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The multiprotein human SWI-SNF (hSWI-SNF) complex is a chromatin-remodeling machine that facilitates
transcription by overcoming chromatin-mediated gene repression. We had previously shown that hSNF5/INI1,
an intrinsic, consistent component of the hSWI/SNF complex, is associated with Epstein-Barr nuclear antigen
2 (EBNA2) and have proposed that EBNA2 directs this complex to key EBNA2-responsive viral and cellular
genes. Using chromatin immunoprecipitation and quantitative PCR, we show that antibodies directed against
components of the hSWI-SNF complex preferentially precipitate chromatin-associated DNA that contains a
targeted EBNA2-responsive element in the context of both episomal and cellular chromatin. This enrichment
does not occur in EBNA2-negative cells or when the EBNA2-responsive element is mutated. The stable
association of the hSWI-SNF complex with the EBNA2-responsive promoter can also be disrupted by deletion
of the TATA element, suggesting that EBNA2 in itself is insufficient to mediate stable targeting of the
hSWI-SNF complex. These results demonstrate that recruitment of the hSWI-SNF complex to selected pro-
moters can occur in vivo through its interaction with site-specific activator proteins and that stable targeting
may require the presence of basal transcription factors.

Epstein-Barr virus (EBV) immortalizes B lymphocytes, with
attendant expression of a small subset of viral genes including
Epstein-Barr nuclear protein 2 (EBNA2), which is required for
immortalization (14). EBNA2 contains an acidic transcrip-
tional activation domain (8) and activates several viral and
cellular genes that are involved in the immortalization process
(9, 23, 51, 52, 66). The activation domain of EBNA2 binds to
TFIIH, TATA binding protein (TBP)-associated factor TAF40,
and TFIIB and to a protein that binds TFIIE (46, 47) and can
interact both functionally and in vitro with transcription coac-
tivators p300/CBP and P/CAF (4, 18, 53). EBNA2 is tethered
to a subset of EBNA2-responsive promoters through its asso-
ciation with RBP-Jk/CBF1 (13, 15, 49, 65). This interaction is
mediated by a domain of EBNA2 that is conserved among
various gammaherpesviruses (CR6) that is distinct from the
transactivation domain (27, 37). Another factor, SKIP, binds to
a distinct conserved region of EBNA2 (CR5) to direct tran-
scription repressor complexes to sites of EBNA2 action (67).
Through these interactions, EBNA2 serves the pivotal function
of acting as an adapter molecule that can direct various mul-
tiprotein complexes to its sites of action to integrate both
transcriptional activation and repression functions that are re-
quired to maintain the growth-transformed state. We had
shown that a phosphorylated fraction of nuclear EBNA2 in
lymphocytes is associated with an invariant member of the
human SWI-SNF (hSWI-SNF) complex, hSNF5/INI1, the hu-
man homologue of yeast SNF5 protein (60). The association
with hSNF5/INI1 is also mediated through a region of EBNA2
that is distinct from its transactivation domain.

The hSWI-SNF complex is one of a family of multiprotein

complexes that are conserved in evolution and serve to re-
model chromatin in a catalytic, energy-dependent fashion.
Overcoming the barrier to transcription imposed by chromatin
is a pivotal aspect of the control of gene expression. Derepres-
sion can occur by perturbing the interaction between nucleo-
somes and DNA through histone acetylation by the coactiva-
tors p300/CBP and P/CAF (5, 34), by activator binding, or by
remodeling by multiprotein complexes (reviewed in reference
66). The chromatin-remodeling complexes of both yeast and
higher eukaryotes share several features. Each includes a ho-
mologue of the yeast SNF2-SWI2 protein that contains DNA-
dependent ATPase and a helicase motif (19, 30, 54) and en-
codes the core catalytic activity of the complex (38) and is
invariably associated with three other proteins in all of the
SWI-SNF homologous complexes studied to date: SNF5 or its
human homologue hSNF5/INI1 (29), SWP73 or its human
homologue BAF60, and SWI3 or its homologues BAF170 and
BAF155 (54).

The SWI-SNF complex in yeast is required for the induced
expression of a small number of genes but is dispensable for
growth under normal condition (57). The relatively low abun-
dance (100 to 2,000 copies per cell) of SWI-SNF complexes
suggests that some form of targeting is required to bring the
complex to specific genes or families of genes. It has been
proposed that the SWI-SNF complex is recruited to promoters
as a part of the RNA polymerase II (Pol II) holoenzyme (7,
56), although some biochemical data and in vitro analyses of
SWI-SNF complexes have been at variance with this model
(31, 64). The complex might also be targeted through its asso-
ciation with site-specific DNA binding proteins. The latter
hypothesis is supported by the requirement of SWI-SNF pro-
teins for glucocorticoid receptor function in yeast cells (30, 63),
by its activation of several nuclear receptors in mammalian
cells (6, 55), and by recruitment of yeast SWI-SNF in vitro by
a peptide in the glucocorticoid receptor (48). Targeting of
SWI-SNF has recently been substantiated by several reports
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demonstrating that components of the yeast and human SWI-
SNF complexes can be targeted by their association with the
activation domains of general (32, 33, 64) or gene-specific (1,
10, 20, 25, 36) transcription factors. In all examples to date,
targeting is mediated through SWI-SNF interaction with the
activation domain of the associated transcription factor.

To determine whether the hSWI-SNF complex is targeted to
EBNA2-responsive promoters through its association with
EBNA2, we have generated multicopy episomal chromatin
templates that contain the EBNA2-responsive element of the
EBV terminal protein 1 (TP1/LMP2A) gene. EBNA2 activates
TP1/LMP2A through a promoter that contains two RBP-Jk/
CBF1 binding sites (GTGGGAA) (24, 65). Using quantitative
PCR, we show that antibodies directed against hSWI-SNF
components preferentially immunoprecipitate chromatin-asso-
ciated DNA that is at least 5- to 10-fold enriched for the
targeted EBNA2-responsive sequence. We also show that the
hSWI-SNF complex is targeted to cellular chromatin of the
CD23 gene, which is induced by EBNA2. The region of
EBNA2 that mediates this interaction is distinct from the ac-
tivation domain. These data show that EBNA2 acts as an
adapter protein that can target the hSWI-SNF complex to a
specific region in chromatin. Targeting of hSWI-SNF by
EBNA2 is consistent with its playing a significant role in reg-
ulating gene expression from viral or cellular chromatin.

MATERIALS AND METHODS

Cloning of plasmids and generation of Raji cell sublines. The reporter gene
TpTATAMG was generated within plasmid pSp1TATAMG by removing the 12
tandem Sp1 binding sites with HpaI and BglII, blunt ending, and ligating with the
double-stranded 54-bp oligodeoxyribonucleotide derived from TP1/LMP2A pro-
moter with the sequence CTCGCGACTCGTGGGAAAATGGGCGGAAGGG
CACCGTGGGAAAATAGTTCCAGG. The TpTATAMG insert was then re-
moved from this vector by digestion with NruI and NdeI, blunt ended, and ligated
into the HindIII site of pHeBO, creating plasmid pTpTATAMG. Plasmid
pTpmutTATAMG, containing mutated CBF1/RBP-Jk binding sites, was made in
the same manner using the oligonucleotide CTCGCGACTCGTTTTAAAATG
GGCGGAAGGGCACCGTTTTAAAATAGTTCCAGG. Plasmid pTATAMG
lacks the TP1/LMP2A sequence and was generated without the oligonucleotide
insert. Plasmid pTpMG lacks the TATA element and was made by digesting
pSp1TATAMG with HpaI and EcoRI to remove the Sp1 sites and the TATA
element and ligating with the TP1/LMP2A oligonucleotide. All plasmids were
transferred into Raji cells by electroporation and then selected and maintained
in hygromycin B. The episome copy number in each cell line was determined by
Southern blot analysis.

Generation and purification of chromatin fragments. The procedures to gen-
erate purified chromatin fragments were modified from the method of Grandori
et al. (12). Episome-containing Raji cells (1.5 3 108 to 2 3 108 cells) washed with
phosphate-buffered saline (PBS) were lysed with 10 ml of reticulocyte standard
buffer (RSB) (10 mM Tris [pH 7.4], 10 mM NaCl, 3 mM MgCl2) with 0.25%
NP-40, and nuclei were collected by centrifugation at 300 3 g and 4°C for 5 min.
The nuclear pellet was resuspended in 5 ml of RSB–10% glycerol, adjusted to 10
mM MgCl2 and CaCl2, and digested with micrococcal nuclease (50 to 100 U/107

nuclei) for 10 min at 30°C. Reactions were terminated with an equal volume of
ice-cold TEE (20 mM Tris [pH 7.5], 60 mM EDTA, 30 mM EGTA) and
centrifuged at 450 3 g for 5 min. The nuclear pellet was then lysed with TEP (12
mM Tris [pH 7.7], 3 mM sodium-free EDTA) containing 1 mM leupeptin and 0.2
mM phenylmethylsulfonyl fluoride at 107 nuclei/5 ml for 5 min and homogenized
in a Dounce homogenizer. Nuclear debris was removed by centrifugation at
3,000 3 g for 15 min, and the supernatant was adjusted to final concentrations of
0.1 mg of bovine serum albumin per ml, 20 mM Tris (pH 7.5), 125 mM KCl, 5%

glycerol, and 0.1% NP-40. The suspension was then concentrated to 1 ml in a
Millipore Ultrafree filtration concentrator, and the optical density at 260 nm was
determined. Equal amounts of DNA were layered onto 10-ml 5 to 30% sucrose
gradients (20 mM Tris [pH 7.5], 125 mM KCl, 1 mM EDTA) and centrifuged at
25,000 3 g and 4°C for 16 to 20 h. Fractions of 0.5 ml, each containing 2 to 10
mg of DNA, were collected for immunoprecipitation.

Immunoprecipitation of chromatin fragments and PCR analysis. Sucrose
gradient-purified chromatin preparations containing equal amounts (610%) of
DNA were incubated with antibodies directed against hSNF5/INI1 (Rb2464),
BRG1, TFIID (SI-1; Santa Cruz Biotechnology), or Pol II (8WG16; Research
Diagnostics, Inc.) or with control antibodies (preimmunized rabbit serum or
anti-FLAG antibody M2) at 1:25 dilution for 2 h at 4°C. The immune complexes
were precipitated with protein A-Sepharose, washed three times with wash buffer
(20 mM Tris [pH 7.5], 125 mM KCl, 1 mM EDTA, 0.1% NP-40), and digested
with proteinase K in sodium dodecyl sulfate (SDS) stop buffer (10 mM Tris [pH
7.4], 100 mM NaCl, 5 mM EDTA, 0.5% SDS) overnight at 37°C. DNA was
isolated by phenol-chloroform extraction and ethanol precipitation and then
resuspended in Tris-EDTA.

Quantitative PCR analysis. Quantitative PCR was performed with appropri-
ate primer pairs on 2 to 5 ml of the DNA sample and appropriate plasmid
controls (10214 to 10212 M). PCRs were carried out for 26 to 29 cycles (for
episomal analysis) or 30 to 34 cycles (for genomic analysis) in the presence of 0.5
mM primer, 100 mM deoxynucleoside triphosphate (with or without [a-32P]
dATP [1 mCi/20 nmol]), 1.25 mM MgCl2, and either 0.5 U of Taq (Perkin-Elmer)
or 1.0 U of Platinum-Taq (Gibco-BRL) polymerase in a final volume of 100 ml.
Each cycle consisted of 1 min at 65°C, 2 min at 72°C, and 1 min at 92°C. PCR
primers sequences are listed in Table 1. To determine the abundance of the
Myc-globin sequence, we used primers 59MycGb1 and 39MycGb1; for the b-lac-
tamase gene, we used primers 59 AmpR and 39 AmpR. The three PCR primer
sets used to analyze the promoter region of the CD23 gene, CD23A, CD23B, and
CD23C, are shown in Table 1 and Fig. 5. Quantitation of the PCR products
was performed by radionucleotide incorporation or by Southern blot analysis
with radiolabeled DNA fragments derived from pTpTATAMG, pTpMG,
pTATAMG, pH5, or pFE1. pH5 is a plasmid containing a 5-kb HindIII fragment
of the CD23 (21.3 kb through exon 6), and pFE1 contains a 3.5-kb SalI-HindIII
fragment (24.8 to 21.3) upstream from CD23. Radioactivity signals were quan-
titated by PhosphorImager analysis.

Metabolic labeling of nuclear proteins. Raji cells (108) harboring pTpTATAMG
were washed in PBS plus methionine-cysteine-free RPMI 1640 with 20% dia-
lyzed fetal calf serum and incubated for 2 h in the same medium. The cells were
transferred to 5 ml of fresh medium containing 1 mCi of Tran35S-label (1,175
Ci/mmol; ICN) and grown overnight. Nuclear isolation, micrococcal nuclease
digestion, and sucrose gradient purification were carried out as described above.
Then 300 ml of each fraction was immunoprecipitated with 3 ml of Rb2464–
protein A-Sepharose, washed, and eluted with 20 ml of 23 SDS sample buffer.
The labeled proteins were separated by polyacrylamide gel electrophoresis
(PAGE) on an SDS–10% polyacrylamide gel and visualized by autoradiography.

Micrococcal nuclease analysis. Nuclei were prepared as described above,
resuspended at 2 3 107 nuclei/ml in RSB–10% glycerol–10 mM CaCl2–10 mM
MgCl2, and digested with increasing amounts of micrococcal nuclease (0 to 180
U/5 3 106 nuclei) for 5 min at 37°C. The reactions were terminated with SDS
stop buffer and digested with proteinase K overnight. DNA was phenol-chloro-
form extracted and ethanol precipitated; 20 mg of each sample was digested with
NotI and NsiI, Southern blotted, and probed with a 237-bp NsiI/BamHI fragment
probe of pTpTATAMG.

S1 nuclease assay. Transcription from the Myc-globin reporter gene was
determined by measuring the steady-state mRNA by S1 assay (21, 22). The S1
nuclease assay was performed as reported previously with a 162-nucleotide
single-stranded DNA probe corresponding to positions 236 to 1126 of the
Myc-globin transcription start site. Myc-globin mRNA transcribed from the
proper initiation site results in the protection of a 126-nucleotide 59-32P-labeled
probe fragment. The samples from the S1 nuclease assay were subjected to 6%
neutral polyacrylamide gel electrophoresis. The results of the S1 nuclease assays
were then normalized with respect to the level of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA present in each sample and the relative copy
number of the episomal reporter construct present in the Raji cell sublines.

TABLE 1. Sequences of PCR primers used in targeting studies

PCR primer set Sequence Size (bp) of PCR product

39MycGb1/59MycGb1 59-GTGCCTGACTGCGTTAGCAA/59-CCTATTCGCTCCGGATCTCC 267
59AmpR/39AmpR 59-GCTGCGCCTTATCCGGTAAC/59-TCTGCGCGTAATCTGCTGCT 312
59CD23A/39CD23A 59-GCCACTATGCCACCTAGACTTC/59-CAGCTGTTCTGGAGTGCAGG 310
59CD23B/39CD23B 59-CAGTGTGCAGTAACAGTGGTTC/59-GAAAGTAGAGCCACTGACAGC 241
59CD23C/39CD23C 59-GCAGTGTGGACAGAATCTCGAG/59-CAACTCCAGGCCGTCCTTCTAA 177
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RESULTS

Incorporation of reporter episomes in Raji cells. To study
targeting of the hSWI-SNF complex by EBNA2 to an EBNA2-
responsive element in vivo, we used an artificial reporter gene
consisting of multicopy episomal chromatin templates that
contain sequences derived from a well-characterized EBNA2-
responsive element (24, 66). The episomal templates contain
EBV Ori-P (44) and are maintained in Raji Burkitt lymphoma
cells at 50 to 200 copies per cell (data not shown). The reporter
gene, TpTATAMG, contains a 54-bp sequence from the EBV
TP1/LMP2A promoter (24) placed directly upstream from the
adenovirus major late promoter TATA element and a Myc-
globin fusion gene (Fig. 1A) (21). The promoter contains two
RBP-Jk/CBF1 binding sites (GTGGGAA), which are mutated
by triplet substitutions (GGG3TTT) in the pTpmutTATAMG
construct. Micrococcal nuclease digestion and indirect end-
labeling analysis (59) of Raji cells harboring these constructs
showed that the episomes are assembled into ordered arrays of
positioned nucleosomes (Fig. 1B). Mutations at the RBP-Jk/
CBF1 binding sites did not result in detectable alterations in
the micrococcal nuclease sensitivity patterns. The inferred po-
sitions of nucleosomes in the upstream region of the reporter
gene are depicted in Fig. 1B.

Targeting analysis of the hSWI-SNF proteins. Chromatin
fragments from Raji cells were prepared by digestion with
micrococcal nuclease, lysis with hypotonic buffer, and separa-
tion of chromatin fragments on a sucrose gradient. This pro-
cedure generated a predominance of mono-, di-, and trinu-
cleosomes (Fig. 2A). To ensure that hSNF5/INI1 remained
associated with the oligonucleosomes through the purification,
we metabolically labeled the Raji cells with [35S]methionine-
cysteine prior to these procedures. The fractions (7 to 11)
containing hSNF5/INI1 (47- to 49-kDa doublet) were identi-
fied by immunoprecipitation with an anti-hSNF5/INI1 anti-
body (Rb2464) as previously described (60) and corresponded
to the highest concentration of oligonucleosomes (Fig. 2B).

To determine if the hSWI-SNF complex is preferentially
associated with EBNA2-responsive promoter sequences, we
carried out chromatin immunoprecipitation with antibodies
directed against two components of the hSWI-SNF complex,
hSNF5/INI1 and BRG1, on the pooled sucrose gradient frac-
tions 8 to 13. Quantitative PCR was then performed on DNA
purified from the immune complexes and analyzed on South-
ern blots with sequence-specific probes. Figure 3A shows a blot
of the PCR products obtained with these primers on the naked
pTpTATAMG plasmid (lanes 1 to 4) and immunoprecipitated
sample DNA (lanes 5 to 10) derived from Raji cells harboring
either pTpmutTATAMG or pTpTATAMG. The PCR assay is
quantitative over 2 orders of magnitude (10214 to 10212 M),
and the control lanes were used to generate a standard curve
for PhosphorImager analysis of the relative signals in lanes 5 to
10. In Raji cells harboring the unaltered pTpTATAMG epi-
somes, anti-hSNF5/INI1 antibody preferentially enriched the
Tp1/LMP2A promoter sequence (10- to 70-fold in four inde-
pendent experiments) compared to the preimmune serum
(compare lanes 8 and 9 in Fig. 3A). Anti-BRG1 antibody also
enriched the Tp1/LMP2A sequence (5- to 40-fold in four in-
dependent experiments) relative to the preimmune serum
(compare lanes 10 and 8). When the EBNA2-responsive ele-
ment within the Tp1/LMP2A sequence was mutated, the anti-
body-specific enrichment of Tp1/LMP2A sequence was re-
duced (lanes 5 to 7). The small but persistent enrichment of
the promoter target sequence by both anti-hSNF5/INI1 and
anti-BRG1 antibodies in the mutated RBP-Jk/CBF1 construct
suggests that some association of hSWI-SNF complex with this

DNA region may occur independently of EBNA2 and RBP-
Jk/CBF1. As an additional control, we determined whether the
b-lactamase gene sequences that lie 3 kb from the Tp1/LMP2A
sequence on the episome were enriched in immunoprecipi-
tates. We found no enrichment with anti-hSNF5/INI1 antibody
(Fig. 3B). In these experiments, equal amounts of DNA were
subjected to sucrose gradient purification prior to immunopre-
cipitation. The episome copy number was found to be 1.5-fold
higher in Raji/pTpTATAMG cells than in Raji/pTpmutTATAMG
cells (data not shown). This disparity does not account for the
observed differences obtained from the PCR analysis.

To determine whether the association of hSNF5/INI1 with
the TP1/LMP2 promoter is EBNA2 dependent, we performed
the same analysis on the Burkitt lymphoma (BL41) sublines
that had been converted with either the EBNA2-negative
(P3HR1) or EBNA2-positive (B95) EBV strain (Fig. 3C).
These cells support lower episome copy numbers (5 to 20
copies per cell) than Raji cells (50 to 200 copies per cell).
Quantitative PCR performed on chromatin immunoprecipita-
tion samples derived from the BL41 cells shows that anti-
hSNF5/INI1 antibody (Fig. 3C, lane 7) enriched the Tp1/
LMP2A target sequence fivefold relative to the preimmune
serum (lane 6) in the EBNA2-positive BL41/B95 cells but not
in the EBNA2-negative BL41/P3HR1 cells (lanes 8 and 9). We
consistently found a more pronounced targeting effect in Raji
cells than in BL41/B95 cells. We presume that this disparity
results from the differences in episome copy number between
Raji and BL41 cells. The experiment shown in Fig. 3 demon-
strates that the hSNF5/INI1 and BRG1 proteins are preferen-
tially associated with the promoter region of the pTpTATAMG
reporter gene. This association can be disrupted by mutations
introduced into the RBP-Jk/CBF1 elements within the TP1/
LMP2A promoter and is dependent on the expression of
EBNA2.

The TATA element is necessary for hSWI-SNF targeting.
The yeast SWI-SNF complex has been shown to alter chroma-
tin structure at the TATA element in the Saccharomyces cer-
evisiae SUC2 promoter (61). Furthermore, both RBP-Jk/CBF1
and EBNA2 can associate with TFIID (35, 47). Because of
these observations, we determined whether binding of TBP at
the TATA element is required for stable targeting of the
hSWI-SNF complex. To test this hypothesis, we constructed
episomes lacking either the TP1/LMP2A promoter (pTATAMG)
or the TATA sequence (pTpMG) and compared these to the
unaltered pTpTATAMG episome with respect to both tran-
scriptional activation of the Myc-globin reporter gene and the
presence of hSNF5/INI1, TBP, and RNA Pol II at the pro-
moter region. The steady-state levels of properly initiated
mRNA from the Myc-globin reporter gene of these constructs
were measured by a quantitative S1 nuclease protection assay
(21). Myc-globin mRNA from the normal transcription initia-
tion site of pTpTATAMG results in the protection of a 126-
nucleotide fragment (Fig. 4A). The S1 nuclease assays were
normalized for the relative copy number of each reporter ep-
isome. The relative steady-state levels of properly initiated
Myc-globin mRNA adjusted for the episome copy number are
depicted below the autoradiogram. The results in Fig. 4A dem-
onstrate that TP1/LMP2A is a functional promoter in the pTp-
TATAMG reporter episome and that low levels of reporter
gene expression persist even from a promoterless episome,
pTATAMG.

In an effort to correlate components of the transcription
complex with gene expression, we performed chromatin im-
munoprecipitation assays with antibodies directed against
hSNF5/INI1, TBP, and RNA Pol II. In this experiment, quan-
titation was done by radionucleotide incorporation of PCR
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FIG. 1. Schematic representation of pTpTATAMG and micrococcal nuclease digestion of pTpTATAMG and pTpmutTATAMG. (A) Main features of plasmid
pTpTATAMG. The sequence of the EBV TP1/LMP2A promoter, TATA box, upstream Myc-globin reporter gene, and heptameric RBP-Jk/CBF1 binding sites within
the TP1/LMP2A promoter are indicated. Substitutions in plasmid pTpmutTATAMG (mut) replace the GGG sequence within the RPB-Jk site with TTT. (B)
Micrococcal nuclease (Mnase) digestion and indirect end labeling of the upstream region of the Myc-globin reporter gene. The probe for hybridization was derived
from the 237-bp NsiI/BamHI fragment of pTpTATAMG (position indicated). The eight micrococcal nuclease-hypersensitive sites identified are numbered 1 to 8.
Proposed positions of the nucleosomes (circles) are depicted in the lower panel. Marker lanes (1 and 2) contain 10 and 2 pg of pTpTATAMG digested with NotI and
NsiI.
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products. The lower panel of Fig. 4B shows that this assay is
quantitative over 2 orders of magnitude using a plasmid tem-
plate.

As shown in Fig. 4B, mutation (pTpmutTATAMG) or dele-
tion (pTATAMG) of the Tp promoter sequence does not
influence the binding of TBP to the promoter region but does
disrupt the targeting of the hSNF5/INI1 protein to this region.
By contrast, when the TATA element is removed from the
promoter (pTpMG), neither TBP nor hSNF5/INI1 is found to
be associated with the promoter DNA. These observations
suggest that binding of TBP may stabilize the association be-
tween hSWI-SNF and the target site in the promoter, possibly
through an indirect association with the basal transcription
complex. RNA Pol II was not preferentially bound in the
promoter region, and it is not required for the targeting of the
hSWI-SNF complex. Since transcription persists from the TP1/
LMP2A promoterless construct (pTATAMG) (Fig. 4A), this
result implies that the hSWI-SNF complex is not required for
basal transcription of the Myc-globin reporter gene. Taken
together, these results demonstrate that EBNA2 is necessary
but not sufficient for targeting of hSWI-SNF complexes to the
EBNA2-responsive promoter.

Targeting of the hSWI-SNF complex to the cellular CD23
promoter. CD23 is an EBNA2-responsive cellular gene (9)

whose product can act as an autocrine growth factor for EBV-
immortalized B lymphocytes (45). It contains an RBP-Jk/CBF1
site 171 bp upstream from the CD23 transcription start site
(Fig. 5A). Another RBP-Jk/CBF1 site lies in the opposite
orientation at position 22471. To test whether the hSWI-SNF
complex is targeted to these sequences by EBNA2, we per-
formed the same targeting analysis directed at these two sites
and at a third sequence in intron I that does not contain the
RBP-Jk/CBF1 site. We performed this analysis in both
EBNA2-positive (BL41/B95) and EBNA2-negative (BL41/
P3HR1) cells. CD23 mRNA expression was found to be 50-
fold greater in BL41/B95 cells than in BL41/P3HR1 cells (data
not shown). Three sets of PCR primers, CD23A, CD23B, and
CD23C (Table 1), were used for these analyses; their positions
are depicted in Fig. 5A. The chromatin immunoprecipitation
analysis shows that anti-hSNF5/INI1 antibody specifically en-
riched the exon I (CD23B locus) sequence fivefold compared
to the preimmune serum in BL41/B95 but not in BL41/P3HR1
cells (Fig. 5B and C). PCR analyses using the CD23A and
CD23C primers show that neither the upstream RBP-Jk/CBF1
site nor the intron I sequence was enriched by anti-hSNF5/
INI1 antibody regardless of EBNA2 expression (Fig. 5C). The
quantitative results from triplicate immunoprecipitations (Fig.
5C) show that the hSWI-SNF complex is targeted to a specific

FIG. 2. Purification of chromatin fragments. (A) Aliquots of DNA extracted from chromatin fractions derived from sucrose gradient purification were separated
on a 1.5% agarose gel and stained with ethidium bromide. Migration of mono- and dinucleosomes is indicated at the right. Lane B designates the bottom gradient
fraction, which includes chromatin fragment sediments; lanes M contain size markers. (B) Immunoprecipitation of sucrose gradient fractions with anti-hSNF5/INI1
antibodies. 35S-labeled chromatin fragments were prepared and purified on the sucrose gradient as described for panel A. Each sucrose gradient fraction was then
immunoprecipitated with Rb2464 (anti-hSNF5 antibody), separated by SDS-PAGE, and visualized by autoradiography.

VOL. 74, 2000 TARGETING OF hSWI-SNF BY EBNA2 8897



FIG. 3. Quantitative PCR of DNA from immunoprecipitated chromatin fractions. Sucrose gradient-purified chromatin fragments pooled from fractions 8 to 13 were
immunoprecipitated with preimmune serum (Preimmune), anti-hSNF5 antibody (a-hSNF5), or anti-BRG1 antibody (a-BRG1). DNA isolated from immunoprecipi-
tates was subjected to quantitative PCR to determine relative abundance of the TP1/LMP2A promoter and b-lactamase sequences. Control PCR series were performed
with plasmid pTpTATAMG (10214 to 10211 M) as the template. The results were analyzed on a PhosphorImager and are reported as the relative amount of PCR
product compared with preimmune control (indicated below of each lane). (A) Autoradiogram of quantitative PCR of Myc-globin sequences from Raji/pTpTATAMG
(Wt [wild type]; lanes 8 to 10) and Raji/pTpmutTATAMG (Mut [mutant]; lanes 5 to 7) chromatin fragments immunopurified with preimmune or hSNF5- or
BRG1-specific antibodies. (B) Autoradiogram of PCR of b-lactamase sequence from immunopurified Raji/pTpTATAMG (Wt; lanes 7 and 8) and Raji/
pTpmutTATAMG (Mut; lanes 5 and 6) chromatin fragments using the AmpR primer set. (C) Autoradiogram of PCR of Myc-globin sequence from chromatin
immunoprecipitation of BL41/B95 (EBNA2-positive) or BL41/P3HR1 (EBNA2-negative) cells that harbor the episomal pTpTATAMG.
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region of the CD23 gene in an EBNA2-dependent manner.
Because there was no targeting to the RBP-Jk/CBF1 sequence
residing 2,471 bp upstream from the exon I start site (Fig. 5C),
these results further demonstrate that other cis-acting ele-
ments are required for stable hSWI-SNF complex targeting.

DISCUSSION

The hSWI-SNF complex is targeted to EBNA2-responsive
promoters through EBNA2 and RBP-Jk/CBF1. The low abun-
dance and catalytic rate of remodeling of nucleosomal arrays
by hSWI-SNF suggest that some mechanism exists for directing
the complex to its targets. Because continuous action of the
SWI-SNF is required to maintain transcription of SWI-SNF-
inducible genes, the complex must be retained beyond the
point of assembly of the initiation complex (3, 43). Here we
show that the hSWI-SNF complex is targeted to the EBNA2-
responsive sequences of both reporter episomes and the lym-
phocyte CD23 gene in vivo by demonstrating that antibodies
directed against components of the hSWI-SNF complex selec-
tively precipitate chromatin fragments containing RBP-Jk/
CBF1 binding sites of EBNA2-responsive promoters. This
preferential association of the hSWI-SNF complex with these
DNA sequences was not observed in an EBNA2-negative cell
line and was diminished by mutations at the RBP-Jk/CBF1
binding sites that disrupt binding of this factor. These results
extend our previous observation that a phosphorylated fraction
of nuclear EBNA2 is associated the hSNF5/INI1 subunit of the
hSWI-SNF complex in lymphocytes (60) and suggest the par-
ticipation of the hSWI-SNF complex in the transcriptional
activation function of EBNA2. While this work was being com-
pleted, several reports appeared demonstrating targeting of
SWI-SNF complexes by binding to acidic activation domains
through binding to the SWI2-SNF2 or SNF5 homologues of
either yeast or mammalian SWI-SNF complexes (20, 33, 48).

The role of hSWI-SNF complex in EBNA2-mediated trans-
activation. The control of transcription by local chromatin
structure has been shown to be an essential feature of many
eukaryotic genes. In this respect, the EBV transcriptional pro-
gram in latently infected B cells must proceed in the same
chromatin-repressed promoter environment. If recruitment of
the hSWI-SNF complex by EBNA2 to responsive promoter
chromatin is one strategy that EBV has adopted to overcome
chromatin-mediated transcriptional repression, this would ex-
plain the marked effects of EBNA2 expression on cellular and
viral gene expression compared with its modest effects on tran-
siently transfected reporter constructs. Also, the acidic activa-
tion domain of EBNA2 interacts with p300/CBP and P/CAF
histone acetyltransferases (HATs) to enhance the transactiva-
tion of the viral LMP1 promoter (53). It is unclear if hSWI-
SNF and HAT proteins are selectively used by EBNA2 at a
subset of EBNA2-responsive genes or if they are functionally
overlapping. Thus, EBNA2 emerges as a pivotal mediator of
coordinated assembly of factors in a combinatorial fashion
acting at its target promoters. Through its interaction with
RBP-Jk/CBF1, it mediates derepression (16). Interactions be-
tween the activation domain of EBNA2 and basal transcription
factors act to assemble the transcription initiation complex (46,
47). The acidic activation domain also interacts with accessory
factors such as p300/CBP and P/CAF to transduce HAT activ-
ity (53). The present work shows that a distinct region of
EBNA2 recruits a chromatin-remodeling complex to EBNA2
targets. EBNA2 also appears to compete with the interaction
between histone deacetylase and the SKIP protein that is teth-
ered to RBP-Jk/CBF1 (67). Presumably additional promoter-
specific factors determine which of these EBNA2-mediated

FIG. 4. Analysis of the contribution of TP1/LMP2A promoter and TATA
elements to reporter expression and targeting of the hSWI-SNF complex. (A)
The steady-state levels of Myc-globin and GAPDH mRNA of Raji/pTpTATAMG,
Raji/pTpmutTATAMG, Raji/pTATAMG, and Raji/pTpMG cells were deter-
mined by the S1 nuclease assay. The results were normalized for the relative copy
number of reporter episomes present in these cells (4.8 for pTATAMG, 4.0 for
pTpMG, 0.5 for pTpmutTATAMG, and 1.0 for pTpTATAMG) and reported as
relative mRNA levels with respect to the mRNA in the promoterless Raji/
pTATAMG cells. (B) Targeting of hSNF5/INI1, TBP, and Pol II was determined
by immunoprecipitation and PCR incorporation of [a-32P]dATP. Input DNA
prior to immunoprecipitation was quantitated by PCR for both Myc-globin and
b-lactamase (AmpR) sequences, showing nearly equal input DNA in cells har-
boring the four episomal constructs. Quantitative incorporation of [a-32P]dATP
is linear over 2 orders of magnitude of template concentrations for both AmpR
and MycGb primer sets (lower panel).
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FIG. 5. Targeting of the hSWI-SNF complex to the CD23 gene. (A) Schematic of the upstream region of the CD23 gene containing exons I, II, and b. The two
RBP-Jk/CBF1 binding sites present in this region are indicated by solid rectangles. The upstream sequence from exon I is shown with the RPB-Jk/CBF1 and TATA
elements. Positions of the PCR primers (sequences shown in Table 1) and their product lengths are also shown. (B) Targeting of the hSWI-SNF complex to three
regions on the CD23 gene in BL41/B95 and BL41/P3HR1 cells were measured by immunoprecipitation and quantitative PCR with specific primer sets. The
autoradiogram of quantitative PCR using the CD23B primer set is depicted. Lanes 1 to 4, PCR of template controls; lanes 5 and 8, PCR results from the
preimmunoprecipitated input (1/5 of total) chromatin; lanes 6, 7, 9, and 10, PCR results from the immunoprecipitated samples. (C) Results of PhosphorImager analysis
of PCR performed with CD23A, CD23B, and CD23C primer sets on chromatin immunoprecipitation samples. Results are reported as the percentage of signal obtained
from chromatin prior to immunoprecipitation.
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functions predominates at distinct EBNA2-regulated promot-
ers.

Stable targeting of the hSWI-SNF complex by EBNA2 re-
quires TBP. Deletion of the TATA element from the episomal
promoter abolishes both transcription and targeting of hSNF5/
INI1 (Fig. 4). This finding suggests that binding of TBP to the
TATA element is a prerequisite both for transcription and for
stabilization of hSNF5/INI1 binding to chromatin in this re-
gion. Although EBNA2 binds weakly to TBP, it interacts with
TAF40 through its acidic activation domain (47). RBP-Jk/
CBF1 has also been reported to bind the TAFII110 component
of TFIID complex (35). In addition, partially purified hSWI-
SNF has been shown to facilitate in vitro binding of TBP to the
TATA element in nucleosomes (17) and yeast SWI-SNF com-
plex alters the chromatin structure over both the enhancer and
the TATA elements of the SUC2 gene (61). These reports and
our results suggest that TBP may be associated with both
EBNA2 and hSWI-SNF in a complex over the EBNA2-respon-
sive promoters. The presence of both hSNF5/INI1 and TBP at
the transcriptionally active episomal promoter also suggests
that both the hSWI-SNF complex and TBP are retained be-
yond the point of transcription initiation.

Influence of the hSWI-SNF complex on transcription of the
reporter gene in artificial episomes. Despite the apparent tar-
geting of the hSWI-SNF complex to the promoter region in our
reporter episome, we did not find dramatic enhancement in the
steady-state level of transcription of the linked reporter gene
that was similar to that seen for EBNA2-responsive genes in
vivo (Fig. 4). For instance, the steady-state transcription of the
CD23 gene in EBNA-positive BL41/B95 cells is at least 50-fold
greater than the level in EBNA2-negative BL41/P3HR1 cells
(data not shown). The relatively meager transcriptional en-
hancement by the EBNA2-responsive TP1/LMP2A promoter
in episomes could be due to a basal chromatin structure that is
unusually permissive to transcription and is relatively indepen-
dent of hSWI-SNF complex remodeling. The permissive na-
ture of the episomal chromatin is supported by three observa-
tions. First, restriction endonuclease digestion of nuclei shows
that these sites in plasmids are far more sensitive to digestion
than the level of nuclease sensitivity of chromosomal sites or
reconstituted nucleosomal sites (data not shown). We also
could not detect significant differences in the restriction endo-
nuclease sensitivity of the TP1/LMP2 region of the episomes
that distinguish normal or mutated RBP-Jk/CBF1 sites (data
not shown). The episomes in these Raji cells may thus reside in
an open chromatin conformation that is minimally influenced
by hSWI-SNF remodeling. Second, we found that the promot-
erless pTATAMG episomes can direct a low level of reporter
gene transcription. This construct contains a TATA element
but no other enhancer or promoter element to drive transcrip-
tion of the reporter gene. The finding of reporter transcription
in this context suggests that the episomal chromatin may lack
elements that normally repress transcription. Third, DNase I
digestion of the episomes in Raji cells showed that they lack
hypersensitive sites in the region of the reporter gene (data not
shown). This suggests that despite being packaged into an
ordered array of nucleosomes, the DNA in these nucleosomes
is uniformly accessible to nuclease and is in this regard struc-
turally distinct from chromosomal DNA.

Although previous studies showed minimal differences that
distinguish the transcriptional regulation and structure of cel-
lular chromatin from those properties of amplified episomal
chromatin (41), two features of the cellular environment of our
experimental system could result a relatively open chromatin
conformation in the episomal constructs: deletion of the
EBNA3C gene from Raji cells and the OriP enhancer residing

in the episomes. EBNA3C is a viral protein that also binds
indirectly to DNA through RBP-Jk/CBF1 (2, 39) and acts as
an expression silencer by opposing the activating effects of
EBNA2 (26, 42, 50) in part through its ability to associate with
histone deacetylase I (40). Binding of EBNA1 to OriP, the
plasmid origin of replication, permits stable plasmid replica-
tion and segregation (62) but also activates an enhancer in
OriP (11). Thus, the binding of EBNA1 to OriP may exert a
widespread effect resulting in derepression of the plasmid
chromatin. Although our work clearly demonstrates targeting,
the functional consequences of high-level transcriptional acti-
vation and chromatin remodeling may be inapparent due to
these effects. Nonetheless, these episomes do not reside in an
unrestricted open conformation since prior studies using OriP
episomes in Raji cells showed that addition of a potent en-
hancer could activate transcription, increase nuclease sensitiv-
ity, and cause histone hyperacetylation (28). As discussed
above, targeting of the hSWI-SNF complex and HAT activity
may be functionally redundant at this episomal promoter, and
this could also result in inapparent chromatin structural alter-
ation in this experimental system.

Role of the activation domain in recruitment of SWI-SNF
complexes. The region of EBNA2 that mediates its interaction
with hSWI5/INI1 is distinct from its transcription activation
domain (60). In this regard, EBNA2 acts as an adapter protein
that may recruit the complex to sites of action similar to the
recruitment of SWI-SNF by Swi5p in yeast cells (10). By con-
trast, several in vitro and in vivo studies of recruitment of
SWI-SNF components showed strict dependence on the acti-
vation domain (20, 33, 48, 64). These results suggest that
EBNA2 may activate transcription both by recruiting basal
transcription factors and cofactors through the activation do-
main and by association with hSNF5/INI1 and recruitment of
the hSWI-SNF complex. Analysis of targeting and expression
in cells expressing EBNA2 mutants that separately disrupt the
activation and hSNF5/INI1 binding domains will define the
relative importance of these separate means of recruitment.
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