










probes described in Figure 1A. In independent experiments of
Chromosome conformation capture (3C) and Capture Hi-C (Sup-
plemental Table S1), we observed opposite effects of the two
hormones on the internal organization of the ESR1-TAD (Supple-
mental Fig. S7B).We pooled these capture data sets and performed
differential analysis of the contact maps before/after exposure to
the hormones. These comparisons demonstrated differential hor-
mone-induced reorganization of the HCR contacts: ESR1-TAD
HCR− interactions with promoters increased upon E2 exposure
but decreased in response to Pg (Fig. 5E, top and bottom, respec-

tively). These opposite effects were con-
firmed after 180 min of exposure to the
hormones (Supplemental Fig. S7B).
Thus, the ESR1-TAD HCR− acts as an en-
hancer in absence of hormone when
ESR1 is already bound in a ligand-inde-
pendent manner and its contacts with
promoters are further enhanced upon ex-
posure to E2. In contrast, upon exposure
to Pg, binding of PGR to the HCR− de-
creased its activity, leading to a destabili-
zation of the TAD structure. Genome-
wide analysis of in situ Hi-C performed
in T47D cells exposed to Pg or E2 for 30
or 180 min confirmed that the two hor-
mones enhance the interactions of the
regulatory regions with promoters in
the case of HCR+-containing TADs (Fig.
5F). In contrast, whereas E2 also enhanc-
es the HCR-promoter interactions within
HCR−-containing TADs, Pg contributes
to the destabilization of the interactions
engaged by HCR− (Fig. 5F). For example,
as observed in the case of the ESR1-TAD,
the interactions engaged by the HCR− lo-
cated within the PGR-TAD with the PGR
promoter are enhanced upon exposure
to E2 but decreased in response to Pg in
correlation with the opposite activities
of the hormones on the expression of
the gene (Supplemental Fig. S7C,D).
Since the binding of CTCF to chromatin
is mostly unaffected by the hormonal
treatment (Supplemental Fig. S5A), these
results suggest that steroid receptors
bound in absence of their cognate ligand
can maintain specific interactions of
large regulatory regions and that these
interactions dynamically and, in some
cases, differentially modify upon further
binding of the ESR1 and PGR receptors in
response to hormones (Fig. 6).

Discussion

Here, we report the analysis at high reso-
lution of the internal structure of the
ESR1-TAD, which is coordinately regulat-
ed by steroid hormones in T47Dcells.We
found that genes within this TAD are or-
ganized around a 90-kb region of clus-
tered binding sites for ESR1 and PGR;

we defined as a hormone-control region (HCR). In the absence
of hormones, this HCR already contacts the promoters of all genes
within the TAD maintaining a basal expression of the resident
genes (Fig. 6). Genome-wide analysis allowed us to identify more
than 200 of such putative HCRs, which, as previously described
for other locus control regions (Fraser and Grosveld 1998; Li
et al. 2002), organize long-range interactionswith promoters with-
in their respective TAD, as well as inter-TAD interactions between
them. HCRs are characterized by enhancer-related marks and re-
cruitment of transcription-associated proteins (RNA Pol II and
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Figure 4. (A) Western blot showing the levels of ESR1 (p66) and PGR (PRA and PRB) observed in T47D
cells transfected with scrambled siRNA (siRNA-Control) or siRNA against ESR1 (siRNA-ESR1). Tubulin al-
pha (Antibody: Sigma, T9026) was used as loading control. The same antibodies against PGR and ESR1
were used for western blots and for ChIP experiments. (B) Relative levels of ESR1 and PGR transcripts (av-
erage± SD of two independent transient transfections). (C) Virtual 4C profiles at 10-kb resolution using
the TSS of PGR as bait in T47D siRNA-Control cells (blue line) or siRNA-ESR1 cells (red line) grown in the
absence of hormones (average ± SD of two independent transient transfections). (D,E) Normalized in situ
Hi-C contact matrices at 10-kb resolution over the PGR-TAD (D; Chr 11: 100,800,000–101,600,000) and
ESR1-TAD (E; Chr 6: 151,300,000–152,400,000; left panels) obtained in T47D siRNA-Control cells or in
siRNA-ESR1 cells grown in the absence of hormones. The difference between the contact matrices is
shown with blue and red corresponding to contacts higher and lower in T47D siRNA-Control than in
T47D siRNA-ESR1, respectively. Arrows highlight the loops between HCRs and promoters observed in
T47D cells. Position of CTCF, ESR1, and PGR binding sites in presence or absence of hormones (−H,
+Pg, +E2) are shown at the bottom of the differential maps.
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BRD4) in the absence of hormones and are frequently linked to
genes involved in the identity of breast epithelial cells as in the
case of the ESR1, PGR, and FOXA1 genes. HCRs could therefore cor-
respond to previously described stretch-enhancers (Parker et al.
2013) or superenhancers (Whyte et al. 2013), as in the case of
the ESR1-TAD HCR (Hnisz et al. 2015). Indeed, it has been previ-
ously proposed that superenhancers could organizemodules of in-

tegration of different signaling pathways
and that perturbations of the activity of
these platforms can lead to major chang-
es in the expression of the dependent
genes (Hnisz et al. 2015). In addition to
support these observations, our results
further demonstrate that the activity of
the HCRs is highly dynamic and modu-
lar. Only 27 out of the 61 common
MCF-7 and T47D HCRs have been previ-
ously classified as superenhancers in
MCF-7 (Hnisz et al. 2015). This limited
overlap, potentially due to lower levels
of acetylated H3K27 at HCRs than at
the previously identified superenhancers
in MCF-7 (Hnisz et al. 2015), suggests
that HCRs correspond to a specialized
class of modular regulatory elements. In
particular, we identified 71 of these re-
gions where binding of the ESR1 and
PGR upon exposure to the hormones in
T47D cells leads to opposite effects on
gene expression as well as in their con-
tacts with the rest of the TAD (Fig. 6).
We therefore suggest that these regions
could act as enhancers or silencers
depending on the signal received. This
signal-dependent modulation of HCR
activity argues not only that regulatory
regions integrate various synergistic sig-
nals but that different modules can
cross-talk between them in a more com-
plex and combinatorial manner. Indeed,
it appears that HCRs are complex regula-
tory elements spanning several tens of ki-
lobases within which the two receptors
bind at distinct sites, resulting in a fine-
tuned activity of the target genes. De-
pending on the HCR considered, Pg and
E2 can have similar effects, as exempli-
fied by the increased levels of enhancer-
associatedmarks and activity in response
of the HCR+ to E2 or Pg. In contrast, in
the case of the HCR−, the two hormones
have opposite effects on gene expres-
sion and chromatin organization (Fig.
6). These observations therefore suggest
more complex cross-talks between estro-
gen and progestin signaling pathways
than previously described. Indeed, PGR
has been proposed to be an important
mediator of ER activity by modifying its
landscape of binding (Mohammed et al.
2015). Our observations further show
that ESR1 and PGR can bind within large

genomic regulatory regions, at either overlapping or nonoverlap-
ping sites, where the receptors can have distinct activities on
gene expression.

Cell-specific intra-TAD organization, reflected by the estab-
lishment of cell-specific subdomains or chromosome neighbor-
hoods (Phillips-Cremins et al. 2013; Dowen et al. 2014), has
been proposed to depend on differential binding of architectural
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Figure 5. Hormones dynamically modify HCR-containing TAD structure and interactions. (A) Analysis
of the long-range inter-TAD interactions established between HCRs before (as in Fig. 2F) or after 30- and
180-min exposure to Pg or E2. (B) Fold-change (FC) in the levels of BRD4, RNA Pol II, and H3K27ac after
30 min of treatment with Pg. Depending on the increase or decrease in BRD4 signal after exposure to Pg,
we classified HCRs as HCR− or HCR+, respectively (seeMethods section and Supplemental Fig. S7A). (C) For
each TAD containing a HCR− or a HCR+, global changes in expression after 6 h of treatment with Pg or E2
were computed. Boxplots show the distributions of these Pg- or E2-induced fold-changes of transcripts lev-
els per TADs. (D) The number of significantly up-regulated (green) or down-regulated (red) genes by Pg or
E2 in TADs containing HCR+ or HCR− were compared to the expected proportion of the genome.
Histograms show the levels of enrichment of E2 or Pg up-regulated (green) or E2 or Pg- down-regulated
(red) genes within TADs containing HCR+ or HCR−. (E) Differential analysis of the contacts obtained
from Capture-C experiment on the ESR1-TAD before and after 60-min exposure to E2 (top) or Pg (bottom).
Contacts more frequent after hormone exposure are highlighted in red, whereas contacts decreasing after
hormone are labeled in blue on the heatmaps. Color key range is from −2 (blue) to +2 (red), expressed in
difference of normalized contacts per million. Arrows point to the loops established between the HCR and
promoters within ESR1-TAD. (F) Enrichment of intra-TAD contacts between either HCR+ (green) or HCR−

(blue) and H3K4me3 peaks before or after exposure to 30 and 180 min of E2 or Pg.
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proteins like CTCF and cohesins together with subunits of the
Mediator complex (Phillips-Cremins et al. 2013). The binding of
CTCF remains largely similar, even between cells of different ori-
gins and of divergent ESR1 and PGR status. Differential binding
of this architectural proteinmight therefore not be sufficient to ex-
plain the observed structural differences between these cells. In
contrast, cells with divergent ESR1 and PGR status exhibit different
intra-TAD organization, which correlates with the expression of
the receptors and their binding at HCRs in absence of hormones.
Lowering the levels of receptors in ESR1+-PGR+ cells leads to a
destabilization of the TAD structure, pointing toward direct roles
of the nuclear receptors in the organization of intra-TAD chroma-
tin folding in the absence of hormones. It has been previously pro-
posed that transcription factors act on a structurally preorganized
context with loops between promoters and enhancers already
primed prior to activation of the transcription factors (Hakim
et al. 2009; Jin et al. 2013). Although the clustering of receptors
is more evident after exposure to their cognate steroid hormones,
our results suggest that a large fraction of HCRs is already partially
occupied by the receptors, in particular by ESR1, in hormone-de-
pleted conditions. This fraction of sites occupied by unliganded re-
ceptors might be therefore sufficient and necessary to maintain
the apparent pre-established chromatin folding structure, main-
taining a transcriptional memory and facilitating further response

to the hormones. This highlights additional roles for steroid recep-
tors in the absence of hormones (Vicent et al. 2013).

The fact that HCRs not only organize the 3D structure within
TADs but also appear to engage long-range interactions between
them suggests the existence of specific nuclear hubs where specific
TADs could be enriched. Although probably highly stochastic
within the cell population, these hubs of regulatory regions
might serve as a reservoir of factors to facilitate transcription in a
permissive environment. Theymay correspond to specialized tran-
scription factories (Xu and Cook 2008) or to active hubs previous-
ly described for other steroid receptors (Hakim et al. 2011;
Kuznetsova et al. 2015). Other transcription factors, for example,
STAT transcription factors, have also been proposed to play a direct
functional role in organizing the genome of T cells by leading
to the spatial clustering of regulatory regions in specific hubs
(Hakim et al. 2013) or to participate in the organization of the ge-
nome during reprogramming (Stadhouders et al. 2018).

Interactions between HCRs and promoters are further modi-
fied upon exposure to the hormones and increased binding of
the receptors. This observation supports a direct role of the activat-
ed transcription factors in modifying these contacts by either re-
inforcing or destabilizing them. These regulatory regions can
establish contacts with sites that lack actual binding sites of the re-
ceptors (e.g., ERS1-TAD HCR with promoters) (Fig. 1C), suggesting
that the regulatory loopsmightbe establishedbetween receptors or
receptor-associated factors and other transcription factors and/or
structural proteins of chromatin. Further studies will be required
toproperlyunderstandhownuclear receptors facilitate themainte-
nance of these long-range intra-TAD contacts. In particular, it re-
mains to be investigated whether additional transcription factors,
for example, FOXA1 (Fig. 2B), also participate in establishing
and/or maintaining the 3D structure of HCR-containing TADs. In
addition, estrogens and progestins rapidly activate protein kinases
(Vicent et al. 2006) and PARP1 (Wright et al. 2012), leading to the
synthesis of nuclear ATP, which is required for the response to es-
trogen and progestins (Wright et al. 2016). These pathways could
have important roles in the structuration of the genome, which
also remains to be investigated.

In summary, we propose that in conditions where steroid
hormones are depleted from the environment, a fraction of unli-
ganded receptors, in particular ESR1, participate in the mainte-
nance of a TAD structure that is permissive for the regulation of
gene expression. Upon exposure to the hormones, further binding
of the receptors can enhance or, in contrast, destabilize the inter-
actions established between HCR and the promoters, leading to
adequate response to the signals. Together, our results support a
relevant role of cell-specific transcription factors in shaping the ge-
nome in a way that contributes to the integration of the cell re-
sponse to external cues. It will now be important to determine
how these activities are accomplished: in particular, which epi-
genetic factors determine the positive and negative effects of
receptor recruitment to the DNA.

Methods

Cell lines and culture conditions

T47D, MCF-7, BT474, MCF10A, and SKBR3 cells were routinely
grown in their optimal medium according to the ATCC recom-
mendations. Stable T47D clones expressing shRNA empty or
shRNA against PGR are described elsewhere (Verde et al. 2018).
For RNA interference experiments, T47D cells were transiently

Figure 6. Dynamic organization of TADs around HCRs. HCRs corre-
spond to regulatory regions where both ESR1 and PGR cluster after
exposure to E2 or Pg. In ESR1+/PGR− cells, HCRs, already occupied by unli-
ganded receptors in the absence of hormones, organize functional loop-
ings with promoters within the TADs and established long-range
interactions between them. In the absence of receptor binding, contacts
between HCRs and promoters are not established. The activity of HCR+

is enhanced and the contacts between HCR+ and promoters increase
upon exposure to both E2 and Pg. In contrast, HCR− activity and interac-
tions are destabilized upon binding of hormone-activated PGR, provoking
a decrease in transcription of genes within the TAD, whereas exposure to
E2 leads to opposing effects.
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transfected as previously described (Nacht et al. 2016) with scram-
ble siRNA (siRNA-Control) or siRNA directed against ESR1 (siRNA-
ESR1; sc-29305, Santa-Cruz Biotechnology). For the experiments,
cells were grown 48 h in medium without phenol red comple-
mented with 10% charcoal-dextran–treated fetal bovine serum
(FBS; which corresponds to a steroid-depleted condition). After fur-
ther synchronization in G0/G1 by overnight culture in medium
without phenol red in absence of FBS, cells were harvested (ste-
roid-depleted [−H] condition). In the case of hormonal treatments,
cells were further treated for the times indicated with 10−8 M estra-
diol (E2) or with 10−8 M of the progestin analog R5020 (Pg).

ChIP and sequencing analysis

ChIP-seq experiments in T47D cells for H3K4me3, RNA-polymer-
ase II, PGR, FOXA1, and CTCF were described previously (Ballare
et al. 2013; Le Dily et al. 2014; Nacht et al. 2016). Additional
ChIP-seq experiments in T47D for H3K27ac (ab4729, Abcam)
and BRD4, as well as in MCF-7 for PGR (H190, Santa-Cruz
Biotechnology) and ESR1 (HC20, Santa-Cruz Biotechnology),
were performed as described previously (Nacht et al. 2016). After
library preparation and sequencing on a HiSeq 2000, reads were
trimmed and processed by aligning to the reference human ge-
nome (GRCh38) using BWA (Li and Durbin 2009). Only uniquely
aligned reads were conserved. ChIP-seq signals were normalized
for sequencing depth (expressed as reads per millions [rpm]), and
binding sites (or peaks) were identified using MACS2 (Zhang
et al. 2008).

In situ Hi-C library preparation

In situ Hi-C experiments were performed as previously described
(Rao et al. 2014) with some modifications. Adherent cells were
directly cross-linked on the plates with 1% formaldehyde for 10
min at room temperature. After addition of glycine (125mM final)
to stop the reaction, cells were washed with PBS and recovered by
scrapping. Cross-linked cells were incubated 30 min on ice in 3C
lysis buffer (10 mM Tris-HCl at pH 8, 10 mM NaCl, 0.2% NP-40,
1× anti-protease cocktail), centrifuged 5 min at 3000 rpm, and re-
suspended in 190 µL of NEBuffer2 1× (New England BioLabs
[NEB]). Ten microliters of 10% SDS were added, and cells were in-
cubated for 10min at 65°C. After addition of Triton X-100 and 15-
min incubation at 37°C, nuclei were centrifuged 5 min at 3000
rpm and resuspended in 300 µL of NEBuffer2 1×. Digestion was
performed overnight using 400 U MboI restriction enzyme
(NEB). To fill-in the generated ends with biotinylated-dATP, nuclei
were pelleted and resuspended in fresh repair buffer 1× (1.5 µL of
10 mM dCTP, 1.5 µL of 10 mM dGTP, 1.5 µL of 10 mM dTTP,
37.5 µL of 0.4 mM Biotin-dATP, 50 U of DNA Polymerase I large
[Klenow] fragment in 300 µL NEBuffer2 1×). After 45-min incuba-
tion at 37°C, nuclei were centrifuged 5 min at 3000 rpm, and liga-
tionwas performed for 4 h at 16°C using 10,000 cohesive end units
of T4 DNA ligase (NEB) in 1.2 mL of ligation buffer (120 µL of 10×
T4 DNA ligase buffer, 100 µL of 10% Triton X-100, 12 µL of 10mg/
mL BSA, 963 µL of H2O). After reversion of the cross-link, DNAwas
purified by phenol extraction and EtOH precipitation. Purified
DNA was sonicated to obtain fragments of an average size of
300–400 bp using a Bioruptor Pico (Diagenode; eight cycles; 20
sec on and 60 sec off). Three micrograms of sonicated DNA was
used for library preparation. Briefly, biotinylated DNA was pulled
down using 20 µL of Dynabeads MyOne T1 streptavidin beads in
binding buffer (5 mM Tris-HCl at pH 7.5, 0.5 mM EDTA, 1 M
NaCl). End-repair and A-tailing were performed on beads using
NEBnext library preparation end-repair and A-tailing modules
(NEB). Illumina adaptors were ligated, and libraries were amplified

by eight cycles of PCR. ResultingHi-C libraries were first controlled
for quality by low sequencing depth on a NextSeq 500 prior to
higher sequencing depth on HiSeq 2000. Two replicates of Hi-C
were performed for each cell line and condition (Supplemental
Table S1 summarizes the number of reads sequenced for each of
the data sets presented in this study).

3C and Capture Hi-C

3C was performed according to the protocol described above
for the Hi-C omitting the biotin-labeling step. One hundred
twenty mer biotinylated RNA probes covering the region Chr 6:
149,450,000–153,750,000 (purchased fromAgilent)were designed
using the SureDesign softwarewith the following parameters: den-
sity, 2×; masking, moderately stringent; and boosting, balanced.
3C samples were sonicated to an average size of 300–400 bp, and
precapture libraries were generated using the SureSelect kit ac-
cording to the manufacturer’s instructions. Hybridization and
post-capture library amplification were performed according to
manufacturer instructions (Agilent). In the case of Capture Hi-C
experiments, Hi-C libraries, generated according to the in situ
protocol described above, were used as precapture libraries for the
hybridization step.

Normalization of Hi-C matrices, differential analysis,

and virtual 4C

Hi-C data were processed using an in-house pipeline based
on TADbit (Serra et al. 2017). Reads were mapped according to a
fragment-based strategy: Each side of the sequenced read was
mapped in full length to the reference genome Human Dec.
2013 (GRCh38). In the case reads were not mapped when intra-
read ligation sites were found, they were split. Individual split
read fragments were then mapped independently. We used the
TADbit filtering module to remove noninformative contacts and
to create contact matrices as previously described (Serra et al.
2017). PCR duplicates were removed, and the Hi-C filters applied
corresponded to potential nondigested fragments (extra-dangling
ends), nonligated fragments (dangling-ends), self-circles, and ran-
dom breaks (Supplemental Table S1 summarizes the number of
reads mapped and the number of valid pairs for the different sam-
ples used in this study). Thematrices obtainedwere normalized for
sequencing depth and genomic biases using OneD (Vidal et al.
2018) and were further smoothed using a focal (moving window)
average of one bin. In situ Hi-C data for GM12878 cells were ob-
tained from Rao et al. (2014) and reprocessed as mentioned above.
In Figure 1, A and B, normalized reads are expressed as normalized
counts per million of genome-wide valid pairs. In the rest of the
analysis, since the cell lines used are aneuploid and present differ-
ent number of copies of the chromosomes analyzed, the matrices
obtained in the different cell lines or conditions were further nor-
malized for local coverage within the region (expressed as nor-
malized counts per thousands within the region) without any
correction for the diagonal decay. For differential analysis, the re-
sulting normalized matrices were directly subtracted from each
other. Virtual 4C plots were generated from these normalized ma-
trices and correspond to histogram representation of the lines of
the matrices containing the baits (therefore expressed as counts
per thousand of normalized reads within the region depicted).

Genome-wide identification and classification of receptor clusters

Genomic clusters of ESR1 and/or PGR were determined by using
ChIP-seq data of ESR1 and PGR in T47D or MCF-7 exposed 30
min to E2 or Pg, respectively. Binding sites for any of the two recep-
tors (q-value <10−6) separated by <25 kb were aggregated. Since
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observing more than three binding sites for PGR or ESR1 in such
window sizes was observed more frequently than expected for a
random distribution (Supplemental Fig. S2A), we classified recep-
tor clusters as follows: ESR1-clusters were regions with ESR1 bind-
ing sites of three or more and PGR binding sites of less than three;
PGR-clusters were regions with PGR binding sites of three or more
and ESR1 binding sites of less than three; HCRs correspond to re-
gions with ESR1 binding sites of three or more and PGR binding
sites of three or more (see Supplemental Fig. S2A). HCRs were fur-
ther split as HCR+ or HCR− based on the average ratio of the BRD4
ChIP-seq signal within the region after/before exposure to Pg from
two independent ChIP-seq experiments (HCR+: FC>1.1 ; HCR−:
FC<0.9).

Intra-TAD contacts between HCRs and H3K4me3 sites

ByusingHi-Cmatrices at 5-kb resolution,we focused onTADs con-
taining HCRs. Each bin was labeled as part of a HCR or marked by
H3K4me3 peaks or others if they did not belong to previous types.
Then we gathered the observed contacts between the different
types of bins within their TAD and computed expected contacts
frequencies based on the genomic distance that separate each
pair (the expected distance decay was calculated excluding entries
outside TADs). Results are expressed as Log2 of the ratio observed
on expected frequencies of contacts.

Inter-TAD contacts between HCRs

For each intra-chromosomal pair of HCRs separated by >2 Mb, lo-
cal contact matrices centered on both HCRs were generated. Since
HCRs have different sizes, thematrices were generated considering
bins of the size x of the HCR and extended upstream and down-
stream by 20 bins of size x (relative distance to HCR). The observed
contacts obtained were corrected for the expected contacts in the
case of random regions of similar sizes and separated by the
same genomic distance. For each cell line, we excluded the local
matrices of regions presenting internal copy number variations
in the regions considered. The matrices were smoothed using a fo-
cal (moving window) average of one bin and cumulated to gener-
ate the meta-contact matrices.

RNA-seq

Replicate of RNA-seq experiments were performed in T47D cells
treated or not with 10−8 M R5020 or 10−8 M E2 during 6 h as de-
scribed previously (Le Dily et al. 2014). Together with previously
published RNA-seq replicates in these cells (Le Dily et al. 2014),
paired end readswere (re)mapped to theGRCh38 assembly version
of the human genome with GENCODE Release 24 annotation.

Hormone-induced transcriptional changes and enrichment

of regulated genes in HCR-containing TADs

A consensus list of TAD coordinates was generated based on the in
situ Hi-C data sets from T47D cells with the assumption that the
majority of the boundaries are comparable between cell types
and upon different conditions of culture (Dixon et al. 2012; Le
Dily et al. 2014). The HCRs identified in T47D were assigned to a
single TAD, and TADswere classified as HCR+ or HCR− containing.
The total RNA-seq rpm per TAD in cells treated or not with hor-
mones was computed, and we calculated the ratio of changes per
TAD as previously described (Le Dily et al. 2014). In addition, we
computed the total number of genes significantly regulated by
the hormones (P-value <0.05; |FC| > 1.5) within HCR-containing
TADs and compared this observed number to the one expected
based on the genome-wide proportions of responsive genes.

Data access

The raw sequencing data from this study (Hi-C, ChIP-seq, and
RNA-seq) have been submitted to the NCBI Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under acces-
sion number GSE109229.
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