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SWI/SNF regulates growth control, differentiation
and tumor suppression, yet few direct targets of this
chromatin-remodeling complex have been identi®ed
in mammalian cells. We report that SWI/SNF is
required for interferon (IFN)-g induction of CIITA,
the master regulator of major histocompatibility com-
plex class II expression. Despite the presence of func-
tional STAT1, IRF-1 and USF-1, activators implicated
in CIITA expression, IFN-g did not induce CIITA in
cells lacking BRG1 and hBRM, the ATPase subunits
of SWI/SNF. Reconstitution with BRG1, but not
an ATPase-de®cient version of this protein (K798R),
rescued CIITA induction, and enhanced the rate of
induction of the IFN-g-responsive GBP-1 gene. Not-
ably, BRG1 inhibited the CIITA promoter in transient
transfection assays, underscoring the importance of
an appropriate chromosomal environment. Chroma-
tin immunoprecipitation revealed that BRG1 interacts
directly with the endogenous CIITA promoter in an
IFN-g-inducible fashion, while in vivo DNase I foot-
printing and restriction enzyme accessibility assays
showed that chromatin remodeling at this locus
requires functional BRG1. These data provide the
®rst link between a cytokine pathway and SWI/SNF,
and suggest a novel role for this chromatin-remodel-
ing complex in immune surveillance.
Keywords: BRG1/CIITA/chromatin remodeling/
JAK±STAT/SWI/SNF

Introduction

Eukarytotic cells have a number of complexes that
counteract the repressive effect of chromatin (reviewed
in Workman and Kingston, 1998; Strahl and Allis, 2000;
Fry and Peterson, 2001). SWI/SNF is an ~2 MDa 10±15
subunit chromatin-remodeling complex that is conserved
from yeast to humans. It is the founding member of a class
of chromatin-remodeling machines that use the energy
from ATP hydrolysis to facilitate transcription (reviewed
in Muchardt and Yaniv, 1999; Flaus and Owen-Hughes,
2001; Fry and Peterson, 2001). Two closely related human
SWI/SNF ATPase subunits have been described, BRG1
and hBRM, that are homologous to DNA helicases
(Khavari et al., 1993; Muchardt and Yaniv, 1993). They

are found in different complexes, but associate with a very
similar group of SWI/SNF subunits (Wang et al., 1996a,b;
Sif et al., 2001). These complexes do not evict nucleo-
somes from DNA, but can facilitate nucleosome sliding or
strand exchange, and alter the structure of DNA wound
around the histone octamer (see Flaus and Owen-Hughes,
2001; Fry and Peterson, 2001; Liu et al., 2001; and
references therein). These alterations in DNA topology
may facilitate the access of DNA-binding proteins, such
as activators and/or the general transcription machinery,
eventually leading to gene expression.

Gene array studies have implicated SWI/SNF in the
expression of ~5% of yeast genes (Holstege et al., 1998;
Sudarsanam et al., 2000), suggesting that the complex may
also have a major role in regulating transcription in higher
eukaryotes. This assumption is supported by data impli-
cating SWI/SNF in a variety of biological processes
(reviewed in Muchardt and Yaniv, 1999; Fry and Peterson,
2001). For example, homozygous inactivation of BRG1,
or another SWI/SNF subunit INI1/hSNF5, causes early
embryonic lethality in mice, and heterozygotes are
prone to a variety of tumors (Bultman et al., 2000;
Klochendler-Yeivin et al., 2000; Roberts et al., 2000;
Guidi et al., 2001). Components of SWI/SNF interact with
a variety of activators (Fryer and Archer, 1998; Cheng
et al., 1999; Kowenz-Leutz and Leutz, 1999; Dilworth
et al., 2000; DiRenzo et al., 2000; Barker et al., 2001;
Sullivan et al., 2001), consistent with the notion that the
complex is recruited to many mammalian promoters.
Nevertheless, few direct targets have been con®rmed in
mammalian cells. Identi®cation of these genes is essential
to clarify how SWI/SNF facilitates transcription in vivo,
and to determine when it acts in the cascade of events
leading to gene induction. Rapidly inducible genes are
particularly useful in this regard (Agalioti et al., 2000;
Dilworth et al., 2000; DiRenzo et al., 2000).

Interferons (IFNs) are cytokines that play a central role
in the immune response. IFN-a and -b are produced by
virus-infected cells, while IFN-g is secreted by activated
T cells and natural killer cells. One of the major roles of
IFN-g is to induce major histocompatibility complex
(MHC) class II expression on the cell surface (reviewed in
Boehm et al., 1997). MHC class II molecules present
antigens to CD4+ T helper cells. They are either expressed
constitutively on the surface of professional antigen-
presenting cells (APCs), such as B lymphocytes and
dendritic cells, or can be up-regulated in response to IFN-g
in non-APCs. Both constitutive and IFN-g-induced MHC II
gene expression require class II transactivator (CIITA)
(Steimle et al., 1993, 1994). Correlating with the expres-
sion of MHC class II, CIITA is constitutively expressed in
APCs, and can be induced by IFN-g in other cell types
(Steimle et al., 1993, 1994; Chin et al., 1994). With few
exceptions, MHC class II genes are silent in the absence of
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CIITA (Chang et al., 1996; Williams et al., 1998). Further-
more, mutations in CIITA cause bare lymphocyte syn-
drome, a severe immune disorder characterized by a lack
of MHC class II expression (Reith and Mach, 2001). Thus,
CIITA is viewed as the `master switch' for MHC class II
induction.

IFN-g induction of CIITA expression occurs via the
JAK±STAT pathway. Ligand-induced dimerization of the
IFN-g receptor activates the JAK1 and JAK2 tyrosine
kinases, leading to phosphorylation of STAT1 (signal
transducer and activator of transcription). Once phos-
phorylated, STAT1 homodimerizes and translocates to the
nucleus, where it contributes to the induction of several
genes, including CIITA and interferon regulatory factor 1
(IRF-1) (reviewed in Boehm et al., 1997; Reith and Mach,
2001). The CIITA promoter (see Figure 3B) contains an
IFN-g-activated sequence (GAS), an E-box and an IRF-
element (IRF-E). STAT1 is recruited to the GAS
sequence, the constitutively expressed basic helix±loop±
helix (bHLH) dimer USF-1 to the E-box, and a hetero-
dimer of inducible IRF-1 and constitutively expressed
IRF-2 to the IRF-E (Muhlethaler-Mottet et al., 1998;
Piskurich et al., 1999; Xi et al., 2001). There is also an
NF-GMa element, which may negatively regulate expres-
sion, and an NF-kB site, which is not conserved in
mice (Muhlethaler-Mottet et al., 1997). STAT1, USF-1
and IRF-1/2 have all been implicated in CIITA induc-
tion (Lee and Benveniste, 1996; Hobart et al., 1997;
Muhlethaler-Mottet et al., 1998; Piskurich et al., 1999;
Xi et al., 2001), but it is not clear whether they are
suf®cient for induction of the chromosomal gene. Here we
demonstrate an essential role for the SWI/SNF chromatin-
remodeling complex in CIITA induction. This ®nding
represents the ®rst link between a cytokine and the ATP-
dependent class of chromatin-remodeling complexes,
implicates SWI/SNF in the immune response and provides
novel insight into its role as a tumor suppressor.

Results

BRG1 is required for IFN-g induction of CIITA
To investigate the role of SWI/SNF in MHC class II
induction, we utilized a BRG1/hBRM-de®cient cell line
(SW13) derived from human small-cell carcinoma of the
adrenal cortex (Muchardt and Yaniv, 1993; Dunaief et al.,
1994; Wang et al., 1996a). MHC class II proteins were
detected on the surface of Epstein±Barr virus (EBV)-
transformed lymphocytes, which constitutively express
these molecules, and on IFN-g-treated MTRB-1 cells
(Figure 1A). MTRB-1 cells are BRG1 positive (Figure 1C).
In contrast, IFN-g failed to induce surface expression of
MHC class II in SW13 cells (Figure 1A).

As described above, up-regulation of the CIITA
coactivator precedes MHC class II induction, so we next
determined whether the defect in SW13 cells lay upstream
or downstream of CIITA. At 24 h after IFN-g treatment,
CIITA message was detected by RT±PCR in two control
lines but not in SW13 cells (Figure 1B). Both control lines
express BRG1 (Figure 1C). An actin control showed that
the RNA isolated from all three cell types was intact
(Figure 1B). Furthermore, induction of guanylate-binding
protein 1 (GBP-1), a classic IFN-g-responsive gene, was
detected in SW13 cells (Figure 1B, lanes 1 and 2),

suggesting that the JAK±STAT pathway is intact in this
line. However, as shown below, the rate of GBP-1
induction is reduced in these cells. A constitutive level
of GBP-1 was detected in MTRB-1 and S4 cells, which
was elevated upon IFN-g treatment (Figure 1B, lanes 3±6).

To date, no link has been made between the JAK±STAT
pathway and the SWI/SNF complex. Reconstitution of
SW13 cells with BRG1 restores SWI/SNF activity, so to
test its role in CIITA induction directly, we infected SW13
cells with AdBRG1, an adenovirus that expresses BRG1
(Murphy et al., 1999). Co-infection with an activator virus,
AdtTa, induces BRG1 expression, which is blocked in the
presence of tetracyline (Murphy et al., 1999). SW13 cells
were infected with AdBRG1 and AdtTa viruses and
maintained in the presence or absence of tetracycline.
After 24 h, cells were treated with IFN-g for 6, 12 or 24 h,
total RNA extracted and RT±PCR performed using
primers that amplify the CIITA, GBP-1 and b-actin
cDNAs (Figure 2). As seen previously (Figure 1), IFN-g
did not induce CIITA in uninfected cells (Figure 2, lanes 1
and 2), or in cells infected with AdtTa alone (lanes 3 and
4). CIITA induction, however, was rescued speci®cally in

Fig. 1. IFN-g does not induce MHC class II and CIITA in SW13 cells.
(A) Lack of MHC class II induction in SW13 cells. Flow cytometry
using a PE-conjugated antibody against human MHC class II DR anti-
gen was performed on MTRB-1 control cells, or SW13 BRG1-de®cient
cells that were untreated (shaded curve), or exposed to IFN-g for 24 h
(solid line). The dotted line represents cells analyzed with an isotype
control antibody. Untreated EBV-transformed B cells, which express
MHC class II constitutively, were also analyzed. (B) Lack of CIITA
induction. SW13 (lanes 1 and 2), MTRB-1 (lanes 3 and 4) or S4 (lanes
5 and 6) cells were left untreated (lanes 1, 3 and 5) or exposed to
IFN-g for 24 h (lanes 2, 4 and 6) and mRNA levels of CIITA, GBP-1
or b-actin assessed by RT±PCR. (C) Expression of BRG1. Western
analysis of 50 mg of total cell lysate shows that BRG1 is expressed in
control lines (MTRB-1 and S4), but not in SW13 cells.
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cells infected with AdBRG1 + AdtTa (Figure 2, lanes 5
and 6) and was detectable as early as 6 h after IFN-g
treatment, similar to the time course of induction in other
cell types (Steimle et al., 1994). CIITA induction was
inhibited in the presence of tetracyline (lanes 7 and 8),
which blocks BRG1 expression (Murphy et al., 1999).
AdK798R virus, which expresses an ATPase-de®cient
form of BRG1 (Murphy et al., 1999), exhibited much
reduced activity relative to wild-type virus, even in the
absence of tetracyline (Figure 2, lanes 9±12). Consistent
with the experiment in Figure 1B, GBP-1 message was
detected after 24 h of IFN-g treatment even in the absence
of functional BRG1 (Figure 2, lanes 2, 4, 8, 10 and 12).
Notably, however, the GBP-1 message was induced more
rapidly in the presence of BRG1 and could be detected as
early as 6 h (Figure 2, lane 6). This result indicates that
SWI/SNF may participate in the IFN-g induction of genes
other than CIITA.

BRG1 dependency of the CIITA promoter
requires chromatin
Four alternative promoters (I±IV) situated upstream of
four distinct ®rst exons control human CIITA expression
(Muhlethaler-Mottet et al., 1997). Promoters I and III
drive constitutive expression in dendritic and B cells,
respectively, promoter II has unknown function, and
promoter IV mediates IFN-g-inducible expression
(Muhlethaler-Mottet et al., 1997). Promoter IV contains
binding sites for the STAT1 homodimer, USF-1 homo-
dimer and IRF-1/2 heterodimer, all of which have been
implicated in CIITA induction. (Muhlethaler-Mottet et al.,
1997, 1998; Dong et al., 1999; Piskurich et al., 1999; Xi

et al., 1999; O'Keefe et al., 2001). Western analysis
con®rmed the constitutive expression of STAT1 and
USF-1 in SW13 cells, and IRF-1 was induced to maximal
levels by 6 h (Figure 3A). These levels were unaffected by
infection with adenoviral vectors expressing BRG1 or the
K798R mutant (data not shown). This result shows that
IRF-1, unlike CIITA and GBP-1, is induced in a BRG1-
independent manner, and that all the activators implicated
in CIITA induction are present in IFN-g-treated SW13
cells.

Interaction of the glucocorticoid receptor (GR) with
SWI/SNF is required for induction of chromosomally
integrated, but not transiently transfected mouse mam-
mary tumor virus (MMTV) promoter (Fryer and Archer,
1998). Thus we tested whether BRG1 is required for IFN-g
induction of CIITA promoter IV in a transient transfection
assay. phCIITAPIV-LUC (Figure 3B) contains the GAS,
E-box and IRF elements necessary for induction in such
an experiment (Muhlethaler-Mottet et al., 1998). When
SW13 cells were transfected with this reporter, IFN-g
induced Luc activity 4-fold (Figure 3B), suggesting that
the factors necessary for induction of promoter IV in an
extra-chromosomal context are present in SW13 cells,
despite the absence of a functional SWI/SNF complex.
When a BRG1 expression vector was included in the
assay, the fold induction was relatively unaffected but,
remarkably, the absolute levels of both basal and induced
promoter activity were signi®cantly reduced (Figure 3B).
We modi®ed this assay so that expression from the
endogenous chromosomal and transiently transfected
CIITA promoter could be analyzed from the same cells.
SW13 cells were reconstituted with BRG1 using the
adenovirus system, then transfected with phCIITAPIV-
LUC. Protein and RNA were prepared from untreated or
IFN-g-treated cells for luciferase and RT±PCR assays,
respectively. While BRG1 rescued expression of the endo-
genous gene, it inhibited both background and induced
levels of the phCIITAPIV-LUC reporter (Figure 3C). The
K798R mutation virtually ablated regulation (Figure 3C),
indicating that both activation of the endogenous gene and
repression of the transiently transfected reporter require
ATP hydrolysis. Thus, BRG1 is required speci®cally for
induction of the chromosomal CIITA gene, consistent with
the known role of BRG1 in chromatin remodeling, and its
effect on promoter activity is reversed in a transient
transfection assay.

IFN-g induces BRG1 recruitment to the
CIITA promoter
Although BRG1 in¯uences the expression of several
mammalian genes (de La Serna et al., 2000, 2001; Liu
et al., 2001), direct evidence has not been obtained that
BRG1 is recruited to most of these loci. To determine if
BRG1 associates with the CIITA promoter directly, we
employed the chromatin immunoprecipitation (ChIP)
assay. A HeLa cell line derivative was used for these
experiments as these cells contain functional SWI/SNF
and are IFN-g responsive. Following treatment with IFN-g
for 24 h, cells were treated with formaldehyde, lysed and
the cross-linked chromatin sheared by sonication. DNA±
protein complexes were immunoprecipitated with a rabbit
anti-BRG1 antibody or a control rabbit anti-GAL4 anti-
body. The cross-links were then reversed, and the puri®ed

Fig. 2. BRG1 rescues CIITA induction in SW13 cells. SW13 cells were
left uninfected (lanes 1 and 2), or infected with AdtTa virus alone
(lanes 3 and 4) or together with AdBRG1 (lanes 5±8) or AdK798R
(lanes 9±12) in the absence (lanes 1±6) or presence of tetracyline (lanes
7±12). After 20 h, cells were exposed to no cytokine (lanes 1, 3, 5, 7, 9
and 11) or IFN-g (lanes 2, 4, 6, 8, 10 and 12) for an additional 6, 12 or
24 h. RT±PCR was used to measure CIITA, GBP-1 or b-actin RNA
levels. The experiment was performed three times. Representative
samples are shown.
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DNA ampli®ed with primers speci®c for the CIITA
promoter or an irrelevant control locus (PITX1 intron).
These assays revealed that BRG1 was recruited speci®c-
ally to the CIITA promoter region (Figure 4, lane 5).
Moreover, this association was IFN-g dependent as BRG1
was not associated with the CIITA promoter in untreated
cells (Figure 4, lane 5).

BRG1-dependent chromatin remodeling at the
CIITA promoter
IFN-g induction of CIITA is associated with increased
DNase I accessibility at promoter IV (Piskurich et al.,
1999). Having shown that BRG1 is required for CIITA

induction, and that it is recruited to the promoter in an
IFN-g-dependent fashion, we hypothesized that chromatin
remodeling at promoter IV would require BRG1. Thus,
in vivo DNase I footprinting was performed on a 400 bp
region that contained the CIITA promoter. SW13 cells
were infected with adenovirus expressing BRG1 or the
inactive mutant, K798R, together with AdtTa. The
infected cells were treated with IFN-g for 24 h, after
which the cell nuclei were isolated and digested with a
limiting concentration of DNase I. Following puri®cation
of the DNA, ligation-mediated PCR (LM-PCR) was used
to reveal areas of the promoter that were accessible to
digestion (Figure 5A). In IFN-g-treated cells expressing
the K798R mutant, virtually no PCR products were
detected even at the highest concentration of DNase I
(Figure 5A, lanes 11±13), indicating that the locus
remained inaccessible. In contrast, several ampli®ed
products were obtained from IFN-g-treated cells infected
with AdBRG (Figure 5A, lanes 5±7). The DNase I
breakpoints were clustered around regions of the promoter
that are known to bind critical activators, as well as the
transcription initiation site.

A restriction enzyme accessibility assay also demon-
strated BRG1-dependent chromatin remodeling in the
CIITA promoter region. SW13 cells were infected with
AdBRG1 + AdtTa and exposed to IFN-g for 24 h. Isolated
nuclei were then treated with a limiting concentration of
HaeIII (in vivo digest, Figure 5B), and the DNA puri®ed
and digested to completion in vitro with AvrII, which cuts
upstream of HaeIII (Figure 5B). LM-PCR was performed
to visualize the full-length 529 bp primer extension
product to the AvrII site, and the shorter fragments
generated by HaeIII digestion. The sensitivity of the
CIITA promoter to HaeIII digestion was determined by
calculating the ratio of the in vivo HaeIII-digested bands to
the in vitro AvrII-digested band in each lane (Figure 5B).
IFN-g-treated SW13 reconstituted with BRG1 showed an
increase in HaeIII accessibility compared with cells
lacking BRG1. Thus, both DNase I and restriction enzyme
accessibility at the CIITA promoter are BRG1 dependent.

Fig. 3. The effect of BRG1 on the CIITA promoter is chromatin
dependent. (A) STAT1, IRF-1 and USF-1 expression in SW13 cells.
Cells were treated with IFN-g for 0, 6, 12 or 24 h, and lysate analyzed
by western blot using antibodies to STAT1, IRF-1 and USF-1.
(B) IFN-g activation of a transiently transfected CIITA reporter vector
does not require BRG1. SW13 cells were transfected in duplicate with
0.8 mg of phCIITAPIV-LUC reporter plasmid (shown schematically)
and increasing amounts (1, 3 and 5 mg) of a vector expressing BRG1
(pBJ5-BRG1). The empty expression vector pBJ5 was used to ®ll
samples to ensure equimolar amounts of total plasmid. Samples were
left untreated, or exposed to IFN-g for 24 h. Baseline activity (relative
activity = 1) is that obtained in untreated cells transfected with pBJ5.
The results shown are the average and range of two experiments each
performed in duplicate. (C) BRG1 has opposite effects on the
endogenous versus transiently transfected CIITA promoter. SW13 cells
were infected with AdtTA plus control AdGFP (lanes 1 and 2),
AdBRG1 (lanes 3 and 4) or AdK798R (lanes 5 and 6) adenoviruses,
transfected the next day with 1 mg of phCIITAPIV-LUC and then left
untreated or exposed to IFN-g for 24 h. Protein and RNA were prepared
for luciferase (graph) and RT±PCR (lower panel) assays, respectively.
The luciferase assays are the average and range of two experiments,
each performed in duplicate. The RT±PCR is representative of two
separate experiments (and reproduces the conclusions from Figure 2).
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Discussion

BRG1-dependent CIITA induction
MHC class II induction requires the CIITA coactivator
(Reith and Mach, 2001). We found that IFN-g failed to
induce MHC class II expression in SW13 cells, which was
traced to a defect in CIITA up-regulation. Reconstitution
of these cells with BRG1, but not an ATPase-de®cient
version of this protein, rescued CIITA induction. The time
course of induction in reconstituted cells was typical of
that seen in other IFN-g-responsive cells, consistent with a
direct effect at the CIITA locus. In support of this
hypothesis, a ChIP assay revealed that BRG1 associates
directly with the CIITA promoter in an IFN-g-dependent
fashion. Furthermore, in vivo footprinting and restriction
enzyme accessibility assays showed that chromatin
remodeling at this locus requires functional BRG1. Thus,
SWI/SNF appears to participate directly in chromatin
remodeling at the CIITA promoter in response to IFN-g
signaling.

SWI/SNF- and cytokine-mediated gene induction
These data represent the ®rst evidence linking SWI/SNF to
a cytokine pathway, and the JAK±STAT pathway in
particular. SWI/SNF has been implicated in the regulation
of subsets of genes required for myeloid differentia-
tion, muscle differentiation and the response to stress
(Kowenz-Leutz and Leutz, 1999; de La Serna et al., 2000).
In agreement with this emerging generalization, our results
suggest that SWI/SNF is required at a subset of IFN-g-
responsive genes, since IRF-1 induction was normal in
SW13 cells, while GBP-1 and CIITA induction were
partially or completely dependent on functional BRG1,
respectively. To understand the full biological implica-
tions of our ®ndings, it will be important to de®ne which
subsets of IFN-g-regulated genes fall into these categories.
Additional studies are also required to determine whether
SWI/SNF plays a role in the biological and molecular
effects of other cytokines, particularly those that utilize
variations of the JAK±STAT pathway (reviewed in

Fig. 5. BRG1-dependent chromatin remodeling at the CIITA promoter.
(A) DNase I accessibility requires BRG1. SW13 cells were infected
with AdtTa plus AdBRG (lanes 2±7), or AdK798R (lanes 8±13). After
20 h, cells were left untreated (lanes 2±4 and 8±10) or exposed to
IFN-g for 24 h (lanes 5±7 and 11±13). Nuclei were harvested and trea-
ted with 12.8 (lanes 2, 5, 8 and 11), 25.6 (lanes 3, 6, 9 and 12) or 51.2
(lanes 4, 7, 10 and 13) ng/ml DNase I for 3 min at 37°C. DNA was isol-
ated and analyzed by LM-PCR. (B) HaeIII accessibility requires
BRG1. Uninfected SW13 cells (lanes 2 and 3) or cells infected with
AdtTa and AdBRG (lanes 4 and 5) were treated for 24 h with IFN-g
(lanes 2±5). Nuclei were isolated and incubated in vivo with HaeIII
(lanes 2 and 4) or no enzyme (lanes 3 and 5) at 37°C for 10 min (lanes
2 and 4). DNA was extracted, digested to completion in vitro with
AvrII and analyzed by LM-PCR. The intensity of each HaeIII band in
lanes 2 and 4 was normalized to that of the full-length primer extension
product to the AvrII site. The ratio of these values gave the fold in-
crease in HaeIII accessibility. Arrows on the left and right indicate the
HaeIII and AvrII sites, respectively. The marker in both (A) and (B)
(lane 1) is MspI-digested pBR322 DNA. The position of elements in
the CIITA promoter is indicated to the right of each ®gure. Major (+1)
and minor (+16) start sites of transcription are indicated.

Fig. 4. IFN-g-inducible BRG1 recruitment to the CIITA promoter.
HeLa-Ini-11 cells were left untreated or exposed to IFN-g for 24 h,
formaldehyde cross-linked and the chromatin sonicated and used in
ChIPs. Primers for CIITA promoter IV or the irrelevant PITX1 intron
were used to amplify no template (lane 1), control human genomic
DNA (lane 2), input DNA (lane 3) or DNA isolated following ChIP
with no antibody (lane 4), anti-BRG1 (lane 5) or anti-GAL4 (lane 6).
The CIITA primers amplify from ±352 to +160 relative to the transcrip-
tion start site.
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Pellegrini and Dusanter-Fourt, 1997; Bromberg and
Darnell, 2000).

SWI/SNF and tumor surveillance
There is considerable evidence that the SWI/SNF complex
can act as a tumor suppressor by blocking the cell cycle,
promoting differentiation and possibly mediating apopto-
sis (see Cheng et al., 1999; Muchardt and Yaniv, 1999; Fry
and Peterson, 2001; and references therein). Mutations in
SWI/SNF subunits, or defects in their expression, have
been reported in a variety of tumors and tumor cell lines
(Muchardt and Yaniv, 1993; Wang et al., 1996a;
Versteege et al., 1998; Sevenet et al., 1999a,b; Strobeck
et al., 2000; Yuge et al., 2000; Schmitz et al., 2001). In
addition, heterozygous BRG1 or hSNF5/INI1 mice are
predisposed to a variety of tumors (Bultman et al., 2000;
Klochendler-Yeivin et al., 2000; Roberts et al., 2000). Our
data suggest that SWI/SNF may also contribute to tumor
suppression by rendering cells sensitive to tumor surveil-
lance. Indeed, ectopic MHC class II expression has been
used as a strategy to generate effective tumor vaccines
(reviewed in Ostrand-Rosenberg et al., 1999). Therapeutic
strategies that restore or mimic SWI/SNF function may,
therefore, bene®t cancer patients at multiple levels.
Intriguingly, SWI/SNF is not the only putative tumor
suppressor involved in MHC class II induction, as we and
others have implicated RB in this pathway (Lu et al., 1994;
Zhu et al., 1999).

Effects of SWI/SNF on transiently transfected
versus chromosomal targets
Chromatin does not form properly on transiently trans-
fected plasmids, and the ability of BRG1/hBRM to affect
promoters in transient transfections is variable (Smith
and Hager, 1997). For example, BRG1 potentiates CSF1
promoter activity, and GR-mediated induction of the
MMTV promoter in a chromosomal context, but not in
transient transfection assays (Fryer and Archer, 1998; Liu
et al., 2001). In contrast, hBRM does potentiate GR
induction of various arti®cial reporter vectors in transient
assays (Muchardt and Yaniv, 1993; Singh et al., 1995). In
addition, BRG1/hBRM enhance RB repression of cell
cycle gene promoters in transient assays (Trouche et al.,
1997; Murphy et al., 1999; Strobeck et al., 2000; Zhang
et al., 2000). In our study, BRG1 was not only unnecessary
for CIITA promoter IV induction in a transient assay, but
actually inhibited activity. It seems unlikely that this effect
is due to sequestration of critical factors by high levels of
BRG1, since repression required ATPase activity. Thus, in
the absence of appropriate chromatin cues, BRG1 may
form an inhibitory complex on the promoter. Whatever the
explanation, it is clear that results based on transient
transfections should be interpreted with caution, and
additional assays performed to determine how SWI/SNF
affects the chromosomal gene, and whether this effect is
direct.

Mechanism of SWI/SNF recruitment
Our ChIP data show that BRG1 is recruited directly to
the CIITA promoter in an IFN-g-dependent fashion.
SWI/SNF can be recruited to promoters by speci®c
activators (Fryer and Archer, 1998; Cheng et al., 1999;
Kowenz-Leutz and Leutz, 1999; Neely et al., 1999;

Yudkovsky et al., 1999; Dilworth et al., 2000; DiRenzo
et al., 2000; Kadam et al., 2000; Barker et al., 2001;
Sullivan et al., 2001). Activators implicated in CIITA
induction, such as STAT1, USF-1 and IRF-1/2, have not,
as yet, been shown to associate with SWI/SNF. In transient
transfection assays, BRG1 was not necessary for induc-
tion, but inhibited both basal and induced CIITA promoter
IV activity to a similar degree. This result suggests that
BRG1 may affect the activity of a constitutively active
factor that regulates the CIITA promoter, such as USF-1,
IRF-2 or part of the general transcription machinery.

Alternatively, as in the case of the IFN-b promoter
(Agalioti et al., 2000), the formation of an enhanceosome
by multiple activators could create a novel interaction
surface at the CIITA promoter that facilitates SWI/SNF
binding. Histone acetylation also promotes SWI/SNF
binding at the IFN-b promoter (Agalioti et al., 2000),
probably through interaction of the BRG1 bromodomain
with acetyl-lysine groups (reviewed in Horn and Peterson,
2001). In this regard, it is of interest that STAT1 interacts
with CBP, a known histone acetyl transferase (Zhang et al.,
1996; Horvai et al., 1997). Finally, SWI/SNF might be
targeted to the CIITA promoter by virtue of its ability to
interact with RNA polymerase II holoenzyme (Wilson
et al., 1996; Cho et al., 1998; Neish et al., 1998). However,
the chromatin accessibility assays (Figure 5) are more
consistent with SWI/SNF binding at a stage prior to
polymerase recruitment.

Analysis of CIITA induction has focused on human
promoter IV. However, the `B-cell-speci®c' promoter III,
located ~2 kb upstream, is also partially IFN-g inducible
(Piskurich et al., 1998, 1999). This promoter is silent in
non-professional APCs, but constitutive DNase I-hyper-
sensitive sites are present both around the transcription
start site and ~5 kb upstream, and access at these sites is
enhanced slightly following IFN-g treatment (Piskurich
et al., 1999). It will be interesting, therefore, to determine
if these sites in¯uence the induction of promoter IV, and
whether chromatin accessibility requires BRG1. Analysis
of CIITA induction, therefore, provides an opportunity to
expand emerging insights into the order in which
activators and their cofactors, including SWI/SNF, are
recruited to inducible promoters, as well as the in¯uence of
long-range effects.

Materials and methods

Cell lines and IFN-g treatment
SW13 cells, the breast cancer lines MTRB-1, S4 (full name MDA-468-
S4) (Lu et al., 1994), EBV-transformed lymphocytes and HeLa-Ini-11
cells (Sif et al., 1998) were grown in a-minimal essential medium
(MEM)/10% fetal bovine serum (FBS). Human IFN-g (BioSource
International PHC4834) was used at 250 U/ml in ChIP assays, and at
300 U/ml in all other assays.

Flow cytometry
SW13 and MTRB-1 cells were plated in duplicate at 5 3 105 cells per
well on a 24-well plate and treated with IFN-g for 24 h. Trypsinized cells
were washed in phosphate-buffered saline (PBS)/5% FBS, then
stained with phycoerythrin (PE)-conjugated anti-HLA-DR antibody
(PharMingen 34235X), or PE-conjugated anti-IgG2a isotype control
(PharMingen 03025A) for 1 h at 4°C. Cells were washed ®ve times with
PFA (PBS, 2% FBS, 0.1% azide), and resuspended in 500 ml of PFA/
1 mg/ml propidium iodide. A total of 10 000 cells were analyzed by ¯ow
cytometry using Cell Quest software (Becton Dickinson).
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RNA extraction and RT±PCR
RNA was isolated from con¯uent 60 or 100 mm plates using TRIzol
reagent (Gibco-BRL). A 2.5 mg aliquot of RNA was diluted in 20 ml of
diethylpyrocarbonate (DEPC)-treated water, heated to 90°C for 5 min
then combined with 50 ml of ®rst strand master mix [10 mg Pd(N)6 salt,
13 First Strand buffer (Gibco-BRL), 1 mM dNTPs, 10 mM dithiothreitol
(DTT), 50 U of Superscript II reverse transcriptase (Gibco-BRL)], and
incubated at 37°C for 1 h, then for 10 min at 95°C. One-tenth of ®rst
strand cDNA was ampli®ed for 30 cycles using the following primer
pairs: sense o-hCA-3 (TGTGCAGACTCAGAGGACGAGAAGTTC),
antisense o-hCA-4 (5¢-CCCGAATTCCCATCTCAGGCTGATCCGTG-
AATCC-3¢); sense o-hGBP-1 (5¢-AACACTAATGGGCGACTGAT-3¢),
antisense o-hGBP-2 (5¢-CTTCAGGGAGTATGTCAGGT-3¢); sense
o-ACT-1 (5¢-CCCAGATCATGTTTGAGACC-3¢), antisense o-ACT-2
(5¢-AGTCATAGTCCGCCTAGAAG-3¢).

Western blotting
A con¯uent 100 mm plate of SW13 cells was lysed in 50 mM Tris±HCl
pH 7.4, 150 mM KCl, 15 mM NaCl, 30 mM MgCl2, 10 mM EGTA, 0.5%
NP-40 and protease inhibitors. A 50 mg aliquot of lysate was analyzed by
western blot as described (Bremner et al., 1995) with antibodies against
IRF-1 (C-20; Santa Cruz sc-497), USF-1 (C-20; Santa Cruz sc-229),
Stat1a p91 (C-111; Santa Cruz sc-417) and BRG-1/BRM (B36320;
Transduction Labs).

Plasmids
phCIITAPIV-LUC: a 378 bp human CIITA pIV fragment was ampli®ed
using o-hCA-12 (5¢-CCCGGTACCGGAGAGAAACAGAGACCCAC-3¢)
and hCA-13 (5¢-GGCAAGCTTCCTCTCCCTCCCGCCAGCTC-3¢), di-
gested with KpnI and HindIII and ligated to KpnI±HindIII-digested pGL2-
Basic. Clones were sequence veri®ed. pBJ5-BRG1 and pBJ5 are described
in Dunaief et al. (1994) and Khavari et al. (1993).

Luciferase/b-gal assays
SW13 cells were transfected by the calcium phosphate method and 0.3 mg
of CMV-b-gal included to normalize for transfection ef®ciency (Bremner
et al., 1995). For infection-then-transfection (Figure 3C), SW13 cells
were infected as described below and transfected 24 h later. Cells were
lysed in 13 reporter lysis buffer (Promega). Luc assays used 20 ml of
lysate and 100 ml of luciferase assay reagent (10 mM MgSO4, 0.1 mM
EDTA, 33.3 mM DTT, 270 mM co-enzyme A, 470 mM luciferin, 530 mM
ATP in gly-gly buffer, pH 7.8).

Chromatin immunoprecipitation
HeLa Ini-11 cells were IFN-g induced for 24 h, cross-linked with 1%
formaldehyde at room temperature for 10 min, washed twice with ice-
cold PBS, collected in 1 ml of PBS (3 3 107 cells per tube) and
centrifuged in a bench-top microfuge (Desaga; Sarstedt-Gruppe) for 5 min
at 5000 r.p.m. Cells were resuspended in 1 ml of lysis buffer (1% SDS,
10 mM EDTA, 50 mM Tris±HCl pH 8) plus protease inhibitors
(aprotinin, leupeptin and pepstatin), incubated on ice for 10 min and
sonicated to an average size of 500 bp (Vibra Cell, Sonics and Materials
Inc., Danbury). A 100 ml aliquot of sonicated chromatin (3 3 106 cell
equivalents) was used per immunoprecipitation. Chromatin was diluted in
1 ml of buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM
Tris±HCl pH 8) and pre-cleared with 2 mg of sheared salmon sperm DNA
and protein A±Sepharose (Sigma) (45 ml of 50% slurry in 10 mM
Tris±HCl pH 8, 1 mM EDTA) for 2 h at 4°C. Immunoprecipitation (IP)
was performed overnight at 4°C with no antibody, anti-BRG1
(R.Kingston) or anti-yeast GAL4 antibody (Upstate Biotechnology
06-262). A 45 ml aliquot of protein A±Sepharose, 2 mg of salmon
sperm DNA and 45 ml of yeast tRNA were added per IP and incubated for
1 h. Precipitates were washed sequentially for 10 min in 13 TSEI (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris±HCl pH 8, 150 mM
NaCl), 43 TSEII (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris±HCl pH 8, 500 mM NaCl), 13 buffer III (0.25 M LiCl, 1% NP-40,
1% deoxycholate, 1 mM EDTA, 10 mM Tris±HCl pH 8) and 33 TE
(10 mM Tris±HCl pH 8, 1 mM EDTA). Samples were extracted twice
with 250 ml of elution buffer (1% SDS, 0.1 M NaHCO3), heated at 65°C
overnight to reverse cross-links, and DNA fragments puri®ed with a
QIAEX II Gel Extraction Kit. A 3 ml aliquot from a total of 50 ml was used
in the PCR. CIITA promoter IV-speci®c primers were 5¢-TTGGAC-
TGAGTTGGAGAG-3¢ and 5¢-GTGACCTTGAGCAAGTAG-3¢.

Virus infections
AdBRG, AdK798R and AdtTa were prepared as described (Murphy et al.,
1999). Plates (100 mm) of SW13 cells at 80% con¯uence were infected in

a ®nal volume of 1.5 ml for 1 h with occasional rocking. The amount of
virus was such that the level of BRG1 or K798R was equivalent, and
similar to BRG1 levels in HeLa-Ini-11 cells (data not shown). After
infection, virus was removed and 9 ml of medium added. Where
indicated, 2.5 mg/ml tetracycline was added 4 h post-infection. IFN-g was
added 20 h post-infection and cells harvested 24 h later.

DNase I footprinting
SW13 cells infected with AdBRG1 or AdK798R were treated with IFN-g
for 24 h. A total of 1 3 107 SW13 cells were trypsinized from 100 mm
plates and washed twice in PBS, and once in 13 RSB [reticulocyte
standard buffer: 10 mM Tris±HCl pH 7.5, 10 mM NaCl, 3 mM MgCl2,
1 mm phenylmethylsulfonyl ¯uoride (PMSF)]. The cell pellet was
resuspended in 10 ml of 50% glycerol, 0.5% NP-40, 1 mM PMSF, 13
RSB solution, lysed by pipeting 10 times, incubated on ice for 5±10 min,
and nuclei visualized with trypan blue. Nuclei were spun at 4000 r.p.m.
for 10 min at 4°C, washed in 10 ml of 13 RSB/0.1 mM PMSF, spun at
2500 r.p.m. for 10 min at 4°C then resuspended in 0.3 ml of 13 RSB.
DNase I stock (4 mg/ml; Sigma Molecular Biology Grade D5793) was
diluted in 13 RSB to a ®nal concentration of 80 ng/ml. A 1/1000 volume
of 1 M CaCl2 was added and 100 ml of nuclei digested with 12.8, 25.6 or
51.2 ng/ml DNase for 3 min at 37°C. A 100 ml aliquot of 23 STOP
solution (0.6 M NaCl, 20 mM Tris±HCl pH 8.0, 10 mM EDTA, 1% SDS)
was added, then 10 ml of proteinase K (25 mg/ml), and samples were
incubated at 55°C overnight. A 200 ml aliquot of 13 STOP solution was
added, and samples were phenol/chloroform extracted and treated with
RNase (Sigma Molecular Biology Grade) at 37°C overnight. Samples
were phenol/chloroform extracted again, ethanol precipitated and
resuspended in 100 ml of 10 mM Tris±HCl pH 8.0 and used in LM-
PCR (see below).

Restriction enzyme accessibility assay
Nuclei were isolated as described above except restriction enzyme
digestion buffer (10 mM Tris±HCl pH 7.4, 50 mM NaCl, 10 mM MgCl2,
0.2 mM EDTA, 0.2 mM EGTA, 0.15 mM spermine, 0.5 mM spermidine,
1 mM b-mercaptoethanol) was used in place of 13 RSB. Nuclei were
suspended in 300 ml of 13 NEB2 (New England Biolabs), 50 ml
combined with 20 U of HaeIII (New England Biolabs), and digested at
37°C for 10 min. Reactions were stopped with 50 ml of 23 proteinase K
buffer (100 mM Tris±HCl pH 7.5, 200 mM NaCl, 2 mM EDTA, 1% SDS)
at 55°C for 1 h. Samples were then digested overnight at 55°C with 3 ml
(25 mg/ml) of proteinase K (Sigma Molecular Biology Grade). DNA was
extracted as described above and resuspended in 100 ml of 10 mM
Tris±HCl pH 8.0. A 1 mg aliquot was digested with AvrII, and one-quarter
of the digest used for LM-PCR (see below).

Ligation-mediated PCR
LM-PCR was performed using these CIITA primers: o-hCA-22 (5¢-
ACCTTAGGGGTTACAGAGGAGACTT-3¢); o-hCA-23 (5¢-GACTTT-
GGTCACCTACCGCTGTTCC-3¢); and o-hCA-24 (5¢-TTTGGTCACC-
TACCGCTGTTCCCCGGGCTC-3¢). Linker primers (o-LM-PCR-1,
5¢-GCGGTGACCCGGGAGATCTGAATTC-3¢; and o-LMPCR-2, 5¢-
GAATTCAGATC-3¢) were annealed for the 20 mM linker solution
described below. A 1 mg aliquot of digested DNA was diluted in 10 ml of
10 mM Tris±HCl pH 8.0. A 4 ml aliquot of mixture A [3 ml of sequenase
buffer 1 (125 mM Tris±HCl pH 7.5, 400 mM NaCl, 25 mM MgCl2) and
1 ml of o-hCA-22 (0.3 pmol/ml)] was added and samples incubated at
95°C for 5 min, and 50°C for 30 min, and placed on ice. A 9.5 ml aliquot
of mixture B [9 ml of sequenase buffer 2 (40 mM Tris±HCl pH 7.5, 5 mM
MgCl2, 20 mM DTT, 0.1 mM dNTPs) and 0.5 ml of Sequenase T7 DNA
polymerase v. 2.0 (United States Biochemicals) (8 U/ml)] was added, and
incubated at 37°C for 10 min, and 68°C for 10 min, and placed back on
ice. A 48 ml aliquot of mixture C was added [20 ml of ligase buffer 1
(80 mM Tris±HCl pH 7.5, 180 mg/ml bovine serum albumin (BSA),
30 mM MgCl2), 20 ml of ligase buffer 2 (12 mM ATP, 70 mM DTT), 5 ml
of 20 mM Linker oligo solution and 3 ml of T4 DNA ligase (2 U/ml)], and
samples incubated at 20°C overnight. Samples were ethanol precipitated,
resuspended in 20 ml of 10 mM Tris±HCl pH 8.0 and ampli®ed with
o-hCA-23 and o-LMPCR-1 for one cycle of 94°C, 3 min; 23 cycles of
94°C, 1 min/64°C, 1 min/72°C, 1 min; and one cycle of 72°C, 10 min.
32P-end-labeled o-hCA-24 (2 pmol) was added to 15% of the PCR, and
seven cycles (94°C, 1 min/64°C, 1 min/72°C, 1 min) of primer extension
performed. STOP mixture [24 ml of TE (10 mM Tris±HCl pH 8.0, 1 mM
EDTA), 1 ml of 5 mg/ml tRNA (Gibco-BRL) and 5 ml of 3 M NaOAc] was
added, and each reaction was chloroform extracted, ethanol precipitated,
and DNA resuspended in 12 ml of sequencing loading buffer. Samples
were run on an 8% sequencing gel, the gel dried, exposed overnight and
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visualized on a phosphoimager (Bio-Rad). Densitometry was performed
using Bio-Rad imaging software.
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