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Abstract

Steroid hormone receptors regulate gene transcription in a highly tissue-specific manner. The local
chromatin structure underlying promoters and hormone response elements is a major component
involved in controlling these highly restricted expression patterns. Chromatin remodeling
complexes, as well as histone and DNA modifying enzymes, are directed to gene-specific regions
and create permissive or repressive chromatin environments. These structures further enable
proper communication between transcription factors, co-regulators and basic transcription
machinery. The regulatory elements active at target genes can be either constitutively accessible to
receptors or subject to rapid receptor-dependent modification. The chromatin states responsible for
these processes are in turn determined during development and differentiation. Thus access of
regulatory factors to elements in chromatin provides a major level of cell selective regulation.
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Introduction

Steroid hormone receptors (SHRs) are transcription factors (TFs) that become activated after
binding to steroid hormones. Upon activation, SHRs regulate specific target genes in order to
accomplish an appropriate physiological response. The transcriptional response is highly
cell-specific and can be achieved on multiple levels with chromatin structure and
accessibility implicated as a key step. Although many advances have been made in recent
years, the role that chromatin structure plays in the regulation of genes by nuclear receptors
(NRs) is only beginning to be understood.

Stimulation with ligand leads to a series of rapidly occurring steps. First, hormone binding
to the receptor takes place either in the cytoplasm or in the nucleus and is followed by
ligand-specific changes in receptor conformation. These changes are accompanied by
dissociation of the receptor from heat shock factors (e.g. heat shock protein 90, Hsp90). If
initial localization of the receptor is cytoplasmic, translocation to the nucleus follows. While
in the nucleus, hormone-receptor complexes are recruited, usually as dimers, to defined
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DNA sequences termed hormone response elements (HRES) [1]. HREs either are located in
close proximity to transcription start sites (TSSs) of target genes or function as enhancers
and control transcription from distal loci. Sequence specificity of an HRE serves as a precise
docking element for an appropriate NR to bind. However, it is chromatin, not naked DNA,
that makes up an environment for SHRs and other TFs to regulate gene transcription.

Herein, we discuss the mechanisms by which DNA sequence and local chromatin structure
control the NR response in a cell-specific and promoter-specific manner. The main emphasis
will be put on the formation and detection of chromatin structures due to the nucleosome
reorganization and the role of chromatin remodeling complexes in this process (see also
accompanying review [2,3]). Additionally, the spatial organization of the genome in the
nucleus and the role it plays in directing the physical association of enhancers and promoters
are also important components of hormone signaling. An increasing effort is being placed on
explaining how distant regulatory elements are brought together in a functional manner. This
subject has been addressed elsewhere, however, and will not be brought up in the current
review [4].

The basic building block of chromatin architecture in eukaryotic cells is a nucleosome,
which consists of 147 bp of DNA wrapped 1.65 times around a histone octamer (two
molecules each of H2A, H2B, H3 and H4) [5,6]. This complex is stabilized by strong
interactions between the DNA phosphate backbone and lysine and arginine residues on the
surface of the octamer, while the unstructured N-terminal histone tails protrude outside the
nucleosome core and are the subjects of numerous modifications [7]. Histones are known to
be the most evolutionary conserved proteins since histone equivalents and a simplified
chromatin structure have been observed in Archaeabacteria [8]. It has been suggested that
the primary/ancestral function of these prototype proteins is regulatory rather than structural
and the function of DNA compaction evolved much later either as a result of or as a
necessary precondition for increasing sizes of the genomes [8].

Eukaryotic chromatin can be divided into two extreme groups: an active (inducible) form
called euchromatin and an inactive (silent) form known as heterochromatin [9]. Although a
gene resides in a euchromatin compartment it does not mean that it is actively transcribed. In
fact euchromatin can have a highly repressive effect on gene transcription and plays an
important role in buffering the transcriptional noise. In inducible gene expression (i.e. by
hormone), chromatin provides an environment for suppression of the gene before the
stimulus and fast activation of the same after the stimulus.

SHRs and their model systems

All SHRs are modular proteins composed of six domains (A-F) [1,10]. The divergent A/B
region contains the transcription activation function domain 1 (AF1) and is followed by two
domains with high degree of sequence conservation: the DNA binding domain (DBD, region
C) and the ligand binding domain (LBD, region E). DBD and LBD are separated by a
flexible hinge region (region D) encompassing a nuclear localization signal (NLS). The
multifunctional carboxyl terminus domain is a less conserved region which takes part in
ligand-dependent activation (AF2). Both AFs act cooperatively to link receptor with basal
TFs and co-regulators.

FEBS J. Author manuscript; available in PMC 2019 January 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiench et al.

Page 3

Approximately 50 NRs have been identified in mammals; however, most of them still lack a
designated ligand. Glucocorticoid (GR), androgen (AR), progesterone (PR) and
mineralocorticoid receptors (MR) form a subgroup with high homology within the DBD. As
a result, all four receptors bind to similar sequence motifs, originally described as
glucocorticoid response elements (GRESs) [11]. GREs are composed of palindromic repeats
of a hexanucleotide sequence separated by three non-conserved base pairs with each HRE
half-site being bound by one receptor monomer [12,13].

Out of the multitude of potential binding sites, the receptor occupies only a small subset of
them in a given cell type. Similarly, the observed overlap between glucocorticoid-mediated
expression profiles between cell lines is modest [14-16]. Since the DNA sequence is
identical in every cell, the mechanism of tissue-specific regulation must lie beyond the
genetic composition of regulatory elements. Possible mechanisms by which tissue-specific
regulation is dictated include differential expression of receptors (and receptors’ isoforms)
and other co-factors, metabolism of ligands, and expression of selective modulators [17,18].
In addition, chromatin structure can play a role in the tissue-specific regulation of genes
[10,17,19,20]. Specific structural alterations to the chromatin permit the binding of the
receptor and Pol Il transcriptional machinery. The process involves a variety of chromatin
remodeling activities, all of them dependent on energy stored in ATP [19,21,22]. Once
remodeled, these sites become ‘open’ and can be measured by their accessibility to DNase |
digestion [23]. Two other activities, histone modifications and DNA methylation, have also
been described as participating in the generation of open or closed chromatin structures.

It is logical to assume that hormone-dependent genes are placed in less permissive
chromatin. This would allow for fine-tuned regulation and would prevent constitutive
activation. In fact, studies have shown that transcription from chromatin templates, but not
from transiently transfected DNA, is properly regulated by hormone in both GR- and ER-
mediated response [24-26]. Furthermore, localization of the otherwise inducible pS2
promoter in a highly active chromatin compartment causes its constitutive and hormone-
independent activation [27]. This proves that permissive chromatin is, at least in some cases,
paramount over the TF requirements.

Current understanding of GR-regulated gene expression is based on extensive analysis of
two gene model systems: the long terminal repeat of the mouse mammary tumor virus
(MMTV-LTR) [28-30] and the glucocorticoid responsive unit of the rat tyrosine
aminotransferase gene (Tat-GRU) [31]. The MMTV-LTR serves as a proximal promoter
GRE whereas the GRU of the Tat gene is an enhancer located — 2.5 kb from the TSS.
Nevertheless, both of them show a similar reliance on ATP-dependent remodeling activity
upon hormone activation which results in increased accessibility to DNase | and other
nucleases and leads to the recruitment of several TFs [31,32]. The MMTV-LTR, when
assembled into chromatin, forms a well described nucleosomal structure with six (A-F)
positioned nucleosomes and binding sites for GR, nuclear factor 1 (NF1), octamer
transcription factor (OTF) and TATA binding protein [28,33,34]. Activation of MMTV by
hormone results in the receptor binding to GREs within the nucleosomes B—C followed by a
chromatin transition within this region [35-37].
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However, in order to examine the role of chromatin and chromatin remodeling in hormone-
regulated gene expression it remains crucial to sample the biological processes as they
happen within a higher order chromatin organization. To accomplish this, a tandem array of
MMTV-LTR repeats has been integrated near the centromere of chromosome 4 in 3134
(murine mammary epithelial adenocarcinoma) cells forming a system with well defined
nucleosome positioning and localization of TF binding sites. The array consists of 2 Mb of
200 MMTV-LTR copies encompassing 800-1200 GR binding sites and can be visualized in
living cells by the binding of green fluorescent protein (GFP) tagged versions of steroid
receptors or associated factors [38]. This system is an excellent model for studying NR
binding /n vivo [38-40].

These described model systems are indispensable for examining chromatin dynamics and
the results obtained by using them are cited throughout the review. However, they represent
only a small subset of possible regulatory processes. Thus genome-wide studies are
necessary in order to research the complexity of DNA sequences and protein components of
chromatin.

DNA sequence as a factor in nucleosomal positioning and tissue-specific

recognition by NRs

Contrary to previous assumptions, most NR binding events are not proximal to TSSs but are
found at considerable distances from the promoter, and are distributed almost evenly
between upstream and downstream sequences [41]. Sixty-three percent of GREs are found
further than 10 kb from the TSS and only 9% of GREs [41], 4% of estrogen response
elements (ERES) [42] and a similar number of androgen response elements (ARES) [43,44]
have been mapped within =800 to +200 bp from TSSs of known genes.

NRs recognize short specific motifs but their binding certainly takes much more than simple
sequence recognition. In the genome there are numerous sequences which could potentially
be recognizable by each of the receptors. For example, in the murine genome we estimate
the number of potential binding sites for the GR to be approximately 4 x 10°. The vast
majority of these sites are never occupied by a receptor, some are recognized only in a
tissue-specific manner and a small number seem to be bound and activated ubiquitously
across different cell lines (Fig. 1). Similarly, only 14% of computationally predicted EREs
show genuine ER binding [45] and only a fraction of AREs are observed to be functional
[43]. One factor in determining the occupancy of a specific site by a receptor might be the
neighboring sequence. It has been proposed that the native GREs as well as AREs are in fact
composite elements composed of multiple factor binding sites (i.e. GR and AP-1, ETS, SP1,
C/EBP, HNF4) [41,46]. The individual loci that feature the GRE binding site and GRE
composite architecture (up to 1 kb) remain evolutionarily conserved even if the sequences of
GRE motifs themselves have been shown to be quite diverse. This allows the conservation of
loci to serve as a good predictor of occupancy by the receptor /n vivo [47]. Furthermore, the
variety of GRE sequences provides another level of selective regulation. It has been
suggested that the core GR binding sequence might, similarly to the effect of different
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ligands, impose unique allosteric restrictions on the receptor itself. This in turn could alter
the types of co-regulators associated with NRs uniquely based on DNA sequence [48-50].

Within the chromatin architecture TF binding sites tend to cluster in linker DNA. However,
there is still a large fraction of the regulatory elements that are buried inside the nucleosome
[51]. Some factors are able to recognize and interact with their cognate elements even if they
are placed within a nucleosome, but for many of them the affinity decreases by 10- to 100-
fold [52-58]. Therefore, nucleosome positioning can play an important role in regulating TF
access to specific DNA sequences.

The first observation that nucleosome position can be determined by sequence-dependent
modulations of DNA structure was made more than 30 years ago [59]. Thanks to the most
recent genome-wide analyses of nucleosome positioning an increasing number of reports
followed suggesting strongly that the information about the nucleosome positioning might
be embedded within the DNA sequence itself [60-64]. Evolution may have selected for
specific arrangements of nucleosomes and indeed it is observed that a large fraction of
nucleosomes are well positioned /n vivo [51,65,66]. Nucleosomes within promoter regions
often show reproducible, non-random organization which could potentially serve as another
level of regulation for TF binding. Six nucleosomes within the earlier described MMTV-
LTR promoter tend to occupy exactly the same positions /n vivo as they do after they are
assembled /n vitro. Similar observations are made when the osteocalcin promoter is
reconstituted /n vitro using SWI/SNF complexes as remodelers [67].

The published yeast-based models predict that nucleosome occupancy at promoters and
functional TF binding sites is low (termed nucleosome-free regions or nucleosome-depleted
regions) and that there are more stable nucleosomes at nonfunctional sites [57,60]. One can
imagine that sequences evolved to encode unstable nucleosomes and thus facilitate their
accessibility for TFs and transcription machinery. Indeed DNase | hypersensitive sites
(DHSs) are found to be enriched in nucleosome-excluding sequences, including short
repeats of adenine (A16), long CCG triplet repeats and TGGA repeats [61]. In contrast to
yeast, the analysis of human regulatory sequences predicts that there is a higher nucleosome
occupancy in chromatin /n vivo [68]. Thus, the preference for high nucleosome occupancy at
the regulatory elements can be amenable for the restricted and tissue-specific regulation
observed in higher eukaryotes but not in yeast.

In agreement with that, the inducible genes in yeast are also characterized by promoters that
have been described as ‘covered” with nucleosomes that are able to compete efficiently with
TFs’ binding [69]. These kinds of promoters tend to contain a TATA box and numerous
binding sites for different TFs and are highly dependent on chromatin remodeling (Fig. 2).
They also display higher plasticity and noisy expression and are more sensitive to genetic
perturbations, and thus are more prone to change their expression under evolutionary
pressure [70,71]. In contrast, the chromatin architecture for yeast genes which are
constitutively active is characterized by an open promoter structure, the presence of a
nucleosome-depleted region with well positioned nucleosomes further upstream, and H2A.Z
histone variants at the +1 and —1 nucleosomes [69].
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The differences in nucleosome positioning between active and silenced genes in human cells
have also been examined recently [66]. The promoters of expressed genes are characterized
by several well positioned nucleosomes, whereas only one nucleosome downstream from the
TSS (+1) is phased when silenced genes are considered. The position of the first nucleosome
upstream from the TSS (-1) in inactive promoters is replaced in active genes by Pol 1l
binding and this results in a shift of the +1 nucleosome 30 bp towards the 3 ’end. Also,
within the functional enhancers, nucleosomes become more localized after activation in a
way such that potential binding sites are moved to more accessible positions within the
linker regions [66]. Specifically, androgen treatment dismisses a central nucleosome present
at AREs allowing for ARs to bind. After remodeling the AR binding site is also found to be
flanked by a pair of well positioned nucleosomes marked with H3-K4me2 or H3-K9,14ac
[72,73].

As mentioned before, the studies based on yeast models suggest that intrinsic DNA sequence
features have a dominant role in nucleosome organization /n vivo [60,64]. However,
discrepancies exist between nucleosome positions observed /n vivo and computational
predictions based on thermodynamic properties of DNA-histone interactions. One would
expect these differences to be an integral part of inducible or cell-type-specific gene
regulation with nucleosome location further modulated by the presence of specific features
such as histone variants, DNA methylation and, to a lesser extent, histone modifications. In
the last two cases, however, it is more difficult to differentiate between the direct effect of a
modification on his-tone—-DNA interactions and the indirect influence it has on another
factor’s binding, which could consequently affect nucleosome positioning. Nevertheless, a
strong link between CpG methylation and nucleosome positioning has been suggested based
on observations that the presence of a methyl group can directly influence DNA bendability
(dependent on the specific DNA sequence and extent of DNA methylation) [60,74]. On the
other hand, nucleosome positioning has been observed to influence genome-wide
methylation patterns by preferentially targeting DNA methyltransferases to nucleosome-
bound DNA than to linker regions [75]. Further discrepancies between predicted versus
observed nucleosome locations are believed to come from the competition between
nucleosomes and TFs for access to DNA and the activity of chromatin remodelers. It has
recently been reported that in yeast cells the depletion of the remodeling complex RISC
caused the nucleosome-free regions to shrink and 7 vivo nucleosome occupancy to obtain
positions reflecting the theoretical predictions more closely [76].

Overall, the results show that genomes encode and preserve both the sequences recognized
by NRs and the positioning and stability of nucleosomes in regions that are critical for gene
regulation. Those regions can be further rearranged which is accompanied by changes in
DNA sensitivity to nucleases such as DNase | and restriction enzymes. Sites within the DNA
which are accessible to DNase | are termed hypersensitive (DNase | hypersensitive site,
DHS).

DNase | hypersensitivity as a marker of many different regulatory elements

Mapping DHSs is believed to be an effective method for determining the localization of the
functional regulatory elements including promoters, enhancers, silencers, insulators and

FEBS J. Author manuscript; available in PMC 2019 January 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiench et al.

Page 7

locus control regions [77]. DHSs have been identified in six cell lines within 1% of the
genome as a part of an ENCODE project [78] and across the whole genome for CD4+ T
cells[79]. Only 16-22% of sites are consistently present in all cell lines proving that the
majority of gene regulatory elements are cell-type-specific. These shared sites have been
further characterized by close (< 2 kb) proximity to TSSs, high CpG content, and binding of
basal transcription machinery or CTCF (Fig. 1). Overall, the results indicate that the
common DHSs belong to housekeeping promoters or, when distal, to insulators but not to
enhancers. Cell-type-specific DHSs, on the other hand, are more distal, and are found to be
enriched for binding sites of proteins known for their enhancer function (p300), sequence
motifs for TFs, and cell-type-specific histone modifications [78,79]. Recent studies have
suggested that proximal DHSs which do not overlap with promoters are associated with
activating histone marks (H3-K4me3, AcH3) usually found at promoters [78,79]. Distal
sites, however, are more enriched in H3-K27me3, H3-K9me2 and H3-K9me3 marks, while
those found in the transcribed regions have higher levels of H3-K27mel and H3-K9mel
(Fig. 3)[79]. Chromatin immunoprecipitation (ChlP) analyses have shown that the
hypersensitive sites, both proximal and distant, are enriched for the H2A.Z histone variant,
which has been reported to be a subject of exchange upon hormone treatment [80].
Therefore, it is argued that H2A.Z is associated with chromatin sites that are staged for
remodeling and TF binding (Fig. 2A).

Correlation of DHSs with gene expression has shown that all expressed genes are marked by
a DHS at the TSS [79]. However, although the presence of a DHS might be necessary for
gene expression, it is clearly not sufficient. Inactive genes that are characterized by the
presence of a DHS may be in a transcriptionally poised state. This is supported by an
observation that activating histone marks and Pol Il binding are also present at these genes.
In contrast, promoter regions near silenced genes with no DHSs showed no evidence of
these marks [79].

We have found that GR binding invariably occurs at nuclease-accessible sites [80,81] (Fig.
1). When profiles are compared between two cell lines, the lack of response to GR
regulation is consistently correlated with the lack of GR binding and the absence of
chromatin transition at the corresponding sites. Interestingly, the hypersensitive sites either
pre-exist in chromatin (pre-programmed), or appear only after stimulation with hormone (de
novo) [80,81]. The finding that GR interacts with the pre-existing DHSs is surprising as GR
has classically been considered to be a pioneer factor which triggers the initiation of
chromatin remodeling processes.

Steroid receptors have been frequently shown to induce DNase I hypersensitivity within the
region of their binding sites [82—84]. Although there is strong evidence for histone loss after
hormone induction, the remodeled site is not completely nucleosome-free and the question
about the nature of DNA hypersensitivity to nucleolytic attack stays open. Two possibilities
are taken into account: the nucleosome can either be repositioned to the neighboring regions
or be temporarily unfolded from the template. The meticulous study performed at the Tat-
GRU speaks in favor of the latter possibility [85]. No modification of the distribution of
nucleosome frames has been observed while H1 and H3 interaction is clearly lost upon
remodeling. The significance of H1 loss for transcription activation has also been shown
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using MMTYV as a model [86,87]. Once a nucleosome’s binding becomes weaker and DNA
becomes accessible, synergistic binding between receptors and other TFs is observed (Fig.
2C). On the MMTYV promoter PR binding to the exposed element enables NF1 access to
DNA. This in turn facilitates more PR binding to the remaining elements resulting in a full
transcriptional response. The transcription is significantly compromised by the NF1
depletion or mutations in NF1 binding site [88]. Importantly, the synergistic binding
between receptor and NF1 to MMTYV is strongly dependent on the nucleosomal structure
and is not observed for naked DNA [33].

Furthermore, we suggest that the vast majority of localized reorganization events are not
stable but in fact represent a highly dynamic process. We have proposed that the rapid
exchange observed for TFs and response elements in chromatin [38,39,89,90] has a direct
correlation to chromatin remodeling [37,39,91,92]. The nucleosomes at promoter regions are
also characterized by a high turnover rate independent of whether they are in active or
repressed state [71,93]. This constant movement, assembly and disassembly of nucleosomes
is a product of ATP-dependent remodeling activity.

Chromatin remodeling activity and achieving an open/accessible chromatin

structure

Chromatin remodeling appears to be the first step in an ordered sequence of events required
for hormone-regulated transcription. During the remodeling reaction DNA can be transiently
unwound from a nucleosome or a nucleosome can be moved to a neighboring position
(sliding) [94]. These reactions are energy-dependent and are executed by protein complexes
that were first identified in yeast-based screens as mutations that control gene transcription
triggered by extracellular signals [95-97]. The ATP-dependent remodeling engines can exist
in multiple forms, usually as large (~ 2 MDa) multiprotein complexes with a core catalytic
ATPase subunit and a team of auxiliary factors. The nature of an ATPase subunit underlies
the current classification of remodeling complexes into four major classes: SWI/SNF, ISWI,
Mi-2/NuRD and INO80 [94,98]. They also differ in the mechanism by which chromatin
remodeling is executed (sliding, looping etc.). Both SWI/SNF and ISWI can slide
nucleosomes along DNA; however, SWI/SNF may additionally be able to create stable DNA
loops within nucleosome structures and remove/exchange histone dimers or octamers
[94,99,100]. At the level of promoter activity regulation it translates into an ability to
generate nucleosome-free regions (when coupled to his-tone chaperones), exchange
canonical histone dimers for histone variants or, if there is not enough space for
repositioning, expose specific DNA sequences as loops. Therefore, the SWI/SNF complexes
are perceived as the most potent in rearranging promoter structures during transcriptional
activation and as such are the best exploited in the studies of SHR-regulated transcription
[101-105]. The ATPase subunit in human SWI/SNF complexes is either BRG1 or BRM, and
is associated with up to a dozen additional factors including BRG1-associated factors
(BAFs) [106-108]. It is worth mentioning that both the ATPase core and a composition of
BAFs can be responsible for promoter-specific and tissue-specific regulation [107, 109,110].
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Extensive studies based on the MMTV model have shown that SWI/SNF-dependent
chromatin remodeling is a necessary prerequisite for optimal hormone-dependent
transcription and in this case GR can utilize both BRG1- and BRM- containing complexes
[36,105]. GR does not contact BRG1 directly but rather through the associated factors
BAF57 and BAF60a which are common for both BRG1 and BRM complexes [111].
Transfection experiments with dominant negative forms of either BRG1 or BRM have
resulted in an inhibition of transcription, lack of both Pol Il loading and chromatin
transition, as well as compromised decondensation of the MMTYV array [105]. Furthermore,
using a UV laser crosslinking approach it has been possible to establish highly transient and
periodic interactions of GR with the MMTYV template during the remodeling reaction. This
is further reflected by periodic binding of SWI/SNF, H2A and H2B [112]. The suggested
model requires that receptor binding is aided during the early phase of the nucleosome
remodeling reaction, but when the remodeling reaction is completed and nucleosomes return
to the basal state, receptors are actively removed from the promoter. In human cells lacking
BRG1 and BRM (i.e. SW-13) transactivation by GR is weak and can be selectively enhanced
by the ectopic expression of either BRG1 or BRM [102]. However, it cannot be substituted
by the activity of ISWI or Mi-2 complexes, both present in SW-13 [19]. BRG1 remodeling
action is also specifically required for PR- and AR-dependent activation of MMTV-LTR
chromatin [113,114] as well as for ER-regulated genes [103,104,115]. These results suggest
that SWI/SNF complexes are commonly utilized by NRs for creating chromatin transition
states during hormone induction. On the other hand, the transcription profile obtained after
overexpression of a dominant negative form of BRG1 shows significant reduction in only
40% of glucocorticoid-activated genes [80]. An even smaller effect (11%) is observed when
glucocorticoid-repressed genes are analyzed. Consistent with that, only a subset of DHSs,
both preexisting and hormone-inducible, are dependent on BRG1 action in these cells.
Hence, the contribution of other remodeling complexes seems to be an obvious possibility.

The picture that emerges is that receptor-based gene regulation is always dependent on the
presence of remodeled chromatin. However, this feature can either be formed during cell
development, and continuously present, or be triggered by the receptor itself only after
hormone stimulation (Fig. 1). In addition, chromatin remodeling alone is not sufficient for
transcriptional activation and depends on the context of the DNA and histone modifications.
In some cases opening the chromatin structure by chromatin remodeling enzymes is
necessary for subsequent acetylation of histones [116-118]. In other cases, the recruitment
of chromatin remodeling complexes must be preceded by RNA Pol Il binding and histone
acetylation which in turn creates binding sites for bromodomain-containing proteins, i.e.
BAFs [85,119,120].

Thus the action of remodeling complexes should not be separated from the action of histone
and DNA modifying enzymes, as they operate simultaneously on the same sequences and
influence each other. In fact, large multifunctional complexes have been found /in vivo where
the chromatin remodelers are associated with histone-modifying enzymes including histone
deacetylases (HDACs, NCoR complex), histone methyltransferases, such as CARM1
(nucleosomal methylation activation complex, NUMAC), as well as other proteins with co-
regulatory functions (mSin3a, BRCA1, TOPO II, actin). Furthermore, Mi2/NURD, part of
the NCoR complex, can repress NR-dependent transcription [121,122] and is targeted to

FEBS J. Author manuscript; available in PMC 2019 January 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiench et al. Page 10

specific areas of chromatin through recruitment by transcription repressors or by factors that
recognize methylated DNA.

Histone modifications and histone variants as a part of gene architecture
and transcription regulation

Over 60 different residues within histone tails have been identified as targets for post-
translational modifications (reviewed in [7,55]). The most common histone modifications
are acetylation or ubiquination of lysine residues, methylation of arginine and lysine
residues, and phosphorylation of serine and threonine residues. Acetylation usually occurs
cumulatively on multiple lysine residues and utilizes different histone acetyltransferases
(HATS) in a seemingly non-specific manner. In contrast, other histone marks are deposited
by a specific enzyme on a defined residue. Furthermore, methylation can exist as
monomethylation, dimethylation or trimethylation with different methyltransferases being
active at each step. All modifications can affect one another and many of them are positively
or negatively correlated [7,55,123].

The mechanisms by which histone modifications exert their function include alterations in
DNA-nucleosome and nucleosome—nucleosome interactions as well as in the recruitment of
non-histone regulatory proteins (reviewed in [7,55]). The internucleosomal and
intranucleosomal interactions can become relaxed simply due to the change in the net charge
of nucleosomes caused by most (methylation is an exception) modifications. Among them,
lysine acetylation is believed to be the most potent due to both its ability to neutralize the
basic charge and its abundance. This idea is supported by the experimental observation that
acetylated histones are easier to displace from DNA both /n vivo [124] and /n vitro
[120,125]. Recently, acetylation of H3-K14 has been shown to be essential for nucleosome
eviction [126]. The effect of histone modifications can also go beyond local contacts and
directly influence higher-order chromatin structure. For example, acetylation of H4-K16 is
known to inhibit the formation of 30 nm fibers [127] as discussed in detail in an
accompanying review [2]. The alternative function of histone modifications is to create a
‘code’ which can be recognized and read by other proteins. Proteins with chromo-like
domains can bind to methylated his-tone residues, whereas acetylation is recognized by
bromodomains. These proteins, in turn, provide enzymatic activities which further influence
chromatin dynamics and function.

Globally, active euchromatin and inactive heterochromatin are marked by different histone
modifications. Acetylation of H3 and H4 and methylation of H3-K4, H3-K36 and H3-K79
are characteristic of active chromatin whereas low levels of acetylation and high levels of
H3-K9me3, H3-K27me3 and H4-K20 methylation are associated with inactive chromatin
[7]. These modifications frequently spread along extended chromosomal regions and are
sharply separated from each other by boundary elements associated with the insulator
binding protein CTCF [128,129].

Within euchromatin, actively transcribed genes are further characterized by a set of features
that show a more complex and localized pattern within enhancers, the core promoter, coding
regions and the 3 “end of the gene [7,128,130] (Fig. 3). Multiple studies have proved that H3
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and H4 histones within the TSSs are generally acetylated [128,131-134]. As far as other
modifications are concerned, high levels of all three states of H3-K4 methylation and H2A.Z
form a peak within the promoter and TSS regions whereas H3-K27me1, H3-K79me, H2B-
K5mel, H4-K20mel and H3-K9mel are associated with the entire transcribed region.
Unlike other marks, H3-K36mel tends to accumulate towards the 3 “end of the gene.
Interestingly, the signatures of both promoters and insulators appear to be invariant across
different cell lines [129,135] and several studies have shown that both active and inactive
promoters are associated with histone acetylation and H3-K4me3 [128,136-138]. Chromatin
modification patterns at inducible genes have also proved to be relatively stable during
activation of resting T cells with active modifications being already in place [139]. In
contrast to that, enhancers are believed to be the most variable elements and display a highly
cell-type-specific pattern of histone modifications.

Identification of enhancer elements has not been an easy undertaking because of their distant
localization from regulated genes and the lack of specific sequence elements. Attempts made
thus far to identify enhancer regions have been based on sequence conservation, the position
of DHSs [78,79,140] or p300 binding to DNA outside the promoter regions [135,136,141].
Based on the latter, over 55 000 enhancers have been identified in only two cell lines (K562
and HeLa), thus leading to the prediction of 10°-108 enhancers existing in total [135].

Once enhancer elements have been recognized their chromatin characteristics can be
described (Fig. 3). Similar to promoters, enhancer elements are marked by H3 acetylation,
H3-K4 monomethylation, H2A.Z and H3-K9mel, but lack other promoter-specific
modifications [128,132,134,135,142,143]. Surprisingly, H3-K27me3, previously ascribed to
the repressive chromatin, has also been identified within enhancer elements. The
combination of H3-K4mel and H3-K4me3 has been proposed as the strongest discriminator
between enhancers and promoters with enhancers being deprived of trimethylation
[140,142,144]. However, this might not be the universal feature since it has recently been
shown that H3-K4me3 is also present at the enhancers when a DHS-based approach is
applied to identify these regions [140]. Furthermore, each of the modifications including H3-
K4mel, 2 and 3, H3-K9mel and H2A.Z have been detected at only 20-40% of putative
enhancers suggesting that they are found only in unique subgroups [128,140]. No significant
correlation between specific modification patterns at the enhancer regions and gene
expression has been observed [140].

Even if current literature lacks the global overview of histone marks specifically in terms of
regulation by steroid receptors there is no reason to assume that their common pattern would
be different from that mentioned above. Arginine methylation of both H3R2 and H4R3 has
been previously suggested to play a role in NR-mediated transcription activation [145];
however, none of these marks showed any characteristic patterns in a genome-wide analysis
[128]. It is still unknown how many enhancers can be identified based on their
characteristics before hormone induction and to what extent the chromatin marks within
enhancer elements can change after induction and receptor binding. When HelL a cells are
treated with interferon-c only 25% of STAT1 binding is observed within predicted enhancers
[135]. Analysis of GR binding sites, however, shows that most fall into DHS regions existing
before hormone stimulation and only 15% of binding events are followed by a chromatin
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transition and possibly by changes in at least some of the chromatin signatures [80,81].
Dynamic changes of histone modifications after hormone induction have not been globally
analyzed yet but have been observed on selected steroid-hormone-regulated promoters. The
changes are shown to be limited to a few or even a single nucleosome. At the MMTV
promoter, GRE-containing nucleosomes B and C, but not F, undergo rapid (30 min after
stimulation) deacetylation at H3 and H4, both of which show a high level of acetylation in
the 3134 cell line before induction [146]. Similar experiments in T47D breast cancer cells
have shown that H4 deacetylation is preceded by initial acetylation which precisely
coincides with the time of recruitment of progesterone receptor, Pol 11 and p300 [147].

However, the most detailed data concerning dynamic recruitment of co-regulators and
histone modification changes have been collected for the ER-regulated pS2 gene. In the
initial experiments the increase of acetylation of histone H3 and H4 at ER-regulated
cathepsin D and pS2 promoters was observed within 10 min of estrogen treatment, peaking
at 1 h post-treatment and decreasing to near-basal levels within 6 h. The transient increase in
histone acetylation coincided with a transient increase in the association of SRC-3, p300,
CBP and RNA Pol II, as well as a transient increase in the transcription level [148,149].
Further experiments that included a more detailed time course and using a-amanitin-
synchronized cells demonstrated in fact cyclic behavior of histone acetylation with peaks
every 40-60 min corresponding to productive transcription cycles [150,151].

Core histones not only undergo covalent post-translational modifications but can also be
exchanged with histone variants (reviewed in [55,152]). Differences between variants and
canonical histones can be as small as a few amino acids, as in the case of H3.3, or can apply
to larger domains within the histone tails (MacroH2A) or in the histone fold domains
(H2ABdb). In contrast to canonical histones, histone variants are expressed mainly outside
of S phase and are thought to be deposited into nucleosomes in a replication-independent
manner by means of specific protein complexes. H2A.Z can be incorporated into a
nucleosome either by Swrl through ATP-dependent histone exchange reactions [153] or via
the help of replication-independent chaperones like Napl [154], and H3.3 is assembled by
histone regulator A (HIRA). Incorporation of histone variants into chromatin impacts its
structure in various ways [155]. For example, histone H2A.Z replaces histone H2A at the
promoter sites, insulators and enhancers and when co-assembled with H3.3 forms a very
unstable structure that can be ejected following gene activation [156,157] (Fig. 2B). This
observation sheds a new light on the previously observed nucleosome-free regions at active
promoters and enhancers. These nucleosome-free regions may now be explained by the
presence of highly labile H2A.Z/H3.3-containing nucleosomes that are easily displaced by
TFs. This fact has been overlooked before because of H2A.Z/H3.3 disruption in the
moderate salt concentrations usually used for chromatin purification [156]. It has been
suggested that transcription of as many as 30% of genes can be regulated through
incorporation of H2A.Z [158]. Taken together, histone modifications and histone variants
play a role in defining the chromatin architecture of active or potentially active gene
transcription units and undergo dynamic changes during ligand stimulation.
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DNA methylation and MeCP2 — link to chromatin architecture and

remodeling

DNA methylation of cytosine is the most abundant covalent DNA modification. In
differentiated cells DNA methylation appears almost exclusively in the CpG context and is
deposited there by one of the DNA methyltransferases (Dnmtl, Dnmt3a or Dnmt3b) [159].
In mammalian genomes the distribution of a methyl mark is described as a global
methylation pattern [160]. Approximately 98% of CpG dinucleotides are located within the
CpG-poor regions and 80% of them are methylated. The observed high level of DNA
methylation within gene bodies and non-coding regions is believed to serve as a suppressor
of transcriptional noise by preventing the spurious transcription initiation from cryptic
promoters [160,161]. The remaining 2% of genomic CpGs are densely grouped in short
stretches located mostly at the 5 “end of the genes [160] (Fig. 3). These patches are referred
to as CpG islands and typically stay unmethylated independent of the gene expression
[162,163].

High CpG density promoters are associated with two classes of genes, commonly expressed
housekeeping genes and highly regulated key developmental genes, whereas low CpG
density promoters are generally linked to tissue-specific genes [164]. In contrast to CpG-rich
sequences, CpG-poor regulatory elements are more prone to active and de novo methylation
and demethylation, which might provide yet another level of gene regulation. As mentioned
before, c/sregulatory elements active in a particular cell type are often associated with
marks of open chromatin such as H3-K4me2 or H3-K4me1 [131,142]. It has been shown
that CpGs found at H3-K4me2-enriched sites (outside of promoters and CpG islands) have
significantly lower DNA methylation levels than those at H3-K4me2-depleted sites, and this
relationship is particularly strong for CpGs located within highly conserved non-coding
elements [164]. We have observed a high correlation between CpG methylation status and
activity of enhancer elements at GR binding sites with demethylation strongly linked to
chromatin accessibility and GR binding (Wiench M, John S, Baek S, Johnson TA, Sung M-
H, Escobar T, Simmons CA, Pearce KH, Biddie SC, Sabo PJ, Thurman RE,
Stamatoyannopoulos JA & Hager GL, unpublished results). The lack of DNA methylation,
often restricted to a single CpG site, has been shown to be the remnant of interactions with
pioneer TFs (such as PU.1 or C/EBP) in early embryonic development [165]. These
interactions might be necessary to prevent the enhancers from assembling into repressive
chromatin structures during development and to make them amenable for subsequent
activation of tissue-specific genes. Thus activation of these genes may be possible only after
specific interactions and changes in chromatin structure have occurred at earlier stages in
development.

DNA methylation leads to transcriptional repression through several mechanisms. It can
directly affect the TF’s binding to its DNA recognition element as well as the positioning
and stability of a nucleosome. However, it primarily acts indirectly through the action of
proteins like MeCP2 and MBD1-4 that selectively bind methylated CpGs through their
methyl-CpG binding domain (MBD) [166]. Various members of the MBD family display
different DNA binding specificities. They can recognize and bind to more complex
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sequences than a single methylated CpG. For example, high affinity binding by MeCP2
requires four or more A/T base pairs adjacent to the methylated CpG [167].

Even if methylation marks a DNA molecule directly, the silencing effect is observed only
after the DNA template is assembled into chromatin [168,169]. Moreover, MeCP2 has been
shown to bind methylated DNA only in a nucleosome context [170]. Hence, the mechanism
through which DNA methylation and MBDs accomplish the silencing effect employs both
chromatin modification and remodeling activities. Different sets of proteins have been
identified to bind a nucleosome when DNA methylation is combined with different histone
modifications [170]. Furthermore, MeCP2 has been found to interact with histone
deacetylases (HDAC?2, Sin3A) [171,172], histone methyltransferases (SUV39H1) [173] and
remodeling complexes [174]. Both MeCP2 and BRM were shown to be associated with each
other on the same sequences within hypermethylated promoters, and treatment with
inhibitors of DNA methylation (5-aza-2 ~deoxycytidine, 5Aza-dC) results in a loss of
methylation, loss of BRM and MeCP2 binding and reactivation of transcription [174]. In
cancer cells, changes in DNA methylation promoted by SWI/SNF complexes induce
transcriptional activation and rescue the transcription of CD44 and E-cadherin [175].
Although MeCP2 as well as MBD2 are likely to be responsible for initial recruitment of
chromatin remodelers, studies /n vitroand /n vivo suggest that chromatin remodeling
activities further facilitate binding of MBD proteins to those methylated sites that are not
initially accessible on nucleosomal templates and by doing so further stimulate MBD-
mediated gene repression [174].

In many vertebrates site-specific demethylation affects tissue-specific genes [176]. Unlike
plants, methylation of DNA in mammals has long been considered to be a stable mark that is
removed only during a passive process which involves replication. Recently, evidence
showing that the demethylation process might be active and dynamic is accumulating.
Demethylation is often restricted to regulatory elements outside the core promoter where
transcription factors bind and where chromatin is hypersensitive to DNase | [164]. It has
been reported that the Bdnf regulatory region is demethylated by 25-45% and MeCP2 is
redistributed 2—3 days after depolarization of neuron cells which is accompanied by increase
in Bdnf synthesis [177]. In another study, prolonged glucocorticoid treatment caused
demethylation of all four CpGs located within the remodeled area of a Tat-GRU while
neighboring CpGs located outside the remodeled area remained methylated. In this case the
demethylation is completed in 3 days and allows for the recruitment of additional
transcription factors [178].

A Kinetics profile of 2-3 days does not point to an active and efficient process. However,
very fast and cyclical changes (with a periodicity of about 100 min) of DNA methylation
and demethylation have also been observed within the promoters of pS2 and several other
ER-regulated genes [179]. It is not clear yet what kind of mechanism is primarily involved in
the demethylation but it has been suggested previously that it most probably involves the
creation of nicks in DNA 3 "to the methylcytidine [176,180]. A recent report confirms this
observation and suggests that deamination paired with glycosylation enzymatic activities
(AID/MBD4) and a base excision repair process are involved [181]. Rapid demethylation
after activation seems to be a common event at hormone-inducible elements since it has been
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observed during ER [179,182], vitamin D receptor [183] and GR (Wiench et a/., submitted)
regulation even though the mechanism is poorly understood (Fig. 2).

In addition to its role in gene silencing, MeCP2 has been described as a chromosomal
architecture element. MeCP2 has been shown to mediate the formation of complex
chromatin structure by promoting chromatin looping at the DIx5 gene with the loop itself
marked by an H3-K9me2 repressive mark [184]. A very recent report describes MeCP2 in
neuronal cells as a highly abundant nuclear protein that might replace H1 binding and
globally alter chromatin state [185]. The described action of MeCP2 is dependent on
cytosine methylation. However, another study reported that the MeCP2 protein can organize
chromatin independently of DNA methylation and in the absence of a functional MBD
domain. The addition of MeCP2 to unmethylated nucleosomal arrays leads to significant
chromatin compaction, greater than that achieved by histone H1[87]. At the ratio of one
MeCP2 molecule per nucleo-some, electron microscopy revealed formation of a novel 60S
ellipsoidal structure. Also, DNA when methylated is able to adopt a distinctive chromatin
structure after being assembled into chromatin which results in a loss of DNase |
hypersensitivity [186,187]. This is in agreement with the fact that demethylated CpGs are
more often found at regions where chromatin remodeling creates DHSs (Figs 2 and 3).
Regions of DNA methylation have also been found to be deficient in H2A.Z, a marker of
inducible chromatin, and in fact these two chromatin features seem to be mutually exclusive
in both plants [188] and mammals [158].

To summarize, DNA methylation appears to be a more dynamic feature than previously
thought especially within distal regulatory elements where it teams up with other chromatin
signatures defined by the presence of DHSs and characteristic histone modifications. The
specificity can be achieved (a) by utilizing different DNA methyltransferases to deposit the
methyl mark and (b) by recognition of the mark by different DNA methyl binding proteins.
Methyl-CpG binding proteins have been shown recently to provide a functional link between
DNA methylation, chromatin remodeling and histone modifications, as well as to serve as
structural proteins of chromatin.

Conclusions

During the last two decades model systems have been developed and well exploited to study
the mechanisms governing steroid hormone gene regulation in the chromatin environment.
Those systems have made it possible to explore the effects of nucleosome positioning, the
changes in the nucleosome structure in response to ligand stimulation, and the role
chromatin remodeling complexes and histone modifying enzymes have during promoter
progression. However, it is apparent that they represent unique examples rather than a
universal type of regulated promoter. Thus, to overcome this limitation a new set of methods
has been developed to study the epigenome on a high throughput basis. The necessary
precondition is to reliably identify promoters, enhancers and other regulatory elements
within the genome. Recent reports discussed in this review show that this step can be
achieved. The next step is to prove their functionality and to characterize them by the
presence of specific chromatin signatures. The results of the first attempts have been
published during the last several months proving the complexity of the system and revealing
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even more questions. Thanks to ChIP-chip, ChIP-seq, DNase I-seq, MeDIP-seq and even

genome-wide bisulfite sequencing becoming more available and affordable, a big leap
forward can be made in understanding how local chromatin architecture affects tissue-

specific gene regulation and regulation by NRs.
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Fig. 1.

Tissue-specific chromatin architecture revealed in localization of DHSs. A schematic
representation of DHSs before and after hormone stimulation in two cell types. The majority
of hormone-responsive genes have a TSS that is embedded within a localized region of
DNase I hypersensitivity. These promoter regions are generally hypersensitive across
multiple cell types, and usually correlate with CpG islands (A). Common and
preprogrammed DHSs present at distal regulatory elements often overlap with insulators
(B). Hormone receptors recognize short DNA motifs (HRES), but only a small percentage of
them are occupied by a receptor in a given cell type. NR binding occurs usually at distal
enhancers and is highly correlated with the presence of accessible chromatin regions (C, D,
E). Only a small fraction of enhancer-related DHSs are universally utilized in multiple cell
lines and they usually represent hormone-independent chromatin structures (pre-
programmed DHSs) (C). Most distal DHSs are tissue-specific and can be either hormone-
independent (D) or appear only after hormone stimulation (inducible DHSs) (E). Thus the
presence of a DHS and subsequent receptor/transcription factor binding results in a
hormone-dependent and tissue-specific transcriptional regulation of a particular gene (gene
I1). A gene can be activated by the same hormone receptor in different tissues, although
through different regulatory elements (gene I; elements C and E).
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D)g/]namics of chromatin structures at inducible genes. (A) Inducible genes are regulated by a
‘covered’ class of promoters characterized by the presence of a TATA box and nucleosomes
competing efficiently with TFs for access to DNA. Both promoters and enhancers are
marked as chromatin structures staged for remodeling by the H2A.Z histone variant. In
addition, enhancers available for subsequent receptor binding have a decreased level of DNA
methylation. (B) Induction (i.e. hormone stimulation) leads to localized incorporation of
H3.3 and formation of very labile H2A.Z/H3.3 nucleosomes at both the promoter and
enhancer. These nucleosomes are very dynamic and can be easily ejected thus enabling TF
binding. At enhancers, the receptor binding leads to nucleosome reorganization where two
stable nucleosomes flank the receptor binding sites. Additionally, the +1 nucleosome at the
promoter has been reported to move 30 bp downstream leaving space for RNA Pol Il and the
basic transcriptional machinery to dock at the TSS. Mediator complexes hold the promoter
and enhancer together and changes in DNA methylation (red dots) are observed in at least a
subset of enhancers. (C) Full transcriptional response is achieved due to synchronized
binding of hormone receptor and other TFs, as well as to additional receptor binding events
at neighboring HREs.
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Fig. 3.
Characteristics of local chromatin structures within promoters, enhancers and coding

regions. The non-random positioning of a nucleosome is dictated by DNA sequence, activity
of remodeling complexes (like SWI/SNF) and competition of the nucleosome with TFs for
access to specific DNA sequences. The regulatory regions are characterized by high turnover
of histone proteins (depicted by purple nucleosomes). The histone marks identified at the
promoters and enhancers of active (red) and silent (blue) genes are indicated. The gradients
reflect changes of histone marks across the coding region. Contradictory observations about
the presence of H3-K9me3 and H3-K4me3 within enhancer regions have been reported.
Both promoters and enhancers are marked by DHSs and H2A.Z histone variants. Most
promoters are characterized by increased density of CpG dinucleotides (CpG islands) which
are usually unmethylated (open circles). Enhancers also show highly localized CpG
enrichment with DNA methylation status correlating with their activity. The CpG
dinucleotides are under-represented within coding regions and contain high methylation
levels (filled circles) in order to prevent spurious transcription.
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