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A major challenge of modern human 
biology is to understand how a dif-

ferentiated somatic cell integrates the 
response to external signals in the com-
plex context of basic metabolic and tissue-
specific gene expression programs. This 
requires exploring two interconnected 
basic processes: the signaling network 
and the global function of the key tran-
scription factors on which signaling acts 
to modulate gene expression. An appar-
ently simple model to study these ques-
tions has been steroid hormones action, 
since their intracellular receptors both 
initiate signaling and are the key tran-
scription factors orchestrating the cellu-
lar response. We have used progesterone 
action in breast cancer cells to elucidate 
the intricacies of progesterone receptor 
(PR) signaling crosstalk with protein 
kinases, histone modifying enzymes and 
ATP-dependent chromatin remodeling 
complexes.1 Recently we have described 
the cistrome of PR in these cells at dif-
ferent times after addition of hormone 
and its relationship to chromatin struc-
ture.2 The role of chromatin in transcrip-
tion factor binding to the genome is still 
debated, but the dominant view is that 
factors bind preferentially to nucleo-
some-depleted regions, usually identified 
as DNaseI-hypersensitive sites (DHS). In 
contrast with this vision, we have shown 
that PR requires nucleosomes for optimal 
binding and function. In breast cancer 
cells treated with progestins we identi-
fied 25,000 PR binding sites (PRbs), the 
majority encompassing several copies 
of the hexanucleotide TGTYCY, highly 
abundant in the genome. We found 
that strong functional PRbs accumulate 
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around progesterone-induced genes 
mainly in enhancers, are enriched in 
DHS but exhibit high nucleosome occu-
pancy. Progestin stimulation results in 
remodeling of these nucleosomes with 
displacement of histones H1 and H2A/
H2B dimers. Our results strongly suggest 
that nucleosomes play crucial role in PR 
binding and hormonal gene regulation.

Introduction

Gene expression in a differentiated 
eukaryotic cell type is determined by its 
specific set of transcription factors and by 
the particular organization of its genome 
in chromatin that are both establish dur-
ing development. Understanding how 
sequence-specific transcription factors 
control gene regulatory networks requires 
knowledge of their intracellular interac-
tions and in particular of their genomic 
binding sites, which are influenced by 
the cell-specific chromatin structure. But 
how the nucleosomal organization and 
the higher order chromatin structure of 
these genomic regions influences access 
of transcription factors to its target DNA 
sequences is still a matter of debate.

Steroid hormones exert their effects 
by binding to intracellular receptors, 
which regulate gene expression mainly by 
interacting with specific DNA sequences 
in chromatin and recruiting chromatin 
remodeling complexes and transcriptional 
co-regulators. In addition, hormone recep-
tors can signal via crosstalk with kinase 
signaling. In breast cancer cells a small 
fraction of the progesterone and estro-
gen receptors (PR and ER, respectively) 
is attached to the cytoplasmic side of the 
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for significant PR binding, it is also pos-
sible that the chromatin structure limits 
the fraction of accessible PREs. Indeed, 
the PRbs show an enrichment of binding 
sites for members of several TF families, 
but none of them was significant enough 
to explain the large discrepancy between 
potential PRbs and actually bound sites.2

Previous reports have shown that recep-
tors for other steroid hormone bind prefer-
entially to sites within regions of “open” 
chromatin, detected as DNaseI hyper-
sensitive sites (DHS),14 which are usually 
represented as depleted of nucleosome. We 
used DNaseI-sequencing (DNaseI-Seq) to 
determine genome wide the location of 
DHS in T47D-MTVL cells before and 
after hormone treatment.2 A large propor-
tion of the genomic regions that bind PR 
in presence of progestin already exhibit a 
high sensitivity to DNaseI before hormone 
stimulation, which increases after proges-
tin treatment. We used MNase digestion 
and deep sequencing to test whether these 
sites are indeed depleted of nucleosomes. 
We found high nucleosome occupancy 
before hormone treatment over the regions 
where PR will bind after hormone addi-
tion. Thus, in contrast to current views 
high sensitivity to DNaseI does not neces-
sary reflect nucleosome depletion and PR 
binding seems to be favored on sequences 
well organized in nucleosomes. The high 
level of nucleosome occupancy over a nar-
row region where PR will bind indicates 
that the nucleosomes containing func-
tional PREs are well positioned compared 
with flanking nucleosomes.

Nucleosomes Containing PRbs 
are Remodeled upon Hormone 
Stimulation and are Associated 

with Hormone Regulation

One hour after progestin stimulation a 
significant decrease in nucleosome occu-
pancy takes place over PRbs, suggesting 
nucleosome displacement or remodeling. 
To measure the magnitude of this change 
we calculated the nucleosome-remodeling 
index (NRI = ratio between the nucleo-
some occupancy before and after hor-
mone administration) and ranked all 
PRbs according to their NRI. PRbs with 
higher NRI exhibit higher density of well-
positioned nucleosomes before hormone, 

not clear. The generally accepted view is 
that hormone receptors bind preferentially 
to HREs located in nucleosome-depleted 
“open” chromatin regions that are marked 
by so-called pioneer factors, such as 
FOXA1 and AP1.11 We wanted to test 
whether this assumption holds for PR. To 
this end we determined genome-wide the 
PR binding sites at different times after 
progestin treatment and performed global 
gene expression analysis, DNaseI sensitiv-
ity assays and nucleosome mapping exper-
iments in breast cancer cells. Intriguingly, 
we found that prior to hormone addition 
functional HREs are enriched in stable 
well-positioned nucleosomes, which are 
remodeled but not evicted upon hormone 
induction. Our results strongly suggest 
that the nucleosomal organization of 
HREs is required for optimal PR binding 
and hormonal induction.2

PR binding Sites are Marked  
by High Nucleosomes Occupancy

Chromatin immunoprecipitation and 
next generation sequencing (ChIP-seq) 
with an antibody to PR, identifies 25,876 
PR binding sites (PRbs) in T47D-MTVL 
breast cancer cells12 treated for 30 min 
with the synthetic progestin R5020 (Pg). 
Whole genome expression microarrays 
with cells stimulated for different times 
with Pg reveals around 4,000 hormone 
target genes, half of them upregulated 
and the other half downregulated.2 The 
nature of the regulated genes is concor-
dant with previous reports demonstrating 
a proliferative burst induced by progester-
one in breast cancer cells.13 Comparison 
of gene expression results with PR occu-
pancy in response to hormone shows a 
significant enrichment of PRbs around 
Pg upregulated genes, which correlates 
with the magnitude of hormone response. 
Sequence analysis of the 10% most sig-
nificant PRbs defines a new consensus 
Progesterone Responsive Element (PRE) 
motif (Fig. 1, right upper panel), pres-
ent in up to 89% of all PRbs. However, 
there are 8.17 million such PRE matches 
in the human haploid genome, indicat-
ing that a PRE sequence is not sufficient 
to recruit PR. Although cooperation with 
other transcription factors, such as STAT, 
FKHD, AP1 and SP1, may be required 

cell membrane via a palmitoylated resi-
dues.3,4 When activated upon hormone 
binding these membrane receptors inter-
act with members of the c-SRC fam-
ily of protein tyrosine kinases leading to 
activation of various downstream kinase 
cascades, including ERK1/2.5 We have 
previously shown that progesterone-acti-
vated ERK1/2 phosphorylates PR and 
the downstream kinase MSK1 in the cell 
nucleus. The resulting ternary complex 
pPR/pERK/pMSK1 is the active form of 
the receptor that interacts productively 
with chromatin in a subset of target genes, 
where pMSK1 phosphorylates histone H3 
at S10.6 This modification contributes 
to the displacement of a repressive com-
plex containing HP1γ, LSD1, HDACs 
and the non-coding RNA SRA, which is 
anchored to the DNA via non-liganded 
PR (Fig. 1).7 Already one minute after 
hormone treatment pPR interacts with 
and activates the CyclinA/CDK2 com-
plex, which is recruited to regulated pro-
moters and phosphorylates histone H1.8 
Hormone activated CDK2 also phos-
phorylates poly (ADP-ribose) polymerase 
1 (PARP1), which converts NAD+ to 
poly(ADP-ribose) (PAR) attached to itself 
and to linker and core histones, facilitating 
displacement of histone H1.9 This initial 
remodeling step requires also NURF, an 
ATP-dependent chromatin remodeling 
complex that is recruited to target sites via 
interaction with PR and is stabilized by 
trimethylation of histone H3 at lysine 4 
catalyzed by MLL2/3 of the ASCOM com-
plex.8 In a subsequent remodeling cycle PR 
recruits the BAF complex that is stabilized 
by PCAF-mediated acetylation of histone 
H3 at K14 and catalyzes displacement of 
histones H2A/H2B dimers (Fig. 1).10 We 
have previously demonstrated that local 
displacement of histones H1 and H2A/
H2B are needed for optimal induction 
of the MMTV promoter and other pro-
gestin-target genes. Thus, crosstalk of PR 
with kinase signaling pathways, histone 
modifying enzymes and ATP-dependent 
complexes impinges on chromatin that is 
remodeled in two consecutive cycles as a 
requisite for gene regulation.1

But, how the initial chromatin orga-
nization of potential PR binding sites 
affects the access of activated PR to the 
hormone responsive element (HRE) is 
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Figure 1. Model for PR binding to PREs organized in nucleosomes. (A) Functional PREs are exposed in well-positioned nucleosomes. A subset of these 
PREs is occupied by unliganded PR associated to a repressive complex containing HP1γ and SRA-RNA.7 On poorly positioned nucleosomes (upper left 
corner), PREs are not efficiently recognized by PR. (B) Upon hormone binding, the activated PR reaches these PREs in association with kinases, histone 
tails modifiers and NURF that stabilize PR binding via contact with histones and initiate chromatin remodeling (H1 displacement).8,9 (C) In a subsequent 
step BAF catalyzes histone H2A/H2B displacement.10 (D) After chromatin remodeling, PR interacts with other TFs, co-regulators and components of the 
transcriptional machinery, to promote formation of the transcription initiation complex.24
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subset of PREs in a complex with HP1γ, 
LSD1, HDACs and the non-coding RNA 
SRA (Fig. 1, top panel).7 At many other 
regions, PR binding to nucleosomal PREs 
upon hormone treatment occurs de novo 
and causes the appearance of novel DHS, 
confirming that PR can initiate chroma-
tin binding and remodeling. Therefore, 
PR qualifies as a bona fide “pioneer 
factor.”

We have previously shown that at 
the MMTV promoter a well-positioned 
nucleosome not only does not interfere 
with PR binding but is also essential for 
proper hormonal induction.20,21 Based 
on our recent results, we conclude that 
a similar situation applies genome-wide. 
Nucleosomes containing functional PRbs 
are required for optimal hormonal induc-
tion and become more sensitive to cleav-
age by DNaseI and particularly by MNase 
after hormone treatment. Remodeling is 
at least in part mediated by the ATP-
dependent complexes NURF and BAF, 
which remove histones H1 and histone 
H2A/H2B dimers, respectively. Thus, 
mechanisms of remodeling previously 
observed in the MMTV promoter6,8,10,22 
are representative of a genome-wide 
behavior. We hypothesize that removal 
of histone H1 may be the main mecha-
nism for initiating cooperative deconden-
sation of the chromatin fiber, though we 
cannot exclude that different histone H1 
isoforms are also involved and the extent 
of histones or DNA methylation play also 
a role.

What could be the mechanism by 
which well-positioned nucleosomes favor 
the function of PREs? We know that 
PR binds PREs contacting only one side 
of the DNA double helix and with rela-
tively low affinity compared with other 
transcription factors that fully embrace 
the DNA, like NF1.23 It is possible that 
PR binding to the DNA of exposed PREs 
in the surface of well-positioned nucleo-
somes is not sufficiently stable to orches-
trate transcriptional regulation. On the 
other side, activated PR reaches the tar-
get PREs in association with kinases and 
chromatin remodeling complexes that 
contact the core and linker histones.1,24 
We know that CDK2 and PARP1 inter-
act with histone H1, MSK1 with H3S10, 
MLL2/3 and NURF with H3K4me3, 

Taken together our results support 
the hypothesis that stable well-positioned 
nucleosomes over PREs are necessary for 
efficient and sustained PR recruitment, as 
required to trigger chromatin remodeling 
and gene regulation. Chromatin remod-
eling involves displacement of histones 
H1 and of H2A and H2B dimers, leav-
ing behind the DNA wrapped around 
a histone H3/H4 tetramer, which is an 
optimal template for hormonal gene regu-
lation.15 Thus, we postulate a positive role 
of nucleosomes both in PR recognition of 
functional PREs and stabilization of PR 
binding, as well as in chromatin remodel-
ing and hormonal gene induction.

Discussion

The large discrepancy between the number 
of potential PR binding sequences (mil-
lions) and the number of actually detected 
PRbs (25,000) cannot be explained by 
the need for cooperation of PR with other 
transcription factors (TF), but is likely 
due to the chromatin organization of the 
PREs. However, while estrogen receptor 
cannot bind to its genomic targets unless 
they are first “open” by the pioneer factor 
FoxA1,16-18 PR can bind to the PREs on 
the MMTV promoter assembled in recon-
stituted nucleosomes, as well as in mini-
chromosomes, integrated in the genome 
of the yeast Saccharomyces cerevisiae or 
in chromosomes of breast cancer cells in 
culture.12,19-21 We believe that efficient PR 
binding is facilitated by well-positioned 
stable nucleosomes that expose a PRE in 
their surface for a sufficiently long period 
of time to be recognized by the receptor. 
In contrast, PREs covered by poorly posi-
tioned nucleosomes are accessible only in 
a tiny fraction of the cells and for brief 
periods of time, reducing the probability 
of efficient PR binding (Fig. 1).

It is assumed that the open chromatin 
regions, pre-established by pioneer factors, 
are depleted of nucleosomes.11 However, 
our results show that prior to hormone 
treatment strong functional PRbs exhibit 
high nucleosome occupancy and partly 
overlap with pre-established DHS, clearly 
showing that high nucleosome occupancy 
can occur in DNase I accessible regions. 
The DNase I sensitivity may be due to 
capacity of non-liganded PR to bind to a 

with a dramatic decrease in signal upon 
Pg stimulation.2 Also, the PRbs with high 
nucleosome density exhibit high sensitiv-
ity to DNaseI before hormone addition 
and become even more sensitive after 
stimulation. In contrast, low NRI PRbs 
show low nucleosome occupancy, reflect-
ing poor enrichment in positioned nucleo-
somes. These PRbs are also less sensitive 
to DNaseI before and after hormone 
treatment.2 Therefore, high DNaseI sen-
sitivity correlates with high occupancy of 
stable nucleosomes, in contrast with the 
generally accepted occluding function of 
nucleosomes.

Analysis of gene expression revealed 
that the top NRI PRbs accumulate in the 
vicinity of progestin-regulated genes and 
are preferentially associated with enhanc-
ers and promoters as defined by epigen-
etic marks. Together, our results suggest 
a functional role of high NRI PRbs in 
progestin-mediated gene regulation.

Chromatin Remodeling at PRbs is 
Accompanied by Displacement of 
Histones H1 and H2A/H2B Dimers

We have previously reported that the ini-
tial chromatin remodeling on the MMTV 
promoter in response to hormone leads 
to displacement of linker histone H1 
catalyzed by the chromatin remodel-
ing complex NURF, which is recruited 
to hormone target genes by the activated 
PR.8 ChIP-seq experiments show that 
hormone treatment causes genome-wide 
enrichment of BPTF (the large subunit of 
NURF) and displacement of histone H1 
over PRbs with high NRI but no over low 
NRI PRbs.2

Following H1 displacement, hor-
mone treatment leads to recruitment of 
the ATP-dependent remodeling complex 
BAF, which catalyzes displacement of core 
histones H2A and H2B from the MMTV 
promoter.8,10 Consistently we find a sig-
nificant recruitment of the Brg1 subunit 
of BAF as well as H2A/H2B displace-
ment in PRbs with high NRI but not in 
low NRI PRbs. Eviction of H1 and/or 
H2A/H2B dimers destabilizes the nucleo-
some particle leading to internal cleavage 
of nucleosomal DNA by MNase and con-
sequent reduction of nucleosomal DNA 
fragments.
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PCAF and BAF with H3K14 (Table 1). 
Therefore, one possibility is that bind-
ing of PR to PREs organized in stable 
nucleosomes is stabilized by interaction of 
associated factors with histone tails, thus 
increasing the residence time on chroma-
tin and favoring remodeling and recruit-
ment of co-activators. After chromatin 
remodeling cooperation between different 
PR molecules bound to adjacent or more 
distant PREs, or between PR and other 
TFs, could be facilitated in the surface 
of a H3/H4 tetramer particle.15 This may 
be the reason for the frequent occurrence 
of clustered PREs and for the preferential 
association of PREs with binding sites for 
other sequence-specific TFs in functional 
hormone regulatory regions.

Finally, it is also possible that nucleo-
somes fulfill an unspecific repressor 
function in the absence of hormone by 
making regulatory information unavail-
able for binding of other TFs binding or 
by offering histone marks for anchoring of 
repressive complexes recruited by the unli-
ganded hormone receptor.7 The unspecific 
repressive function of nucleosomes will 
make these promoter/enhancers depen-
dent on hormone-activated PR, which 
act as a pioneer factor recognizing target 
sequences on nucleosomes. Binding of PR 
with associated remodeling complexes and 
histone-modifying enzymes will overcome 
nucleosome repression and modulate 
binding of either other TFs/co-activators 
to mediate activation or co-repressors to 
mediate repression. Thus, in contrast with 
the currently established view, nucleo-
somes may play a double role, function-
ing as repressor for general TFs and as 
facilitators for PR binding and function, 
which requires ATP-dependent nucleo-
some remodeling to initiate the opening 
of chromatin needed for gene regulation.
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Table 1. PR-associated chromatin-interacting factors

PR complexes Modify Recognize

HP1γ - H3K9me3

ERK/MSK1 H3S10phos -

CDK2/CyclinA/PARP1 H1phos/H1parylation -

MLL2/3 H3K4me3 -

NURF - H3K4me3

PCAF H3K14ac -

BAF - H3K14ac
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