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ABSTRACT

Selective inhibitory crosstalk has been known to
occur within the signaling pathways of the dioxin
(AhR) and estrogen (ERa) receptors. More specific-
ally, ERa represses a cytochrome P450-encoding
gene (CYP1A1) that converts cellular estradiol into
a metabolite that inhibits the cell cycle, while it has
no effect on a P450-encoding gene (CYP1B1) that
converts estrodiol into a genotoxic product. Here
we show that ERa represses CYP1A1 by targeting
the Dnmt3B DNA methyltransferase and concomi-
tant DNA methylation of the promoter. We also
find that histone H2A.Z can positively contribute to
CYP1A1 gene expression, and its presence at that
gene is inversely correlated with DNA methylation.
Taken together, our results provide a framework for
how ERa can repress transcription, and how that
impinges on the production of an enzyme that gen-
erates genotoxic estradiol metabolites, and poten-
tial breast cancer progression. Finally, our results
reveal a new mechanism for how H2A.Z can posi-
tively influence gene expression, which is by poten-
tially competing with DNA methylation events in
breast cancer cells.

INTRODUCTION

Breast cancer is the major type of cancer that affects
women worldwide (http://globocan.iarc.fr/). One well
known factor involved in the development of mammary
tumors is estrogen. The carcinogenic effect of this
hormone has several documented modes of action, one
of those is through the estrogen receptor a (ERa). ERa
is a transcriptional regulator that belongs to the nuclear
receptor family, which regulates the expression of genes
involved in cellular proliferation in response to estrogen
(1,2). As a transcriptional activator, ERa is able to recruit
many cofactors, such as general transcription factors,

histone-modifying enzymes and ATP-dependent chroma-
tin remodeling complexes (3). ERa has also been shown to
negatively regulate gene expression but not much is
currently know on how it can achieve this (4). A second
mode of action by which ERa can promote breast
carconogenesis is through the formation of metabolites
that possess mutagenic properties. Estrogen metabolism
is mediated in part by Phase I metabolizing enzymes
such as CYP1A1 and CYP1B1, which can convert
17b-estradiol into 2-hydroxy-estradiol (2-OHE2) and
4-hydroxy-estradiol (4-OHE2), respectively (5,6).
Numerous studies have shown that 4-OHE2 possesses
genotoxic properties whereas 2-OHE2 can actually
inhibit the cell cycle (7–10). Others have suggested a
critical role of the CYP1B1/CYP1A1 enzyme ratio in
mammary carcinogenesis (11). The major transcription
factor involved in CYP1 gene expression is the Aryl
hydrocarbon Receptor (AhR), also known as dioxin
receptor, a ligand-activated molecule that belongs to the
basic helix–loop–helix/Per–Arnt–Sim (bHLH/PAS) family
of proteins (12). Pollutants such as halogenated aromatic
hydrocarbons (HAHs) and polycyclic aromatic hydrocar-
bons (PAHs) are well characterized AhR ligands (13).
AhR is sequestered into the cytoplasm; after ligand
binding, it is translocated into the nucleus where it
heterodimerizes with Arnt and binds to Xenobotic
Response Elements (XRE’s). Importantly, there are
reports showing that ERa is involved in a two-way inhibi-
tory crosstalk with AhR. Interestingly, ERa selectively
represses CYP1A1 but not CYP1B1 (14–16). Numerous
mechanisms have been proposed to explain how AhR
represses transcription of ERa regulated genes (17–21),
but little is known about how ERa inhibits CYP1A1.

Our laboratory has previously investigated the role of
histone variant H2A.Z and the p400/Tip60 complex in
ERa-mediated target gene expression (4). H2A.Z is a
very well conserved histone variant involved in the regu-
lation of gene expression in many organisms from yeast to
human cells (4,22,23). In mammalian cells, H2A.Z is pre-
dominantly localized in a region that surrounds the
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transcriptional start site (TSS) of genes, as well as distal
regulatory elements (24). H2A.Z binding to these regula-
tory regions positively correlates with the presence of
RNA polymerase II—whether active or inactive—in
human cells (25). A hint for how H2A.Z may modulate
gene expression emerged from studies in our laboratory
(4,26). Our observations suggest that incorporation of
H2A.Z within specific chromatin loci may allow ‘regula-
tory’ nucleosomes to adopt a stable preferred position
along the translational axis of DNA, which could either
favor or disfavor the recruitment of components of
the transcriptional machinery to nucleosome-embedded
DNA [see (27), for a more elaborate discussion of the
subject]. Another hint as to how H2A.Z contributes to
regulate gene expression comes from recent studies in
plants and in mammals that have shown that within regu-
latory regions, the presence of H2A.Z and DNA methy-
lation are mutually antagonistic (28–30). However, how
H2A.Z is able to exclude DNA methylation—or vice
versa—remains to be elucidated.

In this study, we investigate the mechanism of repres-
sion of CYP1A1 by ERa and the role of H2A.Z in that
process. We observe that H2A.Z depletion, or ERa
recruitment to the CYP1A1 proximal promoter region,
impairs AhR binding. We also find that inhibition of
DNA methylation with 5-azacytidine, or by cellular deple-
tion of Dnmt3B, restores CYP1A1 expression levels in the
presence of ERa. Furthermore, we show that ERa is able
to interact directly with Dnmt3B. Importantly, depletion
of H2A.Z leads to an increase in DNA methylation at the
CYP1A1 promoter region. Taken together, our results
propose a novel unexpected mechanism of repression of
CYP1A1 by ERa, and a link between H2A.Z and DNA
methylation in human cells.

MATERIALS AND METHODS

Chemicals and reagents

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was obtained
from Cerilliant. 17b-Estradiol (E2), 4-hydroxytamoxifen
(TAM), 5-azacytosine, cycloheximide and ICI 182,780
were purchased from Sigma-Aldrich. shRNA directed
against different Dnmts and cloned in pLKO.1-puro
lentiviral vector were bought from Sigma. The same
Dnmt-targeting sequences were also cloned in the
pLVTHM lentiviral vector (Trono lab). All the other
shRNAs were cloned in either pLKO.1-puro lentiviral
vector or in pLVTHM lentiviral vector. Their targeting
sequences were listed in Supplementary Table S1.

Cell culture, lentiviral infection and treatments

All the cell lines (MCF7, MDA-MB-231, T47D and
HepG2) were maintained in DMEM medium (Wisent)
containing 10% fetal bovine serum (FBS, VWR) and anti-
biotics (Invitrogen). The cells were transduced with
lentiviruses in the presence of polybrene (10 mg/ml) for
24 h immediately following cell passage. On the fifth day
following infections, the cells were treated with 10 nM
TCDD for 90min (ChIP experiments) or 24 h (RT-
qPCR experiments). For estrogen-induction assays, cells

were grown in phenol red-free DMEM medium (Wisent)
containing 5% dextran-coated charcoal-treated fetal
bovin serum and antibiotics for 3 days and then treated
for 90min or 24 h with 10 nM TCDD and/or 100 nM E2.

RT-qPCR

Human CYP1A1 and CYP1B1 mRNAs were quantified
by RT-qPCR with 36B4 as an internal control. Total
RNA was extracted from cultured cells using GenElute
(Sigma) and reverse transcribed using the M-MLV
reverse transcriptase enzyme (Promega). The RT-qPCR
primer sequences were listed in Supplementary Table S2.

ChIP assays

ChIP assays were performed essentially as described pre-
viously (23) using the antibodies listed in Supplementary
Table S3. The recovered DNA was analyzed by qPCR
using sets of primers relevant to the promoter regions of
the CYP1A1 and CYP1B1 genes. The qPCR primers were
listed in Supplementary Table S4. Results were shown as
percent of maximum signal except for H2A.Z where
results are normalized to H3 to account for nucleosome
density.

MeDIP

Methylated DNA immunoprecipitation (MeDIP) experi-
ments were performed as described previously (31). An
amount of 5 mg of DNA was immunoprecipitated with
10 mg of monoclonal antibody against 5-methylcytidine
(A-1014) from Eurogentec.

Bisulfite sequencing

Genomic DNA was extracted as for the MeDIP experi-
ment. For the bisulfite conversion, we used EZ DNA
Methylation-Gold Kit (Zymo Research) on 2 mg of
DNA. Two rounds of PCR were performed with specific
primers (see in Supplementary Table S4). PCR products
were cloned in pGEM-T-easy vector (Promega). After
transformation, 10 clones for each different experiment
were sequenced. The sequences were analyzed with
QUMA (32).

Immunoprecipitation and western blot

For whole cell extract for western blotting experiments,
cells were washed with PBS, harvested, resuspended in
lysis buffer (50mM Tris–HCl, pH 7.5, 150mM NaCl,
1% Triton X-100, 0.5% Na-deoxycholate, 0.2% SDS)
and disrupted by passing cells through a 23G1 needle.
Lysis was performed at 4�C for 1 h with continuous agi-
tation, and the lysate was cleared by centrifugation at
14 000 rpm.
For immunoprecipitation experiments, cells were

washed with PBS, harvested, resuspended in 50mM
Tris–HCl, pH 7.5, 150mM NaCl, 1% Triton X-100,
0.5% Na-deoxycholate, 0.1% SDS, 1mM EDTA and dis-
rupted by passing cells through a 23G1 needle. Lysis was
performed at 4�C for 1 h with continuous agitation, and
the lysate was cleared by centrifugation at 14 000 rpm.
Dnmt3b was immunoprecipitated with 4 mg of H-230
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(Santa Cruz Biotechnology). The antibodies used in the
western blot experiments are listed in Supplementary
Table S5.

RESULTS

ERa specifically represses CYP1A1 but not CYP1B1

As ERa was previously shown to contribute to CYP1A1
and CYP1B1 gene expression, we decided to investigate
how ERa affects CYP1A1 and CYP1B1 induction by
TCDD in the MCF7 breast cancer cell line. To test this,
we measured the expression of both CYP1 genes by RT-
qPCR after treatment with TCDD alone or in combin-
ation with estradiol (E2) for 24 h in MCF7 cells
pre-grown in estrogen-free media during three days. We
observed that ERa specifically represses CYP1A1 in the
presence of E2 (Figure 1A) while it has no effect on
CYP1B1 induction (Figure 1B). Next, to assess whether
an ERa antagonist induces more repression of CYP1A1
expression than E2, we made use of tamoxifen (TAM).
TAM is an E2 competitor that prevents ERa from recruit-
ing coactivators, and it is used in breast cancer hormone
therapy (33). MCF7 cells grown in estrogen-free media
were treated with a combination of TCDD and TAM
for 24 h. We observed that unlike E2 treatment, TAM
has no effect on CYP1A1 induction (Figure 1A). To
ensure that the repression of CYP1A1 was due to ERa
and not E2 itself, we carried out the same experiments
in the presence of ICI 182.720—a specific pharmalogical
inhibitor of ERa that promotes its degradation—for
24 h prior to TCDD and TCDD+E2 treatements
(Supplementary Figure S1A and B). We observe that in
the absence of ERa addition of E2 has no significant effect
on CYP1A1 induction by TCDD. Moreover, ICI 182.720
treatment appears to globally increase CYP1A1 and
CYP1B1 basal and induced levels of gene transcription.
Altogether, our results show that ERa specifically
represses CYP1A1 in an E2-dependant manner in MCF7
cells.

H2A.Z depletion impairs AhR-mediated activation in
ERa-positive cell lines

Since we have previously demonstrated that H2A.Z is an
important positive regulator of ERa signaling, we wanted
to investigate how depletion of H2A.Z would impact on
TCDD-induced CYP gene expression in ERa-positive
cells compared with ERa-negative cells. To test this, we
depleted H2A.Z in MCF7 and T47D cells (ERa positive),
and in MDA MB-231 and HepG2 cells (ERa negative)
using a lentiviral shRNA construct directed to H2A.Z
(4). Figure 2A shows that the H2A.Z shRNA construct
is efficient at specifically depleting H2A.Z protein levels.
TCDD treatment, as expected, strongly induces both CYP
genes in all four cell lines (Figure 2B and C, black bars).
Interestingly, knockdown of H2A.Z significantly impairs
TCDD-mediated induction of both CYP1A1 and
CYP1B1 in ERa-positive cell lines (Figure 2B, white
bars). In both ERa-negative cell lines, knockdown
of H2A.Z does not impair the induction potential of
CYP1A1, while it still appears to affect induction of
CYP1B1 (Figure 2C). Taken together, these result show
that H2A.Z is involved in CYP1A1 and CYP1B1 gene
expression, but its apparent contribution in regulation
differs between the two genes.

ERa-mediated repression of CYP1A1 as well as depletion
of H2A.Z reduce AhR binding to the promoter region

The effect of H2A.Z depletion on CYP1A1 expression
lead us to ask whether the presence of H2A.Z at its
promoter is required to allow full expression and recruit-
ment of AhR and RNA polII. ChIP experiments in MCF7
cells show that H2A.Z is enriched at the CYP1A1 XRE’s
under uninduced conditions, whereas its binding is signifi-
cantly reduced upon induction of the gene by TCDD
(Figure 3B). Next, we depleted H2A.Z in untreated and
TCDD-treated cells to score for AhR and RNA polII
binding at the CYP1A1 promoter. The results of
Figure 3C and D show that recruitment of both AhR
and RNA polII are significantly impaired upon
knockdown of H2A.Z. Surprisingly, depletion of H2A.Z
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Figure 1. Estrogen specifically represses CYP1A1 expression in MCF7 cells. CYP1A1 (A) and CYP1B1 (B) mRNA levels were quantified in MCF7
cells grown in estrogen-free media for 3 days, and then treated with DMSO, 10 nM TCDD, 10 nM TCDD+100 nM E2 or 10 nM TCDD+500 nM
TAM for 24 h. The results are expressed as a percentage of induction in the TCDD-treated sample.
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has no effect on AhR binding at the CYP1B1 promoter
(Supplementary Figure S2B). This result supports our
previous observation that the role of H2A.Z in the regu-
lation of these two genes is different.

To gain insight into how ERa mediates repression of
CYP1A1, we carried out several ChIP experiments in the
promoter region using antibodies raised against AhR,

ERa and RNA polII. In a first set of experiments, we
monitored AhR binding upon ERa-mediated repressive
conditions. As expected, AhR efficiently binds the
CYP1A1 XRE’s when cells are treated with TCDD in
estrogen-depleted culture medium (Figure 3E). However,
upon addition of estradiol, we observe a significant
decrease in AhR binding, which is concomitant with a
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Figure 2. H2A.Z depletion impairs AhR-mediated activation in ERa-positive cell lines. (A) MCF7 cells were infected with shCT or shH2A.Z
constructs for 5 days, then protein extraction and western blots were performed. Analysis of CYP1A1 and CYP1B1 mRNA expression was
performed in ERa-positive cell lines (B) or in ERa-negative cell lines (C). The different cell lines were infected with shCT or shH2A.Z constructs
for 5 days and then treated with 10 nM TCDD for 24 h.
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significant increase in ERa recruitment (Figure 3E and F).
Predictively, RNA polII levels also significantly decrease
upon addition of estradiol (Figure 3G). Likewise, AhR
binding at the CYP1A1 promoter is increased in the
presence of the ERa inhibitor, ICI 182.720, in TCDD-
treated MCF7 cells (Supplementary Figure S1C and D).
Next, we wanted to verify whether the recruitment of

ERa to CYP1B1 would also affect AhR and RNA polII
binding. The results show that while ERa is efficiently
recruited to the CYP1B1 XRE’s upon treatment of
MCF7 cells with both TCDD and E2 (Supplementary
Figure S2C), it does not appear to influence the ability
of AhR and RNA polII to be recruited (Supplementary
Figure S2D and E). Consequently, these results support
the expression data we have obtained in Figure 1 and
confirm that, contrary to what is observed for CYP1A1,
ERa has no effect on CYP1B1 induction.
Taken together, our results show that whatever the

mechanism by which ERa represses CYP1A1, it actually
results in reduced binding of the AhR activator.

Moreover, H2A.Z is required for efficient binding of
AhR and RNA polII at the CYP1A1 promoter.

Inhibition of de novo DNA methylation reverses the
repressive effect of ERa on dioxin-induced CYP1A1
gene expression

Previous reports have shown that AhR binding to its
cognate XRE sequences was significantly reduced when
these binding sites were methylated in vitro (34), and
in vivo (35). Because we observe that AhR binding is
affected upon ERa-mediated repression of CYP1A1, we
wished to verify whether inhibiting de novo DNA methy-
lation could alleviate repression by ERa. To achieve this,
we made use of 5-azacytidine (5-azaC), a cytosine
analogue that prevents de novo DNA methylation (36).
5-azaC was added to cultured MCF7 cells grown in the
absence of estradiol, and CYP1A1 expression was moni-
tored by qRT-PCR after treatment with TCDD alone or
in combination with E2 for 24 h. Our results show that E2
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Figure 3. AhR binding at the CYP1A1 promoter is impaired in H2A.Z-depleted cells or in the presence of E2. (A) Schematic representation of the
CYP1A1 promoter. The position of the amplicons A, B, C and D used in the qPCR analyses are illustrated. (B) ChIP of H2A.Z were performed in
MCF7 cells treated or not with 10 nM TCDD during 90min. ChIPs of AhR (C) and RNA polymerase II (D) were performed in MCF7 cells infected
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significantly inhibits CYP1A1 expression, while addition
of 5-azaC reverses ERa-mediated repression (Figure 4A).
Interestingly, 5-azaC actually increases TCDD-dependent
expression of both CYP1A1 and CYP1B1(Figure 4A and
B). Next, we wanted to verify how 5-azaC would influence
AhR binding after treating cells with both TCDD and E2.
As expected, E2 treatment reduces AhR binding to the
CYP1A1 XRE’s upon TCDD-mediated activation of the
gene (Figure 4C). However, in the presence of 5-azaC,
AhR levels remain unaffected when cells are treated with
both E2 and TCDD (Figure 4C). We also monitored the
presence of ERa under the same conditions in the presence
or absence of 5-azaC. Strikingly, the levels of ERa are not
diminished in the presence of 5-azaC and E2 (Figure 4D).
Taken together, these results suggest that ERa mediates
CYP1A1 repression by virtue of DNA methylation.

Dnmt3B is involved in ERa-mediated repression
of CYP1A1

We next sought to identify potential DNA methy-
ltransferases that could be involved in repression of
CYP1A1. To do this, we engineered lentivirus-expressed
shRNA constructs directed against three DNA methyltra-
nsferases Dnmt1, Dnmt3A and Dnmt3B (Supplementary
Figure S3). To monitor the effect of Dnmt’s on CYP ex-
pression, selected shRNA constructs were expressed in
MCF7 cells prior to treatment with or without TCDD

and E2. Knockdown of either Dnmt1 or Dnmt3B allevi-
ates the ERa-mediated repression of TCDD-induced
CYP1A1, while knockdown of Dnmt3A has no effect
(Figure 5A). Knockdown of Dnmt1 or Dnmt3a has
no significant effect at CYP1B1, but knockdown of
Dnmt3B appears to increase its expression independently
of ERa (Figure 5B). As a control, we wished to investigate
whether cellular depletion of the Dnmt1 and Dnmt3B
DNA methyltransferases would have any effect on ERa
expression itself, a result that could account for the dere-
pression observed at CYP1A1. Immunoblotting experi-
ments show that knockdown of Dnmt3B has no effect
on ERa expression, while knockdown of Dnmt1 signifi-
cantly reduces ERa expression (Figure 5C). While this
result does not completely rule out a potential role for
Dnmt1 in mediating repression at CYP1A1, it certainly
complicates further investigations. We have thus pursued
our investigations only with Dnmt3B for our studies. An
important prediction of the aforementioned results is that
Dnmt3B should be associated to the CYP1A1 locus upon
treatment of cells with E2. ChIP experiments using an
anti-Dnmt3B antibody show a significant enrichment of
Dmnt3B at the CYP1A1 XRE’s after treatment with
TCDD+E2, but not with TCDD alone (Figure 5D).
These results suggest that ERa directly recruits Dnmt3B
to CYP1A1 to repress its expression. In line with this pos-
sibility, we have been able to detect direct protein–protein
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Figure 4. Inhibition of DNA methylation restores full induction of CYP1A1 and AhR binding at the CYP1A1 promoter in presence of E2. CYP1A1
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interactions between the ERa and Dnmt3B
(Supplementary Figure S4). Taken together, our results
suggest that Dnmt3B functions downstream of ERa to
mediate repression of TCDD-induced CYP1A1 but not
CYP1B1, and that ERa might directly recruit Dnmt3B
in the process.

ERa-Dnmt3B direct a specific methylation pattern at the
CYP1A1 promoter

Because Dnmt3B is essential to mediate ERa-directed re-
pression of CYP1A1, we wanted to monitor how its
presence at CYP1A1 could influence the methylation
pattern of the proximal promoter region (Figure 6A).
We chose that particular region of the gene because it is
where we observed a decrease in AhR binding upon ERa-
mediated repression (Figure 5C). We performed bisulfite
sequencing on genomic DNA extracts from MCF7 cells
grown either in the presence or absence of E2 and TCDD,
and with or without prior treatment with an shRNA
directed to Dnmt3B. Figure 6A shows the raw bisulfite
sequencing data and Figure 6B shows a the percentage
of methylation at the CYP1A1 XRE3 obtained from
Figure 6A. Two significant observations can be made: (i)
addition of E2 to MCF7 cells increases DNA methylation
at XRE3; (ii) knockdown of Dnmt3B greatly decreases
E2-mediated methylation of XRE3. Taken together these
results suggest that ERa/Dnmt3B appear to direct a

specific methylation pattern at XRE3, which combined
with expression results showed in Figures 4A and 5A
seems important to mediate repression of CYP1A1 in
presence of E2.

H2A.Z antagonizes DNA methylation at the CYP1A1
proximal promoter

Because H2A.Z is important for the ability of AhR to
bind its cognate XRE’s under repressive conditions
(Figure 2), we wanted to verify whether the histone
variant could directly regulate DNA methylation levels
at the CYP1A1 promoter. This notion is supported by
the fact that the presence of H2A.Z at regulatory
regions genome wide has been found to be mutually ex-
clusive with DNA methylation (28–30). As a first approch,
we investigated DNA methylation levels at the
entire CYP1A1 promoter by bisulfite sequencing
(Supplementary Figure S5). We observed that most of
the promoter is unmethylated except for two regions (E
and F) that are localized upstream the XRE4. Next, we
performed MeDIP experiments on MCF7 cells which
express either control (CT) or H2A.Z-directed shRNA.
The MeDIP experiments make use of an antibody that
specifically recognizes methylated DNA. Two amplicons
were used for the MeDIP qPCR analysis (Figure 7A):
amplicon A is located in the methylated region that is
devoid in H2A.Z whereas amplicon B is in an
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unmethylated region that is strongly enriched in H2A.Z
(Figure 3B). The results shown in Figure 7B represent a
ratio of immunoprecipitated methylated DNA from cells
depleted for H2A.Z over control cells (i.e. using a
scrambled shRNA construct); thus, it is representative of
de novo methylation at these loci in the absence of the
histone variant. Strikingly, we observe that the
knockdown of H2A.Z significantly increases DNA methy-
lation levels at amplicon B by about 3.5-fold, whereas no
significant increase is observed at amplicon A (Figure 7B).
We next wanted to substantiate this finding by using
bisulfite sequencing of the regions encompassing XRE’s
2, 3 and 4 in control versus H2A.Z-depleted cells.
Consistent with our MeDIP results, we find that absence

of H2A.Z globally increases DNA methylation in that
area, particularly around XRE 2 and 3 (Figure 7C).
Taken together, our results suggest that the presence of
H2A.Z can exclude DNA methylation at the CYP1A1
proximal XRE’s, and as such, favors AhR recruitment
upon induction.

DISCUSSION

Carcinogenesis is a multistep process, and in breast
cancer, estrogen and ERa are critical players in the initi-
ation and progression stages. Most mechanistic studies on
ERa have focussed on its positive role in gene transcrip-
tion, but less is known about how it represses
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transcription, as well as which cofactors are involved in
this repression process. In breast tissues, maintenance of a
high CYP1A1/CYP1B1 enzyme ratio ensures that intra-
cellular levels of 2-OHE2 are high and levels of 4-OHE2
are low. However, in cancer cells and tumors, elevated
concentrations of 4-OHE2 are predominant as compared
with normal tissus, and these observations are correlated
with a higher expression of CYP1B1. In this study, we
observe that ERa represses CYP1A1 specifically without
affecting CYP1B1 expression, which is consistent with
previous findings (14,15). Our results suggest a mechanism
for how ERa represses CYP1A1: in the absence of estra-
diol and following TCDD treatment, ERa is absent from
the promoter and maximal AhR binding is achieved, thus
allowing CYP1A1 transcription (Figure 8A). In the
presence of estradiol and TCDD, ERa, by virtue of its
interaction with AhR-Arnt, is recruited to the CYP1A1
promoter, which in turn directs the recruitment of
Dnmt3B, an outcome that promotes DNA methylation
of the AhR response elements. Methylation of specific
CYP1A1 XRE’s impairs AhR binding and consequently

decreases CYP1A1 expression (Figure 8B). We suggest
that increasing DNA methylation levels at CYP1A1
XRE’s can impair H2A.Z incorporation at the end of
the activation process. Taken together, we describe a
novel mechanism by which ERa can repress transcription
of an AhR target gene. Nevertheless, our study reveals a
mechanism for how ERa could promote breast tumori-
genesis by differentially regulating the expression of
enzymes involved in estrogen metabolism. Indeed, other
laboratories have previously observed specific repression
of CYP1A1 by ERa without affecting CYP1B1 expression
(14,15). In our model, the presence of E2 and TCDD are
both necessary for ERa recrutment to the CYP1A1
promoter. It remains to be determined, however,
whether Dnmt3B is also involved in the inhibition of
other genes that are repressed by ERa.
Changes in DNA methylation patterns are frequently

observed in cancer cells when compared with normal
cells (37). Despite hypermethylation of tumor suppressor
gene promoters (38,39), global 5-methylcytosine content is
decreased in tumor cells (40). This global hypomethylation

Figure 8. Proposed model for CYP1A1 gene regulation by AhR and ERa. (A) In the absence of estradiol, when TCDD is added in the media, AhR /
Arnt binds the XRE’s located in the CYP1A1 promoter. At the same time, the histone variant H2A.Z is removed from the XRE’s. (B) In the
presence of estradiol, ERa displaces AhR /Arnt by promoting DNA methylation on the XRE’s of the CYP1A1 promoter, thus resulting in less AhR
activating surfaces available to stimulate CYP1A1 expression.
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observed in cancer cells can be explained by a drastic
decrease of DNA methylation in repeated sequences
such as LINEs and SINEs, which would then result in
an increase in genome instability caused by recombination
or displacement of these sequences. Our results show that
Dmnt3B is specifically required for ERa-dependent gene
repression without altering ERa expression itself. This
result suggests that Dnmt3B may play a greater role in
cancer progression than other Dnmt’s. This is supported
by Girault et al. (41) who analyzed the expression of each
DNMT gene (DNMT1, DNMT3A and DNMT3B) in
breast carcinomas isolated from 130 patients. Dnmt3B
was shown to be overexpressed in 30% of the tumors,
and the authors proposed that Dnmt3B may play a pre-
dominant role over Dnmt3A and Dnmt1 in breast car-
cinogenesis. Interestingly, Dnmt3B possesses numerous
splice variants that are differentialy expressed in normal
and cancer cell lines (42). One of these variants, Dnmt3B7,
is able to significantly change DNA methylation patterns
when expressed to high levels (42). Whether each of the
Dnmt3B isoforms is capable of interacting with ERa and
mediate repression of CYP1A1 expression (and potentially
other genes repressed by ERa) is a matter of further in-
vestigations. Variation in the expression level of Dnmt3B
isoforms between breast cancer cell lines might explain, at
least in part, why there are some discrepancies in the lit-
erature regarding the positive or negative role of ERa in
CYP1A1 expression.
Genome-wide studies have shown an enrichment of

H2A.Z in promoters, enhancers and insulators in
numerous species (24–26). However, little is known
about the function of H2A.Z at these regions. In 2009
and 2010, the Henikoff and Zilberman laboratories
have elegantly demonstrated an antagonistic relationship
between H2A.Z and DNA methylation, first in
Arabidopsis thaliana and fungi and animals (28,30). It
has been proposed that methylation is the default state
of nucleosomal DNA and that unmethylated regions are
protected from DNA methylation by histone modifica-
tions such as H3K4me, or deposition of histone variant
H2A.Z (43). From these observations, it has been sug-
gested that the presence of H2A.Z could prevent DNA
methylation at CpG islands located within regulatory
regions, and thus protect those regions from silencing. A
previous study also showed that removing DNA methyla-
tion by 5-azacytidine treatment quickly induces H2A.Z
incorporation in a subset of genes in colon cancer cell
lines (44). However, incorporation of H2A.Z within
DNA was not sufficient to restore gene expression in
that context. In our study, we demonstrate that depletion
of H2A.Z leads to a 3.5-fold increase in DNA methylation
of the CYP1A1 promoter after only 5 days. We also show
that the increase in DNA methylation induced by H2A.Z
depletion impairs CYP1A1 induction following TCDD
treatement. However, we hypothesize that extended loss
of H2A.Z could lead to a more important increase in
DNA methylation than what we currently observe.
Another open question is whether the regulated methyla-
tion events that we observe at CYP1A1 are actively revers-
ible. Interestingly, a study by Metivier et al. (45) has
demonstrated that both Dnmt3A and Dnmt3B are

involved in cyclical methylation and demethylation
(by deamination) of the ERa-target gene, TFF1. In fact
these authors have shown that this dual event of methy-
lation and demethylation by the same enzymes was neces-
sary for the activation process. It remains to be
determined whether similar mechanisms of action are
involved in repression of CYP1A1 by the ERa and
whether other enzymes are also involved. Finally, it will
be interesting to investigate whether H2A.Z deposition
is also dependent or influenced by such potential
demethylation cycles.

Taken together, our study unravels two new keys
players (H2A.Z and Dnmt3B) in the regulation of
CYP1A1 expression. These two factors play a crucial
role in de novo DNA methylation establishment, which
is thought to be a major early event in the initiation of
tumor formation. Methylation of the CYP1A1 promoter
is already associated with prostate and lung cancers
(35,46). It will be interesting to test whether this observa-
tion is also true in mammary tumors and more generaly to
all hormone responding tissues.
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