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ABSTRACT

Variability in drug-metabolizing enzyme developmental trajectories
contributes to interindividual differences in susceptibility to
chemical toxicity and adverse drug reactions, particularly in the first
years of life. Factors linked to these interindividual differences are
largely unknown, but molecular mechanisms regulating ontogeny
are likely involved. To evaluate chromatin structure dynamics as a
likely contributing mechanism, age-dependent changes in modified
and variant histone occupancy were evaluated within known
CYP3A4 and 3A7 regulatory domains. Chromatin immunoprecipita-
tion using fetal or postnatal human hepatocyte chromatin pools
followed by quantitative polymerase chain reaction DNA amplifica-
tion was used to determine relative chromatin occupancy by
modified and variant histones. Chromatin structure representing a
poised transcriptional state (bivalent chromatin), indicated by the

occupancy by modified histones associated with both active and
repressed transcription, was observed for CYP3A4 and most 3A7
regulatory regions in both postnatal and fetal livers. However, the
CYP3A4 regulatory regions had significantly greater occupancy by
modified histones associated with repressed transcription in the
fetal liver. Conversely, some modified histones associated with
active transcription exhibited greater occupancy in the postnatal
liver. CYP3A7 regulatory regions also had significantly greater
occupancy by modified histones associated with repressed tran-
scription in the fetus. The observed occupancy by modified histones
is consistent with chromatin structural dynamics contributing to
CYP3A4 ontogeny, although the data are less conclusive regarding
CYP3AT7. Interpretation of the latter data may be confounded by cell-
type heterogeneity in the fetal liver.

Introduction

CYP3A is one of the most important drug-metabolizing enzyme
(DME) subfamilies. The two major postnatal forms, CYP3A4 and
CYP3AS, account for the metabolism of approximately 50% of
commonly prescribed drugs that undergo oxidative transformation
(Williams et al., 2004). CYP3As are found within a four-gene cluster
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consisting of CYP3A4, 3A5, 3A7, and 3A43 (Plant, 2007). Although the
CYP3A subfamily members share a high degree of amino acid and
DNA sequence identity, their tissue- and age-specific expression
patterns and substrate specificities are considerably different (de Wildt
et al., 1999). These properties are particularly evident for hepatic
CYP3A4 and 3A7. CYP3A7 is present at high levels within the fetal
liver, but by 1-2 years after birth, it is expressed at low or nondetectable
levels (Stevens et al., 2003). In contrast, human hepatic CYP3A4 is
expressed at low levels beginning with the second or third trimester.
Expression increases substantially after birth, and mature CYP3A4 levels
are reached by 1-2 years of age. The clinical importance of such differential
DME developmental trajectories has been repeatedly demonstrated
through historical therapeutic misadventures that resulted in un-
expected morbidity and mortality in pediatric patients (Hines, 2008).

Greater understanding of DME ontogeny has allowed incorpora-
tion of age-dependent changes in enzyme-specific content into
physiologically based pharmacokinetic models and improved pre-
diction of pediatric drug and toxicant disposition (Alcorn and McNamara,
2008). However, activity during the first year of life remains highly
unpredictable due to differences in enzyme developmental trajectories that
result in windows of hypervariability. Adding to uncertainty, the
length of this hypervariable period varies from one enzyme to

ABBREVIATIONS: C/EBP, CCAAT/enhancer binding protein; ChlIP, chromatin immunoprecipitation; DME, drug-metabolizing enzyme; gqPCR,
quantitative polymerase chain reaction; TFIID, transcription factor Il D; TSS, transcription start site; XREM, xenobiotic response enhancer module.
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TABLE 1

Association of modified and variant histone chromatin occupancy with
transcriptional states

Data are from Bernstein et al. (2006), Roh et al. (2006), Barski et al. (2007), Wang et al.

(2008), Hardy et al. (2009), Creyghton et al. (2010), De Gobbi et al. (2011), Rada-Iglesias et al.
(2011), Zentner et al. (2011), and Zhou et al. (2011).

Transcriptional State Domain Modified or Variant Histone

H3K27me3
H3K9me3
H3K4me3
H3K27me3
H2AZ.

H3K4mel
H3K27me3
H3K9me3

H3 and H4 acetylation
H3K4mel
H3K9mel
H3K4me3

H2A.Z.

H3K4mel

H3K27 acetylation

Repressed Proximal promoter

Poised Proximal promoter
Enhancer

Active Proximal promoter

Enhancer

another (Hines, 2008). Although these hypervariable windows likely
are linked to variability in the molecular mechanisms controlling
enzyme ontogeny (Schuetz, 2004; Perera et al., 2009; Klein et al.,
2012), those regulatory mechanisms remain largely unknown.
Several possible mechanisms may contribute to the dramatic changes in
CYP3A4 and 3A7 that occur in the first couple years after birth. The first is
differential transcription factor binding within the promoters, which has
been the predominant focus of previous studies (Ourlin et al., 1997; Saito
et al., 2001; Matsumura et al., 2004; Riffel et al., 2009). These studies
elucidated the transcription factor binding differences between the
CYP3A4 and 3A7 regulatory regions; however, most if not all of the
identified factors are expressed during early development and unlikely
account for the observed differential expression patterns (Cereghini, 1996).
Given the high degree of CYP3A4 and 3A7 DNA sequence identity (Plant,
2007) and the minimal in vivo validation for transcription factor-mediated
differences, variation in these elements is an unlikely explanation for the
substantial age-specific expression differences between these two genes.
A second possibility is that epigenetic mechanisms may play a role,
particularly those controlling chromatin structure (Kiefer, 2007).
Depending on the compaction of chromatin, DNA is either accessible
(euchromatin) or inaccessible (heterochromatin) to the transcriptional
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machinery. At the foundation of the chromatin structure is the
nucleosome, composed of an octamer of two H2A, H2B, H3, and H4
histones, around which approximately 147 bp of DNA is wrapped
(Zhou et al., 2011). DNA accessibility can be altered through a complex
network of specific histone N-terminal amino acid post-translational
modifications (e.g., acetylation and methylation) and/or histone
variants (e.g., H2A.Z). These modifications and variants can impact
chromatin structure and have a role in regulating a large number of
biologic processes, including development (Suganuma and Workman,
2011). Comprehensive, genome-wide studies in human cells have
demonstrated an association of modified and variant histone occupancy
of promoters and/or enhancers that approximately correlates with
transcriptional activity, which is summarized in Table 1.

Changes in chromatin occupancy by modified histones have been
implicated in regulating mouse Cyp3a ontogeny (Li et al., 2009);
however, the mouse Cyp3a gene family differs from the human
(Martignoni et al., 2006), and whether a similar mechanism exists in
the human is unknown. Because of the integral role modified and variant
histones have on chromatin structure, age-specific occupancy of key
regulatory elements with modified and variant histones was hypothesized
as a major mechanism regulating human CYP3A4 and 3A7 ontogeny. To
test this hypothesis, occupancy changes in seven histone modifications
and one histone variant within the known CYP3A4 and 3A7 major
promoter regulatory regions were evaluated and compared between
fetal and postnatal primary hepatocytes.

Materials and Methods

Postnatal and Fetal Hepatocytes. Postnatal liver tissues were obtained
through the Liver Tissue Cell Distribution System, Minneapolis, MN (National
Institutes of Health Contract NO1-DK-9-2310), and hepatocytes were prepared
as described (Gramignoli et al., 2012). Four of these liver samples were from
pediatric donors between 1 and 6 years of age (Table 2). To ensure mature
CYP3A4 expression was present in each of these samples, as well as all postnatal
samples, activities were determined using a commercial, cell-based assay
(P450-Glo CYP3A4 Assay, Luciferin-IPA; Promega Corporation, Madison, WI)
with some modifications, as previously described (Gramignoli et al., 2014). All
but one of the postnatal samples exhibited CYP3A4 activity within one standard
deviation of the mean activity previously determined for 75 primary adult
hepatocyte preparations (Gramignoli et al., 2014). All four pediatric samples
exhibited CYP3A4 activity greater than the mean, with the youngest sample
exhibiting the highest activity (greater than one standard deviation from the
mean) (see Supplemental Fig. 1). These data are consistent with these four
pediatric samples exhibiting mature CYP3A4 expression levels.

TABLE 2

Tissue donor demographics

Fetal Sample Identifier EGA Sex % Viability Postnatal Sample Identifier PNA Sex % Viability
weeks years

1702f 18 F 69 1816 85.0 M 87
1704f 16 M 56 1807 66.0 F 80
1799f 21 F 98 1812 72.0 F 82
1800f 16 M 97 1813 1.0 M 91
1808f 22 F 93 1833 56.0 M 87
1824f 15 M 90 1834 30.0 F 81
1825f ND“ ND 93 1850 74.0 F 59
1826f ND“ ND 96 1815 1.1 F 90
1827f 17 M 98 1822 3.0 M 91
1832f 13 M 96 1839 55 M 71
1836f ND“ ND 98

1837t ND“ ND 97

1842f 21 ND 94

1844f 18 M 96

EGA, estimated gestational age; F, female; M, male; ND, not determined; PNA, postnatal age.
“Although the estimated gestational age was not available, donor was second trimester.
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Livers from human fetal tissues with a gestational age between 13 and 22 weeks
were obtained from Magee Women’s Hospital (Pittsburgh, PA) after obtaining
informed consent. Donor demographics are presented in Table 2. Fetal hepatocytes
were prepared as described (Sharma et al., 2013) except that the final cell pellet was
suspended in 40 ml of Eagle’s minimal essential media and cell viability estimated
by trypan blue exclusion (Table 2). Immediately after both postnatal and fetal
hepatocyte cell preparation, the cells were treated with 1% (w/v) formaldehyde for
10 minutes to cross-link chromatin DNA and protein. The reaction was quenched
with 0.125 M glycine, and the cells were frozen at —80°C until processed further.
The Human Research Review Committee of the University of Pittsburgh approved
protocols for postnatal and fetal liver tissue procurement and use.

Chromatin Preparation. Frozen cells were quickly thawed and suspended in
lysis buffer 1 [S0 mM HEPES-KOH (pH 7.9), 140 mM NaCl, 1 mM Na,EDTA,
20 mM B-glycerophosphate, 10% (v/v) glycerol, 0.5% (v/v) NP40, and
0.25% (v/v) Triton X-100] with protease and phosphatase inhibitors from Sigma-
Aldrich (Saint Louis, MO), pepstatin A (1 wl/ml), phosphatase inhibitor cocktail 2
(1 ul/ml), phosphatase inhibitor cocktail 3 (0.6 ul/1 x 10° cells), and protease
inhibitor cocktail consisting of leupeptin hemisulfate salt (10 ug/ml), aprotinin
from bovine lung (0.6 ug/ml), antipain dihydrochloride (1 wg/ml), and 4-(2-
aminoethyl) benzenesulfonyl fluoride hydrochloride (0.6 wg/ml). Cell suspensions
were centrifuged at 2400g at 4°C for 10 minutes, and the supernatant fraction was
removed by gentle aspiration. The pellets were resuspended in lysis buffer 2
[200 mM NaCl, 1 mM Na,EDTA, 0.5 mM EGTA, 10 mM Tris-HCI (pH 7.9), and
20 mM B-glycerophosphate] containing the previously described protease and
phosphatase inhibitors and the aforementioned centrifugation step repeated. The
supernatant fractions were gently aspirated and discarded. The pellets were snap
frozen using dry ice in methanol and stored at —80°C overnight.
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Fig. 1. CYP3A4 (A) and CYP3A7 (B) promoters and known regulatory regions.
The major regulatory regions, the CLEM4, XREM, C/EBPB, and proximal
promoter are expanded, with transcription factor binding sites indicated. API,
activator protein 1; HNF4, hepatocyte nuclear factor 4; KLF9, Kruppel-like factor
9; NF1/HNF3, nuclear factor 1/hepatocyte nuclear factor 3; PAR, proline acid
rich factor; PXR, pregnane X receptor; Sp/XKLF, sephacryl phosphocellulose/
Kruppel-like factor; AP1, activator protein 1; USF1, upstream factor 1.
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The next day, pellets were resuspended in lysis buffer 3 [10 mM Tris-HCI
(pH 7.9), 100 mM NaCl, 1 mM Na,EDTA, 0.5 mM Na,EGTA, 20 mM
B-glycerophosphate, 0.1% (w/v) sodium deoxycholate, and 0.5% (w/v) n-lauroyl
sarcosine] containing the protease and phosphatase inhibitors described earlier.
Samples were divided into 0.5-ml aliquots in convex-bottom 2-ml
microcentrifuge tubes and subsequently sonicated using a Misonix S-4000
sonicator (Misonix, Farmingdale, NY) with the cup horn at 100% power for
10 pulses of 30 seconds each with a 60-second rest between pulses. Ice-cold
water was circulated continuously through the cup horn to prevent sample
heating. After visualization using a phase contrast microscope to ensure nuclear
membrane disruption, the samples were further sonicated at 60% power for
30 pulses of 30 seconds each with a 60-second rest between pulses. Shearing
efficacy was determined visually after purifying chromatin DNA as described
below and fractionation by electrophoresis in a 1.5% agarose gel. Only DNA
samples having a fragmentation pattern with the majority of fragments between
200 and 1000 bp were used for the study. To minimize variation between
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Fig. 2. Chromatin occupancy by H3K27me3 and C/EBPB within the CYP3A4 C/
EBPP binding region in fetal (O) and postnatal (@) hepatic chromatin pools. The
C/EBPg binding region with targeted amplicons and transcription factor binding
sites is indicated. Median AC values are shown plus the data range (* = P < 0.05;
##% = P < (0.001, Mann-Whitney U test).
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Fig. 3. CYP3A4 promoter occupancy by modified and variant histones or
transcription factors. (A) Shown are the four known CYP3A4 regulatory domains
probed in the current study, all known transcription factors binding within each
domain, and the qPCR amplicons used to evaluate ChIP enrichment. ChIP was
performed with antibodies for modified and variant histones, as well as a single
transcription factor known to bind within each domain, followed by qPCR to
quantify occupancy. The data for pooled fetal (N = 14) (B) and postnatal (N = 10)
(C) hepatic chromatin are shown as blue-tinted heat maps representing a range of
median AC, values from a minimum of three experiments for each amplicon within
the indicated CYP3A4 region. N/A, not assayed. Modified and variant histones are
grouped into those associated with active (green font), poised (blue font), or inactive
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experiments, fetal and postnatal chromatin pools were prepared from 14 and 10
individual liver samples, respectively (Table 2), using equal DNA masses. These
sheared chromatin pools were divided into aliquots and stored at —80°C until use
in the experiments described later.

Chromatin Immunoprecipitation. Each chromatin aliquot was cleared by
incubating with sheared salmon sperm DNA (1 ug; Eppendorf, Hauppauge,
NY) for 30 minutes prior to immunoprecipitation. Chromatin immunoprecip-
itation (ChIP) was performed using Chromatrap Pro-A Spin Columns (Porvair
Filtration Group Ltd., Hampshire, UK) following the manufacturer’s instruc-
tions (version 6, 2013). Column blocking was achieved by preloading the
Chromatrap columns with sheared salmon sperm DNA (1 mg/ml) and bovine
serum albumin (0.5 mg/ml; New England Biolabs, Ipswich, MA) and
incubating for 30 minutes followed by centrifugation at 1000g for 30 seconds.
All antibodies raised against modified and variant histones were ChIP-
validated by the vendor, Active Motif (Carlsbad, CA), and included anti-
H2A.Z (39113), anti-H3Ac (39139), anti-H3K27me3 (39155), anti-H3K4mel
(39635), anti-H3K4me3 (39159), anti-H3K9mel (39681), anti-H3K9me3
(39161), and anti-H4 pan-Ac (39925). ChIP-validated antibodies raised
against specific transcription factors were supplied by Santa Cruz (Santa Cruz,
CA) and included anti-USF1 (sc-229X), anti-HNF4« (sc-6557X), anti-HNFla
(sc-6547X), anti-CCAAT/enhancer binding protein 8 (anti-C/EBPS (sc-150X),
and anti—transcription factor IT D (anti-TFIID; sc-273X) (raised against the
full-length human TATA-box binding protein). The same lots of antibody
were used for all experiments. After de—cross-linking immunoprecipitated
chromatin, DNA was purified using the Qiagen (Valencia, CA) PCR
Purification Kit as described later. A minimum of three independent ChIP
reactions were performed for all analyses, with each independent reaction
performed in triplicate.

Purification of Chromatin DNA. DNA/protein in the chromatin mixture
was de—cross-linked by adding 5 ul of 5 M sodium chloride and 75 ul of
nanopure water to a 20-ul aliquot followed by incubation at 95°C for 15 minutes.
Subsequently, 10 ug RNase A was added, and the mixture was incubated at 37°C
for 15 minutes. Afterward, 1 ug of proteinase K was added, and the resulting
mixture was incubated at 67°C for 15 minutes. After centrifugation at 16,0008
for 4 minutes, the supernatant was removed and purified using a Qiagen PCR
Purification Kit per the manufacturer’s instructions. Recovered DNA was
quantified using a Hoechst-based DNA Quantitation Kit (Bio-Rad Laboratories,
Hercules, CA); fluorescence was measured using a 360-nm excitation wave-
length and 460-nm emission wavelength using a Bio-Rad Versafluor
Fluorometer.

Primers. DNA amplification primers were designed using Clone Manager
9.0 (Scientific and Educational Software, Cary, NC) and Oligo 7 Primer
Analysis Software (version 7.15; Molecular Biology Industries, Cascade,
CO) and screened with primer-BLAST (National Center for Biotechnology
Information, Bethesda, MD) to ensure target specificity (Supplemental
Table 1). Primer sets were designed to produce overlapping amplicons
across each regulatory region of interest. Primers were obtained from
Integrated DNA Technologies (Coralville, IA) as desalted, lyophilized
pellets. Primer pellets were suspended in 10 mM Tris-HCI, 1 mM EDTA,
and 10 mM NaCl at pH 8.0 to a final primer concentration of 100 uM and
stored at —20°C. Primer pair optimization was performed by temperature
gradient quantitative polymerase chain reaction (QPCR) DNA amplification
to determine the optimal annealing temperature. Melt curve analysis was
done to ensure amplicon specificity, and amplification products were
fractionated by electrophoresis in 2% agarose gels alongside molecular
weight standards to ensure the expected product sizes (1 kb plus, 100 bp
ladder; Invitrogen, Grand Island, NY).

qPCR DNA Amplification. gPCR reactions were performed using iQ SYBR
Green Supermix (Bio-Rad Laboratories) following the manufacturer’s instruc-
tions after scaling to a 20-ul reaction volume. Reactions were performed in

transcription (red font). The relevant occupancy by select transcription factors (black
font) is also shown. API1, activator protein 1; HNF4, hepatocyte nuclear factor 4;
KLF9, Kruppel-like factor 9; NF1/HNF3, nuclear factor 1/hepatocyte nuclear factor
3; PAR, proline acid rich factor; PXR, pregnane X receptor; USF1, upstream factor
1; Sp/XKLF, sephacryl phosphocellulose/Kruppel-like factor.
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triplicate in white 96-well plates (Bio-Rad Laboratories). Both postnatal and fetal
chromatin pools immunoprecipitated with the same antibody were simulta-
neously analyzed on the same plate. qPCR DNA amplifications were performed
using a CFX96 Optical Reaction Module and C1000 Thermal Cycler (Bio-Rad
Laboratories). The cycling conditions were 3 minutes at 95°C for initial
denaturation, followed by 50 cycles consisting of denaturation for 10 seconds
at 95°C, annealing for 10 seconds at the optimized primer set temperature (range
55-66°C), and extension for 20 seconds at 72°C. Subsequently, a melting curve
protocol was performed consisting of denaturation for 10 seconds at 95°C, a hold
for 30 seconds at 65°C, and then 60 cycles of 30 seconds increasing by 0.5°C in
each cycle. In addition to the unknown samples, each plate included a control
without any DNA template, as well as input DNA dilutions of 100, 20, 4, 0.8, and
0.16% relative to the mass of DNA used in each ChIP reaction. Data analysis was
done using CFX96 Real-Time Manager software (version 2.1; Bio-Rad
Laboratories) to determine the baseline, threshold, and melt curve peak
temperature, as well as the quantification cycle (C,). The C, value represents
the number of amplification cycles required for the fluorescence signal to be
above background as a log base two function and is inversely related to the DNA
template copy number.

Data Analysis. qPCR data were initially examined by plotting the relative
fluorescent units on a semilog scale to ensure that threshold values were within
the linear portions of the amplification curves. A modification of the delta
Cy (ACy) method was used to express the relative occupancy of the targeted
protein on specific CYP3A4 (NG_008421.1) or CYP3A7 (NG_007983.1) DNA
elements within the postnatal or fetal chromatin pools. Linear regression analysis
of the C, values from the input DNA dilutions was used to obtain a linear
function from which the PCR amplification efficiency and a C, value for the
input DNA at 100% were calculated. Dilution curve functions with a correlation
coefficient value greater than 0.98 and PCR amplification efficiency values
ranging from 0.9 to 1.05 were included in the analysis. C, values determined
from qPCR analysis of DNA isolated from ChIP reactions were normalized to the
calculated C, value for 100% input DNA to obtain a AC,. AC, values were
excluded if, based on a box and whisker plot analysis of all ChIP reactions for a
single experiment, all three data points plotted as outliers (1.5 times the quartile
values) (Burns et al., 2005). The median AC, values for chromatin occupancy by
modified histones, variant histones, or transcription factors from the fetal and
postnatal chromatin pools were compared using the Mann-Whitney U test.
SigmaPlot 9.01 (Systat Software, San Jose, CA) was used for statistical testing
and graphing. Differences at & = 0.05 were included because significance could

C/EBPB Proximal Promoter

1 2 3 4

Amplicon 3
H3Ac
H4Ac

H3K4me1

p-value
<0.001 I
0.01->0.001
0.05->0.01

NS
0.05->0.01

0.01->0.001
<0.001
N/A

Fetal

Postnatal

Fig. 4. Differences in CYP3A4 promoter occupancy by modified and variant
histones between pooled fetal (N = 14) and pooled postnatal (N = 10) hepatic
chromatin were evaluated using a Mann-Whitney U test. The data are shown as red-
or green-tinted heat maps (see legend) of the P value ranges. Red and green tints
indicate increasingly greater degrees of significant differences between chromatin
occupancy between postnatal and fetal chromatin, respectively. Yellow indicates no
significant difference (NS). N/A, not assayed. Modified and variant histones are
grouped into those associated with active (green font), poised (blue font), or inactive
transcription states (red font). The relevant occupancy by transcription factors (black
font) is also shown.
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not be ruled out. However, considering the multiple hypotheses tested, those
comparisons with &« = 0.01 were deemed most reliable. Fold differences in
modified or variant histone chromatin occupancy between fetal and postnatal
chromatin pools were calculated from the base two antilogarithm of the difference
between the fetal and postnatal median AC, values [2ACa(posmatal) — ACq (fetaby
For ratio calculations, the log base two antilogarithm transformed negative AC,
values (2729 of chromatin occupancy by modified histones were calculated,
and then the median occupancy values were divided to calculate the
H3Ac/H3K27me3 and H3K4me3/H3K27me3 ratios.

Because chromatin occupancy by modified and variant histones for the
majority of CYP3A4 and 3A7 regulatory regions was significantly greater in fetal
relative to postnatal chromatin, the relative nucleosome density was investigated
using ChIP targeting histone H3. Chromatin occupancy by histone H3 was
discovered to be a relatively constant difference between fetal and postnatal
hepatocytes across all regulatory regions investigated, with occupancy about
30-fold greater in fetal hepatocytes (data not shown). To determine if the
differential nucleosome density was exclusive to the major CYP3A4 and 3A7
regulatory regions, the CYP2C19 promoter nucleosome density was determined
as described earlier. CYP2C19, in contrast to CYP3A4 and 3A7, has a nearly
constant expression level during hepatic development (Koukouritaki et al.,
2004). The difference in chromatin occupancy by H3 between fetal and postnatal
chromatin on the CYP2C19 promoter was similar to that observed for CYP3A4
and 3A7 (data not shown). Thus, differential nucleosome density in fetal and
postnatal chromatin was not considered for AC, calculations as it represented a
constant difference among all three genes investigated.

Results

The CYP3A4 and 3A7 regulatory regions targeted in the current
study, along with the known transcription factor binding sites within
those regions, are depicted in Fig. 1, A and B, respectively. As an
example of the assessments performed on each regulatory element,
relative chromatin occupancy by modified histones and the transcrip-
tion factor, C/EBPS, within the CYP3A4 C/EBPS element is shown in
Fig. 2. Occupancy by C/EBPS served as a positive control for the ChIP
analyses within this regulatory domain. Median AC values * range are
shown for C/EBPS and H3K27me3. The AC, value is inversely related
to occupancy (i.e., alower AC, indicates greater chromatin occupancy).
Significantly greater H3K27me3 occupancy was observed in fetal
relative to postnatal chromatin within all amplicons (1.6- to 14.9-fold,
P < 0.001), and greater C/EBPB occupancy was observed in fetal
relative to postnatal chromatin within amplicons 1 and 2 (2.5-fold, P =
0.04 in amplicon 2 and 3.0-fold, P = 0.02 in amplicon 1). No significant
occupancy differences were observed in the remainder of the amplicons
evaluated. Similar analyses were done for all CYP3A4 and 3A7
elements. To facilitate visualization and evaluation, the data are
depicted as heat maps, showing grouped median AC, values for fetal
and postnatal primary hepatocyte chromatin (Figs. 3 and 5) or the
resulting P values from the statistical comparison of fetal versus
postnatal chromatin occupancy (Figs. 4 and 6).

Modified and Variant Histone Occupancy of the CYP3A4
Promoter in Fetal and Postnatal Hepatic Chromatin. In general,
occupancy by modified and variant histones within the targeted

TABLE 3.

Fetal and postnatal H3K4me3/H3K27me3 ratios within the CYP3A4
proximal promoter

H3K4me3/H3K27me3 Ratio

Tissue Source Proximal Promoter Amplicon

Region

1 2 3 4
Fetal 0.17 0.18 0.03 0.03 0.10
Postnatal 1.02 2.42 0.14 0.51 0.62
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CYP3A4 regulatory domains (Fig. 3A) was consistent with bivalent
chromatin in the proximal promoter (i.e., chromatin simultaneously
occupied by H3K4me3 and H3K27me3) and poised enhancers
(i.e., chromatin simultaneously occupied by H3K9me3, H3K27me3,
and H3K4me1) for both postnatal and fetal chromatin (Fig. 3, B and C).
Chromatin occupancy within the major regulatory regions by the
relevant transcription factors was observed, indicating the detection of
the expected regulatory region and consistent with the overall poised
state of the CYP3A4 promoter in both the fetus and postnatal hepato-
cytes. The proximal CYP3A4 promoter in fetal chromatin exhibited
greater occupancy by H4Ac, H2A.Z, and H3K27me3 in all amplicons
relative to other modified histones evaluated, whereas high chromatin
occupancy by H3K4me3 and H3K9mel was restricted to the most
proximal amplicon. Similar to the fetus, the CYP3A4 proximal
promoter in the postnatal hepatocytes also exhibited pronounced
enrichment of H4Ac, H2A.Z, and H3K27me3 but also showed greater
levels of H3K4me3 occupancy in all amplicons versus other modified
histones (Fig. 3C). In both postnatal and fetal chromatin, a marked
chromatin occupancy difference was observed for amplicon 4 within
the xenobiotic response enhancer module (XREM) region, having high
occupancy by modified histones in striking contrast to the other
amplicons within the region.

Differential CYP3A4 Promoter Chromatin Occupancy in Fetal
and Postnatal Hepatic Chromatin. Within CYP3A4 proximal pro-
moter amplicon 2, chromatin occupancy by H3K27me3 was greater in
fetal compared with postnatal chromatin (13.0-fold, P < 0.001, Mann-
Whitney U test); similar but smaller differences were observed within
amplicons 3 and 4 (2-fold, P = 0.04 and 9.2-fold, P = 0.03, respectively;
Mann-Whitney U test) (Fig. 4). Occupancy by H3K9me3 was greater in
fetal chromatin for amplicon 1 (2.8-fold, P = 0.003, Mann-Whitney
U test). However, similar to the modified histones associated with
repression, H3K9mel (3.7- to 7.5-fold, P < 0.001 for all amplicons,
Mann-Whitney U test) and H4Ac (5.3- to 7.0-fold, P < 0.001 for all
amplicons, Mann-Whitney U test) chromatin occupancy also was greater
in fetal relative to postnatal chromatin, as was occupancy by the variant
histone H2A.Z within two of four amplicons (4-fold, P < 0.001 for
amplicon 2, and 2.6-fold, P = 0.01 for amplicon 3, Mann-Whitney
U test). Chromatin occupancy by H3K4me3, generally associated with
poised or active transcription, was greater in postnatal chromatin
compared with the fetus for three of the four proximal promoter
amplicons (1.5- and 2.8-fold, P < 0.001 for amplicons 4 and 3,
respectively, and 2.6-fold, P = 0.01 for amplicon 1, Mann-Whitney
U test) (Fig. 4). Greater occupancy (8-fold) by TFIID was seen in postnatal
chromatin relative to the fetus in amplicon 1 (P < 0.001, Mann-Whitney
U test), whereas in amplicon 2, fetal chromatin had a significantly greater
occupancy (2.5-fold, P = 0.005, Mann-Whitney U test) (Fig. 4). Both
amplicons cover the area containing the TATA box. Within the CYP3A4
proximal promoter, the differences in chromatin occupancy by modified
and variant histones were consistent with a more poised chromatin state in
the fetal liver versus an active state in the postnatal liver.

TABLE 4

Fetal and postnatal H3Ac/H3K27me3 ratios within the CYP3A4 CLEM4
binding region
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TABLE 5

Fetal and postnatal H3Ac/H3K27me3 ratios within the CYP3A4 XREM
binding region

H3Ac/H3K27me3 Ratio

Tissue Source XREM Amplicon

Region
1 2 3 4 5
Fetal 0.16 0.09 0.09 1.03 0.61 0.11
Postnatal 0.44 0.06 0.05 4.28 0.50 0.09

The CYP3A4 C/EBPP regulatory domain exhibited greater chroma-
tin occupancy by H3K27me3 (4.6- to 14.9-fold, P < 0.001 for all
amplicons, Mann-Whitney U test) and H3K9me3 (5.3-fold, P = 0.03 for
amplicon 1; 5.7-fold, P = 0.004 for amplicon 2; 59.7-fold, P < 0.001 for
amplicon 4; 22.6-fold, P < 0.001 for amplicon 5; and 8.6-fold, P =
0.002 for amplicon 6; Mann-Whitney U test) in fetal relative to
postnatal chromatin (Fig. 4). However, two amplicons exhibited greater
occupancy by H4 acetylation in fetal compared with postnatal
chromatin (5.7- and 8.0-fold for amplicons 4 and 5, respectively; P =
0.001, Mann-Whitney U test), and H3 acetylation was greater in the
fetus across the majority of the region (16-fold, P = 0.002 for amplicon
4; 6.1-fold, P = 0.003 for amplicon 1; 5.3-fold P = 0.02 and P = 0.039
for amplicons 5 and 6, Mann-Whitney U test). Chromatin occupancy by
variant histone H2A.Z also was greater in fetal chromatin across the
majority of the region (1.9- to 16.0-fold, P < 0.001 for amplicons 2, 4,
and 5; 2.3-fold, P = 0.009 for amplicon 1, Mann-Whitney U test)
(Fig. 4). Overall, this chromatin occupancy by modified and variant
histones yielded the impression that the C/EBPB region was more
repressed, but tended toward poised in the fetal versus postnatal liver.

Within all XREM amplicons, other than amplicon 4, fetal chromatin
demonstrated greater occupancy relative to the postnatal chromatin by
the two repressive modified histones, H3K27me3 (4.6- to 7.0-fold, P <
0.001 for amplicons 1, 2, and 3; 6.5-fold, P = 0.005 for amplicon 5,
Mann-Whitney U test) and H3K9me3 (10.6- to 22.6-fold, P < 0.001
for amplicons 1, 2, 3, and 5, Mann-Whitney U test) (Fig. 4). These
repressive modified histones were present in conjunction with greater
H3 and H4 acetylation in the fetal relative to postnatal hepatocytes
within all amplicons, except amplicon 4 (H3Ac: 6.7-fold, P = 0.002 for
amplicon 2; 2.6- to 10.6-fold, P < 0.001 for amplicons 1, 3, and 5;
H4Ac: 1.9-fold, P < 0.015 for amplicon 1; 7.5- to 10.6-fold, P < 0.001
for amplicons 2, 3, and 5, Mann-Whitney U test). In contrast to the
majority of the regions within the XREM domain, amplicon 4, which
covers two pregnane X receptor binding sites (Fig. 1A), had
significantly greater chromatin occupancy in postnatal compared with
fetal chromatin by all of the modified histones associated with active
transcription (Fig. 4). The difference in occupancy by modified histones
was consistent with the XREM domain being more poised in the fetal
liver versus potentially active in the postnatal liver.

TABLE 6

Fetal and postnatal H3Ac/H3K27me3 ratios within the CYP3A4 C/EBPS
binding region

H3Ac/H3K27me3 Ratio

Tissue Source CLEM4 Amplicon

H3Ac/H3K27me3 Ratio

Tissue Source C/EBPS Amplicon

Region Region
3 5 7 8 1 2 4 5 6
Fetal 0.23 0.45 0.21 0.21 0.23 Fetal 0.19 0.10 0.40 0.11 0.26 0.14
Postnatal 0.70 0.25 0.73 1.19 0.53 Postnatal 0.14 0.23 0.36 0.19 0.33 0.27
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Fig. 5. CYP3A7 promoter occupancy by modified and variant histones or
transcription factors. (A) Shown are the three known CYP3A7 regulatory domains
probed in the current study, all known transcription factors binding within each
domain, and the qPCR amplicons used to evaluate ChIP enrichment. ChIP was
performed with antibodies for modified and variant histones, as well as a single
transcription factor known to bind within each domain, followed by qPCR to
quantify occupancy. The data for pooled fetal (N = 14) (B) and postnatal (N = 10)
(C) hepatic chromatin are shown as blue-tinted heat maps representing a range of
median AC, values from a minimum of three experiments for each amplicon within
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Within the CYP3A4 CLEM4 domain, transcriptionally repressive
H3K27me3 exhibited greater occupancy in fetal compared with
postnatal chromatin in three of the four amplicons evaluated (5.3- to
13.0-fold, P < 0.001 for amplicons 3, 7, and 8; 1.7-fold, P = 0.002
for amplicon 5, Mann-Whitney U test). Similarly, transcriptionally
repressive H3K9me3 also exhibited greater occupancy in fetal
relative to postnatal chromatin (4.3-fold, P = 0.004 for amplicon §;
2.6- and 6.5-fold, P = 0.02 for amplicons 3 and 7, respectively; 10.6-
fold, P < 0.001 for amplicon 5, Mann-Whitney U test) (Fig. 4).
However, in the amplicon containing the largest number of tran-
scription factor binding sites (amplicon 5) (Fig. 3A), chromatin
occupancy by modified histones associated with active transcription
was significantly greater in fetal versus postnatal chromatin (e.g.,
H3Ac, 3.5-fold, P < 0.001; and H3K4mel, 2.5-fold, P =0.01, Mann-
Whitney U test) (Fig. 4). In contrast, any differences in occupancy
within CLEM4 element amplicon 5 by transcription factor USF1
(upstream stimulatory factor 1) in postnatal versus fetal hepatic
chromatin was equivocal, despite this amplicon covering three USF1
binding sites (Fig. 4). Overall, the differences in chromatin occu-
pancy by modified histones within this region were consistent with a
more poised enhancer in the fetal liver.

Evaluation of CYP3A4 Regulatory Domain Chromatin Occu-
pancy Using Modified Histone Ratios. The H3K4me3-to-
H3K27me3 ratio was previously investigated in chromatin regions
surrounding the transcription start site (TSS) of several promoters and
exhibited a positive relationship to transcriptional activity (Roh et al.,
2006; De Gobbi et al., 2011). Overall, the H3K4me3-to-H3K27me3
ratio within the CYP3A4 proximal promoter was 6-fold greater in
postnatal versus fetal chromatin (Table 3). The highest postnatal value
was observed in amplicon 2, which spans the TSS. The H3K4me3/
H3K27me3 ratios were consistent with a chromatin structure
supporting a more active transcriptional state in postnatal relative to fetal
chromatin.

The H3Ac-to-H3K27me3 ratio was calculated for the CYP3A4
enhancers. Active enhancers are enriched with H3K27ac, whereas
poised enhancers are enriched with H3K27me3 (Creyghton et al., 2010;
Rada-Iglesias et al., 2011; Zentner et al., 2011). Given that the H3Ac
antibody used for ChIP has some specificity for H3K27ac (manufac-
turer data sheet), chromatin occupancy by H3Ac was used as a general
proxy for H3K27ac occupancy. The H3Ac-to-H3K27me3 ratios for the
CLEM4 and C/EBPf binding regions were approximately 2-fold
greater in postnatal versus fetal chromatin (Tables 4 and 6, respec-
tively). Overall, the ratio within the XREM region was similar for
postnatal and fetal chromatin, but within amplicon 4, which covers two
pregnane X receptor binding sites, the postnatal ratio was 4-fold greater
than the fetal ratio (Table 5). Overall, the ratios in the XREM domain
had values less than one, indicating a greater presence of H3K27me3,
but suggested a more active enhancer state in the postnatal liver relative
to the fetus for the CLEM4 and C/EBPS domains and amplicon 4 within
the XREM region (Table 5).

Modified and Variant Histone Occupancy of the CYP3A7
Promoter in Fetal and Postnatal Hepatic Chromatin. Occupancy
of the major CYP3A7 regulatory domains (Fig. 5A) by transcription
factors with known binding sites in each domain was evaluated both as

the indicated CYP3A7 region. N/A, not assayed. Modified and variant histones are
grouped into those associated with active (green font), poised (blue font), or inactive
transcription (red font). The relevant occupancy by select transcription factors (black
font) is also shown. HNF4, hepatocyte nuclear factor 4; KLF9, Kruppel-like factor 9;
NF1/HNF3, nuclear factor 1/hepatocyte nuclear factor 3; PXR, pregnane X receptor.
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a control and to assess overall DNA access. Moderate occupancy of the
proximal promoter and C/EBPf regulatory domain was observed with
TFIID and C/EBPS, respectively, in fetal chromatin, but little or no
HNF4a occupancy was observed in the XREM domain (Fig. 5B). In
contrast, only C/EBPB and HNF4a occupancy was observed in
postnatal chromatin (Fig. 5C).

In general, modified and variant histone occupancy within the
targeted CYP3A7 promoter domains (Fig. 5A) was consistent with
bivalent chromatin. For the CYP3A7 proximal promoter, modest but
near equal occupancy of H3K4me3, H3K27me3, and H2A.Z. was
observed in both fetal (Fig. 5B) and postnatal (Fig. 5C) chromatin. The
proximal promoter and C/EBPS regulatory domain in the fetal
chromatin exhibited greater occupancy by H2A.Z in two-thirds and
three-quarters of the amplicons, respectively, relative to occupancy
within the other amplicons (Fig. 5B). Additionally, occupancy within
the CYP3A7 XREM and C/EBPS domains was consistent with poised
enhancers, exhibiting occupancy by H3K27me3, H3K9me3, and
H3K4mel (Fig. 5B). In the postnatal hepatocyte (Fig. 5C), assessment
of occupancy by modified histones was consistent with bivalent
chromatin being present in the proximal promoter, whereas the other
major CYP3A7 regulatory regions exhibited the lowest occupancy
ranges (ACy > 11) by most of the modified histones evaluated; if
anything, these domains appeared to be dominated by modified
histones associated with active or poised transcriptional states.
Occupancy by H4Ac was greatest in two-thirds of the amplicons
within the proximal promoter and half of the amplicons within the
C/EBPB binding region. Relative occupancy by H2A.Z also was
greatest in two-thirds of the amplicons within the proximal promoter.
Overall, the occupancy by modified and variant histones did not appear
consistent with the high CYP3A7 expression observed in fetal liver
(Stevens et al., 2003).

Differential CYP3A7 Promoter Chromatin Occupancy in Fetal
and Postnatal Hepatic Chromatin. Occupancy differences between
fetal and postnatal chromatin were minimal in the CYP3A7 proximal
promoter (Fig. 6). Proximal promoter occupancy by the repressive
modified histones H3K27me3 and H3K9me3 was greater in fetal
chromatin. For H3K27me3, this was true for all amplicons tested
(4.0- to 12.1-fold, P < 0.001, Mann-Whitney U test), whereas for
H3K9me3, occupancy was greater across two amplicons within the
proximal promoter (3.0-fold, P = 0.001 for amplicon N; 3.0-fold, P =
0.02 for amplicon L, Mann-Whitney U test). TFIID occupancy was
greater (3.0-fold, P = 0.002, Mann-Whitney U test) in postnatal
chromatin relative to that of the fetus for amplicon M, which covers
the TATA box. Greater occupancy within this same amplicon was
observed for H3K4me3 and H3Ac, both associated with chromatin
structure favoring active transcriptional states. The occupancy by
modified histones and transcription factors within the proximal
promoter appeared to be consistent with a repressed transcriptional
state in the fetal relative to the postnatal hepatocyte, opposite to what
might be expected based on known expression patterns (Stevens
et al., 2003).

Within the CYP3A7 C/EBP regulatory domain, differential chro-
matin occupancy by modified and variant histones was similar to that
observed for the CYP3A4 C/EBPS domain with the exception of
H3K9me3, which exhibited greater occupancy in fetal relative to
postnatal chromatin on the periphery of the targeted region (3.2-fold,
P =0.04 for amplicon J; 17.1-fold, P < 0.001 for amplicon F, Mann-
Whitney U test) (Fig. 6). Chromatin occupancy by both H3K27me3 and
H2A.Z was greater (H3K27me3: 8.0- to 19.7-fold, P = 0.001 for all
amplicons, and H2A.Z: 2.3-fold, P = 0.01 for amplicon G; 3.5- to 5.7-
fold, P < 0.001 for amplicons F, I, and J, Mann-Whitney U test) in fetal
hepatic chromatin across the region relative to postnatal chromatin.
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Fig. 6. Differences in CYP3A7 promoter occupancy by modified and variant
histones or transcription factors between pooled fetal (N = 14) and pooled postnatal
(N = 10) hepatic chromatin were evaluated using a Mann-Whitney U test. The data
are shown as red- or green-tinted heat maps (see legend) of the P value ranges. Red
and green tints indicate greater occupancy in the postnatal and fetal chromatin,
respectively. Yellow indicates no significant difference (NS). N/A, not assayed.
Modified and variant histones are grouped into those associated with active (green
font), poised (blue font), or inactive transcription (red font). The relevant occupancy
by transcription factors (black font) is also shown.

Fetal

Postnatal

More consistent with the known CYP3A7 developmental expression
pattern (Stevens et al., 2003), chromatin occupancy by modified
histones associated with active transcription was greater in fetal
compared with postnatal chromatin for some, but not all of the
amplicons. Similar to the CYP3A4 C/EBPS binding region, chromatin
occupancy by C/EBPB was similar between postnatal and fetal
chromatin (Fig. 6). Overall, these data suggest the chromatin structure
within the C/EBPB domain is more poised in the fetal relative to the
postnatal liver.

In the CYP3A7 XREM region, chromatin occupancy by
H3K27me3 and H3K9me3 was greater in fetal versus postnatal
chromatin (H3K27me3: 9.8- to 29.9-fold, P < 0.001 for all
amplicons, and H3K9me3: 4.3-fold, P = 0.003 for amplicon E; 4.6-
fold, P < 0.001 for amplicon C, Mann-Whitney U test) (Fig. 6).
Greater fetal chromatin occupancy by H3Ac and H4Ac was also
observed in two of the three amplicons within this module (H3Ac:
3.7-fold, P = 0.02; 3.7-fold, P < 0.001 for amplicons C and E,
respectively, and H4Ac: 1.5-fold, P =0.01 for amplicon C; 1.7-fold,
P =0.004 for amplicon E, Mann-Whitney U test). XREM occupancy
by HNF4« in postnatal and fetal chromatin was equivalent (Fig. 6).
Differential chromatin occupancy by modified histones in the
XREM was consistent with a more poised enhancer in fetal versus
postnatal chromatin.

Evaluation of CYP3A7 Regulatory Domain Chromatin Occu-
pancy Using Modified Histone Ratios. The H3K4me3/H3K27me3
ratio within the CYP3A7 proximal promoter was approximately 10-fold
greater in postnatal chromatin compared with the fetus (Table 7). This
difference is consistent with postnatal liver having greater transcrip-
tional activity relative to fetal liver.
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TABLE 7

Fetal and postnatal H3K4me3/H3K27me3 ratios within the CYP3A7
proximal promoter
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TABLE 9

Fetal and postnatal H3Ac/H3K27me3 ratios within the CYP3A7 C/EBPS
binding regions

H3K4me3/H3k27me3 Ratio

Tissue Source Proximal Promoter Amplicon

H3Ac/H3K27me3 Ratio

Tissue Source C/EBPB Amplicon

Region Region

N L M F G I J
Fetal 0.36 0.45 0.21 0.34 Fetal 0.41 0.16 0.20 0.13 0.16
Postnatal 2.89 4.79 391 3.74 Postnatal 0.17 2.65 1.71 0.42 0.63

Within the CYP3A7 enhancers, greater H3Ac/H3K27me3 values
were observed in postnatal chromatin relative to the fetus. The XREM
and C/EBPS binding regions had H3Ac/H3K27me3 values 10- and
4-fold greater, respectively, in postnatal relative to the fetal chromatin
(Tables 8 and 9). Further, the postnatal ratios for amplicons A and C
within the XREM were greater than one, indicating a greater occupancy
by H3Ac relative to H3K27me3. Similarly, H3Ac/H3K27me3 values
within the C/EBPS regulatory domain were greater than one in
amplicons G and I. These ratios were consistent with a more active
enhancer state within postnatal chromatin relative to the fetus and are
inconsistent with the active enhancer state expected in the fetus based
on temporal-specific CYP3A7 expression patterns.

Discussion

Despite the demonstrated clinical significance of age-dependent
changes in hepatic CYP3A4 and 3A7 expression, little is known
regarding the molecular mechanisms controlling the developmental
expression of these two enzymes (reviewed in Hines, 2008). The
current study evaluated a possible role for epigenetic-mediated changes
in chromatin structure regulating CYP3A4 and 3A7 ontogeny.
Chromatin occupancy by seven modified and one variant histone was
determined as indicators of chromatin structure within the major
CYP3A4 and 3A7 regulatory domains in human fetal and postnatal
chromatin prepared from primary fetal and postnatal hepatocytes. These
epigenetic changes were investigated at time points representing the
CYP3A4 and 3A7 expression extremes during ontogeny, i.e., early
second trimester and greater than 1 year of age (Stevens et al., 2003).

The major CYP3A4 regulatory regions in fetal and postnatal
chromatin were occupied by relatively high levels of both H3K4me3
and H3K27me3, which have been linked to chromatin structure
associated with opposing transcriptional states. Concomitant occu-
pancy with such oppositely acting, modified histones is typical of
bivalent chromatin, i.e., chromatin poised for active gene expression
(Bernstein et al., 2006). The H3K4me3/H3K27me3 ratio around the
TSS exhibits a positive relationship with transcriptional activity (Roh
et al., 2006; De Gobbi et al., 2011). In the current study, the average
H3K4me3/H3K27me3 occupancy ratio in postnatal chromatin was
greater than that observed in fetal chromatin, consistent with higher
levels of CYP3A4 expression in postnatal liver.

TABLE 8

Fetal and postnatal H3Ac/H3K27me3 ratios within the CYP3A7 XREM
binding regions

H3Ac/H3K27me3 Ratio

Tissue Source XREM Amplicon

Region
A C E
Fetal 0.41 0.22 0.27 0.27
Postnatal 9.78 1.79 0.71 2.71

Both postnatal and fetal chromatin exhibited relatively high H2A.Z
occupancy within the CYP3A4 proximal promoter, and compared with
fetal chromatin, postnatal chromatin had significantly greater occu-
pancy by H3K4me3 and TFIID within this domain. Occupancy by
H2A.Z is associated with RNA polymerase Il recruitment (Hardy et al.,
2009), TFIID binding initiates RNA polymerase II recruitment
(Orphanides et al., 1996), and H3K4me3 occupancy peaks around the
TSS are associated with actively transcribed genes (Barski et al., 2007).
Taken together, these observations are consistent with a more
permissive chromatin structure in the postnatal versus fetal liver.

Chromatin occupancy by modified and variant histones observed
within the CYP3A4 CLEM4, XREM, and C/EBPg regulatory domains
was indicative of less transcription in the fetal relative to the postnatal
liver. Occupancy by H3K27me3, H3K9me3, and H3K4mel was
significantly greater in fetal relative to postnatal chromatin across all
three of these regions. Taken together, these results support poised
CYP3A4 enhancers in the fetal liver, which are associated with lower
gene expression relative to active enhancers (Rada-Iglesias et al., 2011;
Zentner et al., 2011). Greater occupancy by H3K4me1l and H3Ac, both
associated with active transcriptional states, was observed in postnatal
relative to fetal chromatin for one amplicon probe within the XREM
region. This observation was peculiar because the region was flanked
by significantly greater occupancy by modified histones associated with
poised transcriptional state in fetal relative to postnatal chromatin.
However, this finding may be explained by high HNF4« occupancy
within this same domain postnatally, which can promote histone
acetylation (Soutoglou et al., 2001). Additionally, the greater H3Ac/
H3K27me3 ratios in postnatal chromatin relative to the fetus for the
CLEM4, C/EBPB, and XREM binding region indicated a more active
enhancer state in the postnatal liver. Overall, the chromatin occupancy
by modified and variant histones and transcription factors within known
CYP3A4 regulatory elements was consistent with epigenetic-mediated
changes in chromatin structure serving as an important mechanism
regulating CYP3A4 ontogeny.

A less convincing occupancy pattern was observed to support
chromatin structural changes regulating CYP3A7 ontogeny. The
average H3K4me3/H3K27me3 ratio (Roh et al., 2006; De Gobbi
et al., 2011) within the proximal promoter of postnatal hepatic
chromatin was greater than the fetal hepatic chromatin ratio, consistent
with greater CYP3A7 transcription in postnatal relative to fetal liver.
Further, greater occupancy by TFIID, H3K4me3, and H3Ac, all
associated with a transcriptionally active promoter (Kim et al., 2005;
Barski et al., 2007; Wang et al., 2008), was observed in postnatal
relative to fetal chromatin. Similarly, occupancy patterns by modified
and variant histones in the CYP3A7 XREM and C/EBPB domains were
consistent with more active enhancer activity in postnatal versus fetal
liver. Although the greater occupancy by H2A.Z in fetal compared with
postnatal chromatin is consistent with a more accessible enhancer
(Jin and Felsenfeld, 2007; Calo and Wysocka, 2013), the significantly
greater occupancy by H3K27me3 in fetal relative to postnatal hepatic
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chromatin across both regions was more suggestive of poised
enhancers. Several amplicon probes showed greater H3Ac fetal
chromatin occupancy relative to postnatal chromatin, but the H3Ac/
H3K27me3 ratio within these regions was lower in fetal relative to
postnatal chromatin, again indicating a more poised chromatin state in
fetal chromatin. Overall, the chromatin occupancy pattern by modified
histones within the CYP3A7 enhancer and promoter regions is in-
consistent with known CYP3A7 developmental expression and would
not support epigenetic-mediated changes in chromatin structure being a
major mechanism regulating CYP3A7 ontogeny.

Dynamic chromatin occupancy by modified histones is associated
with mouse hepatic Cyp3a age-dependent expression changes that
somewhat resemble human CYP3A ontogeny (Li et al., 2009).
Cyp3al6 and Cyp3all mRNA ontogeny resembles CYP3A7 and 3A4
ontogeny, respectively (Hart et al., 2009). The human H3K27me3
occupancy pattern observed in the current study contrasts with both of
the patterns previously observed for mouse Cyp3al6 and Cyp3all (Li
et al., 2009). However, the observed occupancy pattern for H3K4me2,
which has a functional role similar to H3K4me3 (Barski et al., 2007), is
consistent with the observed H3K4me3 chromatin occupancy pattern
observed for the CYP3A4 proximal promoter in the current study. Thus,
epigenetic-mediated changes in chromatin structure appear to be a
mechanism regulating CYP3A ontogeny in both the mouse and human.

CYP3A genetic variation might confound the interpretation of the
modified and variant histone occupancy data if alleles were present in the
chromatin pools that substantially impacted expression. More than 40
CYP3A4 allelic variants have been reported (http:/www.cypalleles.ki.se/
cyp3a4.htm); however, these variants exhibit limited effects on expres-
sion and/or exhibit a low prevalence. Among the six reported CYP3A7
alleles (Kuehl et al., 2001; Sim et al., 2005; Rodriguez-Antona et al.,
2005), CYP3A7*1C is associated with adult hepatic CYP3A7 expression
(Burk et al., 2002; Sim et al., 2005). However, this allele was not present
in either the postnatal or fetal chromatin pools used in the current study
based on an assessment by DNA sequencing (data not shown). Thus,
neither the observed patterns of chromatin occupancy by histones nor
their interpretation was likely affected by genetic variation at these loci.

Differential transcription factor expression and/or binding might also
contribute to regulating differential CYP3A expression trajectories
during hepatic development. As a possible example, C/EBPS plays
a major role in stem cell differentiation into a mature hepatocyte
phenotype and plays a major in role in regulating CYP3A expression
through the C/EBPgB regulatory domain (Fig. 1). Thus, enhanced
C/EBPg expression has been associated with relatively higher CYP3A4
expression levels (Talens-Visconti et al., 2006). However, three
C/EBPS isoforms exist that exhibit distinct functional differences and
age-dependent expression patterns (Saint-Auret et al., 2011). These
three isoforms could not be discerned in the current study because the
antibody used for C/EBPS immunoprecipitation does not discriminate
between them. Thus, changes in the relative expression levels of
C/EBPg isoforms as a function of age may contribute to regulating
CYP3A4 chromatin remodeling during hepatic development and
CYP3A4 ontogeny.

A limitation of the current study is the heterogeneous cell compo-
sition of the fetal liver samples used to prepare chromatin. This problem
was hard to overcome because of the difficulty in obtaining fetal
primary hepatocytes combined with the number of cells needed to
prepare sufficient chromatin for ChIP experiments. The fetal hepatic
chromatin pool was prepared from second-trimester fetal livers that
contained a heterogeneous mixture of hepatocytes, hepatocyte precur-
sors, hematopoietic stem cells, and mesenchymal cells (Mahieu-Caputo
et al., 2004; Nava et al., 2005; Gridelli et al., 2012), several of which
exhibit low and undetectable CYP3A4 and 3A7 mRNA expression,

Giebel et al.

respectively (Shao et al., 2007). This fetal hepatocyte dilution likely
would increase the observed occupancy by modified histones associ-
ated with repressed transcription and result in an observed occupancy
pattern inconsistent with known CYP3A7 ontogeny. In contrast, given
the low to absent CYP3A4 expression during this same gestational
period, there would be little or no impact of fetal hepatocyte dilution on
the interpretation of the CYP3A4 chromatin occupancy data. Thus, the
likely heterogeneous fetal liver cell population used to derive chromatin
is a possible design limitation and may have impacted the interpretation
of fetal, but not postnatal hepatic chromatin structural dynamics.

The current study is the first to determine fetal and postnatal
chromatin occupancy by modified and variant histones for the major
CYP3A4 and 3A7 regulatory domains and evaluate these epigenetic
changes relative to known CYP3A4 and 3A7 ontogeny. Occupancy by
modified histones was consistent with chromatin structural changes
contributing to the mechanisms regulating CYP3A4 ontogeny. The data
were less conclusive regarding CYP3A7, which may have been caused
by heterogeneity in the fetal, but not postnatal cell preparations used to
prepare chromatin. Additionally, mechanisms other than histone
modification, such as differential DNA methylation or differential
microRNA expression, may have a more important role in regulating
CYP3A7 ontogeny.
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