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T helper cell differentiation and activation require specific transcriptional programs accompanied by
changes in chromatin structure. However, little is known about the chromatin remodeling enzymes responsible.
We performed genome-wide analysis to determine the general principles of BRG1 binding, followed by analysis
of specific genes to determine whether these general rules were typical of key T cell genes. We found that
binding of the remodeling protein BRG1 was programmed by both lineage and activation signals. BRG1 bind-
ing positively correlated with gene activity at protein-coding and microRNA (miRNA) genes. BRG1 binding was
found at promoters and distal regions, including both novel and previously validated distal regulatory ele-
ments. Distal BRG1 binding correlated with expression, and novel distal sites in the Gata3 locus possessed
enhancer-like activity, suggesting a general role for BRG1 in long-distance gene regulation. BRG1 recruitment
to distal sites in Gata3 was impaired in cells lacking STAT6, a transcription factor that regulates
lineage-specific genes. Together, these findings suggest that BRG1 interprets both differentiation and
activation signals and plays a causal role in gene regulation, chromatin structure, and cell fate. Our
findings suggest that BRG1 binding is a useful marker for identifying active cis-regulatory regions in

protein-coding and miRNA genes.

Non-antigen-experienced CD4 " T helper cells have the re-
markable capacity to differentiate into a variety of effector cell
fates, depending on the pathogenic signal or cytokine environ-
ment first encountered (24, 54, 55, 83, 84). The fate of each
effector is marked by a cytokine signature that protects the
organism when appropriately activated but that can contribute
to allergy, autoimmunity, and inflammation when not properly
regulated. Helper lineages are also marked by key transcrip-
tional regulators. Thus, Th1 cells are characterized by expres-
sion of the cytokine gamma interferon (IFN-vy) and the tran-
scription factor T-box 21 (Tbx21 or Tbet), whereas Th2 cells
express the signature cytokines interleukin-4 (IL-4), IL-5, and
IL-13 and the transcriptional regulator GATA binding protein
3 (Gata3), and Th17 cells are marked by the cytokines IL-17A
and IL-F and the transcription factors ROR-yt and ROR-a.
CD4™ cells can also become Treg cells, which negatively reg-
ulate the immune response and maintain peripheral tolerance.

The signaling events that lead to CD4 " differentiation inte-
grate both activation and lineage signals to trigger cell division
and ultimately direct the cytokine and transcription factor sig-
natures (3, 53, 65). For example, antigen activation of naive Th
cells in the presence of the cytokines IL-12 and IFN-vy activates
Stat4 and Statl, resulting in Th1 differentiation and expression
of IFN-y and Tbet. Conversely, IL-4 activates Stat6 and, in the

* Corresponding author. Present address: NHGRI, NIH, 5635 Fish-
ers Lane, Rockville, MD 20892. Phone: (301) 496-7531. Fax: (301)
480-2770. E-mail: pazinm@mail.nih.gov.

+S.D. and A.L.W. contributed equally to the work.

§ Supplemental material for this article may be found at http://mcb
.asm.org/.

Y Published ahead of print on 24 January 2011.

1512

context of TCR stimulation, promotes commitment to the IL-
4-producing Th2 lineage and expression of Gata3. Th17 dif-
ferentiation is directed through exposure to transforming
growth factor Bl (TGF-B1), IL-6, and IL-1, whereas IL-17
expression is maintained through IL-23 stimulation, with ex-
pression of Ror-yT. Mitogenic signals through the T cell re-
ceptor (TCR) mobilize activation-specific transcription factors
(including NFATs, EGRs, and NF-«kB) that can directly acti-
vate transcription of cytokine genes.

Although both the lineage-specific and activation-induced
transcription factors are essential for directing subset-specific
cytokine gene transcription, it is clear that this process is also
strongly influenced by the surrounding chromatin structure.
Previous studies have demonstrated permissive histone modi-
fications, such as H3K4me?2 and H3K9,14Ac, at the signature-
cytokine loci in the appropriate Th lineages and repressive
epigenetic (H3K27Me3) features in the opposing Th subsets
(2,4,8,9, 19, 36). Recent genome-wide analysis of H3K4Me3
and H3K27Me3 in a variety of Th subsets revealed the ex-
pected lineage-restricted modifications at the cytokine loci
(85). However, the lineage-restricted transcription factors were
marked by both permissive and repressive (“bivalent”) histone
modifications in different Th subsets, suggesting that those
genes are poised for subsequent activation or silencing. Al-
though histone modifications can follow differentiation signals,
some histone modifications are relatively stable during T cell
activation (11, 43). Changes in chromatin accessibility at the
Th cytokine loci as evidenced by DNase I hypersensitivity
(DHS) analysis have revealed both lineage-specific and activa-
tion-induced changes in chromatin structures (1, 4, 20, 75).
These chromatin markers are associated with regulatory ele-
ments, as deletion in situ alters regulation of the associated
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genes (5, 40, 49, 71). These observations suggest that dynamic
changes in chromatin structure in response to mitogenic sig-
nals may be best reflected at the level of nuclease accessibility.

While chromatin remodeling is obviously correlated with T
helper differentiation, it is less obvious what remodeling en-
zymes are responsible for these changes and how they recog-
nize their sites of action. One group of remodeling enzymes
consists of the ATP-dependent remodeling enzymes. These are
multisubunit complexes that contain an ATPase in the SWI/
SNF family and that utilize the energy released from ATP
hydrolysis to induce changes in chromatin structure. According
to the evidence regarding homology outside the ATPase do-
mains, these SWI/SNF ATPase enzymes can be divided into
several subfamilies (21). Mammalian SWI/SNF complexes
contain 10 to 15 subunits, including either the BRG1 or BRM
ATPase (48). It has been suggested that remodeling enzymes
are targeted by transcription factors, noncoding RNA, histone
modifications, and DNA damage; however, it must also be
remembered that remodeling enzymes can function without
targeting (12, 15, 29, 38, 77, 79). Different remodeling enzymes
can be independently targeted in T cells, which suggests that
they use different targeting signals (63).

We previously found that the SWI/SNF remodeling enzyme
BRG1 is required for Th2 differentiation and transcription of
Th2 cytokines (88). BRG1 binding was detected at both the
promoters and distal regulatory regions of the IL-4, IL-5, and
IL-13 genes. Some of the BRG1 binding sites were specific for
Th2 and/or inducible by activation. BRG1 was required for
nuclease accessibility at a subset of these binding sites, includ-
ing the Th2 locus control region (LCR). BRG1 recruitment to
the LCR was mediated by lineage-specific and activation-spe-
cific transcription factors (Stat6 and NFAT). Histone acetyla-
tion at these cytokine genes was also dependent on the activity
of BRG1. These results suggest that BRG1 regulates Th2 dif-
ferentiation by directly regulating Th2 cytokines, perhaps
through distal regulatory elements. Related studies have pre-
viously found a role for BRGI1 in Thl cells (41, 62, 89). BRG1
also plays an important role in T cell development (13, 14, 32,
82). While those studies of T helper cells identified a functional
role for BRGI, they examined only a few genes.

Given that chromatin remodeling serves as an important
regulatory mechanism during Th differentiation, we extended
our analysis to additional Th subsets in an unbiased manner
using genome-wide chromatin immunoprecipitation and se-
quencing (ChIP-Seq) to generate BRG1 maps of undifferen-
tiated, naive CD4" Th cells and effector Th1, Th2, and Th17
cells. We collected a uniform data set for BRG1 binding,
employed this resource to ask global questions about BRG1
regulation, and used specific genes to investigate whether these
general rules applied to genes that are important for T helper
function. BRG1 binding was highly dynamic, responding to
activation and the differentiation state. BRG1 binding posi-
tively correlated with gene activity. BRG1 was found at regu-
latory regions for protein-coding and microRNA (miRNA)-
coding genes. BRG1 appeared to mark regions of active
chromatin with enhancer activity.

MATERIALS AND METHODS

Lymphocyte preparation and culture. Naive CD4" T cells from the spleens
and lymph nodes of 4- to 6-week-old BALB/c mice (Taconic) were purified to
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95% purity using a CD4" CD62L" T cell purification II kit per the instructions
of the manufacturer (Miltenyi). Lymphocytes were cultured in RPMI 1640 me-
dium supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin, 100
pg/ml streptomycin, 1 mM sodium pyruvate, 2 mM L-glutamine, 25 mM HEPES,
and 50 pM B-mercaptoethanol. Animal approval was obtained from the National
Institute on Aging Animal Care and Use Committee (NIA ACUC) (protocol
ASP-365-MJP-Mi), and all experiments conformed to the relevant regulatory
standards.

In vitro T helper cell differentiation. For Th1 and Th2 differentiation, purified
CD4" CD62L™" T cells were plated onto anti-CD3 (1 p.g/ml)- and anti-CD28 (2
wg/ml)-coated plates at 1 to 2 X 10° cells/ml in the presence of 10 ng/ml IL-4 and
10 pg/ml anti-IFN-y (Th2 conditions) or in the presence of 1 ng/ml IL-12 and 10
pg/ml anti-IL-4 (Th1 conditions). IL-2 (100 U/ml) was added 24 h later. Cultures
were expanded in IL-2 (100 U/ml) 3 days after initial culture. Th17 cells were
cultured using soluble anti-CD3 (4 pg/ml), soluble anti-CD28 (1 pg/ml), 10
pg/ml anti-IL-4, 10 pg/ml anti-IFN-y, 100 ng/ml IL-6, 10 ng/ml IL-1B, and 1
ng/ml TGF-B as described previously (74). The Th17 cultures were expanded in
the presence of 10 ng/ml IL-23 after 3 days. Effector cells were stimulated with
phorbol myristate acetate (PMA) (50 ng/ml) and ionomycin (500 ng/ml) for 1.5 h.

Cytokines and antibodies. The antibodies to CD3 (2C11), IL-4 (11B11), and
IFN-y (R4-6A2) used in Th cell differentiation cultures were obtained from Bio
X Cell. Antibody to CD28 was obtained from BD Pharmingen. Recombinant
human IL-2 (hIL-2), murine IL-4 (mIL-4), mIL-6, mIL-1B, and mIL-12 were
obtained from Peprotech. Recombinant hTGF- was obtained from R&D. An-
tibodies used in ChIP experiments were specific to BRG1 (J1; Weidong Wang),
H3K9,14 acetylated histones (catalog no. 06-599; Upstate/Millipore), H3K4Me3
(catalog no. 04-745; Millipore), and Stat6 (catalog no. M-200; Santa Cruz Bio-
tech).

mRNA quantitation. Total RNA was purified using RNeasy columns (Qiagen).
c¢DNA was made using iScript (Bio-Rad) according to the manufacturer’s in-
structions. The mRNA levels of cytokines and transcription factors were deter-
mined by real-time quantitative PCR (Q-PCR) using SYBR green (Qiagen) and
an ABI 7500 system. Expression levels were normalized to TATA binding pro-
tein (TBP) or B-actin as indicated. Oligonucleotide sequences are presented in
Table S3 in the supplemental material.

ChIP assay. Chromatin immunoprecipitation was performed using methods
similar to those described previously (88); details are available on request.
Approximately 100 million cells were cross-linked with 1% formaldehyde and
quenched with glycine. Cells were lysed with buffer containing 1% sodium do-
decyl sulfate (SDS), treated with micrococcal nuclease, sonicated until the av-
erage DNA size was approximately 500 bp, and adjusted to concentrations of
0.1% SDS, 1% Triton X-100, and 150 mM NaCl at 5 ml. Sonicates were pre-
cleared with protein A Sepharose (Upstate), and IP was performed with BRG1
(J1) or rabbit IgG (catalog no. sc-2027; Santa Cruz). Chromatin was collected
with protein A beads without salmon sperm DNA, washed, and eluted with
sodium bicarbonate-SDS, and cross-links were reversed, followed by protease
treatment and purification of Qiagen columns. Chromatin was quantified by
real-time PCR (Q-PCR) using an Applied Biosystems 7500 system with Sybr
green detection (Qiagen). For each primer set for each experiment, a six-point
standard curve of genomic DNA (0 to 40 ng) was compared to input and
immunoprecipitated sample curves, thus correcting for the efficiency of the
individual primer sets. Graphs indicate immunoprecipitated chromatin amounts
relative to input DNA (percent input). Downstream analysis of ChIP-seq data
and data quality is described in detail in Methods in the supplemental material.

DNase I hypersensitivity (DHS) analysis. Nuclei were purified from effector
Th cells as described previously (1). Briefly, nuclei were released by hypotonic
lysis in the presence of 0.5% NP-40 and digested with the indicated amounts of
DNase I (Worthington) for 3 min at room temperature. The samples were then
treated with proteinase K and RNase A, and the DNA was recovered after
phenol-chloroform extraction and ethanol precipitation. Stimulated effector Th2
and Thl cells were enriched with respect to viable cells prior to nuclear isolation
using a Dead Cell Removal kit (Miltenyi). DNase I accessibility was assessed by
real-time PCR of DNA (88). PCRs were performed using a QuantiTect SYBR
green PCR kit (Qiagen) per the manufacturer’s instructions and an ABI 7500
system. The DNase I sensitivity is indicated by the percentage of DNA remaining
compared to undigested sample results, and DNA content is normalized to a
known DNase I-resistant locus (Nfin or Nefin exon 1). Oligonucleotide se-
quences are presented in Table S2 in the supplemental material.

Episomal reporter assay. DNA regions surrounding the indicated BRG1 bind-
ing sites from the GATA3 locus were cloned using Phusion (Finnzymes), mouse
genomic DNA, and the indicated primers. The resulting BamHI fragments were
cloned immediately upstream (BgIII) or 2.2 kb downstream (BamHI) of the
simian virus 40 (SV40) promoter in the pREP4-luc episomal luciferase reporter
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(44). The reporter constructs were transfected into CEM cells, a human lym-
phoblastoid T cell line, by the use of an Amaxa Nucleofection V kit (C-16)
(Lonza). After 72 h, cells were either left resting or stimulated with PMA-
ionomycin for an additional 5 h and harvested for analysis of luciferase activity
by the use of a dual-luciferase reporter assay system (Promega). Results were
normalized to a pRL-SV40 cotransfected renilla luciferase control plasmid (Pro-
mega).

RESULTS

BRG1 binding globally correlates with gene activity in T
helper subsets. We purified naive T helper cells from BALB/c
mice and differentiated these cells in culture according to the
scheme presented in Fig. SIA in the supplemental material.
We found that the mRNA encoding signature cytokines and
transcription factors was restricted to the expected lineages
(Figure S1B in the supplemental material and data not shown).
We used primary cells rather than cell lines because the chro-
matin markers are more intense and more dynamic and be-
cause the physiology of the cells is better understood.

We analyzed six T helper subsets (naive, unstimulated Th1
[uTh1] unstimulated Th2, stimulated Th1, stimulated Th2, and
stimulated Th17) to systematically determine whether BRG1
binding responded to T helper differentiation or activation
signals. We used ChIP-seq to perform a genome-wide mea-
surement of the binding of BRG1, a component of the SWI/
SNF ATP-dependent remodeling enzyme. We found 7,000 to
19,000 discrete BRG1 binding regions (see Table S1 in the
supplemental material). BRG1 binding measured by ChIP-seq
was consistent with our previous analysis of binding at 1/4, II5,
1113, 112, 113, and Gmecsf by the use of standard ChIP (63, 88)
(see Figure S6a in the supplemental material). Differentiated,
stimulated cells (Th1S, Th2S, and Th17S) contained the largest
number of BRG1 binding regions, naive cells contained the
fewest, and resting differentiated cells (uTh1 and uTh2) were
intermediate. The peaks were strongest in differentiated, stim-
ulated cells and weaker in naive and resting cells. The number
of BRG1 binding regions is in good agreement with a pre-
vious report of 10,600 BRG1 binding regions in embryonic
stem (ES) cells (30). By comparison, these T helper subsets
were previously reported to contain 15,000 to 20,000
H3K4me3-modified regions, while H3K27me3 was found at
60,000 to 90,000 regions (85). The BRG1 binding regions we
identified were apparently discrete elements with a calculated
average length of about 170 bp (see Table S1 in the supple-
mental material), approximately the size of an enhancer or
DNase I-hypersensitive site. This average length was similar to
the finding in one previous report of 250-bp BRG1 binding
regions in ES cell promoters (34) and much smaller than the
6.2-kb average length determined from genome-wide analysis
of BRG1 in ES cells (30). This calculation was made using
CisGenome software, which uses a probabilistic model to iden-
tify the location, length, and statistical significance of each
binding region (33).

BRG1 has been hypothesized to function at both promoters
and distal regulatory regions. For each BRG1 binding region,
we calculated the distance to the nearest transcription start site
(TSS). In stimulated Th2 cells, BRG1 binding was frequently
found at promoters and also at distal regions more than 10 kb
upstream and downstream from TSS (Fig. 1A). The results of
determinations of the BRG1 binding region distance from the
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FIG. 1. BRGI1 binding, H3K4 trimethylation, and H3K27 trimethyl-
ation have distinct global distributions relative to transcriptional start
sites. BRG1 binding regions and H3K4me3 and H3K27me3 were iden-
tified using ChIP-seq analyses and assigned to the nearest transcription
start site (TSS) using CisGenome. The distance to the nearest TSS was
calculated using Excel. The amount of binding and the number of
modified regions over all genes were summed in each window using
Excel. The transcription start site and direction are indicated by ar-
rows. BRG1 binding data are from this study; H3K4me3 and
H3K27me3 data were published previously (85). BRG1 binding is
prominent at promoters and distal regions (10 to 100 kb), and H3K4
trimethylation is predominantly found from the TSS to kb +1, while
H3K27 trimethylation is mostly distal from the TSS (3 to 300 kb).
(A) BRG1 binding sites with respect to TSS. (B) H3K4 trimethylation
with respect to TSS. (C) H3K27 trimethylation with respect to TSS.

TSS were similar in all cases. Typically, 20% of genes possessed
BRG1 binding regions that were at least 10 kb from the nearest
promoter (Table 1), suggesting a general role for distal BRG1
binding sites in gene regulation. About 25% of the BRGI
binding sites were located within 1 kb of a transcriptional start
site, suggesting a general role for BRG1 at promoters. The
distribution of BRG1 binding regions was distinct from the
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TABLE 1. BRG1 binding relative to transcriptional start sites”
BRG1 binding window

% of all genes

ANYWHETE ..ot 46.9
Promoter ..

Distal..... .19.5
Proximal........... 217
Promoter only. 133
Distal OnLY ...c.oucveuiiiiiiiiiciiiccccceeeeeeee e 8.2
Proximal only ........cceeiiiiiiiiiceeeeceeeeeeeeeen 9.3

“ BRG1 binding regions in Th2S cells were mapped to the nearest transcrip-
tion start site (TSS) by the use of CisGenome. The distance to the nearest TSS
was calculated using Excel. Regions were assigned to categories based on dis-
tance from the TSS. Promoter, bp —300 to +100; proximal, kb —10 to —301 or
kb +101 to +10; distal, Mb —1 to bp —10,001 or bp +10,001 to Mb +1. The
percentages of all genes with BRG1 binding in these categories were calculated
using the Web tool Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
Promoter only counts genes that exclusively have promoter category BRG1
binding; promoter counts genes with promoter category BRG1 binding and
includes genes that additionally have distal and/or proximal binding.

previously reported distribution of H3K4me3, which is a
marker for active promoters (85); this suggested that targeting
and functions of these sites were independently determined
(Fig. 1B and Table 2). BRG1 binding regions were also dis-
tributed differently from those of H3K27me3, again suggesting
independent targeting and function (Fig. 1C and Table 2); the
presence of H3K27me3 is negatively correlated with gene ac-
tivity (85). BRG1 binding was distinct from these trimethyla-
tion markers at specific genes that are important in Th2 cells
(see Fig. S2 in the supplemental material).

BRGT1 has been hypothesized to preferentially support gene
activation, though BRG1 is known to activate and repress
genes in T cells (14, 41, 88, 89). We found positive global
correlation between BRG1 binding and gene activity in all
fates tested (Fig. 2). Genes with the most abundant mRNA
have more BRG1 binding regions than average, whereas genes
with the least abundant mRNA have fewer than average (Fig.
3A). For genes lacking BRG1 binding, the pattern is reversed
(Fig. 3B). (Note that the genes with the smallest amount of
mRNA were probably silent; this analysis was performed for all
genes rather than exclusively for genes defined as active be-
cause they were present above an arbitrary threshold.) This
suggested that BRG1 primarily facilitated gene activation in
these cells. A similar analysis of CD8 T cells revealed a positive
correlation of the presence of H3K4me3 with expression,
whereas that of H3K27me3 was negatively correlated with ex-
pression (6).

We identified a large number of BRG1 binding sites that

TABLE 2. Correlation of BRG1 binding with H3K4me3
and H3K27me3*

Comparison Correlation
(R?)
BRG1 v8 H3KAME3......ccoiieieieieeeteeeeeetee et 0.11
BRG1 vs H3K27ME3....cocieieieieeeeecceieeeee et 0.002

“ For each gene, the amount of BRG1 binding and the level of histone meth-
ylation were compared. The number of sequence reads in statistically significant
regions was determined using CisGenom and summed using Excel for BRG1,
H3K4me3, and H3K27me3 in Th2S cells. BRG1 data were from this study;
HeK4me3 and H3K27me3 data were previously published (85). Linear curve fit
was determined by least-squares regression. H3K4me3 is a marker for active
promoters, while H3K27me3 marks a subset of repressed genes.
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FIG. 2. BRG1 binding positively correlates with gene activity in T
helper cells. ChIP-seq and expression data were compared essentially
as described previously (6). Genes were sorted based on gene expres-
sion values (Z scores) and binned into groups of 100 genes, and the
average gene expression value for each bin was calculated. After
BRG1 tags in binding regions were assigned to the nearest transcrip-
tional start site, the BRG1 tags contained by the genes in each bin was
counted, and the average value was calculated. BRG1 binding in naive,
Th1S, Th2S, and Th17S cells was graphed against gene expression for
each bin. All graphs were scaled to the same tag frequency and Z score
range to facilitate direct comparison. Gene expression data were pub-
lished previously (85).

were distal to known TSSs; these sites could play a role in gene
activation or, alternatively, could have another function or
represent system noise. We asked whether the proximal and
distal BRG1 binding regions correlated with gene activity. We
compared gene activity for (i) all BRG1 sites, (ii) proximal sites
(within 10 kb of a TSS), and (iii) distal sites (10 to 100 kb from
a TSS). All of these classes of BRG1 binding sites positively
correlated with gene activity (Fig. 3C). BRG1 binding at all
distances from TSSs was enriched in highly expressed genes
(Fig. 3D). Together, these data support the hypothesis that
BRG1 regulates gene expression through both distal and prox-
imal sites.

Recently, a unifying model was proposed in which promot-
ers in CpG islands might be independent of SWI/SNF function
and non-CpGe-island promoters might require SWI/SNF func-
tion because of low nucleosome stability at the CpG promoters
(64). In contrast, others found that human regulatory regions
(including promoters) in T cells have high nucleosomal occu-
pancy, which is correlated with high GC content (80). Among
all of the genes examined, we found that BRG1 binding was
modestly enriched in genes with high levels of CpG content
promoters and underrepresented in genes with intermediate or
low levels of CpG content promoters in Th2S cells (Fig. 4).
BRG1 sites at the corresponding promoter were most sensitive
to promoter CpG content, while distal BRG1 binding sites
were less sensitive, suggesting that the function of distal BRG1
sites might be independent of promoter CpG type (Fig. 4).
Among the genes reported to be regulated by BRG1 in T
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FIG. 3. Distal and proximal BRG1 binding sites positively correlate with gene activity. (A) Highly expressed genes have more BRG1 binding
regions. The number of BRG1 binding regions was counted for each gene. The percentage of genes that have the indicated number of binding
regions was graphed for all genes (19,050 genes), “high” genes (the 2,032 genes with the most abundant mRNA), and “low” genes (the 1,208 genes
with the least abundant mRNA). A total of 3.9% of the high genes had 7 or more BRG1 binding regions versus 0.08% of the low genes. (B) Genes
with the lowest level of expression are more likely to lack BRG1 binding regions. A total of 80% of the low genes had no BRG1 binding versus
28% of the high genes. (C) Distal BRG1 binding and proximal BRG1 binding positively correlate with gene activity. Genes were sorted based on
gene expression values (Z scores) and binned into groups of 100 genes, and the average gene expression level for each bin was calculated. BRG1
tags in binding regions were assigned to the nearest transcriptional start site, except for the proximal sites, for which only BRG1 binding from kb
—10 to kb +10 with respect to the TSS was counted, while for distal sites only BRG1 binding from kb —100 to kb —10 and kb +10 to kb +100
kb was counted. BRG1 binding was graphed against gene expression for each bin. All graphs were scaled to the same tag frequency and Z score
range to facilitate direct comparison. Gene expression data were published previously (85). (D) BRG1 binding is enriched in highly expressed genes
at all distances relative to the TSS. The percentages of genes in each category with a BRG1 binding region at the indicated interval from the TSS
are graphed. At every interval, the high genes are overrepresented and the low genes are underrepresented relative to all genes.

helper cells (41, 88, 89), there was one high-level CpG pro- activation (11, 43). In contrast, we found that stimulation of
moter (/112rB2), there were four intermediate-level CpG pro- Th1 and Th2 cells rapidly changed BRG1 binding at a subset of
moters (Ifnvy, 114, 115, and 1110), and there was one low-level BRGT sites in a small number of genes (63, 88). This change

CpG promoter (1113). occurred after differentiation was complete and was dependent
BRG1 binding changes during T cell activation. Previously, on the activation-specific transcription factor NFAT at the

we found that binding of another remodeling ATPase, SNF2H, LCR in the Th2 cluster.

was not strongly dependent on activation (63). Histone modi- Global comparison of unstimulated versus stimulated cells

fications were also reported to be relatively stable during T cell following differentiation revealed redistribution of BRG1
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FIG. 4. Promoter CpG content and BRG1 binding in Th2S cells.
Genes were grouped by promoter type as high CpG promoter (Hi CpG
Pro), intermediate CpG promoter (Int CpG pro), or low CpG pro-
moter (Low CpG pro) according to a previously published promoter
CpG content list (47). Genes not found in that list are not shown as a
separate type; “All pro” includes all 4 classes. Genes were also grouped
by BRGI binding class; “all” includes genes with at least 1 BRG1
binding region anywhere; “distal” includes genes that have at least one
BRG1 binding region in the interval Mb —1 to kb —10 or kb +10 to
Mb +1; “proximal” includes genes that have at least one BRG1 bind-
ing region in the interval kb —10 to kb —300 or kb +100 to kb 10;
“promoter” includes genes that have at least one BRG1 binding region
in the interval kb —300 to +100. For each BRG1 binding class, the
height of a promoter class bar indicates the percentage of promoters of
that type with BRG1 binding of that class. As shown in Table 1, BRG1
binding to genes as promoter sites and BRG1 binding to genes as distal
sites are not mutually exclusive. High CpG promoter genes included
those encoding Tbx21, Gata3, c-Maf, Ltp, Rad50, Statl, Stat3, Stat5a,
Stat6, IL-12r-B2, and Ahr; intermediate CpG promoter genes included
those encoding IFN-y, IL-4, IL-5, IL-17a, IL-10, IL-2, FoxP3, TNF,
Stat4, and Stat5b; low CpG promoter genes included Rorc, I117f, 1113,
121, 113, Gmesf, Ccr2, Cer3, and CcrS.
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binding (Fig. SA and B). This was at the same time that cyto-
kine mRNA expression was also strongly induced by stimula-
tion (see Fig. S1B in the supplemental material). Thousands of
BRG1 binding regions were lost and gained in both the Thl
and Th2 fates following brief (1.5-h) stimulation. In each lin-
eage, unstimulated and stimulated cells shared approximately
6,000 BRG1 binding regions. We identified immediate-early
genes as a members of a gene class that were induced by T cell
activation in a lineage-independent manner; these genes had
more BRG1 binding regions in stimulated cells than in un-
stimulated cells (Fig. 5C). Examination of activation-inducible
cytokines genes revealed similar features.

We asked whether these global patterns were typical of
specific genes regulated by T cell activation. BRG1 binding
regions in the immediate-early transcription factor EGR1 were
more abundant and stronger following stimulation (Fig. 6A).
We confirmed these findings using standard ChIP and inde-
pendent samples (Fig. 6B). BRG1 binding did not correlate
with a histone modification frequently found at immediate-
early genes (H3S10PK14ac), suggesting independent targeting
for BRG1 binding and this histone marker (Fig. 6C). Several of
the BRG1 binding regions associated with c-myc are very distal
upstream regions implicated in human cancers, and one distal
BRG1 binding region we found was adjacent to a recently
identified distal myc human enhancer (72, 87). Together, these
findings suggest a role for BRG1 in establishing activation-
induced gene expression.

We identified genes that were repressed in both Thl and
Th2 cells following stimulation (Fig. SD). At Pdcd4, StSsia4,
Rb1, Rbl1, RbI2, KIf3, Embigin, and Sema4f, fewer BRG1 bind-
ing regions were found in stimulated Th1 and Th2 cells than in
resting cells (Fig. 6D and data not shown). BRG1 binding
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FIG. 5. Global activation-specific BRG1 binding. (A and B) Global redistribution of BRG1 binding. BRG1 binding regions were compared in
Th2 cells (A) and Th1 cells (B). The numbers of BRG1 binding regions that are unique to stimulated cells, unique to resting cells, and shared are
shown. The percentage for the regions unique to stimulated cells (Th2S and Th1S) represents the number of BRG1 binding regions unique for
stimulated cells divided by the total number of BRG1 binding regions in stimulated cells. The percentage for regions unique to resting cells (uTh2
and uTh1) represents the number of BRG1 binding regions unique for resting cells divided by the total number of BRG1 binding regions in resting
cells. (C) For each immediate-early gene, the ratio of BRG1 binding regions in stimulated versus resting Th2 cells was calculated; the horizontal
line at 1 on the y axis indicates the position at which unchanged genes would be located. (D) Regulation of mRNA amounts by activation of Th2
cells. mRNA was prepared from resting and activated Th2 cells, synthesized with cDNA, and quantified using Q-RT-PCR. Each mRNA ratios
represents the log, amount of mRNA in activated cells divided by the amount in resting cells, so values greater than zero represent activation-
induced genes (black bars) whereas genes expressed at higher levels in resting cells have values less than zero (light bars).
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FIG. 6. Activation-specific BRG1 binding at specific genes. (A and D) ChIP-seq profiles for resting (uTh1 and uTh2) and activated (Th1S and
Th2S) cells are shown. The BRG1 occupancy values (y axis) are identical for all graphs to allow direct comparison (minimum tag frequency of 0,
maximum tag frequency of 1.14 X 10~°). Asterisks indicate statistically significant BRG1 binding regions identified using CisGenome. Genes are
indicated as boxes below the profiles, and the arrows inside the boxes indicate the direction of transcription. (A) For the Egrl locus, Chrl18, nt
35010000 to 35030000 (MM9) are shown. A scale bar indicates 2 kb along the x axis. Downward pointing arrows indicate regions analyzed by
standard ChIP as shown in panels B and C. (D) For the Pdcd4 locus, Chr19, nt 53950000 to 54020000 (MMO9) are shown. A scale bar indicates
10 kb along the x axis. (B) BRG1 binding was measured by standard ChIP, and the results were normalized to the input samples. Control IgG ChIP
results were similar to those obtained with Nfm, a negative-control locus. The y axis labels indicate distances from the Egrl TSS in kilobases. This
experiment was a biological replicate of the ChIP-seq experiment whose results are depicted in Fig. 6A (but performed with different mice, with
cells harvested on different days, etc.). (C) H3S10pK14ac levels were measured by standard ChIP and normalized to the input samples. Control
IgG IP results were similar to those obtained with Nfin (Nefi exon 1), a negative-control locus. The locus position is indicated with respect to
distance from the Egrl TSS in kilobases. This experiment was performed using the same chromatin used for the BRG1 ChIP whose results are
shown in panel B.

again positively correlated with gene activity, suggesting a role
for BRG1 in maintaining expression of these genes in resting
cells.

Thus, brief stimulation of T helper cells strongly altered the
pattern of BRG1 binding, both globally and at specific genes.
This finding contrasts with our previous finding that SNF2H
binding is relatively insensitive to T cell activation (63) and
with reports that histone modifications are relatively stable
during T cell activation (11, 43). These findings suggest that
there is a tighter temporal link between BRG1 binding and
gene activity than exists for SNF2H or histone modifications

and that BRG1 binding positively correlated with the activity
of activation-induced and activation-repressed genes.

BRG1 binding changes during T helper differentiation. We
asked whether the global pattern of BRG1 binding changed
during differentiation of naive cells to the Th1, Th2, and Th17
fates in response to lineage-programming signals. Previously,
BRG1 was found to have a functional role in Thl and Th2
differentiation (41, 88, 89). Approximately one-fourth of the
BRG1 binding regions found in each fate were absent in the
other fates (Table 3). There was also a conserved core of 6,000
BRG1 binding regions shared by differentiated T helper cells
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TABLE 3. BRGI redistribution during T cell differentiation”

BRG1 binding

region(s) No. of peaks % total
N only 1,603 23.10
1S only 2,573 17.10
2S only 4,171 24.10
17S only 5,521 33.60
1S/28/17S 6,504 40.00
N/1S/25/17S 2,420 14.90

“The percent total value for the N-only number of BRG1 binding regions
represents the number of N BRG1 binding regions not found in 1S, 2S, or 17S
divided by the total number of N BRG1 binding regions. 1S, 2S, and 17S
percentages were calculated similarly. The percent value for the 15/2S/17S num-
ber of BRG1 binding regions represents the number of BRG1 binding regions
shared by 1S/2S/17S divided by the average number of binding regions in Th1S,
Th2S, and Th17S. The percent value for the N/1S/2S/17S number of BRG1
binding regions represents the number of BRG1 binding regions shared by
N/1S/28/17S divided by the average number of binding regions in Th1S, Th2S,
and Th17S.

(Th1S, Th2S, and Thl17S), suggesting significant functional
similarity. In contrast, fewer shared binding regions were
found when the naive subset was also included. As is consistent
with these numbers, BRG1 binding in Th2S cells correlated
best with Th1S cells, correlated well with resting Th2 cells, cor-
related less with naive T helper cells, and correlated least with ES
cells (Table 4). Thus, global comparison of naive cells to differ-
entiated cells revealed widespread redistribution of BRG1 bind-
ing in response to lineage signals, which is consistent with a role
for BRGL1 in programming the fates of those cells.

We asked whether these genome-wide averages were repre-
sentative of the remodeling landscape at specific genes with
known fate-specific roles in T helper differentiation and func-
tion. For each differentiated cell fate, we analyzed one lineage-
specific cytokine and one lineage-specific transcription factor.
We compared 6 cell types; for clarity, uThl and uTh2 are
shown only for the Thl- and Th2-specific genes, respectively
(Fig. 7). Several general principles emerged. (i) BRG1 binding
regions were more numerous and stronger under conditions
where genes were expressed, as with activation-induced genes.
(ii) BRG1 binding was found at promoters and distal regions;
some genes (e.g., some housekeeping genes and small genes)
had only promoter binding or only distal binding (I//7a and
1117f). (iii) BRG1 binding to previously identified elements
such as enhancers, LCRs, cohesin binding sites, DHS, and
histone modification sites correlated with the regulation of the
target genes. (iv) Regulation of BRG1 binding often correlated
best with expression of a distal gene. Regulation of BRG1
binding within housekeeping genes (Rad50, Taf3, and Tbkbpl)
often correlated better with expression of genes adjacent to
tissue-specific genes, suggesting that regulatory regions for tis-
sue-specific genes were often embedded in adjacent house-
keeping genes. (v) BRG1 binding was often found at the pro-
moters of active housekeeping genes. (vi) BRG1 binding
results determined by ChIP-seq were in good agreement with
the results of our previously published assays performed by
standard ChIP (63, 88).

We hypothesize that the BRG1 binding regions we identified
may be cis-regulatory elements for transcription. Many of
these sites are newly identified in this report. We also note that
BRG1 binding overlaps with a subset of the known and puta-
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TABLE 4. Correlation of BRG1 binding in different cell fates”

Ie . Correlation
omparison (R?)
ThIS VS Th2S...eiieeeeeeeeeeeee et 0.85

“ BRG1 binding levels in each gene were compared for two cell fates. The
number of sequence reads in statistically significant regions in Th2S, Th1S, uTh2,
naive, and ES cells was determined using CisGenome and summed using Excel
for BRG1. Th2S, Th1S, uTh2, and naive data were from this study; ES data were
previously published (30). Linear curve fit was determined by least-squares
regression.

tive regulatory regions found in these loci, again suggesting
that we are identifying functional regions. For example, BRG1
binding markers CNS4, -5, and -7 are H3 hyperacetylation sites
previously identified at the /117a-1117f locus (2). At Ifny, BRG1
binding at kb +2, 54.5, and 65 was Th1 specific; the positions
at kb —21.8, +2, 17.9, and 54.5 appear to overlap previously
reported regions of histone modification and cohesin binding
(7, 26). At the Il4-115-1113 locus, we detected BRG1 binding at
CNS2-HSV, the Il4 promoter, CNS1, /13 CGRE, RHS7,
RHS6b, RHS64a, and the Rad50 promoter, in agreement with
our previous standard ChIP results (88). We also detected
BRG1 binding at STATS binding sites in Kif3a (42). The distal
elements RHS7, CNS1, HSV/HSVa, and HSIV regulate the
neighboring 1l4, 1113, and II5 genes (5, 40, 49, 71).

We found many BRG1 binding regions at clusters of active
genes, e.g., the Il4, II5, 1113 cluster (chromosome 11 [Chrll],
nucleotides [nt] 53350000 to 53600000), the CCR2, CCR3, CCR5
cluster (Chr9, nt 123900000 to 124076172), and the major histo-
compatibility complex (MHC) cluster (Chr17, nt 34000000 to
36500000) (Fig. 7 and data not shown). We believed that this
pattern could be correlated with the activity of these specific
genes; alternatively, the correlation could be to gene density or
overall gene activity, as previously found in some cases for chro-
mosome structure (23, 45). We examined BRG1 binding at gene-
dense clusters of genes that are inactive in Th2S cells (the basic
keratin cluster (Chrl5, nt 101200000 to 101900000), the acidic
keratin cluster (Chr11, nt 99100000 to 100100000), the epidermal
differentiation complex (Chr3, nt 91200000 to 93300000), and the
olfactory receptor cluster (Chr17, nt 37200000 to 38500000), We
found few, if any, BRG1 binding regions (data not shown), sug-
gesting that gene activity correlated with BRG1 binding but not
with gene density or gene clustering.

The consistent pattern that emerges from global analysis and
from analysis of specific cytokine and transcription factor
genes is that more and stronger BRG1 binding regions were
found under the same conditions as those in which these genes
are expressed. Importantly, many of these binding regions ob-
served in differentiated cells had little or no BRG1 occupancy
in the naive precursor cells. Moreover, BRG1 binding was
distinct from the presence of H3K4me3 and H3K27me3 (Fig.
1 [see also Fig. S2 in the supplemental material] and data not
shown). Together, these findings suggest that BRG1 might be
a marker for regulatory regions of these genes or might directly
regulate expression of these genes.

Tissue-specific BRG1 binding. The analyses presented
above were performed using 6 T helper subsets that are devel-
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FIG. 7. Lineage-specific BRG1 binding. Signature cytokines (A, C, and E) and transcription factors (B, D, and F) are shown. Th1-specific (A
and B), Th2-specific (C and D), and Th17-specific (E and F) genes were compared. ChIP-seq profiles for naive, Th1S, Th2S, and Th17S cells are
shown for each gene; the uTh1 profile is shown for Th1 genes; and the uTh2 profile is shown for Th2 genes. BRG1 occupancy range values (y axis)
are identical for all graphs to allow direct comparisons (minimum tag frequency of 0, maximum tag frequency of 1.14 X 10~°). Vertical arrows
indicate lineage-specific BRG1 binding identified using CisGenome. Asterisks indicate statistically significant BRG1 binding regions identified
using CisGenome. Each panel contains a scale bar for the x axis (genomic location). Genes are indicated as boxes with names below, and arrows
inside the boxes indicate the direction of transcription. Note that the Rorc gene produces the ROR-y mRNA; the ROR-yT (T-cell specific)
transcript initiates from an internal, downstream promoter within the Rorc gene. Gata3 promoter A is 10 kb upstream of the indicated Gata3 gene.
The genomic coordinates represented (MM9 assembly) are as follows: (A) for Ifny, Chr10, nt 117820000 to 117960000; (B) for 7bx21, Chrll, nt
96930000 to 970200005 (C) for 114, 115, and 1113, Chrl1, nt 53370000 to 53570000; (D) for Gata3, Chr2, nt 8700000 to 10000000; (E) for //17a and
1117f, Chrl, nt 20680000 to 20820000; (F) for Rorc, Chr3, nt 94140000 to 94230000.

opmentally similar. We asked whether BRG1 binding might be
regulated in a tissue-specific manner. First, we examined more
distantly related tissue by performing ChIP using samples from
mouse brain tissue. Analysis performed using ChIP-seq and
standard ChIP T cells revealed the absence of BRG1 binding

to loci in the brain-specific neurofilament genes Nefl and Nefin
(Fig. 8A and B). In contrast, strong BRG1 binding was de-
tected in mouse brain tissue within the neuron-specific neuro-
filament genes, including binding at Nefim exon 1, one of our
standard negative controls for BRG1 binding in T cell studies
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FIG. 8. Tissue-specific BRG1 binding. (A) ChIP-seq profiles for
Th2S cells are shown. BRG1 occupancy (y axis) is again plotted from
the minimum tag frequency of 0 to a maximum tag frequency of 1.14 X
1075, A scale bar indicates 20 kb along the x axis. No statistically
significant BRG1 binding regions were identified using CisGenome in
this interval for any T helper subset. Genes are indicated as arrows
on the profiles, indicating the direction of transcription; Chr18, nt
35014000 to 35025000 (MM9) is shown. (B) BRG1 binding in mouse T
cells was measured by standard ChIP and normalized to the input
samples. The value representing 2 times the average control IgG IP
result is indicated by the dashed line; Nfim is a negative-control locus
in T cells (Nefm exon 1). The locus data represent details of features
shown in panel A. This experiment was a biological replicate of the
ChIP-seq whose results are shown in panel A (but with different
mice, with cells harvested on different days, etc.). (C) BRG1 binding
in mouse brain tissue was measured by standard ChIP and normal-
ized to the input samples. The value representing 2 times the av-
erage control IgG IP result is indicated by the dashed line. RHS7 is
a positive-control locus in Th2 cells. The locus data represent de-
tails of features shown in panel A.

(Fig. 8C). Next, we compared our BRG1 binding results to the
findings of a recent study performed using ES cells (30). There
was little if any BRG1 binding to the 14, -5, and -13 genes in
ES cells, in contrast to the results seen in experiments inves-
tigating the same region in Th2S cells (see Fig. S3 in the
supplemental material). Examination of the Nanog pluripo-
tency gene revealed BRG1 binding regions in ES cells, as
reported, but not in Th2S cells (see Fig. S3 in the supplemental
material). Global correlation of BRG1 binding in Th2S cells
with binding in ES cells was much weaker than correlation with
binding in other T cell fates (Table 4) or with the presence of
H3K4me3 in Th2S cells (Table 2). Together, these results
suggest that the BRG1 binding pattern is specific to the tissue
type, as well as to the differentiation and activation states.
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BRGI1 binds to miRNA genes in T helper subsets. We hy-
pothesized that BRG1 might regulate expression of noncoding
RNA genes. We asked whether BRG1 binding was regulated
in the vicinity of the miRNA transcription units shown to help
determine T helper function. A number of studies have found
an important role for miRNAs in T helper cells. Differentiated
T helper cells from miR-155-null mice produced more IL-4
and IL-5, whereas IFN-y levels were reduced, suggesting that
miR-155 plays a role in T helper polarization (10, 66, 78). Th17
differentiation and multiple sclerosis (MS) were found to be
regulated by miR-326 expression; MS was also linked to the
overlapping beta-arrestin gene (18, 56, 68). miR-146a was
found to be misregulated in cases of systemic lupus erythem-
atosus (76). Expression of miR146 is upregulated in Th1 cells
but not Th2 cells, and miR-155 is upregulated in Th1 and Th2
cells (10, 50). Recently, many miRNA promoters were mapped
using chromatin structure markers (11, 59).

We found that BRG1 binding in the vicinity of several
miRNA transcription units correlated with the reported ex-
pression pattern. BRG1 binding at the miR-146am, miR-155,
and miR326 loci was consistent with the reported expression
pattern (Fig. 9). We also find BRG1 at a limited number of
miRNA processing sites, such as miR-155. As miRNA process-
ing is initially cotranscriptional (51), it is possible that the
chromatin structure is regulating RNA processing events, as
recently suggested (73). BRG1 was found at the miR-181c,d
cluster preferentially in activated cells and in the Let-7a-1, -f-1,
and -d cluster (Fig. 9 and data not shown). These findings are
in agreement with a recent report that BRG1 regulates myo-
blast miRNA transcription (46). Together, these findings sug-
gest that BRG1 may regulate RNA-coding genes.

Stat binding and BRG1 binding. Previously we found that
STAT6 could bind BRG1 and recruit BRG1 to the LCR in
the 114-1151113 cluster (88). We compared BRG1 binding to
recently published results for STAT4, -5a, -5b, and -6 (42,
86). Many BRG1 binding regions in the Gata3 locus and the
Th2 cluster were occupied by STAT6 and/or STATS in Th2S
cells, including the LCR in the [I4-1I51]13 cluster (Fig. 10).
Globally, Stat6 binding in stimulated Th2 cells correlated
best with BRG1 binding in stimulated Th2 cells; correlation
was weaker in resting Th2 cells, and poor in naive cells
(Table 5). This was consistent with results showing Stat6
recruitment of BRG1 to a subset of binding regions. This
did not agree well with the model that BRG1 might bind to
sites in naive cells to facilitate later binding of Stat tran-
scription factors. At the Tbx21 and miR-146a loci, many
BRGI1 binding regions were also occupied by STAT4 in
Th1S cells (see Fig. S4A and B in the supplemental mate-
rial). Tbx21 and miR-146a are strongly expressed in Thl
cells, which is consistent with the known role of Stat4 in expres-
sion of Thl-specific genes. Stat6 and Stat4 were also found at
BRGI binding regions in the activation-specific gene Egr! (see
Fig. S4C in the supplemental material), suggesting that the func-
tion of these transcription factors extended beyond regulation of
lineage-specific genes. We also identified regions that appeared to
bind only BRG1 or STAT:.

Novel BRG1 binding sites distal to the Gata3 promoters
possess enhancer-like activity. We frequently noted the pattern
of distal BRG1 binding regions that positively correlated with
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FIG. 9. BRGI binding to miRNA loci is specific with respect to
lineage and activation. BRG1 binding to miRNA loci was measured by
ChIP-seq, and the results obtained for T helper subsets were com-
pared. The BRG1 occupancy range values (y axis) are identical for all
graphs to allow direct comparison (minimum tag frequency of 0, max-
imum tag frequency of 1.14 X 107°). Asterisks indicate statistically
significant BRG1 binding regions identified using CisGenome. Each
panel contains a scale bar for the x axis (genomic location). Genes are
indicated as boxes with names below, and arrows inside the boxes
indicate the direction of transcription. Mature miRNA locations are
marked as bars; the direction of transcription is indicated with arrows.
Predicted transcriptional start sites are indicated with arrows (“T”
represents T cell predictions [11], “C” represents cancer cell predic-
tions [59]). CpG islands are marked as vertical bars. (A) For miR-146a,
Chrl1, nt 43157899 to 43217963. (B) For miR-155, Chr16, nt 84684385
to 84744449. (C) For miR-326, Chr7, nt 106670000 to 106730000.
(D) For miRNA 181c, 181d, 23a, 27a, and 24-2 clusters, Chr§, nt
86690000 to 86750000.

gene activity, suggesting a functional role. Often, those distal
regions were located in neighboring housekeeping genes or gene-
free regions. We used Gata3 as a test case to investigate whether
these distal BRG1 binding regions might be functional.

Gata3 is required for T cell development (27, 81) and Th2
fate (90) as well as development of heart, brain, kidney, and
mammary epithelia. A 625-kb fragment that rescues Gata3
expression at many regions in the body appears to lack the
sequences required to direct expression in the thymus and at
other locations (39), suggesting that distal unidentified ele-
ments are critical for T cell expression of Gata3 and that the
known proximal sequences are insufficient for that expression.

First, we used standard ChIP to examine BRG1 binding to
several sites we had identified by ChIP-seq. As is consistent
with the ChIP-seq data, we found all of the tested sites bound
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BRG1 and that binding in Th2S cells was stronger at most sites
than in Th1S cells (Fig. 11A), validating some of the ChIP-seq
data using a biologically independent sample. BRG1 occu-
pancy at distal sites was similar to or greater than BRGI1
binding to the GATA3 promoters.

Next, we examined targeting of BRG1 to the Gata3 locus.
BRG1 binding to GATA3 at kb 761, 731, 284, 196, and —123
was reduced or absent when naive cells from STAT6 knockout
(KO) mice were differentiated under Th2 conditions (Fig.
11C). All of these sites appear to have STAT6 binding (Fig.
10A). This indicated that Stat6 was necessary for BRG1 bind-
ing to these sites, probably through direct recruitment. H3K4
monomethylation (an enhancer marker) was not different from
the neuronal control locus at kb +736, suggesting that
H3K4mel was not necessary for BRG1 binding; moreover,
H3K4mel was not lost at kb +284 or +196 in Stat6 KO cells,
suggesting that H3K4mel was not sufficient for BRG1 recruit-
ment (Fig. 11D). BRG1 binding was also distinct from that of
H3K4 trimethylation (a promoter marker) and H3K9,14ac (an
active chromatin marker), suggesting that these features were
not sufficient for BRG1 binding (Fig. 11B and data not shown).
H3K4me3 was strongest around promoter B; in our system,
most of the GATA3 mRNA was produced from promoter B in
Th2S cells (data not shown). H3K4 trimethylation results were
in good agreement with published ChIP-seq data (85) (see also
Fig. S2D in the supplemental material).

Next, we asked whether the BRG1 binding regions were in
open or closed chromatin conformation; open chromatin, de-
tected as DNase I hypersensitivity (DHS), frequently corre-
lates with active cis elements (4, 16, 25, 67). The five tested
distal BRG1 elements at kb +761, +736, +284, +196 and
—123 were all DNase I hypersensitive (Fig. 12A and data not
shown). In particular, kb +761 and +736 were Th2 specific,
which is consistent with their BRG1 binding specificity. Four
regions that did not bind BRG1 were not DHS in Th1 or Th2
cells (Fig. 12B and data not shown). DHS was found at kb +10
in Th1 and Th2 cells (Fig. 12C), which is consistent with BRG1
binding to this element in Th1 and Th2 cells. These findings
expand on our previous observations that both GATA3 pro-
moters and CNS3 bound BRG1 that and promoter A exhibited
BRG1-dependent DHS (88).

Finally, we tested whether these newly identified distal ele-
ments could increase expression of a reporter construct. Five
novel, distal BRG1 binding elements were tested in an epi-
somal reporter assay, as episomes have been reported to more
closely recapitulate native chromatin structure than standard
transient-transfection templates (70). All five elements acti-
vated expression of a reporter when located immediately up-
stream Fig. 12D) or 2.2 kb downstream (Fig. 12E) of a re-
porter. These BRG1 binding regions also exhibit DHS (Fig.
12A and data not shown). The kb +736 element was strongly
induced by stimulation; consistent with this finding, kb +736
DNase I HS was inducible by activation in Th2 cells, and this
was the only element in this group with activation-induced
BRG1 binding in Th2 cells (Fig. 11A). Cotransfection of short
hairpin RNA (shRNA) for BRG1 with the kb +736 element
reduced enhancer function, revealing that the activity of the kb
+736 element was dependent on the presence of BRG1 (Fig.
12F). None of these elements were active in nonepisomal vec-
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FIG. 10. BRG1 binding occurs at STAT binding sites. ChIP-seq profiles from Th2S cells for BRG1, STAT6, STATS5A, and STATSB are
shown. BRG1 data are from this study, while Stat6 data are from reference 86 and Stat5 data are from reference 42. Occupancy range values
(v axis) are identical for all graphs to allow direct comparison (minimum tag frequency of 0, maximum tag frequency of 1.14 X 107%).
Asterisks indicate statistically significant binding regions identified using CisGenome. Each panel contains a scale bar for the x axis (genomic
location). Gene exons are indicated as vertical bars with names on the side, and arrows indicate the direction of transcription. Gata3
promoter A is 10 kb upstream (rightward) of the indicated Gata3 gene. The BRG1 data from Fig. 6 are repeated here to facilitate direct
comparison. The genomic coordinates represented (MM9 assembly) are as follows: (A) for Gata3, Chr2, nt 8700000 to 10000000; (B) for
14, 115, and 1113, Chr11, nt 53370000 to 53570000.

tors, suggesting that their function might require chromatin
with physiologic properties (Fig. 12G). Four regions lacking

TABLE 5. Correlation of Stat6 binding to BRG1 binding in BRG1 binding that were also insensitive to DNase I (Fig. 12B
different cell fates and data not shown) were tested in the episomal reporter
i Correlation assay; none were able to increase reporter activity (Fig. 12H).
Comparison (R Together, these results indicate that distal BRG1 binding re-
N R 0.27 gions have BRG1-dependent enhancer-like activity.
uTh2 BRG1 vs Th2S Stat6.... .0.18
Naive BRG1 vs Th2S Stat6 .......cccccceueuviiiiiiiiciiiiciciiiiccecieene 0.05

DISCUSSION

“For each gene, the amount of BRG1 binding and the amount of Stat6 .
binding were compared. The number of sequence reads in statistically significant Previously, we found that BRG1 was a regulator of Th2

regions in Th2S, uTh2, naive, and Stat6 in Th2S cells was determined using differentiation and directly regulated cytokine transcription

CisGenome and summed using Excel for BRG1. Th2S, uTh2, and naive data dch . 88). H ded Ivsi
were from this study; Stat6 data were previously published (86). Linear curve fit and chromatin structure (88). Here, we expanded our analysis

was determined by least-squares regression. of BRG1 to include other T helper subsets, and we expanded
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FIG. 11. Distal BRG1 binding sites in Gata3 are programmed by
Stat6. (A) Standard ChIP was used to measure BRG1 binding in
resting Th1, stimulated Th1, resting Th2, and stimulated Th2 cells. The
samples were biological replicates of the ChIP-seq samples (but with
different mice, with cells harvested on different days, etc.). x axis labels
indicate distances in kilobases from promoter B: promoter A is at
kb —10.2; CNS3 is at kb +1.7. Nfim is a negative-control locus for
BRG1 in T cells (Nefin exon 1 in Fig. 8). The results of ChIP-seq for
BRGI1 from Fig. 7D are shown again to facilitate direct comparisons.
(B) Standard ChIP was used to measure H3K4 trimethylation in the
Gata3 locus in resting Thl, stimulated Thl, resting Th2, and stimu-
lated Th2 cells. Chromatin from the same cells whose results are shown
in panel A was analyzed at the same time, to facilitate direct compar-
isons. (C and D) Standard ChIP was used to measure BRG 1 binding
(C) and H3K4 monomethylation (D) in the Gata3 locus in stimulated
cells cultured under stimulated Th2 conditions and made from cells of
wild-type (WT) mice (white bars) and STAT6-null mice (black bars).
The same chromatin was analyzed in both panels to facilitate direct
comparisons.

our studies from two loci to the entire genome. We used
primary cells because the chromatin markers are stronger and
more dynamic than in cell lines. We used global analysis to
determine the general principles of BRG1 binding at all T
helper genes, as well as analysis of specific genes of known
importance to determine whether these general rules were
typical of key T cell genes. Our comparison of our data with
recently published data for histone modifications and tran-
scription factors in these cells reveals both important similar-
ities and differences among these factors. Activation signals
and lineage signals both play important roles in programming
BRG1 binding. BRG1 binding was also tissue specific, as T
helper cell BRG1 binding was different from that seen with
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brain and ES cells. BRG1 binding was dynamic, as activation of
T helper cells resulted in redistribution of BRG1 after only
1.5 h. In contrast, binding of the remodeling enzyme SNF2H in
T cells is not strongly regulated by activation (63). We found
that BRG1 binding positively correlated with gene activity at
proximal and distal regions, suggesting that both of these types
of regions are involved in gene activation. BRG1 binding cor-
related with tissue-specific and activation-specific expression of
protein-coding and miRNA genes. Newly identified distal
BRG1 binding regions in the GATA3 locus were specific with
respect to fate and hypersensitive to DNase I and possessed
BRG1-dependent enhancer-like activity. BRG1 binding to
these regions was dependent on the presence of STAT6. Be-
cause we found that BRG1 bound to several known enhancers
when they were active and that the tested BRG1 binding re-
gions were able to activate transcription from reporters, we
suggest that BRG1 binding appears to be a novel marker for
cis-regulatory regions.

BRGT1 binding was found at discrete sites averaging 170 bp
in length. This is approximately the size of a nucleosome,
enhancer, or DNase I HS. We did not observe gene clusters,
entire genes, or transcribed gene bodies that were coated with
BRG1. BRG1 binding regions often corresponded to a subset
of sites of enhancers, histone modifications, DNase I HS, and
cohesin binding sites in well-annotated regions of the T helper
cell genome. Transcription factor recruitment was also found
at the tested BRG1 binding sites. While both BRG1 binding
and H3K4 trimethylation were enriched at active genes, many
BRG1 binding regions were not enriched for H3K4me3, sug-
gesting independent targeting and function. This was especially
true of distal BRGI1 sites, consistent with the promoter-prox-
imal location of most H3K4me3 sites.

Globally, we observed BRG1 binding associated with gene
expression, suggesting that BRG1 served as an activator in
most cases. However, we do not exclude the possibility that
BRG1 may play a more limited role in transcriptional repres-
sion as well. For example, we observed BRG1 binding to HSIV
of the Th2 cluster in Th1 cells; HSIV is an IL-4 silencer in Th1
cells (5). BRGI1 has been found to be a repressor of CD4
expression during T cell development (14). We hypothesize
that BRG1 binding is a marker for active chromatin rather
than for active genes. BRG1 binding to a particular locus likely
exerts combinatorial gene regulation by the activity of multiple
positive and negative cis-regulatory elements. This model is
also consistent with our detection of lineage-specific and non-
restricted BRG1 binding sites in the signature cytokine loci
and transcription factors. BRG1 binding was enriched in a
lineage-specific manner, though it was not absolutely re-
stricted. This is in contrast to the results seen with H3K4me3,
which appears to be a marker of recent promoter activity.

We hypothesize that we have been measuring active BRG1
complexes at many of the binding regions we have identified.
Our previous analysis of BRG1- and SNF2H-remodeling en-
zymes at several loci found that partial loss of function induced
using knockdown reagents altered chromatin structure and
gene expression at a subset of the loci bound by the remodeling
enzymes, suggesting that direct binding was important for
chromatin remodeling (63, 88). However, we note that others
have identified BRG1 binding to chromatin by analysis using
mutants lacking ATPase activity (17, 32), suggesting that



VoL. 31, 2011 DYNAMIC BRG1 RECRUITMENT 1525

+761 +736 -20k +323k  C  +10k
Th1s
100 100! 100 100 V":” 1004-#-Th2
z z z z 2 )
8 ]l--Th1s © fa} —<>—Th1s =} o
c\" +Th2$ a\° c\c +Th2$ a\°0 R
0 12 G 12
DNaseI ug/ml DNaseI (ug/ml) DNasel (ug/ml)
Dgo 7 F G10 H
£30 30 Con Con 10 P+l
2 ] Dggln So4f yOCon g EPH £s EPH £8 -
-— [=
570 u £18 WP+ S 26 36
520 212 5 24 =
510] iﬂﬁﬁh Zs i 2, 3,
2 < 2 £ =
) € o 5077 g e g %O,uﬂm N v
¢ 23838% geBg8y ¢ > r 2n EloTkyon o 259933
SErQT T TEYY T Con BRG1 SERATS SEBToNT

shRNA shRNA

FIG. 12. Novel BRGI1 binding sites in the Gata3 locus are in open chromatin and possess enhancer-like activity. (A, B, and C) Distal BRG1
binding sites have an open chromatin conformation. Nuclei from stimulated Th1 and Th2 cells were digested with DNase I; DNA was quantified
using Q-PCR primers detecting the indicated regions. For each region, a representative dose response is shown; similar results were obtained by
averaging three biological replicates digested with 8 pg/ml DNase I (data not shown). (A) Distal BRG1 binding regions are DHS in Th2 cells but
not in Th1 cells. (B) Control regions lacking BRG1 binding are not DHS. (C) A control region with BRG1 binding in Th1 and Th2 cells is DHS
in both. (D and E) Distal BRG1 binding sites possess enhancer-like activity. The indicated elements were placed immediately upstream (D) or 2.2
kb downstream (E) of the SV40 promoter in the pRep4-luc episomal vector and transfected into CEM cells (human lymphoblastoid T cell line),
and the reporter was assayed with (black bars) and without (white bars) stimulation. Averages and standard deviations of the results from two
biological replicate experiments are shown; all values are shown relative to the promoter values (also indicated as a horizontal line). (F) Enhancer-
like activity is BRG1 dependent. The indicated elements were placed upstream of the SV40 promoter in the pRep4-luc episomal vector and
transfected into CEM cells (human lymphoblastoid T cell line), and the reporter was assayed with (black bars) and without (white bars) stimulation.
Cells were treated with BRG1 shRNA or a control, as indicated. Averages and standard deviations of the results from two biological replicate
experiments are shown; all values are shown relative to the promoter values (also indicated as a horizontal line). (G) Distal BRG1 binding sites
lack enhancer-like activity in a nonepisomal vector. The indicated elements were placed upstream of the SV40 promoter in the pGL3 promoter
vector and transfected into CEM cells (human lymphoblastoid T cell line), and the reporter was assayed with (black bars) and without (white bars)
stimulation. The horizontal line at 1 on the y axis indicates the value obtained with the promoter alone. Averages and standard deviations of the
results from two biological replicate experiments are shown; all values are shown relative to the promoter values (also indicated as a horizontal
line). These same elements exhibited increased expression using episomal reporters (D and E). None of the five tested regions were positive for
enhancer-like activity in this assay. (H) Distal regions without BRG1 binding in Th2 cells lack enhancer-like activity. The indicated elements were
placed upstream of the SV40 promoter in the pRep4-luc episomal vector and transfected into CEM cells (human lymphoblastoid T cell line), and
the reporter was assayed with stimulation. The horizontal line at 1 on the y axis indicates the value obtained with the promoter alone. Averages
and standard deviations of the results from two biological replicate experiments are shown; all values are shown relative to the promoter values.
All four tested regions lacking BRG1 binding were negative for enhancer-like activity in this assay.

BRG1 ChIP-seq would also detect inactive forms of SWI/SNF nuclei in the absence of ATP. Here we found that BRG1 was
and ATPase-independent SWI/SNF activity, if present. Little is rapidly lost from activation-repressed genes, and, consistent
known about regulation of SWI/SNF activity, though calcium with our earlier work, we found that BRG1 was recruited
signaling can activate SWI/SNF and phosphorylation can in- to activation-induced genes. We suggest that BRG1 is required
hibit SWI/SNF (37, 69), raising the possibility that BRGL1 is to establish new chromatin structures or to reestablish tran-
bound and poised for later activation at some sites. To our sient chromatin structures, leading to gene activation. These
knowledge, no reagent is available to enable researchers to changes could be increases or decreases in accessibility, de-
distinguish these forms of BRG1 by ChIP. At lineage-specific pending on the locus. We found that the remodeling ATPase
genes, there was little BRG1 binding in naive cells, and for SNF2H could increase and decrease accessibility at different
activation-induced genes, there was more BRG1 binding in loci in the same cells (63). The results of cell-free chromatin
activated cells than resting cells. Analysis of different cell fates studies also support the idea that remodeling enzymes can

and states revealed that BRG1 recruitment frequently parallels decrease accessibility under certain circumstances (31, 61). A
gene induction, which is consistent with the idea that transcrip- corollary of these ideas is that the epigenetic memory resides at
tion factor-mediated recruitment of SWI/SNF is a key mode of least in part with the transcription factors that recruit BRG1 to
remodeling regulation. sites of action rather than to the chromatin structure per se.
Our current work suggests a widespread role for BRG1 in Early long-term studies of Th cell clones suggested that
differentiated cells, extending our previous work in Th2 cells. these cells are terminally differentiated and that the corre-
This is perhaps unexpected, as BRG1 function could have been sponding forms of lineage-specific cytokine expression are mu-
limited to the critical period of cell fate choice, followed by a tually exclusive (52). However, this long-held view has been
BRGl1-independent epigenetic memory of that choice. Cell- questioned recently by studies that demonstrate that more
free chromatin studies have found that ATP-dependent re- flexibility is built into Th subset specification than had been
modeling is not required to maintain nucleosome positioning appreciated before (58). We suggest that dynamic but lineage-
or hypersensitivity (31, 61). Consistent with these findings, restricted BRG1 recruitment to sites in the Th transcription

analysis of DHS in cells is frequently performed using isolated factor and cytokine loci facilitates plasticity. As BRG1 re-
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sponds to both activation and cytokine signals, BRG1 can
integrate extracellular signals through rapid changes in chro-
matin structure.

The transcriptional regulation of Gata3 is complex. Gata3 is
required for CD4™" T cell development (27, 81) and determi-
nation of Th2 fate (90) as well as for heart, brain, kidney, and
mammary epithelia. Within differentiated Th cells, Gata3 ex-
pression is elevated in the Th2 subset. Loss of Gata3 results in
embryonic lethality (60). A 120-kb Gata3 genomic fragment
delays lethality by merely a single day, while a 625-kb fragment
that rescues Gata3 expression at many regions in the body plan
lacks the sequences required to direct expression in the thymus
and other locations, suggesting that the boundaries of the
Gata3 gene and the regulatory elements required to direct
Gata3 expression in T cells are not yet known (39). We found
Th2-specific BRG1 binding to numerous sites in the Gata3
locus as far as 760 kb downstream of the promoter. BRG1
binding did not obviously correlate with the presence of
H3K4me3 or H3K4mel markers, and recent investigations of
the monomethyl marker suggest that, unlike the results seen
with BRG1 binding, it does not respond to the activation state
of cells (22, 35). However, the distal BRG1 binding sites have
been shown to correlate with nuclease hypersensitivity in Th2
cells as well as with enhancer-like activity in a chromatin-based
reporter assay in T cells. Additionally, BRG1 binding was
reduced or absent at many of these distal sites in the absence
of Stat6 (data not shown). These findings suggest that these
elements may represent previously unidentified cis-regulatory
regions required for Gata3 expression in Th2 cells, many of
which reside hundreds of kilobases from the Gata3 promoters.
Given that in the Gata3 region there are 760 CNSs but only 27
BRG1 binding regions, 16 of which are Th2 specific, identifi-
cation of BRG1 binding regions might be an efficient way to
identify positive cis-acting regions.

We detected many BRG1 binding regions that were distal
from transcription start sites (TSS). Frequently, these corre-
lated with expression of a nearby gene. In some cases (e.g.,
1l17a and 1l17f), there were only distal binding regions and no
binding regions at the promoter. This is consistent with the
recent suggestion that enhancer chromatin is more cell specific
than are promoters (28). In other cases, we found the distal
sites were in housekeeping genes and that BRG1 binding cor-
related with expression of the neighboring lineage-specific or
activation-specific gene rather than the housekeeping gene.
We hypothesize that cis-regulatory regions are often found in
neighboring genes. We found BRG1 binding to known distal
regulatory regions in the Th2 cluster, some located in the
Rad50 DNA repair gene. We also found that binding to distal
regions positively correlated with gene activity in a genome-
wide manner. Finally, the distal regions we tested all possessed
enhancer activity. Taking these findings together, this suggests
that at least some of the distal sites are functional. In this way,
BRGI1 is a key component in the molecular logic of T cell
signal response.
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