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During T helper cell differentiation, distinct programs of gene expression play a key role in defining the
immune response to an environmental challenge. How chromatin remodeling events at the associated cytokine
loci control differentiation is not known. We found that the ATP-dependent remodeling enzyme subunit BRG1
was required for T helper 2 (Th2) differentiation and Th2 cytokine transcription. BRG1 binding to cytokine
genes was regulated by the extent of differentiation, the extent of activation, and cell fate. BRG1 was required
for some features of the chromatin structure in target genes (DNase I hypersensitivity and histone acetylation),
suggesting that BRG1 remodeling activity was directly responsible for changes in gene expression. NFAT and
STAT6 activity were required for BRG1 recruitment to the Th2 locus control region, and STAT6 associated
with BRG1 in a differentiation-inducible manner, suggesting direct recruitment of BRG1 to the bound loci.
Together, these findings suggest BRG1 interprets differentiation signals and plays a causal role in gene
regulation, chromatin structure, and cell fate.

Changes in chromatin structure are catalyzed by chromatin
remodeling enzymes. ATP-dependent remodeling enzymes re-
model or reposition nucleosomes, while other classes of re-
modeling enzymes covalently modify histone proteins or DNA.
ATP-dependent remodeling can directly alter gene expression
in cell free systems and also in cells (49). Remodeling may alter
transcription factor binding, transcription factor function, or
RNA polymerase binding. ATP-dependent remodeling en-
zymes are often multiprotein complexes, classified by their
ATPase subunit into subfamilies such as SWI/SNF, ISWI, and
Mi2 (49). BRG1 is an ATPase in the SWI/SNF subfamily and
is essential for embryonic development (9). In cell-free systems
SWI/SNF enzymes can displace, unfold, and slide nucleosomes
(36, 50, 58). Remodeling enzymes are thought to bind DNA
nonspecifically and be recruited by interactions with transcrip-
tion factors and modified histones (21, 43, 59, 62). The role of
BRG1 as an important regulator of T-cell development has
been recently reviewed (13); BRG1 also plays an important
role in macrophages (47) and T helper 1 (Th1) gene expression
(34, 64). Although BRG1 is known to bind the T helper 2
(Th2) locus in T-cell clones (11), little is known about the role
of ATP-dependent remodeling enzymes in the chromatin re-
organization and gene expression changes that take place dur-
ing Th2 development.

When peripheral T helper (Th) cells first encounter antigen
they have the potential to differentiate into one of several
different Th effector lineages characterized by specific cytokine
profiles (19, 41, 56, 57). One effector population, Th2 cells,
produces the cytokines interleukin-4 (IL-4), IL-5, IL-13, and
IL-10; activates mast cells and eosinophils; and directs B-cell

responses against extracellular pathogens. In contrast, Th1
cells produce gamma interferon (IFN-�) and promote cell-
mediated immunity directed toward intracellular pathogens,
while Th17 cells produce IL-17 and target bacterial pathogens.
Th lineage commitment is largely influenced by the local cyto-
kine environment where the naive precursor cells first encoun-
ter antigen. Antigenic signals through the T-cell receptor
(TCR) in the presence of IL-4 silence IFN-� expression and
program Th2 differentiation, ultimately leading to the expres-
sion of IL-4, IL-5, IL-13, and IL-10. IL-4 binding to the IL-4
receptor activates the transcription factor STAT6 through Jak
kinases, leading to elevated expression of the transcription
factor GATA-3. In contrast, IFN-�-induced STAT1 activation
induces the expression of the Th1-specific transcription factor,
T-bet, which collaborates with IL-12-induced STAT4 to drive Th1
differentiation and expression of the cytokines IFN-� and IL-2.
Inappropriate Th responses can be pathological by either pre-
venting efficient clearing of pathogens or triggering allergy,
asthma, atopy, or autoimmunity.

Th2 cell differentiation is one of the best-studied mamma-
lian systems for cell fate determination and gene regulation.
The Th2 cytokine locus, consisting of the IL-4, IL-5, and IL-13
genes and the RAD50 housekeeping gene in a compact (120
kb) region on mouse chromosome 11, has been examined
extensively to identify the changes in chromatin structure and
gene regulation during Th lineage determination. During Th2
differentiation, the entire locus undergoes a number of chro-
matin modifications including the creation of nuclease acces-
sible sites (2, 30), histone acetylation (6, 16, 20), and histone
methylation (61), as well as DNA demethylation (2, 20), as
summarized in recent reviews (3, 32). It is not known what
remodeling enzymes mediate these changes. These modifica-
tions at specific regulatory regions are frequently associated
with conserved, noncoding sequences; occur rapidly after the
induction of Th2 differentiation; and may control the accessi-
bility of DNA elements to transcription factors such as NFATs,
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STATs, GATA3, and c-Maf. It is not known how the sites of
remodeling are targeted. Ectopic expression of the Th2-spe-
cific transcription factor GATA3 has been shown to program
many of the chromatin changes in the Th2 locus, but the
mechanism and remodeling enzymes responsible are not
known (46, 55). Ectopic expression of STAT6 can induce
GATA3, c-Maf, IL-4, IL-13, IL-5, and IL-10 (27).

Many of the Th2 locus regulatory elements have been func-
tionally defined genetically and shown to contribute both pos-
itively and negatively to Th2 cytokine gene expression and
lineage commitment (4, 31, 33, 40, 53). Included in these sites
and embedded in the RAD50 gene is a Th2-specific locus
control region (LCR) that participates in intrachromosomal
interactions with the Th2 promoter elements, as well as inter-
chromosomal interactions with the IFN-� promoter in Th pre-
cursor (Thp) cells (54). (RAD50 is a constitutively expressed,
essential DNA repair gene [38] that is largely independent of
the regulatory signals for the cytokine genes.) At the Th2
cluster the three genes are often coordinately regulated by an
LCR that is 16 to 70 kb away. In contrast, the best-studied
mammalian gene cluster sharing an LCR is probably the �-glo-
bin cluster, where promoter competition results in a single
gene being active. STAT6 has been found to play a key role in
the chromatin structure of the Th2 LCR (29). Although much
has been learned about Th2 cytokine regulation and Th2 dif-
ferentiation, little is known about the key issues of how chro-
matin structure is established and maintained at the Th2 cyto-
kine cluster and GATA3 gene, the enzyme(s) responsible for
chromatin remodeling, and whether the observed changes in
chromatin structure are important for regulation.

Here, we sought to determine whether the SWI/SNF subunit
BRG1 is required for Th2 differentiation or gene expression.
We found that knockdown of BRG1 expression during Th2
differentiation impaired differentiation and Th2 gene tran-
scription. BRG1 knockdown after differentiation was complete
also impaired Th2 gene expression. BRG1 knockdown during
differentiation reduced GATA3 and c-Maf mRNA expression;
in contrast, BRG1 knockdown after differentiation did not
alter GATA3 and c-Maf expression. BRG1 bound to multiple
enhancers in the Th2 cytokine cluster in an inducible manner;
little if any binding was found in naive cells. BRG1 bound to
the GATA3 gene in naive and effector cells. We detected
changes in chromatin structure at some BRG1 binding sites
when BRG1 expression was reduced. We found that endoge-
nous BRG1 and STAT6 associated, specifically in response to
IL-4, and BRG1 binding to part of the Th2 LCR was depen-
dent on the activity of STAT6 and NFAT transcription factors.
Together, these results suggest BRG1 directly regulates chro-
matin structure in Th cells, causing changes in gene expression
and cell fate.

MATERIALS AND METHODS

Lymphocyte preparation and culture. CD4� T cells were purified from the
lymph nodes of 4 to 6-week-old BALB/c mice (Taconic) by CD4 MACS accord-
ing to the manufacturer’s instructions (Miltenyi). Naive Thp cells were purified
from lymph node and spleens by using a CD4� CD62� T-cell isolation kit
(Miltenyi) to 95% purity (data not shown). Lymphocytes were cultured in RPMI
1640 supplemented with 10% fetal calf serum, 100 U of penicillin/ml, 100 �g of
streptomycin/ml, 1 mM sodium pyruvate, 2 mM L-glutamine, 25 mM HEPES,
and 50 �M �-mercaptoethanol. Stat6�/� (BALB/c background) mice were from
Jackson Laboratories (24). Cyclosporine was from Sigma.

Institutional and national guidelines and regulations. Animal approval was
from the NIA ACUC (protocol ASP-365-MJP-Mi), and all experiments conform
to the relevant regulatory standards.

In vitro Th cell differentiation. Purified CD4� LN T cells or naive Thp cells
were plated onto anti-CD3 (1 �g/ml)- and anti-CD28 (2 �g/ml)-coated plates at
1 � 106 to 2 � 106/ml in the presence of 10 ng of IL-4 and 10 �g of anti-IFN-�/ml
(Th2 conditions) or 1 ng of IL-12 and 10 �g of anti-IL-4/ml (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.

Nucleofection of Th cells. A total of 2.5 � 106 to 4 � 106 purified Th cells was
resuspended in 100 �l of mouse T-cell Nucleofector solution (Amaxa) and mixed
with the indicated small interfering (siRNA) oligonucleotide (500 nM). Electro-
poration was performed as described by the manufacturer’s protocol using the
program x-001, and the cells were transferred into prewarmed mouse T-cell
growth medium (Amaxa) supplemented with hIL-2 (100 U/ml). After transfec-
tion of naive Thps, the cells were allowed to rest in media for 3 h before transfer
to anti-CD3/anti-CD28-coated plates and Th skewing conditions. The efficiency
of transfection of naive Thps as determined by fluorescence-activated cell sorting
analysis of fluorescently labeled oligonucleotides (Qiagen catalog no. 1022079)
was �75%. The efficiencies with green fluorescent protein plasmid were �30%
for naive Thps and �75% in Th2 effector cells (see Fig. S1C in the supplemental
material and data not shown). We did not purify transduced cells. siRNA oligo-
nucleotides (BRGm sc-29830) and negative control siRNA (sc-37007) used in
the present study were obtained from Santa Cruz Biotechnology. Similar results
were obtained using independent BRG1-specific siRNA pools obtained from
Santa Cruz Biotechnology (sc-44289) and Dharmacon (m-041135-00) or three
individual oligonucleotides (BRGm sc-29830). Based on sequence comparisons
using BLASTn, all of these sequences are predicted to target BRG1, and none
are predicted to target BRM.

Cytokines and antibodies. The antibodies to CD3, CD28, IL-4, and IFN-�
used in Th cell differentiation cultures were obtained from Pharmingen. Recom-
binant hIL2, mIL-4, and mIL-12 were obtained from Peprotech. Antibodies used
in immunoblots were specific to BRG1 (Upstate/Millipore), BRM (Pharmin-
gen), phospho-Stat6 (Cell Signaling Technology), and Stat6 and SNF2H (Santa
Cruz Biotechnology). Antibodies used in chromatin immunoprecipitation (ChIP)
experiments were specific to BRG1 (J1; Weidong Wang), H3K9,14 acetylated
histones (catalog no. 06-599; Upstate/Millipore), NFAT1 (catalog no. 07-136;
Upstate/Millipore), and Stat6 (M-200; Santa Cruz Biotechnology).

mRNA quantitation. Total RNA was purified by using RNeasy columns (Qiagen).
cDNA was made by using iScript (Bio-Rad) according to the manufacturer’s
instructions. The mRNA levels of chromatin remodeling factors, cytokines,
and transcription factors were determined by real-time PCR using Sybr green
(Qiagen) on an ABI 7500 Fast. Expression levels were normalized to mTBP or
m-actin as indicated. The oligonucleotide sequences are in Fig. S14 in the
supplemental material.

Immunoblot analysis. Whole-cell extracts were prepared by lysing cells in 50
mM Tris 7.4, 1% NP-40, 150 mM NaCl, 0.5% deoxycholate, and 0.1% sodium
dodecyl sulfate (SDS) and clearing the lysates by centrifugation. Protein extracts
were separated on a 6% polyacrylamide gel and transferred to a polyvinylidene
difluoride membrane (Bio-Rad). The immunoblots were blocked for 1 h at room
temperature in 5% milk in TBST (50 mM Tris [pH 7.5], 100 mM 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 horseradish peroxidase-
conjugated antibody (Zymed) at room temperature. After the blots were washed
with TBST, detection was carried out by using enhanced chemiluminescence
(Amersham) according to the manufacturer’s instructions.

ChIP assay. ChIP was performed using methods similar to those described
previously (37); the details are available on request. Approximately 20 million
cells (for three to five immunoprecipitations) were cross-linked with 1% form-
aldehyde 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-100–150 mM
NaCl at 5 ml. Sonicates were precleared with protein A-Sepharose (Upstate),
and immunoprecipitation was performed with the following antibodies: H3K9,14
(Upstate catalog no. 06-599), BRG1 (J1), NFAT1 (Upstate catalog no. 07136)
STAT6 (Santa Cruz sc-1698), or rabbit immunoglobulin G (IgG; Santa Cruz
sc-2027). Chromatin was collected with protein A, washed, and eluted with
sodium bicarbonate-SDS, and the cross-links were reversed, followed by protease
treatment. Chromatin was quantified by real-time PCR using an Applied Bio-
systems 7500 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 com-
pared to input and immunoprecipitated samples, thus correcting for the effi-
ciency of the individual primer sets. Graphs indicate immunoprecipitated chro-
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matin amounts relative to input DNA (percent input). For C-ChIP (45), we
modified the above procedure by combining 1 to 5 million mouse T cells with 20
million carrier cells (E6-1 Jurkat cells) and then repeating the procedure de-
scribed above beginning with the formaldehyde cross-linking. The oligonucleo-
tide sequences are presented in Fig. S14 in the supplemental material.

DNase I hypersensitivity analysis. Nuclei were purified from differentiated or
effector Th2 cells as described previously (2). Briefly, nuclei were released by
hypotonic lysis in the presence of 0.5% NP-40 and digested with the indicated
amounts of DNase 1 (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 effec-
tor Th2 cells were enriched for viable cells prior to nuclear isolation by Ficoll-
Hypaque separation. DNase I accessibility was assessed by real-time PCR of the
DNA samples (39) with the following modifications. Briefly, DNase-treated
DNA was subjected to real-time PCR using primers to the indicated regulatory
elements in the Th2 cytokine cluster and the GATA-3 locus. PCRs were per-
formed by using a QuantiTect Sybr green PCR kit (Qiagen) according to man-
ufacturer’s instructions on an ABI 7500 apparatus. The DNase I sensitivity is
indicated by the percent DNA remaining compared to the undigested sample,
and DNA content was normalized to a known DNase I-resistant locus (Nfm).
The oligonucleotide sequences are presented in Fig. S14 in the supplemental
material.

Coimmunoprecipitation of BRG and STAT6. On day 6, Th2 effector cells (107)
were washed and replated in fresh medium for 1 h. IL-4 was added at 10 ng/ml
for 2 h. The cells were washed with phosphate-buffered saline, and whole-cell
extracts were made in 100 mM NaCl–20 mM HEPES (pH 7.5)–1 mM EDTA–
10% glycerol–0.1% NP-40 in the presence of protease inhibitors and sodium
vanadate. Extracts were cleared and immunoprecipitated with either BRG (Up-
state 07-478) or Stat6 (Santa Cruz sc-1698). Similar results were obtained if the

intact cells were first cross-linked with dithiobis(succinimidyl proprionate) (data
not shown).

RESULTS

Remodeling ATPase expression in primary T cells. Chroma-
tin structure and transcription factor binding change dramati-
cally during Th2 differentiation; however, the remodeling en-
zymes directly have not been identified. We found that a
variety of chromatin remodeling ATPases were present in pri-
mary mouse Th cells (see Fig. S1A in the supplemental mate-
rial). Given the high mRNA levels of the SWI/SNF remodeling
ATPase BRG1 and the strong evidence for a role of BRG1 in
T-cell development (13), we tested the role of BRG1 in the
differentiation of Th2 cells.

BRG1 is required during Th2 differentiation for Th2 cyto-
kine expression. We sought to determine whether BRG1 ex-
pression was necessary for Th differentiation and cytokine ex-
pression. BRG1 was transiently knocked down in Thp cells
(CD4� cells from mouse lymph nodes), Th2 differentiation was
initiated, and after 1 week the cells were restimulated and the
cytokine expression was assessed (see the scheme in Fig. S1B
in the supplemental material). We observed a decrease (typi-
cally 3- to 10-fold) in the amount of mRNA encoding the Th2

FIG. 1. BRG1 RNAi impairs expression of Th2 cytokines. RNA was quantified by real-time reverse transcription-PCR, and each bar indicates
the average and standard deviation of at least three independent experiments. Cytokine mRNA in BRG1 knockdown cells is normalized to mRNA
in control knockdown cells; the horizontal line at y � 1 indicates no effect. Protein was detected with by immunoblotting. (a) Th2 cytokine
expression is impaired by BRG1 knockdown during Th2 differentiation. Similar results were obtained using either CD4� CD62L� or CD4� lymph
node cells as starting material. The IFN-� error bar extends to 3.9. D1 indicates day 1 of differentiation, etc.; C indicates control RNAi, B indicates
BRG1 RNAi. BRM and SNF2H are reprobes of the same immunoblot as BRG1. BRM shows the effect of the knockdown on the closest homolog
of BRG1, while SNF2H is another remodeling ATPase used here as a loading control. (b) BRG1 knockdown after Th2 differentiation impairs Th2
cytokine expression. C indicates control RNAi, B indicates BRG1 RNAi. BRM and SNF2H are reprobes of the same immunoblot as BRG1. BRM
shows the effect of the knockdown on the closest homolog of BRG1, while SNF2H is another remodeling ATPase used here as a loading control.
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cytokines IL-4, IL-5, IL-13, and IL-10, which are markers for
Th2 differentiation (Fig. 1a). This decrease is at the level of
transcription, since primers specific for newly synthesized (un-
spliced) IL-4, IL-5, IL-13, and IL-10 RNA detect similar
BRG1-dependent decreases in expression (data not shown).
Similar results were obtained using two other siRNA reagents
directed against BRG1, suggesting this is a specific effect of
targeting BRG1 rather than an off-target or nonspecific effect
(data not shown). We sought to determine whether the re-
duced Th2 cytokine expression was the result of the cells
adopting alternative fates. The Th1 markers IL-2 and tumor
necrosis factor alpha were not increased; the expression of
IFN-� increased in some experiments, although not to typical
Th1 levels (Fig. 1a), and there was little if any change in the
Treg marker FoxP3 and the Th17 marker IL-17A (data not
shown). Decreased IL-4 protein and increased IFN-� protein
levels were also observed after BRG1 knockdown by enzyme-
linked immunosorbent assay and intracellular cytokine stain-
ing, reflecting the mRNA changes (see Fig. S2A and B in the
supplemental material). Intracellular cytokine staining re-
vealed a decrease in the number of IL-4-producing cells in
BRG1 knockdown cells, suggesting a decrease in the efficiency
of differentiation to the Th2 lineage and a decrease in expres-
sion per cell (see Fig. S2B in the supplemental material).
Others have reported that the inhibition of BRG1 decreases
the number of IFN-�-producing cells under Th1 conditions
(64). Thus, BRG1 regulates Th2 cytokines; importantly, the
cells do not appear to adopt the alternative Th1, Th17, or Treg
fates. Since our conditions reduce, but do not eliminate, BRG1
expression during differentiation, the residual Th2 differentia-
tion may also be BRG1 dependent or BRM dependent.

BRG1 protein was transiently reduced on day 2 and day 3
after knockdown (Fig. 1a). The closely related BRM protein,
the other ATPase that can be present in SWI/SNF complexes,
was not affected as strongly. Consequently, we primarily at-
tribute the effects we see to BRG1; however, although our
experiments suggest a role for BRG1, they do not imply that
BRM has no function. BRG1 knockdown during Th2 cell dif-
ferentiation had little or no effect on the expression of cell
surface markers (including CD4, CD3, and CD69), the prolif-
erative response of cells to anti-CD3/CD28 during the first 48
to 72 h of culture, Stat6 expression and phosphorylation, and
cell viability (see Fig. S3 in the supplemental material; also
data not shown). However, we reproducibly observed that,
after 1 week in culture, there was a decrease in cell number
after BRG1 knockdown, suggesting that the loss of BRG1
expression during Th2 differentiation affected the potential
outgrowth of the cells. Perhaps this limits the decrease in
BRG1 expression obtained with siRNA.

BRG1 is also required after Th2 differentiation for expres-
sion of Th2 cytokine genes. These experiments suggest a role
for BRG1 in programming Thp cells to initiate Th2 cytokine
gene expression. However, it was unclear whether BRG1 acted
directly on Th2 cytokine genes or alternatively blocked differ-
entiation upstream of cytokine expression. We sought to de-
termine whether BRG1 was required for Th2 cytokine expres-
sion after differentiation. We knocked down BRG1 expression
after Th2 differentiation was complete (day 5 [see Fig. S1B in
the supplemental material]) and assessed the cytokine expres-
sion from restimulated cells 2 days after knockdown (day 7).

We observed decreases in IL-4, IL-13, and IL-10 expression,
similar to the reduction when BRG1 was reduced during dif-
ferentiation. In contrast, IL-5 expression was not consistently
affected (Fig. 1b). Again, the effect of BRG1 was at the level of
transcription (data not shown). BRG1 protein was decreased,
whereas BRM and SNF2H, another remodeling protein, were
unaffected (Fig. 1b). We reproducibly observed stronger
BRG1 knockdown after Th2 differentiation than during Th2
differentiation (compare Fig. 1a and b). IL-4 protein expres-
sion was reduced (see Fig. S2A in the supplemental material).
The pattern of impaired IL-4 and IL-13 production with typical
IL-5 production resembles the phenotype of the deletion of the
Th2 LCR (33). Again, since the knockdown is partial and
probably does not affect all cells, our results likely underesti-
mate the importance of BRG1. These results suggest that
BRG1 is important for Th2 cytokine expression (i) during
differentiation of Thp cells and (ii) after Th2 differentiation is
complete.

BRG1 regulates Th2 transcription factors during differen-
tiation but not after. STAT6, GATA3, and c-Maf have been
identified as transcription factors that control Th2 differentia-
tion and expression of Th2-specific cytokines. When BRG1
expression was decreased after Th2 differentiation was com-
plete, GATA3 and c-Maf expression were not affected (Fig.
2b), in contrast to the Th2 cytokine genes. Thus, the role of
BRG1 in regulating cytokine expression after Th2 differentia-
tion is probably direct, rather than an indirect effect of GATA3
or c-Maf regulation.

When BRG1 was knocked down during differentiation, we
observed a decrease of GATA-3 and c-Maf mRNA in restim-
ulated cells, a finding consistent with a defect in Th2 differen-
tiation (Fig. 2a). However, at the protein level, neither
GATA3, c-Maf, nor STAT6 expression were strongly altered
by BRG1 knockdown during or after differentiation (see Fig.
S4 and S3A in the supplemental material).

BRG1 binding to the Th2 cluster varies with extent of dif-
ferentiation, activation, and cell fate. We hypothesized that if
BRG1 were directly regulating the clustered Th2 cytokine
genes, BRG1 would bind these genes in cells, perhaps at re-
gions where chromatin remodeling occurs. Previous reports
demonstrated a number of dramatic changes in chromatin
structure at the Th2 cytokine locus during the first 72 h of Th2
differentiation (2, 7, 16). We performed ChIP for BRG1 at
four stages of differentiation: Thp cells (naive), Th cells during
Th2 differentiation (48 h), Th2 cells after differentiation was
complete (effector resting), and Th2 effector cells restimulated
1.5 h (effector stimulated). BRG1 binding was readily detected
at a number of known regulatory regions and DNase I hyper-
sensitive sites (HS) during Th2 differentiation (48 h) (Fig. 3a;
also see Fig. S5A in the supplemental material). In contrast,
there was little if any BRG1 binding in naive cells at the tested
sites within the Th2 locus (Fig. 3a; also see Fig. S5A in the
supplemental material). Binding in naive cells was often simi-
lar to a brain-specific control locus (Nfm/Nef3) or control IgG
immunoprecipitation, which may reflect little or no BRG1
occupancy (see Fig. S6A in the supplemental material). Bind-
ing was strongest (10- to 20-fold greater than the background
value) at the Th2 LCR (RHS7 and RHS6b) and other distal
regulatory elements (HSV/CNS2) and weaker at proximal pro-
moter regions (IL-4 pro and IL-13 pro). BRG1 binding was
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often, although not always, associated with regions that were
enriched for H3 acetylation at the Th2 locus (see Fig. S5B and
S6B in the supplemental material; also data not shown). BRG1
binding was not detected in Th2 cells at the IFN-� promoter or
at a nonconserved region 11 kb upstream of the IL-13 pro-
moter (Fig. 3a; see also Fig. S5A in the supplemental material;
also data not shown). In our knockdown experiments during
differentiation, this is the same time that BRG1 protein ex-
pression is most strongly reduced.

Importantly, inducible BRG1 binding was found at loci that
have been previously determined to be functional regulatory
elements by deletion of these elements in mice (RHS7, CNS1,
HSV/CNS2, HSVa, HSIV) (Fig. 3a; also see Fig. S5A in the
supplemental material, and data not shown). Thus, BRG1 is
specifically recruited to the Th2 cytokine cluster during early
Th2 differentiation and may directly initiate subsequent Th2
cytokine gene expression.

In resting Th2 effector cells, BRG1 binding was elevated
compared to naive cells at some loci; however, at several loci,
including the Th2 LCR, the binding was reduced compared to
differentiating Th2 cells (Fig. 3a; also see Fig. S5A in the
supplemental material). BRG1 binding in restimulated Th2
effector cells was rapidly induced at some loci (RHS7, RHS6b,
IL-4 pro, and IL-13 pro), although other loci were unchanged
(CNS1) (Fig. 3a; also see Fig. S5A in the supplemental mate-
rial). Again, little or no BRG1 binding was detected at the
IFN-� promoter, Nfm, or a nonconserved region 11 kb up-
stream of the IL-13 promoter (Fig. 3a; also see Fig. S5A in the
supplemental material; also data not shown). In contrast, in
mouse brain the brain-specific control locus Nfm exon 1 binds
BRG1 and is highly acetylated, whereas RHS7 has little if any
BRG1 or acetylation (M. J. Pazin, unpublished data). These
results suggest activation changes BRG1 binding in Th2 effec-
tor cells, which is consistent with a direct role for BRG1 in
regulating Th2 gene expression after Th2 differentiation.

To examine the specificity of BRG1 recruitment by cell fate,
we compared BRG1 binding between restimulated Th1 and
Th2 effector cells. We found that BRG1 binding was enriched
in Th2 cells at the Th2 cytokine cluster, although detectable at
many loci in both Th1 and Th2 cells (Fig. 4a; also see Fig. S7
in the supplemental material). The greatest Th2 specificity was
found at regions such as RHS7, HSVa, HSV/CNS2, and CNS1,
which are DNase I HS that are preferentially or exclusively
Th2 specific. In contrast, BRG1 binding was only slightly en-
riched at RHS6a, RHS6b, and HSIV, which are DNase I HS in
both Th1 and Th2 cells. BRG1 is also recruited at low levels to
Th2 sites in Th1 cells (HSV/CNS2); perhaps BRG1 plays a role
in establishing repressive marks in the Th1 lineage (25). As
reported by others (64), we found that BRG1 binding to the
IFN-� promoter was Th1 specific (see Fig. S7 in the supple-
mental material). The histone acetylation patterns were con-
sistent with previous reports of Th1 and Th2 cells (Fig. 4b; also
see Fig. S5B and S6B in the supplemental material). The find-
ing that BRG1 binding is enriched at some Th2 cytokine loci in
Th2 cells relative to Th1 cells, especially at regions with a
Th2-specific chromatin structure, is consistent with a direct
role for BRG1 in Th2-specific gene expression; the data also
suggest BRG1 may play a role in chromatin structure that is
similar between Th1 and Th2 cells.

BRG1 binds to the GATA3 locus. We hypothesized that the
effect of BRG1 on GATA3 mRNA expression might be direct,
and we began testing this by measuring BRG1 binding to the
GATA3 locus. GATA3 regulation is complex, and GATA3 is
required for embryogenesis, neuronal development, T-cell de-
velopment, and Th2 differentiation (22, 28, 63, 66). GATA3 is
expressed in naive Th cells; expression is increased during Th2
differentiation and decreased during Th1 expression. However,
little is known about the Th2-specific chromatin structure and
transcriptional regulation of GATA3, in contrast to the regu-
lation of the Th2 cytokines. An alternative GATA3 promoter
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(promoter a) was identified whose activity increases during
Th2 differentiation, while the activity of the previously identi-
fied promoter (promoter b) remains unchanged (5). This pro-
moter appears to be located at a previously mapped DNase I
HS (35).

BRG1 was bound to GATA3 (both known promoters and a
conserved intronic noncoding sequence, CNS3) in naive CD4�

cells (Fig. 3b), in contrast to the lack of BRG1 binding at this

time to the cytokine loci. Only modest changes in BRG1 bind-
ing were observed at the GATA3 locus during and after Th2
differentiation (Fig. 3b). One notable exception is the loss of
BRG1 binding at the GATA3 promoter a in resting effector
cells that is rapidly restored after cell stimulation. BRG1 bind-
ing and histone acetylation are enriched at promoter a in Th2
cells relative to Th1 cells (Fig. 4). BRG1 binding to the tested
GATA3 elements did not directly correlate with the progres-
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sive histone acetylation (Fig. 3b). These results are consistent
with a direct role for BRG1 in the regulation of GATA3
mRNA during Th2 differentiation.

BRG1 is required for remodeling the Th2 cytokine and
GATA3 loci. Regions of chromatin that demonstrate enhanced
sensitivity to nucleases are frequently associated with tran-
scriptional regulatory elements. The Th2 cytokine cluster has
been well mapped for DNase I HS before, during and at the
completion of Th2 differentiation (reviewed in references 3
and 32). Frequently, these DNase HS are located in conserved,
noncoding sequences (17, 42), and subsequent genetic studies
have demonstrated the importance of some of these regulatory
elements in Th2 cytokine expression (4, 33, 40, 53). We hy-
pothesized that if BRG1 were directly regulating cytokine and
transcription factor genes, then BRG1 should be required to
establish and/or maintain the chromatin structure of these
target genes.

We sought to determine whether BRG1 was required after

differentiation for the DNase I HS in effector Th2 cells. Under
these conditions, BRG1 RNA interference (RNAi) does not
appear to alter GATA3 or c-Maf RNA or protein. BRG1 was
targeted after Th2 differentiation was complete, followed by
restimulation of these effector cells. We investigated the
DNase I HS at the time of maximal cytokine transcription to
determine whether the structure and function were correlated.
In the Th2 locus, BRG1 was required at the Th2-specific RHS7
(part of the Th2 LCR) for the DNase I HS (Fig. 5a and see Fig.
S8A in the supplemental material). In addition, BRG1 was
required at HSIV, the IL-4 promoter, the IL-4 3	 end, and
GATA3 promoter a (Fig. 5a; also see Fig. S8A in the supple-
mental material; also data not shown). In contrast, BRG1 was
not required at other BRG1 binding sites, such as RHS6a and
GATA3 promoter b; it is possible our knockdown is not com-
plete enough to reveal an effect, that BRG1 may be redundant
with other remodeling enzymes, or that BRG1 may be impor-
tant in Mast cells or at other times (Fig. 5a; also see Fig. S8A,

FIG. 4. More BRG1 is bound to Th2 loci in restimulated Th2 cells than in restimulated Th1 cells. (a) BRG1 binding. (See also Fig. S7 in the
supplemental material.) (b) H3K9,14 acetylation. Similar results were obtained with either CD4� CD62L� or CD4� lymph node cells as starting
material. The control immunoprecipitation average for this experiment is 0.006 
 0.005. The same chromatin was used for both panels a and b.
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S12, and S13 in the supplemental material). The loci affected
by BRG1 knockdown are all binding sites for BRG1, and
known or putative regulatory regions. Using another probe of
chromatin structure, MNase, we find that BRG1 is required for
accessibility (see Fig. S8B in the supplemental material). We
also found that RHS7 is an inducible site in Th2 effector cells;
this is in agreement with one report (29) but differs from
another 16a, perhaps because of subtle differences in culture
conditions (3). These findings indicate that BRG1 is required
after Th2 differentiation to maintain or modify the typical
chromatin structure at the Th2 and GATA3 loci.

We continued to examine chromatin structure by measuring
histone acetylation when BRG1 was knocked down after Th2
differentiation was complete, since BRG1 has been found to
cooperate with histone acetyltransferases (8, 10, 14, 34, 47).

Under these conditions, BRG1 RNAi does not appear to alter
GATA3 or c-Maf RNA or protein. We found that in restim-
ulated Th2 effector cells, BRG1 was required for H3K9,14
acetylation at several locations, especially at the IL-4 promoter
and RHS7, which are preferentially Th2-specific DNase I HS
and require BRG1 for typical chromatin structure (Fig. 5b;
also see Fig. S9 in the supplemental material). In contrast, the
granulocyte-macrophage colony-stimulating factor enhancer,
the �2-microglobulin promoter, and a nonconserved region 11
kb upstream of the IL-13 promoter that fails to bind BRG1 and
is not DNase I hypersensitive showed little if any effect,
whereas acetylation increased at the promoter for CD4, a gene
regulated by BRG1 during early T cell development (13a),
suggesting that BRG1 is not required for all H3K9,14 acetyla-
tion. This is consistent with a causal role for BRG1 in main-
tenance or establishment of the histone acetylation pattern.

Transcription factors recruit BRG1 to the Th2 LCR. We
decided to focus our studies on the Th2 LCR, located 16 to 70
kb from the Th2 promoters, for a number of reasons. Reduced
expression of BRG1 after Th2 differentiation altered cytokine
expression in a manner that resembled the deletion of the Th2
LCR element RHS7 (Fig. 2), BRG1 binding to RHS7 occurred
preferentially in Th2 cells and was inducible upon activation
(Fig. 3 and 4), and RHS7 chromatin structure was dependent
upon BRG1 activity (Fig. 5). Since IL-4 and STAT6 are
thought to play key roles in the formation of the HS at RHS7,
we sought to determine whether STAT6 was involved in re-
cruiting BRG1 to RHS7. In Th2 effector cells, endogenous
STAT6 was bound to RHS7 in a stimulation-dependent man-
ner (Fig. 6a). PMA plus ionomycin were sufficient to promote
STAT6 binding and BRG1 binding under these conditions,
whereas IL-4 was able to induce STAT6 binding but not BRG1
binding, suggesting that another transcription factor might also
be required (data not shown). NFAT, a transcription factor
family rapidly activated after TCR activation and known to be
involved in cytokine transcription, also bound RHS7 after
stimulation (Fig. 6a). NFAT binding required stimulation and
was blocked by cyclosporine, a known inhibitor of the NFAT
pathway. Activation-induced BRG1 binding to RHS7 was cy-
closporine sensitive, suggesting that NFAT might play a role in
recruiting BRG1 (Fig. 6b), which is consistent with a report of
NFAT-BRG1 interaction in T cells (64). BRG1 did not bind to
RHS7 in cells from STAT6-deficient mice differentiated under
Th2 conditions, although binding to a STAT6-independent
locus was unaffected (Fig. 6C). As reported by others (29), we
found that RHS7 DNase I HS were reduced in cells from
STAT6�/� mice differentiated under Th2 conditions (data not
shown). NFAT binding to RHS7 was also impaired in cells
from STAT6-deficient mice; again, binding to a STAT6-inde-
pendent locus was unaffected (Fig. 6C). We performed sequen-
tial ChIP and found that BRG1 was present at the same chro-
matin fragments as the STAT6 and NFAT transcription factors
(see Fig. S10 in the supplemental material). Thus, it was un-
likely that BRG1 and transcription factors were binding to
RHS7 in different populations of cells or at different alleles.
Finally, we detected association of endogenous STAT6 and
BRG1 in primary Th2 cells (Fig. 6d). The association required
the stimulation of cells with exogenous IL-4, the same cytokine
used to program Th2 differentiation, which may indicate that
SWI/SNF interacts with phosphorylated STAT6. Together,
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these findings suggest a role for Th2 transcription factors in
targeting the SWI/SNF complex to the Th2 LCR.

The BAF complex regulates Th2 cytokine expression. BRG1
is known to exist in at least two different SWI/SNF complexes,
BAF and P-BAF. Using ChIP, we further characterized the
SWI/SNF complex at the Th2 LCR, finding two BAF-specific
components at RHS7: BRM and BAF250a/Arid1a (see Fig.
S11 in the supplemental material). Knockdown of BAF250a/
Arid1a resulted in reduced IL-4 expression, similar to BRG1
knockdown, suggesting that the BAF complex plays a func-
tional role in regulating the Th2 cytokine cluster (see Fig. S11
in the supplemental material). We did not detect a role for the
P-BAF complex (BAF180/polybromo-1 and BAF200/Arid2);
however, there is no known P-BAF target in these cells for
comparison (data not shown). First, these findings confirm the
role of SWI/SNF complexes in regulating Th2 cytokine expres-
sion, and, second, they suggest that the BAF version of the
SWI/SNF complex is responsible for at least part of the ob-
served SWI/SNF activity.

DISCUSSION

We tested the role of ATP-dependent remodeling in differ-
entiation using primary T cells and BRG1 as a model system.

We found BRG1 was required for Th2 differentiation. BRG1
was required during and after differentiation for Th2 cytokine
transcription and during differentiation (but not after) for ex-
pression of the c-Maf and GATA3 mRNAs. BRG1 bound to
the Th2 cytokine cluster, including the LCR, and also the
GATA3 gene. Reduction in BRG1 expression affected IL-4
and IL-13 more strongly than IL-5, a finding reminiscent of the
previously described phenotype of deletion of part of the LCR.
BRG1 binding was regulated by the extent of differentiation
and the choice of cell fate and cell activation. BRG1 was acting
at least in part through the BAF complex. BRG1 was required
for the Th2 cytokine cluster and GATA3 genes to adopt their
typical chromatin structure. STAT6 bound the Th2 LCR, was
required for NFAT and BRG1 binding to the LCR, and was
associated with BRG1. NFAT activity was also required for
BRG1 binding to the Th2 LCR.

We infer that at least part of the observed changes in gene
expression are the result of BRG1 directly regulating the target
genes rather than indirect (i.e., regulating a regulator of the
target genes). First, we found that BRG1 bound to target loci
with kinetics such that it is competent to regulate the cytokines
and transcription factors. Second, reduction in BRG1 expres-
sion triggered both changes in gene expression and changes in

FIG. 6. Transcription factor activity is required for BRG1 binding to the Th2 LCR after Th2 differentiation. (a) STAT6 and NFAT bind to
RHS7 in the Th2 LCR in restimulated Th2 effector cells. NFAT binding is suppressed by cyclosporine. Cells were stimulated with phorbol myristate
acetate and ionomycin where indicated, in the absence of exogenous IL-4. Binding was determined by ChIP. (b) Cyclosporine blocks BRG1 binding
to RHS7. Binding was determined by ChIP. (c) STAT6 expression is required for BRG1 and NFAT binding to RHS7. Binding was determined
by ChIP. Cells were differentiated under Th2 conditions. (d) Endogenous BRG1 and STAT6 associate in primary Th2 cells. IL-4 was added as
indicated.
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chromatin structure at BRG1 binding sites, which is consistent
with a direct, causal role for BRG1 remodeling in transcrip-
tional regulation. Third, in mature effector cells BRG1 knock-
down does not appear to regulate known regulators of Th2
cytokines. Fourth, BRG1 binding was observed specifically at
known and putative regulatory regions. In differentiating cells
BRG1 knockdown decreases mRNA encoding GATA3 and
c-Maf, two transcription factors known to positively regulate
Th2 cytokines. However, it does not strongly change the pro-
tein expression. Thus, in differentiating cells, GATA3 (and
perhaps c-Maf) is a direct target of BRG1, whereas the Th2
cluster appears to be regulated by a combination of direct and
perhaps indirect BRG1 effects. We propose the following sim-
ple model: BRG1 changes the chromatin structure of target
loci, which allows enhancers and perhaps silencers to change
their activity, which directly regulates gene expression.

We found that BRG1 plays a direct role in changing chro-
matin structure at the Th2 cytokine and transcription factor
genes, which provides insight into the mechanism of a remod-
eling enzyme during choice of developmental fates. The
change in DNase I hypersensitivity in the Th2 cytokine cluster
have been carefully documented by several labs under various
conditions. To our knowledge, this is the first report identifying
an ATP-dependent chromatin remodeling enzyme that plays a
role in their formation. Given the well-documented activity of
BRG1 and SWI/SNF complexes in cell-free systems, we hy-
pothesize that BRG1 is unfolding, sliding, or displacing nu-
cleosomes to create DNase I HS; our experiments do not
distinguish among these possibilities. DNase I hypersensitivity
can reflect nucleosome-free regions, transcription factor bind-
ing, histone modifications, or nucleosome unfolding. At least
part of this BRG1 activity appears to be through the BAF
complex.

It is perhaps surprising that BRG1 is required in effector
cells, since some of the Th2 cytokine locus DNase I HS, such
as HSIV, are present in resting Th2 cells (1). One might have
predicted that the chromatin structure was mostly pro-
grammed during differentiation, and after it was set there
would be little if any need for remodeling. However, we found
that BRG1 is required for Th2 effector cell chromatin structure
and that BRG1 is functionally important in these cells. We
found that nuclease sensitivity at RHS7 is inducible after Th2
differentiation is complete, consistent with a prior report (29);
thus, the function of BRG1 may be to alter chromatin structure
in effector cells. Our finding is also consistent with the recently
described role of SWI/SNF in mediating the recall of transcrip-
tional regulation memory in budding yeast (26).

We found that BRG1 binding to the Th2 LCR is dependent
on STAT6 and, furthermore, that BRG1 directly interacts with
this transcription factor. Interestingly, a number of other
STAT proteins have also been suggested to activate transcrip-
tion and remodel chromatin, either directly or indirectly,
through BRG1, suggesting that the BRG/STAT pathway is
general (18, 23, 44). In our system, we found that BRG1 re-
cruitment to the Th2 LCR depends both on cytokine signals
through STAT6, as well as signaling through the TCR via
NFAT1. Since the differentiation of a Thp to a Th2 cell de-
pends on these same signals, we suggest that BRG1 uses the
mechanism of chromatin remodeling to integrate these signals.
This is reminiscent of results reported for the IFN-� promoter,

where BRG1 binding in Th1 cells is dependent on both NFAT
and STAT4 (64). It is tempting to speculate that the recruit-
ment of chromatin remodeling factors to STAT binding sites
via STAT proteins is a general feature of cytokine-induced
transcription, providing a direct connection between extracel-
lular signals and epigenetic changes at the level of nucleosome
remodeling.

Although our data suggest that the developmentally regu-
lated and inducible recruitment of BRG1 to the Th2 locus is
dependent on the activation of Th2 transcription factors, we
cannot rule out a role for direct modification of BRG1-con-
taining complexes or Th2 transcription factors by T-cell acti-
vation. Antigen receptor signaling has been shown to induce
the rapid association of BRG complexes to chromatin, an
activity that is dependent on phosphatidylinositol 4,5-bisphos-
phate (PIP2) (65). In addition, p38 mitogen-activated protein
(MAP) kinase has been demonstrated to directly phosphory-
late the BAF60 subunit of SWI-SNF resulting in the recruit-
ment of SWI-SNF to a target promoter (52). BRG1 itself is
also capable of being phosphorylated by ERK1 in a cell cycle-
dependent manner, resulting in the inactivation of BRG1 ac-
tivity (51). GATA3 has been found to be a target of MAP
kinase cascades (12). Given the established role for MAP
kinases in Th differentiation (15, 48, 60), future experiments
will be needed to determine whether this signaling pathway
plays a role in directing BRG1 recruitment to cytokine loci.

We do not yet know how BRG1 is activating transcription in
this system. We found that BRG1 binds strongly to RHS7 in a
Th2-specific manner, before DNase I hypersensitivity is estab-
lished, and that BRG1 is required for DNase I HS at RHS7 in
Th2 effector cells. Our finding that IL-4, IL-13, and IL-10
require BRG1 in Th2 effector cells, whereas IL-5 does not, is
reminiscent of a previous finding that RHS7 is required in vitro
under Th2 conditions for IL-4 and IL-13 mRNA production,
but not for IL-5 (33). It is unclear why IL-5 is strongly affected
by BRG1 knockdown during differentiation but is unaffected
after differentiation. We note that BRG1 binding is weak or
absent at the IL-5 proximal regions that we have tested to date;
perhaps another remodeling enzyme is regulating IL-5. It may
be significant that we measure the strongest BRG1 binding at
sites that are distant from the transcriptional start sites rather
than the more frequently studied promoters. BRG1-mediated
remodeling might be affording access to transcriptional activa-
tors or RNA polymerase, facilitating the action of other
remodeling enzymes such as histone-modifying enzymes, or
mediating changes in higher-order chromatin structure that
permit long-range interactions in the locus.

We hypothesized that BRG1 would be important for the
chromatin structure of at least some of the previously mapped
DNase I HS. Unexpectedly, BRG1 binds to nearly every reg-
ulatory element we tested. Our assays are specific, since non-
conserved regions in the Th2 locus (IL-13, kb -11; IL-5, kb -6)
and a neuron-specific gene (NfM/Nef3, exon 1) lack BRG1
binding, histone acetylation, and DNase I HS. Moreover,
BRG1 bound the IFN-� promoter in Th1 cells but not Th2
cells. Although we favor a model wherein BRG1 is binding to
specific regulatory elements, further experiments are in
progress to determine whether BRG1 binds discrete elements
or broad regions. We also detected BRG1 binding at sites that
do not appear to have BRG1-dependent chromatin structure;
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we do not yet know whether BRG1 has no effect at these sites
or is redundant with other remodeling enzymes, or whether the
residual BRG1 following knockdown is sufficient to program
the chromatin structure at these sites.

We have preferentially reduced BRG1 expression and re-
vealed a role for the SWI/SNF component in Th2 differentia-
tion, cytokine gene expression, and chromatin structure. The
remaining Th2 function may be dependent on the residual
BRG1 expression, BRM, or other remodeling enzymes; our
experiments do not exclude a role for BRM. Our observation
that reduced expression of BAF250a, another SWI/SNF com-
ponent, has a similar effect as BRG1 provides independent
confirmation of the role of SWI/SNF in these processes. This
finding also detects a function for the BAF version of SWI/
SNF; however, this does not exclude a role for P-BAF versions
of SWI/SNF.

In a recent study examining the role of SATB1 in the Th2
locus, it was reported that BRG1 was present throughout the
locus in a Th2 cell clone and that binding increased upon
activation (11). We extended these findings here by using pri-
mary cells to determine that BRG1 is not bound in naive cells
and that binding occurs during Th2 differentiation. We found
high BRG1 binding to the LCR and low binding to the IL-4
promoter and CNS1, whereas this pattern is reversed in the
Th2 cell clone; this might reflect a difference between primary
cells versus a T-cell clone maintained in vitro.

BRG1 is essential for embryonic development and is ubiq-
uitously expressed. BRG1 has demonstrated roles in T-cell
development, T-cell lineage choice, Th differentiation and
function, and macrophage function. However, much remains
to be discovered about how BRG1 helps to control these pro-
cesses. We have found that in Th2 differentiation, BRG1 di-
rectly regulates targets at the transcriptional level by binding to
proximal and distal regulatory regions and programming chro-
matin structure. We speculate this mechanism is likely to be
recapitulated in other cell types throughout the body during
development rather than being specific to T cells.
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