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ABSTRACT
Human cytochrome P450 3A (CYP3A) members are major drug-
metabolizing enzymes in the liver. Two genes, CYP3A4 and
CYP3A7, exhibit a developmental switch in gene expression
during liver maturation. CYP3A4 is mainly expressed in adults,
whereas CYP3A7 is dominantly expressed during the fetal and
neonatal stages. Their ontogenic expression results in devel-
opmentally related changes in the capacity to metabolize en-
dogenous and exogenous compounds. Thus, it is desirable
to understand the mechanisms controlling the developmental
switch. Mice also exhibit a developmental switch between
Cyp3a16 (neonatal isoform) and Cyp3a11 (adult isoform) and
may serve as a model to study the mechanisms controlling the
developmental switch. Because the epigenetic code (e.g., DNA
methylation and histone modifications) is implicated in regulat-
ing gene expression and cellular differentiation during develop-

ment, the current study determined the status of DNA methyl-
ation, histone-3-lysine-4 dimethylation (H3K4me2) and histone-
3-lysine-27 trimethylation (H3K27me3) around the mouse Cyp3a
locus at various developmental ages from prenatal, through neo-
natal, to young adult. DNA was not hypermethylated in the Cyp3a
locus at any age. However, increases in Cyp3a16 expression in
neonatal livers and Cyp3a11 in adult livers were associated with
increases of H3K4me2. Suppression of Cyp3a16 expression in
adult livers coincided with decreases of H3K4me2 and increases
of H3K27me3 around Cyp3a16. In conclusion, histone modifica-
tions of H3K4me2 and H3K27me3 are dynamically changed in a
locus-specific manner along the Cyp3a locus. Developmental
switch between Cyp3a11 and Cyp3a16 gene expression seems to
be due to dynamic changes of histone modifications during post-
natal liver maturation.

Human cytochrome P450 3A (CYP3A) subfamily members
are major drug-metabolizing enzymes, responsible for metab-
olizing more than 50% of prescribed drugs and some endog-
enous compounds (Wilkinson, 2005). Two members in this
subfamily, CYP3A4 and CYP3A7, are expressed in liver with
distinct ontogenic patterns during liver maturation (Schuetz
et al., 1994; Lacroix et al., 1997; Stevens et al., 2003; Leeder
et al., 2005). CYP3A7 is predominantly expressed in prenatal
and neonatal livers but also expressed in approximately 10%
of adult livers because of genetic polymorphisms and/or un-
known mechanisms (Sim et al., 2005). CYP3A4 is the major
adult hepatic CYP3A isoform. A developmental switch in

gene expression between CYP3A7 and CYP3A4 occurs during
the first 1 to 2 years after birth.

Although highly similar in sequence and structure,
CYP3A4 and CYP3A7 differ in their capacity and specificity
for the metabolism of xenobiotics and endobiotics (Williams
et al., 2002). Considerable differences in the ontogenic gene
expression and substrate specificities among these isoforms
contribute to differences in drug metabolism between chil-
dren and adults (Stevens, 2006; Hines, 2008). However, the
mechanisms that control the developmental switch of gene
expression have not been determined.

A developmental switch has also been observed in the
Cyp3a genes in mouse liver (Itoh et al., 1997; Nakayama et
al., 2001; Hart et al., 2009). Comparison of the genomic
organization between the human CYP3A cluster and the
mouse Cyp3a locus, which is illustrated in Fig. 1, shows the
high similarities of DNA and protein sequences between
human CYP3A and mouse Cyp3a isoforms. Mouse Cyp3a
genes are located in a highly conserved area at the distal end
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of chromosome 5. Adjacent 5� and 3� domains of the mouse
Cyp3a locus are also highly conserved between mice and
humans. The adjacent 5� domain is a gene-dense area in
mice, consisting of 13 genes in �200 kilobases. Some of the
genes are housekeeping genes, such as zinc finger protein
genes (e.g., Zfp498, Zfp655, Zkscan14), and ATP synthase
(Atp5j2) (Fig. 1). This domain shares synteny to the 5�-adja-
cent domain of the human CYP3A locus on chromosome 7. In
contrast, the adjacent 3� domain (�180 kilobases) in mice
contains ring finger protein 6 (Rnf6) and cyclin-dependent
kinase 8 (Cdk8) genes, which shares synteny to a chromo-
some region on human chromosome 13. In addition to being
homologous in DNA and protein sequences to the human
CYP3A isoforms, mouse Cyp3a11 and Cyp3a16 also mimic a
developmental switch as human CYP3A4 and CYP3A7 (Hart
et al., 2009). The switch between the neonatal isoform of
Cyp3a16 and the adult isoform of Cyp3a11 occurs between
days 5 and 20 after birth. Understanding the mechanisms
controlling the developmental switch of the mouse Cyp3a
genes may provide a clue to the human CYP3A switch.

Recent studies have shown that developmentally pro-
grammed gene expression patterns are associated with dy-
namic epigenetic modifications (Kiefer, 2007; Reik, 2007).
DNA methylation and histone modifications are the two im-
portant reversible epigenetic modifications that influence
gene transcription during development. DNA methylation
can either directly interfere with binding of transcriptional
factors to their recognition sites or indirectly influence the

recruitment of corepressors by methyl-CpG binding domain
proteins (Nan et al., 1998). It has been shown that DNA
methylation is essential for normal development (Bird, 2002)
and also implicated in many pathologies including cancer,
imprinting disorders, and repeat-instability diseases (Rob-
ertson, 2005; Esteller, 2007; Feinberg, 2007). Post-transla-
tional modifications in the N-terminal tails of histones result
in the alteration of DNA-histone interactions within or be-
tween nucleosomes and thus affect higher-order chromatin
structures, influencing the ability of a gene to be expressed
(Kouzarides, 2007; Bártová et al., 2008). Methylation at his-
tone 3 lysine 27 (H3K27me3 and H3K27me2) is associated
with repression of gene transcription, whereas methylation
at histone 3 lysine 4 (H3K4me3, H3K4me2, and H3K4me1) is
linked to activation of gene transcription (Heintzman et al.,
2007; Wang et al., 2008). Among the H3K4me1, H3K4me2,
and H3K4me3, H3K4me3 is enriched more frequently
around transcription start sites (TSS) of genes; in contrast,
H3K4me2 and H3K4me1 occur over a larger area, such as
promoters, enhancers, and long-range regulatory elements
(Heintzman et al., 2007). Furthermore, methylation at
H3K27 and H3K4 can act as bivalent switches to turn on/off
their associated genes during development (Lan et al., 2007;
Swigut and Wysocka, 2007). Therefore, the current study
selected H3K4me2 and H3K27me3 as the histone modifica-
tion markers, together with DNA methylation, to observe
effects of epigenetic modifications on the regulation of the
Cyp3a gene expression in mouse livers during development.

Fig. 1. Comparison of genomic organization between the mouse Cyp3a and human CYP3A gene clusters and their adjacent 5� and 3� domains. Based
on the University of California Santa Cruz Genome Browser Mouse February 2006 Assembly, the mouse chromosome 5 contains two parts from left
to right: part 1 from nucleotide position of 138,112,721 to 138,161,405 containing the Cyp3a13 gene; and part 2 from 145,327,396 to 146,617,044
containing the Cyp3a locus and its 5� and 3� adjacent domains. In Human March 2006 Assembly, two syntenic regions are located at chromosome 7
from 98,751,446 to 99,312,109 and chromosome 13 from 25,674,905 to 25,886,569. Arpc1a, mouse actin-related protein complex subunit a gene;
ARPC1A, human actin-related protein complex subunit A gene; Arpc1b, mouse actin-related protein complex subunit b gene; ARPC1B, human
actin-related protein complex subunit B gene; Atp5j2, mouse ATP synthase, H� transporting, mitochondrial F0 complex, subunit f, isoform 2 gene;
ATP5J2, human ATP synthase, H� transporting, mitochondrial F0 complex, subunit F, isoform 2 gene; Cdk8, mouse cyclin-dependent kinase 8 gene;
CDK8, human cyclin-dependent kinase 8 gene; Cpsf4, mouse cleavage and polyadenylation-specific factor 4 gene; CPSF4, human cleavage and
polyadenylation-specific factor 4 gene; Pdap1, mouse platelet-derived growth factor A-associated protein 1 gene; PDAP1, human platelet-derived
growth factor A-associated protein 1 gene; Rnf6, mouse ring finger protein 6 gene; RNF6, human ring finger protein 6 gene; Zfp99, Zfp498, and Zfp655,
mouse zinc finger protein 99, 498, and 655 genes, respectively; ZNF394, ZNF498, ZNF655, and ZNF789, human zinc finger protein 394, 498, 655, and
789 genes, respectively.
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Materials and Methods
Animals. Eight-week-old C57BL/6 breeding pairs of mice were

purchased from Charles River Laboratories (Wilmington, MA). Mice
were housed according to the American Animal Association Labora-
tory Animal Care guidelines and were bred under standard condi-
tions in the Lab Animal Resources Facility at the University of
Kansas Medical Center. The use of these animals was approved by
the Institutional Animal Care and Use Committee. Breeding pairs
were set up at 4:00 PM and separated at 8:00 AM the following day.
The body weights of female mice were recorded each day to deter-
mine pregnancy status. Livers from offspring were collected at the
following four ages: days �2 (gestational day 17), 1, 5, and 45, which
represent developmental stages of prenatal (day �2), neonatal (day
1 and 5), and young adults (day 45) during liver maturation. Because
of the difficulty in distinguishing gender from day �2 to day 5 mice
and no gender differentiation in these ages, livers from at least five
offspring of the same litters were pooled at each age to achieve the
desired amount of tissue (200–300 mg). Only male mice for the young
adult group (day 45) were selected in this study to eliminate gender
difference. Livers were frozen immediately in liquid nitrogen and
stored at �80°C.

ChIP-on-Chip Assay. DNA methylation and histone modifica-
tions of H3K4me2 and H3K27me3 in livers of mice at days �2
(gestation day 17), 1, 5, and 45 were determined by Genpathway
(San Diego, CA) using the ChIP-on-chip assays with the Affymetrix
GeneChip Mouse Tiling 2.0R E arrays (Affymetrix, Santa Clara, CA),
which contain more than 6.5 million perfectly matched tiling probes
to mouse chromosomes 5, 12, and 15. The probes were tiled at an
average resolution of 35 base pairs, as measured from the central
position of adjacent 25-mer oligonucleotides, leaving a gap of approx-
imately 10 bp between two probes. Repetitive elements and identical
sequences within gene families were removed from the arrays to
avoid cross-hybridization of target DNA fragments to multiple
genomic areas; therefore, some genomic areas might have hybridiza-
tion signal gaps.

DNA Methylation. Genomic DNA from the liver tissues was
isolated by a ChargeSwitch gDNA Mini Tissue Kit (Invitrogen,
Carlsbad, CA) and sonicated to an average length of 300 to 500 bp.
An antibody against 5-methyl-cytosine (ab51552; Abcam Inc. Cam-
bridge, MA) was used for immunoprecipitation of methylated DNA
fragments as described previously (Pröll et al., 2006; Zhang et al.,
2006). The purified ChIP-enriched fragments were amplified by us-
ing Sigma GenomePlex Kit (Sigma-Aldrich, St. Louis, MO) according
to the manufacturer’s protocol (O’Geen et al., 2006). The amplified
DNAs were purified, quantified, and tested by quantitative PCR at
the same genomic regions as the original immunoprecipitated DNA
to assess the quality of the amplification reactions. The amplified
DNAs were fragmented, labeled with the DNA Terminal Labeling
Kit according to the standard Affymetrix protocol, and hybridized to
arrays. Total genomic DNA without immunoprecipitation was also
hybridized to a single array and served as a background control
(input) for all immunoprecipitated DNA. Arrays were washed and
scanned by a GeneChip HT Array Plate Scanner according to Af-
fymetrix’s standard procedures.

Histone Modification. Likewise, histone modification profiles
of H3K4me2 and H3K27me3 were established by using a protocol
similar to that of DNA methylation but with polyclonal antibodies
of Millipore 07-030 (anti-H3K4me2) and 07-449 (anti-H3K27me3),
respectively. In brief, frozen liver tissues were fixed with 1% form-
aldehyde in phosphate-buffered saline containing 1 mM dithiothre-
itol at room temperature for 15 min and quenched with 0.125 M
glycine for another 5 min. The tissues were disaggregated with a
Tissue Tearor (BioSpec Products, Bartlesville, OK), and chromatin
was isolated by adding radioimmunoprecipitation assay buffer sup-
plemented with 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, and 10 mM EDTA, followed by disruption with a Dounce
homogenizer. Lysates were sonicated, and the DNA was sheared to

an average length of 300 to 500 bp. Genomic DNA (input) was
prepared by treating aliquots of chromatin with RNase and protein-
ase K followed by phenol and chloroform extractions and ethanol
precipitation. An aliquot of chromatin (�30 �g) was used to perform
ChIP as described previously (Wang et al., 2008). ChIP and input
DNAs were amplified by whole-genome amplification using the
GenomePlex Whole-Genome Amplification Kit (Sigma-Aldrich).
Fragmentation, labeling and hybridization, chip washing, and scan-
ning were performed the same as for the DNA methylation assays.

The original scanned output CEL files were deposited into the
Gene Expression Omnibus database with a series entry of GSE14620
(available at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�
GSE14620). The CEL files were analyzed with Affymetrix tiling
analysis software to generate binary analysis result (BAR) files that
contain the intensities for all probes on the arrays. The intensities on
each probe at each modification for each age were converted to -fold
changes against the intensities of the related probe on the input chip
from genomic DNA without immunoprecipitation. -Fold enrichment
on each probe was estimated by using the Hodges-Lehmann estima-
tor associated with the Wilcoxon rank sum test (see Tiling Analysis
Software User Guide). The results were compiled into browser ex-
tensible data files. The three chromosome-wide browser extensible
data files are presented in the Supplementary Materials.

Based on the Affymetrix’s recommendation, thresholds for DNA
methylation, H3K4me2, and H3K27me3 enrichment were set as
3-fold signal increases of immunoprecipitated signals versus nonim-
munoprecipitated signals, which corresponds to a false discovery
rate of less than 0.1. A genomic region with a sequence of �200 bp
and an average signal increase greater than the threshold was de-
fined as an enriched interval. A genomic region with one or more
enriched intervals in close proximity to each other (at least one base
overlap) at any given age was defined as an active region. Exact
locations of an enriched interval or an active region along with its
proximity to gene annotations and other genomic features were
determined by Chip Analysis Software (Genepathway, San Diego,
CA). The active regions within a gene margin, which is arbitrarily
defined as 10,000 bp 5�- from the gene transcriptional start site to
10,000 bp from 3�-UTR end of the gene, were assigned to the asso-
ciated gene. The overall -fold changes of each epigenetic modification
in a gene were represented by average peak values of all active
regions within margins of the associated genes.

Quantification of Gene Expression Levels by bDNA or
Reverse Transcriptase-Polymerase Chain Reaction. mRNA
levels of the Cyp3a11, Cyp3a16, Cyp3a25, Cyp3a41b, and Gapdh
in liver cells at different ages were quantified by using branched
DNA technology described previously (Hart et al., 2009). mRNA
levels of the Cdk8, Atp5j2, and Gapdh genes were quantified
by using custom Taqman gene expression assays (assay IDs
Mm00731453_s1, Mm00834769_g1, and Mm99999915_ml, respec-
tively) with an ABI Prism 7900 Sequence Detection System (Applied
Biosystems, Foster City, CA) following the manufacturer’s protocol.
-Fold changes of mRNA levels were calculated using the comparative
Ct method according to the manufacturer’s instruction.

Results
DNA Methylation Profiles along the Cyp3a Locus at

Different Ages. Epigenetic profiles of DNA methylation
along the Cyp3a locus in livers of mice at different ages were
determined by a combination of immunoprecipitation of
methylated DNA with a specific antibody against 5-methyl-
cytidine and hybridization of the precipitated DNA frag-
ments to Affymetrix GeneChip Mouse Tiling 2.0R E Arrays.

Figure 2A shows DNA methylation signal enrichment (-fold
changes over background) along the probes in a 1.37-Mb
genomic region (Chr5:145,310,000–146,680,000) containing
the Cyp3a gene cluster and its adjacent 5� and 3� domains.

Epigenetic Control of Cyp3a Expression in Liver Maturation 1173



Because of high similarity of DNA sequences within the Cyp3a
locus, several genomic areas have signal gaps, including the
Cyp3a44 and Cyp3a41a regions between the Cyp3a41b and
Cyp3a11 genes. A total of 16 enriched intervals were identified
(Supplementary Table S1.1), corresponding to four active re-
gions at all ages (Supplementary Table S2.1). One of the active
regions was located in an intergenic region between the
Cyp3a25 and Cyp3a11 genes, but beyond the margin (see
definition under Materials and Methods) of either gene.
Two active regions were found in the gene regions of Rnf6

(3�-UTR) and Cdk8 (Intron 4), respectively. The final ac-
tive region was located in an intergenic region beyond the
margin of the Cdk8 gene. DNA sequences within the mar-
gins of Cyp3a16, Cyp3a41b, Cyp3a11, and Cyp3a25 were
not hypermethylated at any age (Fig. 2B and Table 1).

Enriched DNA methylation was found in the promoter of
c-Fos gene on chromosome 12 at all ages (Fig. 2, B and C).
This region has been reported to be methylated in mouse
liver (Tao et al., 1999), which serves as a positive region for
the DNA methylation assay.

H3K4me2 Profiles along the Cyp3a Locus at Differ-
ent Ages. Epigenetic profiles of H3K4me2 along the Cyp3a
locus in livers of mice at the four ages were determined
by a combination of immunoprecipitation with a specific
H3K4me2 antibody and hybridization of the immunopre-
cipitated DNA fragments to Affymetrix GeneChip Mouse
Tiling 2.0R E Arrays. Figure 3A shows H3K4me2 signal
enrichment (-fold changes over background) along the 1.37-Mb
genomic region. A total of 98 H3K4me2-enriched intervals were
identified in this region of DNA sequences in livers of mice at
four ages, which are presented in Supplementary Table S1.2.
Forty-three H3K4me2-active regions were found in this region,
and the average peak values of each active region at different
ages are presented in Supplementary Table S2.2.

Table 1 lists the overall -fold increases of H3K4me2 in
the genes represented by average peak values of all active
regions within margins of the associated genes. The data
in Table 1 and Fig. 3 demonstrate that there are three
distinct patterns of H3K4me2 modification through liver
maturation in the four different chromatin domains. In
Pattern I, consistent H3K4me2 enrichment was found in
all ages in the adjacent 5� and 3� domains, containing
numerous housekeeping genes, such as Atp5j2 and Cdk8.
In Pattern II, H3K4me2 enrichment increased from day
�2 to days 1 and 5 and then decreased at day 45 in a
chromatin domain containing the Cyp3a16 and Cyp3a41b
genes. The enriched peaks occurred around the TSS of the
genes (see a detailed picture of Cyp3a16 in Fig. S1A in the
Supplementary Data). In Pattern III, H3K4me2 enrich-
ment gradually increased from day �2, through days 1 and
5 to day 45 in a chromatin domain containing the Cyp3a11
and Cyp3a25 genes. The enriched peaks also occurred
around the TSS of the genes (see a detailed image of
Cyp3a11 in Fig. S1B in the Supplementary Data). To de-
termine the relationship between the H3K4me2 modifica-
tion patterns and their ontogenic gene expression, we com-
pared H3K4m2 enrichment levels within margins of the
Atp5j2, Cyp3a16, Cyp3a41b, Cyp3a11, Cyp3a25, and Cdk8
genes to their relative mRNA levels at different ages (Fig.
3B). The H3K4me2 alteration patterns are associated with
their gene expression patterns without exception.

H3K27me3 Profiles along the Cyp3a Locus at Differ-
ent Ages. A strategy similar to that used for H3K4me2 was
applied to establish the H3K27me3 modification profiles.
Figure 4A shows the signal enrichment of H3K27me3 along
the 1.37-Mb genomic region in livers of mice at the four ages.
A total of 19 H3K27me3-enriched intervals (see Supplemen-
tary Table S1.3) were identified in this genomic region. Each
interval formed a unique active region (Supplementary Table
S2.3). Two patterns were observed (Table 1 and Fig. 4). In
Pattern I, no H3K27me3 enrichment was found at any age in
the adjacent 5�, and 3� domains as well as the Cyp3a11/

Fig. 2. Status of DNA methylation along the Cyp3a locus and its adjacent
5� and 3� domains during liver maturation. A, browser view of -fold
changes of DNA methylation along the Cyp3a locus and its adjacent 5�
and 3� domains in livers of mice at different ages. B, -fold enrichment of
DNA methylation in the Cyp3a and c-Fos genes. The enrichment of DNA
methylation was presented as the average -fold changes over background
of all probes within the margins of the Cyp3a genes or the promoter of the
c-Fos gene. C, browser view of -fold changes of DNA methylation along
the c-Fos gene in livers of mice at different ages.
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Cyp3a25 domain. In Pattern II, H3K27me3 was enriched at
only day 45 in the Cyp3a16/Cyp3a41b domain. The enriched
peaks were observed in the entire gene and 5� upstream of
Cyp3a16 or Cyp3a41b (see a detailed picture of Cyp3a16 in
Fig. S1C in the Supplementary Data). Gene expression levels
of Cyp3a16 and Cyp41b were almost undetectable at day 45
(Fig. 3B).

The results of DNA and histone methylation were obtained
with a single pool of livers analyzed on a single tiling array.
The data obtained by the ChIP-on-chip assays were further
validated by ChIP quantitative real-time PCR in mouse liver
samples (three replicates) in the selected genomic or gene
regions (see Supplementary Information and Fig. S2). Data
generated by ChIP real-time PCR agreed with the results
established by the ChIP-on-chip assays.

Discussion

Epigenetic profiles of DNA methylation along the Cyp3a
locus and its adjacent 5� and 3� domains during liver matu-
ration have been established by using ChIP-on-chip assays
with an antibody against 5-methyl-cytosine. Although this
method cannot resolve DNA methylation at base pair reso-
lution as shotgun bisulphate sequencing does (Cokus et al.,
2008), it has been used for ultrasensitive detection and ge-
nome-wide high-resolution mapping of DNA methylation
(Pröll et al., 2006; Zhang et al., 2006). Two active regions of
DNA methylation were identified in the Rnf6 and Cdk8
genes, but the contribution of DNA methylation on regula-
tion of their gene expression needs to be determined. How-
ever, the current study shows that DNA methylation may not

Fig. 3. Association between H3K4me2 enrichment levels and
transcription levels of the Cyp3a genes and two adjacent
housekeeping genes during liver maturation. A, browser view
of H3K4me2 -fold changes along the Cyp3a locus and its
adjacent 5� and 3� domains in livers of mice at different ages.
B, comparison between H3K4me2 alteration patterns and
expression patterns of the Atp5j2, Cyp3a16, Cyp3a41b,
Cyp3a11, Cyp3a25, and Cdk8 genes in livers of mice at dif-
ferent ages. H3K4me2 -fold changes are presented as the
average peak values of all active regions within the margins
of the target genes. mRNA levels of each individual gene were
quantified by branched DNA technology or TaqMan real-time
PCR and then normalized to the levels of Gapdh and shown
as relative levels to day 1. Bars represent the mean � S.D.
from five individual samples.
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play a role in the regulation of ontogenic Cyp3a transcription,
because levels of DNA methylation are consistently low in
the Cyp3a genes across all ages (Fig. 2B).

Epigenetic profiles of H3K4me2 and H3K27me3 along the
Cyp3a locus and its adjacent 5� and 3� domains during liver
maturation have also been established by using ChIP-on-chip
assays with verification by ChIP real-time PCR. Alterations
of H3K4me2 and H3K27me3 are associated to the ontogenic
expression of the Cyp3a genes. Four different chromatin do-
mains with three distinct H3K4me2 and H3K27me3 alter-
ation patterns were found during liver maturation in the
1.37-Mb genomic region at the distal end of chromosome 5
(Fig. 5).

In pattern I of Fig. 5, the adjacent 5� and 3� domains to the
Cyp3a locus are consistently methylated at H3K4 in livers of
mice across all ages. Histone methylation is an epigenetic mod-
ification that influences chromatin configuration and higher-
order chromatin structure by affecting interactions between
histone and DNA or between different histones (Bártová et al.,
2008). Methylation at H3K4 normally results in an open chro-
matin configuration and is therefore associated with the acti-
vation of gene transcription. Numerous housekeeping genes are
located in the adjacent 5� and 3� domains of the Cyp3a locus,
such as Atp5j2 and Cdk8. Their consistent expression is essen-
tial for cellular functions during development. For example,
Cdk8 is a kinase subunit of the mediator complex linked with
basal transcriptional machinery and involved in regulation of
gene transcription and cell cycle progress (Furumoto et al.,
2007). Cdk8 is essential for embryogenesis, because Cdk8�/�

mice are embryonic lethal (Westerling et al., 2007). Consistent
H3K4 methylation in the adjacent 5� and 3� domains of the
Cyp3a locus may be responsible for keeping these chromatin
domains open for stable expression of the housekeeping genes
during liver maturation.

In pattern II of Fig. 5, both H3K4me2 and H3K27me3 in
the chromatin domain containing the Cyp3a16 and Cyp3a41b
genes are changed during liver maturation. Although the
functions of the Cyp3a16 and Cyp3a41 proteins are unclear
in livers of mice, it has been known that Cyp3a16 is only
expressed in neonatal liver, not in adult liver (Itoh et al.,
1997; Nakayama et al., 2001; Hart et al., 2009). Some studies
reported that Cyp3a16 is expressed in adult female liver at a
much higher level than in adult male liver (Holloway et al.,
2007). Cyp3a41 is a female-specific Cyp3a enzyme, which is
not expressed in adult male liver (Sakuma et al., 2000; Hart
et al., 2009). These enzymes may have some protective roles
in neonatal livers just as the human fetal-specific CYP3A7,
which is involved in the production of 16�-OH-DHEA-sulfate
(a precursor of placental estriol synthesis) and serves a pro-
tective role by preventing the accumulation of excess retinoid
and DHEA-sulfate in fetal livers (Chen et al., 2000). The
current study shows that increases of H3K4me2 in margins
of the Cyp3a16 and Cyp3a41b genes are found in mouse
livers during neonatal ages (days 1 and 5), which are associ-
ated with increased gene expression in livers of mice at these
ages. Furthermore, increases of H3K27me3 are found in the
margins of Cyp3a16 and Cyp3a41b genes in livers of mice at
only 45 days of age. Enrichment of H3K27me3 in promoters
and gene-bodies has been associated with inactivation of
gene transcription (Lan et al., 2007; Swigut and Wysocka,
2007). Thus, increases of H3K27me3 in the chromatin domain
containing both Cyp3a16 and Cyp3a41b may link to suppres-
sion of their gene expression. H3K4me2 and H3K27me3 have
opposing roles in controlling gene expression. Decreases of
H3K4me2 and increases of H3K27me3 within the margins of
the Cyp3a16 and Cyp3a41b genes may be responsible for

Fig. 4. Association between H3K27me3 alteration and Cyp3a gene ex-
pression during liver maturation. A, browser view of H3K27me3 -fold
changes along the Cyp3a locus and its adjacent 5� and 3� domains in
livers of mice at different ages. B, H3K27me3 alterations in the Cyp3a16
and Cyp3a41b genes in livers of mice at different ages. H3K27me3 -fold
changes are presented as the average peak values of all active regions
within the margins of the Cyp3a16 and Cyp3a41b genes.

Fig. 5. Patterns of dynamic changes of H3K4me2 and H3K27me3 along
the Cyp3a locus and its adjacent 5� and 3� domains during liver
maturation. Bars indicate different chromatin domains with different
histone modification patterns. A small closed or open circle represents
a 1-fold increase of H3K4me2 or H3K27me3, respectively, at the
associated positions.
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switching off their gene expression in livers of adult mice. The
switch of histone modification levels between H3K4me2 and
H3K27me3 has been also identified in regulation of Hox genes
in response to certain developmental and environmental cues
(Schuettengruber et al., 2007, Iimura and Pourquié, 2007) and
in the Bmp-2 gene in response to an inflammatory stimulus (De
Santa et al., 2007).

In pattern III of Fig. 5, levels of H3K4me2 gradually in-
crease from prenatal, through neonatal, to adult ages in the
chromatin domain containing Cyp3a11 and Cyp3a25. Liver
has a functional transition from a hematopoietic organ before
birth to a major metabolic and detoxification organ after
birth (Hata et al., 2007). Some xenobiotic-metabolizing en-
zymes have ontogenic expression patterns, which are ex-
pressed at low levels before birth, gradually increase after
birth, and reach high levels in adults. Cyp3a11 and Cyp3a25
are the P450-metabolizing enzymes in mouse liver with such
an ontogenic expression pattern (Hart et al., 2009). The cur-
rent study provides evidence showing that the expression
levels of Cyp3a11 and Cyp3a25 at different ages are associ-
ated with the levels of H3K4 methylation in the margins of
Cyp3a11 and Cyp25 genes. Increases of H3K4me2 around
these Cyp3a genes during liver development may be respon-
sible for switching on their gene expression after birth. In
agreement with reports from other genes (De Santa et al.,
2007; Iimura and Pourquié, 2007; Saleh et al., 2008), these
data support a conclusion that histone methylation plays a
role in regulating gene transcription in a locus-specific
and dynamic manner to satisfy physiological needs during
development.

Methylation and demethylation of H3K4 and H3K27 are
driven by specific histone methyltransferases and dem-
ethylases. Several histone modification enzymes have been
identified (Cho et al., 2007; Issaeva et al., 2007). H3K27
demethylase, UTX, a Jmjc-domain protein, is reported to
be associated with two H3K4 methyltransferases of the
MLL family, MLL3 and MLL4 in a core complex protein
(Issaeva et al., 2007). Another H3K27 demethylase, JMJD3,
coimmunoprecipitates with the core complex component con-
taining H3K4 methyltransferases (Cho et al., 2007). These
findings may suggest that association of H3K27 demethy-
lases with H3K4 methyltransferases may be a general phe-
nomenon for switching on/off gene expression at different
developmental stages. Identification of specific methyltrans-
ferases and demethylases for H3K4 and H3K27 is a next step
toward understanding the mechanisms responsible for the
developmental switch between Cyp3a11 and Cyp3a16.

The association between Cyp3a expression and histone
modifications is also observed in other tissues with tissue-
specific patterns. For example, genome-wide status of chro-
matin modifications has been established in pluripotent and
lineage-committed cells, including brain (Mikkelsen et al.,
2007). Using the data generated by Mikkelsen et al. (2007),
Fig. S3 in the supplementary data shows H3K4me2 and
H3K27me3 along the Cyp3a locus in brain. Cyp3a genes are
not expressed in brain, but its adjacent housekeeping genes,
such as Atp5j2, Rnf6, and Cdk8, are expressed. Atp5j2, Rnf6
and Cdk8, but not Cyp3a genes, are enriched for H3K4me2 in
brain. Furthermore, the Cyp3a11 and Cyp3a16 genes are
enriched for H3K27me3.

In conclusion, the present study demonstrates that alter-
ations of H3K4me2 and H3K27me3 are locus-specific with

different patterns at different chromatin domains. The pat-
terns of H3K4me2 and H3K27me3 modifications are associ-
ated with the patterns of ontogenic expression of the Cyp3a
genes during liver maturation. Switching on expression of
the Cyp3a16 and 3a41b gene in neonatal livers and Cyp3a11
and 3a25 in adult livers seems to be due to increases of
H3K4me2 around the related genes. Switching off expression
of the Cyp3a16 and 3a41b genes in adult livers seems to be
due to decreases of H3K4me2 and increases of H3K27me3
around the related genes.
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