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Abstract

The glucocorticoid receptor (GR) functions to regulate a wide group of physiological processes
through hormone inducible interaction with genomic loci and subsequent manipulation of the
transcriptional output of target genes. Despite expression in a wide variety of tissues, the GR has
diverse roles that are regulated tightly in a cell type specific manner. With the advent of whole
genome approaches, the details of that diversity and the mechanisms regulating them are
beginning to be elucidated. This review aims describe the recent advances detailing the role
chromatin structure plays in dictating GR specificity.

Introduction

The glucocorticoid receptor (GR) is a member of the nuclear receptor superfamily of
transcription factors that functions to control a wide array of physiological processes
including proliferation, development, inflammation, and metabolic homeostasis (Sapolsky,
Romero and Munck, 2000). Once activated by ligand, the receptor translocates to the
nucleus and dimerizes on sequence specific response elements (GREs) (Mangelsdorf,
Thummel, Beato et al., 1995). The receptor is able recruit accessory molecules that aid in
preparing the target gene for transcriptional activation or repression (Lonard and O’Malley,
2012). Many of these accessory molecules, also termed co-regulators, act to modify the
chromatin structure at the response element and within the promoter of target genes (Trotter
and Archer, 2008, Wolf, Heitzer, Grubisha et al., 2008). It has become abundantly clear that
biology uses that chromatin structure and the ability to modify it as an important step in
regulating transcription factor function (Robyr and Wolffe, 1998).

DNA in eukaryotes is packaged into nucleosomes that act as the basic units of chromatin.
Each nuclesome is made up of roughly 146 bp of DNA wrapped around a histone octamer
containing two copies of histones H2A, H2B, H3, and H4 (Luger, Mader, Richmond et al.,
1997). These nucleosomes are connected in an array by spans of linker DNA associated with
histone H1 (Happel and Doenecke, 2009). The abundance of the histone H1 within this
linker region has an important role in maintaining nucleosome positioning as well as
defining the higher order structure of chromatin (Pennings, Meersseman and Bradbury,
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1994, Bednar, Horowitz, Grigoryev et al., 1998). Both of these functions are critical to
regulating transcription factor activity. The higher order chromatin structure can be
manipulated from completely open or accessible in the “beads on a string” 10 nm fiber
conformation to a closed or inaccessible structure (Vaquero, Loyola and Reinberg, 2003).
The accessibility of the chromatin acts as a critical regulator of DNA-protein interactions (Li
and Reinberg, 2011).

The role of chromatin in GR mediated transactivation has been intensely studied for many
years using a number of model promoters, such as MMTYV. Using these exogenous
promoters, a model of GR activation has evolved in which the activated receptor acts to
reorganize the chromatin architecture from an inactive to active state. The MMTV promoter,
when introduced into a eukaryotic genome, assembles into an ordered array of nucleosomes
(Richard-Foy and Hager, 1987). Recruitment of the receptor results in a number of changes
in the chromatin structure. Most notably, the position of the nucleosome surrounding the
GRE is altered increasing the accessibility of the promoter (Richard-Foy and Hager, 1987,
Pina, Bruggemeier and Beato, 1990). This allows stable binding of other factors, such as
NF-1 and Oct-1 which aid to regulate transcriptional output (Archer, Cordingley, Wolford et
al., 1991, Bruggemeier, Kalff, Franke et al., 1991, Hebbar and Archer, 2007, Eisfeld,
Candau, Truss et al., 1997). In this sense, the GR acts as a pioneering factor to aid other
transcription factor binding. Together, a model was generated in which responsive regions
are held in an inactive and inaccessible state that is remodeled by recruitment of GR and its
accessory proteins to a transcriptionally permissive state. This review aims to update this
model from recent work and novel technologies that have changed the perspective of GR
and other nuclear receptor activities.

The Whole Genome as a Model System

The development of microarray technology altered the methodology of nuclear receptor
research away from model promoters. This progression has only been strengthened with the
advent of next-generation sequencing. Moving from model promoters to all promoters has
changed the perspective in which we view transcriptional initiation. The initial work
performed with tiled microarrays looking at nuclear receptor recruitment immediately
altered the paradigm as the majority of binding sites were not identified in classically
defined promoters (Carroll, Liu, Brodsky et al., 2005). This finding has been validated for
many nuclear receptors including GR in multiple cell types (Wang, Li, Zhang et al., 2009,
Welboren, van Driel, Janssen-Megens et al., 2009, So, Chaivorapol, Bolton et al., 2007,
Nielsen, Pedersen, Hagenbeek et al., 2008, Reddy, Pauli, Sprouse et al., 2009, Pan,
Kocherginsky and Conzen, 2011, John, Sabo, Thurman et al., 2011, Yu, Mayba, Lee et al.,
2010, Polman, Welten, Bosch et al., 2012). The distribution of binding sites in the nucleus
suggests that GR mediates much of its effects through long-range interactions with
transcriptional start sites (TSS). In fact, one study showed that 70% of hormone regulated
genes did not demonstrate GR binding within 10 kb of the TSS (Reddy et al., 2009).
Another study described extremely distal binding regions to the FKBP5 TSS with strong
enhancer activity (Makkonen, Kauhanen, Paakinaho et al., 2009). The genes Ciz1 and Lcn2
were shown to be regulated through a large chromatin loop of 30 kb (Hakim, John, Ling et
al., 2009). These types of distal interactions are suggestive of an overall chromatin
geography that allows the GR to influence transcription across great genomic distances and
potentially different chromosomes.

The distribution of the GR binding sites and the role that distal binding elements have on
transcriptional regulation has made the linkage between response elements and gene
regulation cloudy. It is difficult to assign a specific binding event to a potential gene target
on a genomic scale. In fact, only 50% of the genes that have the closest TSS to a GR binding
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site demonstrate a dexamethasone dependent transcriptional response (Yu et al., 2010).
Nonetheless, it is clear that genes regulated by hormone are enriched for GR binding within
100kb (So et al., 2007, Yu et al., 2010). This linkage between binding and regulation is more
evident if cell type specific binding is compared. Looking at binding events in the A549 cell
line, genes regulated only in A549 cells had a much higher percentage (27%) of binding
events when compared to genes only regulated in U20S cells (1.8%) (So et al., 2007).
Together, these data have provided an alternative view to the classical model by which the
receptor binds proximal promoters and activates genes. The majority of GR actions are
clearly occurring in distal enhancer elements. This phenomenon is limiting the true power of
these assays by hindering the ability to clearly associate recruitment to transcriptional
responses. The guiding mechanisms by which these sites are connected to TSSs for gene
regulation are not understood. A clue to this organization can be found in a study of the
estrogen receptor which utilized CTCF binding to separate the genome into blocks and
found that the receptor was more likely to regulate a gene within its block than an adjacent
block (Chan and Song, 2008). This correlation was not dependent upon distance and
suggests that the insulator behavior of CTCF elements may act to direct the receptor to its
gene target. It appears that there is an organization to the genome dictated possibly by
chromatin landmarks that link response elements to genes. Until this organization is better
understood, the ability to link binding events to transcriptional regulation will be limited.

An interesting correlation in these global GR recruitment studies has shown genes that are
induced by hormone are more associated with binding events than genes that are repressed
(Reddy et al., 2009, Pan et al., 2011). The implication of these data suggests that many
repressive events are not caused in ¢/s by bound receptor, yet recent work has demonstrated
the GR binds negative GREs (nGRE) that are abundant throughout the genome (Surjit,
Ganti, Mukherji et al., 2011). Binding to these response elements results in an altered
conformation represented by two GR monomers able to recruit repressor complex consisting
of NCOR/SMRT and HDACSs (Surjit et al., 2011, Hudson, Youn and Ortlund, 2013). Thus,
strong evidence suggests the direct repression of genes by GR despite the lower abundance
of ChIP peaks near repressed genes. One explanation may be the lower reported affinity for
NGRE by GR results in lower ChIP signal that in many cases may not meet peak calling
thresholds (Surjit et al., 2011). Clearly, more work is needed to clarify the role of nGREs
and GR on a genomic level.

Chromatin is a Determinate in GR Recruitment

With the global cistrome of GR binding being defined now in several systems, the key
mechanisms directing GR recruitment have been investigated. While the vast majority of
binding sites (62—80%) contain sequences considered to be a classical GRE, it is clear the
GR can be located at other regions either by tethering or through alternate recognition motifs
(So et al., 2007, Reddy et al., 2009, John et al., 2011). Recent work has tried to define the
molecular characteristics of true recruitment sites that may differentiate them from in silico
GREs. In fact, the ChIP data has been fairly consistent in demonstrating that only a small
percentage of possible binding sites are actually occupied and that the specific recruitment
sites are cell type dependent.

Initial investigations into the mechanisms behind cell type specificity have concentrated on
chromatin organization and structure. Work investigating the Ciz1/Lcn2 gene regulation
identified a chromatin loop present prior to GR recruitment but only in cells that show an
inducible response (Hakim et al., 2009). Global spacial interactions confirmed that cells are
preset in the cellular organization and that hormone induction does not induce dramatic
reorganization (Hakim, Sung, Voss et al., 2012). This phenomenon suggests that cells can
program responsive regions through modification of the underlying chromatin structure. In

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 November 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Burd and Archer

Page 4

fact, initial analysis of a 150kb region of the genome demonstrated recruitment of the
receptor to constitutively DNase | hypersensitive sites (John, Sabo, Johnson et al., 2008).
Further investigation has shown GR is preferentially recruited to sites of DNase |
accessibility. Global analysis in a murine cell line indicated that 71% of occupancy sites are
accessible prior to receptor recruitment (John et al., 2011). A strong correlation in human
cell lines has also demonstrated a preference (69% of binding sites) for DNase |
hypersensitivity (Reddy, Gertz, Crawford et al., 2012). Utilizing Formaldehyde Assisted
Isolation of Regulatory Elements (FAIRE) as an alternate method of enriching for “open”
chromatin structure gave a similar profile with 67% of GR binding sites demonstrating
significantly higher signal as compared to background (Burd, Ward, Crusselle-Davis et al.,
2012). Comparing different GRE sequences at binding sites to the DNase accessibility of
those same sites demonstrated that roughly half of the GRE motifs had an absolute
requirement for accessible chromatin (John et al., 2011). Thus, roughly 50% of response
element sequences require accessible chromatin for GR binding. Interestingly, these
accessible sites of GR recruitment appear to be cell type specific. The overlap between
recruitment seen in a pituitary line and mammary line was only 11.4%, with cell type
specific binding events only seen in cells with preexisting accessible chromatin. While
chromatin accessibility may play an integral role in determining cell type specificity, recent
work has also implicated it as a rheostat for ligand availability. This work identified classes
of GR binding that are associated with a low abundance of ligand (hypersensitive) to high
abundance of ligand (low sensitivity) (Reddy et al., 2012). While all classes of binding
showed a preference for DNase | sensitive regions of the genome, ligand hypersensitive sites
showed not only the strongest overlap with DNase | accessibility, but also the strongest
signal of accessibility. Thus, chromatin structure can be utilized to fine tune the
glucocorticoid response within cells.

These data put forth a model, by which GR is specifically recruited to accessible sites rather
than the previous dogma of initiating a transition from closed to open chromatin.
Nonetheless, there is still a clear chromatin remodeling event that occurs in chromatin
structure upon GR recruitment, and that this activity is required for gene activation.

Pioneering Factors and Master Regulators

The role chromatin plays in defining the cellular response that a transcription factor has in a
given cell type has led to an investigation into the mechanisms by which these underlying
tracks of specificity are laid. The identification of FOXAL as a critical regulator of estrogen
receptor action reintroduced the idea of pioneering factors (Carroll, Meyer, Song et al.,
2006, Lupien, Eeckhoute, Meyer et al., 2008, Eeckhoute, Carroll, Geistlinger et al., 2006).
The idea of master regulators defining the cell specificity of transcription factors is not
specific for nuclear receptors as TGF-p activity is controlled through a small set of cell type
specific factors (Mullen, Orlando, Newman et al.). While the idea of pioneering factors was
not new, previously the GR had been considered for that role specifically in regards to
factors such as NF1 (Richard-Foy and Hager, 1987). However, the relationship of NF1 and
GR has been shown to be much more reciprocal than a purely GR pioneering function
(Hebbar and Archer, 2007). The recent data on estrogen receptor, androgen receptor, and
other master regulatory networks has spurred the hunt within the genomic data sets for GR
pioneering factors.

Our work utilizing FAIRE signal across GR binding sites was not able to single out another
transcription factor that was uniquely correlated with chromatin structure. However, motif
and transcription factor binding analysis did illustrate that GR binding occurred within
hotspots of potential factor binding (Burd et al., 2012). This finding is also supported in
alternate work investigating PPARYy signaling and showed similar hotspots of transcription
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factor binding, including GR (Siersbaek, Nielsen, John et al.). However, other analyses have
identified potential factors that may influence the chromatin state prior to GR recruitment
and thus act as pioneering factors to specify activity. Factors such as AP-1, AML1, and
NFkB were shown to be associated with preprogrammed GR binding locations in a murine
pituitary line while FoxA2 (HNF3), TAL1, and NF3 motifs were associated with
preprogrammed sites in a murine mammary line (John et al., 2011). Only AP-1 was
associated with inaccessible sites implicating the other factors in either the development or
maintenance of the accessible chromatin state. Another analysis in human cells also
demonstrated an overlap of GR with AP-1, FoxAl, FoxA2, and CREB1 (Reddy et al.,
2012). Interestingly, CREB1 demonstrated a strong correlation with those sites that were
most sensitive to glucocorticoids and overall had the most overlap with DNase | accessible
regions. In a neuronal cell line, GR binding correlated with a number of transcription factor
binding motifs that have not typically been associated with the receptor. These include
Gabpa, Prxx2, Zfp81, Gatal, and Zbtbh3 (Polman et al., 2012). The divergent factors
identified in each cell type support the notion that cell type specificity can be dictated by a
small group of regulators that may direct recruitment through manipulation of chromatin
accessibility.

With the exception of a small set of these regulators, the role of these transcription factors in
regulating chromatin has not been well studied. It is unclear if these binding partners truly
act as pioneering factors or as coregulators, tethering mechanisms, or another
transcriptionally cooperative relationship. Analysis of chromatin structure and GR binding
following knockdown or deletion of these factors has not been extensively studied with the
exception of recent work studying AP-1. That work demonstrated that sites in which GR and
AP-1 sites overlap, GR binding was dependent upon an active form of fos. Moreover, both a
dominant negative form of fos and knockdown of the protein showed a decrease in DNase |
hypersensitivity at recruitment sites (Biddie, John, Sabo et al., 2011). It is unclear if this is
true pioneering activity, which is typically identified with the capacity to bind inaccessible
DNA and promote a chromatin transition, rather than an ability to maintain the already
remodeled genomic region. Another factor, C/EBPJ has been shown to be present in
adipocytes prior to chromatin remodeling during development and is required for formation
of the transcription factor hotspots (Siersbaek et al., 2011). The forkhead family of proteins
are known pioneering factors that have the ability to bind inaccessible chromatin and
reorganize that structure (Cirillo, Lin, Cuesta et al., 2002). FoxA1 has been previously
implicated in controlling the MMTYV chromatin state and GR mediated activation
(Holmaqvist, Belikov, Zaret et al., 2005). However, the role of FoxALl appears to be
cooperative with GR in which both hormone and expression levels modulate the activities of
both proteins in a reciprocal manner similar to the situation seen between GR and NF1
(Belikov, Holmgvist, Astrand et al., 2012, Belikov, Astrand and Wrange, 2009). Finally, an
analysis of the crosstalk between NFKB and GR investigated receptor recruitment with and
without tumor necrosing factor (TNF). A significant percentage of binding locations (12%)
were only utilized in the presence of active NFKB (Rao, McCalman, Moulos et al., 2011). It
is clear the GR has a cooperative relationship with a number of proteins in which the
receptor may act as a pioneering factor as well as be influenced by the activity of those
partners. In fact, evidence suggests that factor binding is not ordered in a sequential basis but
allows for quick residence times in which the activity of each element can influence
subsequent events (Voss, Schiltz, Sung et al., 2011).

Chromatin Remodeling Complexes

There is quite a body of research detailing the requirement of chromatin remodeling
complexes, most notably SWI/SNF, in nuclear receptor and GR mediated gene
transactivation (Fryer and Archer, 1998, Trotter and Archer, 2007). The core subunits of the
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SWI/SNF complex, either Brgl or Brm, are able to utilized the energy from ATP hydrolysis
to functionally reorder chromatin structure (Kwon, Imbalzano, Khavari et al., 1994). During
GR activation, the complex is recruited to remodel chromatin structure and facilitates the
chromatin structure required for additional protein loading such as NF1, OTFs, and TBP
(Archer, Lefebvre, Wolford et al., 1992, Archer, 1993, Fletcher, Xiao, Mautino et al., 2002).
These studies indicated the importance of this activity for GR to function as a pioneering
factor, but the role of this complex in organizing pre-programmed binding sites has only
recently been addressed.

To date, whole genome analysis of Brgl on global chromatin architecture in regards to
nuclear receptor recruitment has not been addressed. However, studies investigating the role
of Brgl in maintaining these accessible binding regions have been done utilizing several
endogenous targets. Work utilizing an inducible dominant negative form of Brg-1
demonstrated instances of pre-existing DNase | accessible sites relying on the function SWI/
SNF (John et al., 2008). However, it is unclear if this is a direct or indirect effect of SWI/
SNF, as recruitment of the complex to those sites in the absence of hormone has yet to be
done. A similar study investigating Brm knockdown in a human lung cancer cell line
showed similar findings in that a subset of GR binding locations are SWI/SNF dependent
both at the transcriptional level and receptor recruitment stage (Engel and Yamamoto,
2011). ChlIP performed at those loci for Brm demonstrated a hormone inducible enrichment,
but also suggested that basal SWI/SNF complexes may be associated throughout the
genome. This concept would support a direct role of SWI/SNF in promoting a chromatin
state prior to receptor recruitment. An alternate study investigating nucleosome occupancy
by MNase digestion assays showed that hormone inducible genes have an increase in
nucleosomes surrounding the TSS following GR activation. This increase as well as the
maintenance of the low nucleosome occupancy prior to receptor activation was dependent
upon SWI/SNF activity (Pham, Sims, Archer et al., 2011). The basal nucleosome
phenomenon was not specific for GR regulated genes and may represent either a general
function of the complex in maintaining chromatin structure or a secondary effect of a protein
who relies on complex function for expression. However, investigating 21 GR recruitment
sites, we only saw one site that had changes in basal FAIRE signal following inducible
shRNA knockdown of Brgl (Burd et al., 2012). Taken together, it appears that SWI/SNF
may play a role in presetting chromatin structure at GR binding loci, but the details and
mechanism remain unclear. While much of the work up to this point has concentrated on the
identification of potential pioneering factors, reorganization of nucleosome positioning is
usually associated with some type of ATPase dependent chromatin remodeling. It will be
interesting to see in future studies what role SWI/SNF and/or other ATPase dependent
chromatin remodeling complexes have in the activity of pioneering factors required for GR
recruitment.

Chromatin Characterization of GR Binding Loci

The recent work has demonstrated that GR binding regions usually maintain an accessible
state prior to receptor binding. It is less clear what that accessibility represents in terms of
physical chromatin structure and nucleosome makeup. The human genome encodes for
several variants of the histone proteins each of which can be extensively posttranslationally
modified (review in (Campos and Reinberg, 2009)). The initial work characterizing
recruitment sites in detail has only begun to characterize potential GR binding locations.
Nonetheless, preliminary findings are beginning to elucidate some defining characteristics
enriched at GR binding loci.

In vitro transcription work investigating the MMTYV promoter has given some insights to the
roles of NF1 and Octl in presetting the chromatin for GR binding. In the Xernopus oocyte
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system, the addition of NF1 and Octl increased H3K14, H3K9, and H4K 16 acetylation and
that acetylation of the promoter increased GR occupancy (Astrand, Belikov and Wrange,
2009). Furthermore, topography assays demonstrated a reduction in negative superhelicity
illustrating an overall change in chromatin architecture. This preset chromatin state induced
by NF1 and Octl did not result in loss of histone H1 which is normally involved in hormone
dependent chromatin remodeling and may give a clue to the differences between a preset
chromatin state and an active one. In this same system, an alternate pioneering factor,
FoxAl, was able to promote H4K16 acetylation but not H3K14 or H3K9 (Belikov et al.,
2012). These types of posttranslational modifications (PTMs) are not surprising as some
have been associated with enhancer elements. Since the majority of GR binding sites occur
outside classically defined promoters, enhancers may be the predominant dock for GR
recruitment. Thus, they provide possibly the best target to understand chromatin structure
underlying GR recruitment. In particular, monomethylation of H3K4 (Heintzman, Stuart,
Hon et al., 2007, Birney, Stamatoyannopoulos, Dutta et al., 2007) is associated with distal
enhancers. These enhancers may be in a poised or active state depending upon H3K27 status
(Buecker and Wysocka, 2012). The trimethylated state indicates a poised enhancer and upon
transcription factor binding is converted to an acetylated state which marks an active
enhancer (Creyghton, Cheng, Welstead et al., 2010, Rada-Iglesias, Bajpai, Swigut et al.,
2010). It is unclear if the preset, accessible GR binding locations are enriched for poised or
possibly even active enhancing marks. Another potential mark that may characterize these
sites is H3K4 dimethylation. For the androgen receptor, this mark is present at both
enhancer and promoters in a distinct pattern occupying two nucleosomes flanking the
receptor binding site (He, Meyer, Shin et al., 2010). It is unclear if this phenomenon applies
to GR binding. In the end, there may be no unifying histone PTM that identifies a preset GR
binding location, but potentially the combination of several marks will provide useful to
discern the specificity of GR action (Figure 1).

There is also a potential role of the histone variants H2Az and H3.3 in defining GR binding
sites (Jin, Zang, Wei et al., 2009). The H2Az variant is enriched at binding loci of both
preset and de novo binding locations (John et al., 2008). Similarly, the variant is enriched in
the androgen inducible PSA locus prior to receptor activation (Dryhurst, McMullen, Fazli et
al., 2012). H2Az has been implicated in marking euchromatin boundaries and preventing the
spread of heterochromatin (Meneghini, Wu and Madhani, 2003). In this capacity, the variant
may act to maintain accessible regions at the majority GR binding regions that are distal
from the other regulatory elements and may be surrounded by heterochromatic expanses.
Following this line of thinking, H2Az has also been shown to overlap substantially with all
three H3K4 methylation states as well as DNase | hypersensitive regions (Barski, Cuddapah,
Cui et al., 2007). Together, these data provide strong support for an H2Az role in
maintaining a poised chromatin state.

In addition to PTMSs and histone variants, DNA methylation has also been implicated in
regulating the GR responsive regions. Sites that have the most accessibility prior to receptor
binding also have an enrichment for CpG elements (Wiench, John, Baek et al., 2011), while
sites that require de novoremodeling by GR have low CpG density. Interestingly, the former
set has a methylation pattern dependent upon cell type where accessibility is correlated with
lower methylation levels. Furthermore, sparsely populated CpGs at de novo remodeling
locations have higher methylation levels that are demethylated upon receptor recruitment. A
potential role of DNA methylation in the regulation of GR and other transcription factor
activity is not new (Becker, Ruppert and Schutz, 1987, Bhardwaj, Song, Beildeck et al.,
2012, Kress, Thomassin and Grange, 2001, Kress, Thomassin and Grange, 2006), but recent
work is helping define the mechanistic role it may play in regulating GR specificity.
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Concluding Remarks

The importance of chromatin in dictating transcription factor actions is apparent, but the
mechanisms of control are only beginning to be understood. Prior accessibility of the
recruitment site correlates strongly with binding events in the presence of hormone and the
role of pioneering factors in laying the tracks of that accessibility is becoming clearer. Yet,
we still don’t understand the coordination of these factors to dictate cell type specificity.
This control is clearly maintained by a combination of factors in a dynamic process that is
limited by the current genomic techniques which only look at a snapshot of transcriptional
activation. This is both true for the binding events measured by ChIP and the transcriptional
analysis characterized by RNA-seq. These techniques also rely on bioinformatic processing
of large sets of data that may miss less substantial changes but are nonetheless critical
mediators of transcription regulation.

The progression of nuclear receptor study from model promoters to the genome has
identified new concepts in how cells direct a limited number of transcription factors to
potentiate a diverse set of transcriptional outcomes. Chromatin is an integral regulatory
mechanism for defining genetic programs to stimuli such as steroid hormones. The
development that the majority of GR binding regions are defined by accessible chromatin
architecture prior to receptor recruitment certainly belies its previous role as a pioneering
factor. Nonetheless, the majority of binding loci still undergo further chromatin remodeling
following GR recruitment suggesting that our view of chromatin being “open” and “closed”
is too constrained. Prior to recruitment, most sites must have some transitional state of
accessibility to allow for GR to recognize its response element. This state can be controlled
in a cell type specific manner, most notably by pioneering factors, to define precise genetic
programs. However, in order for activation of transcription, at the majority of sites further
remodeling is required and is thus both dependent upon pioneering factors while also acting
as one. Furthermore, this receptor-permissive chromatin state has really only been
characterized by some defining traits without a full understanding of the actual chromatin
structure. These traits include an accessibility, certain histone post-translational
modifications, and histone variants. Yet, questions about nucleosome occupancy and
positioning are still debated. This accessibility may be nucleosome depletion, response
element repositioning to the linker region, transient reorganization of the DNA wrapped
around the nucleosome, or simply a reorganization of the tertiary structure of the chromatin
structure (Figure 2). In fact, there may not be one unifying mechanism by which
accessibility is managed and all or some of these possibilities could be utilized. However,
understanding the specifics of the chromatin structure at accessible response sites will
greatly aid in our ability to predict GR binding in silico.

One of the most surprising aspects of the recent GR studies is the relative distance of
binding sites to TSS thus making it difficult to link response elements to potential target
genes. This limitation has restricted the ability to apply mechanistic insight to the GR
binding, histone modification, and chromatin accessibility maps. The critical goal of all of
this research is to predict a genetic outcome based upon activation and recruitment of the
receptor. At this point, those predictions are still largely guesswork. It is still unclear which
binding regions are actually productive in generating a transcriptional response and which
ones are simply parking lots for the receptor. In order to address these questions, the most
important challenge ahead will be to understand the organization within the genome and link
binding events with chromatin characteristics to better predict genetic outcome.
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Figure 1.
The makeup of an enhancer element is marked by many potential histone PTM and variants.

The marks may be able to discern which elements are primed for GR recruitment. It is still
unclear whether GR responsive enhancer elements are in the classical poised or active state
(H3K27 status) prior to receptor binding.
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Figure 2.

GR binding locations (red) are marked by accessibility prior to receptor interaction. The
transition from an inactive to an active recruitment site could be explained by multiple
transitions in chromatin structure.
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