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The mammalian SWI/SNF-like chromatin-remodeling BAF complex plays several important roles in con-
trolling cell proliferation and differentiation. Interferons (IFNs) are key mediators of cellular antiviral and
antiproliferative activities. In this report, we demonstrate that the BAF complex is required for the maximal
induction of a subset of IFN target genes by alpha IFN (IFN-�). The BAF complex is constitutively associated
with the IFITM3 promoter in vivo and facilitates the chromatin remodeling of the promoter upon IFN-�
induction. Furthermore, we show that the ubiquitous transcription activator Sp1 interacts with the BAF
complex in vivo and augments the BAF-mediated activation of the IFITM3 promoter. Sp1 binds constitutively
to the IFITM3 promoter in the absence of the BAF complex, suggesting that it may recruit and/or stabilize the
BAF complex binding to the IFITM3 promoter. Our results bring new mechanistic insights into the antipro-
liferative effects of the chromatin-remodeling BAF complex.

Interferons (IFNs) play several fundamental roles in cellular
antiviral and antiproliferative activities (35, 40). The signal of
alpha/beta IFNs (IFN-�/�s) is mainly mediated by IFN-stim-
ulated gene factor 3 (ISGF3), a trimeric complex consisting of
STAT1, STAT2, and p48 (14, 38, 44), which binds to IFN-
stimulated regulatory elements (ISREs) to activate their target
genes (6). Transcriptional activation of the IFN-induced genes
is required for the actions of the IFNs (4, 40).

The genomic DNA in the nucleus is packaged into nucleo-
somes that are inhibitory to the access of transcription factors
to their target sites. Modification of the nucleosomal template
is thought necessary to allow transcriptional activation. This
modification can be either covalent bond formation by acety-
lation, phosphorylation, and methylation at the histone tails
and/or noncovalent action by ATP-utilizing remodeling en-
zymes (1, 13, 17, 19, 30, 36, 41, 43, 47). Whereas the mecha-
nism by which ISGF3 overcomes the chromatin barrier for
binding to its targeting sites is not clear, signal transducer and
activator of transcription (STAT) proteins have been found to
interact with the highly conserved and ubiquitously expressed
cyclic AMP response element-binding proteins, CBP/p300 (3,
15, 34, 49, 52). Both CBP and p300 have histone acetyltrans-
ferase activity (33). Overexpression of E1A, which binds to
CBP/p300 and inhibits its histone acetyltransferase activity,
blocks the ISRE-mediated responses to IFN-�/� (3), suggest-
ing that the modification of the chromatin structure might be
an important step in the induction of IFN target genes.

It was reported recently that the reconstitution of the active
BAF complex by transient expression of the essential ATPase
subunit BRG1 in BRG1-deficient SW-13 cells up-regulates
several IFN target genes (27), suggesting that the chromatin-
remodeling activity of the BAF complex might be required for

the induction of these genes by IFNs. In this report, we dem-
onstrate that reconstitution of the BAF complex by transiently
expressing BRG1 in SW-13 cells potentiates the maximal in-
duction of a group of IFN target genes by IFN-�. The BAF
complex facilitates chromatin remodeling of the IFITM3 pro-
moter upon IFN-� induction. We also show that Sp1 interacts
with the BAF complex in vivo and that the Sp1-binding site in
the promoter is required for optimal activation of the pro-
moter by the BAF complex.

MATERIALS AND METHODS

Constructs and antibodies. pREP4-luc and pREP7-RL have been described
previously (27). pGL3-TM3-luc and pREP4-TM3-luc were constructed by insert-
ing the PCR-amplified IFITM3 promoter (�238 to �25) into the XhoI-HindIII
sites of pGL3/basic or pREP4-luc. The constructs for promoter deletion analysis
were prepared by inserting the corresponding fragments amplified by PCR into
the XhoI-HindIII sites of pREP4-luc. Point mutation of the Sp1-binding site in
pREP4-TM3-luc was performed with the QuikChange kit (Stratagene) following
the manufacturer’s instructions.

The BRG1 antibody has been described previously (21). The other antibodies
were purchased from the following sources: Sp1 from Santa Cruz Biotechnology,
Inc. (catalog no. SC-420 and SC-14027), STAT1 from Santa Cruz Biotechnology,
Inc. (SC-346), p48 from Santa Cruz Biotechnology, Inc. (SC-496), and STAT2
from Transduction Laboratories (S21220).

Cell culture, transfection, luciferase assay, and RT-PCR. SW-13 cells and
HeLa cells were maintained in Dulbecco’s modified Eagle’s medium comple-
mented with 10% fetal bovine serum, 1 mM glutamine, and penicillin-strepto-
mycin. Transfection was done by using Superfect (Qiagen) transfection reagent
according to the manufacturer’s instructions. The luciferase assay was performed
with the dual luciferase assay kit (Promega). Reverse transcription (RT)-PCR
analysis of the mRNA levels was performed as described previously (27) with the
following primers: IFITM2 forward, 5� ATTCTGCTCGTCATCATCCCAG 3�,
and reverse, 5� TGATGCAAGACTCGGCTGTG 3�; IFITM3 forward, 5� ATG
AGTCACACTGTCCAAACCTTCTTC 3�, and reverse, 5� AACAGGGACCA
GACGACATGGTCG 3�; IFIT1 forward, 5� ACAAGGTGGAGAACATTTGC
AAG 3�, and reverse, 5� AAGGAGAACCTTAATATATCC 3�; GBP forward, 5�
TGATGAACAAGCTGGCTGGAAG 3�, and reverse, 5� TCTGTCACATAGT
ACAGTTG 3�; ISG15 forward, 5� CAACGAATTCCAGGTGTC 3�, and re-
verse, 5� TCACTTGCTGCTTCAGGTG 3�; and ISGF3G forward, 5� TACAA
GGTGTATCAGTTGCTG 3�, and reverse, 5� AAAGTACCTGACCAAGT
CTG 3�.
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Restriction enzyme accessibility assay. The restriction enzyme accessibility
assay was performed according to a published procedure (46) with the following
modifications. Exponentially growing SW-13 and HeLa cells were treated with
1,000 U of IFN-�/ml (catalog no. PHC4814; Biosource) for 2 h prior to lysis in
cell lysis buffer (10 mM Tris [pH 7.5], 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40,
0.15 mM spermine, 0.5 mM spermidine). After being washed once with 200 �l of
nuclear buffer (10 mM Tris [pH 7.5], 50 mM NaCl, 10 mM MgCl2, 0.2 mM
EDTA, 0.2 mM EGTA, 1 mM �-mercaptoethanol, 0.15 mM spermine, 0.5 mM
spermidine), the nuclei were resuspended in 50 �l of restriction buffer (10 mM
Tris [pH 7.9], 10 mM MgCl2, 50 mM NaCl, 1 mM dithiothreitol) and digested
with 2 �l of HincII (20 U) for 10 min at 37°C. The reaction was stopped by adding
150 �l of stop buffer (10 mM Tris [pH 7.5], 10 mM EDTA, 0.4% sodium dodecyl
sulfate [SDS], 0.6 mg of proteinase K/ml) and incubated at 50°C for 3 h. Fol-
lowing purification by phenol-chloroform extraction and precipitation, the
genomic DNA (2 �g) was digested to completion with 1 �l of XmnI (10 U) in 50
�l of the restriction buffer for 2 h at 37°C. The DNA was purified by phenol-
chloroform extraction and precipitation and resuspended in 20 �l of H2O. Linker
ligation was carried out by adding 5 �l of 10� ligation buffer–20.5 �l of H2O–2.5
�l of 25 �M universal linker (32)–2 �l of T4 DNA ligase (New England Biolabs;
400 U/�l) and incubating at 14°C for 12 h. The DNA was purified as before and
resuspended in 20 �l of H2O. For PCR amplification, 10 �l of DNA was mixed
with 5 �l of 10� PCR buffer–5 �l of 25 mM MgCl2–5 �l of 1 mM deoxynucleo-
side triphosphates–2 �l of 2.5 �M the long universal primer–2 �l of 2.5 �M
gene-specific primer IFITM3/445R (5� TATGAAGCCCAGGCAGCAGGG
3�)–20 �l of H2O–1 �l of Taq polymerase (5 U) and cycled at 94°C for 30 s, 55°C
for 30 s, and 72°C for 1 min and then 25 times at 72°C for 5 min. The PCR
products were labeled by adding 32P-labeled IFITM3/402R (5� AACAGGGAC
CAGACGACATGGTCG 3�) to 0.05 �M and two cycles of PCR (94°C for 2 min,
55°C for 2 min, 72°C for 2 min; repeated once). The labeled products were
purified and resolved on an 8% acrylamide–6 M urea–1� Tris-borate-EDTA gel
and visualized by autoradiography.

For transient expression of BRG1 in SW-13 cells, the cells were transfected
with a cell selection kit (catalog no. 130-070-201; Miltenyi Biotec) by using
pMACS Kk and pBJ5-BRG1. Following treatment with IFN-� for 2 h after 24 h
of transfection, the transfected and nontransfected cells were sorted by using
magnetic beads according to the manufacturer’s instructions and processed for
HincII accessibility as described above.

Nucleosome mapping with MNase. The nucleosomal structure was mapped as
described previously (51). Briefly, SW-13 cells and HeLa cells were lysed in the
cell lysis buffer as described above. The nuclei were washed once with 1 ml of the
nuclear buffer and resuspended in the same buffer at a concentration of about 6
million nuclei per 1,000 �l of buffer. The final Ca2� concentration was adjusted
to 1 mM with 1 M CaCl2. A total of 250 �l of the nuclei was digested with 0.05,
0.1, 0.3, and 0.6 U of MNase (Sigma), respectively, for 10 min at 30°C. The
reaction was stopped, and the DNA was purified as in the restriction enzyme
accessibility assay. The purified DNA (2 �g) was phosphorylated with T4 polynu-
cleotide kinase, and double-stranded cleavages were detected by ligation-medi-
ated PCR (LM-PCR) as described above.

The nucleosomal boundaries were mapped with mononucleosome-sized DNA
by LM-PCR according to published protocol (28) by using the following IFITM3-
specific primers: forward PCR primer (5� GAGGGCTCACTGAGTAACCATC
3�), forward labeling primer F1 (5� AGTAACCCGACCGCCGCTGGTCTT 3�),
reverse PCR primer (5� GGCTGGCCACTGTTGACAGGA 3�), and reverse
labeling primer R1 (TGTGACTCATGGTGTCCAGCGAAG 3�).

In vivo DSP cross-linking. In vivo cross-linking and immunoprecipitation (IP)
were carried out as reported previously (49) with the following modifications.
Exponentially growing Jurkat cells (108) were pelleted by centrifugation at 1,000
rpm in a Sorvall Biofuge for 5 min. The cells were resuspended in 2 ml of 1�
phosphate-buffered saline and cross-linked with 0.6 mg of dithiobis(succinimi-
dylpropionate) (DSP)/ml for 15 min at room temperature. The reaction was
stopped by pelleting in a Sorvall Biofuge at 4,000 rpm for 1 min and washing once
with 1� phosphate-buffered saline. Following lysis by Dounce homogenizing
with a glass homogenizer in 1 ml of the lysis buffer (10 mM HEPES [pH 7.9], 1.5
mM MgCl2, 10 mM KCl, 1 mM phenylmethylsulfonyl fluoride), the nuclei were
washed twice with 1 ml of the lysis buffer plus 0.2% Triton X-100. The nuclei
were then extracted with 0.5 ml of the extraction buffer (20 mM HEPES [pH 7.9],
0.42 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 20% glycerol, 1 mM phenyl-
methylsulfonyl fluoride, proteinase inhibitor cocktail) for 30 min at 4°C with
rotation. For the IP assay, 150 �l of the nuclear extracts, 250 �l of IP wash buffer
(20 mM Tris [pH 7.5], 0.5 M NaCl, 1 mM EDTA, 0.2% Triton X-100), and 2 �g
of the specific antibodies were added to 20 �l of protein A beads, which were
then incubated for 4 h at 4°C with rotation. Following three 10-min washes with
1 ml each of the IP wash buffer, the immunoprecipitated proteins were eluted

and reverse cross-linked by incubating the beads in 30 �l of 2� SDS loading
buffer (0.1 M Tris [pH 6.8], 4% SDS, 10% glycerol, 0.2 M dithiothreitol) for 10
min at 95°C. The samples were resolved by SDS-polyacrylamide gel electro-
phoresis (PAGE) and detected by Western blot analysis.

ChIP assay and electrophoresic mobility shift assay (EMSA). The chromatin
IP (ChIP) assay was performed as described previously (27) with the following
modifications. Following cross-linking with formaldehyde and sonication of the
cells, the chromatin lysates were adjusted to a standard IP buffer (10 mM
Tris-HCl [pH 7.5], 1 mM EDTA [pH 8.0], 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% SDS) plus 0.14 M NaCl. The soluble chromatin (500 �l),
precleared by incubating with 50 �l of protein A-Sepharose beads for 1 h at room
temperature, was added with 2 �g of purified specific antibodies or normal rabbit
immunoglobulins and 50 �g of bovine serum albumin to 30 �l of protein A-
Sepharose beads that were previously blocked by incubating with 300 �l of 1�
phosphate-buffered saline containing 0.5% bovine serum albumin and salmon
sperm DNA (0.1 �g/�l) for 1 h at room temperature. Following incubation for
16 h at 4°C with rotation, the beads were washed sequentially twice with IP buffer
containing 0.3 M NaCl, twice with IP buffer containing 0.14 M NaCl, twice with
L buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA [pH 8.0], 0.25 M LiCl, 0.5%
NP-40, 0.5% sodium deoxycholate), and twice with 1� Tris-EDTA buffer. The
immunoprecipitated DNA was reverse cross-linked and purified. One-tenth of
the DNA was analyzed by multiplex PCR with the following primers: IFITM3/
�251F, 5� CAAGATGAGACTTGTGCTCCCTTGG 3�; IFITM3/�61R, 5�
CTCGTGCTCCTCCTTGAGCATCT 3�; IFITM2U/F2, 5� CGGTCCTGTGAC
CCCTTAATGGT 3�; and IFITM2U/R1, 5� CAAGACTTCATCTCCAACCG
GAC 3�).

RESULTS

Transient expression of BRG1 in SW-13 cells potentiates
the maximal induction of a group of IFN target genes by
IFN-�. The BAF complex elevates the basal-level expression
of 80 genes in SW-13 cells, including a number of IFN-induc-
ible genes (27). Since chromatin remodeling is considered an
important step in the transcriptional activation of a gene, we
hypothesized that the presence of the chromatin-remodeling
BAF complex may enhance the induction of these IFN target
genes by IFN. RT-PCR analysis confirmed the conclusion from
the cDNA microarray results that the basal-level expression of
four IFN target genes including IFITM2, IFITM3, IFIT1, and
GBP was augmented by the transient expression of BRG1 in
SW-13 cells, while no difference in expression was observed for
ISG15 and ISGF3G (Fig. 1, compare lanes 1 and 2). IFN-�
alone induced only weakly the first four genes. However, the
presence of BRG1 in SW-13 cells dramatically enhanced the
induction of these genes by IFN-� (Fig. 1, compare lanes 5 and
6). In contrast, ISG15 and ISGF3G were induced strongly by
IFN-� alone and no significant difference in induction was
observed in the presence of BRG1.

To rule out the possibility that the IFN-� signaling pathway
is defective in SW-13 cells, we examined the phosphorylation
status of STAT1 and STAT2 upon IFN-� treatment. We found
that IFN-� treatment efficiently induced the phosphorylation
of STAT1 and STAT2 in both SW-13 cells and HeLa cells
(data not shown). Therefore, the defect in the induction of
IFITM2, IFITM3, IFIT1, and GBP by IFN-� in SW-13 cells
might be caused by the absence of the functional BAF com-
plex, suggesting that the maximal induction of these genes may
require chromatin remodeling by the BAF complex.

Chromatin remodeling at the IFITM3 promoter is compro-
mised in SW-13 cells upon IFN-� induction. The IFITM2
(1-8D) and IFITM3 (1-8U) genes are located in the same
chromosome locus and share significant homology in their
coding and 5� promoter regions (26). They are highly induced
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by IFN-� in HeLa cells (12). The observation that the maximal
induction of these genes by IFN-� requires the presence of
BRG1 suggests that the chromatin structure at their promoters
may not be efficiently remodeled in the absence of a functional
BAF complex upon IFN-� induction. We examined whether
there is a nucleosome-like structure at the IFITM3 promoter
in SW-13 cells by MNase digestion and LM-PCR. Nuclei iso-
lated from exponentially growing cells were treated with
MNase, which generates double-stranded cleavages in the
linker region. To map the double-stranded cleavage sites, a
unidirectional linker was added to the blunt ends generated by
the double-stranded cleavages by MNase. The linker primer
and an IFITM3 promoter-specific primer were then used to
amplify the DNA and then to label it with a nested 32P-labeled
IFITM3 promoter-specific primer. The purified genomic DNA
was treated the same way as the control. As shown in Fig. 2A,
about 160 bp of DNA from �60 to �100 relative to the tran-
scription start site was protected from MNase digestion, sug-
gesting the presence of a nucleosome-like structure. The same
MNase digestion pattern was observed in HeLa cells (data not
shown). In order to map more precisely the boundaries of the
possible nucleosomal structure, the mononucleosome-sized
DNA isolated from SW-13 nuclei digested with MNase was
analyzed by LM-PCR with primers within the protected region.
As indicated in Fig. 2B, the labeled F1 primer (�35 to �12)
detected a major band of 118 bases that included 25 bases of
the universal linker DNA, which was ligated to the mononu-
cleosomes, indicating that the 3� boundary is at �60 relative to
the transcription start site. By using the labeled R1 primer
(�10 to �14), the 5� boundary of the nucleosome was deter-
mined to be at �90 (Fig. 2B, lane 2). Therefore, taken to-
gether, the data shown in Fig. 2A and B indicate the existence
of a positioned nucleosome from �90 to �60. The majority of

the two ISREs (�102 to �72) in the promoter are located
within the nucleosomal DNA.

MNase digestion was not able to reveal any differences in the
chromatin structure at the IFITM3 promoter between SW-13
cells and HeLa cells with or without IFN-� treatment (data not
shown). We then used the restriction enzyme accessibility assay
to monitor the chromatin-remodeling event at the IFITM3
promoter upon IFN-� treatment. There is a HincII site (�34)
located in the nucleosome which is downstream of the two
ISREs, as shown in Fig. 2A. Nuclei from SW-13 cells and HeLa
cells with or without IFN-� treatment were briefly digested
with HincII. The genomic DNA was purified and digested
completely with XmnI, which recognizes a site at �152. The
DNA cleavage pattern was analyzed by LM-PCR. Cleavage at
the HincII site would generate a fragment of 181 bp, and
cleavage at the XmnI site would generate a fragment of 367 bp.
The nucleosome remodeling at the promoter would increase
HincII digestion and therefore generate more 181-bp frag-
ment. As shown in Fig. 2B, the HincII site became significantly
more accessible after 2 h of treatment with IFN-� in HeLa cells
(lanes 3 and 4). However, no significant changes were observed
in SW-13 cells upon IFN-� stimulation (lanes 1 and 2).

In order to demonstrate that the defect in remodeling the
IFITM3 promoter in SW-13 cells was caused by the absence of
the BRG1 protein, we transiently transfected the cells with
pMACS Kk and pBJ5-BRG1. Following treatment with IFN-�
for 2 h after 24 h of transfection, the transfected and nontrans-
fected cells were sorted with magnetic beads and processed for
HincII accessibility as described in the legend to Fig. 2C. The
results showed that BRG1 expression alone slightly increased
HincII digestion (Fig. 2D, compare lanes 1 and 2) and that
chromatin remodeling was fully restored in SW-13 cells ex-
pressing BRG1 protein upon treatment with IFN-� (Fig. 2D,
compare lanes 3 and 4). The control XmnI site at �152 was
somehow inefficiently digested, and the band of 520 bp was
derived from the XmnI site at �320.

These results indicate that the BAF complex is required for
chromatin remodeling at the IFITM3 promoter upon induc-
tion with IFN-�.

Activation of the IFITM3 promoter by the BAF complex is
dependent on chromatin formation. In order to identify the
DNA elements and the corresponding protein factors that
mediate the activity of the BAF complex, we cloned 238 bp of
the IFITM3 promoter sequence into the pGL3-basic vector
and tested the promoter activity in SW-13 cells by cotransfec-
tion with the BRG1 expression vector. As shown in Fig. 3A,
cotransfection with BRG1 did not activate the promoter. Since
the BAF complex is a chromatin-remodeling complex, the ac-
tivation of the IFITM3 promoter by the complex might require
the formation of proper chromatin structure. Therefore, we
cloned the promoter into a pREP4-based episomal reporter
vector that forms proper chromatin structure when transiently
transfected into cells (27, 42). The IFITM3 promoter in the
pREP4 vector was significantly activated by BRG1 (Fig. 3A).
Interestingly, transient expression of the BRG1 homologue,
hBRM, also efficiently activated the IFITM3 promoter in the
pREP4 vector (data not shown).

Since activation of the IFITM3 promoter by the BAF com-
plex is dependent upon the formation of proper chromatin
structure, we hypothesized that the synergistic effect of the

FIG. 1. Reconstitution of the BAF complex potentiates the maxi-
mal induction of a group of IFN target genes by IFN-�. SW-13 cells
transfected with BRG1 expression construct for 24 h were treated with
500 U of IFN-�/ml for 10 h. Total RNA was extracted from the cells,
reverse transcribed, and used for RT-PCR analysis with primers for the
genes shown on the right. The samples in lanes 1 and 2 were amplified
five more cycles than the samples in lanes 3 to 6 to visualize the
difference caused by the presence of BRG1. � actin was used as a
negative control.
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BAF complex and IFN-� on the induction of the IFITM3 gene
might also require the proper chromatin structure. As shown in
Fig. 3B, the IFITM3 promoter in pGL3 vector was activated
6.2 times by IFN-� alone. The presence of BRG1 did not cause
a significant increase in the activation (compare columns 3 and
4). However, the IFITM3 promoter in the pREP4 vector was
significantly more activated by IFN-� in the presence of BRG1
(30 times) than in the absence of BRG1 (5 times) (Fig. 3C,
compare columns 3 and 4), indicating that the proper chroma-
tin structure is a critical mediator of synergy.

Since the histone acetyltransferase activity of CBP/p300 is

required for the induction of IFN-�/� target genes (3), we
tested the effect of inhibiting histone deacetylase activity by
butyrate treatment on activation of the IFITM3 promoter. As
shown for the pGL3 vector in Fig. 3B, butyrate activated the
promoter 1.8-fold (column 5). Both IFN-� and butyrate syn-
ergistically activated the promoter about 17-fold (column 7).
No further activation was observed in the presence of BRG1
(compare columns 7 and 8). In contrast, the presence of BRG1
dramatically increased activation of the IFITM3 promoter in
the pREP4 vector from 9-fold to 52-fold (columns 7 and 8 in
Fig. 3C), consistent with the idea that histone acetylation sta-

FIG. 2. Chromatin remodeling at the IFITM3 promoter requires the activity of the BAF complex. (A) MNase digestion defines a nucleosome
positioned over the IFITM3 promoter. The nuclei or genomic DNA isolated from SW-13 cells were digested with MNase. The double-stranded
cleavages in the nucleosomal linker region were detected by LM-PCR. The open oval on the right side of the lanes indicates the protected region
of DNA. The filled oval represents the Sp1-binding site. The filled squares represent ISREs. “�1” and an arrow indicate the position relative to
the transcription start site and direction of transcription, respectively. The HincII and XmnI restriction sites are also indicated. Chr, nuclei (28).
(B) A map of the boundaries of the protected region is shown. The mononucleosome-sized DNA isolated from SW-13 nuclei digested with MNase
was subjected to LM-PCR analysis (28). The nested 32P-labeled primers are indicated F1 (�35 to �12) and R1 (�10 to �14). The arrowhead
indicates the major band. The nucleosomal boundaries indicated by the open oval were determined after deduction of the DNA sequence (25
bases) that was ligated to the mononucleosomes as a universal linker (adaptor). (C) Chromatin remodeling at the IFITM3 promoter is defective
in SW-13 cells. Nuclei isolated from SW-13 and HeLa cells with or without IFN-� treatment were briefly digested with HincII, followed by complete
digestion of the purified genomic DNA with XmnI. The cleavage products were detected by LM-PCR. (D) Transient expression of BRG1 in SW-13
cells restored the chromatin remodeling at the IFITM3 promoter upon IFN-� stimulation. SW-13 cells were transiently transfected with pMACS
Kk and pBJ5-BRG1 for 24 h. Following treatment with IFN-� for 2 h, the transfected and nontransfected cells were sorted by magnetic beads and
processed for HincII accessibility as described for panel C. The digestion of the XmnI site at �152 was somehow incomplete. The band of 520 bp
was derived from complete digestion of the XmnI site at �330. Size markers are indicated on the left of each panel.
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bilizes the binding of the SWI/SNF complex to the chromatin
template (18).

A 5� deletion analysis of the promoter revealed that deletion
to �173 slightly reduced the fold activation by BRG1 (Fig.
3D). A more significant decrease in the fold activation by
BRG1 was observed when the promoter sequence was deleted
to �152. Further deletion to �138 abolished activation by
BRG1. Therefore, at least two major elements may be medi-
ating the activity of the BAF complex, one located between
�173 and �152 and the other between �152 and �138.

Sp1-binding site contributes to activation of the IFITM3
promoter by the BAF complex. While examination of the DNA
sequence between �173 and �152 did not reveal any apparent
binding sites for known protein factors, the region between

�152 and �138 contains one Sp1-binding motif (Fig. 4A).
EMSA showed that the SW-13 nuclear extracts produced two
reproducible shifts (labeled C1 and C2) of the 22-mer probe
covering the Sp1-binding site from the IFITM3 promoter (Fig.
4B, lane 2). The shifts were inhibited with a 100-fold excess of
the unlabeled wild-type probe (lane 3) but not with the mutant-
binding site (lanes 4). Both of the monoclonal and polyclonal
antibodies against the Sp1 protein induced a very faint super-
shifted band and at the same time completely inhibited the
upper shift, C1, while the C2 shift was only partially inhibited
(Fig. 4C, lanes 3 and 5). These data indicate that the C1 shift
and part of the C2 shift were generated by Sp1 binding (Fig.
4C, lanes 2 and 3).

In order to determine if the Sp1-binding site contributes to

FIG. 3. Synergistic activation of the IFITM3 promoter by BRG1 and IFN-� is dependent on the formation of proper chromatin structure.
(A) Activation of the IFITM3 promoter by the BAF complex requires formation of proper chromatin structure. The IFITM3 promoter was cloned
into the pGL3/basic or pREP4-luc reporter vector. The constructs were cotransfected with either pBJ5 or BRG1 into SW-13 cells. Luciferase
activity was determined with the dual luciferase assay kit from Promega. The bar graph was derived from the average of two experiments, with the
error bar indicating the range from two experiments. (B and C) The IFITM3 promoter in pGL3 vector (panel B) or pREP4 vector (panel C) was
cotransfected with pBJ5 or BRG1 into SW-13 cells for 24 h, followed by treatment with 500 U/ml and/or 5 mM sodium butyrate for 12 h. The
luciferase activity was analyzed as described for panel A. The fold activation is indicated above each column. (D) Deletion analysis of the IFITM3
promoter is illustrated. The pREP4-TM3-luc constructs with 5� deletions were analyzed as described for panel A. The numbers below the graph
represent the base pairs from the transcription start site. The numbers above the bars represent the fold difference in activation by BRG1 compared
to that by the pBJ5 vector.
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the regulation of the IFITM3 promoter by the BAF complex,
we tested the pREP4-TM3-luc construct with the same muta-
tion as shown in Fig. 4A in transfection experiments. As shown
in Fig. 4D, mutation of the Sp1-binding site reduced dramat-
ically the activation of the IFITM3 promoter by the BAF
complex while it caused a modest decrease in the basal-level
activity of the promoter.

These results suggest that Sp1 binds to the IFITM3 pro-
moter and augments activation by the BAF complex.

BAF complex and Sp1 are constitutively associated with the
IFITM3 promoter in vivo. Previous studies suggest that the
chromatin-remodeling complexes are recruited to their target
promoters upon induction (2, 5, 37). In order to determine if
the SWI/SNF-like BAF complex and Sp1 are recruited to the
IFITM3 promoter upon induction by IFN-�, we performed the
ChIP assay with HeLa cells. Chromatin fractions prepared
from formaldehyde-cross-linked HeLa cells with or without
prior IFN-� treatment were immunoprecipitated with antibod-
ies against Sp1, BRG1 (which recognizes both BRG1 and
hBRM), and STAT2. The immunoprecipitated DNA was re-
verse cross-linked and analyzed by multiplex PCR, with the
DNA sequence downstream of the 3� untranslated region of
the IFITM2 gene as the negative control. As expected, STAT2
became bound to the promoter upon treatment with IFN-�,
while no binding was detected in the absence of IFN-� treat-
ment (Fig. 5). However, antibodies against BRG1 and Sp1
enriched the promoter sequence relative to the control se-
quence in both the presence and absence of IFN-� treatment,
indicating that the BAF complex and Sp1 are constitutively
associated with the promoter in vivo. These data are consistent

with the observation that transient expression of BRG1 in
SW-13 cells remodeled and activated the IFITM3 promoter
even in the absence of IFN-� treatment (Fig. 1, 2D, and 3).

Sp1 is bound to the IFITM3 promoter in the absence of the
active BAF complex in SW-13 cells. The Sp1-binding site in the
IFITM3 promoter appears to be located outside of the posi-

FIG. 4. Sp1 contributes to the activation of the IFITM3 promoter by the BAF complex. (A) The sequence of the oligonucleotide probe
surrounding the Sp1-binding site (underlined) from the wild-type IFITM3 promoter used for the EMSA is shown. The mutated bases used in the
EMSA and in the reporter construct for transfection are indicated. (B) EMSA was performed with the wild-type probe labeled with 32P, 1 �g of
SW-13 nuclear extracts, and 500 ng of poly(dI-dC) nonspecific competitor as described previously (27). Where applicable, 100� excess of unlabeled
oligonucleotide was used as competitor. TM3, wild-type oligonucleotide from the IFITM3 promoter; m-TM3, Sp1 site-mutated oligonucleotide
from the IFITM3 promoter. (C) The EMSA reaction included 1 �g of Sp1 antibody. M, monoclonal antibody; P, polyclonal antibody; PreIM,
normal rabbit serum; �, band not observed reproducibly. (D) The IFITM3 promoter was mutated as mut-Sp1 as described for panel A. The mutant
construct was analyzed by luciferase assay as described in the legend to Fig. 3A.

FIG. 5. BAF complex and Sp1 are constitutively associated with the
IFITM3 promoter in vivo. Chromatin was prepared from HeLa cells
without (�) or with (�) IFN-� treatment for 30 min prior to formal-
dehyde cross-linking. The DNA was purified from immunoprecipitates
with the antibodies indicated above the panel and analyzed by multi-
plex PCR with IFITM3 promoter primers (�251 to �61) and a pair of
negative control primers (IFITM2U/F2 and IFITM2U/R1) that rec-
ognized the DNA sequence downstream of the 3� untranslated region
of the IFITM2 gene. PCR was performed in the presence of 5 �Ci of
[�-32P]dCTP, and the products were analyzed in 5% polyacrylamide
gels as described previously (39). Chromatin input was diluted 3 times
at each step.
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tioned nucleosome (Fig. 2A). Therefore, Sp1 binding to the
promoter might not require the activity of the BAF complex.
To test this hypothesis, we performed a ChIP assay with SW-13
cells. As quantified by real-time PCR in Fig. 6A, Sp1 antibod-
ies modestly enriched the promoter sequence in the immuno-
precipitates while no enrichment was observed with antibodies
against BRG1, which does not have detectable levels of ex-
pression in the cells. Similar results were obtained with SW-13
cells treated with IFN-� (data not shown). These results sug-
gest that Sp1 is constitutively associated with the IFITM3 pro-
moter, even in the absence of the BAF complex.

Sp1 interacts directly with the BAF complex in vivo. Since
the Sp1-binding site contributed to activation of the promoter
by the BAF complex (Fig. 4) and the zinc finger DNA-binding
domain of Sp1 has been shown to interact with BRG1 and
BAF155 in vitro in a GST pull-down assay (20), we decided to

test the direct in vivo interaction between Sp1 and the BAF
complex. While coimunoprecipitation from the nuclear ex-
tracts of Jurkat cells did not yield conclusive results, we used an
in vivo cross-linking strategy to stabilize any possible interac-
tion between them. Exponentially growing Jurkat cells were
cross-linked briefly with the cell membrane permeable and
reversible cross-linker DSP, followed by nuclear extract prep-
aration as described previously (50). The cross-linked nuclear
extracts were immunoprecipitated with anti-Sp1 and anti-
BRG1 antibodies in high-salt buffer, and the coimmunopre-
cipitated proteins were detected by Western blot analysis. As
shown in Fig. 6B, the Sp1 and BRG1 antibodies could each
coprecipitate the other (lanes 4 and 8). The preimmune serum
and anti-GATA1 antibodies did not pull down either the Sp1
or BRG1 proteins (lanes 2, 3, 6, and 7). Since the cross-linker,
DSP, does not cross-link protein to DNA, which rules out the
possibility that the coimmunoprecipitation of the BAF com-
plex with Sp1 resulted from the BAF complex and Sp1 being
cross-linked to the same DNA fragment, and the mild condi-
tions we used favor the cross-linking of directly interacting
proteins (50), these data strongly suggest that Sp1 and the BAF
complex interact directly in vivo.

DISCUSSION

BAF complex is involved in IFN signaling pathways. IFNs
mediate a broad range of cellular activities. In particular, they
suppress cancer development by inhibiting cell growth and
controlling apoptosis. It is not known how IFN-induced gene
products control the antiproliferative activity. However, at
least in some cases, factors involved in cell cycle control, such
as c-Myc, pRB, etc., are targeted (24, 29). IFNs can either
promote or inhibit apoptosis, depending on the developmental
status of a cell (40). The activities of IFNs are mainly mediated
by the STAT proteins. Upon IFN binding, the IFN receptors
oligomerize and lead to the phosphorylation and activation of
Janus kinases, which leads to the dimerization and nuclear
translocation of the STAT proteins (6, 25). The STAT proteins
in the nucleus bind to their target sites and activate transcrip-
tion of their target genes. However, very little is known about
how the nuclear STAT complexes overcome the chromatin
barrier to activate their target genes. We compared the chro-
matin-remodeling activity at the IFITM3 promoter upon
IFN-� induction in HeLa cells and SW-13 cells. Our results
indicate that chromatin was efficiently remodeled in HeLa cells
upon IFN-� treatment. However, chromatin remodeling was
defective in SW-13 cells (Fig. 2C), even though IFN-� signal-
ing efficiently activated STAT proteins (data not shown). Sig-
nificantly, transient expression of BRG1 in SW-13 cells fully
restored the chromatin remodeling of the IFITM3 promoter
upon IFN-� treatment (Fig. 2D) and the induction of a group
of IFN-� target genes (Fig. 1). These data indicate that the
BAF complex mediated chromatin remodeling for the tran-
scriptional activation of these genes.

BRG1 protein is the essential ATPase subunit of the BAF
complex. It is not expressed at any detectable levels in the
SW-13 cells derived from pheochromocytoma (11, 31). Inter-
estingly, transient expression of BRG1 induces cell differenti-
ation and growth arrest by an unknown mechanism (11). In
order to understand the mechanism by which the BAF complex

FIG. 6. Sp1 interacts with the BAF complex in vivo. (A) Associa-
tion of Sp1 with the IFITM3 promoter does not require the activity of
the BAF complex. The immunoprecipitated chromatin from SW-13
cells with each antibody was analyzed, respectively, with the IFITM3
promoter primers and the negative control primers by real-time PCR.
The graph shows the relative enrichment of the IFITM3 promoter
sequence after normalization to the negative control sequence. The
error bar indicates the range from two experiments. (B) Sp1 interacts
with the BAF complex in vivo. Nuclear extracts prepared from DSP-
cross-linked cells were immunoprecipitated with the indicated antibod-
ies. The immunoprecipitates were resolved by SDS-PAGE and blotted
with BRG1 or Sp1 antibodies. One percent of the nuclear extracts used
for IP was loaded in lanes 1 and 5 as input. The size of the band is
indicated on the left of the panels.
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induces differentiation and growth arrest, we used the cDNA
microarray approach to identify target genes of the BAF com-
plex. Among the 80 genes activated by the BAF complex were
several IFN-induced genes, including IFITM1, IFITM2, IF-
ITM3, and IFIT1 (27). Furthermore, we demonstrated in this
report that the BAF complex is required for the maximal
induction of these IFN target genes by IFN-� (Fig. 1). Since
the IFN system mediates cellular antiproliferative activity, up-
regulation of the IFN-induced genes might have a negative
effect on cell growth and, in combination with other unidenti-
fied effector genes, result in the observed cell growth arrest of
SW-13 cells.

Recent data suggest that the BAF complex may function as
a tumor suppressor and play an essential role in cell prolifer-
ation and cell differentiation in various experimental and
pathological systems. For example, the homozygous mutation
of INI1 or BAF47 is linked to rhabdomyosarcoma in early
childhood (45). Mice with the heterozygous mutation of INI1
are predisposed to cancer formation (16, 22). Various muta-
tions in the BAF complexes have been identified in a broad
range of cancer cell lines (7). Expression of a dominant nega-
tive form of BRG1 or hBRM prevents MyoD-mediated muscle
differentiation (8). However, it is not clear what mediates the
tumor suppressor activity of the BAF complex. The present
hypothesis asserts that the SWI/SNF or BAF complex cooper-
ates with the retinoblastoma protein to induce cell cycle arrest
(11, 48). Based on our discovery that the BAF complex is
involved in the IFN signaling processes, we hypothesize that
mutations in the BAF complex reduce the efficiency of the IFN
system in their antiproliferative activities and therefore result
in the disruption of cell growth control.

Recruiting mechanism of the BAF complex to the IFITM3
promoter. In this report, we demonstrated that a subset of the
IFN-� target genes required the BAF complex for maximal
induction, being consistent with previous reports that the BAF
complex is often required for only a subset of genes involved in
a particular pathway (9, 10, 23). In order to elucidate the
molecular mechanisms by which the BAF complex is targeted
to the IFN-� target genes, we analyzed the IFITM3 promoter.
The major recognition sequences for the BAF complex in the
IFITM3 promoter are located between �138 and �173 rela-
tive to the transcription start site. Deletion of the sequence
between �152 and �173 reduced the activation by the BAF
complex to about 50%, while the basal-level activity was not
significantly changed. However, mutation of the Sp1-binding
site between �140 and �145 dramatically inhibited activation
by the BAF complex while the basal activity decreased mod-
erately. Therefore, the sequence from �152 to �173 and the
binding site for the ubiquitous transcription activator Sp1 syn-
ergistically mediate the activity of the BAF complex on the
IFITM3 promoter. Sp1 is associated with the IFITM3 pro-
moter even in the absence of the BAF complex. Furthermore,
we find that Sp1 interacts with the BAF complex in vivo,
suggesting that Sp1 protein might recruit the complex and/or
stabilize the binding of the complex to the promoter in collab-
oration with another unidentified activity located between
�152 and �173.

Analysis of the DNA sequence of several IFN-� target pro-
moters, including 6-16, ISG15, ISG20, ISGF3G, etc., which do
not respond to the BAF complex, revealed the existence of

Sp1-binding sites in many of the promoters, suggesting that
Sp1 alone may not be sufficient for recruiting the BAF com-
plex. The DNA sequence from �148 to �172 in the IFITM3
promoter is well conserved among IFITM1, IFITM2, and IF-
ITM3, which could serve as the primary recognition sequence
for the BAF complex and is under further investigation.

Several reports suggest that the yeast SWI/SNF complex and
the mammalian BAF complex are actively recruited to pro-
moters upon activation of genes (2, 5, 37). However, our data
indicate that the BAF complex is associated with the IFITM3
promoter constitutively in HeLa cells in the absence or pres-
ence of IFN stimuli (Fig. 5). It remodels the chromatin struc-
ture of the IFITM3 promoter and activates the IFN-� target
genes in the absence of IFN-� treatment (Fig. 1, 2D, and 3). It
was also reported recently that the BAF complex is associated
constitutively with the CSF1 (colony-stimulating factor 1) pro-
moter that is inducible in the primary human cell line, the
WI-38 cell line, upon tumor necrosis factor alpha treatment
(27). In both cases, the binding of the BAF complex to the
promoter up-regulated the basal-level expression of the genes,
which could have important functional consequences in their
cellular activities. Chromatin remodeling is a highly energy-
consuming and, consequently, rate-limiting step. Therefore,
constitutive binding of the chromatin-remodeling complex to
the promoter might keep the promoter at a remodeled state
that would allow rapid induction of the promoter by a stimulus.
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