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Human T-lymphotropic virus type 1 (HTLV-1) encodes the viral protein Tax, which is believed to act as a
viral transactivator through its interactions with a variety of transcription factors, including CREB and
NF-�B. As is the case for all retroviruses, the provirus is inserted into the host DNA, where nucleosomes are
deposited to ensure efficient packaging. Nucleosomes act as roadblocks in transcription, making it difficult for
RNA polymerase II (Pol II) to proceed toward the 3� end of the genome. Because of this, a variety of chromatin
remodelers can act to modify nucleosomes, allowing for efficient transcription. While a number of covalent
modifications are known to occur on histone tails in HTLV-1 infection (i.e., histone acetyltransferases [HATs],
histone deacetylases [HDACs], and histone methyltransferases [HMTs]), evidence points to the use of chro-
matin remodelers that use energy from ATP hydrolysis to remodel nucleosomes. Here we confirm that BRG1,
which is the core subunit of eight chromatin-remodeling complexes, is essential not only for Tax transactivation
but also for viral replication. This is especially evident when wild-type infectious clones of HTLV-1 are used.
BRG1 associates with Tax at the HTLV-1 long terminal repeat (LTR), and coexpression of BRG1 and Tax
results in increased rates of transcription. The interaction of BRG1 with Tax additionally recruits the basal
transcriptional machinery and removes some of the core histones from the nucleosome at the start site (Nuc
1). When using the BRG1-deficient cell lines SW13, C33A, and TSUPR1, we observed little viral transcription
and no viral replication. Importantly, while these three cell lines do not express detectable levels of BRG1,
much of the SWI/SNF complex remains assembled in the cells. Knockdown of BRG1 and associated SWI/SNF
subunits suggests that the BRG1-utilizing SWI/SNF complex PBAF is responsible for HTLV-1 nucleosome
remodeling. Finally, HTLV-1 infection of cell lines with a knockdown in BRG1 or the PBAF complex results in
a significant reduction in viral production. Overall, we concluded that BRG1 is required for Tax transactiva-
tion and HTLV-1 viral production and that the PBAF complex appears to be responsible for nucleosome
remodeling.

Human T-lymphotropic virus type 1 (HTLV-1) was the first
human retrovirus discovered, in 1980 (18, 54, 55, 73). Upon
infection with HTLV-1, patients can develop adult T-cell leu-
kemia (ATL) or HTLV-1-associated myelopathy/tropical spas-
tic paraparesis (HAM/TSP). HTLV-1 immortalizes and acti-
vates human T lymphocytes, leading to polyclonal proliferation
of infected cells and finally to oligoclonal or monoclonal
growth. The virus relies on Tax, a 40-kDa phosphoprotein that
localizes primarily in the nucleus, as a transactivator that can
regulate a number of viral and cellular factors (52). Tax can
immortalize cells in two different ways. HTLV-1-infected cells
can express many early-response genes, such as erg-1, erg-2,
c-fos, IL-2R�, and cyclin D (16, 23). Tax can additionally in-
duce immortalization by interacting with a number of cell cycle

regulators via protein-protein interactions (23). Tax transacti-
vates the HTLV-1 viral long terminal repeat (LTR) through
the Tax-responsive elements (TREs), which are found in the
U3 region of the LTR. Tax does not act as an enzyme, nor does
it directly bind to DNA to assist in transcription. Instead, it acts
on a variety of viral and cellular host factors influencing a
number of pathways, such as the cell cycle and apoptosis
(46). The three most probable mechanisms for trans-activa-
tion are transcriptional induction of TREs, posttranslational
modifications of TRE-binding factors, and complex forma-
tion with transcriptional factors, allowing indirect binding of
Tax to the TRE. Tax is known to interact with a number of
transcriptional factors, including CREB, serum-responsive
factor (SRF), and NF-�B; however, interactions also occur
with cyclins D2 and D3, mitotic checkpoint regulators
(MAD1), cyclin-dependent kinases (Cdks), Cdk inhibitors
(p16INK4a and p21/waf1), and the tumor suppressor p53
(5–7, 17, 21, 29, 49, 61, 69, 71, 72). HTLV-1- and/or Tax-
expressing cells display differential expression of cell-cycle-
associated genes, such as the p53, p21/waf1, cyclin D2, cyclin
D3, and p16 genes (2, 9, 10, 31, 32, 44, 48).
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Tax activates HTLV-1 transcription through CREB and
three cis-acting replication element (CRE) enhancer se-
quences on the viral promoter. CREB and Tax additionally
interact with CBP/p300, which is believed to be involved in the
formation of the preinitiation complex (19, 30, 37, 68). A
number of histone acetyltransferases (HATs), including p300,
CREB binding protein (CBP), and p300/CBP-associated factor
(P/CAF), play roles in activating HTLV-1 gene transcription,
while overexpression of histone deacetylases 1 (HDAC1) leads
to the repression of Tax transactivation (19, 20, 26, 37, 41, 42).
Methylation of histones also plays a role in HTLV-1 transcrip-
tion; for instance, histone H3 methylated at lysine 9 (methyl-
ated H3K9) results in transcriptionally inactive chromatin, and
when H3K9 is demethylated, transcription is promoted (36).
Histone H3 is methylated by coactivator-associated arginine
methyltransferase 1 (CARM1), leading to an increase in tran-
scription (24). Cdks also play a role in HTLV-1 transcription;
Cdk9, along with TFIIH, phosphorylates the RNA polymerase
II (Pol II) carboxyl-terminal domain (CTD), allowing tran-
scriptional elongation to occur (39). Despite all of these ap-
parent interactions, we still do not have a clear picture of how
Tax is involved in the transcription of chromatin templates
through either viral or cellular promoters. Other chromatin-
modifying enzymes have been shown to regulate transcription
in HTLV-1. Tax interacts with a number of HATs, including
p300, CBP, and the P/CAF.

Both cellular gene expression and viral gene expression are
based on the state of chromatin structure. When chromatin is
in the loosely packed euchromatin state, transcription can pro-
ceed with few interruptions. When chromatin is in the more-
condensed heterochromatin form, transcription cannot pro-
ceed as efficiently, and thus, the level of transcription is
reduced. Upon infection, the HTLV-1 provirus inserts itself
into the host genome; as a result, nucleosomes are deposited
along the viral chromatin, leading to a roadblock in transcrip-
tion. In order to overcome this barrier, chromatin remodeling
must take place to modify nucleosomes. This can be done in a
number of ways, either by covalent modification of histone tails
(via HATs or HDAC) or by the formation of complexes that
use the energy of ATP hydrolysis to remodel chromatin. HATs
such as CBP/p300 and P/CAF are associated with the HTLV-1
LTR, signifying that histone tail modifications are an impor-
tant step in transactivation (31). CBP/p300 can acetylate his-
tones H2A, H2B, H3, and H4; however, histones H3 and H4
are preferred substrates (3, 50).

There are three types of complexes that use ATP in chro-
matin remodeling: Brahma, ISWI, and Mi-2 (also referred to
as NuRD [nucleosome remodeling and histone deacetylase])
(11). The Brahma complex uses either BRG1 (Brahma-related
gene 1) or BRM (Brahma) as the ATPase subunit. BRG1 and
BRM display similar biochemical activities and share a high
degree of sequence identity (74%); however, the two ATPase
subunits play different roles in processes such as proliferation
and differentiation (33, 53, 56). The ATPase subunit BRG1 is
utilized in six chromatin-remodeling complexes, including
SWI/SNF’s BAF (BRG1-associated factor) and PBAF com-
plexes, as well as NCoR (nuclear receptor corepressor),
WINAC (Williams syndrome transcription factor including nu-
cleosome assembly complex), NUMAC (nucleosome methyl-
ation activator complex), and mSin3A/HDAC. These com-

plexes can act either to repress or to activate chromatin
remodeling. NUMAC activates transcription, and NCoR,
mSin3A/HDAC, and WINAC are transcriptional repressors
(35, 60, 64, 70). BAF and PBAF can function either as tran-
scriptional activators or as repressors (63). BRG1 can act in-
dependently to remodel chromatin; however, the addition of
core subunits (Baf155, Baf170, and Ini1) allows remodeling to
proceed at a faster pace (53). In HIV-1, the remodeling complex
SWI/SNF is the BRG1-utilizing complex needed for Tat transac-
tivation (1, 45, 62).

Previous studies using immunoprecipitation from Tax-ex-
pressing cells, 2-dimensional gel electrophoresis, and mass
spectrometry analysis have identified the ATPase subunit
BRG1 as a Tax-interacting protein (68). Additionally, immu-
noprecipitation using antibodies against BRG1 and other
BAFs showed interaction with Tax. Recently, the requirement
for BRG1 in HTLV-1 LTR transcription has come into ques-
tion; some believe that the need for BRG1 is bypassed when
Tax forms a complex with a number of transcription factors
(i.e., CREB/ATF-1 and CBP/p300) in activating transcription
(75). Here, using a wild-type infectious clone of HTLV-1
(ACH.WT), we show that BRG1 interacts with Tax, coelutes
with components of the basal transcription machinery (Pol II
and CBP/p300), and is required for efficient nucleosome re-
moval and Tax transactivation. We determined that nucleo-
some removal occurred at the HTLV-1 LTR, but not down-
stream (Gag region), in immortalized peripheral blood
mononuclear cells (PBMCs) transfected with a full-length in-
fectious ACH.WT plasmid. Additionally, we found that three
BRG1 mutant cell lines, SW13, C33A, and TSUPR1, are de-
ficient in viral production relative to that of wild-type cells and
that the addition of BRG1 to infected mutant cells dramati-
cally increases viral production. Interestingly, while the parent
cells do not express BRG1 in quantifiable amounts, they are
still able to assemble SWI/SNF complexes (47, 67).

MATERIALS AND METHODS

Cell culture. HEK293T, C33A, SW13, TSUPR1, and H1GFP (25) cells were
grown in Dulbecco’s modified Eagle’s medium supplemented with fetal bovine
serum (FBS) (10%), 2 mM L-glutamine, and antibiotics (penicillin at 100 U/ml
and streptomycin at 100 mg/ml) (cDMEM). H1GFP cells were additionally
supplemented with 150 �g of G418/�l. H1GFP, HC1143, and C8166 cells were
grown in RPMI 1640 supplemented with FBS, L-glutamine, and antibiotics as
described above (cRPMI). All cell lines were maintained at 37°C under 5% CO2.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
using antibodies as described below. Cells were seeded to 60% confluence in
10-cm-diameter dishes, transfected with an ACH.WT plasmid (20 �g) or pBlue-
script KS (20 �g of empty vector) (data not shown) using Lipofectamine (Life
Technologies, Gaithersburg, Md.) in Opti-MEM (Gibco), and incubated for 48 h
with cDMEM. After transfection, the cells were maintained for 1 week, and the
remaining live cells (latent cells) were treated with tumor necrosis factor (TNF)
to activate the virus. Samples were processed every 6 h following TNF treatment
for ChIP analysis with appropriate antibodies. After proteins were cross-linked
to DNA by 1.0% formaldehyde, chromatin was sonicated five times for 20 s each
time, generating DNA fragments. The supernatants were diluted with ChIP
dilution buffer (0.01% sodium dodecyl sulfate [SDS], 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCl [pH 8.1], and 167 mM NaCl) to a total volume of 5.5
ml and were precleared by rotation for 1 h at 4°C with ChIP-prepared protein
A/G beads (beads had been washed twice with 1 ml TNE50 (100 mM Tris, 50 mM
NaCl, and 1 mM EDTA) plus NP-40 and had been resuspended in 650 �l with
the addition of 40 �l of 10-mg/ml single-stranded DNA [ssDNA] and 75 �l of
10-mg/ml bovine serum albumin [BSA]). The extract was centrifuged at 3,000
rpm for 10 min at 4°C, and the cleared lysate was transferred to a fresh tube.
Supernatants were used for immunoprecipitation (IP) with 10 �g of each anti-
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body. After overnight rotation at 4°C, the immune complexes were collected by
the addition of ChIP-prepared protein A/G beads. After extensive washes, the
immune complexes were eluted with a 1% SDS–NaHCO3 solution for 30 min at
room temperature. The eluted complexes were treated with an NaCl solution
and were reverse cross-linked overnight. DNA was extracted using 1:1 phenol-
chloroform (500 �l), followed by the addition of 1 ml of absolute ethanol and 3
M sodium acetate (50 �l) incubated at �20°C for at least 20 min. The solution
was spun for 20 min at 14,000 rpm and 4°C, followed by a 70% ethanol wash and
a 5-min spin. The DNA pellet was resuspended in 1� Tris-EDTA (TE) and was
stored at 4°C. Afterwards, DNA was purified with a PCR purification kit
(Bioneer) and was amplified by PCR. PCR was performed using primers against
the HTLV-1 LTR promoter (�350 to �250) or the beta-globin promoter (5�-
TCACACACTTGACCCTGTGCCATA/TTATATGCCCTGTCCTGGCTCCT
T-3�).

Antibodies. Antibodies against acetylated H4 (ac-H4) (at K8) (06-760), ac-H3
(at K9) (06-942), methylated H3 (met-H3) (at K9) (07-450), H1 (05-457), H2A
(07-146), H2B (07-371), H3 (4-801), and H4 (05-858) were obtained from Up-
state Biotech. Antibodies against p300 (sc584), CBP (sc1211), and BRG1
(sc10768) were obtained from Santa Cruz. The antibodies against Pol II
(8WG16) and TATA box-binding protein (TBP) (a polyclonal rabbit antibody)
have been used by us previously (13, 76). The anti-c-Myb antibodies were raised
against wild-type c-Myb and acetylated (K471, K480, K485) peptides (58).

CAT assays. SW13 or C33A BRG1 mutant cells were transfected with HTLV-
1-LTR-CAT with pcTax or pcTax plus BRG1. After 48 h, cells were lysed, and
chloramphenicol acetyltransferase (CAT) activity was determined. A standard
reaction was performed by adding the cofactor acetyl coenzyme A to a micro-
centrifuge tube containing the cell extract and radiolabeled [14C]chlorampheni-
col in a final volume of 50 �l and then incubating the mixture at 37°C for 1 h. The
reaction mixture was then extracted with ethyl acetate and was separated by
thin-layer chromatography on Bakerflex silica gel plates in a chloroform-meth-
anol (19:1) solvent. The resolved reaction products were then detected by ex-
posing the plate to a PhosphorImager cassette.

Western blotting. Cell extracts were resolved by SDS-polyacrylamide gel elec-
trophoresis (PAGE) on a 4 to 20% Tris-glycine gel (Invitrogen). Proteins were
transferred to Immobilon membranes (Millipore) at 200 mA for 2 h. Membranes
were blocked with Dulbecco’s phosphate-buffered saline (PBS)–0.1% Tween 20
plus 5% BSA. A primary antibody against specified antibodies was incubated
with the membrane in PBS plus 0.1% Tween 20 overnight at 4°C. Membranes
were washed three times with PBS plus 0.1% Tween 20 and were then incubated
with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h.
The presence of the secondary antibody was detected by a SuperSignal West
Dura extended-duration substrate (Pierce). Luminescence was visualized on a
Kodak 1D image station.

Conventional chromatography of C8166 nuclear extracts. The nuclear extract
(from 10 liters of log-phase growing cultures) was loaded onto a 250-ml column
of phosphocellulose (P11; Whatman) and was fractionated stepwise by the indi-
cated KCl concentrations (see Fig. 1A) in buffer A (20 mM Tris-HCl [pH 7.9], 0.2
mM EDTA, 10 mM �-mercaptoethanol [�ME], 10% glycerol, 0.2 mM phenyl-
methylsulfonyl fluoride [PMSF]). The P11 0.5 M KCl fraction (250 mg) was
loaded onto a 45-ml DEAE-Sephacel column (Pharmacia) and eluted with 0.35
M KCl. The 0.35 M KCl elution (140 mg) was dialyzed to 700 mM NH4SO4 in
buffer HB (20 mM HEPES [pH 7.6], 4 mM dithiothreitol [DTT], 0.5 mM EDTA,
10% glycerol, 0.5 mM PMSF, 1 �g/ml aprotinin, 1 �g/ml leupeptin, and 1 �g/ml
pepstatin) and was loaded onto a Mono S column. The column was resolved
using a linear 10-column-volume gradient of 600 to 100 mM NH4SO4 in buffer
HB. The 0.6 M fraction was loaded onto a Superose 6 sizing column at a salt
concentration of 0.7 M. Fractions were collected, dialyzed to 50 mM KCl buffer,
and Western blotted for the presence of Tax, BRG1, CBP/p300, and Pol II.

siRNA treatment. BRG1 (29827), BRM (29831), and Baf250 (sc-43628) small
interfering RNAs (siRNAs) were purchased from Santa Cruz Biotechnology,
Inc. The siGENOME SMART pool for PB1 (Baf180) (M-008692-01-0005) was
purchased from Dharmacon. siRNA (75 nM) was transfected into cells by using
Attractene (Qiagen) according to the manufacturer’s recommendations.

Transfections and RT assays. Cells were seeded into 6-well plates at 400,000
cells/well in cDMEM or cRPMI (HCC1143 only). The following day, the cells
were transfected with an ACH.WT plasmid (20 �g) (a generous gift from Lee
Ratner, Washington University, St. Louis, MO) using Attractene (Qiagen) lipid
reagent. Cells were harvested on days 0, 1, 4, and 6 posttransfection for deter-
mination of protein concentrations and reverse transcriptase (RT) analysis.

Viral supernatants (10 �l) were incubated in a 96-well plate with an RT
reaction mixture containing 1� RT buffer (50 mM Tris-HCl, 1 mM DTT, 5 mM
MgCl2, 20 mM KCl), 0.1% Triton, poly(A) (1 U/ml), poly(dT) (1 U/ml), and
[3H]TTP. The mixture was incubated overnight at 37°C, and 10 �l of the reaction

mixture was spotted onto a DEAE Filtermat paper, washed four times with 5%
Na2HPO4 and three times with water, and then dried completely. RT activity was
measured in a Betaplate counter (Wallac, Gaithersburg, MD).

Immunoprecipitation. Cells were harvested at 4°C, and cell pellets were
washed with PBS. Cell lysates were prepared as previously described (74). pcTax
(5 �g) or control antibodies (5 �g) (anti-IgG) were incubated with whole-cell
lysates overnight at 4°C with rotation. The overnight-incubated mixture was then
cleared by centrifugation, and protein A/G beads (30% slurry) were added for
2 h at 4°C. The immunoprecipitated complex was washed with buffer K (150 mM
KCl, 20 mM HEPES [pH 7.4], 5 mM MgCl2) and was then resuspended in
SDS-PAGE loading Laemmli buffer. Samples were separated on a 4 to 20%
SDS-PAGE gel and were subjected to Western blotting.

Restriction enzyme assay. A glycerol gradient-purified 5S DNA array (2 nM)
was exposed to SalI (5,000 U/ml) in the presence of either the SWI/SNF complex
(4 nM) and ATP (1 mM) or SWI/SNF, ATP, and purified Tax protein (10 nM).
The reaction mixtures were incubated at 37°C. The reactions were stopped after
5, 15, and 30 min, and the products were then run on an agarose gel. At the
indicated time points, an aliquot of the reaction product was vigorously mixed for
10 s with water (25 �l) and 1:1 phenol-chloroform (50 �l). The purified DNA
fragments were resolved by nondenaturing agarose gel electrophoresis in the
presence of ethidium bromide. The gels were then dried onto 3M Whatman
paper. The fraction of uncut DNA template on the gel was obtained by phos-
phorimager analysis by using ImageQuant software and taking the ratio of uncut
signal to the sum of the cut and uncut signals present in the lane.

Glycerol gradient sedimentation of arrays was carried out on a 10 to 30%
linear glycerol gradient in 10 mM Tris (pH 7.5), 125 mM NaCl, 2.5 mM MgCl2,
and 1 mM DTT. Sedimentation was performed for 16 h at 33,000 � g in a SW28
rotor (Beckman). Sedimentation velocity studies were performed on a Beckman
XL-A analytical ultracentrifuge equipped with scanner options as described
previously (43).

DNase I treatment of H1GFP cells. Cells were grown to 70% confluence in
T-150 culture flasks and were either left untransfected (no DNA); transfected
with either pcTax alone (10 �g), five wild-type BRG1-specific siRNAs (20 �g)
(68) plus pcTax (10 �g), or mutant BRG1 siRNAs (20 �g) (68) plus pcTax (10
�g); or treated with NaB (10 �M). Forty-eight hours later, cells were trypsinized,
combined in a 50-ml conical tube, and gently pelleted at 500 � g in a tabletop
centrifuge. Cells were then washed gently once in solution A (150 mM sucrose,
80 mM KCl, 35 mM HEPES [pH 7.4], 5 mM K2HPO4, 5 mM MgCl2, 0.5 mM
CaCl2) and once in solution B (150 mM sucrose, 80 mM KCl, 35 mM HEPES
[pH 7.4], 5 mM K2HPO4, 5 mM MgCl2, 2 mM CaCl2) and were then resus-
pended at 500 �l per T-150 flask in solution B. Then 500 �l of solution B
containing 0.4% NP-40 and 20 or 40 �g of DNase I (1 mg/ml) was added to the
cell suspension, which was then mixed and incubated for 2 min at 37°C. The
digestion was stopped with 4 ml of lysis buffer, and the suspension was incubated
overnight at room temperature. DNA was subsequently isolated by standard
techniques, resuspended in TE (1 �g/�l), size fractionated on a 1.4% agarose gel
at 60 V for 12 h, stained with ethidium bromide, and transferred to a Hybond N�
membrane by capillary transfer. The nick-translated H1GFP fragment was used
as a hybridization probe for Southern blotting.

PBMC purification. Human PBMCs from two healthy donors were purified by
Ficoll-Paque centrifugation and activated for 72 h with phytohemagglutinin
(PHA) (10 �g/ml) and recombinant human interleukin-2 (IL-2) (50 U/ml) in
cRPMI medium. The cells were transfected with double-CsCl-purified ACH.WT
plasmids (40 �g) using the Amaxa reagent (Lonza). The cells were then cultured
in cRPMI supplemented with PHA (5 �g/ml) and IL-2 (50 U/ml) for 	6 weeks,
after which they were cultured in the same medium without PHA. At various
time points, cell culture supernatants were collected for p19 determination (data
not shown), and relative cellular viability was assayed by 3-(4,5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) conversion assays on 100-�l
aliquots of cells. Cells that survived for 70 days were 	90% infected with
HTLV-1.

RESULTS

Interaction of Tax with SWI/SNF and CBP/p300 complexes.
Chromatin-remodeling complexes that use ATPase units to
alter chromatin structure allow cellular machinery access to
proviral DNA, making it possible for transcription to proceed
with minimal roadblocks. Using conventional chromatography,
we have isolated a large complex containing both Tax and the
SWI/SNF ATPase component BRG1. This complex was puri-
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fied from nuclear extracts obtained from the Tax-expressing
C8166 cell line. Figure 1A shows a diagram of chromato-
graphic steps, in addition to fractions that were obtained from
a Superose 6 sizing column. Using these fractions, we per-
formed Western blotting for components of the basal tran-
scription machinery (Pol II and CBP/p300) to determine the
association of Tax/BRG1 and Tax/CBP/p300 (Fig. 1B). We
observed that Tax coelutes with BRG1 in two different places
on the sizing column: fractions 21 to 23 (1.2 MDa) and fraction
15 (	2.2 MDa). To further confirm the association of Tax with
CBP/p300 and SWI/SNF, we performed immunoprecipitation
using pcTax or control antibodies (IgG), followed by Western
blot analysis for BRG1 and CBP/p300 (Fig. 1C). Importantly,
Tax immunoprecipitated with CBP/p300 from fraction 21, as
well as with a control nuclear extract; Tax also immunopre-
cipitated with BRG1 in fraction 15, the same fraction that
contains Pol II. Consistent with these results, we have previ-
ously shown that CBP activates Tax-dependent transcription
by promoting transcriptional initiation and reinitiation (30).
Finally, as seen in Fig. 1D, when performing reciprocal IP and
Western blotting against BRG1 and CBP/p300, followed by
Western blotting for Tax, we detected binding to Tax in both
complexes. Collectively, these results indicate that the Tax/
SWI/SNF complex and the Tax/CBP/p300 complex are tightly
associated in HTLV-1-infected cells, suggesting the involve-

ment of Tax in chromatin remodeling and the initiation of
transcription.

Functional significance of the Tax/SWI/SNF interaction in
vitro. We next asked if Tax binding to SWI/SNF could accel-
erate nucleosome remodeling in vitro. We used a well-estab-
lished procedure from the Peterson lab that utilizes the 5S
nucleosome positioning plasmid, which bears a unique SalI site
that is close to the dyad axis of a reconstituted nucleosome in
the middle of an array of 10 5S nucleosome positioning se-
quences (Fig. 2A) (43). To determine the extent to which the
SWI/SNF complex increases the accessibility of the SalI site in
the central nucleosome, the array was exposed to SalI in the
presence of either SWI/SNF and ATP or SWI/SNF, ATP, and
purified Tax protein (Fig. 2B). Under these conditions, SalI
digestion of the array DNA with SWI/SNF alone started at 30
min post-enzyme addition. However, in the presence of Tax,
SalI cleavage was enhanced after 5 min, indicating that the
Tax/SWI/SNF complex could possibly increase the remodeling
of the nucleosome. The amplification of SalI cleavage required
both SWI/SNF and ATP. All core histones were present
throughout the process of obtaining the glycerol gradient-pu-
rified array (Fig. 2C). Finally, we performed a similar set of
experiments using an LTR luciferase construct in which the
plasmid was assembled into chromatin and further processed
as seen in Fig. 2C. We performed time course experiments

FIG. 1. Association of Tax with CBP/p300 and SWI/SNF complexes. (A) (Left) Schematic representation of chromatographic steps using C8166
nuclear extracts. Nuclear extracts were passed through P11, DEAE Sephacel, Mono S, and Superose 6 sizing columns to obtain Tax and associated
factors. (Right) Chromatogram of the fast protein liquid chromatography (FPLC) fractions, where peak A shows Superose 6 at 0.7 M salt and peak
B shows 0.15 M salt. Fractions 13 to 17, which contain a high-molecular-weight complex, are fairly stable at either salt concentration. (B) Western
blot analysis of Superose 6 column fractions using antibodies against Pol II, CBP/p300, Tax, and BRG1. Fractions were loaded and isolated at 0.7
M salt. Tax eluted at three distinct locations, including a small complex (120 kDa), a medium complex (1 MDa), and a large complex (	2.2 MDa).
(C) Immunoprecipitation using anti-Tax or control antibodies (IgG), followed by Western blot analysis for antibodies against BRG1 and
CBP/p300. p300 is slightly larger than CBP (molecular weight, 265,000 [265K]) (68). A total of 330 �g of each fraction (fractions 15 and 21) was
used for immunoprecipitation with 1.0 �g of the primary antibody. (D) Reciprocal IP of fraction 15 with anti-BRG1, as well as IP with
anti-CBP/p300 from fraction 21, followed by Western blotting for Tax.
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followed by restriction enzyme digestion with SmaI and SacI
after the addition of Tax or the Tax/SWI/SNF complex. Di-
gested fragments were run on an agarose gel and Southern
blotted with a probe covering the LTR area from �52 to �1.
The results (Fig. 2D) show that in the presence of Tax, cleav-
age of the native LTR is enhanced when SWI/SNF is present.
Collectively, these data indicate that Tax/SWI/SNF increases
chromatin remodeling on DNA at a higher rate than that with
SWI/SNF alone.

Chromatin remodelers and histone acetyltransferases are
recruited sequentially to the HTLV-1 LTR in vivo. Since both
histone tail modifications and an ordered recruitment of chro-
matin remodelers are required for the initiation of transcrip-
tion of cellular and viral genes, we next asked whether the
HTLV-1 promoter and coding sequences were regulated
through histone modifications and whether p300 or SWI/SNF
had a role in virus regulation in vivo. One test of the histone
code hypothesis for HTLV-1-infected cells is to determine
whether a specific pattern of histone acetylations can be ob-
served upon gene activation. To test this, we carried out ChIP
experiments to determine whether proteins such as SWI/SNF
and CBP/p300 bound to DNA in vivo and whether the lysine
residues on histones H3 and H4 were acetylated when tran-
scription of the HTLV-1 gene was induced following transfec-
tions. To assess the in vivo transcription factor occupancy of
the infectious ACH.WT clone, 293T cells were transfected with

cloned viral DNA. ACH.WT was the first infectious HTLV-1
molecular clone containing the full-length HTLV-1 proviral
genome from the CH strain and a wild-type C91/PL tax gene,
and it is able to express a functional Tax protein, as assayed by
CAT experiments for transactivation capability (34). After 1
week, the remaining live cells (latent cells) were treated with
TNF for 2 h. Next, samples were processed for both ChIP and
viral particle production. DNA was amplified by PCR using
primers from position �350 to �250 (U3/R/U5). Figure 3A
demonstrates the overall pattern of protein recruitment on the
HTLV-1 LTR and histone H3 and H4 modifications in vivo.
Tax, BRG1, and c-Myb (acetylated) were recruited to the pro-
moter within the first 6 to 12 h, followed by the recruitment of
p300 and TBP within 18 to 24 h. The presence of TBP is a
hallmark of activated transcription and recruitment of Pol II.
Among the histone modifications, we observed H4 (K8) and
H3 (K9) acetylation, which are needed for the recruitment and
stabilization of BRG1 and p300, respectively. Also, H3 (K9)
was methylated, which is a hallmark of transcriptional elonga-
tion. We also isolated core histones from cells transfected with
either a wild-type vector or the M47 mutant vector, and we saw
no changes in histone levels after 48 h of ACH transfections
(Fig. 3B). More specifically, when assaying for total histone H3
loaded onto the LTR, we observed a drop (	50%) in the total
histone H3 level after 24 h (when Tax is expressed); however,
this drop was not apparent on the beta-globin promoter (Fig.

FIG. 2. Functional interaction of Tax with the chromatin-remodeling complex in vitro. (A) Diagram of the 5S nucleosome positioning plasmid,
bearing a unique SalI site close to the dyad axis of a reconstituted nucleosome in the middle of an array of 10 5S nucleosome positioning sequences.
EcoRI sites are 195 bp apart, while the SalI 5S repeat is located on a 232-bp EcoRI fragment. Modified from reference 43. (B) Glycerol
gradient-purified 5S chromatinized DNA was used in a SalI restriction enzyme accessibility assay using either SWI/SNF alone or Tax plus
SWI/SNF. The reaction mixtures were incubated at 37°C. Reactions were stopped after 5, 15, and 30 min before samples were processed and run
on an agarose gel. The DNA was run on a 1.2% gel and was then stained with ethidium bromide. The gels were then dried onto 3MM Whatman
paper. The fraction of uncut DNA template on the array was obtained by phosphorimager analysis using ImageQuant software, by taking the ratio
of uncut signal to the sum of cut and uncut signals present in the lane. (C) Presence of histones on DNA after gradient purification as shown by
Coomassie blue staining. Glycerol gradient sedimentation of arrays was carried out on 10 to 30% linear gradients. Sedimentation velocity studies
were performed on a Beckman XL-A analytical ultracentrifuge equipped with scanner options as described previously (43). Lane 1, input histones
used for reconstitution arrays (2.5 �g); lanes 2 and 3, reconstituted DNA molecules before and after exposure to the glycerol gradient. (D) Similar
to panel C, but the plasmid used contained an LTR luciferase construct, and following nucleosome assembly, samples were treated with SmaI and
SacI and were run on an agarose gel (2.5%), followed by hybridization with a nick-translated probe spanning the area of the LTR from �52 to
�1. Data represent the results of three experiments with the hybridized cut fragment and SWI/SNF or Tax/SWI/SNF.
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3C). A similar pattern was also observed with the linker his-
tone protein, where the 24-h sample showed more than a 90%
drop in the level of histone H1 on the LTR but not in the
�-globin gene, indicating an “opening up” of the chromatin
DNA that is responsive to Tax. Finally, it is noteworthy that
these ChIP assays scored for factors that were needed for
activated transcription by Tax. The assay was not sensitive
enough for the detection of basal transcription, which would
have been needed for initial transcription of the Tax mRNA
(doubly spliced message) (data not shown). Collectively, these
data indicate that factors such as acetylated c-Myb, BRG1,
p300, and Tax are recruited to the promoter prior to the
activated transcription required for elongation on the HTLV-1
promoter.

Determination of translational positioning of HTLV-1 nu-
cleosomes in vivo. Active and inactive genes can be distin-
guished based on chromatin structure and accessibility at the
promoter. Active genes are accessible to factors that allow for
effortless transcription compared to inactive genes; this can be
determined using nuclease sensitivity assays. Promoters of ac-
tive genes are especially hypersensitive to DNase I, and this is
more evident in nucleosome-free regions of a promoter. To
examine the nucleosomal organization of the HTLV-1 pro-

moter, we examined the translational positioning of nucleo-
somes in active and inactive HTLV-1 promoter regions in
permeabilized cells. We used the H1GFP cell line, which con-
tains a wild-type HTLV-1 LTR-green fluorescent protein
(GFP) incorporated into the cellular chromosome, where the
LTR can easily be activated by the addition of exogenous Tax
(25). Cells were transfected with wild-type Tax either alone or
with a siRNA against BRG1 (siBRG1) or control siRNAs (68),
or NaB (a histone deacetylase inhibitor) was added as a posi-
tive control to activate chromatin DNA. Following transfec-
tion, cells were prepared for a DNase I hypersensitivity assay.
Figure 4A shows the Southern blot analysis of the DNase I
cleavage patterns on the inactive and active HTLV-1 LTR-
GFP promoters. Surprisingly, there were no clear DNase I-hy-
persensitive sites on the HTLV-1 promoter in the absence of
Tax (Fig. 4A, lane 1). However, upon the addition of increas-
ing amounts of Tax (Fig. 4A, lanes 2 and 3), there was a clear
indication of DNase I-hypersensitive sites. The pattern largely
disappeared after treatment with siBRG1 but not after treat-
ment with the control siRNA (Fig. 4A, lanes 4 and 5). Because
the inactive promoter region in permeabilized cells was more
nuclease resistant than the active promoter, it is likely that
nucleosomes are present on the inactive promoter. However,

FIG. 3. HTLV-1 clone transfection and in vivo ChIP analysis. (A) Human 293T kidney fibroblasts were seeded to 60% confluence in
10-cm-diameter dishes and were transfected with ACH.WT (20 �g) or pBluescript KS (20 �g of empty vector) (data not shown). After transfection,
the cells were maintained for 1 week, and the remaining live cells (latent cells) were treated with TNF to activate the virus. Samples were processed
every 6 h following TNF treatment for ChIP analysis with appropriate antibodies. Cell culture supernatants were collected at various time points
posttransfection, and virus particle production was monitored by a p19 enzyme-linked immunosorbent assay (ELISA) (data not shown). The input
panel (positive-control PCR) shows the presence of HTLV-1 DNA in total chromosomal DNA prior to the ChIP assay. The primers for the ChIP
assay spanned the region from �350 to �250 (U3/R/U5). The 24-h sample represents the start of activated transcription (recruitment of the
nucleating factor TBP) by Tax. ac, acetylation; met, methylation. (B) Isolation of total histones from cells transfected with ACH.WT (20 �g) or
an ACH.M47 (20 �g) mutant clone. Histones were isolated after 48 h and were run on a 4 to 20% gel, which was stained with Coomassie blue.
(C) 293T cells were transfected with ACH.WT (20 �g) as for panel A. Samples were processed after either 6 or 24 h for ChIP analysis. Antibodies
against histone H1 and H3 were used for ChIP, and recovered DNA was subsequently used for PCR with primers against the LTR (from �350
to �250) or the beta-globin promoter.
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the lack of specific 200-bp periodicity in the DNase I cleavage
suggests that nucleosomes on the inactive promoter region are
not translationally positioned. Instead, this cleavage pattern is
consistent with random translational positioning or inaccessi-
ble nucleosomes in the inactive promoter.

We performed ChIP assays from the HTLV-1 nucleosome
that spanned the transcription start site (�1) and then used
LTR primers covering a portion of the Nuc 1 area (�64 to
�82). Figure 4B shows that histones H1, H2A, H2B, H3, and
H4 were present on the transcription start site of an inactive
promoter (�Tax lanes). However, upon the addition of Tax,
three of the five histones—histones H1, H2A, and H3—were
removed from the start site (Fig. 4B, �Tax lanes). These data
indicate that the promoter may have nucleosomes loaded ran-
domly on the LTR, and upon the addition of Tax, some of
the histones are removed, resulting in phased DNA-accessible

DNase I-hypersensitive sites (Fig. 4A, lanes 1 to 3). These
results are also consistent with previous reports on mouse
mammary tumor virus (MMTV), Hsp70, and hypoxanthine
phosphoribosyltransferase (HPRT) genes, where histones H1,
H2A, and H3 were preferentially removed at the initiation site
and not on the actual open reading frame (ORF) DNA down-
stream of the promoter-proximal site (4, 15, 51, 59, 65).

We next asked if histones were differentially removed in
PBMCs transfected with an HTLV-1 clone. We used the
ACH.WT clone, with an NF-�B mutant HTLV-1 clone
(ACH.M22) as a control. PBMCs from two donors were trans-
fected with either the wild-type clone or the ACH.M22 clone.
Wild-type clones showed immortalization after 40 days and
continued to grow for as long as 70 days; however, transfec-
tions with the ACH.M22 clone failed to immortalize cells (Fig.
4C). These results are consistent with previously published

FIG. 4. Determination of translational positioning of HTLV-1 nucleosomes and absence of various histones in transfected H1GFP cells and
PBMCs. (A) DNase I treatment of permeabilized H1GFP (HTLV-1 LTR-GFP) cells for mapping of DNase I-hypersensitive sites. Cells were
grown to 70% confluence and were then either left untransfected (lane 1); transfected with increasing amounts of Tax alone (lane 2, 5 �g; lane
3, 10 �g), five wild-type BRG1-specific siRNAs (20 �g) plus Tax (10 �g) (lane 4), or five mutant BRG1 siRNAs (20 �g) plus Tax (10 �g) (lane
5); or treated with NaB (10 �M). Forty-eight hours later, cells were prepared for a DNase I hypersensitivity assay, size fractionated on an agarose
gel, and transferred to a membrane. The nick-translated H1GFP fragment (5 �g) was used as a hybridization probe for Southern blotting.
(B) Effect of Tax on histone eviction after Tax treatment. H1GFP cells were either left untreated or transfected with a Tax plasmid using
Lipofectamine. Forty-eight hours later, samples were processed for ChIP using various antibodies against histones. Primers for the �1 start site
(Nuc 1 area) spanned the area from �64 to �82. (C) Human PBMCs from two healthy donors were first purified by Ficoll-Paque centrifugation
and then activated with PHA (10 �g/ml) and recombinant human IL-2 (50 U/ml). The cells were transfected with double-CsCl-purified ACH.WT
(40 �g) using the Amaxa reagent. The cells were then cultured in cRPMI supplemented with PHA (5 �g/ml) and IL-2 for 	6 weeks, after which
they were cultured in the same medium without PHA. At various time points, cell culture supernatants were collected for p19 determination (data
not shown), and relative cellular viability was assayed by MTT conversion assays on 100-�l aliquots of cells. Cells that survived for 70 days were
	90% infected with HTLV-1. O.D. 590, optical density at 590 nm. (D) ChIP assays with samples from donor 1 PBMCs transfected with the
wild-type clone ACH.WT. ChIPs were performed with 70-day samples using various antibodies. PCR amplification was performed for both the Nuc
1 (�1 area) and Nuc 8 (Gag) regions.
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results from the Ratner lab (57). ChIP assays with samples
from one of the ACH.WT-transfected PBMC clones indicated
that histones H1, H2A, and H3 were absent from the Nuc 1
area (Fig. 4D); however, when we used primers spanning Nuc
8 (�1238 to �1384), which covers the Gag ORF, we observed
only partial removal of histone H1. Finally, it is noteworthy
that the results in Fig. 4A show the presence of a few nucleo-
somes (�350 to �250). However, when using primers that
cover only Nuc 1, we consistently observed removal of the H3
from the transcription start site in the presence of Tax. Col-
lectively, our results using HTLV-1 integrated chromatin indi-
cate that the Tax-activated promoter was assembled into an
ordered array of translationally positioned nucleosomes, which
was interrupted over a 350-bp region that showed increased
accessibility to DNase I and that contained the entire func-
tional promoter. In contrast, the inactive promoter was rela-
tively inaccessible to nuclease and was not assembled into a
translationally positioned nucleosomal array.

Effect of BRG1 on HTLV-1 LTR Tax-activated transcrip-
tion. To further determine if BRG1 was needed for optimal
Tax-activated transcription, we transfected HTLV-1-LTR-
CAT with Tax or Tax plus BRG1 into one of two BRG1
mutant cell lines, SW13 or C33A. The SW13 cell line does not
express detectable levels of either BRG1 or BRM (47, 67),
although much of SWI/SNF remains assembled in SW13 cells
(66, 67). The C33A cell line does not express BRM but ex-

presses low levels of BRG1 (47). Results from these experi-
ments can be seen in Fig. 5. Figure 5A shows transfection with
increasing amounts of Tax in lanes 2 to 5 and then addition of
BRG1 in lanes 6 to 10. C33A cells transfected with Tax alone
showed almost no Tax transactivation, while the addition of
BRG1 led to efficient Tax-activated transcription. When per-
forming similar experiments with SW13 cells (Fig. 5B), we
observed low levels of Tax-activated transcription in the pres-
ence of low concentrations of Tax; however, the addition of
BRG1 enhanced the level of activated transcription dramati-
cally (lanes 2 and 3 versus lanes 6 and 7). A BRG1 dominant-
negative mutant was used as a negative control (Fig. 5B, lane
10). Furthermore, the results in Fig. 5C show that BRG1 alone
was not able to activate the LTR in the absence of Tax (lanes
4 and 8) in either cell type. Collectively, these experiments
indicate that BRG1 is required and necessary for optimal Tax-
activated transcription.

Lack of HTLV-1 viral replication in BRG1 mutant cells. We
next transfected both cell lines with the wild-type HTLV-1
clone. The results in Fig. 6A show that when ACH.WT is
transfected into 293T cells, there are ample viral particles in
the supernatants after days 3 and 4. 293T cells alone and 293T
cells transfected with pcDNA served as negative controls, and
MT2 was a positive-control supernatant from HTLV-1-in-
fected MT2 cells treated with TNF. We next performed a
similar transfection in both SW13 and C33A cells and carried

FIG. 5. Effect of BRG1 on HTLV-1 LTR Tax-activated transcription in mutant cells. (A and B) Titration of Tax (0.1, 1, 3, and 5 �g) either
alone (lanes 2 to 5) or with a BRG1 plasmid (5 �g) (lanes 6 to 9). A total of 5 � 106 C33A (A) or SW13 (B) cells were transfected for 3 days and
were subsequently processed for CAT assays (50 �g of total extract). Lanes 1 serve as a negative control (HTLV-1-LTR-CAT and no Tax), and
lanes 10 also serve as a control for BRG1 (5 �g of a BRG1 dominant-negative mutant [38]). BRG1 enhanced the level of activation dramatically
even with minimal concentrations of Tax (i.e., lanes 6 in both panels). (C) LTR-CAT was transfected either with BRG1 alone or with BRG1 plus
Tax (3 �g) into either C33A or SW13 cells, as for panels A and B. The data represent three independent replicates. %Conversion, %conversion
from unacetylated to mono- or diacetylated chloramphenicol.
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out the experiment for 12 days. The results of these two trans-
fections are shown in Fig. 6B and C. Supernatants were col-
lected at days 1, 3, 6, 9, and 12 and were assayed for the
presence of RT. Neither of these cell types showed viral rep-
lication in this experiment, which was performed in triplicate.
However, when a BRG1 vector was transfected into both of
these BRG1 mutant cell lines, RT was present in the superna-
tants. Both Fig. 6B and C show the presence of viral RT; the
largest amount occurs 12 days after BRG1 transfection. Cur-
rently, it is not clear why SW13 cells showed less viral produc-

tion, when activated transcription was much more pronounced
than that in C33A cells (Fig. 5B). Finally, we performed ChIP
assays to determine if Pol II was capable of loading and tran-
scribing from the LTR as well as the Env gene in the presence
or absence of BRG1. The results in Fig. 6D (C33A) show that
Pol II was capable of being loaded onto the LTR but not the
Env gene in the absence of BRG1 in C33A cells. This result
indicates that BRG1-associated SWI/SNF is needed for Pol II
to move through the entire length of the HTLV-1 DNA. Col-
lectively, these results show that the HTLV-1 full-length infec-

FIG. 6. Lack of HTLV-1 viral replication in BRG1 mutant cells. (A) 293T cells, used as a control, were transfected with the HTLV-1 wild-type
clone, ACH.WT. Supernatants from cells infected with HTLV-1 MT2 (20 �l) and treated with TNF or from 293T cells transfected with an empty
vector (supernatants after 4 days) served as positive and negative controls, respectively. Optimal HTLV-1 replication occurred on day 3. (B and
C) Both SW13 and C33A BRG1 mutant cells were transfected with either the pcDNA3 vector (data not shown) or the ACH.WT plasmid (20 �g),
and experiments were carried out to day 12. Day 1 is a negative control with no transfection. Viral RT was present only in the supernatants of
BRG1-transfected cells and peaked at day 12 in either cell type. All experiments in panels B and C were performed in triplicate. Western blotting
for BRG1 and actin of samples from SW13 or C33A cells transfected with a mock plasmid (left lanes 1, 3, 9, and 12) or a BRG1 plasmid on days
3, 6, 9, and 12 (right lanes and insets). (D) C33A cells from panel C at day 12 were processed for ChIP experiments using either an IgG control
or the anti-Pol II antibody 8WG16. The LTR primers spanned the region from �350 to �250 (U3/R/U5), and the Env primers spanned the region
from �8990 to �9450.
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tious clone can replicate in cells that contain wild-type BRG1
protein.

The BAF/PBAF complex is the BRG1-associated complex
responsible for Tax-activated transcription. BRG1 uses en-
ergy derived from ATP hydrolysis to activate a number of
complexes toward chromatin remodeling. The human SWI/
SNF complex (BAF/PBAF) is one of these complexes; how-
ever, four additional complexes, WINAC, NUMAC, NCoR,
and mSin3A/HDAC, also utilize BRG1 as their ATPase sub-
unit. These complexes generally act either to repress or to
activate chromatin remodeling. NUMAC acts as a transcrip-
tional activator, while NCoR and mSin3A/HDAC act as tran-
scriptional repressors (35, 60, 64, 70). Figure 7A shows the six
complexes that remodel chromatin through BRG1 and further
shows the specific subunits needed in each complex. These
complexes share a number of subunits, including both core
subunits (Baf170, Baf155, and Ini1) and those with other func-

tional roles, such as Baf250, Baf60, and Baf53, which are
known to be associated with nuclear receptors. While this
report focuses on BRG1, we additionally examined SWI/SNF
as a potential BRG1-utilizing complex in Tax transactivation.
The BAF and PBAF complexes are very similar; they differ
only in three subunits, of which Baf250 is specific to BAF and
Baf180 and Baf200 are PBAF specific. The subunits seen in
Fig. 7A show the general components needed for the BAF and
PBAF complexes; however, the makeup of these complexes
can vary. For example, in embryonic stem cells, the SWI/SNF
complexes are functional but have low levels of BRM, Baf170,
and Baf250 (28). Additionally, the BAF complex can function
with either BRG1 or BRM as its ATPase subunit (27).

We asked if the wild-type HTLV-1 clone could replicate in
either BRG1 mutant or PBAF mutant cell lines. For this pur-
pose, we transfected the 293T, SW13, C33A, TSUPR1 (BRG1
mutant), and HCC1143 (Baf180 mutant) cell lines with an

FIG. 7. Effects of various siRNAs against SWI/SNF components on the wild-type HTLV-1 LTR. (A) BRG1-associated complexes. Brahma-
related gene-1 (BRG1) is a catalytic subunit found in a variety of chromatin-remodeling complexes, including the SWI/SNF complexes BAF and
PBAF, as well as WINAC, NCoR, mSin3A/HDAC, and NUMAC. The various complexes share other subunits that have a variety of activities,
color coded as follows: green, core components; pink, nuclear receptor association; gold, DNA replication; light green, actin-related complexes;
blue, Ini1/Baf47/SNF5; purple, other functions (63). As chromatin remodelers, these complexes can act either as transcriptional activators, as
transcriptional repressors, or as both. For example, NUMAC acts as a transcriptional activator, while the mSin3A/HDAC complex acts as a
transcriptional repressor. SWI/SNF complexes can act as either repressors or activators. (B) RT assay of supernatants (10 �l) from 293T cells
(positive control), BRG1 mutant (TSUPR1, C33A, and SW13) cells, and Baf180 mutant (HCC1143) cells. Cells were transfected with the
ACH.WT plasmid (20 �g) and were grown for 6 days. Supernatants were collected at day 6 and were then processed for the RT assay. BRG1 (10
�g), along with ACH.WT, was also transfected into five cell types (lanes 2, 4, 6, 8, and 10). (C) 293T cells were transfected with various siRNAs,
including siBRG1, siBRM, siBaf250, and siBaf180 (300 nM), along with ACH.WT (20 �g). Samples were processed for RT at day 6. (Inset) Cell
pellets were processed for Western blotting with antibodies against BRG1 and various other components. The actin panel represents cells
transfected with siBRG1. Data represent one replicate of three independent experiments.
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ACH.WT plasmid and collected supernatants at various time
points up to 6 days. Transfection of ACH.WT in 293T cells
produced increasing amounts of RT after 6 days and served as
a positive control for these experiments. We further added a
wild-type BRG1 construct and observed a slight increase in RT
activity in the supernatant (Fig. 7B, lane 2). Like SW13 cells,
TSUPR1 cells are deficient in both BRG1 and BRM; however,
they do express core components of SWI/SNF complexes (67).
As expected from previous results, the BRG1 mutant cell lines
produced undetectable levels of RT when transfected with a
full-length HTLV-1 plasmid (Fig. 7B, lanes 3, 5, 7, and 9).
Interestingly, the Baf180 mutant cell line also produced no
detectable levels of RT. All of these experiments produced
similar results and were reproduced in three independent ex-
periments. However, once wild-type BRG1 was transfected
along with the ACH.WT clone, we observed an increase in RT
levels in the supernatants (although these were never as high as
the levels seen in the 293T cells). Furthermore, addition of the
supernatants from transfected BRG1 mutant cells or BAF
mutant cells to uninfected 293T cells produced no detectable
virus after 5 to 6 days of culture (data not shown). Also, we
tested the BRG1 mutant cells for the presence of the HTLV-1
proviral clone and observed integration of the viral DNA in
these cells (data not shown). Overall, these results indicate that
one or both of the BRG1 complexes (BAF or PBAF) are
required for HTLV-1 production in cells.

BAF and PBAF complexes have been known to act as an-
tagonists against each other: one complex activates transcrip-
tion by remodeling chromatin, while the other ensures that
chromatin positioning remains unchanged (28). We decided to
compare the impacts of the BAF and PBAF complexes by
observing the effects of knockdown on subunits that are ex-
pressed only in either the BAF complex (Baf250) or the PBAF
complex (Baf180). To do this, we transfected various siRNAs
into 293T cells along with the ACH.WT clone. The siRNAs
included siBRG1, siBRM, siBaf250, and siBaf180. The results
of such an experiment are shown in Fig. 7C: RT levels in the
supernatants of siBRG1- or siBaf180-transfected cells dropped
after 6 days. Western blot analysis of these transfected cells
showed a 
75% drop in the level of BRG1 or various associ-
ated Bafs. Collectively, these results indicate that the SWI/SNF
complex PBAF is required both for HTLV-1 transcriptional
activation and for viral production.

DISCUSSION

In the present report we show not only that BRG1 is re-
quired for Tax-activated transcription but also that the SWI/
SNF complex PBAF is most likely the BRG1-utilizing complex
for HTLV-1 Tax transactivation. We observed that Tax/SWI/
SNF and Tax/CBP/p300 associate tightly in HTLV-1-infected
cells, suggesting that BRG1 is involved in both chromatin re-
modeling and transcriptional initiation (Fig. 1). Although we
have previously observed the presence of Tax in a 1.8-MDa
complex by size exclusion chromatography of a C8166 total-cell
lysate (68), here our chromatography technique allowed for
the dissociation of weak complexes from the nuclear extracts
so that only strong complexes that are salt resistant would
remain intact. Also, this is the first time that we have seen the
presence of Tax in such a high-molecular-weight fraction with

BRG1. We are currently performing proteomic assays on frac-
tions 15 and 21 of the Tax-associated complexes, and prelim-
inary data indicate that fraction 15 may be a large complex
partly due to the presence of phosphorylated Pol II with com-
ponents of the RNA splicing machinery complexed with Tax
(data not shown).

Using reconstituted nucleosome arrays, we determined that
the combination of Tax and SWI/SNF increases the rate of
chromatin remodeling over that with SWI/SNF alone (Fig. 2).
We determined that Tax, BRG1, and acetylated c-Myb (ac-c-
Myb) were recruited to the LTR, followed by the recruitment
of p300 and TBP (a hallmark of activated transcription and Pol
II recruitment), and finally other indicators of activated tran-
scription were seen, including Pol II, methylated H3 (met-H3)
(K9), and ac-H3 (K9). Furthermore, without Tax, there are no
obvious DNase I-hypersensitive sites on the HTLV-1 promoter;
however, the addition of Tax clearly indicates nucleosome po-
sitioning (Fig. 4). We also found that histones H1, H2A, and
H3 were seemingly removed at the initiation site. Experiments
using cells deficient in BRG1 showed that the ATPase subunit
is required for both Tax transactivation and viral replication
(Fig. 5). Finally, we observed that the SWI/SNF complex
PBAF appears to be the complex required for nucleosome
remodeling when either Baf180 mutant cells or a siRNA
against the specific BAF (Baf250) or PBAF (Baf180 and
Baf200) complex is used. Collectively, our data indicate that
Tax requires BRG1 chromatin remodelers for activation of the
HTLV-1 LTR through the modification of nucleosomes.

A 2006 paper by Zhang et al. states that BRG1 is not re-
quired for HTLV-1 transactivation by Tax (75). We believe
that these results inaccurately describe the need for BRG1 in
Tax activation, due to a number of discrepancies in these
investigators’ methods. First, the group used the lentivirus vec-
tor SMPU-18x21-EGFP, which contains 18 repeats of the Tax-
responsive 21-bp repeats on the promoters. While this group
showed that the vector is more Tax-GFP responsive than sim-
ilar vectors that contain the natural 21 repeats of the Tax-
responsive repeats, we believe that this does not accurately
resemble the HTLV-1 genome, and therefore, results obtained
by using these vectors probably do not produce useful infor-
mation about viral transcription. They also utilized transient
reporters in addition to a chromatinized template in their
assays. Additionally, the group used the BRG1-deficient cell
line SW13 to determine the necessity of BRG1 in Tax trans-
activation. As previously stated, the SW13 cell line produces no
detectable levels of either BRM or BRG1, although the SWI/
SNF complex still remains assembled in the SW13 cell line (47,
67). Therefore, results obtained from SW13 cells cannot be
regarded as results from SWI/SNF-deficient cells. While the
group additionally used another BRG1-deficient cell line,
TSUPR1 (data not shown), similar studies have shown that this
cell line also has intact core components of the SWI/SNF
complex (67). Furthermore, we have used another BRG1 mu-
tant cell line, ALAB, which has a defined mutation (C3 T) at
nucleotide 1630 in exon 10 of BRG1 (a stop codon), resulting
in the absence of detectable protein expression (68). This cell
line was transfected with either the HTLV-1 LTR promoter or
the cyclin D2 promoter (with or without Tax) with BRG1 and
was found to be activated 8.7-fold (HTLV-1 promoter) and
6.2-fold (cyclin D2 promoter) (data not shown). Interestingly,
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the Lees lab and others, which initially characterized these
cells, also showed the downregulation of a number of cellular
genes that are activated by Tax (12, 22). Furthermore, Zhang
et al. failed to titrate their vectors in many of their experi-
ments. It is well known in the field that viral activators such as
Tax follow a “bell-shaped” curve for their activated transcrip-
tion. Low concentrations of Tax would show low levels of
activated transcription; medium levels of Tax show high, opti-
mal transcription; and high levels of Tax show suppression of
transcription. This is evident for many viral activators, includ-
ing HIV-1 Tat, simian virus 40 (SV40) T, hepatitis B virus
(HBV) X, and herpes simplex virus (HSV) VP16, among oth-
ers (F. Kashanchi, unpublished results).

Additionally, Lemasson et al. showed that BRG1 is removed
from the promoter when wild-type Tax is used in a ChIP assay
(40). Furthermore, they showed that both histone H1 and
histone H3 levels were lowered when Tax was added to the
cells. In agreement with the latter results, we have also seen a
drop in levels of both histone H1 and histone H3 from the
HTLV-1 promoter when we used a wild-type virus construct in
293T cells and PBMCs (Fig. 4) (i.e., conversion of an unorga-
nized, ordered array containing multiple nucleosomes to an
ordered array at the transcription start site). However, we have
consistently observed lower levels of BRG1 when Tax is trans-
fected into cells. This is observed in a number of different cell
types, including 293T and CHOK1-Luc cells, among others
(data not shown). Interestingly, Lemasson et al. did not look
for BRG1 expression after Tax transfection; however, Zhang
et al. did notice (although they did not describe) a drop in the
level of BRG1 after Tax transfection. Therefore, we believe

that the ChIP results of Lemasson et al. showing the presence
of lower levels of BRG1 on the HTLV-1 promoter after Tax
transfection reflect the overall lower levels of BRG1 in
CHOK1-Luc cells. When one accounts for the loss of BRG1
levels, one can see no change in the level of BRG1 uploaded
onto the HTLV-1 promoter in the presence of Tax. We are
currently investigating a possible binding of Tax/RB/BRG1 to
the proteasome complex in the cytoplasm and the degradation
of one or more BRG1-associated complexes in HTLV-1-in-
fected cells. Previously published data indicate the presence of
a classical LXCXE motif in the BRG1 protein (8, 14).

Our data on the inactive and Tax-activated HTLV-1 LTR
have pointed toward the following model of nucleosomal ar-
rays. The hypoxanthine phosphoribosyltransferase (HPRT)
gene is subject to X chromosome inactivation, a process that
leads to the transcriptional silencing of genes on one of the two
X chromosomes in each female somatic cell. This results in the
presence of both a transcriptionally active and a transcription-
ally inactive HPRT allele within each female nucleus. On the
active allele, the promoter region in vivo is unmethylated, is
relatively sensitive to DNase I, and contains a DNase I-hyper-
sensitive site that maps to the 5� flanking region. In contrast,
the inactive promoter is densely methylated, is resistant to
DNase I, and does not exhibit DNase I hypersensitivity or
detectable transcription factor binding in vivo. Our results us-
ing HTLV-1 integrated chromatin indicate that the Tax-acti-
vated promoter was assembled into an ordered array of trans-
lationally positioned nucleosomes, which was interrupted over
a 350-bp region that showed increased accessibility to DNase I
and that contained the entire functional promoter. In contrast,

FIG. 8. Model of nucleosomal arrays on the Tax-activated HTLV-1 LTR in vivo. (Left) In the presence of Tax, there are well-defined
translationally positioned nucleosomal arrays on the active promoter, as seen by the presence of DNase I-hypersensitive sites and the removal of
histones H1, H2A, and H3 at the transcriptional start site region. (Right) DNase I cleavage analysis indicates that the inactive promoter does not
contain translationally positioned nucleosomal arrays. This is indicated by the lack of DNase I-hypersensitive sites and the presence of all core
histones as well as H1. Currently it is not clear whether the Nuc 1 area at the transcriptional start site contains multiple arrays that are not phased
(top right) or whether there is only one nucleosome that makes the DNA inaccessible for transcription factor and/or Pol II occupancy (bottom
right). The arrows at both ends of each nucleosome represent the beginning of the hypersensitive site. The removal of some of the histones is shown
as a dotted oval around Nuc1.
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the inactive promoter was relatively inaccessible to nuclease
and was not assembled into a translationally positioned nu-
cleosomal array (Fig. 8). Collectively, our results (although no
DNA methylation experiments were performed here) point to
similarities with cellular genes such as the HPRT gene, where
inefficient access to DNA binding sites may be responsible for
little to no activated transcription. Once a viral activator, such
as Tax, is recruited to the viral promoter, there appear to be
removal of some of the histones and a more-ordered array
where basal factors along with Pol II can transcribe through
DNA. Further experiments will determine which factor(s) is
responsible for the removal of the histones at the transcription
start site. Finally, our results clearly show that BRG1 and
SWI/SNF complexes are needed for activated transcription
and viral replication. This is especially evident when wild-type
infectious clones of HTLV-1 are used. It would therefore be
interesting to determine which mutant viral clones are respon-
sible for the observed BRG1 effects. Current experiments in
our lab are aimed at addressing these related questions.
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