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Figure 1. MCF-7-specific estrogen receptor alpha (ERa) super-enhancers are represented by one (or a few) enhancer(s) even in the absence of estradiol
treatment. (A) Integrative Genomics Viewer (IGV) snapshot of ERa ChIP-seq coverage representing six ERa super-enhancers (SEs) upon vehicle and
estradiol (E2) treatment. The interval scale is 50 in both cases. (B and C) ER« tag density upon vehicle or E2 treatment in the deciles determined based
on ERa recruitment at peaks within SEs. (D and E) ERa tag density upon vehicle or E2 treatment in deciles determined based on ERa recruitment at
peaks not overlapping with SEs. The boxes represent the first and third quartiles, the horizontal lines indicate the median reads per kilobase per million
mapped reads (RPKM) values, and the whiskers indicate the lower and upper extremes per decile. (F and G) ERa tag densities of the mother (M) and the
top 6 daughter enhancers (1-6) within the same super-enhancer region in vehicle- and E2-treated MCF-7 cells. Enhancers were vertically sorted based on
the RPKM values of the mother enhancers (in the first column), and the individual enhancers within a SE region were subsequently horizontally aligned
based on the read enrichment of the vehicle-treated samples. (H and I) Histograms show the average tag density of mother (392) and daughter enhancers
(3650) in the presence or absence of E2. (J and K) Histograms show the average tag density of mother (392) and daughter enhancers (3650) in the presence
vehicle- or E2-treatment and upon tamoxifen- and fulvestrant-treatment. Samples derived from the same experiment.
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regions. The processed time-course experiment also sug-
gested that mother enhancers are indeed occupied prior to
daughter enhancers, and show a prolonged binding at later
time points, too (Supplementary Figure S4B-D). Thus,
there is a difference between the dynamics of the occupancy
of the distinct SE peak sets. Importantly, the presence of
ERa on mother enhancers is remarkable after ERa antag-
onist treatments such as tamoxifen and fulvestrant (Figure
1J and K). Moreover, in FoxAl-depleted state, as shown on
Supplementary Figure S4E-G, the binding of ER« is re-
duced, but not abolished neither on mother nor on daugh-
ter enhancers.

As MED1 was reported to be a key component of the
Mediator complex bridging SEs with transcription start
sites, we visualized the presence of this component within
the ERa SEs. MEDI is recruited to ERa-bound sites with
a high binding affinity to the buds or initiator(s) of SEs,
namely, mother enhancers, upon estradiol treatment (Fig-
ure 2A). We also investigated the MED1 densities based on
the previously defined and sorted deciles of ERa peaks, and
as shown in Figure 2B and C, Mediator is preferentially re-
cruited to ERa peaks with higher tag densities, particularly
in estradiol-treated samples (Figure 2C). Collectively, we
observed collaborating enhancers clustered in SEs, showing
a much higher ERa occupancy than single enhancers, and
even more prominent enrichments accompanied by Media-
tor binding were observed within SEs.

The read distribution plot around the individual en-
hancers demonstrated that mother enhancers are located
in the most accessible chromatin regions with high lev-
els of DNase I signal and show the highest MED1, P300,
H3K27ac and BRD4 coverage upon induction, suggesting
that the top ERa enhancers (392 mother enhancers in to-
tal) represent the most active regulatory regions, while the
daughter enhancers (3650 in total) did not show this pattern
(Figure 2D, Supplementary Table S3).

Based on the previous observation, namely, that each
super-enhancer region is indicated by a markedly active re-
gion, we assessed whether mother and daughter enhancers
were observed for other TFs and cell types. First, we exam-
ined the other two lineage-determining factors associated
with MCF-7 cells, namely, FoxA1 and AP2y (Supplemen-
tary Figure S2C-F). Second, we extended these investiga-
tions to other NRs in different cell types (AR in LNCaP
cells, RAR in mouse F9 cells and VDR in mouse intesti-
nal epithelial cells) and to JUNB in mouse BMDMs (Sup-
plementary Figure S2G-N). In all experimental systems
investigated (except for FoxAl, as described later in this
manuscript), patterns similar to those for ERa in MCF-
7 cells were observed, indicating that a more general phe-
nomenon occurs in the presence of several TFs (Supplemen-
tary Figure S2A-N, Figure S3A-N).

Canonical elements drive transcription factors

To better understand the factors that discriminate ER«a
mother and daughter enhancers, we applied a motif enrich-
ment analysis for these regions. While mother enhancers
showed strong canonical ERE motif enrichment from a rel-
atively low number of target sequences, daughter enhancers
were not enriched for the ERa dimer-specific elements but
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were enriched for NR half sites and FoxAl motifs (Fig-
ure 3A and B and Supplementary Figure SSA and B). In-
terestingly, at the sites of mother enhancers, a unique NR
direct repeat element with overlapping half sites was also
identified. Considering the strong P-value (1e-200) and the
high enrichment of ERE (62.2%) (compared with the back-
ground, which was 3.37%), despite the small number of tar-
get sequences (n = 328), we concluded that the high level of
ERa recruitment at mother enhancers (even in the absence
of estradiol) reflects strong canonical DNA elements. How-
ever, for the emergence of daughter peaks, other TFs, such
as FoxA1 and activator protein 1 (AP-1), act in concert with
the increased level of ER« after estradiol treatment.

To validate these observations, we examined the motif de-
pendence of binding frequency. We plotted the motif scores
of the remapped EREs as a function of the deciles derived
from the vehicle-treated peak size distribution in the case of
mother enhancers and from the estradiol-treated peak size
distribution in the case of daughter enhancers and observed
that in all cases, the extremely high mother peaks had sig-
nificantly stronger binding elements than the daughter en-
hancers (deciles 8-10 have P < 0.0001) (Figure 3C). This
finding suggests that the strongest elements of accessible eu-
chromatic regions irresistibly attract the ERa dimers. To de-
termine whether this effect is also observed for the binding
of other TFs, we investigated these correlations for other
types of SEs.

Motif enrichment analysis at the sites of the mother
and daughter enhancers predicted from other investigated
samples showed the same phenomenon. For example, we
detected better motif enrichment of mother enhancers in
MCF-7 for FoxAl than that of their daughters, and this
effect was also observed for AP2y (Supplementary Fig-
ure S5C-F). Interestingly, AP2vy daughter enhancers har-
boured the motifs of the main collaborating partners,
FoxAl, ERa and AP-1, together with the CCCTC-binding
factor (CTCF). In the case of AR in the LNCaP cell line,
FoxA1 is needed for the establishment of mother enhancers,
as shown by the extremely high motif enrichment in the
mother enhancers (Supplementary Figure S5G and H).
Importantly, daughter enhancers showed lower IR3/ARE
(ARE: androgen response element) and FoxAl motif en-
richment, but a composite element of FoxAl and AR was
also identified, indicating a tight collaboration between
these TFs, which may be less affected by other regulators.

In the case of JUNB, mother enhancers of mouse
BMDM cells showed all the main specific motif enrich-
ments, namely, AP-1, AP-1::IRF (IRF: interferon reg-
ulatory factor) composite element (AICE), cAMP re-
sponse element and the motif of the lineage-determining
CCAAT /enhancer-binding protein (C/EBP). These motifs
showed weaker enrichment in daughter enhancers, and fur-
ther motifs of collaborating TFs, namely, purine-rich box-1
(PU.1), nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB) and signal transducer and activator
of transcription (STAT) appeared (Supplementary Figure
S5TandJ). The RAR and VDR mother enhancers of mouse
F9 and epithelial cells, respectively, also showed stronger
specific motif enrichment than the corresponding daughter
peaks, and GATA protein(s) may also occupy VDR mother
enhancers. However, daughter enhancers also showed pu-
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Figure 2. MEDI is recruited to ERa-bound sites with an extremely high binding affinity. (A) IGV snapshot of MED1 and ERa ChIP-seq coverage,
representing six ERa SEs upon vehicle and estradiol (E2) treatment. The interval scale is 50 in both cases. (B and C) MEDI1 tag density upon vehicle or E2
treatment in deciles determined based on ERa recruitment at peaks within SEs. The boxes represent the first and third quartiles, horizontal lines indicate
the median RPKM values, and whiskers indicate the lower and upper extremes per decile. Paired t-test, * significant at P < 0.05; ** at P < 0.01; *** at P
< 0.001; **** at P < 0.0001. (D) Read distribution plot of ERa, DNase I, MEDI1, P300, H3K27ac and BRD4 upon vehicle or E2 treatment, relative to
SE peaks in 2-kb frames. Mother (392 in total) and daughter (3650 in total) peaks are sorted according to ERa tag density.

tative AP-1 and Kriippel-like factor (KLF) binding sites
(Supplementary Figure SSK-N).

All examined TFs playing roles in SE formation showed
a phenomenon similar to that of ERa, namely, these pri-
mary regulatory regions possessed canonical elements spe-
cific to dominant TF(s), while the further occupied regions
had fewer specific elements together with their collabora-
tive factors. The binding of canonical elements precedes,
and upon treatment, likely facilitates the occupation of the
nearby regions by dominant TFs and interacting partners.

In summary, the primary ChIP-seq peaks, which were
present prior to estradiol stimulation, had significantly
stronger binding elements than the activated peaks, sug-
gesting that certain elements have high DNA-protein inter-
action affinities and that there is no need for cooperative
binding with other factors, e.g. FoxA1l or AP2+y. Therefore,
we examined the differentially enriched ERa and FoxAl
binding on ERa SEs. As shown in Figure 3D and E, the
occurrence of ERa on the mother enhancers within ERa
SEs is a predominant event (P < 0.0001), but interestingly,
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Figure 3. Canonical elements provide higher DNA-binding affinity than non-canonical elements. (A and B) Motif enrichments of mother and daughter
enhancers. The P-value and target and background (Bg) percentages are included for each motif. (C) Estrogen response element (ERE) motif scores in the
deciles determined based on ER« recruitment upon vehicle (in the case of mother enhancers) or E2 treatment (in the case of daughter enhancers) within
SEs. (D and E) RPKM values of ERa and FoxA1 coverage at ERa mother and daughter enhancers. In the case of panels C, D and E, the boxes represent
the first and third quartiles, the horizontal lines indicate the median RPKM values, and the whiskers indicate the 10th to 90th percentile ranges per decile.
Paired t-test, * significant at P < 0.05, ** at P < 0.01, *** at P < 0.001, **** at P < 0.0001.

FoxAl also shows a similar pattern (P < 0.0001). The re-
sults suggested that the binding affinity of ERa was defi-
nitely higher at the sites of mother enhancers, and FoxAl
showed a stronger binding at these sites despite the lack
of its binding elements that might mean the importance of
protein—protein interactions, namely the binding to ERa.

ERa, FoxAl and AP2y form distinct SEs

Previous studies have suggested that interactions with col-
laborating pioneer factors are necessary for ERa function;
therefore, we conducted a detailed investigation of how
ERa, FoxAl and AP2vy recruitment correlates with each
other at the SE regions and examined the extent of the
overlap between the SEs of these MCF-7-specific TFs. For
this purpose, we plotted the FoxAl and AP2y tag den-
sity of mother and daughter ERa enhancers (Figure 4A),
and the resulting read distribution heat map showed a pos-
itive correlation between the three TFs following estradiol
treatment, but the recruitment of the collaborating TFs was
much lower than that of ERa. Examining the mother and
daughter FoxAl peaks revealed an increase in AP2y bind-
ing but not in FoxA1 and ERa binding (Figure 4B), and we
consistently obtained a similar result for AP2y SE peaks
(Figure 4C). Measuring the tag density of the three TFs on
their SEs showed that ER« is typically much less frequently
recruited at the mother (and daughter) peaks of the other
two TFs (Figure 4D and E) compared with the recruitment

of FoxA1l and AP2y at the sites of ERa SEs. This effect was
also observed for the recruitment of FoxAl and AP2y at
each other’s SEs (Figure 4F-I), suggesting that SEs are typ-
ically dominated by a single TF and that other TFs are likely
collaborating partners in their activity. TF specificity was
also confirmed by the overlap of SEs determined for ERa,
FoxA1l and AP2y (Figure 4J). The Venn diagram shows that
of these three proteins, ERa and FoxAl have a more dis-
tinct SE profile, while AP2y has its own, less prominent,
SE profile. This finding is consistent with the coverage re-
sults shown in Figure 4A-C, as AP2y was induced at all SEs
examined. The observed dominances may reflect the canon-
ical elements because not only the ERa-bound mother en-
hancers but also those of FoxA1 and AP2y showed stronger
specific motif enrichment compared with that in the cor-
responding secondary regions (Figure 4A and B, Supple-
mentary Figure SSA-F). On FoxAl- and AP2+y-driven SEs
FoxA1l showed no notable change upon E2 treatment, but
interestingly, it did show higher density on ERa-dominated
SEs (Figure 4A—C). The former is not surprising as no sig-
nificant change could previously been observed in FoxAl
binding upon E2 stimulation (46), but the latter is striking
as we found a set of genomic regions, where E2 could affect
FoxAl binding.

Focusing on some ERa-driven SEs, we observed that
there is typically at least one FoxA1-bound enhancer per SE
in the absence of estradiol; however, these enhancers rather

/T0Z ‘PT Afenuer uo AriqiT AUBD ‘BUDIPBIA Jo A1nJeH ‘Usdaige Jo A1sBAIuN e /Hlo'seulnolploxo reuy/:dny woly papeojumod


http://nar.oxfordjournals.org/

8 Nucleic Acids Research, 2016

FoxA1 AP2y

o bl o

iy ‘I‘M giw ) Ui v'o”'}vl

I i i g Jnv‘;rﬁ;qi”

M*ﬂownonn-}u&-mxyw ) ‘

D ERa binding on SEs F

FoxA1 binding on SEs H

(mother) (mother)
3000 500~ 200~
400+ 150
2000
s = 300 =
é E 200 é 1
10004
100 501
0- 0- 0-
ERa FoxA1l AP-2y ERa FoxA1l AP2y

il mll\rl
o0
(0))
—
\'

L 1L

AP2y binding on SEs J

(mother) Overlap between SEs

ERa

ERa  FoxA1 AP2y

AP2y binding on SEs 11
(daughter)

21 44

Iil AP2y
!J;il FoxA1

E ERa binding on SEs G FoxA1 binding on SEs I
daughter daughter

200~ {atgEes) 40- (daughtar) 25-
150 304 20
s s s 15

£ 100+ £ 20 =
['4 [i4 © 104
50+ 10 5
0- 0- 0

ERa  FoxA1 AP2y ERq  FoxA1 AP2y

ERq. FoxAl AP2y

Figure 4. ERc«, FoxAl and AP2y form distinct super-enhancers. (A—C) Read distribution plot of ERa, FoxAl and AP2y upon vehicle or E2 treatment,
relative to each other’s SE peaks in 2-kb frames. The number of mother and daughter peaks, sorted based on tag density, is indicated. (D-I) ERa, FoxAl
and AP2vy tag density of each other’s mother and daughter enhancers in E2-treated MCF-7 cells. (J) Area-proportional Venn diagram illustrates the

overlaps between the ERa, FoxAl and AP2y SEs.

occasionally overlap with mother enhancers (Figure 5 and
Supplementary Figure S6A and B). In contrast, AP2y did
not show enrichment prior to treatment and emerged to-
gether with ERa, typically at mother enhancers and specific
daughter enhancers occupied by FoxAl (Figure 5 and Sup-
plementary Figure S6C and D). There is a similar enrich-
ment at ERa mother enhancers as of AP2+y, which suggests
an ERE/ERa-dependent FoxA1l and AP2y recruitment by
protein—protein interactions. Importantly, MEDI1 is specific
only to mother enhancers, while P300 may also be recruited
to regions bound by FoxA1. H3K27ac and BRD4, together
with the DNA accessibility, also followed these tendencies,
thus showing elevated activity upon treatment (Figures 5,
6A, D, G, ], M).

By examining the presence of DNase I, MEDI, P300,
H3K27ac, BRD4 and collaborating TFs on FoxAl- and
AP2v-driven SEs, we observed a striking phenomenon: as
ERa recruitment is neither induced at these sites, P300,
H3K27ac and BRD4 nor show enrichment, while DNase I
signal and MED1 binding is induced upon treatment (Fig-
ure 6B and C, E and F, H and I, K and L, N and O, Sup-
plementary Figure S7A and B). Notably, according to the
enrichment of H3K27ac and BRD4, the slight decrease in
P300 recruitment did not affect these regions, as they were
already at least as active in the untreated state as the in-
duced ERa SEs, and this activation did not change (Fig-
ure 6G-I). These results strongly suggest ERa-dependent
MED1/P300 recruitment, followed by histone acetylation
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Figure 5. Recruitment of FoxAl and AP2y at ERa super-enhancers. IGV snapshot of ERa ChIP-seq coverage, representing eight ERa SEs upon vehicle
(veh) or E2 treatment and the simultaneous presence of FoxAl, AP2y, MEDI, P300, H3K27ac, BRD4 and DNase I upon vehicle and E2 treatment. The
interval scales are indicated in the upper left corners. Peaks, highlighted in grey, represent the sites of ERa mother enhancers, while dashed lines indicate

the location of FoxAl peaks.

and BRD4 binding (Figure 6A, D, G, J, M), while at FoxA1-
and AP2vy-dominated SEs, only MEDI recruitment and el-
evated chromatin accessibility were observed upon estra-
diol treatment (Figure 6E and F). On FoxAl- and AP2vy-
dominated SEs estradiol treatment results in MED1 bind-
ing. However, because P300 is not further recruited, neither
histone acetylation nor the reading module of the acetylated
histones, namely BRD4 will be further recruited to these
sites (Figure 6E, F, H, I, K, L, N, O and Supplementary
Figure S7A and B). These events suggested that in the case
of TF-specific SE recruitment and the increase in MEDI
binding, an increase in DNase I hypersensitivity is not suf-

ficient for the initiation of these events. However, it is impor-
tant to note that AP2y-dominated SEs showed the most en-
riched active enhancer marks (Figure 6C, F, I, L, O), while
those of FoxA1l were the least active (Figure 6B, E, H, K,
N). Moreover, ERa bound in a scattered manner to FoxA1-
and AP2vy-specific SEs (Supplementary Figure S6E-L).

DISCUSSION

In this study we first describe ligand-inducible super-
enhancers. Due to the almost prompt biological response
(Supplementary Figure S4A-D) and the large variety of
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Figure 6. FoxAl and AP2y mother enhancers are located in active regions but are not inducible compared with ERa mother enhancers. The box plots
demonstrate the accessibility of DNase I and the recruitment of MED1, P300, H3K27ac and BRD4 within the (A, D, G, J and M) ERa mother enhancers,
(B, E, H, K, N) FoxA1 mother enhancers and (C, F, I, L and O) AP2y mother enhancers. The boxes represent the first and third quartiles, the horizontal
lines indicate the median RPKM values and the whiskers indicate the 10th to 90th percentile ranges per decile. Paired t-test, * significant at P < 0.05, **

at P < 0.01, *** at P < 0.001, **** at P < 0.0001.

available (NGS) data (Supplementary Tables S1-S3), acti-
vation of ERa in MCF-7 is an appropriate system to model
the formation of SEs, and our basic findings might be true
for the establishment of any cluster of enhancers in any cell
type. Using several cell types we tested further inducible TFs
(Supplementary Table S1) and found that typically there is
one (or a few) high-affinity response element (Figure 3A—
C, Supplementary Figure S5) that forms the core of the
developing SEs (Figures 1A, F and G and 2A). Inducible
SEs possess the same phenomena as previously described
for ‘steady-state’ SEs, the enrichment for Mediator proteins,
co-regulators and active histone marks (17) (Figures 2D
and 6), however, the large extent of protein—protein inter-
actions between TFs was not as pronounced as previously
described. In contrast, the examined SEs are driven rather

by one single TF (Figure 4), which then recruited the further
proteins (Figure 7).

The fact that enhancers cooperate with each other from
even more than a 10-kb distance suggests the establishment
of a similar system between promoters and enhancers, and
this effect cannot be explained without loop formation. The
Mediator complex promotes these looping events and was
indeed associated with SEs (17,28). Nevertheless, the pre-
cise structure of these finger-like formations and the man-
ner in which these complexes are held together remain un-
known. Another feature of these outstandingly active, open
chromatin regions is the presence of P300 that acetylates hi-
stone lysine residues (53). In addition to P300, which not
only establishes but also binds acetylated histones, another
bromodomain-containing protein, BRD4, is also enriched
in these genomic regions (54), together providing accessi-
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Figure 7. Working model of an ERa-dominated SE in the presence or absence of estradiol. The upper, closed chromatin region demonstrates the presence
of EREs within a SE, and one of these regions provides a canonical DNA-binding element (red box) for mother enhancers in the absence of treatment.
Upon E2 treatment, the resulting SE region becomes more opened and E2 treatment recruits several ERa molecules, which may occupy the surrounding
non-canonical EREs. The existence of a canonical element provides competition between ERs, and the attracted ERs likely bind to neighbouring non-
canonical EREs rather than to similar non-canonical EREs in the distal regions of the genome. The SE region becomes more acetylated and MED1 and

P300 bind to ER« that subsequently binds a canonical ERE.

bility of the regulatory sites for TFs. The previously exam-
ined steady-state SEs are occupied by lineage-determining
factors (e.g. PU.1, MyoD, C/EBPa), which are cell type-
specific, highly expressed proteins (17). In addition to these
key regulators, the results of the present study suggest that
ligand-inducible TFs (NRs) also play a prominent role in
the establishment of SEs. Although we have proof about
several DNA-protein and protein—protein interactions in
SEs, it is difficult to model how these complexes form and
subsequently regulate gene expression.

Another regulatory unit, called the ‘hot spot’, where
protein—protein interactions lead to the presence of several
TFs at a single locus, has been described (55). Integration
of the two functional units, SE and the regulatory hotspot,
has revealed at least one TF-dense area in each SE re-

gion (56). This finding suggests that during adipocyte repro-
gramming, the high number of TFs, including C/EBP, AP-
1, NRs and several other regulators, attracts more MEDI.
In the case of ERa-driven SEs in MCF-7 cells, we ob-
served a similar phenomenon (Figures 2, 5, 6D); however,
these regions beside their FoxA1l-dependence (Supplemen-
tary Figure S4E-G) showed strong ERE-, estradiol- and
ERa-dependence (Figure 3) and did not show the definitive
necessity of interactions between a large number of different
kinds of TFs (Figure 4D-1).

We referred to ERa-dense ‘hot spots’ as mother en-
hancers because these elements were detected prior to stim-
ulation, and additional regulatory regions were referred to
as daughter enhancers. Mother enhancer is special from sev-
eral points of view: (i) it has typically a strong binding el-
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ement specific for one single TF (Figure 3A); (ii) the pre-
dominant TF is able to recruit several other proteins such
as AP2vy, FoxA1l and further co-regulators (Figures 2D and
4A); and (iii) it is located in a highly accessible regula-
tory region (Supplementary Figure S1C), which probably
makes possible the accessibility of neighbouring regulatory
regions (Figure 7). Unlike mother enhancers, TF recruit-
ment at daughter enhancers is much less dynamic (Supple-
mentary Figure S4D). These regions are similar to any fur-
ther enhancers. They might be discriminated from typical
enhancers by the proximity to mother enhancers (Figure
1A) or their higher ERa occupancy (Figure 1B-E).

Examination of the main TFs that collaborated with ER«
revealed that although AP2vy was recruited at mother en-
hancers and permanent FoxA1-bound daughter sites upon
treatment (Figure 5 and Supplementary Figure S6A-D),
this recruitment appears consequential due to the presence
of preoccupied mother enhancers. We had a unique obser-
vation that FoxA1 binding increased mostly at mother en-
hancers upon E2 treatment (Figure 4A), which, in the lack
of the enrichment of its binding element, is probably due
to the interaction with ERa and AP2vy. Importantly, only
these sites showed increased P300 recruitment (Figure 5),
and the enrichment of H3K27ac and BRD4 was also ob-
served (Figures 5 and 6J and M).

SEs are typically formed from several enhancers. The re-
sults of the present study revealed that a large fraction of
these individual ERa enhancers did not show significant
FoxAl, AP2y or P300 binding, rather, enhanced histone
acetylation-dependent BRD4 enrichment (Figures 2D and
5). There are two explanations for how these elements are
bound by ERa: (i) less common TFs without enriched mo-
tifs recruit ER« via protein-protein interactions or (ii) non-
canonical EREs can also be occupied by an elevated num-
ber of ERa molecules. The former mechanism may also play
a role similar to those of FoxAl and AP2vy, but the latter
mechanism seems to be more significant in this system.

It is well known that FoxAl is required for and AP2y
facilitates ERa binding (10,11). However, we suggest that
ERa binding is differently regulated in SEs. Our compre-
hensive analyses revealed that high-affinity binding sites at-
tract ER, even in the absence of ligand or FoxA1, however,
there is no ERa-specific SE formation without this pro-
tein. In FoxA1 expressing cells estradiol treatment recruits
additional ER«a proteins, which occupy surrounding non-
canonical EREs (Figure 7). Preformed or forming finger-
like small loops facilitate the concentration of enhancers
in a milieu with high ER« density that contains complexes
generated from the direct and indirect interaction partners
of ERa. The basic phenomenon, i.e. the presence of mother
enhancers with canonical elements, governed via different
signal-dependent transcription factors, was also observed
in additional cellular systems, suggesting that this type of
regulation generally occurs in mammalian cells. We propose
that these findings may change the current view of how SEs
are generated and regulated.
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