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Abstract of Thesis 

 

The effect of Chromatin remodeling complexes on transcription of Human T-cell 

leukemia virus type 1 (HTLV-1). 

 

 

 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 such as CREB, NF-κB, and others. 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 remodel nucleosomes, allowing for 

efficient transcription. While a number of covalent modifications are known to occur on 

histones tails in HTLV-1 infection (i.e. HATs, HDACs, and HMTs), evidence points to 

the use of chromatin 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 in viral 

replication. This is especially evident when using wild type infectious clones of HTLV-1. 

BRG1 associates with Tax at the HTLV-1 LTR, and co-expression of BRG1 and Tax 

results in increased rates of transcription. BRG1’s interaction with Tax additionally 

recruits basal transcriptional machinery and removes some of the core histones from the 

nucleosome at the start site (nuc 1). When using 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 remains assembled in the cells. Knockdown of BRG1 and associated SWI/SNF 
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subunits suggests that the BRG1-utilizing SWI/SNF complex, PBAF, is responsible for 

HTLV-1 nucleosome remodeling. Finally, HTLV-1 infection in cell lines with a 

knockdown in BRG1 or PBAF complex results in a significant reduction in viral 

production. Overall, we concluded that BRG1 is required for Tax transactivation, HTLV-

1 viral production, and that the PBAF complex appears to be responsible for nucleosome 

remodeling.   
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CHAPTER I: INTRODUCTION 

A. HTLV-1 

1. HTLV-1 Infection 

Human T Lymphotropic virus type 1 (HTLV-1) is a delta retrovirus as well as the 

etiologic agent of adult T-cell leukemia (ATL) and the neurological disorder, tropical 

spastic paraparesis/HTLV-1 associated myelopathy (HAM/TSP) [1-9]. ATL is a 

lymphoproliferative disorder of CD4 positive T-cells [10].  Additionally, HTLV-1 

infection has been observed in the cases of other disease such as uveitis and dermatitis 

[11-14].  Transmission of this retrovirus can occur through blood, semen, or breast milk.  

Approximately 10-20 million people are infected with HTLV-1 and this is endemic in 

southern Japan, South America, Africa, the Caribbean, the Middle East, the Pacific 

Melanesian Islands, and Papua New Guinea [11, 12, 15, 16].  People infected with 

HTLV-1 exhibit “flower cells” which are abnormal lymphocytes that display cleaved and 

convoluted nuclei; ATL varies in severity with classifications as either acute, chronic, 

lymphoma, or smouldering.  Treatment for ATL is often not effective and patients have a 

survival rate of only one year once symptoms appear [17]. Only up to 5% of HTLV-1 

infected individuals go on to develop symptoms and many of them remain asymptomatic.   

 HTLV-1 was discovered in 1980 as the first human retrovirus linked to human 

disease [4, 18-20].  After the discovery, researchers became interested in finding the 

connection between malignancies and the retrovirus, specifically by looking at the 

reverse transcription enzyme in the blood [12]. HTLV-1 was first associated with ATL by 

the observation that patients with ATL, but not control patients produced antibodies that 

recognized HTLV-1 antigens found in T-cells.  Unlike many animal retroviruses, HTLV-
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1 does not cause leukemia from insertional mutagenesis or proto-oncogenes.  HTLV-1’s 

transactivator, Tax, is the gene that encodes the protein essential for viral replication.  

Tax is the major oncogenic determinant of HTLV-1. 

2. HTLV-1 genome 

HTLV-1’s genome is composed of nine genes including the three structural genes, 

gag, pol, and env as well as regulatory and accessory proteins tax, rex, p21
rex

, p12
I
, p13

II
, 

p27
I
 and p30

II
 [17, 21] (Figure 1). The genome additionally has a 5’ and 3’ long terminal 

repeat (LTR) region. The pX region of the genome allows for the production of 

regulatory and accessory proteins through alternative splicing.  The Tax and Rex proteins 

are encoded by the pX-IV and pX-III open reading frames (ORF) of the pX region.  Four 

ORFs make up the pX region. p12
I
, p13

II
 and p30

II 
are encoded by pX-1 and pX-II via 

singly or doubly spliced transcripts.  Rex is responsible for exporting unspliced viral 

RNA from the nucleus into the cytoplasm [22].  Accessory proteins play a role in T-cell 

activation, transcriptional regulation, and viral assembly. 

There are three highly conserved 21-bp repeats on HTLV-1’s LTR called Tax-

responsive element 1 (TRE-1) that are critical to Tax transactivation [23-27].  TRE-2 

exists between the second and last TRE-1 and has binding sites for a number of 

transcription factors such as Ets and c-Myb as well as other related proteins [26, 28-32]. 

As will be discussed below, Tax interacts with cyclic AMP  responsive element binding 

protein (CREB) at TRE-1 [33-38]; Tax additionally associates with other transcription 

factors such as activator protein-1 (AP-1), Apt-1, and Sp1 [39-43]. 
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Figure 1: HTLV-1 Genome is composed of nine genes.  The three structural 

genes include gag, pol, and env while the accessory proteins are tax, rex, p21
rex

, p12
I
, 

p13
II
, p27

I
 and p30

II
.  Long terminal repeats (LTR) exist on both the 5’ and 3’ end and are 

composed of the unique 3’ (U3), repeat (R), and unique 5’ (U5) regions.  Pol is cleaved to 

produce reverse transcriptase (RT) and integrase (IN). Env is cleaved into surface and 

transmembrane products to make the viral envelope.  The pX region encodes Tax and 

Rex.  Tax is HTLV-1’s transactivator while Rex plays a role in exporting viral RNA from 

the nucleus to the cytoplasm. 
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3. Tax as the viral transactivator 

 The 40 kDa protein Tax is a major transactivator of HTLV-1. Tax alters four main 

cellular events including transcription, cellular growth, genomic stability, and apoptosis. 

While Tax does not directly bind to DNA, it is able to activate transcription by recruiting 

or modifying a number of cellular transcription factors such as CREB, serum responsive 

factor (SRF), and nuclear factor kappa B (NF-κB) [37, 44-54]. Tax can also activate the 

transcription of cellular genes such as interleukin 1 (IL-2) and IL-2Rα [55-62].  In 

transgenic mice, the addition of Tax not only induces tumors and leukemias, but 

immortalizes T-cells and eliminates their dependence on IL-2 [63-65]. HTLV-1 and/or 

Tax expressing cells alter expression of cell-cycle associated genes such as p53, 

p21/waf1, cyclin D2, cyclin D3, and p16 [17, 66-71]. Of the transcriptional pathways that 

Tax affects, CREB/ATF and NF-kB are the primary factors, however interactions also 

occur with cyclins D2 and D3, mitotic checkpoint regulators (MAD1), cyclin-dependent 

kinases (Cdks), Cdk inhibitors (p16 and p21/waf1), as well as tumor suppressor p53 [48, 

72-81].   

Tax’s association with CREB on the LTR (TRE-1) allows for the binding of 

cellular coactivators such as CREB binding protein (CBP), p300, and p300/CBP-

associated factor (PCAF) [82-86]. HTLV-1 transcription can also be enhanced when 

ATF-4 binds to the LTR [40]; ATF-4 is also known to heterodimerize with AP-1 and 

CCAAT/enhancer binding protein (C/EBP) family members [87]. Tax is also able to 

recruit proteins to the LTR (TFIIA, TFIID, TATA binding protein (TBP)) as well as 
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repress cellular genes (cyclin A, Lck, c-Myb, and beta-polymerase) [53, 75-77, 80, 88-

90].  

NF-κB acts as a survival pathway for HTLV-1 infection.  Tax is able to activate 

NF-κB primarily in the cytoplasm where Tax binds to IKKγ to stimulate the pathway 

[91].  Additionally, Tax can activate NF-κB in an IKKα-dependent manner by processing 

the NF-κB p100 precursor into the active NF-κB p52 form [21].  It is not well understood 

why NF-κB activation is sustained in ATL cells, however, as is seen in transformation, 

Tax is required for initiation but not maintenance.  

In order for a HTLV-1 infection to develop into ATL, a normal T cell must be 

converted into a leukemia cell.  The virus does this in a number of ways, one of which is 

to alter the cell cycle so that apoptosis or cell senescence cannot occur [92, 93]. Tax can 

immortalize cells in different ways. HTLV- 1 infected cells can express many early-

response genes such as erg-1, erg-2, c-fos, IL-2Ra, and cyclin D [94, 95]. Tax can 

additionally induce immortalization by interacting with a number of cell cycle regulators 

via protein-protein interactions [95].  Tax can stimulate the G1 to S phase transition by 

activating Cdks [96, 97].   Similar to other cancers (retinoblastomas, breast cancer, 

pancreatic cancer, and bladder cancer) this transition can be altered by the deregulation of 

the cyclin D-Cdk4/p16/Rb/E2F pathway.  Phosphorylation of Retinoblastoma protein 

(Rb) is an important regulation event that occurs in cells. It allows the release of Rb 

bound proteins such as E2F, which activate S-phase specific genes (i.e. cyclin A).  This 

phosphorylation is achieved by G1 cyclin/Cdk complexes, which can be inhibited by the 

cdk inhibitor p16 to slow excessive cell growth. 
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The cytokine transforming growth factor (TGF) beta is an important mediator of 

the G1/S checkpoint, as it induces G1 arrest by repressing Cdk transcription and activity 

[98, 99]. Upon infection, HTLV-1 infected cells are resistant to TGF-β1 induced growth 

inhibition.  TGF-β1 controls a variety of cellular functions such as cell growth, 

differentiation, and apoptosis, and is important for cells within hematopoietic lineages 

[17]. 

Due to p53’s high mutation rate, this tumor suppressor protein is essential for 

cellular stability and protecting genomic stability.  ATL patients either have mutations in 

the p53 gene (30%), or the rest usually have increased levels of p53.  Tax can block G1 

arrest and induce apoptosis via the p53 pathway (discussed in more detail below).  In 

general the relationship between Tax and p53 is complex and their interactions can affect 

a variety of other cellular pathways and checkpoints.  For instance, Tax can inhibit p53 

by competing for the co-activators CBP/p300- this may be essential for Tax’s ability to 

inactivate p53. 

Despite the fact that HTLV-1 proviral integration occurs randomly, infected cells 

still remain genomically instable [100]. Tax affects genomic stability in a number of 

ways such as the repression of DNA polymerase beta promoter which is an important 

enzyme in the base excision repair (BER) pathway [101].  BER excises and replaces 

DNA that has been exposed to UV or oxidizing chemicals.  Additionally, Tax activates 

the proliferation cell nuclear antigen (PCNA) promoter which is also involved with BER 

as well as nucleotide excision repair (NER) [102, 103].  Tax can also affect genomic 

stability as it interferes with mitotic arrest defective (MAD) protein 1 in initiation of the 

mitotic checkpoint.  
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Tax can be pro-apoptotic as can be seen in a number of examples.  First FasL-

mediated apoptosis was seen in cells where both Tax and CD3 was activated [104].  

Next, in HeLa cells, when the CBP/p300 domain of Tax was expressed, caspase 

dependent apoptosis was induced [105].  Tax expression leads to changes in hydrogen 

peroxide and glutathione levels that induce a pro-oxidant state which can lead to 

apoptosis [106]. Tax can also be anti-apoptotic. Tax transactivation via NF-κB and 

CREB is involved in inhibition of apoptosis; NF-κB produces anti-apoptotic genes such 

as Bcl-xL [52, 107-110].  As mentioned above, many transcription factors induced by 

Tax, such as NFκB or p53 play major roles in apoptosis inhibition.    

 

B. Chromatin remodeling 

1. Chromatin and Transcriptional Regulation  

An essential factor in determining the level of DNA transcription is the structure 

of chromatin.  A number of barriers exist that can disrupt the binding of RNA polymerase 

II (Pol II) as well as a variety of transcription factors that can increase or decrease the 

transcription efficiency.  Nucleosomes, made up of four core histones and deposited on 

genomic DNA, are essential for the condensation and packaging of DNA in the nucleus.  

Both nucleosomes and higher order chromatin structures act to slow or even halt 

transcription, and cellular and viral genes expression is based on the state of chromatin 

structure.  

In order for the formation of the preinitiation complex, transcription initiation, 

and elongation to proceed, chromatin must be remodeled by either chemical 

modifications of histone tails and other transcription factors or ATP-dependent chromatin 
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remodeling complexes.  Histone tail modification is carried out by a number of enzymes; 

in HTLV-1 these include histone acetyltransferases (HATs), histone deacetylases 

(HDACs), as well as histone methyltransferases (HMTs).  Three families of ATP-

dependent remodelers exist: Brahma (BRM), ISWI, and Mi-2 (nucleosome remodeling 

and histone deacetylase, NuRD) [111].  Complexes that remodel chromatin via ATP 

hydrolysis act by removing approximately 50 base pairs (bp) of DNA from the 

nucleosome edge and sliding the histone octamer away from these DNA ends [112].  The 

complexes then bind to the freed DNA strand and expose the DNA to transcription 

factors, allowing transcription to proceed. 

2. Tax, Chromatin, and HDACs, HATs, and HMTs 

The N-terminal tails of histones are subject to multiple forms of post translational 

modifications (PTM) such as phosphorylation, methylation, and acetylation.  In 

particular, HATs function to acetylate core histone tails, whereas HDACs function to 

remove the acetyl group.  HATs function specifically by transferring the acetyl group 

from an acetyl-CoA molecule to the ε-amino group of a lysine residue on a histone’s N-

terminal tail.  HATs can also acetylate lysines of other chromatin and transcription-

related proteins; a PTM often correlated with transcriptional activation in chromatin.  

Nucleosome destabilization occurs when acetylation of histone tails loosens the 

hierarchical structure of chromatin, and transcriptional protein complexes are allowed 

access to DNA.  This is partially due to the neutralization of the positive charge on a 

lysine residue by the addition of the acetyl group, resulting in a weakening of the histone-

DNA interaction.  HATs can be divided into two classes, Type A (nuclear), which are 

responsible for the acetylation of nucleosomal histones and Type B (cytoplasmic) which 
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acetylate free histones (newly synthesized) and are subsequently targeted for transport to 

the nucleus for chromatin assembly.  The manipulation of PTMs as applied to histones 

and chromatin assembly is critically linked to the availability of promoters for 

transcription.   

The hyperacetylation of histones results in chromatin accessibility and 

transcriptional activation and consequently, the removal of acetyl groups via HDACs 

results in transcriptional repression.  Although the mechanism for HDAC regulation of 

nucleosomal structure is not yet clear, these enzymes interact efficiently with DNA 

binding proteins that tether the enzymes to DNA resulting in gene silencing by 

deacetylation of histone tails.   

HATs such as CBP/p300 and P/CAF are associated with the HTLV-1 LTR 

signifying that histone tail modifications are an important step in transactivation [17]. 

CBP/p300 can acetylate histones H2A, H2B, H3, and H4 however, histones H3 and H4 

are preferred substrates [113, 114]. CBP/p300 stimulates Tax/CREB transactivation only 

in the presence of chromatin (compared to tailless histones or naked DNA) [115, 116]. 

Loss of acetyltransferase activity prevents successful transactivation of HTLV-1 LTR.  

HDACs also play a major role in Tax’s transactivation.  Inhibiting HDACs in 

HTLV-1 using agents such as trichostatin A (TSA) or sodium butyrate enhances Tax 

expression in transformed cells [117]. Conversely, overexpression of HDAC1 represses 

transactivation by Tax, showing overall that HDACs associate with the inactive (as 

opposed to the Tax-transactivated) HTLV-1 promoter. This finding has been verified 

with both in vitro and in vivo glutathione S-transferase-Tax pulldown and 
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coimmunoprecipitaiton experiments where a direct physical association was seen 

between Tax and HDAC1 [117, 118].  

The methylation of histone H3 and lysine 9 (H3K9) is generally associated with 

heterochromatin and is a major factor in long-range chromatin regulatory processes [119, 

120].  A number of enzymes can methylate H3K9 including SUV39H1 and G9a [121-

123]. SUV39H1 represses Tax transactivation dependent on SUV39H1’s HMT activity. 

 Coactivator-associated arginine methyltransferase 1 (CARM1), acts by methylating 

histone H3 and other proteins such as p300/CBP.  CARM1 is positively involved in the 

regulation of Tax transactivation [124].   

3. Tax, Chromatin, and ATPases 

Previous studies have identified the ATPase subunit, brahma-related gene 1 

(BRG1), as a Tax interacting protein using immunoprecipitation from Tax expressing 

cells, two-dimensional gel electrophoresis and mass spectrometry analysis [125]. 

Additionally, immunoprecipitation using antibodies against BRG1 and other BRG1-

associated factors (BAFs) showed interaction with Tax. BRG1 and BRM display similar 

biochemical activities and also share a high degree of sequence identity (74%); however, 

the two ATPase subunits play different roles in processes such as proliferation and 

differentiation [126-128]. There are six complexes that use BRG1 for energy and these 

include SWI/SNF (SWItch/Sucrose NonFermentable), WINAC (WSTF including 

nucleosome assembly complex), NCoR (nuclear receptor corepressor), NUMAC 

(nucleosomeal methylation activation complex), and mSin3A/HDAC (histone 

deacetyltransferase) (Figure 1) [129] (Figure 2).  
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Figure 2: BRG1 associated complexes. BRG1 associated complexes. Brahma-

related gene-1 or (BRG1) is a catalytic subunit found in a variety of chromatin 

remodelling complexes including 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: Green: core components; Pink: nuclear receptor 

association; Gold: DNA replication; Light Green: actin-related complexes; Blue: 

Ini1/Baf47/SNF5; Purple: other functions [129].  As chromatin remodelers, these 

complexes can either act as transcriptional activators, repressors, or 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.
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In humans, the SWI/SNF complex exists in two forms: BAF (BRG1-associated factor) 

and PBAF (polybromo-associated BAF).  The only difference between these two 

complexes is BAF’s subunit Baf250 and PBAF’s subunits Baf180 (polybromo), Baf200, 

and Brd7 [130-134].  Unique subunits in the other complexes include mSin3A/HDAC 

complex has mSin3A, PRMT5, HDAC1, and HDAC2; Numac has Carm1; WINAC has 

Fact, Caf1, WSTF, and TopoII; and NCoR has Kap-1 and HDAC3.  

 SWI/SNF is the complex believed to be responsible for chromatin remodeling in 

HIV-1 [135-140].  Due to this fact we focus on this complex in our introduction and in 

our experiments. SWI/SNF complexes have a diverse impact on chromatin and while 

studies in HTLV-1 are not yet as extensive as those in various cancer and embryonic 

studies, much can be learned from these studies. For instance, SWI/SNF can act to 

regulate alternative splicing by creating barriers to transcriptional elongation, which 

affects Pol II phosphorylation [141].  SWI/SNF’s BRM subunit has been found to 

regulate alternative splicing [142].  Because many of the subunits that belong to the 

BAF/PBAF complexes are similar, it is important to look at the subunits that differ 

between the two complexes as well as those of other BRG1 complexes.   

 The two ATPase subunits, BRM or BRG1 are 70% identical and differ mainly at 

their amino termini allowing for the binding of different transcription factors [143].  

Interestingly, BRG1 is required in the development of early embryos and T cells in mice, 

while BRM is not.  BRG1 is also believed to play a role in V(D)J rearrangement because 

BRG1 stimulates recombination of chromatin templates in vitro and binds selectively to 

regions in the T-cell receptor [144-147]. 
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The core subunits of the SWI/SNF complex include the ATPase subunits as well 

as the subunits, Ini1, Baf170, and Baf155.  Nucelosome remodeling cannot occur 

efficiently without all four of these subunits [127, 148].  The other core subunits also 

have their own, unique role in chromatin remodeling.  While BRM or BRG1 can remodel 

chromatin independent of other SWI/SNF subunits, the addition of subunits Baf155, 

Baf170, and INI1 dramatically increases chromatin remodeling activity [127].   Baf155 

and Baf170 are not only core subunits of SWI/SNF, but are also part of many other 

BRG1 driven chromatin-remodeling complexes.  These two subunits are believed to form 

heterodimers though leucine-zipper domain interactions [143].  They also have SANT 

domains which are histone-DNA binding motifs.  INI1 (also known as hSNF5, Baf47, 

SMARCB1), was originally isolated as an HIV-1 integrase interacting protein and is now 

known to be a tumor suppressor bialletically deleted/mutated in most rhabdoid tumors 

[149].  INI1 additionally interacts with c-Myc, and this relationship is required for c-Myc 

mediated transactivation [150].  c-Myc is a target gene of Tax, this process is mediated 

by NF-κB and is believed to play a role in T cell immortalization [151].  

 The non-essential subunits of the SWI/SNF complex include actin, Baf53, Baf57, 

and Baf60 [143].  Baf53 plays a role in neuron-specific chromatin remodeling [152].  

Baf53 also acts as an actin-related protein; both actin and Baf53 are believed to assist in 

regulation of transcription and act to disrupt chromatin structure [153]. Baf57 is essential 

for CD4 repression and CD8 expression [111, 143].  Baf60 exists in a number of forms 

including Baf60a, Baf60b, and Baf60c [112].  Baf60s act differently between cell types; 

for example, Baf60c interacts directly with nuclear hormone PPAR in adipocytes to 

initiate SWI/SNF remodeling activity.    
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 As discussed earlier, the human SWI/SNF complex can be one of two complexes: 

BAF or PBAF which only differ by a few subunits (BAF has Baf250 while PBAF has 

Baf200, Baf180, and Brd7) [130].  It has been shown in embryonic stem cells (ESC) that 

the BAF and PBAF complexes differentially act on genes in either a repressive or active 

way.  It is generally believed that, and has also been shown in ESC, that the two 

complexes are antagonists in cells.  The helicase/SANT-associated (HSA) domain of 

BRG1 has been shown to interact with Baf250 on both mouse mammary tumor virus as 

well as endogenous promoters in vivo [154].  This interaction further shows that Baf250 

induces transcriptional activation in the two systems, indicating that, in some cases, the 

BAF complex is responsible for transcriptional activation.  If the BAF and PBAF 

complexes are indeed antagonists, this can mean that PBAF acts to repress transcription.  

In a 2001 study, however, one group found that PBAF – not BAF – assisted in ligand-

dependent transcriptional activation via nuclear receptor in vivo [131]. 

 The Baf200 subunit of the PBAF complexes is known to regulate expression of 

interferon-responsive genes making Baf200 a major PBAF targeting subunit [133].  In 

breast cancer, however, the Baf180 subunit is a major regulator of p21/waf1 induction 

and it additionally plays a role as a tumor suppressor in breast cancer [155].  Tax is 

believed to be partially responsible for p53 induction of p21/waf1 in HTLV-1 infected 

cells [156, 157].  

Recently, the requirement for BRG1 in HTLV-1 LTR transcription has come into 

question and some believe that the need for BRG1 is bypassed when Tax complexes with 

a number of transcription factors (CREB/ATF-1 and CBP/p300) in activating 

transcription [158]. Here we show that BRG1 interacts with Tax, co-elutes with basal 
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transcription machinery (Pol II and CBP/p300), and is required for efficient nucleosome 

removal and Tax transactivation using wild type infectious clone of HTLV-1 (ACH.WT). 

We determined that nucleosome removal occurred at the HTLV-1 LTR but not 

downstream (Gag region) in immortalized peripheral blood mononuclear cells (PBMCs) 

transfected with full length infectious ACH.WT plasmid. Additionally, we found that 

three BRG1 mutant cells, SW13, C33A, and TSUPR1, are deficient in viral production 

when compared to wild type cells, and that addition of BRG1 to infected mutant cells 

dramatically increases viral production. Interestingly, while the cells do not express 

BRG1 in quantifiable amounts they are still able to assemble SWI/SNF complexes [159, 

160]. 
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CHAPTER II: RESEARCH OBJECTIVES AND SPECIFIC AIMS 

The aim of the work described in this manuscript is to determine if the BRG1 ATPase 

subunit is involved in chromatin remodeling of the HTLV-1 LTR. This hypothesis is 

supported by both previous work in the Kashanchi laboratory and similar findings that 

exist in other retroviruses such as HIV-1. This research is also meant to address findings 

of other labs that have claimed that BRG1 is not essential for HTLV-1 Tax 

transactivation.  Specifically this research was performed to show the where nucleosomes 

are removed in respect to the HTLV-1 LTR.  We also wanted to observe the rate of 

nucleosome remodeling by SWI/SNF alone versus in combination with Tax. We also 

wished to use BRG1 mutant cells to observe the effects on transcriptional activation as 

well as viral production.   Lastly, we hoped to develop an understand of specific subunits 

of the SWI/SNF complex that could play a role in chromatin remodeling in HTLV-1. 

Future studies will look more closely at the role of specific subunits in Tax 

transactivation.  
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CHAPTER III: MATERIALS AND METHODS 

A. Cell culture. HEK293T, C33A, SW13, TSUPR1, and H1GFP [161] cell lines 

were grown in Dulbecco’s modified Eagle’s medium supplemented with fetal bovine 

serum (FBS) (10%), 2mM L-glutamine, and antibiotics (penicillin 100 U/ml, 

streptomycin 100 mg/ml) (cDMEM). H1GFP cells were additionally supplemented with 

150ug of G418/µl. 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 37ºC in 5% CO2. 

 B. Chromatin Immunoprecipitation Assay (ChIP). ChIP assays were 

performed using antibodies as described below. Cells were seeded to 60% confluency in 

10-cm-diameter dishes and were transfected with ACH.WT plasmid (20 µg) or 

pBluescript KS (20 µg of empty vector, data not shown) using Lipofectamine (Life 

Technologies, Gaithersburg, Md.) in OPTI-MEM (Gibco) and incubated for 48 hours 

with cDMEM. After transfection, the cells were maintained for one week and remaining 

live cells (latent cells) were treated with TNF to activate the virus. Samples were 

processed every 6 hrs following TNF treatment for ChIP analysis with appropriate 

antibodies. After cross-linking proteins to DNA by 1.0% formaldehyde, chromatin was 

sonicated five times for 20 seconds each, generating DNA fragments. The supernatants 

were diluted with ChIP dilution buffer (0.01% 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 

precleared by rotating for one hour at 4ºC with ChIP prepared protein A/G beads (beads 

washed twice with 1 ml TNE50 + NP-40, resuspend in 650 µl; add 40 µl of ssDNA 

(10mg/ml) and 75 µl BSA (10mg/ml)). The extract was centrifuged at 3000 rpm for 10 
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minutes at 4ºC and the lysate was transferred to a fresh tube. 500µL of the supernatant 

was reserved for input and then 10µg of antibodies indicated above were added. After 

overnight rotation at 4°C, the immune complexes were collected by addition of ChIP 

prepared protein A/G beads. After extensive washes, the immune complexes were eluted 

with 1% SDS/NaHCO3 solution for 30 minutes at room temperature. The eluted 

complexes were treated with NaCl solution and reverse cross-linked overnight. DNA was 

extracted using 1:1 phenol:chloroform (500 µL) followed by addition of 1mL of absolute 

ethanol and 3M sodium acetate (50 µL) incubated at -20°C  for at least 20 minutes.  The 

solution was spun for 20 minutes at 14,000 rpm at 4°C followed by a 70% ethanol wash 

and 5 minute spin. DNA pellet was resuspended in 1X TE and stored at 4°C. Afterwards, 

DNA was purified by PCR purification Kit (BiONEER) and amplified by PCR.  

C. Antibodies.  Antibodies used were obtained from Upstate Biotech (ac-H4 

(K8), 06-760; ac-H3 (K9), 06-942; met-H3 (K9); 07-450; H1, 05-457; H2A, 07-146; 

H2B, 07-371; H3, 04-801; and H4, 05-858) and Santa Cruz (p300, sc584; CBP, sc1211; 

BRG1, sc10768). The Pol II  (8WG16) and TBP (polyclonal rabbit) has previously been 

used by us [162, 163]. The c-Myb antibodies were raised against wild type c-Myb and 

acetylated (K471, K480, K485) peptides [164].  

 D. CAT assays. BRG1 mutant cells SW13 or C33A were transfected with HTLV-

1-LTR-CAT with Tax or Tax plus BRG1. After 48 hours, cells were lysed and 

chloramphenicol acetyltransferase (CAT) activity was determined. A standard reaction 

was performed by adding the cofactor acetyl coenzyme A to a microcentrifuge tube 

containing cell extract and radiolabeled (
14

C) chloramphenicol in a final volume of 50 µl 

and incubating the mixture at 37°C for 1 hour. The reaction mixture was then extracted 



 

 19 

with ethyl acetate and separated by thin-later chromatography on silica gel plates 

(Bakerflex silica gel thin-later chromatography plates) in a chloroform-methanol (19:1) 

solvent. The resolved reaction products were then detected by exposing the plate to a 

PhosphorImager cassette. 

 E. Western blots. Cell extracts were resolved by SDS PAGE on a 4–20% tris-

glycine gel (Invitrogen). Proteins were transferred to Immobilon membranes (Millipore) 

at 200 mA for 2 hours. Membranes were blocked with Dulbecco’s phosphate-buffered 

saline (PBS) 0.1% Tween-20 + 5% BSA. Primary antibody against specified antibodies 

was incubated with the membrane in PBS +0.1% Tween-20 overnight at 4°C. 

Membranes were washed three times with PBS +0.1% Tween-20 and incubated with 

HRP-conjugated secondary antibody for one hour. Presence of secondary antibody was 

detected by SuperSignal West Dura Extended Duration Substrate (Pierce). Luminescence 

was visualized on a Kodak 1D image station. 

F. Conventional Chromatographic of C8166 Nuclear Extracts. Nuclear extract 

(10 liters) was loaded on a 250 ml column of phosphocellulose (P11, Whatman) and 

fractionated stepwise by the indicated KCl concentrations in buffer A (20 mM Tris-HCl, 

pH 7.9, 0.2 mM EDTA, 10 mM βME, 10% glycerol, 0.2 mM PMSF). The P11 0.5 M 

KCl fraction (250 mg) was loaded on 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, 0.5 mM EDTA, 

10% glycerol, 0.5 mM PMSF, 1 µg/ml aprotinin, 1 µg/ml leupeptin, and 1 µg/ml 

pepstatin) and loaded on a Phenyl Superose HR 10/10. The column was resolved using a 
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linear 10 column volume gradient of 700 to 0 mM NH4SO4 in buffer HB. Fractions were 

collected and western blotted for the presence of Tax, BRG1, and Pol II.  

 G. siRNA Treatment. BRG1 (29827), Brm (29831), and Baf250 (sc-43628) 

siRNAs were purchased from Santa Cruz Biotechnology Inc. siGENOME SMART pool 

for PB1 (Baf180) (M-008692-01-0005) was purchased from Dharmacon. siRNA was 

transfected into cells using Attractene (Qiagen). siRNA concentration (75nM) were 

determined based on manufacturers instructions. 

H. Transfections and RT Assays. Cells were seeded in 6 well plates at 400,000 

cells/well in cDMEM or cRPMI (HCC1143 only). The following day the cells were 

transfected with 20µg of ACH.WT plasmid using Attractene (Qiagen) lipid reagent. Cells 

were harvested on days 0, 1, 4, and 6 post-transfection for protein concentrations and RT 

analysis.  

Viral supernatants (10 µl) were incubated in a 96-well plate with reverse 

transcriptase (RT) reaction mixture containing 1 X RT buffer (50 mM Tris-HCl, 1 mM 

DTT, 5 mM MgCl2, 20 mM KCl), 0.1% Triton, poly(A) (1U/ml), pd(T) (1U/ml), and 

[
3
H]TTP. The mixture was incubated overnight at 37°C, and 10 µl of the reaction mix 

was spotted on 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). 

 I. Immunoprecipitation. Cells were harvested at 4°C and cell pellets were 

washed with PBS. Cell lysates were prepared as previously described [165]. Tax (5 µg) 

or control antibodies (5 µg) (anti-IgG) were incubated with whole cell lysates overnight 

at 4°C with rotation. The overnight-incubated mixture was then cleared by centrifugation 
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and Protein A/G beads (CALBIOCHEM) (30% slurry) were added for 2 hours at 4°C. 

The immunoprecipitated complex was washed with buffer K (150 mM KCl, 20mM 

HEPES, pH 7.4, 5 mM MgCl2), then resuspended in SDS-PAGE loading laemmli buffer. 

Samples were separated on a 4–20% SDS/PAGE gel and subjected to western blot. 

 J. Restriction Enzyme Assay. Glycerol gradient purified 5S DNA array (2nM) 

was exposed to SalI (5000 U/ml), in the presence of either SWI/SNF complex (4nM) and 

ATP (1mM) or SWI/SNF, ATP, and purified Tax protein (10nM). The reactions were 

incubated at 37ºC. Samples were stopped after 5, 15, and 30 minutes prior to running 

samples on an agarose gel. At the indicated time points, an aliquot of the reaction was 

vigorously mixed for 10 seconds with water (25µl) and 1:1 phenol:chloroform (50 µl). 

The purified DNA fragments were resolved by non-denaturing agarose gel 

electrophoresis in the presence of ethidium bromide. The gels were then dried onto 3M 

Watman paper. The fraction of uncut array DNA template was obtained by 

phosphorimager analysis using the ImageQuant software and taking the ratio of uncut 

signal to the sum of cut and uncut signal present in the lane.  

  Glycerol gradient sedimentations of arrays was carried out on a 10-30% linear 

glycerol gradient in 10mM Tris pH 7.5, 125 mM NaCl, 2.5 mM MgCl2, 1mM DTT. 

Sedimentation was for 16 hours at 33,000 g in a SW-28 rotor (Beckman). Sedimentation 

velocity studies were performed on a Beckman XL-A analytical ultracentrifuge equipped 

with scanner options as described previously [166]. 

 K. DNase I Treatment of H1GFP Cells. Cells were grown to 70% confluency in 

T-150 culture flasks, and transfected with no DNA,  Tax (10 µg), five wildtype BRG1 

specific siRNAs(20 µg) [125] + Tax (10 µg), mutant BRG1 siRNAs (20µg) [125]+ Tax 
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(10 µg), and NaB (10 µM). Forty eight hours later, cells were trypsinized, combined in a 

50 mL conical tube and gently pelleted at 500 x G in a tabletop centrifuge. Cells were 

then washed gently once in solution A (150mM sucrose, 80 mM KCl, 35 mM HEPES 

[ph7.4], 5mM K2HPO4, 5 mM MgCl2, 0.5 mM CaCl2) and once in solution B (150mM 

sucrose, 80 mM KCl, 35 mM HEPES [ph7.4], 5mM K2HPO4, 5 mM MgCl2, 2 mM 

CaCl2) and were then resuspended at 500 µl per T-150 flask in solution B. Then, 500 µl 

of solution B containing 0.4% NP-40 and 20 or 40 µg of DNase I (1mg/ml) was added to 

the cell suspension, and then mixed and incubated for 2 minutes at 37ºC. The digestion 

was stopped with 4mL of lysis buffer, and the suspension was incubated overnight at 

room temperature. DNA was subsequently isolated by standard techniques, resuspended 

in TE (1 µg/ µl), and size-fractionated on a 1.4% agarose gel at 60V for 12hours, stained 

with ethidium bromide, and transferred to Hybond N+ capillary transfer. Nick translation 

of the H1GFP plasmid was used as a hybridization probe for Southern blot.  

L. PBMC Purification. Human PBMCs from two healthy donors were purified by 

Ficoll-Paque centrifugation and activated for
 
72 h with of PHA (10 µg/ml) and of 

recombinant human IL-2 (50 U/ml) in cRPMI medium. The cells were transfected with 

double CsCl purified ACH.WT plasmids (40 µg) using the Amaxa reagent (Amaxa.com). 

The cells were then cultured in cRPMI supplemented
 
with PHA (5 µg/ml) and  of 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
 
MTT 

conversion assays on 100 µl aliquots of cells. Cells that reached 70 days were ~90% 

infected with HTLV-1.
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CHAPTER IV: 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 purified from nuclear extracts obtained from the Tax expressing cells, 

C8166. Figure 3A shows a diagram of chromatographic steps in addition to fractions that 

were obtained from a Superose 6 sizing column. Using these fractions we performed 

western blots for components of basal transcription machinery (Pol II and CBP/p300) to 

determine the association of Tax/BRG1 and Tax/CBP/p300 (Fig. 3B). We observed that 

Tax co-elutes with BRG1 in two different places on the sizing column, fractions 22-24 

(1.2 MDa) and fraction 15 (2.0 MDa). To further confirm Tax’s association with 

CBP/p300 and SWI/SNF we preformed an immunoprecipitation using Tax or control 

antibodies (IgG) followed by western blot analysis for BRG1 and CBP/p300 (Fig. 3C). 

Importantly, Tax immunoprecipitated with CBP/p300 from fraction 21, as well as control 

nuclear extract; Tax also immunoprecipitated with BRG1 in fraction 15, the same 

fraction that contains Pol II. Consistent with these results, we have previously shown that 

CBP activates Tax-dependent transcription by promoting transcriptional initiation and 

reinitiation [167]. Collectively, these results indicate that the Tax/SWI/SNF complex and 

Tax/CBP/p300 complex are tightly associated in HTLV-1 infected cells, suggesting the 

involvement of Tax in chromatin remodeling and initiation of transcription. 
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Figure 3: Association of Tax with CBP/p300 and SWI/SNF complexes.  A) 

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. B) Western blot analysis of Superose 

6 column fractions using Pol II, CBP/p300, Tax, and BRG1 antibodies. Fractions were 

loaded and isolated at 0.7 M salt. Tax elutes at three distinct locations including a small 

complex (330 kDa), medium complex (1MDa), and a large complex (~2.2 MDa). C) 

Immunoprecipitation using Tax or control antibodies (IgG), followed by western blot 

analysis for BRG1 and CBP/p300. p300 is slightly larger than CBP (265K) in size [125]. 

A total of 330 µg of each fraction (15 and 21) were used for immunoprecipitation with 

1.0 µgof primary antibody. 
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Functional significance of the Tax/SWI/SNF interaction in vitro. We next asked if 

Tax binding to SWI/SNF could accelerate nucleosome remodeling in vitro. We used a 

well established 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 ten 5S nucleosome positioning 

sequences (Fig. 4A adopted from [166]). To determine the extent that 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, plus 

purified Tax protein (Fig. 4B). Under these conditions, SalI digestion of the array DNA 

with SWI/SNF alone started at 30 minutes post enzyme addition. However, in the 

presence of Tax there was an enhancement of SalI cleavage after 5 minutes, indicating 

that the Tax/SWI/SNF complex could possibly enhance remodeling of the nucleosome. 

The enhancement of SalI cleavage required both SWI/SNF and ATP. All core histones 

were present throughout the process of attaining the glycerol gradient purified array (Fig. 

4C). Collectively, these data indicate that Tax/SWI/SNF increases chromatin remodeling 

at a faster rate on DNA as compared to SWI/SNF alone.  

 

Chromatin remodelers and histone acetyltransferases are recruited 

sequentially to the HTLV-1 LTR in vivo. As both histone tail modifications and an 

ordered recruitment of chromatin remodelers is required for the initiation of transcription 

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 in HTLV-1  
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Figure 4.  Functional interaction of Tax with the chromatin remodelling 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 ten 5S 

nucleosome positioning sequences. EcoR1 sites are 195 bp apart while the Sal15S repeat 

is located on a 232 bp EcoR1fragment. Figure modified from [166]. B) Glycerol gradient 

purified 5S chromatinized DNA was used in SalI RE accessibility assay, using either 

SWI/SNF alone or Tax plus SWI/SNF.  C) Presence of histones on DNA after gradient 

purification as shown by commassie blue staining. Glycerol gradient sedimentation of 

arrays was carried out on 10–30% linear gradients. Sedimentation velocity studies were 

performed as described previously [166]. Lane 1 represents input histones used for 

reconstitution arrays (2.5 µg).  Lane 2 and 3 are the reconstituted DNA molecules before 

and after glycerol gradient. 
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infected cells is to determine whether a specific pattern of histone acetylations can be 

observed upon gene activation. To test this, we carried out ChIP experiments to identify 

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 transcription of the 

HTLV-1 gene was induced following transfections. To assess the in vivo transcription 

factor occupancy of the infectious ACH.WT clone (generous gift from Lee Ratner), 293T 

cells were transfected with cloned viral DNA. ACH.WT was the first infections HTLV-1 

molecular clone containing the full-length HTLV-1 proviral genome from the CH strain 

and a wildtype C91/PL tax gene, and is able to express a functional Tax protein as 

assayed by CAT experiments for transactivation capability. After one week the remaining 

live cells (latent cells) were treated with TNF for two hours. Next, samples were 

processed for both ChIP and viral particle production. DNA was amplified by PCR using 

primers from -350/+250 (U3/R/U5). Figure 5 demonstrates the overall pattern of protein 

recruitment on HTLV-1 and histone H3 and H4 modifications in vivo. Tax, BRG1 and c-

Myb (acetylated) were recruited to the promoter within the first 6-12 hours, followed by 

recruitment of p300 and TBP within 18-24 hours. 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 recruitment and 

stabilization of BRG1 and p300, respectively. Also H3 (K9) was methylated which is a 

hallmark of transcriptional elongation. Finally, it is important to note that the current 

ChIP assay scored for factors that were needed for activated transcription by Tax. The 

assay was not sensitive enough for detection of basal transcription, which would have 

been needed for initial transcription of the Tax mRNA (doubly spliced message, data not 
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shown). Collectively, these data indicate that factors such as acetylated c-Myb, BRG1, 

p300 and Tax are recruited to the promoter prior to activated transcription required for 

elongation on HTLV-1 promoter.    

 

Determination of translational positioning of HTLV-1 nucleosomes in vivo. 

Active and inactive genes can be distinguished 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 active 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 promoter, we examined the translational 

positioning of nucleosomes in active and inactive HTLV-1 promoter regions in 

permeabilized cells. We used the cell line H1GFP that contains a wild type HTLV-1 

LTR-GFP incorporated into the cellular chromosome, where the LTR can be easily 

activated by addition of exogenous Tax [161]. Cells were transfected with either wild 

type Tax, siBRG1, and control siRNAs [125], or addition of NaB (histone deacetylases 

inhibitor), as a positive control to activate chromatin DNA. Following transfection, cells 

were prepared for DNase I hypersensitivity assay. Figure 6A shows the Southern blot 

analysis of the DNase I cleavage patterns on the inactive and active HTLV-1 LTR-GFP 

promoter. Surprisingly, there were no clear DNase I hypersensitive sites on the HTLV-1 

promoter in the absence of Tax (lane 1). However, upon addition of increasing amounts 

of Tax (lanes 2 and 3), there was a clear indication of DNase I hypersensitive sites. The 
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Figure 5:  HTLV-1 clone transfection and in vivo ChIP analysis.  Human 293T kidney 

fibroblasts were seeded to 60% confluency in 10-cm-diameter dishes and were 

transfected with 20 µg of ACH.pcTax or pBluescript KS (empty vector, data not shown). 

After transfection, the cells were maintained for one week and remaining live cells (latent 

cells) were treated with TNF to activate the virus.  Samples were processed every 6 hrs 

following TNF treatment for ChIP analysis with appropriate antibodies. Cell culture 

supernatants were collected at various time points post-transfection, and virus particle 

production was monitored by p19 ELISA (data not shown). Input lane indicates positive 

control PCR and the presence of HTLV-1 DNA in total chromosomal DNA prior to the 

ChIP assay. The primers for the ChIP assay were from –350/+250 (U3/R/U5).  The 

twenty-four hr sample represents the start of activated transcription (recruitment of 

nucleating factor TBP) by Tax. “Ac” represents acetylation, and “met” represents 

methylation. 
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 pattern primarily disappeared after treatment with siBRG1, but not control siRNA (lanes 

4 and 5). Because the inactive promoter region in permeabilized cells were more nuclease 

resistant (relative to the active promoter), it is likely that nucleosomes are present on the 

inactive promoter. However, 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 of 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/+82). Figure 6B shows that histones H1, H2A, H2B, H3, and H4 were present 

on the transcription start site of an inactive promoter (-Tax lanes). However, upon 

addition of Tax, three of the five histones were removed from the start site (+Tax lanes), 

including histones H1, H2A, and H3. This data indicates that the promoter may have 

nucleosomes loaded randomly 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. 6A, lanes 1-3). These results are also consistent with previous reports on MMTV, 

Hsp70, and HPRT genes, where histones H1, H2A, and H3 were preferentially removed 

at the initiation site and not on the actual ORF DNA downstream of promoter proximal 

site [168-172].  

 We next asked is histones were differentially removed in PBMCs transfected with 

HTLV-1 clone. We used the ACH.WT clone, and an NF-κB mutant HTLV-1 clone 

(ACH.M22) as a control. PBMCs from two donors were transfected with either wild type 

or the ACH.M22 clone. Wild type clones showed immortalization after 40 days and 
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continued to grow up to 70 days; however, transfections with the ACH.M22 clone failed 

to immortalize cells (Fig. 6C). These results are consistent with previously published 

results from the Ratner lab [173]. ChIP assays from one of the PBMC ACH.WT 

transfected clones indicated that histones H1, H2A, and H3 were absence from the nuc 1 

area (Fig. 6D); however, when using primers spanning nuc 8 (+1238/+1384), which 

covers the Gag ORF, we observed only partial removal of histone H1. Finally, it is 

important to note that the results in Figure 6 show the presence of few nucleosomes (-

350/+250). However, when using primers that only cover nuc 1, we consistently observed 

removal of the H3 from the transcription start site in the presence of Tax. Collectively, 

our results using HTLV-1 integrated chromatin indicate 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 functional promoter. In contrast, the inactive promoter was relatively 

inaccessible to nuclease and was not assembled into a translationally positioned 

nucleosomal array.  

 

Effect of BRG1 on HTLV-1 LTR Tax Activated Transcription. 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 either SW13 or C33A cells. The 

SW13 cell line does not express detectable levels of either BRG1 or BRM [159, 160], 

although much of SWI/SNF remains assembled in SW13 cells [134, 159]. The C33A cell 

line does not express BRM, but expresses low levels of BRG1 [160]. Results from these 
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Figure 6:  Determination of translational positioning of HTLV nucleosomes and 

absence of various histones in H1GFP and PBMC transfected cells. A) DNase I 

treatment of H1GFP cells for mapping of DNase I-hypersensitive sites.  Cells were 

prepared for DNase I hypersensitivity assay, size-fractionated
 
on an agarose gel, and 

transferred to membrane. Nick translation of the H1GFP plasmid was used as a 

hybridization probe for Southern blot.  
 
B)  Effect of Tax on histone eviction after Tax 

treatment.  C) Human PBMCs from two healthy donors were transfected with ACH 

plasmids. The cells were then cultured in cRPMI supplemented
 
with 5 µg of PHA/ml and 

50 U of IL-2/ml for ~6 weeks, after which
 
they were cultured in the same medium 

without PHA. Relative cellular viability was assayed by
 
MTT conversion assays on 100-

µl aliquots of cells.  D)  ChIP assays from donor #1 PBMC transfected with wild type 

ACH clone.  ChIPs were performed from 70 day samples using various antibodies.
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 experiments can be seen in Figure 7. Panel A shows transfection with increasing 

amounts of Tax in lanes 2-5 and then addition of BRG1 in lanes 6-10. C33A cells 

transfected with Tax alone showed almost no Tax transactivation while the addition of 

BRG1 lead to efficient Tax activated transcription. When performing similar experiments 

in SW13 cells (Fig. 7B), we observed low Tax activated transcription in the presence of 

low concentrations of Tax; however, the addition of BRG1 enhances the level of 

activated transcription dramatically (Lanes 2 and 3 versus lanes 6 and 7). Collectively, 

these experiments indicate that BRG1 is required and necessary for an 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. Results in Figure 8 panel A show that when 

ACH.WT is transfected into 293T cells there are ample viral particles in the supernatants 

after 72 hours and 96 hours. 293T cells and 293T cells transfected with pcDNA serve as 

negative controls and MT2 is a positive control supernatant from HTLV-1 infected MT2 

cells treated with TNF. We next performed a similar transfection experiment in both 

SW13 and C33A cells and carried out the experiment for 12 days. Results of these two 

transfections are shown in Figure 8 panels B and C. Supernatants were collected at days 

1, 3, 6, 9, and12 and assayed for the presence of RT. Neither of these cells showed viral 

replication in this experiment performed in triplicate. However, when BRG1 vector was 

transfected into both of these BRG1-mutant cell lines viral RT was present in the 
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C33A SW13
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Figure 7: Effect of BRG1 on HTLV-1 LTR Tax activated transcription in mutant 

cells.  Panel A (C33A) and B (SW13) shows titration of Tax (0.1, 1, 3, and 5µg) either 

alone (Lanes 2-5) or with 5 µg of BRG1 plasmid (Lanes 6-9).  Cells (5 x 10
6
) were 

transfected for 3 days and subsequently processed for CAT assay (50 µg of total extract).  

Lane 1 serves as negative control (HTLV- LTR-CAT and no Tax) and Lane 10 also 

serves as control for BRG1 (BRG1 dn mutant, 5µg). BRG1 enhanced the level of 

activation dramatically even with minimal concentrations of Tax (i.e. lane 6 in both 

panels). 
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 supernatants. Both panels B and C show presence of viral RT where the highest amount 

occurs 12 days after BRG1 transfection. Currently, it is not clear why SW13 cells show 

less viral production when activated transcription was much more pronounced compared 

to C33A cells in Figure 7B. Finally using ChIP assays, we asked if Pol II was capable of 

loading and transcribing from LTR as well as the Env gene in the presence and absence 

of BRG1. Results in panel D (C33A) shows 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. Collectively, these results show that HTLV-1, full-length infectious 

clones can truly 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 ATP hydrolysis derived energy to activate a 

number of complexes toward chromatin remodeling. The human SWI/SNF complex 

(BAF/PBAF) is one of these complexes; however, four additional complexes including 

WINAC, NUMAC, NCoR, and mSin3A/HDAC also utilize BRG1 as their ATPase 

subunit. These complexes generally act to either repress or activate chromatin 

remodeling. WINAC and NUMAC act as transcriptional activators, NCoR and 

mSin3A/HDAC act as transcriptional repressors [174-177]. Figure 2 shows the six 

complexes that remodel chromatin through BRG1 and further show the specific subunits 

needed in each complex. These complexes share a number of subunits and these include 

both core subunits (Baf170, Baf155, and Ini1) and those that have other functional roles 

such as Baf250, Baf60, and Baf53 which are known to be associated with nuclear 
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Figure 8: Lack of any HTLV-1 viral replication in BRG1 mutant cells.  A) Panel A 

serves as control where 293T cells were transfected with HTLV-1 wild type clone, 

ACH.WT. Supernatant from MT-2 HTLV-1 (20µl) infected cells treated with TNF and 

293T cells transfected with empty vector (sups after 4 days) serve as controls. Optimal 

HTLV-1 replication occurred on day 3.  B and C) both SW13 and C33A BRG1 mutant 

cells were transfected with ACH.WT plasmid and experiments were carried out to day 

12.  Day 1 is negative control with no transfection.  Viral RT was present in the 

supernatants only in BRG1 transfected cells and peaked at day 12 in either cell type. All 

experiments in Panels B and C were performed in triplicate.  The inserts for panel B and 

C represent BRG1 and actin westerns from SW13 and C33A transfections with mock 

plasmid (6 day sample) and BRG1 transfection (6 day sample). D) C33A cells from Panel 

C at day 12 were processed for ChIP experiments using either IgG control or anti-Pol II 

8WG16 antibody. The LTR primers were from –350/+250 (U3/R/U5) and the Env 

primers were from +8990/+9450.
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 receptors. We first asked if the wild type HTLV1 clone could replicate in either BRG1 

mutant or BAF mutant cell lines. For this we transfected 293T, SW13, C33A, TSUPR1 

(mutant BRG1), and HCC1143 (Baf180 mutant) cell lines with ACH.WT plasmid and 

collected supernatants at various time points up to six days. Similar to SW13, TSUPR1 

cells are deficient in both BRG1 and BRM; however, they do express core components of 

SWI/SNF complexes [159].As expected from previous results, the BRG1 mutant cell 

lines produced undetectable levels of RT when transfected with HTLV-1 full length 

plasmid (Fig. 9A). 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 experiments. Furthermore, addition of the supernatants from BRG1 

mutant cells as well as BAF mutant cells to 293T cells did not produce any detectable 

virus after 5-6 days of culture (data not shown). Transfection of ACH.WT in 293T cells 

produced increasing amounts of RT over the six days, which served as a positive control 

for these experiments. Also we tested the presence of HTLV-1 proviral clone in the 

BRG1 mutant cells and observed integration of the viral DNA in these cells (data not 

shown). Overall these results indicate that the one or both of the BRG1 complexes (BAF 

or PBAF) are required for viral production of HTLV-1 in cells. 

BAF and PBAF complexes have been known to act as antagonists against each 

other where one complex activates transcription by remodeling chromatin while the other 

ensures that chromatin positioning remains unchanged [130]. Next, we decided to 

compare the impact of the BAF versus PBAF complex by observing effects of 

knockdown on subunits that are only expressed in either the BAF complex (Baf250) or 

the PBAF complex (Baf180). To do this we used H1GFP cells which contain wild type 
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integrated and chromatinized template and transfected these cells with Tax, and siRNA 

against BRG1, BRM, Baf250, and Baf180. Fluorescence imaging of GFP using FACs 

analysis revealed that the transfection of siBRG1 reduced HTLV-1-LTR driven 

expression (Fig. 9B). Additionally knockdown of Baf180, but not Baf250 reduced GFP 

production indicating that the PBAF complex is required for Tax activated transcription. 

Collectively, these results indicate that the SWI/SNF complex PBAF is required for both 

HTLV-1 transcriptional activation as well as viral production. 
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Figure 9: Effect of various siRNA SWI/SNF components on wild type HTLV-1 LTR.  

A) RT-assay of supernatants (10 µl) from 293T cells (positive control), BRG1 mutant 

cells (TSUPR1, C33A, and SW13), and Baf180 mutant cells (HCC1143).  Cells were 

transfected with 20 µg WT.ACH plasmid and grown for six days.  Supernatants were 

collected at days 0, 1, 4, and 6 and then processed for RT assay.  B) H1GFP cells were 

transfected with Tax plasmid (2µg) alone or Tax plasmid plus siRNA (75nM) against 

BRG1, BRM, Baf250, or Baf180.  Transfection with GFP plasmid serves as a positive 

control for the assay. Five days after transfection GFP was measured using flow 

cytometry.  Graph indicates the percentage of GFP positive cells.
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CHAPTER V: DISCUSSION 

 

 HTLV-1 is the etiologic agent for adult T-cell leukemia/lymphoma (ATL) as well 

as HTLV-1-associated myeolopathy/tropical spastic paraparesis [4, 178]. The viral 

protein Tax is a 40 kDa phosphoprotein which primarily localizes to the nucleus and can 

transactivate both cellular and viral promoters; additionally, Tax induces HTLV-1 

transcriptional activation as well as signal transduction, cell cycle control, and apoptosis. 

While Tax does not directly bind to the HTLV-1 provirus, it interacts with multiple 

proteins to successfully act as a transactivator. Tax is known to interact with a number of 

transcription factors including CREB, serum-responsive factor (SRF), and NF-κB. Tax 

acts to activate HTLV-1 transcription through CREB and three CRE enhancer sequences 

on the viral promoter. CREB and Tax additionally interact with CBP/p300 which is 

believed to be involved in the formation of the pre-initiation complex [83, 84, 125, 167]. 

Despite all of these apparent interactions we still do not have a clear picture of how Tax 

is involved in transcription of chromatin templates through either viral or cellular 

promoters. 

 Retroviral and cellular genes are regulated by chromatin structure in cells. 

Chromatin is folded into compact fibers (30-400 nm thick), which are inhibitory to 

transcription. Human retroviral proviruses are integrated into the genome where viral 

activation and transcription is determined by chromatin structure. Histone 

acetyltransferases as well as ATP-dependent chromatin remodelers are required for 

cellular gene transcription and are often used to remodel chromatin allowing it to be 

accessible for viral transcription [179-181]. Histone acetyltransferases covalently modify 

nucleosomal histone proteins as well as transcription factors through modifications such 
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as methylation or acetylation, while ATP-dependent chromatin remodelers alter structure 

through ATP hydrolysis.  

 The ATPase subunit, BRG1, is utilized in six chromatin remodeling complexes 

including SWI/SNF’s BAF and PBAF complexes as well as NCoR, WINAC, NUMAC, 

and mSin3A/HDAC (Fig. 2A). These complexes can act to either repress or activated 

chromatin remodeling. NUMAC activates transcription and NCoR, mSin3A/HDAC, and 

WINAC are transcriptional repressors [174-177]. BAF and PBAF can function as either 

transcriptional activators or repressors [129]. BRG1 can act independently to remodel 

chromatin; however, the addition of core subunits (Baf155, Baf170, and Ini1) allows 

remodeling to proceed at a faster pace [127]. In HIV-1 the remodeling complex SWI/SNF 

is the BRG1 utilizing complex needed for Tat transactivation [138, 139, 182]. While the 

focus of this paper was on BRG1, we additionally looked at SWI/SNF as a potential 

BRG1 utilizing complex in Tax transactivation. BAF and PBAF complexes are very 

similar and differ only in three subunits where Baf250 is specific to BAF and Baf180 and 

Baf200 are PBAF specific. The subunits seen in Figure 2 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 [130]. Additionally, the BAF complex can 

function with either BRG1 or BRM as their ATPase subunit [180].  

In the current manuscript we show not only that BRG1 is required 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 tightly associate in HTLV-1 infected cells suggesting 
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that BRG1 is involved in both chromatin remodeling and transcriptional initiation (Fig. 

3). Tax co-elutes with BRG1 in the same fractions as both Pol II (Fraction 15, ~2.2 MDa) 

and CBP/p300 (Fraction 21, 1.2 MDa). Additionally, Tax immunoprecipitates with both 

BRG1 (Fraction 15) and CBP/p300 (Fraction 21) indicating a direct interaction of Tax 

with both complexes. Using reconstituted nucleosome arrays we determined that the 

combination of Tax and SWI/SNF increases the rate of chromatin remodeling compared 

to SWI/SNF alone (Fig. 4). Transfection with a wild type infectious clone, showed that a 

number of factors are recruited to the HTLV-1 promoter prior to activated transcription. 

Tax, BRG1, and acetylated (ac)-c-Myb were recruited to the LTR first followed by 

recruitment of p300 and TBP (a hallmark of activated transcription and Pol II 

recruitment). Finally other indicators of activated transcription were seen including Pol 

II, methylated (met)-H3 (K9), and ac-H3 (K9). Furthermore, DNase I hypersensitivity 

assay showed that without Tax, there are no obvious DNase I hypersensitive sites on the 

HTLV-1 promoter; however, addition of Tax clearly indicates nucleosome positioning 

(Fig. 6). Additionally, Tax plus siBRG1, but not control siRNA, caused the nucleosomal 

pattern to disappear indicating that both BRG1 and Tax are required for nucleosome 

remodeling. We also found that histones H1, H2A, and H3 were seemingly removed at 

the initiation site. Importantly this was also seen in immortalized PBMCs, where the 

remodeling only occured at the promoter region (nuc 1) and not at downstream regions 

(nuc 8, Gag region). Experiments using cells with deficient BRG1 showed that the 

ATPase subunit is required for both Tax transactivation and viral replication; the cell 

lines C33A and SW13 were both transfected with HTLV-1 LTR-CAT and a titration of 

Tax showing minimal transcriptional activation until the addition of BRG1 plasmid 
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where transcription proceeds at an optimal level (Fig. 7). Importantly, the SW13 cells are 

known to still assemble much of the SWI/SNF complex despite the apparent loss of both 

BRG1 and BRM levels [159, 160]. Finally, we observed that the SWI/SNF complex 

PBAF appears to be the complex needed for nucleosome remodeling when using either 

Baf180 mutant cells or siRNAs against specific BAF (Baf250) or PBAF (Baf180 and 

Baf200) complexes. Collectively, our data indicates 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 required for HTLV-1 

transactivation by Tax [158]. We believe that these results inaccurately describe the need 

for BRG1 in Tax activation due to a number of discrepancies in their methods. First, the 

group uses the lentivirus vector, SMPU-18x21-EGFP, which contains 18 repeats of the 

Tax-responsive 21 bp repeats on the promoters. While this group shows that the vector is 

more Tax-GFP responsive compared to similar 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 using these vectors probably do not produce 

noteworthy information in relation to viral infection. Additionally, the group uses the 

BRG1 deficient cell line, SW13 to determine the necessity of BRG1 in Tax 

transactivation. As we have previously stated, the SW13 cell line produces no detectible 

levels of either BRM or BRG1 although the SWI/SNF complex still remains assembled 

in the SW13 cell line [159, 160]. Therefore results obtained from SW13 cells cannot be 

regarded as SWI/SNF deficient. While the group additionally uses another BRG1 

deficient cell line, TSUPR1 (data not shown), similar studies have shown that it also has 

intact core components of the SWI/SNF complex [159]. Furthermore, Zhang et al. failed 
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to titrate their vectors in many of their experiments. It is well known by many in the field 

that viral activators such as Tax follow a “bell shaped” curve for their activated 

transcription. Low concentrations of Tax would show low activated transcription; 

medium levels of Tax show high optimal transcription; and high levels of Tax show 

suppression of transcription. This is evident in many viral activators including HIV-1 Tat, 

SV40 T, HBV X, and HSV VP16 among others (Kashanchi, unpublished results). 

 Additionally, Lemasson et al. show that BRG1 is taken off the promoter when 

using wild type Tax in a ChIP assay [183]. Furthermore, they show that both histone H1 

and histone H3 levels are lowered when Tax is added to the cells. In agreement with the 

later results, we have also seen a drop of both histone H1 and histone H3 from HTLV-1 

promoter when using wild type virus construct in 293T and PBMC cells (Fig. 4; i.e., 

conversion of an unorganized ordered array which contains multiple nucleosomes to an 

ordered array at the transcription start site). However, we have consistently observed 

lower levels of BRG1 present when Tax is transfected 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 not described) a drop in the level 

of BRG1 after Tax transfection. Therefore, we believe that the ChIP results from 

Lemasson et al. showing lower levels of BRG1 present on the HTLV-1 promoter after 

Tax transfection, is a reflection of the overall lower levels of BRG1 in these cells. When 

one accounts for loss of BRG1 levels, one can see no change in the level of BRG1 upload 

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 
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degradation of one or more BRG1 associated complexes in HTLV-1 infected cells. 

Preliminary data shows the presence of a classical LXCXE motif and a PENF motif in 

the BRG1 protein (Kehn-Hall, unpublished results). 

Our data on the inactive and Tax activated HTLV-1 LTR, has pointed towards the 

following model of nucleosomal arrays. The hypoxanthine phosphoribosyltransferase 

gene, HPRT,
 
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 

transcriptionally
 
inactive HPRT allele within each female nucleus. On

 
the active allele, 

the promoter region in vivo is unmethylated, relatively sensitive to DNase I, and contains
 

a DNase I-hypersensitive 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 using 

HTLV-1 integrated chromatin indicates 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 functional promoter.
 
In contrast, the inactive promoter was relatively 

inaccessible
 
to nuclease and was not assembled

 
into a translationally positioned 

nucleosomal array (Fig. 10). Collectively, our results (although no DNA methylation 

experiments were performed here) point to similarities with cellular genes such as HPRT, 

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 

appears to be removal of some of the histones and a more ordered array where basal 
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factors along with Pol II can transcribe through DNA. Further experiments will determine 

which factor(s) are responsible for 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 using wild 

type infectious clones of HTLV-1. It would therefore be interesting to determine which 

mutant viral clones are responsible for the observed BRG1 effects. Current experiments 

in our lab are aimed at addressing these related questions.  
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Figure 10:  A model of nucleosomal arrays on inactive and Tax activated 

HTLV-1 LTR in vivo.   DNase I cleavage analysis indicates that the inactive promoter 

does not contain translationally
 
positioned nucleosomal arrays.  This is indicated by lack 

of DNase I hypersensitive sites and presence of all core histones as well as H1.  However, 

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 

removal of histones H1, H2A, and H3. Both APa1 and HincII sites were accessible in 

both inactive and active promoters in vivo, which indicated a fixed nucleosome position 

at the TRE sites (data not shown). 
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