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Abstract
We investigated gene regulation at the IL-3/GM-CSF gene cluster. We found BRG1, a SWI/SNF
remodeling ATPase, bound a distal element, CNSa. BRG1 binding was strongest in differentiated,
stimulated T helper cells, paralleling IL-3 and GM-CSF expression. Depletion of BRG1 reduced
IL-3 and GM-CSF transcription. BAF-specific SWI/SNF subunits bound to this locus and
regulated IL-3 expression. CNSa was in closed chromatin in fibroblasts, open chromatin in
differentiated T helper cells, and moderately open chromatin in naïve (undifferentiated) T helper
cells; BRG1 was required for the most open state. CNSa increased transcription of a reporter in an
episomal expression system, in a BRG1-dependent manner. The NF-κB subunit RelA/p65 bound
CNSa in activated T helper cells. Inhibition of NF-κB blocked BRG1 binding to CNSa, chromatin
opening at CNSa, and activation of IL-3 and GM-CSF. Together, these findings suggest CNSa is a
distal enhancer that binds BRG1 and NF-κB.
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1. Introduction
GM-CSF and IL-3 are two tightly linked and closely related proinflammatory cytokines that
have arisen by a gene duplication event. Both cytokines are involved in the activation and
survival of multiple myeloid lineages. Clinically, IL-3 and GM-CSF are used to replenish
white blood counts in patients after chemotherapy. However, inappropriately elevated
expression of IL-3 and GM-CSF is also associated with inflammatory disorders such as
arthritis and psoriasis. The major biological source of GM-CSF and IL-3 appears to be
activated, differentiated T cells, with little or no specificity with respect to T cell subsets.
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IL-3 is also produced by mast cells and eosinophils, while GM-CSF is also produced by
monocytes and macrophages.

The transcriptional regulation and corresponding changes in the chromatin structure of the
IL-3/GM-CSF gene cluster have been extensively studied (Cockerill, 2004). These are
separated by only 13 kb in the mouse genome and located within one megabase of the Th2
cytokine cluster (IL-4, IL-13, and IL-5). The expression of IL-3 and GM-CSF in T cells is
highly regulated; expression is limited to differentiated T cells, and requires T cell
activation. Several enhancers, both upstream and intergenic, have been identified in the
IL-3/GM-CSF locus. Transcription factors associated with T cell activation (NFAT and NF-
kB) and otherwise (Sp1 and GATA) bind to and regulate the activity of these elements
(Cakouros et al., 2001; Duncliffe et al., 1997; Holloway et al., 2003; Johnson et al., 2004).
Changes in nucleosome mobility as detected by the generation of DNase I hypersensitive
sites (DHS) following T cell activation, is associated with the promoters and enhancers of
the IL-3/GM-CSF locus (Holloway et al., 2003; Johnson et al., 2004). Chromatin
reorganization extends across a 3kb region around the intergenic GM-CSF enhancer region
and is associated with gene activity (Bert et al., 2007). Although the tissue specific
expression pattern of IL-3 and GM-CSF largely overlap they are not identical, as evidenced
by the exclusive expression of GM-CSF in myeloid cells, indicating these genes can be
regulated independently (Bert et al., 2007). The recent identification of an insulator element
located between IL-3 and GM-CSF may provide a means to segregate the regulatory
elements associated with this gene cluster (Bowers et al., 2009).

Although chromatin structure changes within the IL-3/GM-CSF locus have been well
documented during both T cells development and after T cell activation, less is known about
the enzymes that catalyze these changes. A recent study demonstrated that in early
thymocyte development the IL-3/GM-CSF locus exists in an epigenetically silent state as
defined both by nuclease accessibility and histone modifications (Mirabella et al., 2010). As
the T cells develop into a mature T cells and T cell blasts the cytokine locus acquires a more
active chromatin structure marked by DHS, active histone modifications and the expression
of inducible noncoding RNA’s (Mirabella et al., 2010). BRG1, a remodeling enzyme, has
been identified as a regulator functioning at the GM-CSF promoter. However in one study
BRG1 recruitment to the promoter was reduced following T cell activation, while in another
BRG1 was enriched (Brettingham-Moore et al., 2008; Holloway et al., 2003). A role for
BRG1 in remodeling events outside of the proximal promoter regions has not been reported,
thought distal BRG1 binding has been reported in a T cell line and primary T cells (Precht et
al., 2010). ISWI, another type of remodeling enzyme, has also been found to regulate gene
expression in T cells (Landry et al., 2011; Precht et al., 2010). In the T cell line EL4, ISWI
activated expression of IL-3, while repressing expression of IL-2, IL-5, IL-13, and IL-17A
(Precht et al., 2010). At these loci, remodeling enzyme binding is found at promoters and at
distal regions (De et al., 2011; Precht et al., 2010; Wurster and Pazin, 2008).

Changes in chromatin structure are catalyzed by chromatin remodeling enzymes. ATP-
dependent remodeling enzymes reposition, unfold, displace and assemble nucleosomes,
while other classes of remodeling enzymes covalently modify histone proteins or DNA.
ATP-dependent remodeling can directly alter gene expression in cell-free systems and in
cells (Saha et al., 2006). Remodeling may alter binding of transcription factors and RNA
polymerase, transcription factor and RNA polymerase function, and alter higher-order or
long-range chromatin structure. Remodeling enzymes are thought to bind DNA non-
specifically, and are recruited by interactions with transcription factors, modified histones
and non-coding RNA (Biddie and Hager, 2009; Clapier and Cairns, 2009; Hassan et al.,
2001; Ho and Crabtree, 2010; Neely et al., 1999; Tarakhovsky, 2010; Wysocka et al., 2006;
Yudkovsky et al., 1999). ATP-dependent remodeling enzymes are often multi-protein
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complexes, classified by their ATPase subunit into subfamilies such as SWI/SNF, ISWI and
Mi2 (Saha et al., 2006).

BRG1 is an ATPase in the SWI/SNF subfamily, and is essential for embryonic development
(Bultman et al., 2000). In cell-free systems SWI/SNF enzymes can displace, unfold and slide
nucleosomes (Lorch et al., 2006; Schnitzler et al., 1998; Whitehouse et al., 1999).
Mammalian SWI/SNF has been found in BAF and PBAF complexes containing a small
number of distinct subunits and many common subunits (Lemon et al., 2001; Nie et al.,
2000; Yan et al., 2005), as well as complexes specific to ES cells and neurons (Ho et al.,
2009; Lessard et al., 2007).

BRG1 has been found to play an important role in T cell development (Chi, 2004). BRG1
also plays an important role in macrophages (Ramirez-Carrozzi et al., 2006) and
differentiated T helper cells, including T helper 1 (Th1), T helper 2 (Th2) and T helper 17
cells (De et al., 2011; Letimier et al., 2007; Wurster and Pazin, 2008; Zhang and Boothby,
2006). Genome-wide analysis of BRG1 binding during Th differentiation suggested BRG1
activated many genes in each fate, in response to activation-specific and lineage-specific
signals (De et al., 2011). Distal regulatory elements are frequently involved in Th gene
regulation, and may be sites for remodeling enzyme function (Agarwal and Rao, 1998a; De
et al., 2011; Jones and Flavell, 2005; Lee et al., 2003; Placek et al., 2009; Wurster and Pazin,
2008). Distal regulatory elements may play a widespread, if underappreciated, role in gene
regulation, and distal chromatin structure may be better correlated with gene activity than
promoter chromatin structure (Heintzman et al., 2009; Visel et al., 2009).

Here, we asked whether the SWI/SNF subunit BRG1 is required for IL-3/GM-CSF gene
expression and remodeling of the cytokine locus. We found that knockdown of BRG1
expression in primary effector T cells impaired the expression of both cytokines. BRG1-
containing BAF complexes bound to multiple known regulatory elements in the IL-3/GM-
CSF cytokine cluster, in an inducible manner; little if any binding was found in naïve cells.
Comparative sequence analysis revealed the existence of additional conserved noncoding
sequence (CNS) regions 25 to 40 kb downstream of the cytokine cluster; one in particular,
CNSa, binds BRG1 to an especially high degree. We detected changes in chromatin
accessibility at CNSa in when BRG1 expression was reduced, suggesting a dependence on
BRG1 for establishing an active chromatin conformation at this site. Activation-induced
recruitment of BRG1 to CNSa appears to depend at least in part on NFKb pathway. Finally,
CNSa appears to possess BRG1-dependent enhancer activity in a chromatin-based reporter
assay. BRG1 appears to be an important regulator of chromatin structure and gene
expression in IL-3/GM-CSF locus and was a useful marker in the identification of a novel,
distal regulatory element.

2. Materials and methods
2.1 Lymphocyte isolation from mice and culture

Animal approval was from the NIA ACUC, protocol ASP-365-MJP-Mi, and all experiments
conform to the relevant regulatory standards. T cells were isolated and cultured essentially
as described previously (De et al., 2011; Precht et al., 2010; Wurster and Pazin, 2008).
CD4+ T cells were purified from the lymph nodes of 4–6 week old Balb/c mice (Taconic)
by CD4 Macs per manufacturer’s instructions (Miltenyi). Naïve Thp (T helper precursor)
cells were purified from lymph node and spleens by using CD4+CD62+ T cell isolation kit
(Miltenyi) to 95% purity (unpublished). Lymphocytes were cultured in RPMI 1640
supplemented with 10% FCS, 100U/ml penicillin, 100 μg/ml streptomycin, 1mM Sodium
Pyruvate, 2 mM L-glutamine, 25mM Hepes, 50 μM β-mercaptoethanol.
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2.2 In Vitro T Helper Cell Culture
Murine primary T cells were cultured essentially as described previously (De et al., 2011;
Precht et al., 2010; Wurster and Pazin, 2008). Purified CD4+ LN T cells or naïve Thp cells
were plated onto anti-CD3 (1 μg/ml), anti-CD28 (2 μg/ml) coated plates at 1–2 × 106/ml in
the presence of IL-2. In some experiments cells were also cultured under Th2 skewing
conditions (10ng/ml IL-4, 10 μg/ml anti-IFNγ). Cultures were expanded in IL-2 (100U/ml)
three days after initial culture.

2.3 Transduction of Th cells
Th cells were transduced essentially as described (Wurster and Pazin, 2008). 2.5–4×106 Th
cells were resuspended in 100 μl “Mouse T cell Nucleofector Solution” (Amaxa) and mixed
with indicated siRNA oligo (500nM). Electroporation was performed as described by
manufacturer’s protocol using the program x-001 and the cells were transferred to
prewarmed “Mouse T cell Growth Medium” (Amaxa) supplemented with hIL-2 (100U/ml).
Efficiency of transcfection by GFP plasmid ~75% in effector cells (data not shown). siRNA
oligos (BRGm sc-29830) and negative control siRNA (sc-37007) used in this study were
obtained from Santa Cruz Biotechnology. Similar results were obtained using independent
BRG1-specific siRNA oligos obtained from Santa Cruz Biotechnology (sc-44289) and
Dharmacon (m-041135-00) ((Wurster and Pazin, 2008) and data not shown). BAF250a
siRNA oligos were from Dharmacon (Arid1a SMARTpool M-040694-00) while BAF180
siRNA oligos were from Invitrogen (pool PB1M55227873-5).

2.4 mRNA Quantitation
Total RNA was purified using RNeasy columns (Qiagen). cDNA was made using iScript
(BioRad) according to the manufacturer’s instructions. The mRNA levels were determined
by real time PCR using SYBR green (Qiagen) on an ABI 7500. Expression levels were
normalized to mTBP or m-actin as indicated. Primer sequences for steady state mRNA are
in Table 1, while primer sequences for unspliced (nascent) RNA are in Table 3.

2.5 Immunoblot Analysis
Whole cell extracts were prepared by lysing cells in 50mM Tris 7.4, 1% NP40, 150mM
NaCl, 0.5% Deoxycholate, 0.1% SDS and clearing the lysates by centrifugation. Protein
extracts were separated on a 6% polyacrylamide gel and transferred to a PVDF membrane
(BioRad). The immunoblots were blocked for 1 hour at room temperature in 5% milk in
TBST (50mM Tris pH7.5, 100mM NaCl, 0.03% Tween 20) and incubated with the indicated
antibody overnight at 4°C. The blots were washed with TBST and incubated with anti-rabbit
HRP-conjugated antibody (Zymed) at room temperature. After washing the blots with
TBST, detection was carried out using enhanced chemiluminescence (Amersham) according
to manufacturer’s instructions.

2.6 ChIP Assay
Chromatin immunoprecipitation was performed using methods similar to those described
previously (De et al., 2011; Precht et al., 2010; Wurster and Pazin, 2008); details are
available on request. Approximately 20 million cells (for 3–5 immunoprecipitations) were
crosslinked with 1% formaldehyde and quenched with glycine. Cells were lysed with buffer
containing 1% SDS, treated with micrococcal nuclease, sonicated until the average DNA
size was approximately 500 bp, and adjusted to 0.1% SDS, 1% Triton X-100 and 150 mM
NaCl at 5 ml. Sonicates were precleared with protein A Sepharose (Upstate) and IP was
performed with the following antibodies: 1 ug H3K9,14 (Upstate 06-599), 0.5 ul BRG1 (J1),
1 ug Brm (Abcam 15597-100), 2 ug BAF250a/Arid1a (Bethyl A301-041A), 2 ug BAF180/
PB1 (Bethyl A301-591A), or rabbit IgG (Santa Cruz sc-2027). Chromatin was collected
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with protein A, washed, eluted with sodium bicarbonate/SDS and crosslinks were reversed,
followed by protease treatment. Chromatin was quantified by real-time PCR (Q-PCR) using
an Applied Biosystems 7500 with Sybr Green detection (Qiagen). Graphs indicate
immunoprecipitated chromatin amounts relative to input DNA (% input). Primer sequences
are in Table 2; identical results were obtained using CNSa primer sets MP849 and MP1310
(data not shown).

2.7 Nuclease Hypersensitivity Analysis
DNase I hypersensitivity analysis was performed essentially as described (Precht et al.,
2010; Wurster and Pazin, 2008), with the following modifications. Nuclei were purified
from differentiated or effector Th2 cells as described previously (Agarwal and Rao, 1998b).
Briefly, nuclei were released by hypotonic lysis in the presence of 0.5% NP40 and digested
with the indicated amounts of DNase I (Worthington) for three minutes at room temperature.
The samples were then treated with proteinase K, RNase A and the DNA was recovered
after phenol/chloroform extraction and ethanol precipitation. Stimulated effector Th2 cells
were enriched for viable cells prior to nuclear isolation by ficoll-hypaque separation. MNase
I hypersensitivity analysis was performed essentially as described (Weinmann et al., 1999;
Wurster and Pazin, 2008) with the following modifications. Cells were washed twice with
10 mM Tris pH 7.5 containing 10 mM NaCl, 3 mM MgCl2, 0.5 % NP40) resuspended in 10
mM Tris pH 7.5 containing 10 mM NaCl, 3 mM MgCl2, 1 mM CaCl2, 4% NP40 and treated
with the indicated amounts of micrococcal nuclease (Sigma). Nuclease accessibility was
assessed by real-time PCR of DNA samples (McArthur et al., 2001) with the following
modifications. Briefly, nuclease-treated DNA was subjected to real-time PCR using primers
to indicated regulatory elements in the IL-3/GM-CSF locus. PCR reactions were performed
using QuantiTect SYBR green PCR kit (Qiagen) per manufacturer’s instructions on an ABI
7500. The DNase I sensitivity is indicated by % DNA remaining compared to undigested
sample and DNA content is normalized to a known DNase I resistant locus (Nfm). Primer
sequences are in Table 2.

2.8 Episomal reporter assays
Episomal reporter assays were performed essentially as described (De et al., 2011). A 450bp
region including CNSa was amplified using primers MP1616c and MP1617d using Phusion
(Finnzymes) from mouse genomic DNA, primer sequences in Table 4. The BamHI fragment
was cloned upstream (BglII site) or 2.2kb downstream (BamHI) of the SV40 promoter
(200bp promoter region from pGL3 promoter) in the episomal luciferase reporter pREP4-luc
(Liu et al., 2001). The reporter constructs were transfected into the human lymphoblastoid T
cell line CEM using Amaxa Nucleofection Kit V (C-16) (Lonza). After 72 hours, the cells
were either left resting or stimulated with PMA/Ionomycin for 5 hours. Protein extracts were
harvested and assayed for luciferase activity using Dual-Luciferase Reporter Assay System
(Promega). Results were normalized to a cotransfected renilla luciferase control plasmid.

2.9 Genome-wide Analysis of BRG1 binding and NF-kB motifs
BRG1 binding data from (De et al., 2011), were used to create BRG1 binding tracks (Fig 1)
using CisGenome (Ji et al., 2008). The BRG1 binding tracks are normalized to the number
of reads in each track; thus, the y axis for each track covers the identical tag frequency
range. BRG1 binding regions that were enriched relative to control (input) DNA were
identified from resting cells (Naïve, Th1, Th2) and stimulated cells (Th1, Th2, and Th17);
quality scores for “tags per position” and “Diff strand fold enrichment” were 1.74 and 2.7
for Naïve, 1.42 and 3.2 for resting Th1, 1.59 and 3.2 for resting Th2, 1.14 and 2.8 for
stimulated Th1, 1.15 and 2.9 for stimulated Th2, and 1.04 and 1.7 for stimulated Th17 using
Homer (van de Wetering et al.). BRG1 binding regions were analyzed for NF-kB motifs
using Homer (van de Wetering et al.) using the command “findMotifsGenome” with the
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options of motif lengths 8 and 10 bp, testing the central 50 bp of the binding regions.
Sequence motifs in CNSa were identified using TESS (Transcription Element Search
System) (http://www.cbil.upenn.edu/cgi-bin/tess/tess?RQ=WELCOME).

3. Results
3.1 Developmental and Activation Specific Recruitment of BRG1 to IL-3/GM-CSF Locus

We recently performed a genome-wide survey of BRG1 binding in a variety of Th subsets
using mouse primary cells (De et al., 2011). Global analysis revealed BRG1 binding was
highly dynamic; BRG1 binding was responsive to T cell activation signals and lineage-
specific signals, resulting in enrichment at active genes at both promoter and distal elements.
At the IL-3/GM-CSF locus we found strong, inducible BRG1 peak located 34kb
downstream of the GM-CSF start site (Fig 1) corresponding with an element we recently
identified as CNSa, a DNase hypersensitive site (DHS) that binds the remodeling enzyme
SNF2H (Precht et al., 2010). We found weaker BRG1 binding at the GM-CSF and IL-3
promoters.

3.2 BRG1 Recruitment to CNSa Corresponds with IL-3/GM-CSF transcription
The expression of both IL-3 and GM-CSF has been suggested to be a marker for effector T
cells. It has been recently demonstrated that freshly isolated splenocytes do not produce as
much of these cytokines as previously activated T cells blasts (Mirabella et al., 2010). We
confirmed these findings by examining IL-3 and GM-CSF mRNA expression in stimulated
naïve Th cells or effector Th cells (Fig 2A and B). We found that differentiated effector Th
cells were capable of producing 10 to 25 fold more GM-CSF and IL-3 message,
respectively, when compared to undifferentiated precursors. We characterized the changes
in chromatin modifications at the locus and found that both BRG1 binding as well as histone
H3 acetylation at lysines 9 and 14 correlated with cytokine expression, particularly at the
distal CNSa element (Fig 2C,D). Enhanced BRG1 binding was also detected at both
promoters. Our findings are in agreement with a recent report on histone modifications
associated with more proximal elements surrounding Il-3/GM-CSF (Mirabella et al., 2010).
Two adjacent conserved non-coding sequences CNSb and CNSc do not appear to bind
BRG1 strongly. We verified our ChIP-seq results that BRG1 binding is highly enriched at
the CNSa element and responsive to both differentiation from naïve to effector Th cells as
well as to T cell stimulation.

3.3 BRG1-containing BAF Complexes Regulate Expression Of IL-3/GM-CSF In Effector Th
Cells

Previously we had found that BRG1 was required for Th2 cytokine gene expression and
chromatin remodeling (Wurster and Pazin, 2008). Given the highly regulated BRG1
recruitment to the IL-3/GM-CSF locus and the correspondence of BRG1 binding with gene
expression, we asked whether BRG1 modulates IL-3/GM-CSF gene expression. We found
that the expression of both IL-3 and GM-CSF mRNA was reduced in cells following
depletion of BRG1 using siRNA (Fig 3A). Treatment of primary effector Th cells with
siRNA reagents targeted to BRG1 led to a modest reduction of BRG1 protein (Fig 3B). The
amount of primary transcripts for IL-3 and GM-CSF were also reduced following BRG1
depletion, suggesting this effect was at the level of transcription, rather than RNA stability
(Fig 3C). These results suggest that BRG1 plays a positive role in the regulation of
activation-induced expression of the IL-3/GM-CSF locus.

A number of structural variants have been described for SWI/SNF remodeling complexes
that are identified by signature subunits (Boon et al., 2002). For example, BAF complexes
contain BRG1 or Brm, and either BAF250a or BAF250b. PBAF complexes contain
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BAF180, BAF200 and BRG1 but not Brm. Importantly, BAF and PBAF complexes appear
to regulate different target genes (Yan et al., 2005). Using ChIP, we found BAF-specific
components (BAF250a and BRM) associated with elements in the IL-3/GM-CSF locus,
including CNSa (Fig 4A). Additionally, siRNA knockdown of BRG1 and the BAF-specific
BAF250a resulted in decreased IL-3 expression (Fig 4B). We did not detect a role for the
PBAF complex (BAF180/polybromo-1) either in binding to the IL-3/GM-CSF locus or
functionally by siRNA knockdown (Fig 4). These results suggest that BAF-specific BRG
complexes are directly regulating the IL-3/GM-CSF locus.

3.4 BRG1-dependent Remodeling of CNSa
Many of the enhancer elements already characterized within the IL-3/GM-CSF locus are
associated with increased chromatin accessibility as assayed by nuclease hypersensitivity
(Cockerill, 2004). Given the enrichment of BAF complexes at CNSa and the role of BRG1
complexes in nucleosome remodeling, we asked whether CNSa was associated with
nuclease hypersensitivity (HS). In fibroblast cells we found that CNSa was largely
inaccessible to nucleases, however in effector T cells CNSa was acutely hypersensitive to
two different nucleases, DNase and MNase digestion, as we previously found for another
enhancer (Wurster and Pazin, 2008) (Fig 5A,B). Thus, CNSa is not hypersensitive in all cell
types. The extent of digestion was increased following T cell effector differentiation and
modestly by T cell activation (Fig 5A,B). The remodeling that occurred at CNSa was
determined to be dependent on BRG1 as CNSa was significantly more resistant to nuclease
digestion in BRG1 knockdown cells (Fig 5C). This suggests that BRG1 directly regulates
expression of IL-3 and GM-CSF, as BRG1 is required for expression, binds to the locus, and
programs chromatin structure.

3.5 CNSa has BRG1-dependent Enhancer Activity in Chromatinized Reporters
As CNSa sequence is conserved across species, highly nuclease accessible in T cells and
marked with activate histone signatures, we tested whether CNSa is a novel enhancer
element in the IL-3/GM-CSF locus. We cloned a 440bp element encompassing CNSa
upstream and downstream of a reporter in an episomal vector. Traditional reporter constructs
often do not form physiological chromatin, while episomal reporters contain an origin of
replication that allows for assembly of a native chromatin structure (Liu et al., 2001; Smith
and Hager, 1997). We transfected these constructs along with one carrying the promoter
alone into CEM (human T lymphoblastoma) cells. We found that CNSa was able to
consistently enhance reporter activity over promoter alone similar to activity observed for a
bona fide enhancer element in the GATA3 locus (GATA3 +284), previously shown to
function in both episomal reporters and transgenic mice (De et al., 2011; Hosoya-Ohmura et
al., 2011) (Fig 6A). This element functioned both upstream and downstream of the reporter,
suggesting it was functioning as an enhancer rather than a promoter or regulator of RNA
stability. Depletion of BRG1 reduced the enhancer activity of the CNSa element, suggested
the CNSa enhancer activity is dependent on BRG1 (Fig 6B,C). CNSa did not function in a
standard transient reporter assay (data not shown), suggesting CNSa function might be
chromatin-dependent, similar to other recently described elements (De et al., 2011).
Definitive proof of CNSa enhancer activity requires testing in mouse knockout experiments.

3.6 BRG-1 Recruitment to CNSa and IL-3/GM-CSF activation are Dependent on NF-κB
Previous reports demonstrated that regulatory elements in the IL-3 and GM-CSF locus are
regulated by the NF-κB pathway (Brettingham-Moore et al., 2005; Holloway et al., 2003).
Additionally, c-rel-deficient mice have significantly reduced IL-3 and GM-CSF gene
expression (Gerondakis et al., 1996). T cell activation is known to induce NF-κB activity
(Gebuhr et al., 2003). Genome-wide analysis of BRG1 binding regions in Th cells revealed
that NF-κB sequence motifs were enriched in stimulated Th cells relative to unstimulated
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cells (Figure 7A,B). In particular, the CNSa element contained NF-κB sequence motifs (Fig
7C).

We tested the function of NF-κB using a pharmacological inhibitor. Withaferin A (WA)
specifically inhibits NF-κB by reducing I-kappa-B phosphorylation and subsequent
degradation (Kaileh et al., 2007). Pretreatment of effector T cells with Withaferin A reduced
T cell activation-induced expression of both IL-3 and GM-CSF (Fig 8A). Withaferin A
reduced the accessibility of CNSa, similar to what we observed when BRG1 was depleted
(compare Fig 8B and 5B). Withaferin A pretreatment also reduced binding of BRG1 and the
NF-κB subunit p65 to CNSa (Fig 8C, D). By contrast, pretreatment with Cyclosporine A
(CSA), an inhibitor of NFAT activation, had no effect on BRG1 recruitment to CNSa (data
not shown). Together, these results suggest that NF-κB activation after T cell stimulation
results in the direct binding of p65 to CNSa, which in turn facilitates the recruitment of
BRG1 and subsequent chromatin remodeling at CNSa. However, a significant amount of
BRG1 is associated with CNSa in resting effector cells suggesting that additional
mechanisms exist for BRG1 recruitment to CNSa independent of the NF-κB pathway.

4. Discussion
We examined the role of a distal, conserved element in the IL-3/GM-CSF locus. We found
CNSa bound BRG1, and binding was induced by differentiation and stimulation. BRG1
contributed to an open chromatin structure at CNSa, and was required for maximal
expression of IL-3 and GM-CSF. The BAF-specific cofactors Brm and BAF250a also bound
CNSa; BAF250a was required for maximal IL-3 expression. CNSa activated expression of a
reporter when placed upstream or downstream of the reporter. Activation was BRG1-
dependent and limited to episomal vectors, suggesting chromatin and chromatin remodeling
were required. Finally, we found RelA/p65 bound CNSa and IL-3/GM-CSF expression were
abolished by an NF-κB inhibitor. NF-κB inhibition prevented BRG1 binding and chromatin
opening at CNSa. Together, these findings suggest CNSa is a distal, chromatin-specific
enhancer requiring NF-κB and BRG1 for function. However, definitive proof of enhancer
activity requires genetic analysis in mice.

An outstanding question in chromatin biology is why there are so many different ATP-
dependent remodeling enzymes and whether specificity exists in their activity. We recently
reported that SNF2H, an ATP-dependent remodeling enzyme in the ISWI family, activates
expression of IL-3 in a T cell line (Precht et al., 2010). SNF2H bound to a number of sites in
the IL-3/GM-CSF locus, including CNSa. BRG1 binding to this locus was activation-
dependent, while SNF2H binding is largely independent of stimulation. Subsequent to
BRG1 binding, we observed increases in histone acetylation at CNSa and elsewhere in this
locus. Together these results suggest the possibility of a cooperative relationship between
SWI/SNF and ISWI complexes at the distal CNSa element, where SNF2H might bind
constitutively in the T cell lineage, while BRG1 binding is induced following differentiation
and stimulation. However, it remains to be determined experimentally whether ISWI and
SWI/SNF complexes bind to the same allele of CNSa simultaneously and what the
functional outcome of that interaction would be.

Many previous studies on BRG1 have focused on the role of ATP-dependent remodeling in
the regulation of accessibility and activity of promoter proximal elements. However, there
are reports of remodeling-independent function of BRG1 (Jani et al., 2008; Trotter and
Archer, 2004). Moreover, an increasing number of studies have also pointed to a prominent
role for SWI/SNF proteins in the function of distal enhancer elements. We previously
reported that BRG1 regulates expression of the TH2 cytokines, and is recruited in a Th2-
specific manner to the distal locus control region (LCR) in the IL-4/IL-13/IL5 locus
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(Wurster and Pazin, 2008). We also found that BRG1 binding to numerous distal elements
in T helper cells correlated with lineage- and activation- specific gene expression (De et al.,
2011). We identified novel distal regulatory elements at the GATA3 locus using BRG1
binding as a marker for active enhancers. BRG1 was found to localize to both promoter
proximal and distal LCR’s of both the β- and γ-globin genes in developing erythrocytes
(Kim et al., 2009a; Kim et al., 2009b). BRG1 also required for the interferon-stimulated
induction of the CIITA gene through both proximal and remote regulatory elements (Ni et
al., 2008). For both the β-globin and CIITA loci, BRG1 appears to play a role in higher
order chromatin structure, facilitating distal enhancer and promoter contacts through
looping. For the CIITA locus in particular, it was suggested that BRG1 did not directly
trigger the looping itself but was required to facilitate cytokine-induced loop formation and
cooperative interaction of multiple regulatory elements. It remains to be determined whether
the distal enhancer element, CNSa, located over 30 kb downstream of the GM-CSF
promoter, is in direct contact through a looping mechanism with the IL-3/GM-CSF
promoters, enhancers and/or insulator. However, it is intriguing to consider a role for BRG1
in coordinating higher-order chromatin structure through these elements, as suggested for
the MHC locus (Christova et al., 2007).
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Highlights

• BRG1, an ATP-dependent chromatin remodeling enzyme, activates expression
of the cytokines IL-3 and GM-CSF.

• BRG1 binds the target genes, and opens the chromatin at a distal element,
suggesting the regulation is direct.

• NF-kB is required for activation of IL-3 and GM-CSF, BRG1 binding to a distal
regulatory element, and chromatin opening at that element.

• BRG1 binds to distal regulatory sites as well as promoters.

• This work shows that chromatin remodeling plays a causal role in regulation of
these genes, rather than a consequence of transcription.
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Figure 1. BRG1 binding to IL-3 and GM-CSF locus
Data from unstimulated Naïve, Th1 and Th2 cells is in blue; stimulated Th1, Th2, and Th17
cells in red; Input (control) is in black. IL-3 and GM-CSF genes are indicated below, with
horizontal arrowheads indicating direction of transcription. CNSa-c, IL-3 enhancer and GM-
CSF enhancer are also labeled, and a scale bar indicates 10,000 bp. BRG1 occupancy (y
axis) for all graphs is identical to allow direct comparison (minimum tag frequency of 0,
maximum tag frequency of 1.14×10–5).
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Figure 2. BRG1 binding to IL-3/GM-CSF locus correlates with gene expression
A) Schematic of cell culture conditions. B) IL-3/GM-CSF mRNA expression, normalized to
actin, was compared between CD3/CD28 stimulated Thp or CD3 stimulated effector Th
cells. Results represent average and standard deviation of four independent experiments. C)
BRG1 binding and D) H3K9,14 acetylation at the IL-3/GM-CSF locus. Nfm is a neuron-
specific gene, a negative control locus in T cells (De et al., 2011). Results represent average
and standard deviation of two independent experiments.
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Figure 3. BRG1 is required for IL-3/GM-CSF transcription in effector Th cells
A) Impaired IL-3 and GM-CSF mRNA induction in BRG1 knockdown cells. mRNA was
quantified by real-time RT-PCR, and the ratio of mRNA in stimulated cells treated with
BRG1 siRNA was normalized to control siRNA-treated cells. Each bar is the average and
standard deviation of at least 3 independent experiments. B) siRNA knockdown of BRG1 in
effector Th cells. Lysates were analyzed by SDS PAGE, immunoblotted with BRG1 and
HDAC1 (loading control). C) Impaired transcription of IL-3 and GM-CSF genes in BRG1
knockdown cells. RNA from stimulated cells was quantified by real-time PCR using primers
specific to the primary transcripts including intronic sequences of the IL-3 and GM-CSF
genes (Precht et al., 2010; Wurster and Pazin, 2008). The results shown are the average and
standard deviation of two independent experiments.
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Figure 4. BAF complexes bind to and regulate IL-3/GM-CSF expression
A) BRG1, BAF250a, Brm and BAF180 binding to IL-3/GM-CSF locus. Results are the
average and standard deviation of three independent experiments. Results are normalized to
binding to the Nfm promoter, a silent and DNase I-resistant site in T cells. B) siRNA
knockdown of BRG1, BAF250a and BAF180 in effector Th cells. IL-3 mRNA was
harvested from stimulated cells, quantified by real-time PCR. The results are the average
and standard deviation of at least three independent experiments.
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Figure 5. BRG1 is required for DHS at CNSa
A) DHS at CNSa was compared between unstimulated (−) and stimulated (+) effector Th
cells and NIH3T3 fibroblasts B) Micrococcal nuclease accessibility was compared between
naïve (blue) and effector (red) Th cells C) BRG1 is required for HS in effector Th cells. A
representative dose response to MNase I in control (blue) and BRG1 knockdown (red) cells
is shown (left panel). The average and standard deviation of accessibility of three
independent experiments at one MNase concentration is shown (right panel).
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Figure 6. CNSa has BRG1-dependent enhancer activity
A) Episomal reporter constructs with CNSa either upstream or downstream of reporter
transcription unit can augment promoter activity in CEM cells. Cells were either left
untreated for stimulated with P+I for the last 5 hours of culture. The SV40 promoter activity
along was unaffected by cell stimulation. The results are the average and standard deviation
of six independent experiments. B) Depletion of BRG1 using siRNA in CEM cells. C)
BRG1 knockdown in CEM cells results in reduced reporter activity. The results are the
average and standard deviation of two independent experiments.
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Figure 7. NF-κB motifs are enriched in BRG1 binding regions in activated T cells, and are found
in CNSa
A) Significance of enrichment of NF-κB sequence motifs in BRG1 binding regions from
resting (blue) and stimulated (red) Th cells was calculated as described in the methods. B)
NF-κB motifs from Homer. C) Sequence motifs in CNSa; motif names detected by TESS on
top axis, scale indicated in bp beneath axis, box labeled Enhancer fragment indicates
enhancer fragment amplified using primers MP1617c and MP1617d for enhancer assays,
and boxes labeled 849 and 1310 indicate PCR products from primer set MP849 and
MP1310, respectively. D) Rel sequence motifs predicted by TESS in CNSa; Factor is the
name of the protein/family, Model is the motif matrix, Beg is the beginning of the match,
Sns is strand (N- forward, R- reverse), and Sequence indicates the motif searched
(mismatches shown in lower case).
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Figure 8. IL-3/GM-CSF transcription and BRG1 recruitment to CNSa are dependent on NF-κB
signals
A) IL-3 and GM-CSF expression are reduced following Withaferin A pretreatment. The
results are representative of three independent experiments B) HS at CNSa is reduced with
pretreatment of Withaferin A. C) BRG1 and D) p65 binding to CNSa are blocked by
withaferin A. The results are the average and standard deviation of 3 independent
experiments.
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Table 1

Primers for steady-state RNA

Gene Primer name Primer 1 Primer 2

IL-3 MP 771 GGAAGCTCCCAGAACCTGAAC TCAGAGAGGGTCCTTCATCATCA

GMCSF MP 773 GCCATCAAAGAAGCCCTGAA GCGGGTCTGCACACATGTTA

IFNγ MP 592 GGATGCATTCATGAGTATTGC CCTTTTCCGCTTCCTGAGG

TBP MP 935 CTTCGTGCAAGAAATGCTGAATAT TGTCCGTGGCTCTCTTATTCTCA

actin MP 598 AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT
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Table 2

Primers for ChIP DNase I and MNase

Locus Primer name Primer 1 Primer 2

IL3 CNSb MP 851 TGCAGCATCTCTAGCCGTCTT AGATACCAGAGGCACTCAAGGAA

IL3 CNSa MP 849 TTTTTGGTGTGCAGCACTAATACA GTCACCGCTCTGCCTGCTA

IL3 CNSc MP 853 GGCTTCAGCTCCCCACTTCT GGTTTTCTAGCTTATATCCCCAGACA

GMCSF pro MP 843 AAGGCCGGGTGACAGTGAT TTCCTGGGCATTGTGGTCTAC

GMCSF Enh MP 847 GTGGAGTGACCCCTCTTTGG GAAACTCCTTCCAGAGGGTTCTC

IL3 pro MP 841 CCCGGCCACTGATTGAAG CCAGCATCCACACCATGCT

IL3 Enh MP 845 CACACCTGCTTCTTGTCATCATC TCCCTGCCAGTGGTGGAT

Nfm MP 855 CCACGGCGCTGAAGGA CTGGTGCATGTTCTGGTCTGA

IL3 CNSa MP 1310 GTGGAAAGCGAAGCTGGTTT GAGCCCAAGGCCCAAAA
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Table 3

Primers for nascent (unspliced) RNA

Gene Primer name Primer 1 Primer 2

GM-CSF MP 1077 CCGCATAGGTGGTAACTTGTGTT TTACCTGGACTCAAGTGCTGTTTATTT

IL-3 MP 1078 CGAAAGTCATCCAGATCTCGAA TGTTCACATCTAATGCCTTCTTTTCT
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Table 4

Primers for amplification of CNSa

Primer name Primer

MP 1617c CCGGATCCTGCACGTACATGTTTGTACC

MP 1617d CAGGATCCCAATGATTCAGGCAGCTCGG
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