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Abstract

The glucocorticoid receptor regulates the expression of a large number of genes in mammalian
cells. The interaction of this receptor with regulatory elements has been discovered to be highly
dynamic, with occupancy states measured in seconds, rather than minutes or hours. This finding
has led to a paradigm shift in our understanding of receptor function throughout the genome. The
mechanisms involved in these rapid exchange events, as well as the implications for receptor
function, are discussed.
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Introduction

The glucocorticoid receptor (GR), as part of the steroid responsive nuclear receptor family,
engages the genomic template to regulate expression of target genes. GR is expressed at
moderate to high levels in most tissues in mice at the level of mMRNA (Bookout et al. 2006).
Its endogenous ligands (the glucocorticoids cortisol in man and corticosterone in rodents)
bind to GR, causing translocation to the nucleus from its unliganded cytoplasmic
localization. By expression microarray, GR has been shown to regulate several hundred
genes in a variety of cell types (Galon et al. 2002; Wang et al. 2003; Planey et al. 2003;
Rogatsky et al. 2003; John et al. 2008a). These genes are involved in diverse physiological
roles exerted through GR activation, which include tissue development, homeostatic
regulation, suppression of inflammation, and stress responses mediated by noise, restraint,
hypoglycemic or immune challenge (Borrell et al. 1980; Assenmacher et al. 1995; Karin
1998).

GR activation results in the recruitment of coactivators or corepressors through protein-
protein interactions, and the subsequent alteration of gene transcription rates. These
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interactions include the modulation of transcriptional activity through intrinsic covalent
chromatin modifications, including acetylation or methylation (Spencer et al. 1997), or
structural modificationsthrough chromatin-remodeling activity (Muchardt and Yaniv 1993;
Fryer and Archer 1998).

GR interacts with glucocorticoid responsive elements (GRES) at promoter or enhancer
regions in a DNA sequence-specific manner to cause transcriptional induction of target
genes. Conversely, repression derives through direct binding to negative GREs (nGREs;
Dostert and Heinzel 2004), or transrepression by association with other transcription factors
such as activator protein-1 (AP-1), or nuclear factor-kappa B (NF-kB)(De Bosscher K. et al.
2006; Luecke and Yamamoto 2005; Nissen and Yamamoto 2000).

Our understanding of the molecular mechanisms governing GR regulation of gene
transcription has been largely based on a few well-characterized model systems. We review
our current understanding of GR dynamics in the regulation of transcription in terms of the
classic model of static GR binding, and contrast the modern view of rapid dynamics of GR
exchange. We discuss transcriptional mechanisms elucidated with studies on the mouse
mammary tumor virus promoter, and extend these findings to mechanisms of GR action on a
global scale.

Long-term residency of the GR

The classic view of transcription factor recognition site binding is that of static or long-term
residency on the DNA template for the duration of ligand availability (Becker et al. 1984;
Gannon 2005; Shang et al. 2000; Burakov et al. 2002; Schaffner 1988; Wang et al. 2005).
Under this model (Figure 1A), the static presence of the receptor at the promoter facilitates
recruitment of co-factors, transcription factors and chromatin modifiers to form stable multi-
factor complexes for extended periods, with time scales of minutes to hours, consequentially
mediating rates of transcriptional initiation.

In agreement with the classic model of GR function, GR would act as a pfoneer protein,
interacting with chromatin through recruitment of multiple protein complexes to induce
local chromatin transitions. The modification of chromatin converts a c/osed conformation to
a sustained gpen conformation that is permissive for binding of the basal transcription
apparatus. Chromatin structurally consists of the nucleosome with an approximately 146
base pairs (bp) of DNA wrapped around a histone octamer of core histones: H2A, H2B, H3,
and H4 (Wolffe and Hayes 1999; Luger et al. 1997). The histone octamer, with the linker
histone H1, mediates DNA compaction for chromosomal formation. However, the compact
nature of chromatin thus creates a refractory state to promoter activation (Orphanides and
Rein-berg 2000), requiring transcription factor-directed recruitment of chromatin-
remodeling proteins to reorganize the local chromatin structure (Figure 2B).

GR activation at the MMTV promoter

The MMTYV promoter, when integrated into cellular-genome, adopts a specific chromatin
architecture consisting of six nucleosomes, NucA to NucF (Figure 3A). The second and
third nucleosomes, NucB and C, contain six GR binding sites, 270 to 2235 (Payvar et al.
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1983; Perlmann and Wrange 1988; Scheidereit et al. 1983; Fletcher et al. 2002). GR action
on gene expression was first characterized using the MMTYV promoter as a model system
(Huang et al. 1981). The transcription rate, measured by quantitative polymerase chain
reaction (QPCR), undergoes an initial state of rapid activation, followed by rate declination
(at 20 min) to a reduced inductive level maintained over hours (Qiu et al. 2006; John et al.
2008a) (Figure 3B). By chromatin immunoprecipitation (ChIP), GR loading at the MMTV
promoter initially tracks with transcription activation, but becomes uncoupled at later times
(beyond 20 min) in the activity profile (John et al. 2008a). These changes in transcriptional
activity at the MMTYV promoter are further corroborated by ChIP RNA polymerase 11 (Pol
I1) loading (John et al. 2008a). Thus, in the continuous presence of liganded receptor, the
promoter undergoes a complex development of alternate activity states.

GR activation of the MMTYV promoter is associated with a localized chromatin transition,
detectable by nuclease sensitivity (Richard-Foy and Hager 1987; Richard-Foy et al. 1987)
and restriction enzyme analysis (Archer et al. 1991). A NucB/C DNase hypersensitive site
(DHS; between 2109 and 2295) is detectable in the hormone-induced state, concurrent with
GR loading at open and accessible chromatin transitions (Fragoso et al. 1998) (Figure 3B).
Therefore, in long-term hormone treatment, GR and Pol Il loading at the MMTV promoter
(as determined by ChIP analysis) manifest an initial increase, followed by a diminution of
promoter associated factors. These changes in transcription rate contrast with the
continuously sustained chromatin transition at NucB/C, as determined by nuclease
hypersensitivity.

ChIP analysis is a widely utilized and powerful technique to observe protein interactions
with chromatin and the DNA template at single copy genes /n vivo. However, due to the
fixation process involving formaldehyde cross-linking, the technique is limited by poor
temporal resolution. Indeed, potentially rapid factor associations with the DNA template /in
vivowould not be detected with this methodology.

GR dynamics in living cells

The view of long-term occupancy of nuclear receptors at promoters and formation of stable
multi-factor complexes (Figure 1A) has been challenged by the advent of fluorescent protein
tagging for live-cell fluorescence microscopy (Htun et al. 1996). The mouse mammary
carcinoma cell line 3134 contains a large tandem array of the MMTV/v-Haras reporter
fusion (Figure 3A). The tandem array consists of 1.8 x 106 bp through spontaneous
integration of a 9 kb bovine papilloma virus (BPV) multicopy episome (Kramer et al. 1999).
The array thus possesses 200 copies of the MMTYV long terminal repeat (LTR) conferring
800 to 1200 GR binding sites. The 3617 derivative cell line containing the tandem array has
a stably integrated tetracycline-regulated green fluorescent protein-tagged GR (GFPGR),
and is thus permissive for fluorescence microscopy in living cells (Walker et al. 1999). This
cell line therefore allows high-resolution observation of glucocorticoid receptor loading to
the array relative to nuclear background.

In this system, photobleaching techniques, fluorescence recovery after photobleaching
(FRAP) and fluorescence loss in photobleaching (FLIP) allow the direct measurement of
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fluorescent protein-tagged factor mobility in living cells. Using these methods it was found,
in contrast to the classic view of static binding, that the glucocorticoid receptor undergoes
rapid exchange at the MMTYV array upon hormone addition at rates (on the order of 10-20 s)
neither previously envisaged nor detected by ChIP (McNally et al. 2000). Thus, the receptor
undergoes continuous cycling at the MMTYV promoter, consistent with a hitand-run model of
receptor binding (Figure 1B and C). This concept was first proposed based on /n vivo
footprinting analysis that suggested GR transiently interacts to promote hepatocyte nuclear
factor 5 (HNF5) binding at the rat tyrosine aminotransferase (TAT) gene (Rigaud et al.
1991). This highly dynamic behavior cannot be explained simply by the thermodynamics of
DNA binding. Off rates for a number of steroid receptors on DNA have been measured, and
are in the range of minutes. As an example, Pandit et al. reported GR t;/» DNA occupancy
times in the range 3.7 —38 min., depending on the ligand (Pandit et al. 2002). Thus, the rapid
exchange observed in living cells requires an active mechanism for accelerated association/
dissociation.

Cofactors may be recruited during the process of rapid cycling, inducing a chromatin
transition as a permissive mechanism for receptor binding and subsequent initiation of
transcription. The cofactors may then disengage the template, undergoing independent
cycling (Becker et al. 2002)(Figure 1B) or conversely remain bound to the template for
longer periods (Figure 1C). This rapid dynamic activity has been recently observed for a
number of nuclear transcription factors, including the estrogen receptor (ER) (Reid et al.
2003; Sharp et al. 2006), androgen receptor (AR) (Klokk et al. 2007), nuclear receptor-xB
(NF-¢B)(Bosisio et al. 2006), Pol 11 (Dundr et al. 2002) and glucocorticoid receptor-
interacting protein 1 (GRIP1)(Becker et al. 2002), albeit at different cycling rates.

While the array represents a non-endogenous system, the receptor-induced transcription
kinetics of MMTYV in array-containing cell lines and low copy cells are identical (Archer et
al. 1994; Smith and Hager 1997), and the GR-induced chromatin transition is also
indistinguishable between these two environments (Fragoso et al. 1998). This concurrence
implies that the dynamics observed at the array can be extrapolated to endogenous single
copy target genes. The phenomenon of dynamic receptor association with genomic sites is
likely to confer important regulatory mechanisms in the physiological response of cells to a
concomitantly dynamic environment.

Rapid receptor exchange is ATP-dependent

The mechanisms of rapid dynamics of GR and its associated complexes with promoters for
transcription initiation are not fully understood. A simple possibility is that ligand
dissociation results in removal of GR from the template, possibly by an energy-independent
diffusive mechanism. However, ligand dissociation is not required for ejection of the
receptor from the template as covalent binding of dexamethasone-21-mesylate to GR does
not perturb its recovery by FRAP at the MMTV array (Meijsing et al. 2007). Moreover,
factor mobility appears to be highly ATP dependant, suggesting a strong ATPase activity on
GR initiation of transcription (Stavreva et al. 2004; Elbi et al. 2004b; Agresti et al. 2005). In
living cells, ATP depletion with sodium azide and deoxyglucose significantly reduced the
recovery of GFP-GR under FRAP at the MMTYV array and in the nucleus (Stavreva et al.
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2004). Furthermore, /in situ FRAP of transcriptionally competent, permeablized, 3617 cell
nuclei revealed a large immobile fraction, attributed to loss of soluble factors required for
GR mobility (Elbi et al. 2004a). Reconstitution of the immaobile fraction was achieved by
incubation with reticulocyte lysate with ATP and an ATP regeneration system, but not with
ATP alone, suggesting a requirement for ATPases (Elbi et al. 2004b).

Transcriptional regulation by GR requires chromatin remodeling

Considering that chromatin compaction results in transcriptional silencing, the ability of
transcription factors to mediate transcriptional regulation requires a remodeling event. By
mechanisms not well understood, transcription factors such as GR bind at recognition sites
and recruit remodeling enzymes to facilitate chromatin reorganization. The mechanisms of
remodeling can include transient conformational changes in chromatin and the core histone
structure, eviction of the histone or components of the octamer and “sliding” of nucleosomes
(Figure 2B). Indeed, a subunit [brahma-related gene 1 (Brgl)] of the SWIltch/sucrose
NonFermentable (Swi/Snf) chromatin-remodeling complex has been shown to
coimmunoprecipitate with GR in a hormone-dependent manner (Fryer and Archer 1998).
Brgl mediates chromatin-remodeling through a DNA-dependent ATPase (Khavari et al.
1993), and may thus account for the energy-dependent rapid mobility of GR. Accordingly,
activation of the chromatinized MMTYV promoter requires GR-mediated chromatin
remodeling through active recruitment of Brgl (Ichinose et al. 1997; Yoshinaga et al. 1992;
Fryer and Archer 1998; Fletcher et al. 2002).

Reconstitution of the MMTYV promoter as a naked DNA template in the presence of purified
GR resulted in binding at GREs. However, GR interaction with the reconstituted
chromatinized MMTYV promoter in the presence of chromatin remodeler-containing HelLa
nuclear extracts and ATP resulted in displacement of both GR and Swi/Snf from the
template. This suggests that GR dissociation from DNA is facilitated by transient Swi/Snf
activity, which in turn requires ATP (Fletcher et al. 2000). The chromatin remodeling event
initiated by GR recruitment of Swi/Snf further mediates the accessibility of secondary
transcription factors (Fletcher et al. 2002). In this model, the chromatin transition directed
by GR results in receptor destabilization on the template, leading to its dissociation and the
development of a chromatin state permissive for binding of secondary factors.

Compared with the low temporal resolution of ChIP, high-intensity UV cross-linking /n vitro
(Hockensmith et al. 1991; Dimitrov and Moss 2001) with reconstituted chromatinized
templates allows detection of rapid interactions between protein factors and the template by
applying a brief 5 ns biphotonic pulse (Nagaich and Hager 2004). Using this method, it was
found that GR binding is transient with peaks occurring in an oscillatory manner
approximately every 5 min. A similar periodic binding was observed for Brg1, although with
slight temporal displacement.

The oscillations observed for both GR and Brgl were ATP-dependent. Elimination of ATP
from the reaction results in abolition of the oscillations, indicating that transient GR binding
is dependent on Swi/Snf-mediated ATP hydrolysis. The periodicity was also correlated with
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ATP-dependent oscillations of H2A and H2B cross-linking, associated with nucleosome
reorganization events (Nagaich et al. 2004).

More recently, we have examined genome wide GR binding by ChIP-Chip analysis (ChIP
coupled with high-density tiling microarrays) (John et al. 2008b). We also examined the
global distribution of DNase I hypersensitive sites (DHSs) using a novel high-density gPCR
method (Sabo et al. 2006; Dorschner et al. 2004). DNase | acts as a preferential cutter of
regions of open chromatin and can thus be used to probe local remodeling events as
mediated by transcription factor recruitment of chromatin remodeling enzymes (Figure 2B).
Sites of GR binding were found to consistently occur at local chromatin transitions, as
characterized by the hypersensitivity assay (John et al. 2008b). The chromatin transitions are
not, however, invariably associated with Swi/Snf activity. Indeed, a subset of sites is Brgl-
independent. Moreover, GR loading occurs at DHSs that are either hormone inducible or
constitutively present in chromatin from cells untreated with hormone. We have shown this
phenomenon at a number of endogenous genes [first shown for the TAT gene (Grange et al.
1989)]. These findings are incongruent with the view of GR as a pioneer protein, mediating
chromatin remodeling necessary for secondary factor accessibility. Moreover, unremodeled
chromatin represents a barrier to transcriptional initiation by GR. Thus, we propose that the
chromatin landscape provides a means of mediating cell- and tissue-specificity in response
to GR activation. Indeed, we have shown that hormone-inducible and constitutive sites are
absent at a number of promoters in a pituitary corticotroph cell line, with correlative lack of
GR mediated transcriptional regulation (John et al. 2008b) (Figure 4).

Dynamics of receptor occupancy are modulated by nuclear chaperones and
proteasomes

Molecular chaperones are present in both the cytoplasm and the nucleus, forming complexes
with unliganded GR (Liu and DeFranco 1999). As the molecular action of the chaperones is
ATP-dependent, the dynamic mobility of GR (also ATP-dependent) could in principle be
related to chaperone activity. Heat shock protein 90 (hps90) and p23 molecular chaperones,
both actively recruited upon GR activation at GRES, have been ascribed to mediate
disassembly of transcriptional regulatory complexes (Freeman and Yamamoto 2002).
Purified p23 with thyroid hormone (TR)-containing complexes at TR-mediated
transcriptional activation /n vitro revealed that increasing p23 concentrations led to a
reduction in receptor-mediated activation but not basal transcriptional levels (Freeman and
Yamamoto 2002). The disassembly capacity of p23 may also be directed at coactivators.
Introducing a cognate peptide of the TR interaction surface of the GRIP1 coactivator /n vitro
at TR-thyroid response element (TRE) complexes resulted in competitive stabilization
against p23-mediated dissociation of the complex (Freeman et al. 2000). /n vivo,
overexpression of full length GRIP1 attenuated a Gal4-p23 and Gal4-Hsp90 construct-
mediated inhibition of both TR and GR transcriptional activity (Freeman and Yamamoto
2002). Thus, p23, and to a lesser degree hsp90, appear capable of disassembling receptors
from the template to induce dissociation of receptor-coactivator complexes. Thus, molecular
chaperones in the nucleus may participate in the rapid dynamic of transcription factors on
the DNA template.
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Using immunofluorescence, hsp90, hsp70 and p23 were found at the MMTYV array,
indicating recruitment processes of these chaperones to the array. Inhibition of hsp90
ATPase activity with geldanamycin (Roe et al. 1999; Smith et al. 1995) and radicicol
(following dexamethasone and corticosterone pre-treatment) showed increased mobility of
GFP-GR, with correlative transcriptional output in the majority of cases examined (Stavreva
et al. 2004). Using a ligand-binding domain (LBD)-lacking GR mutant which does not bind
p23, exchange rates were also faster (Meijsing et al. 2007). These results contradict the
findings of Freeman and Yamamoto that p23 and hsp90 disassemble GR complexes. Also,
Elbi et al. showed that the addition of chaperones and cochaper-ones (hsp90, Ydj-1, Hop,
hsp70, p23, FKBP51 and CHIP E3 ligase) /n situresulted in a significant recovery of the
immobile, ATP-dependent GR (Elbi et al. 2004b; Liu and DeFranco 1999).

The discrepancy between the function of molecular chaperones as stabilizers or
dissassemblers of GR complexes at the template remains unresolved and may depend on the
cellular milieu and the ligand state of the GR complex. Chaperones by dogma form
complexes with unliganded GR as a prerequisite for ligand binding. In contrast to this
accepted role of chaperones however, overexpressed hsp90 was found to bind liganded GR
and result in nuclear localization and inhibition of GR-mediated transcriptional activity
(Kang et al. 1999). These findings in aggregate suggest that the role of molecular chaperones
in the nucleus is not just to form complexes with unliganded GR, but to concomitantly
orchestrate factor movement within the nucleus by assembly or disassembly of liganded and
unliganded GR complexes under different cellular states (Liu and DeFranco 1999).

Proteasomes have also been implicated in the regulation of transcriptional activation through
proteolysis of steroid receptors (Molinari et al. 1999; Reid et al. 2003). These complexes
have also been proposed to facilitate mobility of transcriptional complexes for rapid
association with the template (Collins and Tansey 2006; Baker and Grant 2005; Lipford and
Deshaies 2003). The 26S proteasome consists of the proteolytic 20S subunit and two 19S
subunits which contain ATPase activity (Baumeister et al. 1998). Concurrently, inhibition of
proteasomes with MG132 resulted in a reduction in GFP-GR mobility by FRAP (Stavreva et
al. 2004; Elbi et al. 2004b) and is correlated with increased transcriptional output of the
MMTYV reporter (Deroo et al. 2002). However, proteasomes may also modify the chromatin
landscape and increase the pool of phosphorylated Pol 11 to mediate increased transcription
(Kinyamu and Archer 2007). The role of chaperones and proteasomes in regulating
transcriptional factors is clearly very complex, and remains poorly understood. However,
these activities are likely involved in the rapid dynamics of GR and its interaction with the
chromatin landscape. The balance and orchestration of chaperones and proteasomes in the
modification of receptor dynamics and transcriptional activity however remains to be
elucidated.

Nuclear receptors recruit protein complexes for promoter progression

The rapid cycling of nuclear receptors posits that the dynamic process results in a high
frequency of transient interaction events, with a fraction of these events leading to successful
transcription initiation. An opposing argument would propose that a majority of dynamic
cycling events are nonproductive, and transcription initiation only occurs in a minority of
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cases when the receptor returns to the template for long-term stable interactions with the
template. The results obtained from fluorescent microscopy provide a modern model of
receptor binding to the promoter, and contradict the concept of stable long-term template
interactions derived from ChIP data. To reconcile the opposing models, an integrative model
of promoter progression (Hager et al. 2006; Hager and Nagaich 2006) hypothesizes a step-
wise process of recruitment to prime a promoter for transcriptional initiation and elongation
of the basal apparatus over time (Figure 5).

The phenomenon of promoter progression should be considered in two temporal planes. The
first involves rapid dynamics of receptors and cofactors on the order of seconds, occurring
upon initial ligand binding to the receptor for chromatin binding. The second involves the
accumulated effects over time, from minutes to hours, of many hundreds of receptor
template interactions. As the receptor returns to the template with a large variety of
cofactors, the receptor, the template and receptor associated factors are all subject to gradual
modification, leading to time-dependent modification of activity states at the promoter. This
results in complex kinetics of induction, as exemplified by the transcription profile for
MMTYV (Figure 3B) (Qiu et al. 2006).

Temporal recruitment and modifications of factors and template

For ER, it was found by ChlIP analysis that the receptor mediates a cyclical assembly of
transcriptional complexes at promoters (Shang et al. 2000). The cyclical recruitment
involved sequential recruitment of cofactors and post-translational modifications
(methylation, acetylation and phosphorylation) of histones and the transcriptional apparatus
(Burakov et al. 2002; Metivier et al. 2003). While the temporal resolution of ChIP failed to
detect rapid dynamics, the findings strongly suggest that the promoter undergoes a step-wise
assembly of cofactors and concomitant post-translational modifications initiated by receptor
binding to confer regulated transcriptional output. Thus, the promoter progression model
suggests the rapid dynamics of receptors on the promoter coincide with recruitment of
cofactors that consummate in equilibria states of template-bound and template-unbound
receptors and cofactor complexes over time in favor of an activity state, as observed through
ChIP.

At the MMTYV promoter, the binding of liganded GR facilitates Brg1-dependent chromatin
transitions. These events are coupled to transient reorganization and modification of histones
H2A and H2B, and enhance the binding of factors such as Octl and TFIID (Fletcher et al.
2002; Nagaich et al. 2004; Keeton et al. 2002). Interestingly, chromatin remodeling was
thought to be required for nuclear factor 1 (NF1) to bind (Fletcher et al. 2002). Recent
evidence however suggests NF1 is required for GR binding to organized chromatin, but also
appears to mediate stronger GR-dependent chromatin remodeling synergistically on
subsequent rounds of template interaction at the MMTYV and 11bHSD2 promoter, but not the
Sgk promoter (Hebbar and Archer 2007). Octamer-binding factor 1 (Octl1) was shown to
bind weakly at the MMTYV (Georgel et al. 2003) in cooperation with NF-1 in the basal
transcriptional state and potentiates GR binding and gene transcription following hormone
exposure (Belikov et al. 2004a) (Belikov et al. 2004b). Therefore, the temporal order of
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binding events may require multiple factors to modify the chromatin template, which may
vary under physiological conditions.

GR regulated genes proceed through a continuum of activity states

Steroid receptors act to orchestrate cofactor recruitment and confer time-dependent activity
states of the promoter. A global and temporal analysis of GR regulated genes by nascent
RNA levels has revealed distinct classes of regulation, highlighting the kinetic complexity of
responsiveness to GR activation (John et al. 2008a). With constant hormone treatment, the
transcription rate of MMTYV undergoes initial rapid induction and declination to lower
inductive levels: A refractory phase. The transcriptionratethusundergoes alternate phases of
activity with corresponding Pol Il loading (Figure 3B). This complex kinetic profile of gene
activity, with varying induced and repressed states, is likely to be physiologically important
in the variety of GR actions throughout the mammalian organism.

During these phases of activity, the promoter may undergo dynamic changes in architecture
to reflect the transcriptional state. Histone deacetylases (HDACS) have been argued to
mediate deacetylation of histones, leading to a closed chromatin structure, and the inhibition
of factor binding to promoters. Recently, HDAC1 has been shown to associate with liganded
GR and act as a coactivatorfor transcription, rather than a corepressor (Qiu et al. 2006).
Furthermore, HDAC1 becomes acetylated during the refractory phase of the MMTV
promoter. HDACL thus participates in induction of MMTYV during the early phase, but
becomes acetylated by histone acetylases (HATS) over time, resulting in reduced enzymatic
activity and contributing to the refractory phase (Qiu et al. 2006). This mechanism illustrates
the central concept of promoter progression. We have found that different tissue-derived cell
lines have divergent kinetic profiles, with dissimilar refractory phases in the presence of
constant hormone (S.C. Biddie, S. John and G.L. Hager, unpublished observation). Thus,
programmed promoter progression, dependent on the cellular environment, may give a
kinetic profile of a gene that is physiologically relevant for tissue-specificity.

Rapid dynamics of the glucocorticoid receptor is permissive for factor

binding

The AF-1 or t1 domain of GR at the amino-terminal region (Godowski et al. 1987; Giguere
et al. 1986; Hollenberg and Evans 1988) has been demonstrated to bind the Tata binding
protein (TBP) (Ford et al. 1997), TFIID (McEwan et al. 1993), and CREB binding protein
(CBP) (Almlof et al. 1997). 1 was also reported to interact with Swi/Snf (Wallberg et al.
2000). More recent findings however challenge the requirement of t1 for chromatin
remodeling at the MMTYV. Using the C656G GR mutant, which manifests higher ligand
affinity (Chakraborti et al. 1991), mutation of =1 did not affect chromatin remodeling, and
may rather participate in later stages of promoter progression through interaction with NF1
and the basal transcriptional apparatus (Keeton et al. 2002).

The GR (LBD) binds the molecular chaperone complex, including immunophilins,
dimerized hsp90, p23 (Meijsing et al. 2007; Freeman et al. 2000), and GRIP1 (Freeman and
Yamamoto 2002). Given the diversity of protein—protein interactions with GR, the rapid
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dynamic model would provide a means to sample or scan the nuclear milieu and the
genomic template (Meijsing et al. 2007). This rapid sampling confers a complexity through
a combinatorial and stochastic plethora of protein—protein interactions, which would result
in productive binding events with the template (Voss et al. 2006).

The binding of a given GR complex must however coincide, with the temporal activity state
of a promoter which would result in progression towards transcriptional initiation and
elongation. A rapid and stochastic approach would therefore accommodate the diverse
requirements for promoter progression through specific temporally organized states. The
rapid dynamics may also be permissive for regulation of genes which require specific
programmed events for transcriptional initiation.

Discerning physiological roles for rapid dynamics

The rapid dynamics of transcription factors requires a paradigm shift to understand the
physiological relevance of such activity. Rapid mobility may provide a mechanism of
sensing the local environment, conferring adaptive modifications of either the template or its
interacting proteins to changes in the cellular milieu. The high mobility of GR suggests the
capability to continuously sense equally dynamic fluctuations in ligand concentrations
within a cell (Stavreva et al. 2004; Meijsing et al. 2007; Freeman and Yamamoto 2002; Reid
et al. 2003; Shang et al. 2000; McNally et al. 2000).

Although the mechanisms of rapid factor mobility are not fully understood, it is clear that
the balance of chaperones and cofactors plays an important role. Moreover, the continuous
post-translational modifications of the template in various cellular states may modify the
promoter progression for that gene, thus affecting the transcriptional output. Such alterations
to the environment have been reported to modify NF-kB-dependent gene activation
following bacterial lipopolysaccharide stimulation (Saccani and Natoli 2002; De Santa et al.
2007) and AR-target promoters in prostate cancer (Zhu et al. 2007). It is reasonable to
suggest that disruption of template modifications may also inherently affect the mobility of
transcription factors and promoter progression at target genes.

Glucocorticoid receptor response to physiological and pathological states

Secretion of endogenous glucocorticoids occurs with circadian (Weitzman et al. 1971;
Gallagher et al. 1973; Veldhuis et al. 1989) and ultradian rhythmicity (Windle et al. 1997).
Thus, the ability of GR to modify transcription rates relative to the cellular concentration of
ligand may provide an important regulatory mechanism to maintain homeostasis. Indeed,
GR nuclear translocation and GRE binding correlate with hormone levels during the
circadian cycle in the rat brain (Kitchener et al. 2004). However, our current understanding
of how physiological rhythms confer homeostasis via GR through rapid dynamics and
promoter progression is not well understood. The role of rapid GR dynamics and promoter
activity states during the ultradian rhythm (Atkinson et al. 2006; Windle et al. 1997; Cabrera
et al. 2000) and psychological, physiological and immunological stress-induced elevations in
hormone concentration also remains to be resolved.
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Perspectives

The classic model of long-term and static binding of transcription factors to the template,
forming stable complexes to initiate and elongate transcription is a concept that persisted for
more than two decades. With the direct observation of receptor/template binding in living
cells (McNally et al. 2000), this view has been drastically revised to a new understanding of
rapid factor cycling at regulatory elements. These developments profoundly alter our
understanding of transcription regulation. This modern model conflicts with findings largely
derived from ChIP which inherently possesses lower temporal resolution. We therefore
propose an integrative view of promoter progression, whereby the promoter undergoes a
temporally specific sequence of programmed events, resulting in a shift in the equilibrium
state of factors associating with the promoter. During this process, factors continuously cycle
concurrently at the promoter resulting in a scanning process across the genome. How these
phenomena traverse from single cells to the organism is not understood and difficult to
resolve. Nevertheless, these events likely represent physiologically important activities
which provide diverse and complex hormone responsive regulatory mechanisms for
transcriptional activity.
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Figurel.
Models of glucocorticoid receptor dynamics at hormone response elements. (A) The classic

model of receptor binding posits long-term residency of the receptor at the promoter with
subsequent recruitment of factors. (B) Direct observation of receptor binding in living cells
by Hager and colleagues (McNally et al. 2000) revealed rapid exchange of the receptor (hit-
and-run). Most cofactors that have been examined (x;, J) also exchange dynamically at sites
of receptor binding. (C) Some coregulatory proteins may have longer residence times at
selected sites. GR, glucocorticoid receptor; Dex, dexamethasone.
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Figure 2.
Interaction of transcription factors with chromatin. (A) DNA in the mammalian cell is

organized in a hierarchical series of nucleoprotein structures collectively referred to as
chromatin. The basic repeating unit in this structure is the nucleosome, with 146 bp of DNA
wrapped on an octameric core of histones (H). The nucleosome is a flattened ellipsoid
approximately 110A on the large axis and 57A thick. This structure is rendered here in
RasMol from the coordinates published for the Xenopus laevis particle by Richmond and
colleagues (Ong et al. 2007). Although transcription factors recognize specific sequences in
DNA, access to these sites is severely constrained by packaging of the sequences in the
nucleosome and higher order structures. (B) Eukaryotic cells have evolved complex systems
to reorganize local nucleosome structures during gene regulation. These systems, referred to
as remodeling enzymes, are recruited to specific regions by protein—protein interactions with
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transcription factors, and transiently “open” the nucleosome structure. These molecular
reorganizations can be conveniently detected and mapped by the local increase in access to
DNA by nucleolytic reagents, including DNasel (Wu 1980), and chemicals such as
methidiumpropyl-EDTA-Fe(ll) (Cartwright and Elgin 1989). Multiple mechanisms are
considered to be involved in nucleosome remodeling. A pioneer protein, such as GR, can
sometimes recognize sites in non-remodeled chromatin (1), and initiate a cascade of binding
events. These events can include the transient remodeling of core histone structure (I1), the
complete or partial eviction of histone components (I11), or the “sliding” of nucleosomes to
new translational positions on the DNA (IV). The mobility of transcription factors on DNA
is now understood to be linked to these chromatin remodeling processes.
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Figure 3.

Glucocorticoid receptor induced transcriptional kinetics at a tandem array of GR responsive
promoters. (A) The 3134 cell line contains the mouse mammary tumor virus-long terminal
repeat (MMTV-LTR)-reporter array integrated at a unique site on chromosome four. Each
repeat element (9 kb) includes the MMTV-LTR with 6 positioned nucleosome regions
(NucA to NucF). (B) When examined by chromatin immunoprecipitation (ChIP),
equilibrium loading of GR and RNA polymerase 11 (Pol 1) at the MMTYV promoter is
rapidly induced, followed by a strong reduction in RNA polymerase 11 (Pol I1) residency,
and a lesser decrease in equilibrium loading of GR which persists for hours. DNasel
hypersensitivity is also rapidly induced, but follows a similar decay over the time period of
observation. GR, glucocorticoid receptor; Dex, dexamethasone; v-Ha-ras, Harvey rat
sarcoma viral oncogene homolog.
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Figure 4.
Glucocorticoid receptor binding throughout the genome is associated with localized

chromatin remodeling. Four classes of remodeling events have been characterized (John et
al. 2008b). GR either induces a de novo chromatin transition (A, B), or binds to a preexisting
transition (pre-programmed)(C, D). The de novo transitions are either dependent on the
Swi/Snf remodeling complex (A), or independent, requiring alternate remodeling complexes
(B). GR also loads at sites of constitutively remodeled chromatin (C, D), which are
maintained by other DNA binding proteins (X, Z). These sites are in turn either brahma-
related gene 1 (Brgl)-dependent (C) or independent(D). Sites can also be available, or
sequestered on a cell specific basis (E). The chromatin landscape thus presents a mechanism
of cell and tissue-specific response to GR activation. GR, glucocorticoid receptor; Dex,
dexamethasone.
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Figureb.
The promoter progression model proposes an integrative view of fast and slow dynamics of

receptors and cofactors at the promoter. Receptors and cofactors exchange rapidly with the
template at response elements, allowing the regulatory sites to constantly sample receptor/
cofactor complexes present in the nucleus. Promoter activity can be modulated in a time-
dependent manner by multiple mechanisms, including (1) progressive modification of
promoter chromatin structure, and (2) post-translational modification of factors involved in
transcription initiation. Alteration in promoter modification and structure may include long
distance architectural transfiguration to facilitate transcriptional initiation (3). GR,
glucocorticoid receptor; Dex, dexamethasone; Pol Il, RNA polymerase I1; GRE,
glucocorticoid responsive element; Ac, acetylation; p160, Figure 4, oactivator family.
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