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The elicitation of cellular antiviral activities is dependent on the rapid transcriptional activation of inter-
feron (IFN) target genes. It is not clear how the interferon target promoters, which are organized into
chromatin structures in cells, rapidly respond to interferon or viral stimulation. In this report, we show that
alpha IFN (IFN-�) treatment of HeLa cells induced hundreds of genes. The induction of the majority of these
genes was inhibited when one critical subunit of the chromatin-remodeling SWI/SNF-like BAF complexes,
BAF47, was knocked down via RNA interference. Inhibition of BAF47 blocked the cellular response to viral
infection and impaired cellular antiviral activity by inhibiting many IFN- and virus-inducible genes. We show
that the BAF complex was required to mediate both the basal-level expression and the rapid induction of the
antiviral genes. Further analyses indicated that the BAF complex primed some IFN target promoters by
utilizing ATP-derived energy to maintain the chromatin in a constitutively open conformation, allowing faster
and more potent induction after IFN-� treatment. We propose that constitutive binding of the BAF complex
is an important mechanism for the IFN-inducible promoters to respond rapidly to IFN and virus stimulation.

As an important host defense mechanism against virus in-
fection, the type 1 interferons (IFNs) are rapidly induced to
activate antiviral activities in infected and neighboring unin-
fected cells. Upon the binding of alpha IFN (IFN-�) to its cell
surface receptor, the signal transducer and the activator of
transcription proteins (STAT1 and STAT2) become tyrosine
phosphorylated and associate with p48 (IRF-9/ISGF3�) to
form the trimeric ISGF3 complex. ISGF3 is relocated to the
nucleus and binds to the IFN-stimulated response elements
(ISREs) to activate the transcription of target genes (7, 23, 36).
Viral infection as well as stimulation by double-stranded RNA
poly(I)/poly(C) induces type 1 IFN genes (such as IFN-�) and
a set of IFN-inducible genes. The antiviral efficiency of this
system depends on the rapid transcriptional induction of a
number of IFN target genes. It has been suggested that the
chromatin structure plays important roles in the regulation of
the IFN target genes (3, 5, 29). The chromatin-remodeling
BAF or hSWI/SNF complexes (17, 19, 42) have been reported
to elevate the basal-level expression and the induction of a
subset of IFN-inducible genes (16, 24, 25). However, it is not
clear whether the BAF complexes are required for the cellular
antiviral activities, and it is not known how the chromatin
structure controls the readiness of a promoter to be activated
by IFN or viral infection and how the chromatin structure itself
is controlled.

The ATP-utilizing chromatin-remodeling complexes are im-
plicated in mediating gene activation in vitro and in vivo by
antagonizing chromatin-mediated repression (1, 11, 14, 26, 37,
39, 44). The current view is that upon stimulation, the chro-

matin-remodeling complexes are recruited to their target pro-
moters, where they alter the local chromatin structure to fa-
cilitate subsequent assembly of the transcription machinery
and therefore transcriptional activation (2, 6, 8, 22, 30, 32). In
order to clarify how the chromatin barrier is overcome for
rapid induction upon stimulation, we analyzed the function
and mechanism of the BRG1-containing complexes in the
IFN-mediated antiviral activities. BRG1 itself, which is the
essential ATPase of the complexes, was found to contain nu-
cleosome remodeling activity in an in vitro assay. BAF47 (also
known as INI1) is required for the elevated remodeling activity
of BRG1 in vitro, and its yeast homologue, Snf5p, coordinates
the assembly and remodeling activity of the yeast SWI/SNF
complex in vivo (12, 18, 31, 42). Moreover, mutations of
BAF47 have been linked to tumor formation in both human
and mouse models (13, 21, 33, 40). Therefore, we inhibited the
BAF complexes by expressing a small interference RNA
(siRNA) targeting BAF47 in HeLa cells. We found that the
BAF complex is required for transcriptional induction of the
majority of IFN-�- and virus-inducible genes. Our data indi-
cate that the BAF complex plays essential roles in cellular
antiviral activities by controlling the chromatin structures of
the genes involved in the pathways.

MATERIALS AND METHODS

Cell culture, RNA interference construct, and transfection. SW-13 cells and
HeLa cells were maintained in Dulbecco modified Eagle medium supplemented
with 10% fetal calf serum and 1% penicillin-streptomycin mix and transfected
with Superfect transfecting reagent as described previously (25). The RNA
interference construct targeting BAF47 was constructed by inserting the cDNA
sequence of BAF47 (positions 912 to 934; 5�GGACATGTCAGAGAAG
GAGAAC3�) into pBS-U6 as described previously (38). The BAF47 sequence
together with the U6 promoter was then subcloned into pREP4-puro, which was
generated by deleting the RSK promoter and replacing the hygromycin B selec-
tion marker with puromycin in pREP4 (25). For RNA interference assays, HeLa
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cells were transfected with the siRNA constructs and selected in 1 �g of puro-
mycin/ml for 2 days, followed by DNA microarray, reverse transcription (RT)-
PCR, restriction enzyme accessibility, and viral infection analyses.

RT-PCR analysis. RT-PCR analyses for the experiments shown in Fig. 1, 2,
and 3 were performed as described previously (25) by using total RNAs isolated
from HeLa cells treated with 500 U of IFN-� per ml (8 h), 10 �g of poly(I)/
poly(C) per ml (6 h), or virus (0 to 24 h).

RT-PCR analyses for the experiments shown in Fig. 5 were performed as
described below. SW-13 cells and HeLa cells grown in Dulbecco modified Eagle
medium supplemented with 1% fetal calf serum and 1% penicillin-streptomycin
mix were treated with 500 U of IFN-�/ml for various times. Total RNAs were
extracted with TRIzol reagent (Invitrogen) and reverse transcribed by using the
oligo(dT) 12-18 primer with an Invitrogen kit (catalog no. 12371-019). The
cDNA (20 ng) was amplified with IFITM1, ISG15, or � actin-specific primers for
12 cycles under PCR conditions of 94°C for 30 s, 55°C for 30 s, and 72°C for 1
min. One-tenth of the PCR product was slot blotted onto a nylon membrane and
detected by hybridization with a 32P-labeled cDNA probe amplified with the
same primers. The membranes were visualized by autoradiography or quantified
by PhosphorImager analysis. Histograms were plotted after normalization to �

actin signals.
ChIP. The chromatin immunoprecipitation (ChIP) assays were performed as

described previously (24). The antibodies used were �BRG1 (19), �AcH4 (41),
�Plo II (sc-9001; Santa Cruz), �STAT (S21220; Transduction Laboratories), and
p48 (sc-496; Santa Cruz). For the detection of the ChIP products, IFITM1
promoter primers 5�CCAACACTTAGGAAGTCACTAGTC3� (�197F) (for-
ward) and 5�CTCCTTTCCCCTGTCGTTTCAGTT3� (reverse), the IFITM1 3�

untranslated-region primers 5�CGGTCCTGTGACCCCTTAATGGT3� (for-
ward) and 5�GTTGGGAAGACAGCTTCGACTCC3� (reverse), and the CSF1
far-upstream-region primers 5�CACTATGTTAGCCAGGATGGTCTC3� (for-
ward) and 5�CTCTTCCTCCTGATAGCTCCATGA3� (reverse) were used.

Nucleosome mapping and restriction enzyme accessibility assays. The nucleo-
somal structure of the IFITM1 promoter was mapped by using microccocal
nuclease and ligation-mediated PCR as described previously (24). The restriction
enzyme accessibility assays were performed according to a published procedure
(43) with the following modifications. SW-13 cells transfected with pBJ5-BRG1
for 24 h or HeLa cells were treated with 500 U of IFN-�/ml for various times.
The nuclei isolated from the cells were digested with 2 �l of HgiAI or AvaII (20
U) for 10 min at 37°C, followed by the addition of 150 �l of stop buffer (10 mM
Tris [pH 7.5], 10 mM EDTA, 0.4% sodium dodecyl sulfate, 0.6 mg of proteinase
K/ml) and incubation at 50°C for 3 h. The DNA (2 �g) purified by phenol-
chloroform extraction and precipitation was digested to completion with 1 �l of
BclI (10 units) in 50 �l of the restriction buffer for 2 h at 55°C. Following Klenow
enzyme treatment to blunt the DNA ends, the DNA was ligated to a universal
linker (28). The cleavage sites were detected by PCR with reaction mixtures
containing 10 �l of DNA, 5 �l of 10� PCR buffer [(NH4)2SO4], 5 �l of 25 mM
MgCl2, 5 �l of 1 mM deoxynucleoside triphosphates, 2 �l of 2.5 �M long
universal primer, 2 �l of 2.5 �M gene-specific primer (IFITM1/�197F), 20 �l of
H2O, and 1 �l of Taq polymerase (5 U) under the following conditions: 25 cycles
of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, followed by 72°C for 5 min.
The PCR products were labeled by the addition of 32P-labeled IFITM1/�170F
(5�ACTTGAGTTTCTGATGAGGAAGCC3�) to a concentration of 0.05 �M
and subjected to two PCR cycles of 94°C for 2 min, 55°C for 2 min, and 72°C for
2 min. The labeled products were purified and resolved on 9% acrylamide–6 M
urea–1� Tris-borate-EDTA gel and visualized by autoradiography and quanti-
tated by PhosphorImager analysis.

Viral infection. Equal numbers (1 � 105) of control and BAF-inhibited HeLa
cells were infected with Newcastle disease virus (NDV) (100 hemolytic units
[HU]/ml) for 1 h. Following infection, virus was washed off and cells were
incubated in the media described above for the indicated time periods. To study
the effect of IFN on virus replication, cells were infected with various doses of
virus (0.01, 1, and 100 HU/ml) with or without the addition of IFN-� (1,000
U/ml). IFN was added 18 h prior to infection and was present throughout
infection (20). cDNA was prepared by using Superscript II RNase H� reverse
transcriptase (Invitrogen) and random primers. The NDV nucleocapsid protein
(NP) transcripts were measured as indices of viral replication (34). For real-time
PCR, the amplification of cDNA was monitored by using SYBER Green PCR
master mix (Applied Biosystems) in combination with the 7000 sequence detec-
tion system (ABI-PRISM). Transcript levels were normalized by GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase), expressed at comparable levels in con-
trol and BAF-inhibited cells. Primer sequences used for real-time PCR are
available on request.

RESULTS

The BAF complex is required for the basal and induced
levels of expression of the majority of the IFN-�-inducible
genes. In order to determine the requirement for the BAF
complexes in the IFN signaling pathways, we specifically
knocked down BAF47/INI1/hSNF5, a critical subunit of the
BRG1- and hBRM-containing complexes, by RNA interfer-
ence. Transfection of HeLa cells with an episomal BAF47
RNA interference construct for 2 days resulted in complete
inhibition of the BAF47 protein (Fig. 1A). Furthermore, both
BRG1 and BRM were also significantly down-regulated (Fig.
1A), possibly by the decreased stability in the absence of
BAF47. These experiments suggest that the function of the
BRG1- and BRM-containing complexes could be severely
compromised through the expression of the siRNA targeting
BAF47 in the cell. Therefore, mRNA samples were isolated
from HeLa cells transfected with the RNA interference con-
struct and were analyzed by DNA microarrays. The analysis
revealed that approximately 2.5% of the genes were repressed
and that 0.5% were activated more than threefold among the
44,000 cDNA and expressed sequence tag sequences (data not
shown). In sharp contrast to the low percentage of affected
genes in the whole genome, the expression of more than 90%
of the IFN-�-inducible genes was significantly down-regulated
in cells expressing the BAF47 siRNA (Fig. 1B, compare lanes
2 and 4, and data not shown). Moreover, upon IFN-� stimu-
lation, the induction of these inducible genes was either dra-
matically reduced or completely inhibited (Fig. 1B, compare
lanes 1 and 3, and data not shown). The strongly inhibited
genes included those encoding the well-characterized antiviral
proteins such as the double-stranded RNA-dependent protein
kinase (PKR), the 2-5A system (OAS1, OAS2, and OAS3),
IFITM1, and the Mx proteins (36). The inhibition by the
BAF47 siRNA was not caused by nonspecific activity of anti-
sense RNA, since another siRNA construct, which targeted a
different region of the BAF47 sequence but was not able to
knock down the BAF47 mRNA, failed to inhibit the cellular
response to IFN-� stimulation (data not shown). These data
strongly suggest the BAF complex is required for the normal
function of the IFN signaling pathways.

Knockdown of the BAF complex significantly inhibited the
cellular response to poly(I)/poly(C). To mimic the cellular
response to viral infection, control and BAF-inhibited
(siBAF47) HeLa cells were treated with double-stranded RNA
poly(I)/poly(C) and examined for the expression of IFN-induc-
ible genes. These experiments were of interest, since the
above-described microarray analysis found toll-like receptor 3
(TLR3) to be constitutively reduced in BAF-inhibited cells.
TLR3 specifically recognizes double-stranded RNA and is re-
quired for the poly(I)/poly(C) induction of IFN target genes
(4). As shown in Fig. 1C, poly(I)/poly(C) induced the expres-
sion of many antiviral genes, such as the Mx1, PKR, OAS3, and
IFITM1 genes, in control cells. However, the induction of
these genes was dramatically reduced or abolished in cells in
which the BAF complex was inhibited. These results indicate
that the establishment of antiviral activities is severely im-
paired when the BAF complex is inhibited.

The BAF complex is required for the elicitation of cellular
antiviral activities upon viral infection. To study whether the
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inhibition of the BAF complex affects cells’ ability to control
viral infection, control and BAF-inhibited HeLa cells were
infected with NDV. Infected cells were tested first for the
induction of the IFN-� gene, an immediate early IFN gene
important for establishing an antiviral state in the cells (36).
Real-time RT-PCR analysis (Fig. 2A) showed that IFN-� tran-
script levels were markedly elevated after viral infection in

control cells but that transcript levels were much lower in
siBAF47 cells at all three time points tested. The inhibition of
IFN-� transcription was less severe at the 24-h point than the
6- and 12-h points. Therefore, we examined whether the extent
of the BAF47 knockdown diminishes at the 24-h point. As
shown in Fig. 2A, no difference in BAF47 knockdown levels
was observed during the course of stimulation. These experi-

FIG. 1. The BAF complex is required for cellular responses to IFN-� and poly(I)/poly(C) stimulation. (A) BAF47 was efficiently knocked down
by RNA interference. HeLa cells were transfected with a control vector (lane 1) or a siRNA construct targeting BAF47 (lane 2) and selected for
2 days in puromycin. The remaining cells were lysed and analyzed by Western blotting with antibodies against BAF47, BRG1, BRM, or � actin.
(B) The BAF complex is required for the induction of IFN target genes by IFN-�. HeLa cells were transfected with the siRNA construct targeting
BAF47 (siBAF47) and selected for 2 days with puromycin. Following stimulation with 500 U of IFN-�/ml for 8 h, the total RNAs were isolated
for RT-PCR analysis with the primers indicated on the left sides of the panels. (C) The BAF complex is required for the induction of IFN target
genes by poly(I)/poly(C). HeLa cells were transfected and selected as described above. Following stimulation with poly(I)/poly(C), total RNAs
were isolated and analyzed as described above.
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ments suggest that the BAF complex is required for the rapid
and full induction of IFN-�. Consistent with the data for
poly(I)/poly(C), the induction of all antiviral proteins shown in
Fig. 1C was markedly attenuated or completely blocked in

siBAF47 HeLa cells after NDV infection, while these genes
were robustly induced in control cells (data not shown). We
next assessed whether inhibition of the BAF complex has an
effect on viral replication. To this end, the levels of the NDV
NP transcripts were measured by real-time RT-PCR at various
time points following infection (Fig. 2B). In siBAF47 cells,
levels of viral transcripts increased more than 70-fold by 24 h,
while the transcripts in control cells increased less than 15-fold
over the same period. These results indicate that inhibition of
the BAF complex reduces cells’ ability to control viral growth,
most likely by inhibiting the expression of IFN-� and other
antiviral proteins. To examine whether the inhibition of the
BAF complex compromises IFN�s antiviral activities, we mea-
sured NDV NP transcript levels in cells that had been treated
with IFN-� for 18 h prior to NDV infection for 12 h. As seen
in Fig. 2C, IFN treatment potently inhibited NDV nucleocap-
sid transcript expression in control HeLa cells at three doses of
NDV, while the treatment did not have discernible inhibitory
effects on siBAF47 cells at any viral dose tested. These results
indicate that IFN fails to confer antiviral activities on cells in
which the BAF complex is inhibited. Similar experiments were
performed with vesicular stomatitis virus. Consistent with the
data presented above for NDV infection, IFN fully protected
control cells from the cytopathic effect of vesicular stomatitis
virus. However, it had no protective effects on siBAF47 cells,
leading to uncontrolled destruction of the cells (data not
shown), confirming that the BAF complex has a critical role in
establishing IFN�s antiviral activities.

The BAF complex controls the chromatin accessibility at the
IFITM1 promoter. To elucidate the mechanisms by which the
BAF complex mediates the action of IFN-�, we asked whether
the BAF complex directly regulates the promoter activity of
one IFN-� target gene, the IFITM1 gene. We cloned 200 bp of
the IFITM1 promoter region into the chromatin-forming epi-
somal pREP4-luc vector. HeLa cells were cotransfected with
the promoter reporter construct and the RNA interference
construct targeting BAF47. As shown in Fig. 3A, when cotrans-
fected with a control vector into HeLa cells, the IFITM1 pro-
moter was robustly stimulated by IFN-�. However, siRNA
targeting BAF47 strongly inhibited the basal-level activity of
the promoter and completely inhibited induction by IFN-�
(Fig. 3A), indicating that the BAF complex is required for the
activity of the IFITM1 promoter. The expression of siBAF47
had no detectable effect on the activity of the claudin promoter
(Fig. 3B), indicating that the inhibition of the IFITM1 pro-
moter was specific.

To clarify how the BAF complex controls the activity of the
IFITM1 promoter, we examined the chromatin structure of the
endogenous IFITM1 promoter. As shown in Fig. 3C, microc-
cocal nuclease digestion identified a nucleosome between po-
sitions �5 and �145 relative to the transcription start site. The
ISRE (positions �21 to �35) is located within the nucleosome.
In order to determine whether the BAF complex is required to
remodel the nucleosomal structure, we probed the chromatin
structure by restriction enzyme accessibility assay. Nuclei iso-
lated from HeLa cells were briefly digested with AvaII, which
recognizes a sequence beginning at position �68 upstream of
the transcription start site (Fig. 3C). Following complete di-
gestion of the purified DNA with HgiAI, the cleavage sites
were detected by linker ligation-mediated PCR (28, 43). As

FIG. 2. The BAF complex is required for the induction of cellular
antiviral activities. (A) Expression of IFN-� upon NDV infection.
Control or BAF-inhibited (siBAF47) HeLa cells were infected with
NDV (100 HU/ml) for 1 h, and IFN-� levels at the indicated time
points were measured by real-time PCR. The inset shows the results of
RT-PCR analyses of BAF47 and � actin mRNAs after 0 and 24 h of
viral infection in HeLa cells transfected with the control vector (lanes
1 and 3) or the siBAF47 construct (lanes 2 and 4). (B) Assessment of
NDV replication. Cells were infected with NDV, and NDV NP tran-
script levels were measured at the indicated time points by real-time
PCR. The increase (fold) is shown. (C) Effect of IFN-� on NDV
replication. Cells were infected with different doses of NDV (0.01, 1,
and 100 HU/ml) in the presence or absence of IFN-� (1,000 U/ml),
and viral replication by NDV NP was assessed by real-time PCR at
12 h after infection. Values on the right y axis correspond to transcript
levels obtained with 0.01 HU/ml, while those on the left y axis corre-
spond to transcript levels with 1 and 100 HU of NDV/ml.
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shown in Fig. 3D, stimulation of the control HeLa cells with
IFN-� for 2 h strongly elevated the accessibility of the pro-
moter to AvaII (compare lanes 3 and 4) about 5.2-fold, indi-
cating that the chromatin was remodeled to a more open
structure in response to IFN-�. The BAF47 siRNA abolished
the increase in chromatin accessibility (compare lanes 1 and 2),

indicating that the BAF complex is required for the chromatin
remodeling induced by IFN-� signaling. To determine whether
the knockdown of BAF47 changed the levels of histone acet-
ylation at the IFITM1 promoter, we performed ChIP experi-
ments with antibodies against tetra-acetylated histone H4 tail.
As shown in Fig. 3E, the IFITM1 promoter band intensity from

FIG. 3. The BAF complex regulates IFITM1 promoter activity by modulating its chromatin structure. (A) Inhibiting the BAF complexes
abolished the induction of the IFITM1 promoter by IFN-�. HeLa cells were transfected with the IFITM1 promoter reporter construct,
pREP4-IFITM1pr-luc, together with a control vector or the siRNA construct targeting BAF47 (siBAF47) for 48 to 72 h. Following treatment with
500 U of IFN-�/ml for 12 h, the luciferase activity was analyzed with a dual luciferase system from Promega. (B) Knockdown of BAF47 did not
inhibit claudin promoter activity. HeLa cells were transfected with the claudin promoter reporter construct and analyzed as described for panel
A. (C) The IFITM1 promoter has a positioned nucleosome. The genomic DNA or nuclei isolated from HeLa or SW-13 cells was digested with
microccocal nuclease. The double-stranded cleavages in the nucleosomal linker regions were detected by ligation-mediated PCR with primers
specific for the IFITM1 promoter sequence (PCR primer �273F [5�ACAGTGAGGTCCTGTACTTGCTGG3�] and labeling primer �261F
[5�TGTACTTGCTGGCCTGGGGTG3�]). The open oval on the right indicates the regions protected by the nucleosomal structure. The
transcription start site (�1) and direction are indicated. The filled square indicates a potential binding site for ISGF3 (ISRE). The recognition sites
for the restriction enzymes (AvaII and HgiAI) are indicated. (D) The BAF complex is required for the chromatin remodeling of the IFITM1
promoter upon IFN-� stimulation. HeLa cells were transfected with control vector or siRNA targeting BAF47 (siBAF47) and selected as described
in the legend to Fig. 1. After stimulation with 500 U of IFN-�/ml for 2 h, the cells were permeabilized and briefly digested with AvaII enzyme,
followed by complete digestion of the purified genomic DNA with HgiAI enzyme. The cleavage sites were detected by linker ligation-mediated
PCR with IFITM1 promoter-specific primers. The data were quantified by PhophorImager analysis. The intensity of the bands produced by AvaII
digestion after normalization to the HgiAI digestion is indicated below the panel. The experiments were repeated three times, and similar results
were obtained. Size markers are indicated on the left side of the panel. (E) Knocking down BAF47 reduced histone H4 acetylation at the IFITM1
promoter. The HeLa cells were transfected with control vector or siRNA targeting BAF47 (siBAF47) and selected as described in the legend to
Fig. 1. The chromatin lysates were prepared and immunoprecipitated with preimmune serum and antibodies against tetra-acetylated histone H4
tail as described previously (24). The IFITM1 promoter sequence and the CSF1 upstream sequence (control) in the immunoprecipitated DNA
were analyzed by PCR. The chromatin (chr) input was diluted three times at each step.
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the cells transfected with the siBAF47 construct was signifi-
cantly weaker than that from the cells transfected with the
control vector (compare lanes 5 and 10, upper panel), while the
intensities for the CSF1 gene upstream control sequence were
similar (compare lanes 5 and 10, lower panel). Quantification
with the PhosphorImager indicates that the IFITM1 promoter
signal was threefold higher in the control cells than in the
siBAF47 cells. The acetylation levels in the regions 4 kb up-
stream and 4 kb downstream of the promoter region were not
significantly changed by siBAF47 (data not shown), suggesting
that the effect of the BAF complex on the acetylation of his-
tone H4 is not global but is localized in the promoter region.
These data indicate that the inhibition of BAF47 resulted in
lower levels of histone H4 acetylation and a less open chro-
matin structure at the promoter.

An active BAF complex is required for rapid and full induc-
tion of the IFITM1 promoter by IFN-�. To confirm that the
BAF complex prepares the chromatin structure of the IFITM1
promoter for rapid induction by IFN-�, we examined the ex-
pression of the IFITM1 gene in HeLa cells as well as in SW-13
cells, which do not have an active BAF complex due to the
absence of BRG1 and hBRM subunits (10, 27). Transient
expression of BRG1 reconstitutes the active BAF complex in
SW-13 cells (45). IFITM1 was induced to high levels in HeLa
cells by treatment with IFN-�, with maximal induction occur-

ring between 4 and 8 h (Fig. 4A and B). In contrast, the levels
of induction of IFITM1 mRNA by IFN-� were much lower in
SW-13 cells, and the induction did not reach its plateau until
approximately 12 h. However, the kinetics and levels of induc-
tion of another IFN target gene, ISG15, in HeLa cells and
SW-13 cells were similar (Fig. 4C), suggesting that the deficient
induction of IFITM1 in SW-13 cells was not caused by a defect
in IFN signaling.

To determine whether the slower kinetics and lower levels of
induction of the IFITM1 gene in SW-13 cells was caused by the
absence of the BRG1 protein, we transiently expressed BRG1
in SW-13 cells before the treatment with IFN-�. As shown in
Fig. 4D, the expression of BRG1 alone induced low levels of
IFITM1 expression and IFN-� treatment of BRG1-transfected
cells resulted in synergistic activation of the gene. Induction
with IFN-� alone reached a plateau at 12 h, but IFN-� treat-
ment in the presence of BRG1 induced the expression of the
gene at much higher levels, with an earlier plateau (at approx-
imately 4 h) (Fig. 4E). The expression of BRG1 in SW-13 cells
did not alter the induction of the ISG15 gene by IFN-� (data
not shown). The expression of the ATPase-dead form of
BRG1 did not have a significant effect on the induction of
IFITM1 (data not shown), suggesting that the chromatin-re-
modeling activity of the BAF complex is required for rapid and
high-level induction of this gene by IFN-�.

FIG. 4. Expression of BRG1 results in more rapid kinetics and higher levels of the IFITM1 gene induction in SW-13 cells in response to IFN-�.
(A) Analysis of IFITM1 mRNA expression induced by treatment with IFN-�. Total RNAs extracted from HeLa cells and SW-13 cells treated with
IFN-� were reverse transcribed, amplified by PCR with IFITM1 primers, slot blotted onto nylon membrane, and detected by hybridization with
a 32P-labeled IFITM1 cDNA probe. (B) The slot blot was quantified by PhosphorImager analysis and plotted after normalization to � actin signals.
(C) The same samples were amplified with ISG15 primers and analyzed as described above. (D) SW-13 cells were transfected with pBJ5 or
pBJ5-BRG1 for 24 h, followed by treatment with 500 U of IFN-�/ml for various times. The total RNAs were analyzed as described for panel A.
(E) Quantification of the samples in panel D by PhosphorImager analysis.
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BRG1 increases the accessibility of the IFITM1 promoter.
In order to confirm the mechanism by which BRG1 facilitates
the induction of the IFITM1 gene in response to IFN-� by
remodeling its chromatin structure, we examined restriction
enzyme accessibility at the IFITM1 promoter in the absence
and presence of BRG1. SW-13 cells were transiently trans-
fected with a BRG1 expression vector for 24 h, followed by
stimulation with IFN-�. Nuclei were isolated and subjected to
brief digestion with AvaII or HgiAI. Following complete di-
gestion of the purified DNA with BclI, the cleavage sites were
detected by linker ligation-mediated PCR as described above.
Stimulation of SW-13 cells with IFN-� for 2 h slightly increased
the accessibility of the promoter to AvaII (Fig. 5A and B,
compare lanes 1 and 3) and HgiAI (Fig. 5C and D, lanes 1 to
3). Interestingly, IFN-� signaling in the presence of BRG1
dramatically increased the accessibility of the promoter to the
restriction enzymes (Fig. 5A, compare lanes 1 and 4, and C,

lanes 4 and 5). BRG1 alone without IFN-� stimulation also
significantly increased accessibility (Fig. 5A, compare lanes 1
and 2, and C, compare lanes 1 and 4), suggesting that the
recruitment of BRG1 to the IFITM1 promoter does not re-
quire IFN-� stimulation and that the BAF complex constitu-
tively remodels the chromatin structure at the IFITM1 pro-
moter to a more “open” conformation that is more accessible
to transcription activators and RNA polymerase machinery.

Constitutive association of BRG1 with the IFITM1 pro-
moter allows rapid recruitment of ISGF3 complex and RNA
polymerase II. Using ChIP assays, we determined whether the
BAF complex binds directly to the IFITM1 promoter (Fig.
6A). Compared to the 3� untranslated region, the IFITM1
promoter sequence was reproducibly enriched about twofold
by the BRG1 antibody from SW-13 cells transiently expressing
BRG1 (Fig. 6A, panel a). Interestingly, BRG1 binding was
observed even in the absence of IFN-� stimulation (Fig. 6A,

FIG. 5. Expression of BRG1 controls both basal and induced chromatin remodeling of the IFITM1 promoter. (A) Nuclei isolated from SW-13
cells transfected with pBJ5 or pBJ5-BRG1 for 24 h before treatment with IFN-� for 2 h were briefly digested with AvaII. The purified genomic
DNA was digested to completion with BclI. The cleavage sites were detected by linker ligation-mediated PCR with the IFITM1 promoter-specific
primers as described in the legend to Fig. 3B. (B) Quantification of the data in panel A by PhosphorImager analysis. (C) Nuclei isolated from
SW-13 cells transfected with pBJ5 or pBJ5-BRG1 for 24 h before treatment with IFN-� for various times were briefly digested with HgiAI and
analyzed as described for panel A. (D) Quantification of the data in panel C by PhosphorImager analysis. The experiments were repeated three
times, with similar results.
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compare lanes 1 to 3 and lanes 4 to 6 in panel a), consistent
with the persistent open chromatin structure at the IFITM1
promoter in the presence of the active BAF complex. Further-
more, transient expression of BRG1 in SW-13 cells without
IFN-� stimulation up-regulated the basal-level expression of
the IFITM1 gene, as demonstrated by RT-PCR analysis (Fig.
4D) and by the activity of an IFITM1 luciferase reporter con-
struct (Fig. 6B). The constitutive association of BRG1 with the
IFITM1 promoter was not an artifact resulting from the over-
expression of BRG1, since the endogenous BRG1 in HeLa
cells was also associated with the IFITM1 promoter indepen-
dent of IFN-� stimulation (Fig. 6C). In contrast, STAT2 asso-
ciation required stimulation with IFN-� (Fig. 6C). No BRG1
or STAT2 binding to the 3� untranslated region of the IFITM2

gene was detected. Thus, the association of BRG1 with the
IFITM1 promoter appears to be constitutive and does not
require stimulation with IFN-�.

Next, we evaluated the levels of histone H4 acetylation at the
IFITM1 promoter in the presence and absence of BRG1 and
IFN-�. We found that the presence of BRG1 increased the
acetylation of histone H4 about threefold at the IFITM1 pro-
moter region compared to the level at the 3� untranslated
region (Fig. 6A, compare lanes 1 and 4 in panel b), consistent
with a more open chromatin structure at the promoter region.
IFN-� stimulation for 2 h further increased the H4 acetylation
at the promoter about 10-fold (Fig. 6A, panel b), resulting in a
more open chromatin structure, as demonstrated by the re-
striction enzyme accessibility data (Fig. 5).

FIG. 6. BRG1 is constitutively associated with the IFITM1 promoter. (A) SW-13 cells transfected with pBJ5 or pBJ5-BRG1 for 24 h were
treated with 500 U of IFN-�/ml for indicated periods of time. Chromatin lysates were prepared and immunoprecipitated as described in the legend
to Fig. 3C with the antibodies indicated on the left side of the panel. After reverse cross-linking, the immunoprecipitated DNA was analyzed by
PCR with primers specific to the IFITM1 promoter region (Pr), the 3� untranslated region (3�U), or the 5� far-upstream region of the CSF1 gene
(5�UCSF). The quantification of the data is shown below each panel. (B) The IFITM1 promoter in the pREP4 reporter vector was cotransfected
with pBJ5 or pBJ5-BRG1 into SW-13 cells. Luciferase activity was determined after 24 h of transfection. (C) BRG1 is constitutively associated with
the IFITM1 promoter in HeLa cells even without IFN-� stimulation. HeLa cells were stimulated with 500 U of IFN-�/ml for 30 min, followed by
chromatin preparation and chromatin immunoprecipitation as described in the legend to Fig. 3C. The purified DNA was analyzed by PCR with
the IFITM1 promoter primers (top two panels) or primers for the 3� untranslated region of the IFITM2 gene (bottom panel). The chromatin (chr)
input was diluted 5 times at each step. The preimmune serum (PreIm) and antibodies are indicated above the panels. The quantification of the
data after normalization to the preimmune serum is shown below each panel.
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IFN-� signaling activates the ISGF3 complex consisting of
STAT1, STAT2, and p48, which relocates to the nucleus and
binds to its target promoters (7). As shown in Fig. 6A, panel c,
only low levels of STAT2 were associated with the IFITM1
promoter without BRG1, while in the presence of BRG1,
IFN-� induced a strong association of STAT2 with the pro-
moter (compare lanes 1 to 3 and lanes 4 to 6). A similar
observation was made for p48 (data not shown). As expected,
RNA polymerase II binding to the IFITM1 promoter was also
enhanced by the presence of BRG1 and stimulation with
IFN-� (Fig. 6A, panel d, compare lanes 1 to 3 and lanes 4 to 6).
However, significant binding to the 3� untranslated region
(data not shown), but not to the 5� far-upstream region of
CSF1 promoter, was also detected in the presence of BRG1
and IFN-�. The data indicate that significant binding of RNA
polymerase II does not occur at the IFITM1 promoter until
after IFN-� stimulation. This finding shows that although the
chromatin structure of the promoter is already remodeled by
the prebound BAF complex, the transcription machinery is not
present on the promoter in a poised state. Instead, its assembly
is dependent on the cellular signaling cascade. These results
show that constitutive binding of the BAF complex facilitated
histone H4 acetylation, ISGF3 binding, and the transcription
machinery assembly on the IFITM1 promoter upon stimula-
tion with IFN-�.

DISCUSSION

The BAF complex regulates the IFN signaling pathways by
multiple mechanisms. The effectiveness of the cellular antivi-
ral activities is dependent on the rapid transcriptional activa-
tion of IFNs and their target genes. Viral infection first acti-
vates transcription factors such as IRF3 and NF-	B that bind
to their recognition sites in the IFN promoters and activate
transcription. Induced IFNs bind to their cell surface receptors

and induce the activation of the ISGF3 complex that binds to
ISREs and triggers the induction of genes involved in antiviral
activities. That the BAF complex has a pivotal role in the
expression of not only IFN-inducible genes but also virus-
inducible genes is supported by the marked reduction of a
series of IFN and poly(I)/poly(C)-inducible genes.

Clearly, the BAF complex mediates cellular antiviral activi-
ties by multiple mechanisms. First, this complex is required for
maintaining certain basal levels of the IFN target proteins of
the antiviral systems, such as Mx1, PKR, OAS3, IFITM1, and
ISG20. The existence of the antiviral protein pool at certain
levels in the cells may represent the first cellular defense or a
barrier against invading pathogens even before the induction
of the IFN signaling systems. Indeed, when these proteins were
down-regulated by the inhibition of BAF47, the NDV viral
yields were significantly higher, suggesting that the innate an-
tiviral activity was impaired (Fig. 2). Second, the BAF complex
is required for the induced levels of both the regulators and the
target proteins, suggesting that it may play essential roles in
IFN-mediated antiviral activities. Indeed, our results show that
IFN failed to protect the cells from virus in the absence of
BAF47 (Fig. 2). Therefore, the BAF complex controls the
antiviral systems at multiple steps in the pathways.

Promoter priming by the BAF complex. The BAF complex
regulates transcription by modifying the chromatin structure. It
has been suggested that chromatin-remodeling complexes are
recruited to target sites in situ at the time of stimulation (2, 35).
In this report, the following observations indicate that the BAF
complex regulates the IFN signaling process by a novel mech-
anism. (i) Reconstitution of the active BAF complex by tran-
sient expression of BRG1 in SW-13 cells enhanced the chro-
matin accessibility of the IFITM1 promoter (Fig. 5), increased
its levels of histone H4 acetylation (Fig. 6), and up-regulated
the basal-level expression of the IFITM1 gene (Fig. 4) in the
absence of IFN-� treatment. (ii) Knockdown of the endoge-

FIG. 7. The BAF complex primes the chromatin structure of IFN target promoters for more rapid kinetics and higher levels of induction in
response to stimuli.
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nous BAF complex in HeLa cells by expression of the siRNA
targeting BAF47 down-regulated the basal-level expression of
the IFITM1 gene (Fig. 1) and reduced the levels of histone H4
acetylation and chromatin accessibility of the IFITM1 pro-
moter (Fig. 3), suggesting that the BAF complex may play a
role in modifying the chromatin structure of the promoter even
without IFN-� stimulation. (iii) Our ChIP results demonstrate
that BRG1 is directly bound to the IFITM1 promoter both in
the absence and in the presence of IFN-� (Fig. 6). Further-
more, we found that BRG1 also binds constitutively to the
promoters of IFITM3, IFITM2, STAT2, Mx1, OAS3, and
TLR3 genes (data not shown). Because of the limited sensi-
tivity of the ChIP assays, we could not conclusively determine
whether BAF binding to these promoters was enhanced by
IFN treatment.

All of these data argue that the binding of the BAF complex
does not require IFN-� stimulation, at least in a subset of the
IFN target promoters. Therefore, we suggest that in addition
to being recruited to some target promoters upon stimulation
(2), the BAF complex binds constitutively to a set of IFN-
inducible promoters and utilizes ATP-derived energy to main-
tain the promoters in an open configuration. Without prior
chromatin remodeling by the BAF complex, the ISGF3 com-
plex may not efficiently bind the IFITM1 promoter to activate
transcription. Following the binding of the ISGF3 complex,
histone acetylase such as p300/CBP or GCN5 is recruited to
the promoter and results in a more open and stable chromatin
structure, which promotes the assembly of the transcription
machinery and transcription initiation (5, 29). The chromatin
structure at the promoters remodeled by the BAF complex
may serve as a marker important for more rapid and higher
levels of induction in response to IFN stimulation, as illus-
trated in Fig. 7. Such a marker provides a mechanism to trigger
rapid cellular antiviral responses upon infection of the host.

There are two not-mutually-exclusive potential mechanisms
for the constitutive association of BRG1 with the target pro-
moters. One is the constitutive basal-level acetylation of his-
tones that may serve as the docking sites for the BAF complex
(9, 15). The other is the possible recruitment of the BAF
complex by unidentified transcription factors that bind consti-
tutively to the promoters and are required for the basal-level
expression of the genes. This hypothesis is currently under
investigation.
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