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Abstract

Steroid hormone receptor (SR) signaling leads to widespread changes in gene expression, and
aberrant SR signaling can lead to malignancies including breast, prostate, and lung cancers.
Chromatin remodeling is an essential component of SR signaling, and defining the process of
chromatin and nucleosome remodeling during signaling is critical to the continued development of
related therapies. The glucocorticoid receptor (GR) is a key SR that activates numerous promoters
including the well defined MMTYV promoter. The activation of MMTYV by GR provides an
excellent model for teasing apart the sequence of events between hormone treatment and changes
in gene expression. Comparing hormone-induced transcription from stably integrated promoters
with defined nucleosomal structure to that from transiently expressed, unstructured promoters
permits key distinctions between interactions that require remodeling and those that do not. The
importance of co-activators and histone modifications prior to remodeling and the formation of the
preinitation complex that follows can also be clarified by defining key transition points in the
propagation of hormonal signals. Combined with detailed mapping of proteins along the promoter,
a temporal and spatial understanding of the signaling and remodeling processes begins to emerge.
In this review, we examine SR signaling with a focus on GR activation of the MMTYV promoter.
We also discuss the ATP-dependent remodeling complex SWI/SNF, which provides the necessary
remodeling activity during GR signaling and interacts with several SRs. BRG1, the central
ATPase of SWI/SNF, also interacts with a set of BAF proteins that help determine the specialized
function and fine-tuned regulation of BRG1 remodeling activity. BRG1 regulation comes from its
own subdomains as well as its interactive partners. In particular, the HSA domain region of BRG1
and unique features of its ATPase homology appear to play key roles in regulating remodeling
function. Details of the interworkings of this chromatin remodeling protein continue to be revealed
and promise to improve our understanding of the role of chromatin remodeling during steroid
hormone signaling.
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1. Introduction

1.1 Chromatin

In eukaryotes, changes in gene expression are regulated not only by interactions between
DNA and transcription factors but also by DNA accessibility. DNA wraps around histone
octamers to form nucleosomes, the basic units of chromatin, and nucleosomes are further
packed into condensed chromatin fibers [1, 2]. Each nucleosome contains approximately
146 base pairs of DNA and two copies each of histones H2A, H2B, H3, and H4 [1, 2].
Favorable electrostatic interactions between the acidic phosphodiester backbone of DNA
and the basic surfaces of the histone octamer lead to the formation of the nucleosome core
particle along with hydrogen binding between histones and DNA phosphates and non-polar
contacts between histones and DNA deoxyribose groups [3]. Between nucleosomes,
stretches of DNA bind the linker histone H1, which stabilizes chromatin and compacts 10nm
strands of nucleosomes into higher order 30nm and 100nm fibers that can ultimately form
chromosomes [4-7]. Not only does this system allow cells to pack almost two meters of
DNA into a sphere with a radius of a few micrometers, it also regulates access to DNA.
Densely packed chromatin can repress transcription and other processes that require protein-
DNA interactions, such as replication, recombination, and repair [8-10]. In this manner,
chromatin introduces a system for regulating gene expression and other DNA-dependent
processes based on the interactions between DNA and histones that position nucleosomes
and underlie chromatin structure.

1.2 Histone modifying and chromatin remodeling complexes

Several biological processes in eukaryotes are dedicated to modulating chromatin structure
[11, 12]. The two major classes of chromatin remodeling/modifying complexes are the ATP-
dependent remodelers and the histone modifying remodelers. While ATP-dependent
remodelers mechanically separate DNA-histone contacts using the energy of ATP
hydrolysis, histone modifying chromatin remodelers posttranslationally “mark” histone tails
that protrude from nucleosomes. Histone marks include acetylation, phosphorylation,
methylation, ubiquitination, and other covalent modifications that allow the tails to act as
binding surfaces, often for chromatin-modifying factors and complexes [12, 13]. These
modifications do not substantially impact the nucleosome core particle structure, but do
affect higher order chromatin structure and gene expression [14-16].

The relationship between transcriptional activation and histone acetylation was established
over 50 years ago, after it was observed that acetylation of histones results in increased
transcription [17]. Since then, associations between specific histone marks and changes in
transcription have been the focus of numerous investigations and led to the development of a
histone code hypothesis [18, 19]. The extensive study of acetylation at specific lysine
residues along histone tails has demonstrated how the histone acetylases (HATS) that
catalyze this modification loosen chromatin by replacing a positively charged residue with a
negatively charged functional group, reducing DNA-histone affinity and leading to
increased transcription [20, 21]. This activating mark can be removed by histone
deacetylases (HDACS), establishing a dynamic process that plays a key role in regulating
gene expression. Many proteins involved in steroid hormone stimulated transcriptional
activation have HAT activity, while repressors are associated with HDAC function [14].

Although acetylation is generally associated with active transcription, the effects of other
histone tail modifications are more complex. Methylation, for example, can both enhance
and repress transcription [18]. The context-specific consequences of individual marks as
well as the importance of neighboring histone tail modifications in directing interactions
between nucleosomes and additional histone modifying complexes leads to the complex
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“code” that continues to be characterized [13, 18, 22]. One mark of particular interest in
hormone inducible transcriptional activation is histone H1 phosphorylation, which is
required for active transcription from the GR-inducible MMTYV promoter and is discussed
further in section 3.2 of this review [23-28]. The impact of histone structure and
biochemistry on gene expression can also be observed in the effects of variant histones,
which can replace each of the core histones and H1 [11, 29]. Subtle structural differences in
variant histones, like changes that occur through tail modifications, are associated with
changes in both chromatin structure and gene expression [29]. The impact of histone
modifications on gene expression demonstrates one system of regulation based on
manipulating the structure of chromatin. Another system for gene regulation through
chromatin remodeling comes from the direct mechanical action of ATPase-driven chromatin
remodeling complexes, which often work in concert with histone modifying complexes to
regulate transcription and other DNA-dependent processes in response to biological events
and signals [30].

1.3 ATP-dependent Chromatin Remodeling complexes

ATP-dependent remodeling complexes work by directly breaking histone-DNA contacts to
slide and reposition nucleosomes [31, 32]. To separate bonds between histones and DNA,
the ATP-dependent class of remodelers uses energy derived from ATP hydrolysis, which is
carried out by a central ATPase subunit. These proteins come from the SF2 helicase
superfamily, which share a structural core consisting of two RecA helicase-like domains that
bind and hydrolyze ATP [33, 34]. Within SF2 superfamily, the Snf2 family includes five
major families of ATP-dependent remodelers including SWI/SNF, ISWI, Mi-2/NuRD,
INO80, and SWR1 as well as the repair and recombination proteins RAD16, ERCC6 and
RADS54 [35, 36]. The central ATPase domain region of Snf2 proteins consists of paired
DEXHc and HELICc domains which include subregions regions of strong homology [37].
In addition to the ATPase domain, other common domains and motifs are found among
some Snf2 proteins. Some of these domains are known to interact with histones (BROMO,
CHROMO, SANT) and to bind DNA (AT hook, Zn finger), while others have functions less
well defined (HSA, BRK) but which may be important for protein-protein interactions [38—
40]. Yeast SWI2/SNF2 (mating type SWItching defective/Sucrose Non Fermenting) was the
first Snf2 remodeler to be discovered through genetic studies that initially demonstrated
roles in mating-type switching and sucrose fermentation [41]. These effects were later
attributed to a role in opposing the inhibitory effect of chromatin [42, 43]. Biochemical
assays revealed SWI2/SNF2 forms a large protein complex and remodels nucleosomes in an
ATP-dependent manner [44, 45]. The human homologues of yeast SWI/SNF proteins have
been identified through sequence homology and shown to similarly form complexes and
remodel chromatin in an ATP-dependent manner [46, 47].

1.4 BRG1, the central ATPase of SWI/SNF

In humans and other mammals, SWI/SNF can have one of two possible ATPase core
subunits, BRG1 or BRM [48-50]. These ATPases have significant sequence homology yet
non-redundant roles. Loss of BRGL1 is lethal prior to embryonic implantation in mice, and
BRM cannot compensate for its loss [51-53]. BRG1 can compensate for BRM, however,
suggesting a BRG1-specific role that is critical during development. Furthermore, murine
embryos heterozygous for a BRG1 null mutation are predisposed to form tumors [51]. In
humans, BRG1 mutations have been observed in a variety of tumor cells [54-59]. More
recently, BRG1 has been identified as critical for inducing and maintaining cellular
pluripotency [60, 61]. The domain structure of BRG1, the functions of individual BRG1
subdomains, and the importance of BRG1 protein-protein interactions in the context of
hormone dependent, BRG1-mediated transcriptional regulation will be discussed in greater
detail in Section 3.
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1.5 SWI/SNF complex subunits

The BRG1 ATPase is found in complex with several subunits termed BRG1 associated
factors (BAFs) that form a highly regulated, multi-functional structures. Some human BAFs
have direct yeast orthologs; these include BAF170, BAF155, BAF60, BAF53, and BAF47.
Other BAFs are unique to the mammalian complex, and these are BAF57, BAF45, BAF250,
BAF200, and BAF180/Polybromo. B-actin, Brd7, and Brd9 are also subunits of SWI/SNF
complexes [62]. BRGL1 is found in remodeling complexes other than SWI/SNF, as well,
including NUMAC, WINAC, NCoR, and mSin3A/HDAC complexes [50]. Many BAFs also
appear in these complexes, which are associated with chromatin dependent processes such
as transcription, elongation, and DNA replication. Other than B-actin, the only component
of SWI/SNF found in a complex that does not contain BRG1 is BAF53, which is also found
in the INO80 remodeling complex [63]. While some BAF proteins appear in all SWI/SNF
complexes, others are changeable [64—68]. The list of “core” BAFs has changed over time
as new SWI/SNF complexes that exclude certain subunits or include new subunits are
discovered, although BAF155, BAF57, BAF47, and BAF53 are still considered essential
[49, 68]. The first major distinction between SWI/SNF subtypes came with the discovery
that BAF250 and BAF180 are not found in the same complexes, formulating the BAF
(BAF250-containing) and PBAF (BAF180-containing) subclasses of SWI/SNF [65]. Brd7
and BAF200 are only associated with PBAF complexes, and BRM, the close and typically
interchangeable homolog of BRG1, is not found PBAFs [66, 67]. Additionally, BAF170 is
not found in SWI/SNF complexes purified from mouse embryonic stem cells (esBAFs), and,
like pBAFs, esBAFs contain only BRG1 and not BRM [68].

Different SWI/SNF configurations have been associated with different functions during heat
shock and immune responses. BRM-BAFs occupy IFNy activated sequence (GAS)
promoters before heat shock or interferon stimulation, but are exchanged for BRG1-BAFs
following induction [69]. BAF isoforms bring additional modularity to SWI/SNF, as well.
BAF250, BAF53, BAF45, and BAF60 have multiple isoforms shown to associate with the
complex at different times, and these changes have been associated with different cell types,
stages of development, or phases of cellular differentiation. For example, BAF60c is
specifically associated with cardiac development, while the exchange of BAF53a for
BAF53b and BAF45a for BAF45b/c is part of the changing SWI/SNF complex observed
during neuronal development [70, 71]. This subunit modularity may allow the central
activity of the ATPase to be modified by the specific set of BAF subunits present in the
complex. Variability through subunit exchange helps fine-tune BRG1 function so that it can
activate a variety of promoters and respond to a wide range of biological events including
the cell cycle, cellular differentiation, and immune response as well as hormonal signaling.

1.6 BRG1 and steroid hormone signaling

One well-characterized activity of the BRG1 complex is to regulate hormone-stimulated
transcription by interacting with Class 1 nuclear receptors [72—74]. Nuclear receptors (NRS)
are ligand-dependent transcription factors, and Class 1 NRs respond to steroid hormone
ligands by homodimerizing and binding inverted repeat DNA sequences known as hormone
response elements (HRES) or at sites of ubiquitous transacting factors within the promoter
regions of target genes, as shown in Figure 1 [75]. Glucocorticoid receptor (GR),
progesterone receptor (PR), estrogen receptor (ER), and androgen receptor (AR) are all
steroid hormone receptors (SRs) known to associate with the BRG1 complex and to require
its chromatin remodeling activity for proper function [72, 76, 77]. Careful study of the
process that begins with SR binding the HRE, leads to recruitment of the BRG1 complex,
and results in global changes in gene expression has brought to light important aspects of
nucleosome remodeling by the BRG complex during transcription process.
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2. Steroid hormone signaling and chromatin structure

2.1 SR Signaling and Nucleosome Remodeling

Observations of local chromatin alterations in response to hormone as well as increased
sensitivity to nucleases at the promoters of hormone activated genes provided early clues
that the mechanism of steroid hormone activated transcription depends upon tightly
regulated chromatin remodeling [78]. The GR responsive promoter of the mouse mammary
tumor virus (MMTYV), in particular, has provided a useful model in dissecting key events of
hormone response at this type of promoter, which operates similarly to the tyrosine
aminotransferase (TAT) promoter and, when fused to a reporter gene, reflects the
transcriptional responses of numerous GR regulated genes. By comparing the activation of a
stably integrated MMTYV promoter assembled in an ordered nucleosomal array to a
transiently transfected promoter, which has a disordered chromatin state, it is possible to
distinguish which events at the MMTYV promoter require remodeling [79].

The initial binding of GR, which acts as a pioneering factor at the MMTYV promoter, does
not require remodeling, and nor do the p160/SRC coactivators that bind the receptor directly
[14, 80, 81]. Without remodeling, the receptor and its coactivators can recruit HATs (p300/
CBP) and histone methytransferases (CARM1, PRMT1) that both modify histones and
recruit additional regulatory proteins [80, 82—-84]. Some transcription factors, however, do
require nucleosome disruption by ATPase driven remodeling - including nuclear factor 1
(NF2), the octamer transcription factors (OTFs), and Tata-binding protein (TBP) [85, 86].
The binding of NF-1, a transcription factor that interacts with an MMTYV site that is
nucleosome-occupied and inaccessible in the ordered promoter without remodeling, acts as a
key indicator of remodeling activity. Mutating the NF-1 binding site of the MMTV promoter
disrupts not only NF binding, but also the continued binding of hormone receptor, OTFs,
and the chromatin remodeling complex, suggesting this transcription factor may also play a
role in remodeling and stabilizing the promoter region. This work demonstrates the
importance of both NF-1 and the remodeling of nucleosome B (required for its binding) in
establishing promoter stability and accessibility during hormonal signaling [87].

Distinguishing between the remodeling requirement for GR/coactivator binding versus
NF-1/OTF/TBP binding (and eventual recruitment of RNA Polll) demonstrates a bi-modal
order of operations with GR/coactivator binding preceding recruitment of the SWI/SNF
remodeling complex. SWI/SNF remodeling opens the NF-1 binding site and facilitates
interactions with the OTFs and TBP - leading to enhanced transcription [88]. Time course
studies of the MT2A promoter, which is GR responsive and sensitive to the GR inhibitor
curcumin, demonstrate another transition point by correlating reduced GR activity with the
loss of (PIC) members TFIIH and TFIIB from the promoter [89]. These studies show GR
dependent transcriptional activation can also be inhibited following remodeling and at the
level of PIC protein recruitment.

The placement of GR and transcription factor interactions along the MMTYV promoter using
an /n vivonuclease footprinting assay provides a spatial visualization to accompany the
established order of operations extending from the receptor binding sites and TATA box
[90, 91]. This elucidation of GR-signaling events demonstrates the requirement for
nucleosome receptor-ligand binding, co-activator recruitment, the formation of the PIC, and
the eventual transcriptional activity of RNA polymerase Il at GR-responsive promoters. The
order and spacing of key transtion points durng this process are depicted in Figure 2.

2.2 The MMTV promoter

The mouse mammary tumor virus is a single-stranded RNA retrovirus that integrates into
the host genome as a double-stranded DNA provirus [78]. Its long terminal repeat (LTR) has
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a typical eukaryotic promoter structure with hormone responsive elements (HRES) that
allow it to respond to signals from steroid hormone receptors including the glucocorticoid
receptor (GR), progestin receptor (PR), and androgen receptor (AR) [36, 92]. This ~1,300
base pair fragment is organized into a phased array of six nucleosomes designated A-F [93].
Mapping of the MMTYV nucleosome boundaries shows alternate boundary frames in the
proximal promoter region, a region containing the A and B nucleosomes as well as HREs
and the binding sites for several transcription factors (NF1, OTFs, and TBP) followed by a
TATA box [94]. Distinct positions identified for nucleosome B (-221 to —75 and —190 to
-43) illustrate a shift in its position induced by hormone that results in nuclease sensitivity
of the region surrounding the TATA box [85, 94, 95]. While sensitivity to specific
restriction enzymes indicates nucleosome repositioning, sensitivity to general nucleases
reveals the nucleosome footprint along MMTYV, with the presence or absence of a distinct
banding pattern indicative of both nucleosome order and linker length [90, 91, 96].

Interestingly, when MMTYV is expressed in cells through transient transfection and not stably
integrated into the genome, it does not assemble ordered nucleosomes [85, 95]. This
important and unexpected feature of the transiently expressed promoter allows /n vivo
assays that compare protein binding and transcriptional activation of the integrated (ordered
chromatin) form of MMTYV versus the transient (disordered chromatin) form within the
same cell [85, 88, 90]. This phenomena is not exclusive to the MMTYV promoter and has also
been used to study Myo-D mediated chromatin changes and transcriptional activation [97].
It is interesting to note the transiently transfected vector does not exclude nucleosomes, but
rather lacks nucleosome positional stability [28]. Linker histones are also present, though at
substochiometric levels, reflecting their role in producing ordered nucleosomal arrays that
are amenable to remodeling-based regulation. Studies of the MMTYV promoter and of
differences between ordered and disordered MMTYV promoters have been critical not only in
the determining the order of events during SR signaling (and termination of signaling) but
also in determining differences between GR and PR activity and, ultimately, the role of the
BRG1 complex during hormone signaling [23, 86, 98].

2.3 Glucocorticoid and Progesterone Receptors (GR & PR)

The importance of chromatin structure varies between GR and PR stimulated transcriptional
responses, which differ despite the high degree of sequence homology and identical DNA
recognition sites of these receptors [98—100]. The observation that in T47D/A1-2 breast
cancer cells expressing both GR and PR, GR activation leads to transcriptional upregulation
from both stable and transiently transfected templates while PR activation leads only to
increased transcription from transiently traransfected templates reveals a major difference
between GR and PR activity [79, 101]. Nuclease hypersensitivity analyses of the promoter
following hormone induction shows reduced remodeling correlates with impaired function
in the case of PR signaling [99, 101]. Despite weak remodeling capability, PR is capable of
inhibiting GR activation when both hormones and receptors are present [101]. Additionally,
PR is able to remodel chromatin following stable introduction into a mouse GR+PR- cell
line, highlighting the complexity and cell type specificity of PR activation and suggesting a
system for selective receptor activation in cells such as T47D that endogenously express
both receptors [98]. Consistent with this, stably integrated MMTV promoters in T47D cells
that lack PR or both GR and PR assume an open and remodeling independent configuration,
unlike the closed configuration found when both receptors are expressed [102]. Studies
exploring the effects of GR and PR antagonists on GR activity in breast cancer versus
osteosarcoma cells reveal how the hormones affect different events during receptor signaling
as well as how the complement of co-activators and receptors in a given cell type determine
their ultimate effect [98, 103]. Some of the dynamics between GR and PR in T47D cells,
including the inhibitory effect of progestin during glucocorticoid signaling, can be explained
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by considering the interactions of both these receptors with the BRG1 chromatin remodeling
complex (SWI/SNF), described in Section 3, which is essential for hormone driven
transactivation [72].

3. GR stimulated chromatin remodeling requires BRG1

3.1 SRs interact with BRG1

SRs have been shown to associate with and require the remodeling function of the BRG1
complex for activity [72, 76, 77, 104]. Understanding the importance of the SR-BRG1
interaction during signaling and in the context of observed differences in GR versus PR
remodeling activity helps distinguish between transcriptional activation and chromatin
remodeling during hormone response. Association between both the glucocorticoid and
progesterone receptors and the SWI/SNF complex reflects competition for the complex and
explains the inhibition of remodeling dependent, but not remodeling independent, GR-
mediated transcriptional activation in the presence of progestin and certain inhibitory PR
ligands [72]. The notion that progestin competitively inhibits glucocorticoid signaling is
further substantiated by evidence both receptors bind the through the same BAF60 interface
to interact with the SWI/SNF complex [104]. The PR antagonist ORG31710, like progestin,
triggers PR binding to HREs as well as BRG1. This sequesters the BRG1 complex, strongly
diminishes the GR-BRGL1 interaction, and inhibits GR-mediated transcriptional activation
[105]. Binding of co-activators (NcoA1/SRC-1, NCoA2/TIF-2/GRP-1, and CBP/p300) to
GR is not disrupted by this antagonist, however, while BRG1 binding is severely reduced.
The co-activator interactions are important in transcriptional activation at templates that do
not require remodeling as well as those that do, suggesting these interactions with GR occur
independently from GR-BRG1 hinding. From these studies and previous experiments that
show transcription factors (including NF1 and the OTFs) bind subsequent to remodeling, a
detailed view emerges of both the sequence of events during SR signaling and the promoter
positioning of the hormone receptor, co-activators, BRG1 remodeling complex, and
transcriptional PIC as shown in Figure 2.

3.2 Histone H1 and SR-mediated BRG1 dependent chromatin remodeling

The linker histone, H1, sits outside the nucleosome core particle on intervening stretches of
DNA, which are found at variable lengths depending on cell state and cell type [5, 106]. The
ordered, stably integrated MMTYV promoter has inter-nucleosome linkers of roughly 50 base
pairs, each occupied by a single histone H1 molecule [28]. During hormone-dependent
transcriptional activation, H1 is displaced as part of the chromatin remodeling process, and
H1 depletion is associated with general transcription activation [107]. Transiently
transfected MMTYV promoters are disordered, show no consistent linker length or
nucelosome spacing, and have a reduced level of H1, which is decreased from its typical 1:1
stochiometry with the core nucleosomes independently of hormone signal [28]. Remodeling
by BRGL1 is not required at these disordered promoters, as demonstrated by their hormonal
activation by PR signaling in T47D cells, an event which neither requires nor involves
remodeling [79, 88, 93]. These H1-depleted promoters also show reduced NF-1 binding,
which occurs during remodeling-dependent transcriptional activation following nucleosome
repositioning [79, 85, 86, 90].

Changes in the phoshorylation of H1 that are associated with cell cycle progression and
DNA repair also effect remodeling [7, 25, 27, 28, 79, 108, 109]. A refractory phase that
follows long term (> 24 hour) induction by GR in stably integrated, ordered MMTV
promoters is strongly correlated with H1 phosphorylation, but this refractory phase is not
observed in disordered, transient promoters [79]. Likewise, kinase inhibitors that eliminate
H1 phosphorylation at MMTYV promoters lead to reduced transcription from ordered
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templates, but not from disordered templates [25]. The global decrease in H1
phosphorylation that occurs with long term GR signaling is seen at higher levels in H1
variants H1.3. H1.4, and H1.5, which are associated with greater affinity for and ability to
compact chromatin [26, 96]. Loss of H1 phosphorylation, therefore, has greater effects at
sites of dense chromatin, consistent with the observation disordered, transient MMTV
promoters are resistant to loss of function with decreased H1 phosphorylation. Taken
together, these results indicate the presence of H1 and the phosphorylation state of H1 are
important to both chromatin order and chromatin remodeling by the BRG1 complex.
Disordered chromatin that is not is remodeled is associated with reduced H1, while ordered
chromatin that can be remodeled by BRG1 is associated with phosphorylated H1, and
ordered chromatin that is prohibitive to productive BRG1 remodeling is associated with de-
phosphorylated H1 [28, 79]. Interestingly, the overexpression of histone H1 leads to
increased H1 incorporation in transient promoters but does not impose regular order, as
shown by the micrococcal nuclease footprint of the promoter. The overall chromatin
structure is more dense, but not more organized, and although general transcription is
repressed, this occurs in neither in a SR-signaling nor a remodeling dependent fashion. The
distinction here between general chromatin compaction and establishing ordered
nucelosomes is important, as productive remodeling by BRG1 is exclusively associated with
the latter.

3.3 Connecting BAFs bridge GR and BRG1

The association between GR and BRG1 is not direct and relies on connecting BAF proteins
to bridge BRG1 and the hormone receptor. BAF proteins that participate in receptor
bridging interactions include BAF250, BAF60a, BAF57, and BAF53a [65, 84, 104, 110].
BAF250, discovered initially through SWI/SNF purification by BRG1 immunoprecipitation,
is a homolog of yeast SWI1 and the Drosophila Osa protein [48]. In addition to
distinguishing a separate class of BRG1 complexes, BAF250 is able to bind GR through its
C-terminal domain [65, 84]. This binding event is evident from both /in vivo
immunoprecipitation and /n vitro pull down assays between GR and the BAF250 C-terminus
[65]. GR-induced transcriptional activation is diminished in cells expressing the BAF250 C-
terminal truncation mutant, suggesting the fragment is able to compete with full-length
BRG1 for GR binding. A specific role for BAF250a during GR signaling is consistent with
observed increases in GR-responsive transcription with BAF250a overexpression [111].
BAF60a and BAF57 have also been identified as GR-bridging BAF proteins [104].
Truncated GR (1-556 of 777), which lacks the C-terminal ligand-binding domain (LBD) but
retains the N-terminal activating function (AF-1) and DNA binding (DBD) domains, can
initiate transcription from the MMTYV promoter in the absence of ligand and, like full length
GR, can co-immunoprecipitate BRG1 and BAF155 [72]. Testing the GR-binding of in vitro
translated SWI/SNF subunits reveals direct interactions occur with both BAF60a and
BAF57. The BAF60a GR-binding region has been localized to its N-terminus (residues 4—
128 of 515), which also binds the PR, ER, and FXR receptors. BAF57 has also been
observed to bind ER, establishing a general role for this protein in binding steroid hormone
receptors [112]. Notably, these receptors all contain a conserved “RRK” motif within the
LBD, and the mutation of the primary arginine to glutamine in GR (GR R488Q) eliminates
the BAF60a interaction, suggesting this basic patch is a critical feature of the interface
between the receptor and BAF60a [104]. It is interesting to note the association between
BRG1 and GR is not eliminated by the BAF60a R488Q mutation, consistent with binding
between the receptor and SWI/SNF relying on several bridging subunits. Remodeling and
transcription are diminished, however, indicating the mechanism of activation is
compromised even though the association remains. The N-terminus of BAF60a is also
responsible for its interaction with BRG1, while the central portion (residues 129-435) binds
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BAF170 and BAF155, showing multiple interfaces of BAF60a allow it to bridge not only
BRG1 and GR but also BRG1 and other core BAF subunits [104].

BAF60a also serves as a bridge between the SWI/SNF complex and other transcriptional
activators including the tumor suppressor p53, which relies on SWI/SNF for transcription of
several targets [113]. The BAF60a-p53 interaction, like the BAF60a-GR interaction, relies
on the BAF60a N-terminus, though it also requires additional residues between 129 and 150.
BAF60a has also been shown to bind fos/jun dimers and act as a bridge between this
transactivation dimer and SWI/SNF [114]. In this circumstance, BAF60a binds the dimer
using both N-terminal (1-129) and C-terminal (307—-366) surfaces. Taken together, these
data suggest that the ability of BAF60 to act as an adaptor and facilitate SWI/SNF
recruitment not limited to SR super family of transcriptional activators.

Bridging between BAFs and the steroid hormone receptor has also been observed through
BAF53, an actin-like protein and member of SWI/SNF that interacts with ER through the
protein Flightless-1 (Fli-1) [110]. Fli-1 is an actin-binding protein that plays a role in
cytoskeletal formations as well transcription and contains six gelsolin repeats, G1-G6,
named for their structural homology to the actin-binding protein gelsolin [115]. The G1
repeat of flightless binds BAF53a, while G3 binds the LBD of ER, forming a bridge
between ER and SWI/SNF. Both Fli-1 and SWI/SNF are necessary for ER-mediated
transcription, and depletion of Fli-1 inhibits SWI/SNF recruitment to the promoter. In
addition to ER and SWI/SNF, Fli-1 binds members of the p160 coactivator complex,
connecting three major components of hormone signaling through one multi-domain protein
[116]. The role of actin and actin-related proteins in SWI/SNF (as well as other ATP-
dependent remodeling complexes) is not well defined, and this work suggests one role is to
connect these large complexes with transcriptional activators as well as other protein
complexes involved in transcription.

3.4 BRG1 subdomains regulate ATPase function

The BRG1 molecule is over 1600 residues long and contains several conserved motifs and
domains defined through sequence homology (Figure 3) [50]. Starting at the N-terminal end,
a QLQ motif is thought to be involved in protein-protein interactions, consistent with the
observation that N-terminal deletion mutants of BRGL1 fail to bind several key BAF proteins
[84]. The HSA domain that lies between the QLQ and ATPase is similar to domains found
throughout BRG1 homologs as well as the related INO80 remodeler [117]. Adjacent to the
HSA domain, the BRK domain is unique to multicellular organisms. BRK domains are also
found in a subset of the chromodomain helicase remodeling proteins from the Snf2 family
and often in pairs [118]. The functions of both the HSA and BRK domains of BRG1 are not
well defined. The ATPase homology that follows them occupies approximately one third of
the BRG1 sequence. This domain region performs the mechanical remodeling function of
the SWI/SNF complex, and contains two separate Rec-A like domains (DEXHc and HelicC)
that are found paired in all Snf2 family members joined by linkers of varying length [119].
A point mutation in the BRG1 ATP binding site, K798R, renders the SWI/SNF complex
incapable of remodeling chromatin [51, 120]. Although there is no structural data for the
BRG1 ATPase, ATPase homology regions for two related Snf2 family members (Rad54 and
CHD1) have been reported, and these reflect common folds with variable loops that confer
specificity [34]. Following the ATPase region, a small AT hook motif is thought to act as a
DNA binding motif. Such motifs are found in many DNA binding and chromatin interacting
proteins and often act in concert with additional DNA interacting domains [50]. Finally, the
BROMO domain of BRG1 is able to interact with acetylated histones, though its affinity is
weak when compared to BROMO domains from other proteins suggesting the BRG1
BROMO domain interacts with histones in the context of additional interactions [121]. With
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the exception of the ATPase, there is little domain-specific functional information for
BRG1.

A model system has been established for studying BRG1 mediated, glucocorticoid receptor-
dependent transcription /n vivothat allows the overall activity BRG1 to be dissected into
specific domain functions including stable expression, BAF complex formation, recruitment
to the promoter, remodeling capability, and transcriptional activation [122]. This system
uses SW-13 cells, which do not express endogenous BRG1 but do express BAF proteins
capable of reconstituting the BAF complex following exogenous BRG1 expression. An
MMTYV promoter is stably integrated that has been shown through previous work to take on
an ordered chromatin structure. This promoter is fused to a luciferase reporter, so that
luciferase signal as well as transcript levels of several endogenous hormone responsive
BRG1-dependent genes indicate transcriptional upregulation. By comparing the behavior of
wild type BRG1 to BRG1 chimeras and mutants in this system, more insight is gained to the
mechanism of BRG1 ATPase activity and the role of its non-ATPase subdomains [74, 84,
123].

Comparing BRG1 and the Snf2 family protein SNF2h from the ISWI complex, one finds the
ATPase proteins and their complexes have similar basic nucleosome remodeling capability,
but are non-complementary [124, 125]. Additionally, they have different substrate
specificity for histone modifications and BRG1 is better able to free DNA near the
nucleosome dyad in addition to entry and exit points of the nucleosome, while SNF2h,
unlike BRGL1, is able to assemble and space nucleosomes [126, 127]. When the BRG1
ATPase domain region is exchanged for that of SNF2h, the SWI/SNF complex is retained,
while activation of BRG1-dependent promoters is compromised, suggesting differences in
the ATPase domain, itself, are important for BRG1 functional specificity [123]. Some
BRG1-dependent promoters are more sensitive to the SNF2h chimera than others, including
the MMTYV promoter, which is not activated by the BRG1/SNF2h ATPase chimera [123].
Notably, promoter binding is not compromised - instead the main difference observed in the
ATPase chimeras is weakened nucleosome repositioning capability. A chimera that
exchanges the C-termini of BRG1 and SNF2h does not affect this assay, consistent with the
deletion of the same exchanged C-terminus also showing little effect on transcriptional
upregulation from the MMTYV promoter [123]. While this does not rule out a role for the C-
terminus of BRGL1 in specific interactions at some promoters, such as interactions with
acetylated histones via the BROMO domain, it does suggest the basic signal response and
nucleosome remodeling functions do not require the C-terminus. Another BRG1/SNF2h
chimera that exchanges the N-termini does have severe functional consequences. Replacing
the BRG1 N-terminus with the SNF2h N-terminus results in loss of BRG1-dependent
transcriptional activation, although the original ATPase domain region remains intact and
functional /n vitro [84].

The deletion of the BRG1 N-terminus also abolishes BRG1-dependent transcriptional
activation from the MMTYV promoter and other BRG1-dependent promoters, and both
changes result in loss of core BAF subunits BAF155, BAF170, and BAF60a [84]. The loss
of these subunits is not the sole cause of lost function, however, as a smaller deletion that
excises only the HSA domain retains these BAFs yet remains incapable of stimulating
transcription. HSA domain deletion does interfere with the binding the BAF250a subunit,
however, suggesting the BAF250a interaction is more critical for transcriptional activation
from the promoters observed than interactions with the core BAFs [84]. The HSA domain of
BRG1 and the domains of related yeast remodelers (Sth1, Snf2, Swrl, Eafl, and Ino80)
have also been associated with actin-related proteins, such as Baf53 [117]. It is interesting to
note that, like the ATPase chimera, the HSA domain deletion does not cause a diminished
interaction with the promoter or a failure to form the basic SWI/SNF complex. Also, unlike
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the ATPase catalytic mutant (K798R), both these BRG1 variants retain /n vitro nucleosome
remodeling function [51, 84]. These studies reveal the importance of both the unique
features of the BRG1 ATPase domain and the HSA domain for activity. More importantly,
they allow events including BRG1 protein expression, SWI/SNF complex formation,
promoter binding, /n vitro remodeling capability, and transcriptional regulation by the SWI/
SNF complex to be analyzed individually and according to BRG1 subdomain. They also
demonstrate the ultimate requirement for nucleosome remodeling in the context of ordered
chromatin structure, though the mechanistic details of productive remodeling that facilitates
transcription are still unclear. Determining what roles the BRG1 HSA domain and unique
features of its ATPase region play in this process will be an important next step in
elucidating this mechanism.

4. Conclusions

The complex process of steroid hormone signaling can be viewed as a series of key events
by analyzing the physical changes and transcriptional output of the hormone inducible
MMTYV promoter. SR signaling requires an extensive network of specific proteins and
protein complexes including the steroid receptor, receptor coactivators with histone-
modifying capability, transcription factors, and the transcriptional machinery. For GR and
other SR-promoter interactions to progress toward productive transcriptional activation in
the context of ordered chromatin, remodeling by the ATPase-driven SWI/SNF complex is
required [11, 72, 73, 112]. With SWI/SNF remodeling of the ordered, integrated MMTV
promoter as well as the disordered transiently transfected MMTYV promoter, the
transcriptional activator NF-1 can bind the promoter to stabilize the active state and facilitate
binding of additional transcription factors [85, 88]. Recruitment of mediator complex and of
the PIC follows, and each of these events is necessary for productive signaling [11, 83, 89].

During this process, the ability of GR versus PR to activate transcription is highly cell-type
specific and may depend on both the relative order of a given promoter and the remodeling
capability (both histone modification and ATPase driven) the receptor is able to recruit [93,
98, 99, 101]. All SRs require SWI/SNF when promoter remodeling is needed, and each has
been shown to physically interact with the SWI/SNF complex [104, 112]. Disordered,
transiently transfected MMTV promoters, however, do not require remodeling despite
containing nucleosomes [28, 79, 91]. These transient vectors have reduced levels of histone
H1, nucleosomes that lack regular order along the DNA sequence, and restriction sites that
are exposed in absence of hormonal signaling and SWI/SNF remodeling. Promoters without
ordered chromatin circumvent the requirement for remodeling by SWI/SNF for
transcriptional activation and are active in situations when ordered promoters are not (eg: PR
signaling in T47D cells, GR signaling in cells that do not express BRG1, and GR signaling
after 24+ hours) [79, 99, 122, 128].

It is interesting to note that although a disordered promoter can incorporate overexpressed
H1.3 and become more compact and resistant to transcription, this general compaction of
chromatin is not correlated with precise ordering of nucleosomes [28]. Compaction and
ordering are distinguished by reduced restriction enzyme sensitivity without increase in
nucleosomal footprinting as well as a general decrease in transcription that is not specific to
hormonal-inducible genes. These distinctions reveal the presence of nucleosomes and
histone H1 is not sufficient to produce regulatory chromatin order (which depends on
precise nucleosome positioning and repositioning) and suggest roles for both histone
modifiers and ATPase remodelers in establishing that order. The interplay between histone
modifications and the BRG1 ATPase in remodeling has been evaluated through studies
showing the phosphorylation state of the H1 N-terminal tail is critical for GR dependent
BRG1 mediated transcriptional activation [23, 25, 28, 129]. Loss of hormone-dependent,
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BRG1-mediated remodeling from ordered promoters (but not disordered promoters) occurs
with loss of H1 phosphorylation and shows an important connection between the
modification state of H1, as opposed to the level of H1, and productive, regulated
remodeling.

To better understand the mechanics of GR regulated remodeling, the activity of BRG1 can
be broken down into multiple functions, and the protein itself can be broken down into
multiple subdomains. The N-terminal domain is distinguished for its BAF subunit binding
ability, and has been shown to bind BAF155, BAF170, and BAF60a [84]. Deletion of the N-
terminus prohibits BRG1 from activating GR-induced transcription; however, this loss of
function can be mapped to the small HSA domain region (~100 residues) within the N-
terminus that is not responsible for these BAF-binding interactions. Deletion of the HSA
domain results in complete loss of BRG1 function similar to the ATPase catalytic mutant
K798R and reveals a mutation that eliminates BRG1 activity without interfering with
ATPase function, core BAF binding capability, or promoter recruitment. Instead, the loss of
another BAF, BAF250a, is correlated with the HSA domain dependent loss of remodeling
function at the GR responsive promoter. This protein, specific to a subset of BAFs, is also
known to bridge BRG1 and GR, suggesting the loss of this interaction may play a role in
loss of GR-dependent activation. Since HSA domains are also important in BAF53 binding,
compromising this interaction may also contribute to the observed deletion effect.

Although protein-protein interactions are correlated with the HSA domain, its adjacency to
the ATPase homology introduces the possibility of a direct interaction or allosteric effect on
ATPase activity that is important /n7 vivo, since remodeling of the ordered MMTYV promoter
is lost with this deletion. Another key structural feature of BRG1 during GR signaling comes
from within the ATPase itself, and these are domain features unique from the conserved
DEXHc and HELICc folds that BRG1 shares with Snf2h and revealed by differences in
activity seen in BRG1/Snf2h chimeras [84, 123]. Although both ATPase proteins remodel
chromatin and have in vitro ATPase activity, the Snf2h ATPase domain cannot be
substituted for the BRG1 domain in GR-dependent remodeling and activation. These results
are interesting in light of structural data for several SNF2 family proteins that shows how
loops and inserts within the ATPase as well adjacent regulatory domains are essential to the
specific mode of DNA manipulation and processivity carried out by a given ATPase [34].
The continued pursuit of mechanistic details in BRG1-mediated GR dependent signaling
will be important to the revealing the nature of how this protein and its complex manipulate
regulatory chromatin structure during signal response.

In closing, it is important to appreciate that the detailed mechanistic analysis described
above has been conducted on model promoters and verified with exemplar steroid
responsive genes but not on a genomic scale [74]. Recent genome wide receptor binding
studies reveal a multiplicity of binding regions relative to the preceding gene expression
studies [130-132]. Studies focused on GR binding show receptor interactions across of
range of nuclease-accessible sites that become receptive to GR binding though numerous
pathaways and have differing requirements for BRG1-dependent remodeling [133, 134].
Such studies also highlight the cell type specificity of receptor chromatin status and
remodeling requirements [135]. These binding sites have not been systematically linked to
functional transcriptional outcomes. They have, however, revealed exciting correlations with
histone modifications and the underlying chromatin architectures of the binding regions that
confirm a prominent role for chromatin in regulating GR transcriptional activity [136].
Major challenges ahead include: a) understanding the action of binding at sites many tens of
kilobases from transcription initiation sites, b) the functional linking of binding with a
specific affected gene, c) the functional role of histone modifications, and d) the modifying
enzymes and the contribution of chromatin remodeling complexes to the underlying
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romatin architecture and its structure upon hormone activation. What is abundantly clear
that the preceding detailed molecular characterizations of promoters such as the MMTV

provide an excellent guide and standard for understanding these important biological
questions [137].
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Figure 1. Hormone Signaling through the Glucorticoid Receptor (GR)

Glucocorticoid receptor (GR), like progesterone receptor (PR), estrogen receptor (ER), and
androgen receptor (AR) responds to hormone by shedding heat shock protein,
homodimerizing, and binding inverted repeat DNA sequences known as hormone response
elements (HRES) or sites of ubiquitous transacting factors within the promoter regions of
target genes. GR and other steriod hormone receptors recruit the BRG1 complex which
provides an essential chromatin remodeling activity that facilitates formation of the
transcription initiation complex and transcriptional activation.
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Figure 2. Key Transition Points During GR signaling

After ligand binding dimerizes the Glucocorticoid Receptor (GR), it enters the nucleus and
binds target sequences such as the Glucocorticoid Response Element (GRE) within
chromatin. The receptor binds co-regulators such as NcoA1l/SRC-1, NCoA2/TIF-2/GRP-1,
and CBP/p300 which do not require remodeling to engage the receptor at the promoter.
Next, the BRG1 complex SWI/SNF is recruited to the promoter through an interaction with
GR and nucleosomes are repositioned. This allows transcription factors such as NF1 and the
octamer transcription factors (OTFs) as well as the TATA-binding protein (TBP). Finally,
mediator proteins are recruited and the preinitiation complex forms leading to transcripton
by RNA Pol I1.
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Figure 3. The BRG1 remodeling ATPase

The BRG1 gene is located on Chromosome 19 and is transcribed and processed to produce a

5779 bp RNA with an open reading frame (ORF) of 4944 bp. The BRG1 protein consists of
1647 amino acids and contains several conserved domains such as the HSA, BRK, ATPase,
and BROMO domains. Highly conserved regions within the ATPase homology are
highlighted in bright pink.

Biochim Biophys Acta. Author manuscript; available in PMC 2013 July 01.



