li Y, Cui Y, Hart SN, Klaassen CD and Zhong X (2009) Dynamic Patterns of Histone 
Methylation are Associated with Ontogenic Expression of the Cyp3a Genes during 
Mouse Liver Maturation. Mol Pharmacol.

Ma Q, Dong L and Whitlock JP, Jr. (1995) Transcriptional activation by the mouse Ah receptor. 
Interplay between multiple stimulatory and inhibitory functions. J Biol Chem 270:12697-
12703.

Maher JM, Cheng X, Slitt AL, Dieter MZ and Klaassen CD (2005) Induction of the multidrug 
resistance-associated protein family of transporters by chemical activators of receptor-
mediated pathways in mouse liver. Drug Metab Dispos 33:956-962.

Peters JM, Narotsky MG, Elizondo G, Fernandez-Salguero PM, Gonzalez FJ and Abbott BD 
(1999) Amelioration of TCDD-induced teratogenesis in aryl hydrocarbon receptor (Ahr)-
null mice. Toxicol Sci 47:86-92.

Petrick JS and Klaassen CD (2007) Importance of hepatic induction of constitutive androstane 
receptor and other transcription factors that regulate xenobiotic metabolism and 
transport. Drug Metab Dispos 35:1806-1815.

Pokholok DK, Harbison CT, Levine S, Cole M, Hannett NM, Lee TI, Bell GW, Walker K, Rolfe 
PA, Herbolsheimer E, Zeitlinger J, Lewitter F, Gifford DK and Young RA (2005) 
Genome-wide map of nucleosome acetylation and methylation in yeast. Cell 122:517-
527.



Page 11 of 16

Acc
ep

te
d 

M
an

us
cr

ip
t

11

Pollenz RS, Santostefano MJ, Klett E, Richardson VM, Necela B and Bimbaum LS (1998) 
Female Sprague—Dawley Rats Exposed to a Single Oral Dose of 2,3,7,8-
Tetrachlorodibenzo-p-dioxin Exhibit Sustained Depletion of Aryl Hydrocarbon Receptor 
Protein in Liver, Spleen, Thymus, and Lung. Toxicol Sci 42: 117-128

Reik W (2007) Stability and flexibility of epigenetic gene regulation in mammalian development. 
Nature 447:425-432.

Roh TY, Cuddapah S, Cui K and Zhao K (2006) The genomic landscape of histone 
modifications in human T cells. Proc Natl Acad Sci U S A 103:15782-15787.

Rowlands JC and Gustafsson JA (1997) Aryl hydrocarbon receptor-mediated signal 
transduction. Crit Rev Toxicol 27:109-134.

Schmidt JV, Su GH, Reddy JK, Simon MC and Bradfield CA (1996) Characterization of a 
murine Ahr null allele: involvement of the Ah receptor in hepatic growth and 
development. Proc Natl Acad Sci U S A 93:6731-6736.

Schnekenburger M, Peng L and Puga A (2007) HDAC1 bound to the Cyp1a1 promoter blocks 
histone acetylation associated with Ah receptor-mediated trans-activation. Biochim 
Biophys Acta 1769:569-578.

Shelby MK and Klaassen CD (2006) Induction of rat UDP-glucuronosyltransferases in liver and 
duodenum by microsomal enzyme inducers that activate various transcriptional 
pathways. Drug Metab Dispos 34:1772-1778.

Swigut T and Wysocka J (2007) H3K27 demethylases, at long last. Cell 131:29-32.
Tijet N, Boutros PC, Moffat ID, Okey AB, Tuomisto J and Pohjanvirta R (2006) Aryl hydrocarbon 

receptor regulates distinct dioxin-dependent and dioxin-independent gene batteries. Mol 
Pharmacol 69:140-153.

Tyagi S, Chabes AL, Wysocka J and Herr W (2007) E2F activation of S phase promoters via 
association with HCF-1 and the MLL family of histone H3K4 methyltransferases. Mol 
Cell 27:107-119.

Zaher H, Fernandez-Salguero PM, Letterio J, Sheikh MS, Fornace AJ, Jr., Roberts AB and 
Gonzalez FJ (1998) The involvement of aryl hydrocarbon receptor in the activation of 
transforming growth factor-beta and apoptosis. Mol Pharmacol 54:313-321.

CONFLICT OF INTEREST STATEMENT

All authors declared no conflict of interest.



Page 12 of 16

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/toxlet/download.aspx?id=50333&guid=45ce6e77-2cc7-4179-badd-01affab83ebf&scheme=1


Page 13 of 16

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/toxlet/download.aspx?id=50334&guid=eee115c1-6611-4c73-b6fd-7c052adb259a&scheme=1


Page 14 of 16

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/toxlet/download.aspx?id=50335&guid=00912429-83f2-4f69-8577-ad67d603ba0a&scheme=1


Page 15 of 16

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/toxlet/download.aspx?id=50336&guid=a1c70a58-d8a6-4cdf-a667-a40828aad7c7&scheme=1


Page 16 of 16

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/toxlet/download.aspx?id=50339&guid=5a13ee79-ea24-4e61-9fa1-6e38f19fcb5c&scheme=1

