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Abstract

Pregnancy alters the rate and extent of drug metabolism, but little is known about the underlying
molecular mechanism. We have found that 17p-estradiol (E2) upregulates expression of the major
drug-metabolizing enzyme CYP2B6 in primary human hepatocytes. Results from promoter
reporter assays in HepG2 cells revealed that E2 activates constitutive androstane receptor (CAR)
and enhances promoter activity of CYP2B6, for which high concentrations of E2 reached during
pregnancy were required. E2 triggered nuclear translocation of CAR in primary rat hepatocytes
that were transiently transfected with human CAR as well as in primary human hepatocytes,
further confirming transactivation of CAR by E2. E2-activated estrogen receptor (ER) also
enhanced CYP2B6 promoter activity. The DNA-binding domain of ER was not required for the
induction of CYP2B6 promoter activity by E2, suggesting involvement of a non-classical
mechanism of ER action. Results from deletion and mutation assays as well as electrophorectic
mobility shift and supershift assays revealed that two AP-1 binding sites (-1782/-1776 and
-1664/-1658 of CYP2B6) are critical for ER-mediated activation of the CYP2B6 promoter by E2.
Concurrent activation of both ER and CAR by E2 enhanced CYP2B6 expression in a synergistic
manner. Our data demonstrate that at high concentrations reached during pregnancy, E2 activates
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both CAR and ER that synergistically induce CYP2B6 expression. These results illustrate

pharmacological activity of E2 that would likely become prominent during pregnancy.
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1. Introduction

Over 50% of pregnant women take at least one medication, excluding perinatal vitamins and
iron [1]. Dosage regimens used during pregnancy are typically determined based on
pharmacokinetic and pharmacodynamic studies obtained in men and/or nonpregnant
women. Data from limited clinical studies, however, suggest that pregnancy alters
pharmacokinetic profiles of drugs, especially the rate of hepatic drug metabolism. For
example, pregnancy is known to increase elimination of drugs metabolized by CYP2A6 and
CYP3A4, while decreasing elimination of CYP1A2 substrates [2]. However, little is known
about molecular mechanisms responsible for the altered drug metabolism during pregnancy.

One notable change during pregnancy is a dramatic increase (up to 100-fold) in plasma
concentration of female hormones such as estrogen [3]. Multiple studies have examined the
effects of estrogen on hepatic drug metabolism in rodent models (reviewed in [4]); however,
due to significant divergence in hepatic drug-metabolizing enzymes between humans and
rodents [5, 6] as well as interspecies differences in pregnancy-related physiology (e.g., <10-
fold increases in plasma concentrations of estrogen in rodents [7] vs. ~100-fold increase in
pregnant women), the results are difficult to be extrapolated to humans. In human cells, 17p-
Estradiol (E2), a major estrogen elevated during pregnancy [3], is shown to induce the
transcription of CYP2A6 and UGT1A4 (a conjugating drug-metabolizing enzyme) by
activating estrogen receptor (ER)a [8, 9]. To date, the effects of E2 on other major drug-
metabolizing enzymes and whether estrogen plays a role in altered drug metabolism during
pregnancy remain to be determined.

The biological effects of E2 are typically mediated through two cognate nuclear receptors,
ERa and ERp, among which ERa is the major subtype expressed in the liver [10]. ER,
being activated upon association with estrogen, may regulate expression of its target genes
in different ways: it may bind to a cis-element, called the estrogen response element (ERE),
of target genes, or it may associate with other transcriptional regulators and indirectly
modulate expression of target genes (reviewed in [11]). In the latter case, the activation of
estrogen target genes occurs in an ERE-independent manner, and transcriptional regulators
belonging to the activator protein-1 (AP-1) family can play an important role [12]. The
transcriptional regulators in the AP-1 family include c-Jun and c-Fos, which bind to an AP-1
motif in the upstream region of target genes and regulate gene expression.

Major transcription factors regulating expression of drug-metabolizing enzymes include
pregnane X receptor (PXR) and constitutive androstane receptor (CAR). PXR and CAR are
activated upon binding of the ligands rifampin and CITCO, respectively, and subsequently
translocate into the nucleus where the activated PXR and CAR control expression of its
target genes, such as CYP3A4 and CYP2B6 [13, 14]. CYP3A4 and CYP2B6 account for
~50% and ~15% of overall CYP-mediated metabolism of marketed drugs, respectively,
playing a critical role in the metabolism of an increasing number of clinically important
drugs [15]. While pregnancy is known to increase CYP3A4-mediated drug metabolism,
whether pregnancy influences elimination of CYP2B6 substrates is unknown.
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In this study, using primary human hepatocytes as a liver model, we have examined the
effects of E2 on expression of hepatic genes, including genes for drug-metabolizing
enzymes. Our results revealed that E2 significantly induces expression of CYP2B6. We
further investigated the mechanism underlying the CYP2B6 induction by E2.

2. Materials and methods

2.1. Chemicals and reagents

S-Mephenytoin, S-nirvanol, phenytoin, 17p-estradiol, PK11195, phenobarbital, bupropion
and rifampin were obtained from Sigma (St. Louis, MO). CITCO, i.e., 6-(4-Chlorophenyl)
imidazo[2,1-b] [1,3]thiazole-5-carbaldehyde O-3,4-dichlorobenzyl) oxime, was purchased
from Biomol (Plymouth Meeting, PA). IC1182,780 and hydroxybupropion were purchased
from Tocris Bioscience (Ellisville, MO).

2.2. Cell culture

Freshly isolated human hepatocytes (HHs) from females (age ranging from 29 to 50; no
known history of liver disease, alcohol abuse or hepatitis B or C infection) were obtained
from CellzDirect (Pittsboro, NC) or Liver Tissue Cell Distribution System (Pittsburgh, PA).
Upon receipt, media were replaced with serum-free Williams’ E media as previously
described [16]. HepG2 cells from ATCC (Manassas, VA) were cultured as previously
described [16]. HepG2 cells stably expressing ERa (HepG2-ER) were kindly provided by
Dr. David Shapiro (University of Illinois at Urbana Champaign) and cultured in complete
DMEM supplemented with 10% charcoal/dextran-stripped fetal bovine serum (Gemini,
Woodland, CA), 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, and 1%
MEM nonessential amino acids.

2.3. Plasmids

To construct the pGL3-CYP2B6 plasmid, the upstream region of CYP2B6 (—3290 to +8)
was PCR-amplified using human genomic DNA as template and a pair of primers listed in
supplemental Table 1. The PCR product was digested by Kprl and HimdlI1 restriction
enzymes and cloned into promoterless pGL3-basic vector (Promega, Madison, WI) digested
by the same enzymes, yielding pGL3-CYP2B6. CYP2B6 deletion constructs with different
lengths of the 5’-flanking region of the human CYP2B6 gene (-1724 to +8, —1461 to +8,
and —845 to +8) for deletion assay were prepared by PCR-amplification of relevant regions
(using pGL3-CYP2B6 as template) followed by restriction digestion using Kpnl and Hirdll|
and cloning into pGL3-basic plasmid. The PCR primers of the pGL3-CYP2B6 deletion
constructs are listed in supplemental Table 1.

pGL3-ERE3 and expression vectors for ERa mutants [9], wild-type ER expression vector
[17], PXR expression vector ()cDNA3-PXR) [17], and CAR expression vector ()cDNA3-
CAR) [16] were previously described. pGL3-CYP2B6 [-1839/-12] and pEGFP-CAR
(expressing enhanced green fluorescent protein-tagged human CAR) were generously
provided by Dr. Masahiko Negishi (NIEHS). pTracerCMV2-CAR3 (expressing CAR3) was
provided by Dr. Curtis J. Omiecinski (Pennsylvania State University).

Mutation constructs of pGL3-CYP2B6 (i.e., mutations at A1 and/or A2 sites or a mutation at
ERE (see Fig. 4C for their locations)) were prepared using a QuikChange XL Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA) following the manufacturer’s protocol. All
sequences were confirmed by sequencing.
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2.4. DNA microarray experiment and analysis

After treatment of primary human hepatocytes with either ethanol or E2 (1 M), RNAs were
isolated using Trizol and then DNase I-treated. cDNA synthesis, modification,

hybridization, and labeling on Affymetrix Human Genome U133 Plus 2.0 oligonucleotide
arrays were performed using kits from Affymetrix (Santa Clara, CA) as described in the
manufacturer’s instructions. Six microarray experiments were conducted on three
hepatocytes isolated from different donors. The image data were analyzed using Affymetrix
Gene Chip Operating System Software, and Partek Genomic Solution Software 6.4 was used
for statistical analysis. The relative change in expression (ratio > 1.5) was used to obtain a
list of differentially expressed genes between ethanol- and E2-treated hepatocytes.

2.5. RNA isolation and quantitative real time-PCR (qRT-PCR)

Total RNAs were isolated from cell lysates using Trizol (Invitrogen, Carlsbad, CA). gRT-
PCR was performed using StepOnePlus Real-Time PCR System and TagMan® Gene
expression assays (Applied Biosystems), and fold changes in mRNA levels of genes were
determined after normalizing the gene expression levels by those of GAPDH or PPIA
(2=2 ACt method) as previously done [18].

2.6. Determination of CYP2B6 activity

S-Mephenytoin (100 M) or bupropion (10 wM) was individually added to the primary
human hepatocytes culture after 72 hours of hormone treatment, and media were sampled at
various time points for up to 6 hours. Concentrations of metabolites of each drug were
analyzed by LC/MS/MS as described previously [18].

2.7. Luciferase reporter assay

Luciferase reporter assays were performed in HepG2 cells as previously described [9, 16].
At least two independent experiments were performed in triplicate.

2.8. CAR nuclear translocation assay in rat hepatocytes

Primary rat hepatocytes were isolated and cultured in 6-well plates as previously described
[19]. Rat hepatocytes were transfected with 2 g of pEGPF-CAR expression plasmid using
Lipofectamine 2000 (Invitrogen). After 24 hr incubation, cells were treated with E2 (1 pM),
CITCO (100 nM), or DMSO (vehicle). After 4 hr incubation with drugs, cells were fixed
with 4% paraformaldehye and nuclei were stained with Hoechst 33258 dye. The intracellular
localization of EGFP-CAR fusion protein was examined using confocal microscopy.

2.9. Quantitation of nuclear CAR by LC/MS/MS

The nuclear proteins from drug-treated primary human hepatocytes were resolved on a
SDS-10% polyacrylamide gel, and the gel segments for ~46 kD (the expected size for CAR)
was sliced. The gel slices were digested using 12.5 ng/pl of trypsin (Promega, WI). Each
sample was spiked with synthetic Angll peptide (DRVYIHPF; Sigma-Aldrich) as an internal
standard, and separated by HPLC (Eksigent-Nano-HPLC system; Eksigent Technologies,
CA) using a silica microcapillary column (12 cm x 75 pm) packed with C18 resin (5 mm,
300 A, Alltech, KY). The following mobile phase was used at a flow rate of 300 nl/min: a
linear gradient of buffer B (3% to 40% over 35 min) where buffer A is 0.1% formic acid in
H»0 and buffer B 0.1% formic acid in acetonitrile. The samples were analyzed by LTQ XL
ion-trap mass spectrometer (Thermo Finnigan, West Palm Beach, FL). The MS signal
intensities from CAR peptides were normalized by peak area corresponding to from Angll
peptide for comparison of CAR quantity among hepatocytes treated with different drugs.
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Peptides corresponding to CAR protein (NP_001070948) were identified using
TurboSEQUEST (Thermo Finnigan) and SEQUEST algorithm [20, 21], which was further
validated using Scaffold software (Proteome Software, Portland, OR; version 3_00_02) [22].
Probabilities that the identified peptide and protein are correctly from CAR were >95% and
>99%, respectively.

2.10. Electrophoretic mobility shift assay (EMSA)

Nuclear proteins were prepared from HepG2 or HepG2-ER cells using the CelLytic Nuclear
Extraction Kit (Sigma-Aldrich) following manufacturer’s protocol. EMSA was performed
using Gel Shift Assay Systems (Promega) following manufacturer’s protocol. Briefly,
nuclear proteins (50 pg) were preincubated with the provided reaction buffer at room
temperature in the presence or absence of nonradioactive DNA probe (for competition) or
antibody (for supershift experiment) as indicated. DNA probe sequences are listed in
supplemental Table 1. For supershift experiment, the following antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA) were used: ER (sc-543x), c-Jun (sc-44x), and c-Fos
(sc-52x). After 10 min, the binding reaction was initiated by adding 1.75 pmol of 5’-

end 32P-labeled CYP2B6 probes harboring putative AP-1 binding sequences. The reaction
mixture was incubated at room temperature for 20 min. Protein-bound probes were
separated from free probes on 4% (w/v) nondenaturing polyacrylamide gel. The gel was
dried, and radioactivity visualized by using Phosphorimager.

2.11. Chromatin immunoprecipitation (ChIP) assay

HepG2 or HepG2-ER cells were seeded in 10-cm dishes and grown in phenol-red free media
containing 5% charcoal-dextran stripped FBS for 72 hr. On reaching 90% confluency, cells
were treated with vehicle or E2 (1 wM) for 45 min. Crosslinking was carried out with 1.5%
formaldehyde for 15 min at room temperature. Cells were lysed with SDS Lysis Buffer (1%
SDS, 10 mM EDTA pH 8.0, and 50 mM Tris-HCI pH 8.1) and chromatin was sonicated for
4 min twice using S-4000 sonicator (Misonix, Qsonica, CT). Protein A-coated magnetic
beads washed three times with 5% BSA in PBS were incubated overnight at 4°C with 1 g
of ER antibody per pulldown (sc-543x; Santa Cruz Biotechnology) or normal rabbit IgG.
Antibody-bound beads were washed two times with 5% BSA in PBS and incubated
overnight at 4°C with sonicated chromatin diluted in Dilution Buffer (1% TritonX-100, 2
mM EDTA, 20 mM Tris-HCI, and 150 mM NaCl). Beads were washed three times using
RIPA-LICl Wash Buffer (50 mM Hepes, 0.5 M LiCl, 1% NP40, 0.7% deoxycholic acid, and
1 mM EDTA), and two times with Tris-EDTA (10 mM Tris-HCl and 1 mM EDTA). DNA
was eluted from beads in elution buffer containing 0.1 M sodium bicarbonate and 1% SDS.
Decrosslinking was carried out for 16 hr at 65°C. DNA was purified using Qiaquick
columns (Qiagen, Valencia, CA) and eluted in pre-warmed water. To generate a standard
curve for input DNA amount, ~5% of cell lysate was saved prior to immunoprecipitation.
The cell lysate was diluted (1:20, 1:200, and 1:2000) and used to calculate the percent of
input in each pull-down using gRT-PCR. The % maximum occupancy for each assay was
then calculated relative to the treatment with the highest fold change, which was set to
100%. Primers for ChIP gRT-PCR are listed in supplemental Table 1.

2.12. Statistical analyses

Data are expressed as means * standard deviation from triplicate experiments. Statistical
analyses were performed by using Student’s #test using the Prism analysis program
(Graphpad Inc., San Diego, CA, USA). The level of significance used for hypothesis testing
was 0.05.

Biochem Pharmacol. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Koh et al. Page 6

3. Results

3.1. E2 upregulates expression of CYP2B6 in primary human hepatocytes

To determine the effects of E2 on expression of hepatic genes, we treated 3 different batches
of primary human hepatocytes with E2 (or vehicle) and compiled a list of differentially
regulated genes by using microarray. E2 added to the culture media was rapidly metabolized
by the primary hepatocytes (first order elimination half-life 37 min; data not shown).
Accordingly, culture media containing 1 M E2 were replenished regularly (every 6 hr
during daytime and 12 hr for overnight incubation) to maintain average E2 concentrations
during the experimental period of 72 hr to ~100 nM. This average concentration, although
~10-fold lower than the initial E2 concentration at the time of media change (1 pM),
approximates the plasma concentration at term pregnancy [3]. Throughout the study, the E2
concentration of 1 LM was used to reflect the reported plasma concentration at term, i.e.,
100 nM.

Through the microarray experiment, 34 genes (Table 1) were identified as differentially
regulated by E2. This list included drug-metabolizing enzymes, such as CYP2A6 and
CYP2BS6, in part confirming the previous finding that CYP2A6 expression is induced by E2
[8]. Follow-up studies were focused on CYP2B6 considering its significant contribution to
overall drug metabolism.

Further verification of the microarray result revealed that E2 promotes expression of
CYP2B6 in a concentration dependent manner in primary human hepatocytes (Fig. 1A). The
effects of E2 on mRNA levels of CYP2B6 were of similar magnitude as the induction by
CITCO, a well-known CYP2B6 inducer (Fig. 1B). E2 treatment also increased CYP2B6
enzyme activities against a typical CYP2B6 probe drug, S-mephenytoin (Fig. 1C).
Metabolism of bupropion, another CYP2B6 substrate drug commonly prescribed during
pregnancy, was also enhanced in E2-treated hepatocytes (Fig. 1D). Taken together, our
results showed that E2, at the high concentration reached during pregnancy, enhances
CYP2B6 expression and leads to corresponding increases in enzyme activity.

3.2. E2 enhances CYP2B6 promoter activity via CAR transactivation

To examine involvement of PXR and/or CAR in CYP2B6 induction by E2, promoter
reporter assays were performed in HepG2 cells. To this end, pGL3-CYP2B6 [-1839/-12]
was used, which is a luciferase reporter plasmid harboring the luciferase gene driven by the
phenobarbital responsive element module (PBREM) to which CAR or PXR binds to activate
the transcription of a downstream gene [23]. HepG2 cells were cotransfected with pGL3-
CYP2B6 [-1839/-12] and PXR (or CAR expression plasmid). The transfected cells were
treated with vehicle, E2, rifampin (a PXR activator) or CITCO (a CAR activator); then
luciferase activities were measured. In PXR-transfected cells, E2 (at concentrations up to 1
M) did not induce the promoter activity (data not shown). On the other hand, in CAR-
transfected cells, E2 at 1 wM enhanced PBREM-driven promoter activity by 2.1-fold as
compared to vehicle treatment, as CITCO did (Fig. 2A). E2 at lower concentrations (less
than 1 wM), however, did not enhance the promoter activity (data not shown).

CAR transfection itself dramatically increased CYP2B6 promoter activity in HepG2 cells
(Fig. 2A), consistent with results from a previous study where ectopically expressed CAR
exhibits constitutive activation in transformed cells [24]. To rule out the effect of basal CAR
activation on the E2 action, we repeated the promoter reporter assay with the CAR
expression vector substituted by a plasmid expressing CAR3. CAR3 contains an extra 5
amino acid residues inserted within the ligand-binding domain, which abolishes the
constitutive activation of CAR in HepG2 [24]. In CAR3-transfected cells, E2 significantly
increased CYP2B6 promoter activity to a level similar to that by CITCO (Fig. 2B).
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In primary rodent or human hepatocytes, CAR translocates into the nucleus from the cytosol
only when activated by its cognate ligand [25, 26]. To determine whether E2 triggers the
nuclear translocation of CAR, primary rat hepatocytes were transfected with EGFP-tagged
human CAR or the control vector; then the transfected cells were treated with vehicle, E2, or
CITCO. The nuclei of the drug-treated cells were stained with Hoechst dye (blue) and
visualized using confocal microscopy. As expected, in vehicle-treated hepatocytes, CAR
(green signal) remained in the cytosol; and in CITCO-treated hepatocytes, CAR translocated
into the nucleus (i.e., co-localization of blue and green signals) (Fig. 2C). In the E2-treated
hepatocytes, co-localization of CAR and nuclear signals was observed, indicating that E2
triggers the nuclear translocation of CAR. Considering potential interspecies differences in
actions of gene regulatory factors between rat and human hepatocytes, the results were
further verified in a batch of primary human hepatocytes. Primary human hepatocytes were
treated with vehicle, E2, or CITCO, and the amount of CAR protein in the nuclear fractions
was quantified using LC/MS/MS (due to a lack of antibodies that can specifically detect
human CAR). Signals of nuclear CAR, normalized to the signal from spiked internal
control, were 1.29 and 0.47 in the CITCO- or E2-treated hepatocytes, respectively (data not
shown). In the vehicle-treated hepatocytes, CAR was not detected.

CAR can be activated either directly by binding to its ligand (e.g., CITCO) or indirectly by
altering cell signaling (e.g., phenobarbital) [19, 27]. To differentiate these two possibilities,
we tested whether E2 can reverse the PK11195-mediated deactivation of CAR. PK11195 is
a CAR-specific antagonist that represses the constitutive activity of CAR in immortalized
cells such as HepG2, and the antagonistic activity of PK11195 can be abrogated only by
direct CAR activators [28]. In CAR-transfected HepG2 cells, PK11195 repressed PBREM-
driven CYP2B6 promoter activity by 85% (Fig. 2D), and phenobarbital did not reverse
PK11195-mediated deactivation. On the other hand, CITCO (1 uM) or E2 (10 uM) reversed
the repression on promoter activity (Fig. 2D). The concentration of CITCO that effectively
reverses the antagonistic activity of PK11195 on the PBREM-driven promoter was higher
than the previously reported ECsq values for CAR activation (i.e., 25 nM) [19], indicating a
right-shift in concentration-response curve for CITCO-mediated CAR activation. Taken
together, these results suggest that E2 is likely a direct activator of CAR.

3.3. E2 enhances transcription of CYP2B6 via ER/AP-1 Pathway

While E2 exerts many of its biological effects via activation of ER, its effect can be also
mediated in an ER-independent manner [29]. To determine whether ER plays an important
role in CYP2B6 induction by E2, we examined whether ER expression is obligatory for the
E2 action. To this end, HepG2 cells stably expressing ER (HepG2-ER) and primary human
hepatocytes were treated with E2 (or vehicle) in the absence or presence of the ER-
degrading antiestrogen 1C1182,780 [30]; then CYP2B6 mRNA expression levels were
determined. In HepG2-ER cells, E2 treatment enhanced CYP2B6 expression by 4-fold as
compared to that of the control, and this induction was completely abrogated by 1C1182,780
treatment (Fig. 3A). A similar pattern was observed for a known ER-responsive gene TFF1
(Fig. 3A). The E2 treatment in parental (ER-negative) HepG2 cells did not enhance
expression of CYP2B6 nor TFF1 (data not shown). Also, in primary human hepatocytes,
similar results as in HepG2-ER were obtained for CYP2B6 and TFF3 (an ER-responsive
gene used in replacement of TFF1 due to minimal expression of TFF1 in primary human
hepatocytes) (Fig. 3B). Taken together, these results demonstrate that the CYP2B6 induction
by E2 requires ER.

To determine the effects of E2 on transcriptional activity of CYP2B6, luciferase reporter
assays were performed. A reporter plasmid pGL3-CYP2B6 was constructed that carries the
luciferase gene whose expression is driven by the upstream regulatory region of CYP2B6
(from —3290 to +8). HepG2 cells were cotransfected with pGL3-CYP2B6 and ER
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expression vector (or pcDNA3). The transfected cells were treated with E2 or vehicle, after
which the luciferase activity was measured. In ER-transfected cells, E2 treatment enhanced
CYP2B6 promoter activity by 12.5-fold as compared to vehicle treatment (Fig. 3C), whereas
E2 had no effect in pcDNA3-transfected cells. A similar finding was observed for pGL3-
ERES3, where luciferase expression is driven by 3 copies of vitellogenin ERE (Fig. 3C).
Further, the induction of CYP2B6 promoter activity by E2 displayed a concentration-
dependency (Fig. 3D); the estimated ECgq was 44 nM, which is similar to the ECsg value
(35 nM) estimated for pGL3-ERE3.

Regulation of ER target genes by tethering of ER to other transcription factors (such as
AP-1) does not require the DNA-binding domain of ER. To determine whether the direct or
indirect binding of ER (to target gene promoter) is involved in CYP2B6 regulation, we
ectopically expressed a mutant ER and examined induction of CYP2B6 promoter activity by
E2. The mutant ERs carry a deletion of activation function (AF)1, point mutations in the
DNA-binding domain (DBD), or point mutations in AF2. The point mutations result in loss
of functionality in the relevant domains [31]. The CYP2B6 induction by E2 was not
observed in HepG2 cells expressing the mutant ER with deletion of the AF1 domain (Fig.
3E), whereas induction was retained in HepG2 cells expressing the mutant ER with a
nonfunctional DBD. This result suggests that E2-activated ER mediates the CYP2B6
induction in an indirect manner, not involving direct ER binding to DNA.

To map potential c/s-elements responsible for CYP2B6 induction by E2, a series of
luciferase vectors each containing a different segment of the ~3.3kb upstream region of
CYP2B6 (—3290/+8, —1839/-12, —1724/+8, —1461/+8, and —845/+8) were constructed.
Each luciferase vector was transfected into HepG2 cells along with an ER expression vector
and treated with E2 (or vehicle), after which luciferase activities were measured. E2-
responsiveness was maintained when the far upstream region of CYP2B6 (from —3290 to
-1840) was deleted (Fig. 4A). Deletion of the region from —1839 to —1725 led to a
significant decrease in the E2-responsiveness, and further deletion of the region from -1724
to —1462 completely abolished the E2 responsiveness. This result suggests that the upstream
region from -1839 to —1462 is critical for CYP2B6 induction by E2 in HepG2 cells and
contains potential cis-elements mediating E2 activity. Recruitment of ER on the mapped
upstream region of CYP2B6 was verified by chromatin immunoprecipitation assay (Fig.
4B).

In silico analysis of the upstream region (-1839/-1462) of CYP2B6 using MatInspector
(Genomatix, Munich, Germany) revealed two putative binding sites for AP-1 protein, which
is known to associate with ER for regulation of target gene expression (Fig. 4C). To
determine the role of the identified AP-1 motifs (called CYP2B6/A1 for distal site and
CYP2B6/A2 for proximal site), we mutated Al or A2 (individually or both) and examined
their effect on CYP2B6 induction by E2 using the luciferase reporter assays. Mutations in
individual AP-1 binding sites had no effects on the induction in CYP2B6 transcriptional
activity by E2 (Fig. 4D); however, the mutation of both AP-1 binding sites resulted in
complete loss of the E2-responsiveness of the CYP2B6 promoter. During our study, Lo et al.
reported that E2-activated ER enhances CYP2B6 promoter activity via an ERE located at
-1662/-1650 of CYP2B6 in Huh7 hepatoma cells [32]. However, deletion of part
(-1654/-1650) of the previously reported ERE (i.e., rendering it a half-ERE and 50- to 100-
fold decreased binding to ER [33]) did not affect the E2-responsiveness of CYP2B6 (Fig.
4E). These results suggest that two AP-1 binding sites identified are critical for the CYP2B6
induction by E2 in HepG2 cells.

To further examine the role of the identified AP-1 binding sites, we performed
electrophoretic mobility shift assays. Nuclear extracts, each prepared from HepG2-ER cells
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treated with vehicle or E2, were incubated with the radio-labeled probe encompassing the
distal CYP2B6/A1 or proximal CYP2B6/A2, respectively, in the presence or absence of
indicated unlabeled competitors. Then, the binding reaction samples were resolved on non-
denaturing gels and visualized by using Phosphorimager. Binding complexes between the
nuclear extract from E2-treated HepG2-ER and the CYP2B6 probes were observed (Fig. 5A,
lanes 2 and 7). The binding signal intensity for CYP2B6/A1 was markedly reduced when
unlabeled CYP2B6/A1 probe was added (Fig. 5A, lane 4), but not by CYP2B6/mA1 probe
harboring a mutated Al sequence (Fig. 5A, lane 5). On the other hand, the binding of
nuclear proteins to CYP2B6/A2 probe was inhibited by unlabeled competitors of either
CYP2B6/A2 or CYP2B6/mA2 (Fig. 5A, lanes 9 and 10), suggesting nonspecific or very
weak binding of nuclear proteins to CYP2B6/A2 in vitro. These results suggest that
CYP2B6/ALl is the primary cis-element mediating CYP2B6 induction by E2.

The nuclear proteins from E2-treated HepG2-ER cells showed stronger binding to CYP2B6/
Al (Fig. 5A, lane 3) as compared to that from vehicle-treated cells (Fig. 5A, lane 2),
suggesting that E2 enhanced the binding of nuclear proteins to CYP2B6/A1. Nuclear
proteins from ER-negative parental HepG2 cells showed weak binding to CYP2B6/A1, and
this was not enhanced by E2 treatment (data not shown). To further determine involvement
of ER and AP-1 complex in binding to CYP2B6/A1, we performed an electrophoretic
mobility supershift assay. Nuclear proteins prepared from HepG2-ER cells treated with E2
were incubated with radio-labeled CYP2B6/A1 probes in the presence or absence of
antibodies against ER or components of AP-1 complex (i.e., c-Jun and c-Fos). Antibodies
against ER, c-Jun, or c-Fos significantly decreased the binding signal between nuclear
proteins and CYP2B6/Al (Fig. 5B, lanes 3-5), suggesting inhibition of AP-1 binding to
CYP2B6/A1 by the antibodies. Supershifted bands were not observed likely due to the big
size of the ternary complex of ER and AP-1 proteins with the DNA probe, consistent with
results previously reported [34]. Of note, antibody against ER did not decrease the binding
for consensus AP-1 probe (Fig. 5B, lane 8), indicating that ER association in AP-1 complex
is specific for the CYP2B6/AL site. Antibody against c-Jun further shifted the retarded band
for consensus AP-1 probe (Fig. 5B, lane 9) whereas antibody against c-Fos slightly
decreased the signal of retarded band (Fig. 5B, lane 10). This indicates that proteins bound
to the consensus AP-1 in HepG2-ER cells are composed of c-Jun that may form
homodimers or heterodimers with AP-1 proteins other than c-Fos [35]. Together, these data
suggest that AP-1 proteins bind to CYP2B6/A1 and that upregulation of CYP2B6 by E2 is
mediated by activation of an ER/AP-1 pathway in HepG2 cells.

3.4. Transactivation of ER and CAR synergistically induces CYP2B6 expression

To examine potential crosstalk between ER and CAR, we compared the CYP2B6 promoter
activity under conditions where ER and CAR are activated individually or concurrently. As
an activator of ER, E2 was used at 100 nM, i.e., a concentration that activates ER but not
CAR while CITCO was used as an activator of CAR. HepG2-ER cells were co-transfected
with the pGL3-CYP2B6 [-1839/-12] and CAR expression vector (or the empty vector
pcDNAZ3). The transfected cells were treated with E2 and/or CITCO. In the CAR-transfected
cells treated with either E2 or CITCO, CYP2B6 promoter activity increased by 3.2- and 2.5-
fold, respectively, as compared to that in the vehicle-treated CAR-transfected cells (Fig. 6A,
lane 5 vs. 6 and lane 5 vs. 7, respectively). Interestingly, co-treatment of CAR-transfected
cells with E2 and CITCO increased the promoter activity by 9.1-fold (Fig. 6A, lane 5 vs. 8),
which was greater than the expected additive effects of individual drug treatments. The
apparent synergy was abolished in the absence of ER expression by treatment with
IC1182,780 (Fig. 6A, right).

To further confirm the synergistic action of ER and CAR on CYP2B6 expression, we
examined the effects of E2 and CITCO on CYP2B6 expression in primary hepatocytes.
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Similar to the findings in HepG2-ER cells, co-treatment of E2 and CITCO enhanced
CYP2B6 expression (8.5-fold), the extent of which was greater than the expected additive
induction by individual drug treatments (3.3- and 1.6-fold by E2 and CITCO, respectively)
(Fig. 6B). On the other hand, co-treatment with E2 and CITCO slightly decreased the E2-
mediated induction in expression TFF3 (an ER-responsive gene not regulated by CAR) (Fig.
6B), presumably due to sequestration of coactivators by CAR as previously reported [36].
Together, these results suggest that activated ER and CAR synergistically enhance CYP2B6
promoter activity.

4. Discussion

In this study, using primary human hepatocytes, we have examined the effects of the major
estrogen E2 on hepatic gene expression and showed that E2 enhances CYP2B6 expression,
subsequently leading to increased enzyme activity. CYP2B6 accounts for 15% of overall
CYP-mediated metabolism of marketed drugs, and plays a critical role in metabolism of an
increasing number of clinically important drugs including anti-depressants (e.g., bupropion)
and anesthetics [13]. Our results in primary human hepatocytes show that E2 upregulates
expression of CYP2B6 at concentration reached during pregnancy, suggesting potential
increases in CYP2B6-mediated drug metabolism in pregnant women. Estrone, another
endogenous estrogen whose concentration rises (~100-fold) during pregnancy [3], also
induces CYP2B6 expression in primary hepatocytes to a similar extent to that by E2 (data
not shown). Whether pregnancy indeed increases elimination of CYP2B6 substrates (such as
bupropion) awaits clinical confirmation.

Our results from luciferase assays and nuclear translocation assays suggest that E2 is an
activator of human CAR. Of note, human and mouse CARs exhibit a significant interspecies
difference with respect to ligand specificity; for instance, a mouse CAR ligand, TCPOBOP,
does not serve as a human CAR ligand [27]; and a human CAR ligand, CITCO, does not
activate mouse CAR [19]. Despite prominent interspecies differences in CAR ligand
specificity, interestingly E2 appears to serve as a CAR activator in both mice and humans; a
previous study has shown that E2 upregulates Cyp2b10 expression by activating the
constitutive androstane receptor (CAR) in mice [37]. CAR is known to activate expression
of genes involved in drug elimination, as well as genes modulating lipid and glucose
homeostasis (reviewed in [38]). It appears plausible that the role of E2 as a CAR activator is
conserved in mice and humans (unlike other CAR activators), potentially because certain
functions of CAR-regulated genes are essential for maintenance of normal pregnancy in
both humans and mice.

Our results in HepG2 cells indicate that ER activation by E2 enhances transcriptional
activity of CYP2B6 through a nonclassical mechanism involving AP-1 and CYP2B6/AL.
Although involvement of CYP2B6/A2 is questionable based on our results from EMSA, it
may be possible that certain proteins bind to CYP2B6/A2 only through interactions with
transcription regulators bound in the upstream regulatory region of CYP2B6; the results
from the luciferase reporter assays (Fig. 4D) show that the CYP2B6/AZ2 site is involved in
CYP2B6 induction by E2. Our results indicating CYP2B6 induction by E2 via AP-1
pathway is somewhat different from the report of a recent study in Huh7 cells, where Lo et
al. showed that E2 induces CYP2B6 expression through the classical mechanism of ER
action, i.e., in an ERE-dependent manner [32]. However, partial deletion of the ERE located
upstream of CYP2B6 did not affect E2 induction of CYP2B6 in HepG2 cells (Fig. 4E). This
apparent discrepancy with respect to the role of the ERE may be due in part to the
differential activities of AP-1 proteins or other mediators of ER action in different cell lines.
Cell-line dependent differential activity of c-Jun (a principal component of AP-1 complex)
has been previously reported [39] although in HepG2 and Huh?7 cells, we did not find
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significant differences in AP-1 activity in their nuclear extracts (data not shown). On the
other hand, studies have suggested cell line-dependent activities of other mediators of ER
action such as coactivators ([40] and references therein). Therefore, it appears possible that
ER-mediated regulatory mechanism for CYP2B6 expression may vary in different cell lines
and multiple pathways play a role in CYP2B6 induction in an /n vivo system.

Ligand-activated CAR is known to antagonize ER activity in HepG2 cells by squelching
limited amounts of a shared coactivator [36], suggesting potential antagonism between ER
and CAR upon concurrent activation by E2 (at high concentrations = 1 wM). If this occurs
for CYP2B6 expression, the overall contribution of ER and CAR to CYP2B6 induction by
E2 could be minor. However, our results demonstrate that their actions on CYP2B6
expression are in fact synergistic. Although a detailed molecular mechanism underlying the
cooperative actions of ER and CAR on the CYP2B6 promoter requires further investigation,
it can be speculated as follows. Conventional notion indicates that multiple transcriptional
factors bind to DNA independently, and this leads to an exponential increase in affinity
between the transcription factors and basal transcriptional machinery by thermodynamically
stabilizing the complex [41]. Alternatively, CAR and ER may physically interact through
intermediary factors, based on proximity of the AP-1 motif and PBREM, stabilizing each
other’s binding to DNA and potentiating transcriptional activation of CYP2B6.

Our results in HepG2 cells indicate the E2 concentration required for CAR activation was
high (average concentration = 100 nM), and the activation of CAR by E2 likely occurs only
at high E2 concentrations that are reached during pregnancy. These results suggest that E2
differentially activates ER and CAR in a concentration-dependent manner in the liver (Fig.
7). At low plasma concentrations of E2 reached in nonpregnant women or during early
stages of pregnancy, E2 likely enhances CYP2B6 expression via activation of ER but not
CAR; however, at high concentrations of E2 attained during later stages of pregnancy or in
nonpregnant women using oral contraceptives [42], both ER and CAR are activated and
synergistically upregulate CYP2B6 expression. This suggests that E2 likely exhibits
pregnancy-specific pharmacological activity.

In conclusion, we demonstrate that E2, at high concentrations reached during pregnancy,
enhances expression of CYP2B6 by synergistic actions of ER and CAR. The results imply
that elimination of CYP2B6 substrates may increase during pregnancy, potentially requiring
a dosage adjustment. These findings should have an important clinical impact on drug
therapy in pregnant women as well as on better understanding of the altered physiology
during pregnancy.
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Fig. 1.

E2 enhances CYP2B6 expression. (A) Primary human hepatocytes from 2 donors (HH3 and
HHA4) were treated with increasing concentrations of E2 for 72 hr. mMRNA expression level
of CYP2B6 was determined by qRT-PCR. (B) Primary human hepatocytes from 3 donors
(HH3, HH4, and HH5) were treated with ethanol, E2 (1 M), or CITCO (100 nM) for 72 hr
and mRNA expression level of CYP2B6 was determined. (C and D) Primary human
hepatocytes were treated with ethanol, E2 (1 uM), or CITCO (100 nM) for 72 hr. CYP
activity was then determined by adding a CYP2B6-specific probe drug [100 uM S-
mephenytoin (C) or 10 M bupropion (D)] to the media and measuring concentrations of S-
nirvanol (C) or hydroxybupropion (D) in the media. Data shown are relative S-nirvanol
formation rate in drug-treated hepatocytes as compared to vehicle-treated cells (C) and
cumulative hydroxybupropion production in HH8 (D). CYP2B6 activities were not
determined in CITCO-treated hepatocytes #1, 2, and 6.
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Fig. 2.

E2 activates CAR. (A and B) HepG2 cells were transfected with pGL3-CYP2B6
[-1839/-12], CAR expression plasmid (or pcDNA3) (A) or CAR3 expression plasmid (or
pTracerCMV2) (B), and B-galactosidase expression vector. The transfected HepG2 cells
were treated with ethanol, E2 (1 M), or CITCO (100 nM) for 24 hr, and luciferase assay
was performed. (C) Primary rat hepatocytes were transfected with pEGFP-CAR plasmid,
and treated with DMSO, E2 (1 M), or CITCO (100 nM). After 4 hr incubation with drugs,
cells were fixed and nuclei were stained. The cells were visualized using confocal
microscopy. Scale bar represents 10 um. (D) HepG2 cells were transfected with pGL3-
CYP2B6 [-1839/-12], CAR expression plasmid, and p-galactosidase expression plasmid.
The transfected HepG2 cells were treated with vehicle (DMSO), various concentrations of
E2 (1 or 10 wM), or CITCO (0.1 or 1 M), or phenobarbital (0.1 or 1 mM) in the presence
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or absence of PK11195 (10 wM) for 24 hr, and luciferase assay was performed. Results
represent fold changes in luciferase activity by drug treatment relative to vehicle treatment.
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Fig. 3.
E2 enhances CYP2B6 expression via ER. (A and B) HepG2-ER cells (A) or primary human
hepatocytes (B) were treated with ethanol or E2 (1 M), in the presence or absence of
I1C1182,780 (10 M), for 48 hr, and mRNA expression was determined. (C) HepG2 cells
were co-transfected with a luciferase vector [pGL3-CYP2B6, pGL3-ERES3, or pGL3-basic],
ER expression plasmid (or pcDNA3), and B-galactosidase expression vector. The
transfected HepG2 cells were treated with ethanol or E2 (1 uM) for 24 hr, and luciferase
assay was performed. (D) HepG2 cells were co-transfected with a luciferase vector [pGL3-
CYP2B6 or pGL3-EREZ3], ER expression plasmid, and p-galactosidase expression vector.
The transfected cells were treated with E2 ranging from 100 pM to 1 wM for 24 hr. (E)
HepG2 cells were co-transfected with pGL3-CYP2B6 and one expression vector for an ER
mutant (see text for details) along with B-galactosidase expression plasmid. The ER domain
whose function is inactivated by point mutations is shown in black. The transfected cells
were treated with ethanol or E2 (1 M), and luciferase assay was performed. Results shown
are fold increases in CYP2B6 promoter activity in E2-treated cells relative to the vehicle-
treated control.
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Fig. 4.

Putative AP-1 binding sites are potentially responsible for CYP2B6 induction by E2 in
HepG2 cells. (A) HepG2 cells were co-transfected with a 5”-deletion construct of pGL3-
CYP2B6 (or pGL3-basic), ER expression plasmid, and p-galactosidase expression vector.
The transfected HepG2 cells were treated with ethanol or E2 (1 uM) for 24 hr, and
luciferase assay was performed. (B) HepG2-ER cells were treated with E2 for 45 min. ChIP
assays were carried out using rabbit IgG or an antibody against ER, and the amount of ER-
bound DNA in CYP2B6 or TFF1 upstream regions was examined by gRT-PCR. For
CYP2B6, a primer set that amplifies —1803/-1729 of the gene was used (supplemental
Table 1). (C) Putative AP-1 binding sites (Al and A2), PBREM [13], and ERE [32] within
-1800/-1500 upstream region of CYP2B6 are shown. NCBI reference sequence
NG_007929.1 was used. (D) HepG2 cells were co-transfected with pGL3-CYP2B6
harboring mutations in Al and/or A2 (represented by a black box), ER expression plasmid,
and B-galactosidase expression plasmid. The transfected cells were treated with vehicle
(ethanol) or E2 (1 M), and luciferase assay was performed. (E) HepG2 cells were
transfected with pGL3-CYP2B6 harboring a deletion of part of a putative ERE (i.e., dERE)
or wild type sequences. The transfected cells were treated with ethanol or E2 (1 M), and
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luciferase assay was performed. Results shown are fold increases in CYP2B6 promoter
activity by E2-treatment. n.s., statistically not significant.
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Fig. 5.

ER and AP-1 proteins form a complex at Al site. (A) Nuclear proteins from HepG2-ER
cells treated with ethanol or E2 (1 wM) were prepared and incubated with 32P-labeled
CYP2B6 probe containing CYP2B6/A1 (left) or CYP2B6/A2 (right panel). For indicated
samples, a 33-fold molar excess of unlabeled DNA probe was added to the mixture as
competitors. The DNA and DNA/protein complex were resolved on non-denaturing gel. The
arrow indicates location of shifted bands by apparent AP-1 binding to DNA. DNA
sequences for probes are listed below the gel images, and the putative AP-1 binding sites are
underlined. (B) Nuclear proteins from E2-treated HepG2-ER cells were incubated with

a 32P-labeled CYP2B6/A1 or consensus AP-1 probe in the presence or absence of various
antibodies, and resolved on non-denaturing gel. The arrow indicates location of shifted or
super-shifted bands by apparent AP-1 binding to DNA.
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Fig. 6.

ER and CAR transactivation synergistically enhances CYP2B6 expression. (A) HepG2-ER
cells were co-transfected with pGL3-CYP2B6 [-1839/-12], CAR expression vector (or
pcDNAB), and p-galactosidase expression vector. The cells were treated overnight with
ethanol, E2 (100 nM), CITCO (100 nM), or both E2 and CITCO, and then luciferase assay
was performed. Results shown are fold increases in CYP2B6 promoter activity in drug-
treated cells relative to the vehicle-treated control. (B) Primary human hepatocytes were
treated with ethanol, E2 (100 nM), CITCO (100 nM), or both E2 and CITCO for 72 hr, and
mRNA levels were determined.
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Fig. 7.

Proposed model: ER and CAR that are concurrently activated by E2 at high concentration
synergistically enhance CYP2B6 expression. At low concentration (average concentration <
100 nM), E2 upregulates CYP2B6 expression through an ER/AP-1 pathway. At high
concentration of E2 (average concentration = 100 nM) (e.qg., at full term pregnancy), E2
activates both ER and CAR, which in turn synergistically enhance the promoter activity of
CYP2B6.
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List of genes differentially regulated by E2 in human hepatocytes
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No. Probeset GeneTitle Gene Symbol  Fold Change (E2/Control)
1 205862_at GREB1 protein GREB1 20.10
2 209987_s_at, 209988_s_at, 213768_s_at achaete-scute complex homolog 1 ASCL1 9.54
(Drosophila)

3 211295 x_at, 1494 _f at, 214320 x_at, cytochrome P450, family 2, subfamily A,  CYP2A6 7.20

207244 _x_at polypeptide 6

4 207718_x_at cytochrome P450, family 2, subfamily A, CYP2A7 6.85
polypeptide 7

5 210272_at cytochrome P450, family 2, subfamily B,  CYP2B7P1 6.33
polypeptide 7 pseudogene 1

6 206755_at cytochrome P450, family 2, subfamily B, CYP2B6 4.98
polypeptide 6

7 206325_at serpin peptidase inhibitor, clade A SERPINA6 4.78
(alpha-1 antiproteinase, antitrypsin),
member 6

8 225987 _at STEAP family member 4 STEAP4 2.50

9  210521_s_at fetuin B FETUB 2.46

10  206292_s_at, 206293 _at sulfotransferase family, cytosolic, 2A, SULT2A1 2.42
dehydroepiandrosterone (DHEA)-
preferring, member 1

11 218245_at tsukushin TSKU 2.16

12 208383_s_at phosphoenolpyruvate carboxykinase 1 PCK1 2.15
(soluble)

13 229331_at spermatogenesis associated 18 homolog SPATA18 2.04
(rat)

14 239594 at hypothetical LOC145837 LOC145837 1.96
15  222102_at glutathione S-transferase alpha 3 GSTA3 1.92
16  215506_s_at DIRAS family, GTP-binding RAS-like3 ~ DIRAS3 1.77
17 239650_at Nck-associated protein 5 NAP5 1.70
18  228489_at transmembrane 4 L six family member 18  TM4SF18 1.69
19  203362_s_at MAD?2 mitotic arrest deficient-like 1 MAD2L1 1.67

(yeast)
20  208327_at cytochrome P450, family 2, subfamily A, CYP2A13 1.66
polypeptide 13

21 227198 at AF4/FMR2 family, member 3 AFF3 1.65

22 225511_at G protein-coupled receptor, family C, GPRC5B 1.64
group 5, member B

23 230009_at family with sequence similarity 118, FAM118B 1.63
member B

24 213293 s_at tripartite motif-containing 22 TRIM22 1.62
25  203196_at ATP-binding cassette, sub-family C ABCC4 1.62

(CFTR/MRP), member 4

26 226028_at roundabout homolog 4, magic ROBO4 1.58

roundabout (Drosophila)

27  202731_at, 202730_s_at, 212593_s_at programmed cell death 4 (neoplastic PDCD4 1.56

transformation inhibitor)

28 223652_at arsenic (+3 oxidation state) AS3MT 1.56

methyltransferase
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No. Probeset GeneTitle Gene Symbol  Fold Change (E2/Control)
29  216687_x_at UDP glucuronosyltransferase 2 family, UGT2B15 1.56

polypeptide B15
30 202878_s_at cytohesin 1 CYTH1 1.56
31  218096_at 1-acylglycerol-3-phosphate O- AGPATS5 1.52
acyltransferase 5 (lysophosphatidic acid
acyltransferase, epsilon)
32 243998 _at schlafen family member 5 SLFN5 151
33 204521 at chromosome 12 open reading frame 24 C12orf24 1.51
34 227425_at, 242571 _at RALBP1 associated Eps domain REPS2 1.50

containing 2
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