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Transcription factors (TFs) bind specifically to discrete regions of mammalian genomes called cis-regulatory elements.
Among those are enhancers, which play key roles in regulation of gene expression during development and differenti-
ation. Despite the recognized central regulatory role exerted by chromatin in control of TF functions, much remains to be
learned regarding the chromatin structure of enhancers and how it is established. Here, we have analyzed on a genomic-
scale enhancers that recruit FOXA1, a pioneer transcription factor that triggers transcriptional competency of these cis-
regulatory sites. Importantly, we found that FOXA1 binds to genomic regions showing local DNA hypomethylation and
that its cell-type-specific recruitment to chromatin is linked to differential DNA methylation levels of its binding sites.
Using neural differentiation as a model, we showed that induction of FOXA1 expression and its subsequent recruitment to
enhancers is associated with DNA demethylation. Concomitantly, histone H3 lysine 4 methylation is induced at these
enhancers. These epigenetic changes may both stabilize FOXA1 binding and allow for subsequent recruitment of tran-
scriptional regulatory effectors. Interestingly, when cloned into reporter constructs, FOXA1-dependent enhancers were
able to recapitulate their cell type specificity. However, their activities were inhibited by DNA methylation. Hence, these
enhancers are intrinsic cell-type-specific regulatory regions of which activities have to be potentiated by FOXA1 through
induction of an epigenetic switch that includes notably DNA demethylation.

[Supplemental material is available for this article. The microarray data from this study have been submitted to the NCBI
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE21513.]

Mammalian transcription factors (TFs) regulate gene expression

via different classes of cis-regulatory elements including pro-

moters, enhancers, silencers, and insulators (ENCODE Project

Consortium et al. 2007). These DNA regulatory elements control

gene expression in a coordinated fashion (Cecchini et al. 2009;

Farnham 2009; Phillips and Corces 2009; Visel et al. 2009b) and

allow for tissue-specific gene regulation (Eeckhoute et al. 2009b;

Heintzman et al. 2009; Visel et al. 2009a; Lefterova et al. 2010).

Different classes of TFs act primarily through binding to dis-

tinct types of cis-regulatory elements (Eeckhoute et al. 2009b;

Farnham 2009; Cheung and Kraus 2010). For instance, the Fork-

head family member FOXA1 is a prototypic TF that mainly oper-

ates through binding to enhancers (Zaret 1999; Lupien et al. 2008).

FOXA1 plays an important role in development and differentia-

tion of multiple organs and has also been involved in cancer in-

cluding breast and prostate cancer (Zaret 1999; Friedman and

Kaestner 2006; Mirosevich et al. 2006; Nakshatri and Badve 2009;

Nucera et al. 2009). The FOXA1 functional role at enhancers is

particular because this factor has the noticeable intrinsic ability to

open condensed chromatin structures (Crowe et al. 1999; Cirillo

et al. 2002; Belikov et al. 2009). Hence, FOXA1 is believed to scan

chromatin for enhancers with forkhead motifs and to trigger their

transcriptional competency through initial chromatin decom-

paction (Zaret 1999; Carroll et al. 2005; Eeckhoute et al. 2006;

Sekiya et al. 2009). According to this specific role, FOXA1 has been

designated a ‘‘pioneer’’ transcription factor. In line with this con-

cept, FOXA1 binding allows subsequent recruitment of collabo-

rating transcription factors to the Alb gene enhancer during liver

differentiation (Zaret 1999). Recently, a role for FOXA1 in allowing

the engagement of several nuclear receptors onto chromatin has

also been identified (Carroll et al. 2005; Laganiere et al. 2005;

Belikov et al. 2009; Wang et al. 2009). These studies have revealed

that cell-type-specific regulation of gene expression by FOXA1 in-

volves differential FOXA1 recruitment to enhancers in order to

cooperate with distinct nuclear receptors (i.e., the estrogen receptor

[ESR1] in breast cells and the androgen receptor [AR] in prostate

cells) (Gao et al. 2003; Lupien et al. 2008; Eeckhoute et al. 2009a;

Wang et al. 2009).

Chromatin structure remodeling is functionally linked to

epigenetic changes that include modulation of DNA methylation,
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histone post-translational modifications,

or histone variant incorporation (Metivier

et al. 2003, 2008; Hajkova et al. 2008;

Suganuma and Workman 2008). Indeed,

these ‘‘chromatin marks’’ are thought to

be involved in a functional dialogue with

chromatin-binding factors in which one

influences the presence of the other to

finely tune the activity of cis-regulatory

elements in space and time. In this con-

text, using FOXA1-dependent enhancers

as a model, we sought to define the in-

volvement of epigenetic marks in the

dynamic control of enhancer activation.

Results
Discrete DNA hypomethylation
is linked to cell-type-specific FOXA1
recruitment to chromatin

In order to better characterize the chro-

matin structure associated with FOXA1

cell-type-specific recruitment to the ge-

nome, we first looked at histone H3

dimethylated on lysine 4 (H3K4me2) and

at the histone variant H2AFZ (H2A his-

tone family member Z, previously called

H2AZ), which have both been described

as hallmarks of enhancers (Barski et al.

2007; Heintzman et al. 2007). For in-

stance, H2AFZ may facilitate transcrip-

tion factor binding to enhancers by ren-

dering specific nucleosomes more labile

(He et al. 2010). Hence, we monitored

the levels of these epigenetic marks at

FOXA1-binding sites unique to MCF7

breast cancer or LNCaP prostate cancer

cells (called MCF7-specific or LNCaP-

specific) or at sites bound by FOXA1 in

both cell-types (called shared) (Fig. 1A), as

defined in Lupien et al. (2008). We used

our previously published genomic anal-

yses of H3K4me2 distribution in these

cell lines (Lupien et al. 2008; He et al.

2010) or newly obtained ChIP-chip (chro-

matin immunoprecipitation coupled to

hybridization of the DNA onto tiling ar-

rays) data for H2AFZ. We found that both

H3K4me2 and H2AFZ were enriched at

FOXA1-binding sites and that cell-type-

specific FOXA1 recruitment correlated

with differential levels of these marks

(Fig. 1B,C).

Interestingly, H2AFZ and H3K4me2

have been shown to exhibit a mutually

exclusive distribution with DNA methyl-

ation (Okitsu and Hsieh 2007; Ooi et al.

2007; Zilberman et al. 2008; Edwards

et al. 2010; Thomson et al. 2010; Zemach

et al. 2010). DNA methylation consists of

the presence of 5-methylcytosines within

the genome and represents an epigenetic

Figure 1. Differential H2AFZ and DNA methylation levels are linked to cell-type-specific FOXA1 re-
cruitment to chromatin. Average FOXA1 (A), H3K4me2 (B), H2AFZ (C ), and DNA methylation (D)
enrichment levels at MCF7-specific, LNCaP-specific, or shared FOXA1-binding sites. Average signals
were determined from tiling array data obtained in MCF7 and LNCaP cells as described in the Methods
section except for H3K4me2 data in LNCaP cells, which were obtained from the ChIP-seq data of He
et al. (2010). A random set of regions from chromosomes 8, 11, and 12 was also analyzed. (E ) MeDIP-
qPCR and H2AFZ ChIP-qPCR were performed in both MCF7 and LNCaP cells. For each analyzed FOXA1-
binding site, the strongest enrichment was divided by the one obtained in the other cell type. A color
code was used to show fold differences between the two cell types for both MeDIP and H2AFZ levels.
Fold differences were inferred from data obtained in three independent experiments.
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mark of central importance since it trig-

gers the formation of inactive chromatin

structures and is the only one known to

be mitotically inherited (Klose and Bird

2006; Cedar and Bergman 2009; Jones

and Liang 2009). Therefore, we decided

to interrogate on a genome-wide scale

whether DNA methylation could be in-

volved in the control of FOXA1-depen-

dent enhancers using MeDIP-chip (im-

munoprecipitation of 5-methylcytosine

and hybridization of the immunoprecip-

itated DNA onto tiling arrays) (Weber

et al. 2005, 2007). Interestingly, we found

that FOXA1-bound enhancers are over-

all hypomethylated when compared to

flanking genomic regions (Fig. 1D). This

hypomethylation was not due to a marked

lower CpG content at FOXA1-binding

sites (Supplemental Fig. S1). Moreover,

differential FOXA1 binding was linked

to differential DNA methylation levels

between MCF7 and LNCaP cells (Fig. 1D).

Similar observations were made when

analyzing genome-wide DNA methyla-

tion data from MCF7 cells generated in

an independent study using MeDIP-seq

(Supplemental Fig. S2; Ruike et al. 2010).

Moreover, results of MeDIP-qPCR at 16

cell-type-specific FOXA1-binding sites from

MCF7 or LNCaP cells were in line with the

genomic-scale data (Fig. 1E). H2AFZ ChIP-

qPCR also confirmed its inverse relation-

ship with DNA methylation at cell-type-

specific FOXA1-binding sites (Fig. 1E).

We next sought to confirm differen-

tial DNA methylation levels at cell-type-

specific FOXA1-binding sites using two

additional approaches. First, we monitored

the sensitivity of CpG-dinucleotide-con-

taining CCGG sequences found within

MCF7- or LNCaP-specific FOXA1-binding

sites to digestion by the methylation-

sensitive restriction enzyme HpaII. As

shown in Figure 2A, DNA prepared from

MCF7 cells was significantly more digested

than that prepared from LNCaP cells at

MCF7-specific sites, while the opposite

pattern was observed at LNCaP-specific

sites. Second, we performed bisulfite pyro-

sequencing in order to determine the ac-

tual percentage of 5-methylcytosine at

CpGs present within cell-type-specific

FOXA1 recruitment regions (Fig. 2B; Sup-

plemental Fig. S8A,B). We found that

5-methylcytosine levels were significantly

lower for almost all CpGs analyzed within

the cell line that recruit FOXA1 to the

corresponding site (Fig. 2B).

In prostate cancer, progression from an androgen-dependent

to an androgen-independent state is linked to regulation of a dif-

ferent transcriptional program by FOXA1 and AR (Wang et al.

2009). This includes selective activation of UBE2C in androgen-

independent prostate cancer (Wang et al. 2009). Interestingly,

UBE2C induction is linked to the activity of two enhancers that

Figure 2. Differential 5-methylcytosine levels within CpGs present at cell-type-specific FOXA1-binding
sites. (A) Genomic DNA from MCF7 or LNCaP cells were subjected to HpaII digestion. The percentage of
non-digested DNA was determined by qPCR using primers allowing for amplification of a DNA fragment
encompassing a CCGG motif localized within cell-type-specific FOXA1-binding sites. Numbering of
FOXA1-binding sites is consistent with Figure 1E. Results are means and standard deviations from three
independent experiments. (B) The percentage of cytosine methylation for CpG dinucleotides found
within 200 bp of the center of cell-type-specific FOXA1-binding sites was determined using bisulfite
pyrosequencing. Two MCF7- and two LNCaP-specific sites were analyzed as described in the Methods
section. Numbering of FOXA1-binding sites is consistent with Figure 1E. Results are means and standard
deviations from a representative experiment performed in triplicates. (C ) FOXA1 ChIP-qPCR experiments
were performed in LNCaP and abl cells. Fold enrichments relative to a negative control region are in-
dicated. Results are means and standards deviations from three independent experiments. (D) The per-
centage of cytosine methylation within CpG dinucleotides found near the center of UBE2C enhancers
1 and 2 was determined using bisulfite pyrosequencing in LNCaP and abl cells as indicated. Results are
means and standard deviations from a representative experiment performed in triplicates.
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preferentially recruit FOXA1 and AR in

the androgen-independent LNCaP-abl

(abl) cells (Culig et al. 1999) compared

to the maternal LNCaP androgen-depen-

dent cells (Wang et al. 2009). For in-

stance, FOXA1 binding to UBE2C en-

hancer 2 was only significantly observed

in abl cells (Fig. 2C). Interestingly, using

bisulfite pyrosequencing, we found that

this was correlated with a dramatic de-

crease in CpG-enclosed 5-methylcytosine

at this enhancer (Fig. 2D; Supplemental

Fig. S8C). This suggests that important

changes in DNA methylation in cancer

may not only target promoters but also

enhancers.

Hence, altogether these data indi-

cate that cell-type-specific recruitment of

FOXA1 to enhancers is associated with

their discrete DNA hypomethylation. Of

note, recent studies indicated that tissue-

specific DNA methylation is mainly ob-

served at intergenic regions (Lister et al.

2009; Schmidl et al. 2009). Interestingly,

we also found a genome-wide correlation

between cell-type-specific DNA hypo-

methylation and differential binding of

CCCTC-binding factor (CTCF) (Supple-

mental Fig. S3), the key TF binding to

insulators (Phillips and Corces 2009).

Therefore, control of DNA methylation

might be an important mechanism for

establishment of cell-type-specific distal

cis-regulatory elements. We had previ-

ously shown that under standard cell

culture conditions, a subset of the FOXA1-

bound enhancers remains inactive be-

cause they could, for example, require

specific stimuli (Eeckhoute et al. 2009a).

Interestingly, we found that this subset

of sites nevertheless showed DNA hypo-

methylation (Supplemental Fig. S4). This

suggests that, reminiscent of FOXA1

binding (Eeckhoute et al. 2009a), DNA

hypomethylation may be necessary but

not sufficient for functional activities of

enhancers.

Low DNA methylation levels facilitate
chromatin binding of ectopically
expressed FOXA1

In order to further explore the role of DNA

methylation in controlling FOXA1 bind-

ing to chromatin, we stably expressed

FOXA1 in MDA-MB231 cells that nor-

mally lack detectable levels of this TF (Fig.

3A; Eeckhoute et al. 2006; Badve et al.

2007; Thorat et al. 2008; Malik et al. 2010). Then, using ChIP-chip,

we identified the genomic regions that were able to recruit ectop-

ically expressed FOXA1 in this cellular background. As shown in

Figure 3B, FOXA1-binding sites in MDA-MB231 only partially

overlapped with those previously identified in MCF7 and LNCaP

cells. As expected, no FOXA1 binding was detected in the control

MDA-MB231 cells (Fig. 3C). Next, we monitored DNA methylation

levels at FOXA1-binding sites in control and FOXA1-expressing

Figure 3. FOXA1 preferentially binds to DNA hypomethylated sites when ectopically expressed in
MDA-MB231 cells. (A) Western blot assay showing FOXA1 expression in stably transfected MDA-MB231
cells (MDA-FOXA1). Note that only a faint non-specific band of lower molecular weight is observed in
MDA-MB231 cells stably transfected with an empty vector (MDA-control) when the anti-FOXA1 anti-
body was used. (B) Peaks of FOXA1 enrichment were called using MAT at FDR 1% in MDA-FOXA1 cells
and compared to those previously identified in MCF7 and LNCaP cells. Numbers of overlapping and
non-overlapping binding sites are indicated on the Venn diagram. (C ) ChIP-qPCR validation of eight
sites identified by FOXA1 ChIP-chip in MDA-FOXA1. Fold enrichments relative to negative control re-
gions are indicated. Results are from two independent experiments. (D) Average FOXA1-binding levels
at MDA-MB231, MCF7-specific, or LNCaP-specific FOXA1 peaks were determined from ChIP-chip data
obtained in MDA-FOXA1 cells. A random set of regions from chromosomes 8, 11, and 12 was also
analyzed. (E) Average DNA methylation and H3K4me2 levels at FOXA1-binding sites from MDA-FOXA1
cells or at sites specific to MCF7 or LNCaP cells. MeDIP-chip or H3K4me2 ChIP-chip data were obtained
in MDA-control or MDA-FOXA1 cells, as indicated. A random set of regions was used as control. (F )
ChIP-qPCR experiments were performed in both MDA-control and MDA-FOXA1 cells to determine
H3K4me1, 2, and 3 levels at FOXA1-binding sites validated in panel C. Fold enrichments relative to
negative control regions are indicated. Results are from three independent experiments.
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MDA-MB231 cells using MeDIP-chip. We found that binding

sites from MCF7 or LNCaP cells unable to strongly recruit FOXA1

in MDA-MB231 cells (called MCF7-specific and LNCaP-specific,

respectively) showed only modest DNA hypomethylation (Fig.

3D,E). On the other hand, FOXA1 binds to chromatin regions

showing low DNA methylation levels in both control and FOXA1-

transfected MDA-MB231 cells (Fig. 3E). In this case, this could be

partly accounted for by a lower CpG density at these sites (Sup-

plemental Fig. S1). Alternatively, we cannot rule out that DNA

hypomethylation at FOXA1-binding sites may stem from the

presence of FOXA2 in MDA-MB231 cells (Supplemental Fig. S5;

Motallebipour et al. 2009). Nonetheless, this suggests that ec-

topically expressed FOXA1 binds in an opportunistic manner

to chromatin regions showing intrinsic

or previously acquired low DNA meth-

ylation levels. Of note, most genes found

near the validated FOXA1-binding sites

were not regulated in MDA-MB231 cells

further, suggesting that these sites were

not genuinely active cis-regulatory ele-

ments (Supplemental Fig. S6; Supple-

mental Table S1).

Interestingly, despite these findings,

we noticed that there was a 25% further

reduction in DNA methylation levels at

FOXA1-binding sites in FOXA1-express-

ing cells compared to the control MDA-

MB231 cells (p < 0.001) (Fig. 3E). This was

correlated with an overall increase in

H3K4me2 levels at FOXA1-binding re-

gions (Fig. 3E), which was validated at

specific sites using ChIP-qPCR (Fig. 3F).

Note that H3K4me1 was also induced

at four of the eight analyzed FOXA1 re-

cruitment sites, while H3K4me3 was only

detected at one of them (Fig. 3F). This is

consistent with FOXA1 binding mainly

to enhancers, which are characterized by

the presence of H3K4me1 and 2 but ab-

sence or low levels of H3K4me3 (Supple-

mental Table S1; Heintzman et al. 2007;

Lupien et al. 2008).

Hence, these data point to a poten-

tial temporally controlled establishment

of the epigenetic signature characterizing

FOXA1-bound chromatin regions.

Dynamic establishment of the
epigenetic signature at FOXA1-
dependent enhancers during the
course of cellular differentiation

During development, FOXA1 is expressed

in committed cells to initiate chroma-

tin opening and enhancer competency

(Zaret 1999). To determine how the con-

trol of DNA and H3K4 methylation relates

to the activation of FOXA1-dependent

enhancers during cellular differentiation,

we made use of mouse pluripotent P19

cells. P19 cells are equivalent to primitive

ectoderm cells in their undifferentiated

state and give rise to neural cells when challenged with retinoic

acid (RA) (Jones-Villeneuve et al. 1983; Aiba et al. 2009). FOXA1

expression is induced after stimulation of P19 cells with RA and is

required for neural differentiation (Fig. 4A; Supplemental Fig. S7;

Jacob et al. 1997; Tan et al. 2010). Using ChIP-chip, we identified

11 high-confidence FOXA1-binding sites in P19 cells challenged

with RA for 48 h. This limited number of identified recruitment

sites when compared to our data in human cancer cells could be in

part explained by significantly lower FOXA1 expression levels in

P19 cells (Fig. 4A). Moreover, since neural differentiation of P19

cells requires up to 5–7 d to complete, we cannot exclude that

additional sites could recruit FOXA1 at different times during this

process (Steger et al. 2010; Tan et al. 2010). Nonetheless, these

Figure 4. Epigenetic program involved in the establishment of FOXA1-dependent enhancers during
cellular differentiation. (A) Western blot assay showing induction of FOXA1 expression after stimulation
of P19 cells with retinoic acid (RA) for 48 h. (B) FOXA1 ChIP-qPCR experiments were performed in P19
cells stimulated (+) or not (�) with RA for 48 h or 120 h. Fold enrichments relative to a negative control
region are indicated. Results are from three independent experiments. (C ) H3K4me1, 2, and 3 ChIP-
qPCR experiments performed and analyzed as in B. (D) The percentage of cytosine methylation for CpG
dinucleotides found within 200 bp of the center of FOXA1-binding sites was determined using bisulfite
pyrosequencing. Shown is the average methylation levels of all CpGs analyzed for a given binding site.
(E ) RT-qPCR experiments performed in P19 cells stimulated (+) or not (�) with RA for 48 h or 120 h.
Expression of analyzed genes was normalized using Rplp0 and is shown as fold induction relative to
expression in undifferentiated P19 cells, which was set to 1. Results are from two independent experi-
ments performed in duplicates. Note that, as expected, expression of the pluripotency transcription
factor Nanog was strongly reduced upon induction of P19 cell differentiation with RA (data not shown).
(ND) Not detectable.
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FOXA1 recruitment regions were validated in P19 cells using ChIP-

qPCR (Fig. 4B). Interestingly, we found an increase in H3K4me1

and/or 2 levels at FOXA1-binding sites in differentiating P19 cells

(Fig. 4C). Indeed, ;60% of tested sites showed significant enrich-

ments for H3K4me1 and/or 2 only after RA stimulation (Fig. 4C).

On the other hand, only one site showed slight enrichment for

H3K4me3 (Fig. 4C). Again, this is consistent with these sites being

distal cis-regulatory elements (Supplemental Table S2). Inter-

estingly, expression of the closest gene from these different

FOXA1-binding sites was often (eight out of 11 genes) induced

upon differentiation of P19 cells (Fig. 4E). For instance, FOXA1-

binding sites #1 and 3 lie ;25–30 kb away from the transcriptional

start sites of Tle1 and Megf9, two genes induced in RA-treated P19

cells and previously suspected to have a role in neural differenti-

ation (Fig. 4E; Yao et al. 1998; Brandt-Bohne et al. 2007).

The DNA methylation levels of six FOXA1-binding sites were

subsequently analyzed by bisulfite pyrosequencing in both un-

treated and RA-stimulated P19 cells. Strikingly, we observed that

these sites were highly DNA methylated in undifferentiated cells

(with the exception of site 2) and were subjected to demethylation

upon cellular differentiation (Fig. 4D; Supplemental Fig. S8D).

Note that only a fraction of RA-treated P19 cells engage in neural

differentiation, which may explain why cytosine demethylation

does not necessarily reach levels observed at FOXA1-binding sites

in MCF7 or LNCaP cells (Tan et al. 2010). However, this deme-

thylation was statistically significant for most analyzed cytosines

( p < 0.05) and was not observed at control CpGs from the Vtn

promoter (Fig. 5A).

In order to better define the kinetics of events taking place

during enhancer activation in differentiating P19 cells, FOXA1

recruitment as well as H3K4me2 and DNA methylation levels were

monitored in greater detail at these six FOXA1-binding sites.

Hence, we performed time-course ChIP-qPCR and bisulfite-pyro-

sequencing experiments in which P19 cells were stimulated with

RA for 6, 12, 18, 24, 48, or 120 h. Except for site 7, our results clearly

show that FOXA1 binding to chromatin could be detected before

induction of H3K4me2 and before significant DNA demethylation

occurs (Fig. 5A). Delayed DNA demethylation at sites 1 and 6 was

further validated using digestion of genomic DNA by the meth-

ylation-sensitive restriction enzyme HpyCH4IV (Supplemental Fig.

S9). Hence, these data suggest that DNA hypomethylation may not

be required for initial FOXA1 binding to enhancers but is rather

established during cellular differentiation. To strengthen this con-

clusion, we analyzed the DNA methylation status of site 1 using

DNA issued from FOXA1 ChIP performed at different times after

P19 cell stimulation with RA. As shown in Figure 5B, reminiscent

of input DNA, FOXA1-bound chromatin exhibited high methyl-

ation levels at the two CpGs of site 1 at early time points after RA

stimulation. These data exclude the possibility that FOXA1 bind-

ing was restricted to the subset of hypomethylated sites 1 and to-

gether with Figure 5A show that FOXA1 can be initially recruited to

chromatin sites comprising highly methylated CpGs.

Altogether, these data reveal a temporally controlled usage

of epigenetic marks for establishment of FOXA1-dependent en-

hancers during cellular differentiation.

FOXA1-binding sites are intrinsic cell-type-specific enhancers
whose activity is inhibited by DNA methylation

Our data suggest that DNA hypomethylation is linked to activa-

tion of FOXA1-dependent enhancers. Hence, to show that DNA

methylation had a functional impact on FOXA1-dependent en-

hancer activities, we cloned eight FOXA1-binding sites into a CpG-

free luciferase reporter plasmid in front of a minimal promoter

(Supplemental Fig. S10). These constructs were then subjected to

in vitro methylation by SssI and transfected into cells. We used four

MCF7-specific and four LNCaP-specific FOXA1-binding sites that

were transfected in the breast or the prostate cancer cell line, re-

spectively. As shown in Figure 6A, out of six functional enhancers,

five had their activities significantly blunted or abolished by DNA

Figure 5. Kinetics of FOXA1 recruitment and epigenetic switch at en-
hancers during the course of P19 cell neural differentiation. (A) FOXA1
and H3K4me2 ChIP-qPCR as well as bisulfite-pyrosequencing experiments
were performed in unstimulated or RA-treated P19 cells and analyzed as in
Figure 4. For DNA methylation data, the percentage of cytosine methyl-
ation for CpG dinucleotides found within 200 bp of the center of FOXA1-
binding sites is indicated. Note that significant DNA demethylation (p <
0.05) was observed for all analyzed CpGs except CpG 2 of site 3. On the
other hand, no significant decreases in cytosine methylation levels were
obtained at control CpGs localized within the Vtn promoter (inset). These
CpGs had been previously identified as methylated in both undif-
ferentiated and RA-stimulated P19 cells (A Sérandour and G Salbert,
unpubl.). (B) Bisulfite-pyrosequencing was used to monitor the methyla-
tion status of CpGs found in site 1 within DNA issued from FOXA1 ChIP.
Input DNA was used as a reference in these experiments. P19 cells were
harvested and processed for ChIP assays after 6, 12, 18, 24, 48, or 120 h of
RA treatment, as indicated. Results are means and standard deviations
from two independent experiments performed in duplicates.
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methylation, validating its important regulatory function. Note

that two LNCaP-specific sites did not show significant enhancer

activities, which is in line with our previous study showing that, at

least under standard cell culture conditions, some FOXA1-bound

enhancers remain inactive (Eeckhoute et al. 2009a).

We subsequently made use of the non-methylated constructs

to test whether lack of DNA methylation would allow enhancers to

be active irrespective of the cell type. However, we found that the

non-methylated enhancers recapitulated their cell-type-specific

activities observed within the chromatin context. Indeed, MCF7-

specific or LNCaP-specific FOXA1-binding sites had minimal ac-

tivities when transfected into the LNCaP or MCF7 cells, respec-

tively (Fig. 6B). Moreover, these enhancers were also inactive in the

HEK293 embryonic kidney and MDA-control breast cancer cells

(except for some low activities of MCF7-specific binding site #6)

(Fig. 6C,D). Moreover, FOXA1 overexpression in MDA-FOXA1

cells could only partially rescue the ac-

tivity of a subset of these enhancers

(Fig. 6D). Hence, DNA demethylation of

FOXA1-binding sites is a prerequisite to

their activities, which also require specific

cellular backgrounds, which most proba-

bly provide the appropriate sets of col-

laborating transcriptional regulatory fac-

tors. In line with this conclusion, treatment

of P19 cells with the DNA demethylating

drug 5-aza-29-deoxycytidine was not suf-

ficient to recapitulate the pattern of gene

induction observed in differentiating P19

cells stimulated with RA (Supplemental

Fig. S11).

Discussion
FOXA1 is believed to scan chromatin and

to be able to bind to its recognition motif

in condensed structures (Cirillo et al.

2002; Sekiya et al. 2009). FOXA1 sub-

sequently triggers enhancer competency

through cooperation with additional pi-

oneer factors including GATA family

members (Zaret 1999; Cirillo et al. 2002).

In ESR1-positive breast cancer cells, for

example, GATA3 is highly expressed and

is co-recruited with FOXA1 to cell-type-

specific enhancers (Lacroix and Leclercq

2004; Eeckhoute et al. 2007; Hua et al.

2009). This is in line with establishment

of active enhancers by SPI1 (also called

PU.1) in macrophages and B-cells (Heinz

et al. 2010). Indeed, SPI1 collaborates with

a small set of cell-type-specific TFs to trig-

ger functional competency of different

enhancers in these two distinct cellular

lineages (Heinz et al. 2010). Therefore,

a requirement for multiple cooperating

pioneer factors most probably underlies

their cell-type-specific activities. We pro-

pose that once bound, these collab-

orating pioneer factors trigger enhancer

transcriptional competency through in-

duction of an epigenetic switch (Fig. 7).

In a recent study, Edwards et al. (2010) did not find DNA

hypomethylation at enhancers and argued that DNA methylation

was unlikely to have a role in control of their activities during

development. However, these investigators used enhancers pre-

viously mapped in cell lines of different origins from the tissues

that served to generate the DNA methylation data (Heintzman

et al. 2009). Since enhancers are highly cell type specific, this

might explain why these regions did not show DNA hypo-

methylation in this study (Heintzman et al. 2009). In contrast, our

data indicating that FOXA1-bound enhancers consist of locally

DNA hypomethylated regions are in line with Lister et al. (2009).

Strikingly, we further show that, on a genomic scale, differential

DNA hypomethylation defines cell-type-specific FOXA1-binding

sites. Importantly, we present evidence that, during cellular differ-

entiation, activation of FOXA1-dependent enhancers is accompa-

nied by a decrease in DNA methylation. Several observations point

Figure 6. FOXA1-binding sites are DNA methylation- and cell-context-sensitive enhancers. (A) Re-
porter assays were performed using in vitro methylated or unmethylated enhancers cloned within
a CpG-free luciferase reporter vector and transfected in MCF7 or LNCaP cells. ‘‘Empty’’ refers to the
control reporter construct lacking an enhancer. Numbering of FOXA1-binding sites is consistent with
Figure 1E. Results are means and standard deviations from a representative experiment performed in
triplicates. (B) Reporter assays were performed using unmethylated reporter constructs that were
transfected in MCF7 or LNCaP cells. Results are means and standard deviations from a representative
experiment performed in triplicates. (C ) Reporter assays were performed using unmethylated reporter
constructs that were transfected in HEK293 cells. Results are means and standard deviations from
a representative experiment performed in triplicates. (D) Reporter assays were performed using
unmethylated reporter constructs that were transfected in MDA-control or MDA-FOXA1 cells, as in-
dicated. The day before transfection, 2.5 mg/mL tetracycline was added to the cells. Results are means
and standard deviations from a representative experiment performed in triplicates. For all experiments,
luciferase activities are expressed relative to that obtained for the control reporter plasmid lacking an
enhancer, which was set to 1.
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to a role for DNA hypomethylation in stabilization of FOXA1

binding to chromatin. For instance, when ectopically expressed in

a cell type where it lacks relevant collaborating TFs and functions,

FOXA1 binding to chromatin is facilitated by preexisting low DNA

methylation levels. Moreover, DNA hypomethylation was found

at competent but transcriptionally inactive FOXA1-bound en-

hancers in MCF7 cells. Concomitantly to DNA demethylation,

H3K4 methylation is induced at FOXA1 recruitment sites. This is in

agreement with their description as antagonistic epigenetic marks

(Okitsu and Hsieh 2007; Ooi et al. 2007; Thomson et al. 2010). Of

note, erasure of H3K4me2 leads to a decrease in FOXA1 binding

to enhancers (Lupien et al. 2008; Wang et al. 2009). Therefore, we

propose that activation of FOXA1-dependent enhancers requires

an epigenetic switch that both stabilizes the pioneer factor binding

and allows for subsequent recruitment of direct transcriptional

regulators (Fig. 7). Indeed, ESR1 also preferentially binds to DNA

hypomethylated regions of chromatin (Supplemental Fig. S12),

while erasure of H3K4me2 leads to reduction in AR recruitment to

enhancers (Wang et al. 2009).

Recently, Xu et al. (2009) suggested that FOXA1 binding to

the Alb enhancer was dependent on hypomethylation of a single

CpG that stemmed from the presence at this site of another

Forkhead family member (FOXD3) in undifferentiated cells.

However, in our differentiation model, we found that most CpGs

located in the vicinity of the FOXA1-binding motifs were relatively

highly methylated in undifferentiated cells and were subjected

to demethylation upon differentiation. Moreover, although it is

expressed in undifferentiated P19 cells, we were not able to detect

FOXD3 recruitment to these FOXA1-binding sites (data not

shown). The hypomethylated CpG in the Alb enhancer is localized

right next to the Forkhead recognition motif (cgTGTTTGC) (Xu

et al. 2009), which might explain why, in this particular situation,

it has to be maintained hypomethylated to allow initial FOXA1

recruitment.

Interestingly, we have shown that FOXA1-dependent en-

hancers are intrinsically cell type specific. Indeed, when cloned

into a reporter construct, they were able to recapitulate the tissue-

specific activities they normally show in the chromatin context.

However, these enhancers were functionally inhibited by DNA

methylation. This indicates that the complexity of TF recognition

motifs at enhancers serves two distinct purposes. First, enhancers

possess a specific combination of motifs required to recruit effector

TFs that directly execute transcriptional regulatory activities. These

combined motifs bear the cell-type-specific functions of enhancers

and often allow for recruitment of TFs that respond to external

stimuli such as nuclear receptors (Lupien et al. 2008; Heinz et al.

2010; Hoffman et al. 2010; Lefterova et al. 2010). Second, since

DNA compaction into chromatin impedes binding of most effector

TFs, enhancers also comprise recognition sites for pioneer factors

whose role is to lift this inhibition and allow for execution of the

regulatory function encoded into the enhancer sequence (Fig. 7).

In conclusion, we have uncovered dynamic epigenetic mod-

ifications of chromatin that occur during activation of FOXA1-

dependent enhancers. In particular, we have shown that DNA

demethylation and induction of H3K4 methylation upon pioneer

factor binding potentiate the intrinsic cell-type-specific activities

of enhancers.

Methods

Cell treatments and establishment of stable clones
Differentiation of embryonal carcinoma P19 cells was induced
using treatment with 1 mM of all-trans retinoic acid (Sigma) (Tan
et al. 2010). Exposure of P19 cells to 2.5 mM 5-aza-29-deoxycytidine
(Sigma) was carried out during 48 h. The media was changed and
a new drug was added after 24 h.

To generate FOXA1-expressing MDA-MB231 cells, MDA-
MB231 cells were first stably transfected with the pcDNA6/TR
vector (Invitrogen). Clones were selected using 5 mg/mL blasticidin
(Invitrogen) and screened for tetracycline inducibility using tran-
sient transfection of pcDNA4/TO/Luc (Invitrogen) and monitoring
of luciferase activities. Next, one positive clone was subsequently
transfected with pcDNA4/TO/FOXA1 (pcDNA4/TO from Invi-
trogen containing the human FOXA1 cDNA) or the empty control
plasmid. Selection of stably transfected cells was performed using a
combination of 5 mg/mL blasticidin and 75 mg/mL zeocin (Invi-
trogen). Clones were screened for FOXA1 expression using West-
ern blotting of cellular extracts prepared from cells grown for 2 d in
the presence of 2.5 mg/mL tetracycline (Sigma).

Chromatin immunoprecipitation (ChIP)

MCF7, P19, LNCaP, or abl cells were cross-linked with 1% form-
aldehyde for 10 min at room temperature. The cells were rinsed
with cold PBS, harvested and lyzed with 1% SDS, 10 mM EDTA,
and 50 mM Tris-HCl (pH 8.1) containing a protease inhibitor
cocktail (Roche). Chromatin fragmentation was subsequently
obtained by sonicating samples for 14 min (30 sec on/off cycles)

Figure 7. Model depicting the proposed dynamic TF binding and
epigenetic hierarchy that governs establishment of FOXA1-dependent
enhancers. FOXA1 collaborates with additional pioneer factors (e.g.,
GATA family factors) to trigger transcriptional competency of specific
enhancers. We propose that this involves the initiation of an epigenetic
switch consisting of DNA demethylation and induction of H3K4 methyl-
ation. These epigenetic changes allow for subsequent recruitment of
transcriptional regulatory effectors, among which are nuclear receptors
(NR) that directly regulate gene expression in response to environmental
cues. See the Discussion section for further details.
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using a Bioruptor (Diagenode) set up at the highest intensity. The
soluble chromatin was diluted 10 times in a buffer containing
1% Triton, 2 mM EDTA, 150 mM NaCl, and 20 mM Tris-HCl (pH
8.1) and incubated overnight with antibodies. Sepharose beads
(Amersham Pharmacia Biosciences) were then added to the samples
together with sheared salmon sperm DNA or yeast tRNA as non-
specific competitors. After 4 h, beads were washed as described in
Carroll et al. (2005), and immune complexes were eluted using 100
mL of 1% SDS and 0.1 M NaHCO3. Samples were incubated over-
night at 65°C to reverse cross-linking. DNA was finally purified us-
ing the NucleoSpin Extract II kit (Macherey-Nagel). Fold enrich-
ments were determined using qPCR and internal negative controls.

Antibodies used in ChIP assays were directed against CTCF
(07-729 from Millipore), H2AFZ (Ab4174 and Ab18262 from
Abcam), FOXA1 (Ab5089 from Abcam), and H3K4me1, 2, or 3
(07-436, 07-030, and 04-745 from Millipore, respectively).

Methylated DNA immunoprecipitation (MeDIP)

Genomic DNA was prepared from cultured cells using a DNA ex-
traction kit (DNeasy Blood and Tissue kit; QIAGEN) with a sup-
plementary step of RNase digestion. Genomic DNA was then
sonicated to produce fragments ranging in size from 200 to 500 bp.
Four micrograms of fragmented DNA was denatured by incubation
for 10 min at 95°C and immunoprecipitated overnight at 4°C with
2 mg of monoclonal antibody against 5-methylcytidine (MAb-
5MECYT from Diagenode) in a final volume of 500 mL of IP buffer
(10 mM sodium phosphate at pH 7.0, 140 mM NaCl, 0.05% Triton
X-100). Immunocomplexes were captured by incubation with 40
mL of BSA-coated Protein A Sepharose beads (50% slurry) for 2 h at
4°C. Beads were subsequently washed three times with 1 mL of IP
buffer and finally incubated with proteinase K overnight at 55°C in
a buffer containing 50 mM Tris HCl (pH 8.0), 10 mM EDTA, and
0.5% SDS. Methylated DNA was recovered by phenol–chloroform
extraction followed by ethanol precipitation.

Analysis of immunoprecipitated DNA by hybridization
on tiling arrays

DNA was amplified using the GenomePlex Complete Whole Ge-
nome Amplification kit (WGA; Sigma) (O’Geen et al. 2006). We
incorporated dUTP into the PCR mix and used the GeneChip WT
Double-Stranded DNA Terminal Labeling Kit (Affymetrix) to frag-
ment and label the DNA. DNA was then hybridized onto Affymetrix
human array F (covering chromosomes 8, 11, and 12) or mouse array
D (covering chromosomes 4, 11, and 17) from the GeneChip Hu-
man or Mouse Tiling 2.0R Array Set, respectively. Array hybridiza-
tion and scanning were performed at the OUEST-genopole micro-
array core facility. Tiling array data have been submitted to the Gene
Expression Omnibus (GEO) database (Series record GSE21513).

Raw tiling array data processing and peak calling were per-
formed using the MAT software (Johnson et al. 2006). MAT also
provides a normalized intensity signal level for each probe on the
array (MAT score), which was used to define average intensity
signals within specific enhancers. Average signals were determined
by first identifying the center of the enhancers of interest and
expanding the region to analyze 1 kb on each side. These regions
were then split into 40 windows where the average MAT scores of
probes were determined. As controls, randomly selected regions
within the non-repetitive sequences of chromosomes covered by
the DNA chips were used.

Overlap between FOXA1-binding sites identified in different
cell types was determined using CEAS (Shin et al. 2009). Two
binding sites were considered to overlap as long as they had one
base pair in common.

HpaII and HpyCH4IV digestion sensitivity analyses

Genomic DNA was prepared using the DNeasy Blood and Tissue kit
(QIAGEN). To analyze the methylation status of CCGG or ACGT
sites, 400 ng or 1 mg of DNA was digested overnight at 37°C with 20
U of HpaII or 10 U of HpyCH4IV, repectively. Control DNA did not
receive the restriction enzyme. Samples were then purified using
the NucleoSpin Extract II kit (Macherey-Nagel) and analyzed using
real-time PCR.

CpG methylation analysis by bisulfite pyrosequencing

Genomic or immunoprecipitated DNA was modified by bisulfite
using the EpiTect Bisulfite Kit (QIAGEN). Biotinylated amplicons
were then produced using the high-fidelity Platinum Taq DNA
polymerase (Invitrogen). Each amplicon was sequenced on Pyro-
sequencing PSQ 96MA (Biotage). The percentage of cytosine meth-
ylation within CpG dinucleotides was determined within the first
100 bp of sequenced DNA as recommended by the manufacturer.
Amplification and sequencing primers were designed with PSQ
Assay Design softaware (Biotage) following the manufacturer’s
recommendations.

Western blot assays

Cellular lysates were prepared by incubating cells in lysis buffer (25
mM Tris at pH 7.5, 500 mM NaCl, 2 mM EDTA, 0.5% NP-40, and
protease inhibitors) for 30 min at 4°C. After sonication and cen-
trifugation to remove insoluble debris, lysates were used for Western
blot assays performed using anti-FOXA1 antibody (Ab5089 from
Abcam) and anti-HSPA8 (SPA-816 from Stressgen) as a loading
control.

RNA preparation and reverse transcription

RNA was prepared using TRIzol (Invitrogen) according to the
manufacturer’s instructions. Reverse transcription was performed
using M-MLV reverse transcriptase (Invitrogen) and Pd(N)6 ran-
dom hexamers (Amersham Pharmacia Biosciences).

Luciferase reporter assays

FOXA1 recruitment sites were PCR-amplified from BACs or human
genomic DNA and cloned into the CpG-free pCpGLCMV/EF1
vector by DNA ligation or by homologous recombination using the
In-Fusion cloning system (Clontech) (Klug and Rehli 2006). All
primer sequences used to prepare these constructs are given in
Supplemental Table S2. All constructs were verified by DNA se-
quencing. Luciferase reporter plasmids were either mock-treated
or methylated in vitro with the SssI DNA methylase for 3 h at
37°C and purified with the NucleoSpin Extract II kit (Macherey-
Nagel). Cells were transfected in triplicates with 250 ng of reporter
plasmid and 50 ng of Renilla control vector (pRL-Null from
Promega) using JetPEI (Polyplus Transfection) in 24-well plates.
After 24 h, firefly and Renilla luciferase activities were determined
using the Dual-Luciferase Reporter Assay System (Promega) on
a Veritas Microplate Luminometer (Turner Biosystems). Firefly
luciferase activities of individual transfections were normalized
against Renilla luciferase activities.

Real-time PCR (qPCR)

Real-time PCR was performed as in Eeckhoute et al. (2006). All
primer sequences are given in Supplemental Table S3.
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Statistical analyses

Statistical analyses were performed using Prism software. Statistical
significance was determined using a Student’s t-test comparison for
unpaired data and was indicated as follows: (*) p < 0.05; (**) p < 0.01;
(***) p < 0.001.
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