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ABSTRACT The human T-cell leukemia virus type 1 (HTLV-1) regulatory proteins Tax
and HBZ play indispensable roles in regulating viral and cellular gene expression.
BRG1, the ATPase subunit of the SWI/SNF chromatin remodeling complex, has been
demonstrated to be essential not only for Tax transactivation but also for viral repli-
cation. We sought to investigate the physical interaction between HBZ and BRG1
and to determine the effect of these interactions on Tax-mediated long terminal re-
peat (LTR) activation. We reveal that HTLV-1 cell lines and adult T-cell leukemia (ATL)
cells harbor high levels of BRG1. Using glutathione S-transferase (GST) pulldown and
coimmunoprecipitation assays, we have demonstrated physical interactions between
BRG1 and HBZ and characterized the protein domains involved. Moreover, we have
identified the PBAF signature subunits BAF200 and BAF180 as novel interaction part-
ners of HBZ, suggesting that the PBAF complex may be required for HTLV-1 tran-
scriptional repression by HBZ. Additionally, we found that BRG1 expression translocates
HBZ into distinct nuclear foci. We show that HBZ substantially represses HTLV-1 LTR ac-
tivation by Tax/BRG1. Interestingly, we found that Tax stabilizes the expression of
exogenous and endogenous BRG1 and that HBZ reverses this effect. Finally, using a
chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) assay, we illustrate
that HBZ facilitates the downregulation of HTLV-1 transcription by deregulating the
recruitment of SWI/SNF complexes to the promoter. Overall, we conclude that SWI/SNF
complexes, in addition to other cellular transcription factors, are involved in HBZ-
mediated suppression of HTLV-1 viral gene expression.

IMPORTANCE The pathogenic potential of HTLV-1 is linked to the indispensable
multifaceted functions of the viral regulatory proteins Tax and HBZ, encoded by the
sense and antisense viral transcripts, respectively. The interaction between Tax and
the SWI/SNF family of chromatin remodeling complexes has been associated with
HTLV-1 transcriptional activation. To date, the relationship between the SWI/SNF
chromatin remodeling family and HBZ, the only viral protein that is consistently ex-
pressed in infected cells and ATL cells, has not been elucidated. Here, we have char-
acterized the biological significance of the SWI/SNF family in regard to viral transcrip-
tional repression by HBZ. This is important because it provides a better understanding of
the function and role of HBZ in downregulating viral transcription and, hence, its contri-
bution to viral latency and persistence in vivo, a process that may ultimately lead to the
development of ATL.
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Human T-cell leukemia virus type 1 (HTLV-1) is the first human retrovirus discovered
in the early 1980s and belongs to the Deltaretrovirus family (1–4). HTLV-1 infects

at least 5 million to 10 million people worldwide (5), with 6.6% of males and 2.1% of
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females eventually developing an aggressive and fatal CD4� T-cell malignancy termed
adult T-cell leukemia (ATL) after many years of clinically latent infection (2, 6–8). HTLV-1
infection can also cause a chronic neurodegenerative disorder called tropical spastic
paraparesis/HTLV-1-associated myelopathy (HAM/TSP) in another 2% to 3% of infected
individuals (2, 9–11). Other inflammatory diseases, such as uveitis, polymyositis, and
alveolitis, as well as infective dermatitis and some types of skin lesions, have been
associated with HTLV-1 infection (12). Treatment options are limited, and HTLV-1
vaccines that could prevent infection and, hence, ATL and HAM/TSP development in
infected populations are not available. A high proviral load is a major risk factor for the
development of ATL and HAM/TSP (13, 14). The cooperation between the viral onco-
proteins Tax and HBZ plays a crucial role in the high HTLV-I proviral load in carriers
(15–20).

HTLV-1 gene expression is determined by the viral regulatory proteins Tax and HBZ,
which play key, sometimes opposing, roles in regulating viral and cellular gene expres-
sion. Tax is expressed from the 5= long terminal repeat (LTR) using the sense strand of
the viral genome, while HBZ is expressed from the 3= LTR using the antisense strand of
the HTLV-1 genome. Tax is a powerful transactivator of viral gene expression and is
recruited to the viral promoter as part of a complex with the host cellular transcription
factors of the ATF/CREB family (21–25). These complexes promote local nucleosome
modification via histone acetylation at the HTLV-1 transcription start site, stimulating
viral gene expression (24–27). The production of viral proteins in infected cells, in
particular Tax, targets them for immune destruction (19, 28–30). Persistence of HTLV-1
in the host is ensured by HBZ, which downregulates Tax activity by competing for
binding to the cellular transcription factors of the ATF/CREB family (15, 17, 19, 31, 32).
Such activity suppresses HTLV-1 replication and abolishes the expression of Tax and
other viral genes, allowing infected cells to evade immune surveillance and persist in
the host (33–35).

In addition to regulating viral transcription via the CREB/CBP pathway, previous
studies revealed that SWI/SNF chromatin remodeling complexes are critical for Tax
transactivation and viral replication (36). The SWI/SNF complexes are classified into two
major classes: one is BRG/hBRM-associated factor (BAF) complexes, and the other is
polybromo-associated BAF (PBAF) complexes. The BAF complex can contain either of
two closely related catalytic ATPase subunits, Brahma (BRM) or BRM-related gene 1
(BRG1), while the PBAF complex contains only BRG1 (37). These complexes share a high
degree of similarity and can be distinguished only by the presence of specific subunits,
BAF250A/B in the case of the BAF complex or BAF180 and BAF200 in the case of the
PBAF complex (38–41).

BRG1 has been reported to possess both tumor-suppressive and oncogenic activi-
ties, depending on the type of cancer. For instance, BRG1 has been shown to be
essential for the proliferation and survival of acute myeloid leukemic cells, as leukemic
cells lacking BRG1 rapidly undergo cell cycle arrest and apoptosis, indicating the role of
BRG1 in cell cycle regulation and cancer promotion (42, 43). In pancreatic cancer, BRG1
has been reported to play opposing roles in the development of different precancerous
lesions that lead to pancreatic cancer in a stage-specific manner. In the pancreatic
intraepithelial neoplasia (PanIN) stage that precedes neoplastic transformation, BRG1
functions as a tumor suppressor to prevent dedifferentiation of pancreatic duct cells
(PDCs) and, hence, attenuates tumor initiation. In contrast, once pancreatic ductal
adenocarcinoma (PDA) develops, BRG1 drives PDA tumorigenesis by inducing an
epithelial-to-mesenchymal transition (44). In malignant melanoma and breast cancer,
enhanced BRG1 expression is correlated with tumorigenesis and poor patient survival
(45–47).

In the context of HTLV-1 gene expression, BRG1 has been shown to be essential for
optimal transcriptional activation of the HTLV-1 LTR by Tax (36, 48). Tax and BRG1 have
been shown to be recruited to the viral promoter together with the components of the
basal transcription machinery (polymerase II [Pol II] and CBP/p300), all of which are
required for transcription initiation. This was previously shown by chromatin immuno-

Alasiri et al. Journal of Virology

August 2019 Volume 93 Issue 16 e00412-19 jvi.asm.org 2

https://jvi.asm.org


precipitation (ChIP) and viral particle production assays in HEK293T cells transfected
with the HTLV-1 infectious clone ACH.WT (36). BRG1 coelutes with Tax and has been
shown to be required for efficient nucleosome removal and optimal Tax transactivation
(36). This suggests that both SWI/SNF and p300/CREB are involved in Tax-mediated
activation of transcription. Furthermore, the knockdown of the signature subunits
unique to either the BAF complex (BAF250) or the PBAF complex (BAF180) suggested
that the SWI/SNF complex PBAF may be responsible for optimal HTLV-1 transcriptional
activation by Tax and viral production (36).

Moreover, Tax interacts with multiple other SWI/SNF components, including BAF53,
BAF57, and BAF155, as shown by mass spectrophotometry and immunoprecipitation
(IP) (48). Given that these subunits have been shown to enhance the chromatin
remodeling process (49), these interactions suggest that Tax may affect SWI/SNF
complex function at multiple levels. In addition, recent research has demonstrated that
binding sites for BRG1 upstream and downstream of the proviral integration sites have
opposite effects on Tax expression. The presence of a BRG1 site upstream of the
provirus is associated with transcriptional silencing of Tax expression, while a BRG1 site
downstream is associated with Tax expression (50). Collectively, these studies indicate
that SWI/SNF complexes play a role in HTLV-1 viral gene expression.

Interestingly, our previous studies using the yeast two-hybrid system revealed a
possible interaction between HBZ and BRG1 (our unpublished data). This finding
suggests that HBZ/BRG1 interactions, together with those involving Tax, may play a role
in the regulation of HTLV-1 gene expression. In this study, we report that HBZ binds
BRG1 and downregulates HTLV-1 LTR activation mediated by Tax/BRG1. Interestingly,
we show that HBZ also interacts with BAF200 and BAF180, members of PBAF chromatin
remodeling complexes of the SWI/SNF family, and can modulate the occupancy of
PBAF complexes at the HTLV-1 promoter. Specifically, HBZ displaces BRG1 and BAF200
from the viral promoter and conversely recruits BAF180 to the viral promoter. This study
presents further insights into the mechanisms involved in HBZ-mediated repression of
Tax-dependent transactivation of the HTLV-1 LTR via the SWI/SNF family.

RESULTS
The HTLV-1 HBZ antisense protein interacts with BRG1 in mammalian cells and

in vitro. Data from previous studies point to the correlation between suppressed and
elevated expression levels of BRG1 and the development of various human cancers (51,
52). However, to date, the expression of BRG1 in ATL patient cells or in HTLV-1/2 carrier
cells has not been defined. Therefore, we first wanted to gain insight into the level of
BRG1 expression in these cell types. To this end, we performed immunoblot analysis of
BRG1 expression levels in nuclear extracts derived from HTLV-1-positive cell lines (C91
and MT2), an HTLV-2-positive cell line (MO), ATL patient cell lines (ATL-CR and ATL-TH),
and HTLV-1-negative T-cell lymphoma cells (Jurkat) (Fig. 1A). This analysis indicates that
BRG1 was abundantly expressed in HTLV-1-positive cell lines and ATL cell lines, com-
pared to the HTLV-2-positive cell line or an uninfected cell line. Even though the
number of HTLV-infected cell lines tested is small, these findings appear compatible
with previous reports showing that BRG1 is overexpressed in different cancer types,
such as gastric carcinomas (53), liver hepatocellular carcinoma (HCC), kidney renal clear
cell carcinoma, and breast cancer (45, 54).

To verify our previous finding from the yeast two-hybrid study that shows the
possible interaction between HBZ and BRG1, we sought to confirm the interaction
between HBZ and BRG1 in mammalian cells. To this end, we cotransfected HEK293T
cells with an expression plasmid encoding FLAG-HBZ or FLAG alone (Fig. 1B) or
together with an expression plasmid encoding MYC-BRG1 (Fig. 1C). Cellular lysates
were subjected to coimmunoprecipitation (co-IP) using anti-FLAG M2 beads, and the
resultant interactions were analyzed by immunoblotting using anti-FLAG, anti-BRG1, or
anti-MYC antibodies. Our findings confirm that HBZ specifically interacts with endog-
enous (Fig. 1B) and exogenous (Fig. 1C) BRG1.
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FIG 1 HTLV-1 HBZ antisense protein interacts with BRG1. (A) BRG1 expression levels in HTLV-1/2-infected T cells and
uninfected cells. Nuclear fractions from HTLV-1-positive cell lines (C91 and MT2), an HTLV-2-positive cell line (MO), ATL
patient cell lines (ATL-CR and ATL-TH), and HTLV-1-negative T-cell lymphoma cells (Jurkat) were isolated using a nuclear
and cytoplasmic extraction kit from Pierce (NE-PER). The expression of BRG1 was detected using anti-BRG1. Anti-HDAC1
was used as a loading control. Anti-CYPA was used as an indicator of the integrity of the nuclear fractions. The bottom
panel represents the relative optical density (ROD) of BRG1 expression normalized against HDAC1. (B and C) HBZ interacts
with endogenous (B) and exogenous (C) BRG1 in mammalian cells. HEK293T cells were transfected with 5 �g of FLAG-HBZ
or an empty vector alone (B) or together with 6 �g of a MYC-tagged expression vector for BRG1 (C). Transfected cells were
lysed after 24 h, and coimmunoprecipitations were performed using anti-FLAG M2 beads overnight. Interactions were
analyzed by Western blotting using anti-FLAG, anti-BRG1, and anti-MYC antibodies, as indicated. IP, immunoprecipitation;
WCL, whole-cell lysate. (D) Direct interaction between HBZ and BRG1 in vitro. GST pulldown assays were performed by
incubating purified BRG1 protein (6 �g) with GST resins precoated with either GST-HBZ or GST proteins. Bound proteins
were eluted twice (E1 and E2), and interactions were analyzed by immunoblotting using anti-BRG1 (top) and Coomassie
blue staining (bottom). The BRG1 input corresponds to 40% of the total BRG1 loaded for each pulldown. M indicates the
protein molecular weight marker.
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We next investigated whether HBZ interacts with BRG1 directly. To this end, glutathione
S-transferase (GST) pulldown assays were carried out with GST or GST-HBZ and purified
BRG1 proteins. Our results illustrate that GST-HBZ binds purified BRG1, indicating a direct
physical interaction between these two proteins in vitro (Fig. 1D).

HBZ selectively interacts with PBAF complexes in mammalian cells. We next
sought to extend our analysis to determine which BRG1-associated complex (BAF or
PBAF) interacts with HBZ and hence plays a role in HBZ-mediated suppression of
HTLV-1 transcription. BAF and PBAF complexes share most subunits but can be
distinguished by the presence of BAF250A in the BAF complex and BAF200 and BAF180
exclusively in the PBAF complex (37, 40). To investigate this, the cellular lysates from
HEK293T cells transfected with FLAG-tagged HBZ constructs were subjected to co-IP
assays using anti-FLAG M2 beads. Western blot analyses of precipitated complexes
show that HBZ does not bind endogenous BAF250, the specific subunit of the BAF
complex (Fig. 2A), and instead binds to endogenous BAF200 and BAF180, the specific
subunits of the PBAF complex (Fig. 2B and C). These findings suggest that HBZ/PBAF
may play a role in the downregulation of viral transcription by HBZ.

The N terminus of HBZ is involved in the interaction with BRG1. Based on the
demonstrated physical interaction between HBZ and BRG1 in mammalian cells and
directly in vitro, we sought to determine the protein domains in HBZ that mediate its
interaction with BRG1. HBZ contains three key interaction domains, namely, an activa-
tion domain (AD), a central domain (CD), and a basic ZIP (bZIP) domain (Fig. 3A) (55).
These domains are responsible for its interactions with numerous cellular factors that
are involved in the regulation of viral transcription as well as cellular signaling pathways
that may contribute to the development of ATL (56). To ascertain the domain of HBZ
that binds BRG1, HEK293T cells were cotransfected with MYC-BRG1 together with
FLAG-HBZ deletions (Δ-AD, Δ-CD, Δ-bZIP). Lysates were immunoprecipitated using
anti-FLAG M2 beads. Western blot analyses of precipitated complexes show a strong
interaction between MYC-BRG1 and FLAG-HBZ-Δ-CD, indicating that this domain is not

FIG 2 HBZ interacts with the PBAF complex in mammalian cells. Shown are data from immunoblot analysis of the
interaction between HBZ and endogenous BAF250 (BAF complex) (A) or endogenous BAF200 (B) and BAF180 (C)
(PBAF complex). HEK293T cells were transfected with 7 �g of FLAG-HBZ. Transfected cells were lysed after 24 h, and
co-IPs were performed using anti-FLAG M2 beads overnight. Precipitates were analyzed by Western blotting using
anti-FLAG, anti-BAF250, anti-BAF200, and anti-BAF180, as indicated. IP, immunoprecipitation; WCL, whole-cell
lysate.
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FIG 3 Identification of domains in HBZ and BRG1 involved in their interaction in mammalian cells. (A) Schematic diagram of HBZ
functional domains and deletion mutants used in co-IP experiments. HBZ deletions are as follows: Δ-AD (lacking the N-terminal
activation domain), Δ-CD (lacking the central domain), and Δ-bZIP (lacking the C-terminal leucine zipper domain [59]). WT, wild type.
(B) The N terminus of HBZ is involved in the interaction with BRG1. HEK293T cells were cotransfected with 6 �g of MYC-BRG1, alone
or together with 5 �g of each of the three FLAG-tagged expression HBZ deletion vectors, as indicated. Transfected cells were lysed
after 24 h, and co-IPs were performed using an anti-FLAG M2 beads overnight. Interactions were analyzed by immunoblotting using
anti-FLAG and anti-MYC, as indicated. (C) Schematic diagram of BRG1 functional domains and deletion mutants used in co-IP
experiments. Deletions are as follows: Δ-N-T (lacking the N-terminal domain), Δ-ATPase (lacking the ATPase domain), and Δ-Bromo

(Continued on next page)
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involved in the interaction between these two proteins (Fig. 3B). An interaction
(although weaker) could also be observed between MYC-BRG1 and FLAG-HBZ-Δ-bZIP,
while no interaction was observed using FLAG-HBZ-Δ-AD. Overall, these findings
suggest that the N-terminal activation domain of HBZ may be involved in the interac-
tion with BRG1.

Multiple domains of BRG1 may be involved in the interaction with HBZ. We also
sought to ascertain the protein domains in BRG1 that are responsible for binding HBZ.
BRG1 contains conserved N-terminal, ATPase, and C-terminal regions necessary for its
function as a coregulator of transcription (57). To evaluate their contribution to the
interaction with HBZ, we generated three expression constructs, lacking the N-terminal
region (Δ-N-T,1–710), the ATPase domain (Δ-ATPase,701–1405), and the C-terminal
bromodomain (Δ-Bromo,1463–1593), using site-directed mutagenesis techniques (Fig.
3C). Plasmids containing these deletions were cotransfected together with a FLAG-HBZ
expression plasmid into HEK293T cells, and lysates were immunoprecipitated using
anti-FLAG M2 beads. Western blot analyses of precipitated complexes failed to identify
a discrete region in BRG1 required to mediate the interaction with HBZ, as all BRG1-
deleted proteins showed positive interactions (Fig. 3D to F). These findings suggest two
possibilities. The first is that that several regions of the BRG1 protein may be involved
in the interaction with HBZ in mammalian cells. This could possibly explain why missing
one of BRG1 functional regions does not affect HBZ and BRG1 binding. These findings
could also suggest that the interaction between HBZ and BRG1 may occur via regions
bordering the deleted region spanning amino acids 1405 to 1463 located between
Δ-ATPase,701–1405 and Δ-Bromo,1463–1593 or in the region spanning amino acid
residues 1593 to 647 bordering the Δ-Bromo domain.

HBZ colocalizes with BRG1 in distinct nuclear foci. Based on the physical inter-
action studies (Fig. 1), we sought to explore the possibility that HBZ colocalizes with
BRG1 in mammalian cells, which may impact the functions of both proteins. To this end,
HeLa cells were transfected with expression vectors encoding green fluorescent protein
(GFP)-HBZ and MYC-BRG1 individually or together. Exogenous BRG1 was detected
using an anti-BRG1 antibody, followed by Alexa Fluor 594-conjugated goat anti-mouse
IgG1 antibody (red), and nuclei were stained using 4=,6-diamidino-2-phenylindole
(DAPI) (blue). As shown in previous reports, GFP-HBZ was observed in speckle-like
structures in the nuclear compartment (Fig. 4A) (58, 59). BRG1 localized in the nucleus
in distinct foci (Fig. 4B) (60, 61). Examination of the colocalization of GFP-HBZ and
MYC-BRG1 in cotransfected HeLa cells shows that the overexpression of BRG1 changes
the nuclear distribution pattern of HBZ (Fig. 4C). HBZ partially colocalizes with BRG1 in
distinct nuclear foci, which we suspect to be nucleolar foci, but this needs to be
confirmed. These results are consistent with our previous data showing an interaction
between HBZ and BRG1 in mammalian cells and in vitro.

BRG1 and HBZ cooperate in the downregulation of Tax-mediated HTLV-1 LTR
transactivation. Previous studies have reported that HBZ plays a crucial role in the
downregulation of Tax-dependent viral transcription by directly interacting with CREB
and p300/CBP (62). In this study, we demonstrate that HBZ directly interacts with BRG1,
which is essential for LTR transcriptional activation by Tax (36). On this basis, we wished
to evaluate the impact of BRG1 on the ability of HBZ to repress Tax-mediated LTR
activation using overexpression and knockdown approaches. We overexpressed BRG1
in HEK293T cells in the presence of Tax and increasing concentrations of HBZ, as
indicated (Fig. 5A). Our results showed that the addition of BRG1 enhances Tax-mediated
LTR activation. This observation is consistent with previous results by Easley et al. dem-

FIG 3 Legend (Continued)
domain (lacking the bromodomain). (D to F) Multiple domains of BRG1 may be involved in the interaction with HBZ. HEK293T cells
were cotransfected with 5 �g of FLAG-HBZ, alone or together with 6 �g of MYC-tagged expression vectors for BRG1 Δ-N-T (D),
Δ-ATPase (E), or Δ-Bromo (F). Transfected cells were lysed after 24 h, and co-IPs were performed using anti-FLAG M2 beads overnight.
Precipitates were analyzed by Western blotting using anti-FLAG and anti-MYC, as indicated. IP, immunoprecipitation; WCL, whole-cell
lysate.

Interaction between HTLV-1 HBZ and SWI/SNF Complexes Journal of Virology

August 2019 Volume 93 Issue 16 e00412-19 jvi.asm.org 7

https://jvi.asm.org


onstrating the positive regulatory effects of BRG1 on Tax-activated transcription (36).
We also observed that HBZ potently inhibits BRG1/Tax-mediated activation of the LTR
in a dose-dependent manner (Fig. 5A). This suggests that HBZ can counteract Tax/BRG1
activation of viral transcription, possibly by competing with Tax for BRG1 binding.
However, this effect coincided with a significant reduction in BRG1 expression levels in
the presence of HBZ compared to the levels observed in the presence of Tax alone.
Remarkably, the stability of BRG1 expression in the presence of Tax expression was
counteracted by HBZ in a dose-dependent manner (Fig. 5A). To further investigate the
effect of Tax on BRG1 expression, we overexpressed increasing amounts of His-Tax in
HEK293T and Jurkat cells in the presence MYC-BRG1 (Fig. 5B and D) or in the absence
of MYC-BRG1 (Fig. 5C and E). Western blotting and reverse transcription-PCR (RT-PCR)
were used to determine the effect of Tax on BRG1 expression at the protein and RNA
levels, respectively. Our data show that increasing levels of Tax expression stabilize
both exogenous and endogenous BRG1 expression in HEK293T (Fig. 5B and C) and in

FIG 4 Subcellular colocalization of HBZ and BRG1. Immunofluorescence was performed on HeLa cells that were
transfected with an expression vector for either green florescent protein (GFP)-HBZ (A), MYC-BRG1 (B), or GFP-HBZ
and MYC-BRG1 (C). At 24 h posttransfection, the cells were fixed and stained for BRG1 using anti-BRG1, followed
by Alexa Fluor 594-conjugated goat anti-mouse IgG1 antibody (red). Nuclei were labeled with DAPI (blue), and
slides were mounted using ProLong gold antifade reagent. Images were obtained using a Zeiss AxioImager MI
fluorescence microscope and an AxioCam HR microscope camera.
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FIG 5 BRG1 overexpression enhances the repressive effects of HBZ on Tax-dependent viral transcription. (A) Luciferase assays
were performed on lysates from HEK293T cells cotransfected with 250 ng of HTLV-1-LTR-Luc and 25 ng of HIS-pCAGGS-Tax,
alone or together with 2 �g MYC-BRG1 with or without increasing concentrations of FLAG-HBZ (0.2, 0.4, and 0.8 �g). Luciferase
activity was measured at 24 h posttransfection. LTR-dependent luciferase activity was normalized to the protein concentration
in lysates, and the means from three independent experiments are expressed as fold activation. Error bars represent standard
deviations (SD) calculated in three independent experiments. * indicates significance at a P value of �0.05. The expressions
of HBZ and BRG1 were analyzed by immunoblotting using anti-BRG1 and anti-FLAG. Tubulin was probed as a loading control.
NS, not significant. (B and D) Immunoblot analyses were performed on lysates from HEK293T cells and Jurkat cells
cotransfected with 4 �g of an expression vector for MYC-BRG1, together with increasing concentrations of HIS-pCAGGS-Tax
(0.025, 0.05, 0.1, and 0.2 �g [B] or 1 and 2 �g [D]). Transfected cells were lysed after 24 h, and the expression levels of Tax and
BRG1 were analyzed by Western blotting, using anti-His, anti-MYC, and antitubulin antibodies, as indicated. The bottom of
panel B represents the relative optical density (ROD) of BRG1 expression normalized against tubulin. (C and E) Immunoblot
analysis was performed on lysates from HEK293T cells and Jurkat cells transfected with increasing concentrations of
HIS-pCAGGS-Tax (0.025, 0.05, 0.1, or 0.2 �g [C] or 1 and 2 �g [E]) alone. Transfected cells were lysed after 24 h, and the
expression levels of Tax and endogenous BRG1 were analyzed by Western blotting, using anti-His and anti-BRG1. Tubulin was
probed as a loading control. The bottom of panel C represents the relative optical density of BRG1 expression normalized

(Continued on next page)
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Jurkat (Fig. 5D and E) cells. We also show that Tax has no effect on BRG1 expression at
the transcriptional level (Fig. 5F), indicating that Tax possibly stabilizes BRG1 expression
only at the protein level. Collectively, our results support the hypothesis that HBZ
negatively modulates Tax-dependent viral transcription via the SWI/SNF pathway and
suggest that BRG1 can function as either a coactivator or a corepressor of HTLV-1
transcription, depending on its interaction with the viral oncoprotein Tax or HBZ.

To further substantiate the effect of HBZ/BRG1 on HTLV-1 LTR activation, we knocked
down BRG1 expression in HeLa and Jurkat cells, both of which contain an integrated
luciferase reporter gene under the transcriptional control of the HTLV-1 LTR. Cells were
transfected with short hairpin RNA (shRNA) to knock down BRG1 or an shRNA negative
control together with expression vectors encoding His-Tax, His-Tax plus FLAG-HBZ, or
FLAG-HBZ alone. Using this approach, we consistently observed that BRG1 knockdown
in HeLa-HTLV-1-LTR-Luc (Fig. 6A) and Jurkat-U3-LTR-HTLV-1-Luc (Fig. 6C) cells nega-
tively modulates Tax-dependent promoter activity. This was in agreement with a
previous study reporting the positive impact of BRG1 on Tax-dependent viral transcrip-
tion (36). Moreover, BRG1 knockdown significantly limited HBZ-dependent suppression
of Tax-dependent promoter activation in both cell lines (Fig. 6B and D). This suggests
that the presence of BRG1 plays a role in HBZ-mediated suppression of Tax-dependent
viral transcription. Furthermore, we found that BRG1 knockdown resulted in a reduction
of basal promoter activity and impeded the negative impact of HBZ on the basal
transcriptional activation of the viral promoter in Jurkat-U3-LTR-HTLV-1-Luc cells (Fig.
6E and F). Collectively, our observations suggest that BRG1 may be involved in HBZ-
mediated suppression of basal and Tax-dependent viral transcription.

HBZ alters the recruitment of SWI/SNF subunits to the HTLV-1 promoter. An
important question raised by our findings is how HBZ can downregulate viral tran-
scription via the SWI/SNF pathway. Previous studies report that Tax recruits BRG1 to the
HTLV-1 promoter (48, 63). Moreover, HBZ has been shown to downregulate the viral
promoter by interacting with basal transcription factors and disturbing their recruit-
ment to the viral promoter (32, 62, 64). In this study, we observed that HTLV-1-positive
cells and ATL cells harbor particularly high levels of BRG1 protein, and we demonstrate
that HBZ interacts not only with BRG1 in mammalian cells but also with BAF180 and
BAF200, the specific subunits of the PBAF complex. Based on these observations, we
hypothesized that HBZ may downregulate Tax-dependent viral promoter transcription
by affecting the recruitment of BRG1 and/or other subunits of the SWI/SNF complex to
the viral promoter. To investigate this hypothesis, Jurkat-U3-LTR-HTLV-1-Luc cells were
cotransfected with either an empty vector (control) or His-Tax, alone or together with
FLAG-HBZ expression plasmids. About 1 � 106 cells under each condition were assayed
at 24 h posttransfection by luciferase assays to confirm that HBZ significantly reduced
Tax transactivation of the integrated promoter as expected. Another 3 � 106 cells under
each condition were subjected to chromatin immunoprecipitation (ChIP) to analyze the
effect of HBZ on the recruitment of endogenous BRG1, BAF200, and BAF180 to the viral
promoter. The protein-DNA complexes were immunoprecipitated by incubating chro-
matin fragments with magnetic beads, precoated with an antibody directed against
BRG1, BAF200, and BAF180 proteins. Twenty-four hours after ChIP, cross-links were
reversed, and the HTLV-1 promoter was amplified using quantitative PCR (qPCR). Data
were quantified by comparing the signal from the coimmunoprecipitated DNA to that
of the input DNA in each experiment and are presented as percentages of the DNA
input (Fig. 7A). As shown previously, transfection of these cells with the Tax expression

FIG 5 Legend (Continued)
against tubulin. (F) RT-PCR analyses were performed on RNA extracts from HEK293T cells cotransfected with increasing
concentrations of HIS-pCAGGS-Tax (0, 0.5, and 1 �g). RNA was extracted from transfected cells after 24 h, and the BRG1 mRNA
levels were determined using real-time RT-PCR. Beta-actin was used as a housekeeping gene for normalization. Reported
values are the averages of data from three independent experiments, and the error bars represent SD from the triplicates. The
expressions of Tax and BRG1 were analyzed by immunoblotting, using anti-BRG1 and anti-His. Tubulin was probed as a loading
control.
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FIG 6 Impact of BRG1 knockdown on HBZ inhibition of basal and Tax-dependent viral LTR transcription.
(A) Effect of BRG1 knockdown on Tax-dependent viral promoter activity. HeLa-HTLV-1-LTR-Luc cells were
cotransfected with 25 ng of HIS-pCAGGS-Tax, alone or together with 4 �g shRNA against BRG1 (ShBRG1).
Luciferase activity was measured at 72 h posttransfection. LTR-dependent luciferase activity was normal-
ized to the protein concentration in lysates and is expressed as fold activation. Error bars represent SD
calculated from three independent experiments. * indicates significance at a P value of �0.05. (B) Effect
of BRG1 knockdown on the ability of HBZ to suppress Tax-dependent viral promoter activity. HeLa-
HTLV-1-LTR-Luc cells were cotransfected with 25 ng of HIS-pCAGGS-Tax together with 2 �g FLAG-HBZ
plus shRNA against BRG1. Luciferase assays were performed as described above for panel A. (C) Effect of
BRG1 knockdown on Tax-dependent viral promoter activity in Jurkat-U3-LTR-HTLV-1-Luc cells. Luciferase
assays were performed on lysates from Jurkat-U3-LTR-HTLV-1-Luc cells cotransfected with 25 ng of
HIS-pCAGGS-Tax, alone or together with 4 �g shRNA against BRG1 or the shRNA negative control.
Luciferase activity was measured at 48 h posttransfection. LTR-dependent luciferase activity was normal-
ized to the protein concentration in the lysates, and the means of data from three independent
experiments are expressed as fold activation. The P value indicates no significance (NS). (D) Effect of BRG1
knockdown on the ability of HBZ to suppress Tax-dependent viral promoter activity. Luciferase assays
were performed on lysates from Jurkat-U3-LTR-HTLV-1-Luc cells cotransfected with either 4 �g shRNA
against BRG1 or the shRNA negative control together with 25 ng of HIS-pCAGGS-Tax, alone or together
1 �g FLAG-HBZ. Luciferase assays were performed as described above for panel C. (E) Effect of BRG1
knockdown on basal LTR activation. Luciferase assays were carried out on lysates from Jurkat-U3-LTR-
HTLV-1-Luc cells cotransfected with either 4 �g shRNA against BRG1 or the shRNA negative control.
Luciferase assays were performed as described above for panel C. (F) Effect of BRG1 knockdown on the

(Continued on next page)
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vector strongly increases BRG1 enrichment at the viral promoter (Fig. 7A). We also
observed a slight increase in the enrichment of BAF200 and BAF180 at the viral
promoter, under the same conditions, which all coincided with an increase in HTLV-1
LTR luciferase activity (Fig. 7B). Interestingly, cotransfection with HBZ reduces the levels
of BRG1 and BAF200 at the LTR to about 50% at the promoter. Unexpectedly, we
consistently observed a 2- to 3-fold increase in BAF180 enrichment at the viral pro-
moter under the same conditions (Fig. 7A). Together, these findings reveal that HBZ
facilitates the downregulation of HTLV-1 transcription by regulating the recruitment of
the SWI/SNF complex to the promoter (Fig. 7B). Moreover, these experiments highlight
the opposite impact of HBZ on the recruitment of BAF200 and BAF180 to the viral
promoter, despite belonging to the same complex. This raised the possibility that these
subunits may have distinct, but complementary, functions in the regulation of Tax-
dependent viral promoter transcription in the presence of HBZ.

DISCUSSION

The SWI/SNF chromatin remodeling complexes were demonstrated to function as
either transcriptional activators or repressors (65–67). In the context of HTLV-1 gene

FIG 6 Legend (Continued)
ability of HBZ to suppress basal activation of the viral promoter. Luciferase assays were performed on
lysates from Jurkat-U3-LTR-HTLV-1-Luc cells cotransfected with either 4 �g shRNA against BRG1 or the
shRNA negative control together with 1 �g FLAG-HBZ. Luciferase assays were performed as described
above for panel C. (G) Immunoblot analysis of BRG1 knockdown was performed on Jurkat-U3-LTR-HTLV-
1-Luc cells. Cells were transfected with 4 �g of shRNA against BRG1 plasmids (lane 2) and the shRNA
negative control (lane 1).

FIG 7 HBZ displaces BRG1 and BAF200 from the HTLV-1 promoter and recruits BAF180. (A) ChIP analyses
were performed on Jurkat-U3-LTR-HTLV-1-Luc cells cotransfected with either an empty vector or HIS-
pCAGGS-Tax, alone or together with FLAG-HBZ. At 24 h posttransfection, genomic DNA was fixed with
1% formaldehyde and sheared using a Bioruptor instrument. Sheared chromatin was diluted and
immunoprecipitated using anti-BRG1, anti-BAF180, and anti-BAF200 antibodies, with an IgG isotype
control. The immunoprecipitated material was quantified by qPCR. Results were normalized to inputs
and are expressed as a percentage of the DNA input. (B) Analysis of LTR luciferase activity in cells used
in ChIP experiments. Error bars represent SD calculated from three independent experiments.
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expression, BRG1, the ATPase subunit of the SWI/SNF complex, has been shown to be
essential for optimal transcriptional activation of the HTLV-1 LTR by Tax (36, 48). In the
present study, we investigated physical interactions between HBZ and BRG1 and the
biological significance of these interactions for basal and Tax-mediated viral gene expres-
sion.

Alterations of BRG1 expression and its role in tumorigenesis and tumor suppression
have been demonstrated in various human cancers (52, 68–70). Here, we have illus-
trated that BRG1 is highly expressed in HTLV-1-infected cell lines and ATL cell lines,
suggesting that elevated BRG1 expression may contribute to the phenotype of these
cells. Our findings appear compatible with previously reported evidence showing that
BRG1 is overexpressed in other cancer types, including, but not limited to, gastric
carcinomas (53), liver hepatocellular carcinoma (HCC), kidney renal clear cell carcinoma,
and breast cancer (45, 54). Several studies have presented that BRG1 is required for
tumor cell proliferation. For example, BRG1 has been shown to maintain acute myeloid
leukemia (AML) cell proliferation by stimulating MYC gene expression (42, 43). Over-
expression of BRG1 in HCC, malignant melanoma, and breast cancer has been dem-
onstrated to promote proliferation and invasion (45, 47, 71). Based on these reports and
others, we speculate that BRG1 expression may contribute to the phenotype of ATL
cells. However, more experiments will be required to test this hypothesis.

In previous studies using the yeast two-hybrid system, we identified BRG1 as a
possible HBZ-interacting candidate. In this study, using coimmunoprecipitation and
GST pulldown assays, we confirmed that HBZ interacts with BRG1 in mammalian cells
and in vitro. This finding is of particular interest not only because BRG1 is involved in
Tax-mediated HTLV-1 transcription (36) but also for the reason that HBZ and BRG1
individually govern distinct pathways to direct multiple cell biological processes,
including cell differentiation, proliferation, apoptosis, tumorigenesis, and cancer pro-
gression (42, 72–76). We show that the N-terminal activation domain (AD) of HBZ is
responsible for the interaction with BRG1. This domain is important for HBZ function
because it accommodates two LXXLL-like motifs that have been shown to bind to the
KIX domain of CBP/p300 (62). These complexes are well-known transcription coactiva-
tors involved in a variety of cellular functions, including proliferation, cell cycle regu-
lation, apoptosis, and differentiation (77). The formation of the HBZ-CBP/p300 complex
inhibits the ability of Tax-CREB to recruit p300/CBP to the viral promoter, which results
in the reduction of viral transcription (62). In ATL cells, HBZ-p300/CBP complexes were
illustrated to repress p53 (tumor suppressor) function (78). Interestingly, BRG1 also
interacts with p300/CBP, and BRG1 and CBP cooperate to constrain p53 activity and to
permit cancer cell proliferation (78). BRG1-CBP was also found in a complex with an
activated form of the transforming growth factor � (TGF-�) pathway effector Smad2
(79). The LXXLL motifs are also required for HBZ-binding Smad2/3 to activate TGF-�/
Smad signaling and to induce Foxp3 expression (80), which is critical for the suppres-
sive function of regulatory T cells (Tregs) (81). The AD of HBZ was also shown to interact
with interferon regulatory factor 1 (IRF-1), a known tumor suppressor that is down-
regulated in leukemia (82, 83). HBZ/IRF-1 interaction reduced both IRF-1 DNA binding
and transcriptional activity, resulting in reduced numbers of cells undergoing apoptosis
(84). These reports and our results suggest that the BRG1/AD-HBZ interaction might
form complexes with multiple cellular factors that may influence leukemogenesis.

BRG1 contains conserved N-terminal, ATPase, and C-terminal regions necessary for
its function as a coregulator of transcription (57). Unfortunately, we were unable to
define a unique region in BRG1 that is required for its interaction with HBZ, as all
BRG1-deleted proteins retained the ability to interact with HBZ. Hence, we suggest that
multiple regions of BRG1 might be involved in the interaction. To verify this, multiple-
site deletions should be generated in BRG1 and tested for interaction with HBZ.

BRG1 is associated with two related SWI/SNF complexes, BAF and PBAF. These
complexes share most subunits but can be distinguished by the presence of BAF250A
in the BAF complex and BAF200 and BAF180 exclusively in the PBAF complex (37, 40).
We revealed that HBZ interacts with endogenous BAF200 and BAF180, PBAF signature
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subunits (37, 40). These SWI/SNF subunits have also been shown to interact with the
HIV transactivator Tat, which is required for Tat-mediated activation of the HIV-1
promoter (63). Furthermore, BAF180 is required for HTLV-1 replication, as the virus does
not replicate in a BAF180 mutant cell line, indicating that BAF180 may play a role in viral
replication (36). The interaction between HBZ and BAF180 may regulate viral replica-
tion, but this requires further investigation. Moreover, BAF180 was shown to negatively
regulate interleukin-10 (IL-10) transcription (85). As IL-10 was shown to contribute to
the proliferation of HTLV-1-infected cells (86), it is possible that the HBZ/BAF180
interaction may influence the negative effect of BAF180 on IL-10 and hence contribute
to HTLV-1 leukemogenesis. BAF200 depletion was also reported to result in a concom-
itant destabilization of the PBAF complex (40). Thus, the interaction between HBZ and
BAF200 may disrupt the stability of the PBAF complex, which may lead to either
activation or repression of PBAF-regulated genes in favor of the HTLV-1 life cycle.
Moreover, BAF200 regulates the expression of the interferon alpha (IFN-�)-inducible
gene IFITM1 in HeLa cells (40). Based on these studies, together with our results, we
hypothesize that the HBZ/PBAF complex may play a role in the HTLV-1 life cycle and
pathogenesis.

While BRG1 has a euchromatin nucleoplasmic distribution with several prominent
foci that localize in the nucleolus (60, 61), HBZ is a predominately nucleus-localizing
protein with a speckled pattern associated with heterochromatin (15, 55, 58). Using
immunofluorescence (IF) studies, we observed that BRG1 expression changes the
localization pattern of HBZ. BRG1 expression partially recruits HBZ into distinct nuclear
foci in HeLa cells. This pattern of localization was observed previously in COS cells
transfected with HBZ constructs lacking the activation domain and bZIP domain (55).
Considering that the colocalization of HBZ and BRG1 detected in this study is specific
and is not simply a result of their coexpression in HeLa cells, and given that we demon-
strated that BRG1 interacts with HBZ via the AD, we hypothesize that this interaction may
promote the localization of HBZ to distinct nuclear foci.

A previous study has shown that BRG1 is required for Tax-mediated activation of
HTLV-1 viral gene expression (36). Here, the determination of the functional significance
of the HBZ/BRG1 interaction in the suppression of HTLV-1 promoter activity using
knockdown and overexpression studies revealed that BRG1 is required for HBZ’s
optimal suppression of basal and Tax transactivation of the HTLV-1 LTR. These data
suggest that HBZ cooperates with BRG1 and core transcriptional factors, including CREB
and CBP/P300, to inhibit Tax-mediated activation of the HTLV LTR.

Interestingly, we consistently observed enhanced levels of BRG1 expression in the
presence of Tax alone compared to those observed in cells expressing Tax and HBZ. We
speculate that this may contribute to transcriptional repression in the case of HBZ and
transcriptional activation in the case of Tax. Immunoblotting and RT-PCR data indicate
that the effect of Tax on BRG1 is not likely to occur at the transcriptional level but
occurs chiefly through posttranscriptional mechanisms. It has been reported that BRG1
degradation is mediated by a proteasome-dependent pathway (87). It has also been
demonstrated that after Tax transfection, BRG1 exclusively colocalizes with Tax in the
nucleus (88). Thus, it is possible that the interaction between BRG1 and Tax in the
nucleus protects BRG1 from proteasomal degradation. This mechanism may facilitate
BRG1 stability, which, in turn, may affect the ability of Tax to activate viral transcription
via the SWI/SNF pathway. However, our data showing elevated levels of BRG1 expres-
sion in the presence of Tax are inconsistent with observations (although data not
shown) made in other studies which suggest lower levels of BRG1 expression in the
presence of Tax (36, 89). The reason for this discrepancy is unclear. Having clearly
demonstrated the interaction between HBZ and BRG1, we hypothesize that the reduc-
tion of BRG1 stability in Tax/HBZ-expressing cells may be the result of competition
between HBZ and Tax to bind BRG1. This may release BRG1 from the protective zone
and affect its degradation. It is also possible that HBZ forms a complex with BRG1/Tax
and impedes the ability of Tax to stabilize BRG1 and, hence, inhibit Tax/BRG1-mediated
HTLV-1 LTR activation.
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An important question raised by our findings is how HBZ can downregulate viral
transcription via the SWI/SNF pathway. Using ChIP-qPCR studies and luciferase reporter
assays, we observed that Tax actively promoted BRG1 recruitment to an integrated
HTLV-1 LTR. These results are in agreement with previous reports which show that
BRG1 interacts with Tax physically and functionally assists Tax-mediated LTR activation
(36, 48). Under the same conditions, we also show that BAF200 and BAF180 are slightly
recruited to the viral promoter, which suggests that they may be required for optimal
LTR activation by Tax via the SWI/SNF pathway. Interestingly, we show that the coexpres-
sion of HBZ with Tax displaced about 50% of BRG1, which correlates with the repressive
effect of HBZ on Tax-dependent LTR activation. This observation supports the hypoth-
esis that HBZ limits the association of BRG1 and the viral promoter in Tax-expressing
cells. Strikingly, under the same conditions, we observed that HBZ potently recruits
BAF180, while it displaces BAF200, despite the fact that both subunits belong to the
same complex. This suggests that BAF200 and BAF180 may temporarily play opposing
roles in coregulating viral LTR activation depending on their stimulation by the viral
oncoprotein Tax or HBZ.

One explanation for the different enrichment scenarios for the PBAF complex subunits
at the viral promoter could relate to the interaction between these subunits and the Tax
and HBZ proteins. Previously, we showed that HBZ interacts with BAF200 and BAF180,
whereas no interactions were reported between Tax and these subunits. It is known that
BAF200 is required for PBAF complex stability in vivo and that disrupting BAF200 results in
the dissociation of the PBAF complex subunit BAF180 (40). Therefore, we speculate that
HBZ/BAF200 may disrupt the assembly of BAF180 into the PBAF complex, releasing BAF108
subunits which could then be recruited to the LTR by HBZ. However, further experiments
would be required to confirm this hypothesis.

Given that previous studies have shown that the interaction between Tax and BRG1
causes their recruitment to the viral promoter and also recruits the basal transcriptional
machinery to activate viral transcription (36, 48), it is possible that the displacement of
BRG1 by HBZ is the molecular mechanism behind HBZ-mediated downregulation of
HTLV-1 transcription. Multiple lines of evidence support this suggestion. This study
demonstrates that HBZ diminishes the stability of BRG1 induced by Tax. This correlates
with a significant reduction of BRG1/Tax-mediated LTR activation. BRG1 degradation
was shown in previous studies to enhance its removal from chromatin and inhibit
persistent chromatin remodeling in SWI/SNF-regulated genes (87, 90). We show that
HBZ expression displaces 50% of BRG1 from the promoter. This effect coincides with a
significant reduction in LTR activation, indicating that BRG1 displacement may serve as
the primary mechanism for the downregulation of HTLV-1 promoter activity. This is
consistent with our previous finding showing that BRG1 knockdown induces the
suppression of basal and Tax-mediated HTLV-1 LTR activation. Moreover, a previous
study showed that HBZ expression displaced more than 50% of Tax at the HTLV-1
promoter despite the fact that HBZ does not interact with Tax (32). It was suggested
that this displacement occurs via HBZ interacting with CREB/Tax complexes. Since we
have revealed here that HBZ interacts with BRG1 and that this reduces promoter
activity, correlating with the displacement of BRG1, it is likely that the drop in the level
of Tax at the promoter after HBZ transfection in the study by Lemasson et al. is also
associated with the BRG1 displacement that we demonstrated in our study. Overall, our
data indicate that BRG1 may have a dual function in HTLV-1 transcription: first as a
coactivator that binds to Tax to stimulate LTR transcription and second as a corepressor
that binds to HBZ to promote efficient inhibition of viral LTR activation.

In conclusion, the results presented here demonstrate that HBZ represses basal and
Tax-dependent HTLV-1 transcription via SWI/SNF pathways. They also place BRG1
and SWI/SNF complexes on the list of proteins that are positively and negatively
regulated by Tax and HBZ to influence viral silencing and foster viral latency and
pathogenesis.
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MATERIALS AND METHODS
Cell culture. HEK293T and HeLa cells (ATCC) were maintained in Dulbecco’s modified Eagle’s

medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco). HeLa-LTR-HTLV-1-Luc
clone 1 cells (generated in our laboratory) were maintained in DMEM supplemented with 10% FBS and
400 �g/ml of G418 (GE Healthcare). Jurkat T cells, HTLV-infected cells, and ATL cells (C91, ATL-TH, ATL-CR,
MT2, and MO) were maintained in RPMI 1640 medium (Gibco) supplemented with 10% FBS. Jurkat-U3-
LTR-HTLV-1-Luc cells were a kind gift from Andrea K. Thoma-Kress, Friedrich Alexander University of
Erlangen-Nürnberg (91), and were maintained in RPMI 1640 medium supplemented with 10% FBS and
0.25 �g/ml of puromycin antibiotic (Gibco). Cells were cultured under standard tissue culture conditions.

shRNA and plasmid constructs. (i) shRNA. BRG1 knockdown was performed using a sure silencing
shRNA plasmid GFP kit (human SMARCA4, catalogue no. 336311; Qiagen).

(ii) Plasmids. The expression plasmids encoding GST, GST-HBZ, FLAG-Δ-AD, FLAG-HBZ-Δ-CD, and
FLAG-Δ-bZIP were previously described (92). GFP-HBZ was a kind gift from Jean-Michel Mesnard,
Université de Montpellier, France. The MYC-BRG1 plasmid was a kind gift from Kristen Kroll, Washington
University School of Medicine, and was previously described (93). The MYC-BRG1 mutants MYC-Δ-
N-T, MYC-Δ-ATPase, and MYC-Δ-Bromo were generated using a Phusion site-directed mutagenesis
kit (Thermo Fisher Scientific), using primers at the indicated positions and the MYC-BRG1 plasmid as a
template. Primer sequences for deletion were as follows: 5=-GCC AAG CAA GAT GTC GAT GAT-3= and
5=-CTT CAC CCA ATT CAA GTC CTC TTC-3= for MYC-BRG1-Δ-N-T, 5=-CGG CAG AAG AAA TCA TCA G-3= and
5=-CTC AGA GAC GTC ATC GCT GTC-3= for MYC-BRG1-Δ-ATPase, and 5=-GTC AAA GTG AAG ATC AAG CTT
GGC-3= and 5=-CTT CTT CAT CTT CTT GGT GAG GTT-3= for MYC-BRG1-Δ-Bromo. HTLV-1-LTR-Luc and
HIS-pCAGGS-Tax were previously described (94).

Transfections. HEK293T cells were transiently transfected using Lipofectamine 2000 transfection
reagents (Thermo Fisher Scientific), according to the manufacturer’s guidelines. Transfections of HeLa
cells and HeLa-LTR-HTLV-1-Luc clone 1 cells were performed using TurboFect transfection reagent
(Thermo Fisher Scientific) according to the manufacturer’s manual. Jurkat cell and Jurkat-U3-LTR-HTLV-
1-Luc cell transfections were performed by electroporation, using Amaxa cell line Nucleofector V kit
(Lonza) program X-001, according to the manufacturer’s instructions for nucleofection of suspension cell
lines.

Immunoblotting and antibodies. Cellular lysates were resolved by 4 to 12% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) using 1� morpholineethanesulfonic acid (MES)-SDS
running buffer or 1� Tris-acetate-SDS running buffer (Invitrogen). Proteins were transferred to iBlot2
nitrocellulose regular stacks, using an iBlot2 gel transfer device (Invitrogen), for 7 to 10 min. Membranes
were blocked in 4% nonfat dry milk (NFDM) power in Tris-buffered saline (TBS) containing 0.1% Tween
20 (TBST) for 45 min. Thereafter, membranes were incubated with the indicated primary antibodies
diluted in 4% NFDM–TBST and incubated overnight at 4°C with gentle shaking. The membranes were
washed three times for 5 min in TBST and incubated with a 1:5,000 dilution of the horseradish peroxidase
(HRP)-conjugated secondary antibody diluted in 4% NFDM–TBST for 40 min at room temperature.
Thereafter, the membranes were washed three times for 5 min in 0.1% TBST. Protein bands were
detected by using Amersham ECL Western blotting detection reagents (GE Healthcare Life Sciences) and
visualized on Fuji medical X-ray film.

The antibodies used in immunoblotting, immunofluorescence, coimmunoprecipitation, and chromatin
immunoprecipitation procedures were as follows: anti-FLAG (catalogue no. F7425; Sigma-Aldrich), anti-�-
tubulin (catalogue no. ab7291; Abcam), anti-MYC (catalogue no. 46-0603; Novex), anti-cyclophilin A (anti-
CYPA) (catalogue no. sc-133494; Santa Cruz), anti-histone deacetylase 1 (HDAC1) (catalogue no. sc-7872; Santa
Cruz), anti-BRG1 (H-10) (catalogue no. sc-374197; Santa Cruz), anti-BAF180 (catalogue no. ABE70; Merck
Millipore), anti-6�His (catalogue no. 631212; Clontech), anti-BAF200 (E-3) (catalogue no. sc-166117i; Santa
Cruz), anti-BAF250 (catalogue no. sc-32761; Santa Cruz), and Alexa Fluor 594-conjugated goat anti-rabbit IgG
(Invitrogen).

Coimmunoprecipitation. HEK293T cells were seeded to 90% confluence in 60-mm-diameter dishes
and transfected with relevant amounts of expression plasmids as indicated for the individual experi-
ments. At 24 h posttransfection, cells were washed with phosphate-buffered saline (PBS) and lysed at 4°C
for 30 min in 300 �l of ice-cold immunoprecipitation lysis buffer (1� TBS, 5 mM EDTA, 1% Triton X-100,
50 mM NaCl) supplemented with 1% SDS and protease inhibitors. Lysates were centrifuged at 4°C for 5
min at 14,000 rpm and incubated with anti-FLAG M2 beads (Sigma) overnight at 4°C with gentle rotation.
The beads were washed in lysis buffer, and proteins were eluted in 2� SDS loading buffer and 100 mM
dithiothreitol (DTT). Eluted proteins were boiled for 5 min and analyzed by immunoblotting using
anti-FLAG, anti-BRG1, anti-MYC, anti-BAF180, anti-ARID2, and anti-ARID1A antibodies.

GST protein expression and purification. Recombinant GST and GST-HBZ were produced in Esche-
richia coli BL2. This protocol was adopted from a protocol obtained from Jean-Marie Peloponnese, Jr. (CNRS,
Montpellier, France). In summation, transfected E. coli BL2 cells were grown to an optical density at 600 nm
(OD600) of 0.5 to 0.7 at 37°C and induced with 1 mM isopropyl-�-D-1-thiogalactopyranoside (IPTG; Sigma) for
3 to 5 h at 37°C. GST was optimally induced with 300 �M IPTG at an OD600 of 0.6 to 0.8 for 1 h at 37°C. One-liter
cultures were harvested, resuspended in 30 ml lysis buffer (25 mM phenylmethylsulfonyl fluoride [PMSF] and
1 mg/ml lysozyme in 1� ice-cold PBS), and freeze/thawed three times. Lysates were sonicated four times for
30 s at 70% power. A total of 300 �l of Triton X-100 was added to the lysates, and the mixture was incubated
for 60 min on a rotator at 4°C and clarified by centrifugation at 1,200 rpm for 10 min at 4°C. Thereafter, the
supernatant was incubated with 2 ml of washed glutathione-Sepharose 4 fast flow beads (GE Healthcare) at
4°C with rotation overnight. After extensive washing, cleared GST fusion proteins were eluted in 1 ml elution
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buffer (10 mM reduced glutathione and 50 mM Tris-HCl [pH 8]). GST-eluted protein purity was determined by
SDS-polyacrylamide gel electrophoresis, followed by Coomassie blue staining.

GST pulldown assays. Pulldown assays for GST and GST-HBZ fusion proteins were performed by
incubating 100 �l of GST-HBZ and GST with 50 �l of glutathione-Sepharose 4 fast flow beads (GE
Healthcare) in a final volume of 800 �l GST binding buffer (0.5% Triton X-100 in PBS plus propidium
iodide [PI]) and rotating the mixture overnight at 4°C. The beads were centrifuged, washed twice with
GST binding buffer, and resuspended in 1 ml binding buffer. Six micrograms of purified human BRG1
protein (catalogue no. ab198137; Abcam) was incubated with GST-bound beads overnight at 4°C, and
following washing, bound proteins were eluted in 40 �l GST elution buffer (50 mM Tris-HCl [pH 8.0]
containing 10 mM reduced glutathione). Interactions were analyzed by immunoblotting using an anti-BRG1
antibody and Coomassie brilliant blue staining.

Chromatin immunoprecipitation-qPCR. ChIP was performed using the high-cell-number chromatin
immunoprecipitation kit (catalogue no. C01010063; Diagenode), according to the manufacturer’s instruc-
tions, with minor modifications. In brief, approximately 1.8 � 106 Jurkat-U3-LTR-HTLV-1-Luc cells were
electroporated with 18 �g plasmid DNA (9 �g HIS-pCAGGS-Tax, alone or together with 9 �g FLAG-HBZ).
Cells were harvested 24 h later for luciferase assays and ChIP analyses. A total of 3 � 106 cells per IP were
cross-linked with 1% formaldehyde (Sigma) for 15 min at room temperature and stopped by the addition
of glycine at a final concentration of 125 mM. Following washing with ice�cold PBS, nuclei were isolated
using ice�cold lysis buffer L1 for 10 min, followed by one wash with ice�cold lysis buffer L2 for 10 min
and centrifugation. The pellet was resuspended in 250 �l shearing buffer supplemented with a protease
inhibitor and sonicated using a Bioruptor instrument (Diagenode) for 30 cycles, 30 s on and 30 s off on
high frequency, such that it will give between 100- and 400-bp fragments. Samples were centrifuged to
pellet debris, and aliquots of 50 �l of sheared chromatin were taken out of each sample for DNA analysis
in a 1% agarose gel. A total of 200 �l of sheared chromatin was diluted in 800 �l of C1 buffer
supplemented with a protease inhibitor. Immunoprecipitation was conducted by incubating 5 �g of
anti-ARID2x, anti-ARID1Ax, or anti-BRG1x with 900 �l of diluted chromatin overnight at 4°C with rotation.
Washed and purified DNAs were subjected to qPCR using a QuantiNova SYBR green PCR kit (Qiagen)
according to the manufacturer’s instructions. The primers directed against the HTLV-1 promoter region
were as follows: 5=�TTC CGA GAA ACA GAA GTC TG�3=; and 5=-GTG AGG GGT TGT CGT CA�3=. The
enrichment of protein in the target DNA fragment under each condition was compared to the percent
DNA quantity in the input sample. The percent input was calculated as % input �

efficiency��CTinput�6.644��CTsamples�] � 100, where the efficiency was the mean PCR efficiency for all reactions
within the primer set, calculated using the LinRegPCR program (http://www.hartfaalcentrum.nl/index
.php?main�files&fileName�LinRegPCR.zip&sub�LinRegPCR), and CT is the threshold cycle. Amplifica-
tion was carried out on an Applied Biosystems 7300 instrument, according to the manufacturer’s
instructions.

Real-time PCR. RT-qPCR was performed on RNA templates extracted from HEK293T cells transfected
with increasing concentrations of HIS-pCAGGS-Tax to investigate its effect on endogenous BRG1 mRNA
levels. The extraction of RNA was carried out using an RNeasy minikit (Qiagen), according to the
manufacturer’s instructions, with minor modifications. Equal amounts of RNA were subjected to RT-qPCR
using a QuantiNova SYBR green RT-PCR kit (Thermo Fisher Scientific) with specific primers for BRG1 and
an actin internal control (Qiagen): 5=�GTCGACAACGGCTCCGGC�3= and 5=-GGTGTGGCAGATTTTCT�3= for
actin and 5=-GCTCATGGCTGAAGATGAGG-3= and 5=-CAGGCGTCTGTCCTTCTGC-3= for BRG1. Relative RNA
expression was calculated using the following calculation: efficiency�CTinternal control�CTsamples. RT-qPCR
amplification was carried out on an Applied Biosystems 7300 instrument, according to the manufactur-
er’s instructions.

Immunofluorescence. HeLa cells were seeded to 60% confluence onto two-well chamber slides
(Thermo Fisher Scientific) and cotransfected with the indicated plasmids. Cells were washed twice with
PBS at 24 h posttransfection and fixed with 4% paraformaldehyde for 10 min at room temperature. Cells
were permeabilized with PBS– 0.5% Triton X-100 for 5 min followed by washing buffer (PBS– 0.05% Triton
X-100) and blocked in 1% Invitrogen blocking reagent plus 10% goat serum at room temperature for 1 h.
The cells were then incubated with appropriate primary antibodies (diluted in IF blocking buffer)
overnight at 4°C. The primary antibodies were then cleared by washing the slides three times with PBS,
followed by incubation with the appropriate fluorophore-labeled secondary antibody diluted in IF
blocking buffer in a dark humid chamber at room temperature for 2 h. Following washing, the nuclei
were stained with DAPI (Sigma), and slides were mounted using Prolong gold antifade (Invitrogen) and
analyzed by using a Zeiss MI AxioImager fluorescence microscope and an AxioCam HR camera.

Luciferase assay. A luciferase assay was performed using the dual-luciferase assay system (catalogue
no. E1501; Promega), according to the manufacturer’s specifications. Luciferase activity results were
normalized to the protein concentration quantified by using a Pierce bicinchoninic acid (BCA) protein
assay kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. Results were expressed
as fold changes relative to values for cells transfected with the controls.
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