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Abstract

Estrogen receptor a (ERa) mediates the biological actions of estrogens and also contributes to the
development and progression of breast cancer. To gain a more comprehensive understanding of
ERa-mediated transcription, we used chromatin immunoprecipitation and promoter focused
microarrays (ChlP-chip) to identify ERa binding sites in T-47D human breast cancer cells.
Transcription factor binding site analysis revealed that the estrogen response element (ERE) was
significantly over-represented and was found in 50% of the 243 ERa-bound regions identified.
Interestingly, multiple ERa-bound regions were detected in the upstream regulatory sequences of
the CYPZB gene cluster. Because ERa has been reported to regulate the expression of other
cytochrome P450 enzymes and CYP2B6 is highly expressed in ERa.-positive breast tumors, we
focused on characterizing the ERa-dependent regulation of CYP2B6. Reporter gene assays
revealed that ERa and ERp increased C YP2B6-regulated gene expression through a functional
ERE located at —1669 to —1657 in the upstream regulatory region of CYPZB6. E2 increased ERa
and nuclear receptor coactivator 3 (NCoA3) recruitment to the 5’-flanking region of CYP2B6, and
increased CYP2B6 mRNA levels in T-47D but not in MCF-7 human breast cancer cells. RNAI-
mediated knockdown of ERa in the T-47D cells resulted in a significant decrease in CYP2B6
MRNA levels. Taken together, our study provides evidence for cell-type specific transcriptional
regulation of the CYP2B6 gene by ERs.
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1. Introduction

Estrogens act through their nuclear receptors, estrogen receptor a (ERa; NR2A1) and ERB
(NR3AZ2) to regulate diverse transcriptional responses that include both stimulation and
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repression of gene expression [1]. ERs share the evolutionarily conserved functional
domains typical of other nuclear receptor family members [2]. These include the amino-
terminal activation function-1 (AF1) domain, the centrally located DNA-binding domain
(DBD) and the carboxy-terminal ligand-binding domain (LBD), which also contains the
ligand-dependent activation function-2 (AF2) region that is important for interaction with
coactivators [3]. Ligand binding induces conformational changes in the receptors resulting in
homodimerization and subsequent DNA binding. ER homodimers bind to perfect and
imperfect palindromic DNA sequences termed estrogen responsive elements (ERES) located
in the regulatory region of their target genes. Once bound to DNA, ERs act as nucleation
sites for the recruitment of chromatin remodeling complexes and co-regulators (i.e. nuclear
receptor coactivator 3 (NCoA3), p300/Creb binding protein), and the assembly of basal
transcriptional machinery [4]. ERs also regulate transcription via half-site EREs and by a
tethering mechanism that involves protein:protein interactions with other DNA-bound
transcription factors, including activating protein 1 and stimulating protein 1 [4].

Estrogens are critical for the growth, development and differentiation of the mammary
gland. ER expression in breast cancer is associated with improved responsiveness to
endocrine targeted therapies, such as treatment with the anti-estrogen tamoxifen to reduce
ER activity or treatment with aromatase inhibitors to deplete estrogen levels [5]. In addition
to increasing the expression of genes that regulate cell proliferation and cancer development,
ERa has also been reported to regulate the expression of many drug metabolizing enzymes,
including cytochrome P450 1A1 (CYP1Al), CYP1B1, and CYP2AG6 [6-8], many of which
are involved in the metabolism of estrogens. Two recent studies have reported higher
CYP2B6 expression in ERa-positive compared to ERa-negative breast tumors [9,10],
implicating CYP2B6 as an ERa. target gene. ER-dependent regulation of the aforementioned
drug metabolizing enzymes may contribute to alterations in endogenous steroid levels as
well as increased metabolism or bioactivation of therapeutic agents and xenaobiotics.

Hepatic CYP2B genes are the most inducible CYP isoforms by phenobarbital (PB)-type
inducers. CYP2B6 is expressed in the human liver, where it constitutes approximately 6% of
total microsomal P450s [11], but it is also expressed in extra-hepatic tissues including the
intestine, kidney, lung, skin, brain and mammary gland [12-14]. CYP2B6 metabolizes a
wide variety of pharmaceutical agents including cyclophosphamide, buproprion and
tamoxifen; environmental contaminants such as aflatoxin B and dibenzanthracene; nicotine
and methylenedioxymethamphetamine (MDMA “ecstasy”) [15,16]. CYP2B6 expression is
regulated through the constitutive androstane receptor (CAR; NR113), a member of the
nuclear receptor superfamily of transcription factors [17]. Upon nuclear translocation, CAR
associates with its dimerization partner retinoid X receptor (RXR; NR2B1). The CAR-RXR
complex binds the phenobarbital-responsive enhancer module (PBREM) and recruits co-
regulator proteins to modulate target gene expression, such as CYP2B6[18]. Although CAR
has long been recognized as a key regulator of CYP2B, emerging evidence suggests that
other nuclear receptors such as pregnane X receptor (PXR; NR112) [19] and glucocorticoid
receptor (GR; NR3C1) [20], and liver enriched transcription factors are also involved in the
regulation of this gene [21]. Interestingly, many of the potent inducers of CYP2B6
expression are ligands for PXR but not CAR [22]. Putative glucocorticoid response elements
(GREsS) present in the upstream regulatory regions of mouse CypZb10and rat CYP2B1/2are
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also responsive to the synthetic glucocorticoid, dexamethasone (DEX) [23,24]. DEX
treatment has been reported to be required for maximum induction of Cyp2b10 expression
by activators of CAR [23]. It is unclear if GR is involved in the regulation of CYP2B6, since
the CYPZB6 promoter region does not contain a GRE. However, activation of GR has been
reported to increase the expression of PXR and CAR in human hepatocytes [25]. Estrogens
have also been implicated in the regulation of Cyp2b10with one study reporting that high
doses (M) of 17p-estradiol (E2) activate mouse but not human CAR [26]. However, direct
regulation of CYPZ2B6by ERs has not been determined.

Recent studies using chromatin immunoprecipitation (ChIP) combined with microarrays
(ChlP-chip) have identified several ERa-bound regions across the genome [27,28]. A
number of breast cancer cell lines have been used in /in vitro studies of estrogen responses,
but most of the data, including genome-wide analyses of ERa. binding sites, have come from
experiments using MCF-7 cells [27-30]. MCF-7 cells express higher ERa levels than T-47D
human breast cancer cells, while both cell lines expressing low, but similar, levels of
ERB[31,32]. Although MCF-7 and T-47D cells exhibit similar global gene expression
profiles in response to E2 treatment [33], significant differences in the expression of many
genes have been reported [10]. Determining ERa binding profiles in other ERa.-positive
breast cancer cell lines, such as T-47D, will ensure that any cell line-specific differences in
ERa action are not overlooked. In the present study, we performed ChIP-chip to identify
ERa-bound genomic regions in T-47D human breast cancer cells. One of the ERa.-bound
regions identified was located in the 5’-regulatory region of CYP2B6. Reporter gene assays,
MRNA expression and protein expression analysis provide evidence for ER-dependent
regulation of CYP2Be6.

2. Material and methods

2.1. Chemicals

Dimethyl sulfoxide (DMSO), 17p-estradiol (E2) and ICI 182,780 were purchased from
Sigma (St. Louis, MO). Primers for quantitative real-time polymerase chain reaction (QPCR)
were purchased from Integrated DNA Technology (Coralville, lowa, USA). Cell culture
media, fetal bovine serum (FBS) and trypsin were purchased from Wisent (St. Bruno,
Canada). All other chemicals and biochemicals were of the highest quality available from
commercial vendors.

2.2. Plasmids

To generate pGL3p-2B7P, the ChIP-chip isolated region_6 (chr19: 46,118,736 to
46,119,920) was amplified from T-47D genomic DNA and cloned into the Kpnl and Bglll
sites of pGL3 promoter vector using primers: 5”-
CAAAGGTACCCCACTGGTGCTTCACCCTGG-3” and 5'-
CAAAAGATCTTCCTTTATCAGTCCTTCTGTGAC-3". The restriction enzyme sites used
in the cloning are underlined. Region_6 was approximately 68-kb upstream from CYPZ2B6,
but was also approximately 10-kb upstream from CYP2B7P, so we named the plasmid
pGL3p-2B7P. The pGL3p-2B7P plasmid contained region_6 upstream of the S\V40
promoter, allowing us to study the E2-dependent regulation of the isolated ERa.-bound
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region. To generate pGL3-2B6, we amplified approximately —1.8 kb of the 5”-flanking
region of CYP2B6 promoter (chrl9: 46,187,266 to 46,189,032) from T-47D genomic DNA
using primers: 5"-CAAAGGTACCGTGTGTAAAGCACTTCACGCCT-3” and 5'-
CAAAAGATCTCTGCACCCTGCTGCAGCCT-3’. The restriction enzyme sites used in the
cloning are underlined. This sequence included region_42 (chr19: 46,187,186 to 46,187,511)
identified from our ChIP-chip experiments. The —1.8 kb 5’-flanking region was cloned into
the Kpnl and Bglll sites of pGL3 basic vector to create pGL3-2B6, which included 60-bp
downstream of the TATA-box promoter of CYP2B6 generating a plasmid that is similar to
-1.6 k/PBREM plasmid described by others [34]. PGL3-2B6_EREmut was created by site-
directed mutagenesis using the following primers: 5'-
GCTCCTCCTGTTTCAAAGTAAC-3" and 5" -GTTACTTTGAAACAGGAGGAGC-3 in
region_42. For the plasmid pGL3-2B6_AERE, a Kpnl site was introduced downstream of
the ERE using the following primers: 5-CAGGTCCTGGTACCAGCAAAGG-3” and 5'-
CCTTTGCTGGTACCAGGACCTG-3". Kpnl digestion removed a 156 bp DNA fragment
containing both the PBREM and putative ERE. The linear plasmid was then ligated creating
pGL3-2B6_AERE. pSG5 ERa and pSG5 ER were generous gifts from Prof. Jan-Ake
Gustafsson (University of Houston, TX, USA). For the plasmid pSG5 ERa DBD, E203A
and G204A mutations were introduced to the DNA-binding domain of ERa using the
following primers: 5'-GTCTGGTCCTGTGCGGCCTGCAAGGCCTTC-3” and 5'-
GAAGGCCTTGCAGGCCGCACAGGACCAGAC-3". All mutations were verified by DNA
sequencing.

2.3. Cell culture

T-47D human breast carcinoma cells were cultured in Dulbecco’s modified Eagle’s medium
and F12 medium in a 1:1 mixture ratio (DMEM:F12), supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin—streptomycin (PEST). HuH-7 human hepatoma cells were
cultured in high glucose DMEM supplemented with 10% FBS and 1% PEST. MCF-7 human
breast carcinoma cells were cultured in DMEM, supplemented with 10% FBS and 1%
PEST. In experiments investigating the effect of E2, cells were plated in phenol red free
media, supplemented with 5% dextran-coated charcoal (DCC) treated FBS for 72 h before
transient transfection. All cells were maintained at 37 °C in a 5% CO» environment and
subcultured at 80% confluency.

2.4. Chromatin immunoprecipitation and ChlIP-chip

ChIP assays were performed as described by Matthews et al. [7]. Chromatin was sonicated
to an average size of 500 bp. T-47D and MCF-7 cells were grown in phenol red free media
supplemented with 5% DCC-FBS and 1% PEST for 3 days and treated with either 0.1%
DMSO, 10 nM E2, 100 nM ICI 182,780, or 10 nM E2+100 nM ICI 182,780 for 1 h or 4 h.
The isolated chromatin was incubated with 0.8 g of either normal rabbit IgG, anti-ERa
(HC-20; Santa Cruz Biotechnology, Santa Cruz, CA) or anti-NCoA3 (M-397; Santa Cruz).
Promoter occupancy was quantified using quantitative real-time PCR (qPCR). Primer
sequences are provided in Supplementary File 1.

For the ChIP-chip experiments, T-47D cells were plated in 10-cm dishes in DMEM:F12
supplemented with 10% FBS and 1% PEST. After 48 h, ChIP assays were performed as
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previously described [7]. Immunoprecipitated DNA from 10 cm/antibody was linearly
amplified using Primer A: GTTTCCCAGTCACGGTC(N)g and Primer B:
GTTTCCCAGTCACGGTC according to the manufacturer’s instructions (Affymetrix, Santa
Clara, CA). Linearly amplified DNA (7.5 ug) was fragmented by limited DNAsel digestion
and hybridized to Affymetrix human promoter tiling arrays 1.0R. Hybridization and washing
steps were performed according to the manufacturer’s protocol. Data were normalized and
analyzed using CisGenome [35]. Enriched peaks were determined by comparing triplicate
anti-ERa immunoprecipitated samples to 1gG using a moving average approach and the
default settings in CisGenome using hg18 [36]. Regions were merged if the gap between
them was <300 bp and the number of probes failing to reach the cut-off was <5. Regions
were discarded if they were <120 bp or did not contain at least 5 continuous probes above
the cut-off.

2.5. cis-Regulatory element search

To calculate the enrichment of individual c/s-regulatory elements, we performed a position
weight matrix (PWM) search across the ChlP-enriched sequences using an in-house c¢/s-
regulatory element search application. Our application was written in Ruby (v 1.8.6) and
used the RinRuby package for connectivity to the R statistical interpreter (v 2.8.1). We first
searched all of the 243 enriched sequences at 1% FDR using all of the JASPAR (http://
jaspar.cgb.ki.se/) PWMs for human, mouse, rat or undeclared species (i.e., denoted as “~").
Our algorithm defined putative binding sites as those within a ChlP-chip site that exceeded
our matrix similarity score cut-off of 0.80. For comparison purposes, the application also
counted the average number of times a putative c/s-regulatory element occurred within 100
randomly generated sequences based on the same nucleotide frequencies as the ChlP-chip
site. Site-based and whole dataset enrichment probability scores were calculated using a
Bayesian probabilistic method. For the site-based enrichment probability, we used the
cumulative rather than regular probability for ease of biological interpretation. For the whole
dataset enrichment, we calculated the total counts from all of the ChIP-chip sites and the
total random counts from all of the sites, and performed Poisson-based probability
calculations.

2.6. Transient transfections and reporter gene assays

HuH-7 cells were plated in 12-well dishes in DMEM medium containing either 10% FBS or
phenol red free DMEM containing 5% DCC-FBS. Twenty-four hours after plating, the cells
were transfected with pSG5-ERa., pSG5-ER, and luciferase reporter vectors using
Lipofectamine 2000 (Invitrogen Corp., Burlington, Canada). The cells were dosed 24 h post-
transfection with either 0.1% DMSO (solvent), 10 nM E2, 100 nM ICI 182,780, or 10 nM
E2+100 nM ICI 182,780. The following day, cells were lysed and luciferase activity was
determined according to the manufacturer’s instructions (Promega, Madison, WI). The
firefly luciferase activity was normalized to that of the renilla luciferase (Promega) and the
normalized data were presented relative to empty vector control.

2.7. RNA isolation, cDNA synthesis, and quantitative real-time PCR

T-47D and MCF-7 cells were dosed for 6 h with either 0.1% DMSO, 10 nM E2, 100 nM ICI
182,780, or 10 nM E2+100 nM ICI 182,780. RNA was isolated using RNeasy Mini Kit as
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described by the manufacturer (Qiagen, Mississauga, Canada). Half a microgram of the
isolated RNA was reversed transcribed using random hexamer primers and Super-Scriptl|
Reverse Transcriptase (Invitrogen). The cDNA was amplified with the appropriate primers
(Primer sequences are provided in Supplementary File 1), and quantified using SYBR green
(Bio-Rad Laboratories, Mississauga, Canada).

2.8. Western blot analysis

Western blots were performed as described previously [37], using anti-ERa (HC-20; Santa
Cruz), anti-B-actin antibody (Sigma) or anti-CYP2B6 antibody (AB1283; Chemicon
International, Temecula, CA). Enhanced chemiluminescence (ECL) reagents from GE
Healthcare (Mississauga, Canada) and film from Denville Scientific (Saint-Laurent, Canada)
were used to detect the specified proteins.

2.9. Small interfering iRNA

ERa knockdown experiments were performed as described previously [37], using ERa
(J-003401-11-0020 and J-003401-14-0020), non-targeting #2 (D-001810-02-20; targeting
luciferase) ON-TARGETplus siRNAs and DharmaFECT1 transfection reagent were
purchased from Dharmacon (Lafayette, CO). Briefly, T-47D cells were seeded 300,000 per
well in six-well plates containing 2 ml of medium. After 24 h, 100 nM of each siRNA
against ERa or luciferase was transfected into T-47D cells using 4 pl of DharmaFECT1.
Changes in mRNA and protein levels were assessed 48 h post-transfection.

2.10. Statistical analysis

3. Results

All results are expressed as meanststandard error of the means (S.E.M.). Statistical analysis
was calculated using GraphPad Prism 5 statistical software (San Diego, CA). One-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests and the
Student’s two tailed £tests were used when appropriate. Statistical significance was assessed
at p<0.05.

3.1. Estrogen receptor binding sites in T-47D cells

To identify the ERa binding sites in T-47D human breast cancer cells, we performed ChIP-
chip assays on cells plated in medium containing 10% FBS and cultured for 48 h to reach
85% confluency. ERa was active under these conditions due to residual levels of estrogens
in the serum [38]. ELISA assays showed that the E2 concentration in our medium was
approximately 0.1 nM (data not shown). Therefore due to the level of residual estrogens in
the serum-containing medium, exogenous E2 was not added to the medium prior to
performing the ChIP-chip assays. Chromatin was isolated using either an anti-ERa antibody
or normal rabbit 1gG and linearly amplified DNA was hybridized to Affymetrix Human
tiling 1.0R microarrays. We performed three biological replicates and data were normalized
and analyzed as described in the Materials and methods. We identified 243 promoter regions
bound by ERa using a false detection rate (FDR) of 1%. The identified regions were
assigned a relative rank by CisGenome where the region number correlates with statistical
significance such that region 1 represents the highest ranked region within the data set [35].
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The identified regions corresponded to 217 putative ERa target genes, since in some cases a
gene contained multiple ERa-bound regions in its 5’-flanking region. A BED file containing
genomic coordinates based on hg18 for the identified regions and the corresponding genes is
provided in Supplementary File 2.

We then compared our ERa-bound regions in T-47D cells to those identified in a genome-
wide analysis of ERa-binding sites in MCF-7 cells that were cultured in estrogen-reduced
serum for 72 h before treating cells with 100 nM E2 [27]. Only 88 regions (36%) overlapped
with at least 50% sequence identity between the two data sets (Fig. 1). This relatively low
level of overlap could be due to differences in data analysis software used or culture
conditions between the two studies. However, the low level of overlap in identified regions
might also reflect cell-specific differences in ERa-action between the two breast cancer cell
lines.

To determine which c/s-regulatory elements were significantly over-represented in the
isolated ChlP-chip regions, we performed a position weight matrix (PWM) search across the
ChiIP-enriched sequences. Our analysis identified 36 transcription factor motifs that were
significant at p<0.01 (Table 1 summarizes the top ranking transcription factor motifs; see
Supplementary File 3 for the complete list). The ERE, or ESR1 binding motif as defined in
the JASPAR database (http://jaspar.cgh.ki.se/), was significantly over-represented in the
ERa-bound regions. Overall, approximately 50% of the 243 regions contained an ERE.

3.2. Confirmation of ChIP-chip results

To verify the results obtained from the ChlP-chip analysis and determine the E2-dependent
recruitment of ERa to the regions identified from the analysis, we performed conventional
ChIP on T-47D cells grown for 3 days in a steroid-reduced medium before treatment with E2
for 1 h. We selected 13 ERa-bound regions to further investigate. The binding regions were
chosen to cover a range of enrichment values but also included known ERa.-regulated genes.
Gene names and region numbers shown in bold font indicate that these sequences contained
at least one ERE. E2-dependent recruitment of ERa was confirmed in all 13 regions
examined, although the fold enrichments varied among them (Fig. 2A). Some of the
identified regions included known estrogen target genes such as gene regulated in breast
cancer 1 (GREBI), RAS-like estrogen-regulated growth inhibitor (RERG) and estrogen
receptor a (ESRI) (Fig. 2B). Surprisingly, ERa binding to trefoil factor 1 ( TFFI), a gene
routinely used to study ERa-mediated transcription [39], was not detected under our assay
conditions. Several of the identified ERa-bound regions have not been previously reported
in ChIP-chip studies using MCF-7 cells [27-29], including region_6 and region_42 that map
to the 5’-regulatory regions of CYP2B7Pand CYP2B6, respectively (Fig. 2B). Since
CYP2BS6 is involved in the metabolism of several clinically important drugs and it has been
reported to correlate with ERa expression [10], we studied the ER-dependent regulation of
CYPZB6.

3.3. ER expression positively correlates with CYP2B6 levels

To investigate the ER-dependent regulation of CYP2B6, we first cloned a ~1.8 kb fragment
upstream from the CYP2B6 start site, which included region_42. Transcription factor
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binding site analysis identified a putative ERE located approximately —1669 to —1657 bp
upstream of the CYPZ2B6 start site, which is also located 40 bp downstream of the CAR and
PXR responsive PBREM. The putative ERE is an imperfect palindromic sequence
(GGTCANNNTAACT) compared to the vitellogenin A2 ERE (GGTCAnnnTGACC) [40].
Region_6 contained three putative EREs with the same sequences as the ERE in region_42
(Fig. 2C). Comparative genomic analysis revealed that the ERE present in the regulatory
region of CYP2B6was not conserved in the 5”-regulatory region of the mouse homolog
Cyp2b10nor in the rat homolog Cyp2B1 (data not shown). This suggests that the direct
regulation of CYP2B6 by ERs might exhibit species-specificity and be observed in humans
but not in mice or rat models.

To investigate the transcriptional activation of CYP2B6by ERs, luciferase reporter assays
were performed (pGL3-2B6) with increasing amounts of ERa or ERp in ER-negative
HuH-7 human hepatoma cells. The reporter activity of pGL3-2B6 (Fig. 3A and C) or
pGL3p-2B7P (Fig. 3B and D) increased with increasing amounts of ERa or ERpB. To
determine the E2-dependent regulation of CYP2B6, HuH-7 cells were plated in a steroid-
deprived medium and pGL3-2B6 and pGL3p-2B7P were transiently transfected with fixed
amounts of ERa or ER. In HuH-7 cells transfected with either ERa or ER, treatment with
10 nM E2 caused a significant increase in luciferase activity for both pGL3-2B6 (Fig. 3E
and G) and pGL3p-2B7P (Fig 3F and H), which was inhibited by co-treatment with the ER
antagonist, ICI 182,780.

We then introduced two point mutations in the ERE to create pGL3-2B6_EREmut to
determine the role of the ERE in the CYPZ2B6 promoter at mediating the ERa-dependent
induction of CYP2B6. We also created a promoter truncation, pGL3-2B6_AERE where the
putative ERE was removed. E2-induced and ERa-dependent luciferase activity was not
observed in cells transfected with pGL3-2B6_EREmut and pGL3-2B6_AERE (Fig. 4A). In
agreement with these findings, the introduction of two mutations, E203A and G204A, in the
ERa DNA-binding domain (DBD) which prevented ERa.-dependent regulation of ERE-
mediated responses [41], reduced the ERa-dependent regulation of pGL3-2B6 (Fig. 4B).
Western blots showed that wild-type ERa and DBD mutant were expressed at similar levels,
indicating that differences in reporter gene expression were not due to reduced protein levels
(Fig. 5C).

3.4. ERa regulates CYP2B6 expression in an E2-dependent manner in T-47D cells

To investigate the effect of E2 and I1CI 182,780 on CYP2B6 mRNA expression, we isolated
RNA from T-47D cells treated with E2 alone, ICI 182,780 alone, or in combination. A
modest but statistically significant increase in CYP2B6 mRNA levels was observed in cells
treated with 10 nM E2 for 6 h (Fig. 5A) and 24 h (data not shown). Co-treatment with 100
nM ICI 182,780 reduced the E2-dependent increase in CYP2B6 mRNA levels. ICI 182,780
treatment alone had no significant effect on CYP2B6 mRNA expression. We did not observe
any increases in CYP2B7P mRNA expression level (data not shown). Western blot analysis
revealed a modest E2-dependent increase in CYP2B6 protein expression at 24 h (Fig. 5B).
ChIP assays showed an E2-dependent increase in recruitment of ERa to the ERE in the 5”-
regulatory region of CYPZB6 at 1 h; however, detectable ERa occupancy was evident in
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DMSO samples (Fig. 5C). ERa recruitment returned to a basal level after 4 h of E2
treatment (Fig. 5C). Although the inhibitory effect of ICI 182,780 on ERa recruitment to the
5’-regulatory region of CYP2B6was not apparent after 1 h of treatment, ICI 182,780
significantly reduced E2-dependent recruitment of ERa after 4 h (Fig. 5C). RNAi-mediated
knockdown of ERa. using two different siRNAs targeting ERa resulted in an approximately
30% reduction in CYP2B6 mRNA expression levels (Fig. 6A). This finding demonstrates
that ERa plays a role in regulating CYPZB6.

3.5. Differential recruitment of ERa and NCoA3 is associated with altered expression of
TFF1 and CYP2B6 in MCF-7 and T-47D cells

The estrogen responsive TFFI gene was not identified in our ChlP-chip study in T-47D
cells, whereas previous studies in MCF-7 cells have not reported ERa occupancy at
CYP2B6[27,28]. To investigate these discrepancies between our study and previous studies
[27,28], we evaluated the regulation of 7FF1, CYPZB6 and the estrogen responsive GREB1
in T-47D and MCF-7 cells. In agreement with another report [10], we observed increased
levels of CYP2B6 mRNA expression in T-47D compared to MCF-7 cells (Fig. 7A).
Moreover, T-47D cells exhibited an E2-dependent increase in CYP2B6 mRNA expression
that was not observed in MCF-7 cells. Although E2-induced a two-fold increase in TFF1
mRNA levels in both cell lines, the basal level of TFF1 mRNA was three orders of
magnitude higher in MCF-7 cells compared to T-47D cells (Fig. 7B). Similar E2-dependent
increases in GREB1 mRNA levels were observed in both T-47D and MCF-7 cells, but the
expression levels of GREB1 were higher in MCF-7 compared to T-47D cells (Fig. 7C). ChIP
assays were performed to examine if the observed differences in TFF1 and CYP2B6
expression levels were due to altered recruitment of ERa and/or nuclear coactivator 3
(NCoA3/SRC3/pCIP/AIBL). NCoA3 was chosen over the related coactivators, NCoAl and
NCoAZ2, since it is frequently amplified and overexpressed in human breast cancer and has
been shown to enhance estrogen-dependent transactivation [42]. MCF-7 cells are known to
express higher relative levels of NCoA3 compared to T-47D with both cell lines expressing
similar levels of NCoAl and NCoA2 [42]. We observed an increased E2-dependent
recruitment of ERa and NCoA3 to the 7FF1 promoter region in MCF-7 cells but not in
T-47D cells (Fig. 8A and D). In contrast, E2-dependent increases in ERa and NCoA3
recruitment to the CYP2B6 ERE region were observed in T-47D cells but not in MCF-7
cells (Fig. 8B and E). E2-dependent increases in recruitment of ERa and NCoA3 to GREB!I
Enh3were observed in both T-47D and MCF-7 cells (Fig. 8C and F). The fold recruitment
levels of ERa. and NCoA3 at GREB1 Enh3were similar between the two cell lines, but the
absolute magnitude of ERa and NCoA3 occupancy was higher in MCF-7 than in T-47D
cells.

4. Discussion

The regulation of CYPZB6is important in drug metabolism and xenochemical toxicity [15].
Most studies on CYPZB6 regulation have focused on the transcriptional induction mediated
by xenobiotics, where the main focus of the studies was the transcriptional regulation of
CYP2B enzymes by CAR [16]. However CAR does not operate alone in the transactivation
of P450 genes, but rather works in concert with several transcription factors, nuclear
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receptors, and coactivators to control signaling pathways that regulate lipids, bile acids, and
hormone homeostasis [43]. Moreover, there are few reports assessing the regulation of
CYPZ2B6 in extra-hepatic tissues.

In this study, we demonstrate the ER-dependent regulation of CYP2B6in different human
cancer cell lines. Because we detected ERa binding sites in the upstream regulatory region
of CYP2ZB6 gene using ChIP-chip, we characterized the ER-dependent regulation of
CYPZ2B6 gene. qPCR and Western blots revealed that the CYP2B6 mRNA levels were
increased in an ER-dependent manner. After analysis of truncated promoters and mutant
construct reporters for the gene, we found that ERs increased CYP2B6 promoter activity
through an ERE site in the upstream regulatory in that gene. ChlP assays confirmed the E2-
dependent recruitment of ERa to the 5”-flanking region of CYP2B6 and a distal estrogen
responsive region upstream of CYP2B7P, although no changes in CYP2B7P mRNA levels
were observed. A significant level of ERa occupancy to both the 5”-regulatory regions of
CYPZB6and CYPZB7Pwere apparent in the absence of E2. Previous studies have also
reported significant ERa. binding to different E2-responsive target promoters in the absence
of ligand [27,33]. The high level of basal binding of ERa is unclear, but it might be due to
very low levels of estrogens or growth factors present in our estrogen-reduced serum-
containing medium. In support of this notion, prolonged treated with ICI 182,780, an anti-
estrogen that promotes proteolytic degradation of ERa., reduced the level of ERa occupancy
below basal levels at both CYP2B6and CYP2B7P.

Previous studies have reported that high doses of E2 (10 uM) activate mouse CAR, but not
human CAR assayed under the same experimental conditions [26]. The authors concluded
that the E2-dependent increase in Cyp2b10 protein levels was independent of ER, since the
potent synthetic ER agonist, diethylstilbestrol had no effect. However, this might not be the
case for the regulation of CYP2B6. Here we show that physiological levels of E2 induce
CYP2B6 mRNA and protein levels in an ERa-dependent manner, but also in a cell line
selective manner. The ER action was mediated through an ERE located at —1669 to —1657
bp upstream of the CYP2B6 start site and with 40 bp of the PBREM sequence. The ERE site
in human CYP2B6 is not conserved in mouse Cyp2b10, which may explain that the reported
E2-dependent changes in Cyp2b10 expression levels might be ER-independent in mice. The
proximity of the ERE to the PBREM site suggests that crosstalk between CAR and ERa at
the CYP2B6 promoter may occur in tissues where both receptors are expressed. Ongoing
reporter gene assays revealed that ERa potentiates CAR-mediated regulation of CYP2B6
expression in HuH-7 hepatoma cells (Raymond Lo and Jason Matthews unpublished
results). Activating transcription factor (ATF) 5 and members of the CCAAT/enhancer-
binding protein have also potentiate CAR-dependent regulation of CYP2B6 in human
hepatocytes and hepatoma cells [21]. ERa is expressed in liver tissue, and has important
regulatory roles in hepatic signaling [44], thus ER might serve as another hepatic regulator
of CYP2B6 expression. Furthermore, given that ERs are expressed in several extra-hepatic
tissues, it is possible that ERs might also serve as an extra-hepatic regulator of CYP2B6.
Further investigation is needed to understand the specific transcriptional environment that
determines the role of ERs in tissue-specific regulation of CYPZ2B6.
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CYP2B6 metabolizes a wide range of xenobiotics and endogenous compounds and is an
important regulator of hormone homeostasis [45]. CYP2B6 catalyzes the hydroxylation of
testosterone [46,47] and thus indirectly influences E2 levels. Since, ERs are also known to
regulate the expression of CYP1A1 and CYP1B1, both of which metabolize endogenous
estrogens [8,48-50], the ER-dependent regulation of CYPs may be part of a regulatory
mechanism to control estrogen and/or other hormone levels.

A comparison of the ChlP-chip data from T-47D cells with similar studies using MCF-7
cells [27,28] revealed that only about a third of the identified ERa.-bound regions overlapped
with ERa-bound regions following E2-treatment of MCF-7 cells [27]. The cell line-specific
differences in ERa-bound regions might be due to differences in assay conditions, array
platforms and data analysis strategies between the studies [27,28]. In terms of CYP2B6, E2-
dependent regulation of this gene was evident in T-47D but not MCF-7 cells. Conversely, the
recruitment level of ERa to the promoter region of 7/F1 was not observed in T-47D cells
after 1 h of E2 treatment. These differences were due to cell line-specific differences in E2-
dependent occupancy of ERa and NCoA3. Despite the lack of E2-induced recruitment of
ERa to 7FF1in T-47D cells, we observed a 2-fold increase in TFF1 mRNA levels. This
may be due to differences in sensitivity between ChIP assays and mRNA expression
determination by gPCR. Nevertheless, the identification of different ERa-bound regions
between the two cell lines highlights the importance of studying ERa activity in multiple
breast cancer cell lines to obtain a complete understanding of ERa-dependent transcription.

In the studies reported here, we have established that ERs regulate CYP2B6 expression
through direct binding to an ERE located in the CYP2B6 promoter, but in a breast cancer
cell line selective manner. Our data add ERs to the growing list of transcription factors
involved in the regulation of CYP2B6 expression. We have also demonstrated differential
ERa-mediated gene expression in two commonly used ERa-positive breast cancer cell
lines, indicating that it is necessary to use multiple cancer, immortalized, and/or primary cell
lines to gain a more accurate understanding of ER-mediated transcription.
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88

Fig. 1.
ERa-bound regions in T-47D cells. Comparison of the ERa.-bound regions identified in the

current study (T-47D) with those reported in a genome-wide analysis in MCF-7 cells [27].
As shown in the Venn diagram 88 of the 243 regions identified in our study overlapped with
at least 50% sequence identity to those reported previously [27].
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Fig. 2.
Confirmation of ERa-bound regions identified in the ChlP-chip study. (A) Conventional

ChIP was performed to confirm 13 ERa-bound regions in T-47D plated in DCC-FBS
containing medium and treated with E2 for 1 h. These 13 regions were chosen to represent a
range of enriched values from the array. ERa recruitment level significantly (p<0.05
Student’s #test) different from DMSO is indicated by an asterisk for each region. Regions
shown in bold font indicate the presence of at least one estrogen response element in the
sequence. (B) Selected ERa-bound regions relative to their closest genes are shown using
USCS Genome Browser (http://genome.ucsc.edu/). The black blocks represent ERa-bound
regions identified from our ChIP-chip study, whereas the arrows indicate the transcriptional
direction of the closest annotated genes. (C) The diagram shows the genomic coordinates
and the sequences of the putative EREs are boxedin CYP2B7P (6) and CYPZB6 (42) and
the phenobarbital-responsive enhancer module (PBREM). Nuclear receptor 1 (NR1) and
NR2 represent two direct repeat 4 (DR4) nuclear receptor motifs, which are boxed, while
NF1 denotes a putative nuclear factor 1 binding site as previously described [18]. The
perfect palindromic ERE from vitellogenin A2 is also shown for comparison. A colon
indicates homology among the sequences, where an underline indicates nucleotide
differences among the sequences at that position.
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Fig. 3.
ER-dependent transcriptional activation of pGL3-2B6 and pGL3p-2B7P in HuH-7 cells.

HuH-7 cells were transfected with (A) 200 ng of pGL3-2B6 or (B) pGL3p-2B7P and
increasing amounts of the plasmid pSG5 ERa. for 24 h prior to luminescence detection.
pGL3-2B6 activity is regulated by the natural promoter of CYP2B6, whereas pGL3p-2B7P,
by the regulatory region located 69 kb upstream of CYP2B6, which also maps to the 5’
regulatory region of CYP2B7P. Results shown are means+S.E.M. for three independent
experiments. Similar results were obtained when increasing amounts of the plasmid pSG5
ERP were transfected with the two reporter gene plasmids (C and D). In order to evaluate
the estrogen responsiveness of CYP2B6, HuH-7 cells were plated in DCC-FBS containing
medium for 24 h. Cells were co-transfected with (E) 200 ng of pGL3-2B6 and 50 ng of
pSG5 ERa or (F) 200 ng of pGL3p-2B7P and 5 ng of pSG5 ERa for 24 h. The cells were
treated with either 0.1% DMSO, 10 nM E2, 100 nM ICI 182,780 or 10 nM E2+100 nM ICI
182,780 for an additional 24 h prior to luminescence detection. Similar results were obtained
when (G) 200 ng of pGL3-2B6 and 100 ng of pSG5 ERp or (H) 200 ng of pGL3p-2B7P and
25 ng of pSG5 ERP were transfected into the HuH-7 cells. Luciferase activity significantly
(p<0.05 one-way ANOVA) different from DMSO is indicated by an asterisk.
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Fig. 4.
ERa-dependent regulation of pGL3-2B6 occurs through the ERE site. (A) HuH-7 cells were

transfected with 200 ng of pGL3-2B6, pGL3-2B6_EREmut or pGL3-2B6_AERE and 50 ng
of pSG5 ERa for 24 h. Cells were treated with either 0.1% DMSO or 10 nM E2 for 24 h
prior to luminescence detection. Results shown are means=S.E.M. for five independent
experiments. Luciferase activity that is statistically significant (p<0.05 one-way ANOVA)
from DMSO pGL3-2B6 is indicated by an asterisk. (B) HuH-7 cells were plated in full
serum and transfected with 200 ng of pGL3-2B6 ERE and 100 ng of either pSG5 ERa or
pSG5 ERa DBD. Results shown are means=S.E.M. for three independent experiments.
Luciferase activity that was significantly different (0<0.05 one-way ANOVA) from pSG5
(vector control) or wild-type ERa are indicated by an asterisk or dagger, respectively. (C)
Western blot analysis shows that the wild-type and the mutant receptors were expressed at
similar levels.
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Fig. 5.
E2-dependent regulation of CYP2B6 expression in T-47D cells. T-47D cells were plated in

DCC-FBS containing medium for 72 h before treatment. (A) After 6 h treatment with 0.1%
DMSO, 10 nM E2, 100 nM ICI 182,780, or 10 nM E2+100 nM ICI 182,780, RNA was
isolated and CYP2B6 expression level was analyzed by gPCR as described in Materials and
methods. Expression level significantly (p<0.05 one-way ANOVA) different from DMSO is
indicated by an asterisk. Results shown are means%S.E.M. for three independent
experiments. (B) T-47D cells were treated with 0.1% DMSO, 10 nM E2, 100 nM ICI
182,780, or 10 nM E2+100 nM ICI 182,780 for 24 h before western analysis. Images shown
are representative of two independent experiments. (C) ChIP assays were performed in
T-47D cells treated with 0.1% DMSO, 10 nM E2, 100 nM ICI 182,780, or 10 nM E2+100
nM ICI 182,780 for the time points indicated. Results shown are means+S.E.M. for three
independent experiments. Recruitment levels are presented as a percentage of a 5% total
chromatin input. Recruitment level significantly (p<0.05 one-way ANOVA) different from
time-matched DMSO is indicated by an asterisk.
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Fig. 6.
RNAi-mediated knockdown of ERa in T-47D cells. (A) T-47D cells were transfected with

either siRNA targeting luciferase (siL.uc) or two different siRNAs targeting ERa (SiERa-11
or siERa-14) for 48 h. RNA was isolated and CYP2B6 and ERa expression levels were
analyzed by qPCR as described in Materials and methods. CYP2B6 mRNA levels were
normalized to non-transfected T-47D cells (control), which was set to 1. Statistical
significance (p<0.05 Student’s #test) compared to non-targeting pool is indicated by an
asterisk. Results shown represent the means+S.E.M. for three independent experiments. (B)
T-47D cells were transfected with either non-targeting pool reagent or siRNA against ERa
for 48 h. ChIP assays were performed and recruitment levels are presented as a percentage
of a 5% total chromatin input. Statistical significance (0<0.05 Student’s #test) compared to
non-targeting pool is indicated by an asterisk. Results shown are the means+ S.E.M. for
three independent experiments.
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Fig. 7.
Differential expression of TFF1 and CYP2B6 in T-47D and MCF-7 after E2 stimulation.

T-47D and MCF-7 cells were plated in DCC-FBS containing medium for 72 h before
treatment. After 6 h treatment with 0.1% DMSO or 10 nM E2, RNA was isolated and the
expression of (A) CYP2B6, (B) TFF1, and (C) GREB1 was analyzed by gPCR as described
in Materials and methods. Statistical significance (p<0.05 Student’s £test) between
treatment groups from the same cell line is indicated by an asterisk. Statistical significance
(0<0.05 Student’s £test) between cell lines with the same treatment is indicated by a dagger.
Results shown are means+S.E.M. for three independent experiments.
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Fig. 8.

Differential recruitment of ERa and NCoA3 to 7FF1, CYPZB6and GREBI in T-47D and
MCF-7 cells after E2 stimulation. T-47D and MCF-7 cells were plated in DCC-FBS
containing medium for 72 h before treatment. ChIP assays were then performed on cells
treated with 0.1% DMSO or 10 nM E2 for 1 h and the recruitment of ERa (A—C) or NCoA3
(D-F) to 7TFF1, CYP2B6 and GREBI Enh 3. Results shown are meanszS.E.M. for three
independent experiments. Recruitment levels are presented as a percentage of a 5% total
chromatin input. Recruitment level significantly (p<0.05 Student’s #test) different from cell
line-matched DMSO is indicated by an asterisk.
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Transcription factor motifs that were over-represented in the ERa-bound regions identified in T-47D. Table

shows the top ranking transcription factor motifs. For the complete list, see Supplementary File 3.

Binding motif& Sum of real count

Sum of random count

Over representation

Poisson p-values

ESR1 162
Myf 427
NHLH1 305
IRF2 110
Hand1-Tcfe2a 2355
Foxd3 814
Roaz 376
NR2F1 138
HNF4A 378
FOXI1 1830

25.23
192.85
143.07

51.69

1228.77
433.79
203.67

76.91
212.63
1035.8

6.42
2.21
2.13
2.13
1.92
1.88
1.85
1.79
1.78
177

1.28E-10
0
0

aRefer to JASPAR (http://jaspar.cgb.ki.se/) for detail descriptions of the transcription factor motifs.
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