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Abstract 

Approximately twenty million people worldwide are infected with Human T-cell 

Leukemia Virus type 1 (HTLV-1). HTLV-1 establishes a life-long, chronic infection which 

can result in the development of severe HTLV-1 associated diseases: Adult T-cell 

Leukemia (ATL) or HTLV-1-associated myelopathy/ tropical spastic paraparesis 

(HAM/TSP). ATL is a fatally-aggressive lymphoproliferative disorder of HTLV-1-infected 

CD4+ T-cells. HAM/TSP is a debilitating neurodegenerative disorder that greatly 

reduces quality of life. There exists a distinct lack of effective vaccine and therapeutic 

options for both ATL and HAM/TSP patients. Though the mechanisms that drive HTLV-

1 pathogenesis remain poorly understood, extensive study of the virus has revealed the 



 
 

importance of two viral regulatory proteins in disease progression: Tax and HBZ. Tax is 

a transcriptional regulator which is important for establishing initial infection; however, 

Tax is highly immunogenic and stimulates a robust antiviral immune response. To 

evade immune detection, HTLV-1 host cells often silence Tax expression through the 

transcriptionally repressive activity of the basic leucine zipper factor HBZ. HBZ is 

expressed throughout all phases of infection and plays important roles in maintaining 

host cell survival and clonal expansion. HBZ expression is sufficient to induce ATL-like 

disease progression in in vivo models, supporting its contribution to leukemogenesis in 

patients. Here, we report novel functions of HBZ that may promote the long-term 

survival of infected lymphocytes, including the direct upregulation of antioxidant 

response gene expression, the detoxification of reactive oxygen species, and the 

prevention of oxidative stress-induced cell death. We also evaluated the contribution of 

HBZ to the accumulation of genetic abnormalities which may promote leukemogenesis. 

Here, we report that HBZ contributes to genetic instability by affecting the double-

stranded DNA damage repair system non-homologous end joining (NHEJ), possibly 

through specific interactions with DNA repair proteins. These findings support the role of 

HBZ in promoting leukemogenesis through the accumulation of chromosomal 

abnormalities which arise from double-stranded DNA breaks. Together, the data 

presented here indicate that HBZ is an important driving force in the prolonged survival 

and transformation of HTLV-1-infected lymphocytes.   
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Chapter 1 

Human T-cell Leukemia Virus: An Introduction 

The Discovery of Human T-cell Leukemia Virus: Retroviruses possess a positive 

sense, single-stranded RNA genome and infect a wide variety of species. A defining 

feature of retroviruses is the necessity of the retroviral genome to be reverse 

transcribed into a double-stranded DNA intermediate, which is then permanently 

integrated into the genome of the host cell. The transcription of integrated viral DNA, 

known as the provirus, is regulated by host and viral transcriptional machinery.  

The study of retroviruses began in 1911, with the discovery of the avian 

retrovirus Rous Sarcoma Virus1. In the years that followed, retroviruses infecting a wide 

variety of host species were described as the causative agents of an array of 

malignancies, anemias, and neurological disorders. It wasn’t until 1980 that the first 

human retrovirus was isolated from the lymphocytes of a patient diagnosed with a 

cutaneous T-cell lymphoma2. Shortly thereafter, another group isolated a retrovirus from 

cell lines established from patients with Adult T-cell Leukemia (ATL), as well as from 

freshly isolated lymphocytes3. Genome sequencing of both viruses confirmed them to 

be a single virus, which was subsequently named Human T-cell Leukemia Virus type I 

(HTLV-1) and determined to be the causative agent of ATL4. Additional work also 

characterized HTLV-1 as the etiologic agent of a debilitating neurological disorder 

known as HTLV-1-associated myelopathy/ tropical spastic paraparesis (HAM/TSP)5,6. 

Importantly, though HTLV-1 establishes a lifelong, chronic infection, not all individuals 

experience symptoms or develop disease. Unknowing viral transmission from 

asymptomatic carriers is known as silent transmission7.  
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Following these reports, a structurally similar virus, HTLV-2, was isolated from a 

patient diagnosed with a hairy T-cell leukemia8. Though this virus was also isolated from 

a leukemia patient, it is unclear whether HTLV-2 was the causative agent of the 

disease. HTLV-2 has been shown to be less pathogenic than HTLV-1 and has not been 

clearly linked to leukemogenesis. However, in rare cases, HTLV-2 infection is 

associated with the development of neurological disorders showing some similarity to 

HAM/TSP 9. More recently, two additional HTLV strains were identified, HTLV-3 and 

HTLV-4, however neither of these two strains has yet been linked to disease 10,11. Due 

to its definitive link to human disease, HTLV-1 will be the focus of this literature review, 

and the subject of the research presented here. 

Epidemiology: HTLV infection is not distributed evenly across the world, but rather 

there are distinct areas in which the virus is considered endemic. High rates of HTLV-1 

transmission occur in Japan, in which some areas have a seroprevalence as high as 

37%7. Other HTLV-1 endemic regions include the Caribbean islands, sub-Saharan 

Africa, and regions of South America. HTLV-1 is also a significant concern outside of 

these major endemic regions, with foci of infected populations reported in Iran, 

Romania, and in central Australian aboriginal populations12. Unlike many other 

retroviruses, HTLV-1 possesses a high degree of genetic stability. This likely related to 

the limited dependence upon de novo viral replication during chronic infection. As a 

result, only a few subtypes of the virus exist (types A-G), each of which vary only by a 

few nucleotides. Each subtype is typically constrained to a specific geological region 

and pathogenicity is not reported to be impacted by these small genomic variations13. 

Additionally, there are no significant differences between viral genotypes infecting 
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asymptomatic carriers and genotypes which cause disease, suggesting that 

pathogenesis relies on other, non-viral factors14. HTLV-2 infection is less common, with 

endemic areas constrained to West Africa and Native Amerindian populations in the 

Americas15. Additionally, HTLV-2 is more commonly reported in intravenous (IV) drug-

using populations throughout the world16.  

Interpersonal Transmission: One of the major routes of HTLV-1 infection is from an 

infected mother to her child through breastfeeding, which occurs at a rate of about 20%. 

The risk of transmission increased with prolonged length of breastfeeding, and with high 

maternal proviral load17,18. Proviral load in HTLV-1 carriers is quantified by quantitative 

PCR, and because the majority of infected cells are shown to contain a single copy of 

the provirus, proviral load therefore corresponds to the number of HTLV-1-infected cells 

within the host19,20. Because cell-free virions are reported to be unstable and poorly 

infectious, maternal transmission is likely facilitated by the transmission of infected 

lymphocytes that are actively producing viral particles, which are transmitted to target 

host cells via cell-to-cell transmission21–23. Another major route of transmission is 

through unprotected sexual contact, in which it is presumed that the virus is passed in 

infected leukocytes found in semen and cervical secretions23. For both modes of 

transmission, the mechanism through which viral particles or virally-infected cells cross 

the mucosal epithelium and establish infection remains unclear. 

 HTLV-1 is highly infectious when transmitted through infected whole blood. Blood 

transfusion was reported to be an important risk factor for HTLV and seroconversion 

rates have been reported to be as high as 44% after one exposure to HTLV-1-positive 

whole blood24–26. Though the rates of transfusion-associated HTLV-1 infection were 
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once much higher, screening methods that detect anti-HTLV antibodies have 

significantly reduced transfusion-acquired infection7. Notably, transplant-acquired 

infections have also been reported, typically in cases in which organ donors are from 

HTLV-endemic areas27. Intravenous drug use also remains an important mode of 

transmission. 

Viral Structure: The HTLV-1 virion is an enveloped deltaretrovirus with a moderately-

sized diameter of 100nm (Figure 1.1). The viral core is composed of virally-encoded 

capsid (CA) proteins which form a poorly-defined polyhedral structure. Enclosed within 

the capsid are two identical strands of its positive-sense RNA genome stabilized by 

nucleocapsid (NC) proteins, as well as the viral protease (Pro), integrase (IN) and 

reverse transcriptase (RT)28,29. The core is surrounded by a layer of matrix (MA) 

proteins and an outer membrane, or envelope, which is derived from the host cell 

membrane. The envelope is studded with envelope glycoproteins (Env) that facilitate 

the adhesion of the viral particle to receptors on the target cell membrane prior to viral 

entry28.  

Cellular Transmission and De Novo Infection: After HTLV-1-infected leukocytes are 

passed to a new host, they are thought to come into contact with host dendritic cells. 

Some hypotheses suggest that virions produced from the infected cell collect on the 

surface of the dendritic cell and are transmitted to CD4+ T-cells when dendritic cells 

make contact, as evidence supports that the majority of proviral load is attributable to 

CD4+ T-cells30.  However, some evidence supports that dendritic cells themselves may 

become infected, as dendritic cells are shown to be more receptive than CD4+ T-cells to 

HTLV-1 infection in vitro and virally-infected dendritic cells were observed in peripheral 
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Figure 1.1: The structure of Human T-cell Leukemia Virus. The viral particle is composed 
of an outer envelope membrane, studded with viral envelope proteins (Env), which include 
surface glycoprotein (SU) and transmembrane glycoprotein (TM) subunits (not shown). The 
envelope surrounds a layer of matrix protein (MA). The viral core consists of capsid proteins 
(CA), which surround two copies of the positive-sense, single-stranded RNA genome 
stabilized by nucleocapsid proteins (NC). The viral enzymes protease (Pro), integrase (IN), 
and reverse transcriptase (RT) are also packaged into the capsid. 
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blood in vivo31,32.  More investigation will be required to determine the role of dendritic 

cells in establishing HTLV infection. 

HTLV-1 productively infects CD4+ T-cells, but the cellular receptors that are 

exploited to facilitate viral entry are not completely understood. Glucose transporter 1 

(GLUT1) is upregulated in activated CD4+ T-cells and has been demonstrated to be an 

important receptor for HTLV-1 virions33–35. Additional work supports that heparin sulfate 

proteoglycans (HSPG), which are also upregulated upon T-cell activation, promote 

infection by HTLV-1, but not HTLV-2, indicating a degree of transmission variability 

between HTLV types35–38. Recent work has also implicated the neuropilin 1 receptor 

(NRP-1) as a receptor for HTLV-1 entry35,39,40. The tri-receptor complex model of HTLV-

1 infection proposes that HSPG make initial contact with viral envelope glycoproteins to 

tether the virus to the host cell membrane. Close proximity increases the likelihood that 

an interaction will form between NRP-1 and the envelope proteins, triggering a 

conformational change which exposes the GLUT1 binding site on the envelope protein, 

which initiates fusion of the viral envelope with the host cell membrane35. 

HTLV-1 virions are most efficiently transmitted through cell-to-cell contact, as 

cell-free virions are reported to be unstable, possibly due to instability of membrane-

bound Env proteins and some intrinsic instability of the viral core structure41. One major 

route of cell-to-cell transmission is through the formation of a virological synapse (VS), 

which is composed of interacting cellular adhesion proteins lymphocyte function-

associate antigen 1 (LFA1) and intercellular adhesion molecule 1 (ICAM-1). Synapse 

formation anchors the two cells together and results in polarization of the microtubule-
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organizing center (MTOC) in the infected cell toward the cell junction, which appears to 

be important for viral transmission (Figure 1.2.A)41,42.   

Interestingly, biofilm-like extracellular viral assemblies have also been reported in 

conjunction with the VS. These assemblies are reported to contain viral particles and 

are composed of the carbohydrates collagen and galectin-3, as well as the proteoglycan 

agrin (Figure 1.2.B)43. It is postulated that these structures serve multiple functions, 

including enhancing viral transmission, serving as protective structures to counteract 

immune recognition and prevent damage to virion structures during cellular migration 

through blood and lymph circulation44. Finally, HTLV-1 viral particles may also be 

transmitted to target cells through contact of filopodia-like cellular conduits, though 

some evidence supports that a smaller version of the VS located at conduit termini may 

still facilitate transmission41,45,46.  

As with all retroviruses, HTLV-1 viral DNA is permanently integrated into the host 

cell genome. Therefore, the proliferation of infected cells also represents a clinically 

important mechanism through which proviral load is increased (Figure 1.2.C)14. During 

mitosis, the proviral DNA is efficiently replicated and packaged into daughter cells. This 

process, known as clonal expansion, contributes significantly to viral pathogenesis and 

will be discussed in more detail later in this chapter.   

Retroviral Replication: Once the virus enters a CD4+ T-cell, the retroviral genome 

must be reverse transcribed into a dsDNA intermediate and trafficked to the nucleus for 

integration. Reverse transcription of the retroviral genome remains poorly understood, 

yet it is hypothesized that the viral capsid structure is degraded as it traffics through the 

cytoplasm, and that the initiation of reverse transcription may be linked to capsid 
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Figure 1.2: Routes of HTLV-1 cell-to-cell transmission. (A) Virological synapses, which are formed 
from cellular adhesion molecules ICAM-1 and LFA1, tether infected cells to target cells and provide a 
space into which viral particles bud, mature, and adhere to target cell tri-receptor complexes. (B) 
Virally-infected cells form an extracellular, carbohydrate-rich, biofilm-like matrix which concentrates 
and protects viral particles, while enhancing cell-to-cell transmission in conjunction with virological 
synapses. (C) Clonal expansion of HTLV-1-infected cells occurs when infected cells undergo cell 
division, and the cellular genome, complete with permanently-integrated proviral DNA, is duplicated 
and packaged into the daughter cell.  
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 degradation, as cellular tRNAs are suspected to prime reverse transcription47,48. 

Synthesis of the dsDNA genome from the ssRNA genome is carried out by the virally-

packaged RT and Pol enzymes49,50. In the hypothesized model of reverse transcription, 

a cellular tRNA primes the synthesis of a negative sense DNA strand (Figure 1.3.A) to 

form a RNA-DNA heteroduplex (Figure 1.3.B), followed by the degradation of the 

positive-sense RNA strand by RT RNAse H activity, leaving a negative sense ssDNA 

intermediate (Figure 1.3.C)50. The viral polymerase synthesizes the complementary 

positive sense DNA strand, resulting in dsDNA viral genome (Figure 1.3.D). During this 

process, the unique 5’ (U5) and unique 3’ (U3) untranslated regions are duplicated to 

create complete U3-R-U5 sequences that flank the viral DNA. These highly repetitive 

regions make up the 5’ and 3’ long terminal repeats (LTR), which contain important 

transcriptional cis-regulatory sequences51–53. 

Integrase interacts with the DNA termini at the U3 and U5 regions located on the 

5’ and 3’ ends of the viral dsDNA to form the pre-integration complex (PIC) (Figure 

1.3.D)48,54. The PIC is imported into the nucleus, possibly through nuclear pore complex 

(NPC) mediated transport, and IN facilitates strand transfer to permanently insert the 

viral dsDNA into the cellular genome. Integrated viral DNA will subsequently be referred 

to as the provirus. Most infected cells contain a single copy of the provirus, however 

about 10% of infected cells contain two proviral copies55,56. Although early evidence 

suggested that proviral integration sites are randomly located within the cellular 

genome, more recent findings support that the viral genome integrates into 

transcriptionally-active sites20,57–61. It is possible that integration into these sites confers  
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Figure 1.3: Retroviral reverse transcription and integration. The HTLV-1 positive-sense 
ssRNA genome (A) is reverse transcribed by pre-packaged viral reverse transcriptase (RT) 
using a cellular tRNA primer to form a (+)RNA/(-) DNA heteroduplex (B). Intrinsic Rnase H 
activity of RT degrades the (+) RNA strand (C), and the viral polymerase (Pol) synthesizes the 
complementary (+) DNA strand, forming a complete dsDNA genome (D). Viral integrase (IN) 
interacts with the termini at the U3 and U5 regions to facilitate integration into the host 
genome, forming the provirus. 
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a survival advantage to the infected cell, however it is unclear whether integration site 

alone specifically contributes to pathogenesis14,56. 

Proviral Gene Expression: HTLV-1 is classified as a complex retrovirus, indicating that 

in addition to encoding the simple retroviral structural genes Gag, Pro, Pol, and Env, it 

also contains a pX region that encodes regulatory and accessory viral proteins (Figure 

1.4). Though our understanding of pX region-encoded proteins remains incomplete, 

emerging evidence supports that they are important for certain aspects of HTLV-1 

infection62,63. HTLV-1 accessory proteins are proposed to play indirect roles in viral 

replication and infectivity. For instance, p12 is a hydrophobic protein that is reported to 

localize to endoplasmic reticulum and golgi membranes to affect intracellular calcium 

signaling. Meanwhile, p13 is reported to localize to mitochondrial membranes to induce 

depolarization and upregulate cellular respiration. Finally, p30 is a putative transcription 

factor which may influence cellular and viral gene expression early in infection63–65. 

Regulatory proteins, which include Transactivator X (Tax) and the HTLV-1 basic leucine 

zipper factor (HBZ), directly influence proviral gene expression. Tax is reported to 

upregulate proviral gene expression through an interaction with cellular transcription 

factor cAMP response element binding protein (CREB) and coactivators p300 and 

CREB-binding protein (CBP) to promote proviral gene expression at Tax-responsive 

elements (TxREs) located in the U3 region of the 5’ LTR (Figure 1.4)51–53,66–76. 

Conversely, HBZ is reported to sequester cellular transcription factors and coactivators, 

including p300 and CREB, to negatively regulate transactivation of the 5’ LTR (Figure 

1.4)77–82.  These two regulatory proteins have been extensively studied and will be 

discussed in more detail later in this chapter. 
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Figure 1.4: Expression of the HTLV-1 proviral genome. The HTLV-1 provirus is permanently 
integrated into the host cell genome at near-random locations by the actions of the viral integrase. The 
provirus is flanked on the 5; and 3’ ends by a long terminal repeat region (LTR), which contains 
untranslated regions (U3, U5) and a region of repetitive sequence (R). Sense proviral transcription is 
upregulated at the 5’ LTR by the viral regulatory protein Tax, in conjunction with cellular transcriptional 
regulators p300/CBP and CREB. Transcription from the 5’ LTR produces one transcript encoding the 
Gag-Pro-Pol polyprotein. The transcript is singly spliced to produce the Env transcript. Viral accessory 
and regulatory proteins are encoded in the pX region and are expressed through complex alternative 
splicing. Antisense transcription is regulated by multiple transcriptional start sites in the 3’ LTR and 
produces the viral regulatory protein HBZ in two forms: spliced (HBZ Sp1) and unspliced (HBZ US). 
HBZ interacts with cellular transcription factors JunD and SP-1 to enhance antisense transcription via 
SP-1 binding sites in the 3’ LTR R and U5 regions. Additionally, HBZ downregulates sense proviral 
gene expression by sequestering p300/CBP and CREB away from Tax. 
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HTLV-1 encodes a great number of viral proteins within the span of 

approximately 8,200bp83. In order for all of its genes to be expressed, the virus utilizes a 

variety of transcriptional, transcript splicing, and post-translational mechanisms. Tax 

transactivates the transcription of a single, polycistronic transcript which must undergo 

extensive alternative splicing to produce singly and doubly spliced mRNAs (Figure 1.4). 

The full-length Gag-Pro-Pol transcript encodes three proteins: The Gag polyprotein, the 

Pol polyprotein, and the viral protease. Subsequent proteolytic cleavage of polyproteins 

creates the viral structural and enzymatic gene products MA, CA, NC, POL, IN, and RT 

(Figure 1.4)48,84–86. Complex transcript splicing patterns allow ribosomes to read four 

unique open reading frames (ORF I-IV) within the pX region during translation, 

producing Tax, Rex, p21, p30, p13, and p12 (Figure 1.4)65,87. Additionally, the virus also 

encodes a unique regulatory protein, HBZ, on its antisense strand77,88–90. Unlike the viral 

genes encoded on the sense strand of the provirus, HBZ transcription initiates from the 

3’ LTR, in which multiple transcriptional start sites in the R and U5 regions have been 

identified91. HBZ has been observed in an unspliced form (usHBZ, 209aa) and a slightly 

shorter, spliced form (sHBZ, 206aa) (Figure 1.4)92–94. Interestingly, the spliced form of 

HBZ has been observed to be more functional than the unspliced form, and its 

expression was also reported to be four times greater than that of the unspliced 

transcript in HTLV-1-infected cells. As such, the sHBZ is the more commonly studied 

variant and here, subsequent referral to HBZ implies the spliced variant95,96.  

Virion Assembly: After post-transcriptional processing of viral mRNAs is completed, 

the viral protein Rex interacts with Rex responsive elements (RxRE) in the U3 and R 

regions of the mRNA and facilitate nuclear export through nuclear pore complexes 
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(NPCs)97–101. Once viral transcripts reach the cytoplasm, free host ribosomes produce 

protein from doubly spliced transcripts, while membrane-bound ribosomes synthesize 

singly spliced transcripts to produce envelope proteins48,85. Envelope polyprotein 

precursors are glycosylated and proteolytically cleaved by cellular furin-like proteases 

as they traffic through the Golgi before they are secreted in their functionally active 

forms: surface glycoprotein (SU) and transmembrane glycoprotein (TM)102. 

Concurrently, viral genomic RNAs are also produced and exported from the nucleus. 

Though retroviral RNA trafficking mechanisms have yet to be elucidated, some 

evidence suggests that simple diffusion may be responsible103. The Gag and Pol 

polyproteins are trafficked to the cell membrane where they interact with genomic RNA 

to assemble new viral particles through complex Gag-Gag oligomerization. The virus 

buds through the host cell membrane, acquiring its outer envelope studded with SU and 

TM proteins48.  

After budding, retroviral particles are reported to undergo maturation in order to 

become fully infectious. During this process, the viral protease cleaves the Pol 

polyprotein to produce IN and Pol proteins, while the Gag polyprotein is cleaved to 

produce CA, MA, and NC proteins (Figure 1.1)29,48,85,104. Evidence supports that 

improper viral maturation results in the formation of a poorly defined core structure and 

poor infectivity. Development of infectious HTLV-1 viral particles is not well studied, and 

it remains unclear whether maturation is required. Interestingly, cryo-electron 

tomographic analysis of HTLV-1 virions showed that only 15% of new viral particles 

observed had a defined core structure, while 60% of observed virions had an undefined 
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core29. This evidence may help explain why cell-free HTLV-1 infectivity is so poor in 

comparison to other retroviruses  

HTLV-1 and Human Disease: In HTLV-1-infected individuals, high proviral load in 

peripheral blood mononuclear cells (PBMCs) is reported to increase the risk of 

transmission and acquisition of an HTLV-1-associated disease18,105–116. HTLV is the 

causative agent of several diseases, including HAM/TSP, ATL, HTLV-1 associated 

uveitis, and HTLV-1-associated infectious dermatitis. Immune suppression has also 

been reported to increase the risk of developing opportunistic infections such as 

tuberculosis and strongyloidiasis. Higher frequencies of arthritis, fibromyalgia, urinary 

tract infections, and depression are also reported in HTLV-1-infected populations7. This 

review will focus only on the literature concerning ATL and HAM/TSP. 

HTLV-1-Associated Myelopathy/ Tropical Spastic Paraparesis: HAM/TSP is a 

progressive neurodegenerative disorder which is characterized by spastic paraparesis, 

bowel and/or bladder dysfunction, and marked changes in lower limb sensory 

function5,6,117. HAM/TSP develops in an estimated 1% of HTLV-1-infected individuals 

and is associated with blood-borne transmission of the virus. HAM/TSP occurs more 

commonly in women rather than men, and a high proviral load remains the most 

important risk factor for pathogenesis. Additional risk factors include the presence of the 

HLA-DRB1*0101 allele and polymorphisms in genes which encode pro-inflammatory 

cytokines TNFα and IL-15106,108,118–120. Though the exact mechanism of pathogenesis 

remains unclear, the disease is thought to be immune-mediated. It has been proposed 

that HTLV-1 can infect glial cells, which may be targeted and lysed by HTLV-specific 

cytotoxic T-cells. Another hypothesis suggests that HTLV-1-infected leukocytes migrate 
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to the central nervous system (CNS) compartment, where they are also targeted by 

HTLV-specific CD8+ T-cells; however, the release of pro-inflammatory cytokines may 

also damage neighboring CNS cells, a phenomenon known as the bystander 

effect121,122. Additional evidence supports that anti-HTLV antibodies cross-react with 

self-antigens in the CNS through a process known as molecular mimicry123–125. Finally, 

one transcriptional analysis study reports that HAM/TSP is associated with the 

overexpression of interferon-stimulated genes, however it is unclear whether 

pathogenesis is caused by, or merely the result of, changes in interferon-regulated gene 

expression126,127.  

Currently, there are no effective treatments that improve long-term patient 

condition, however some short-term improvements have been reported in patients 

treated with corticosteroids, plasmapheresis, intravenous gammaglobulin, anti-CD25 IL-

2 signaling inhibitor, interferons, and nucleoside analogs128–140. Further study will be 

required to evaluate the long-term benefits of these treatments for HAM/TSP patients. 

Adult T-cell Leukemia: The most severe HTLV-1-associated disease is ATL, an 

aggressive lymphoproliferative disorder that results from the expansion of HTLV-1-

infected CD4+ T-cells. ATL cells are highly migratory due, in part, to changes in the 

expression of cell surface adhesion proteins, and have been reported to infiltrate 

numerous tissue types141–144. Hypercalcemia is a major, and often fatal complication 

that is reported in 70% of ATL patients and is caused by an increase in the number of 

bone osteoclasts which promote increased bone resorption145,146. Though ATL occurs in 

fewer than 5% of HTLV-1 positive individuals, it remains exceedingly difficult to treat 
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with chemotherapeutics and anti-retroviral drugs; ATL patients typically succumb to the 

disease in a matter of months147.  

The development of ATL is associated with vertical transmission of the virus 

through breastfeeding148–150. ATL most commonly affects men and symptoms first 

appear in people aged 40 to 50 years old. Additional risk factors include high proviral 

load, high anti-HTLV-1 antibody levels, a history of infectious dermatitis, and smoking. 

Infected people who have a family history of ATL are also more likely to develop the 

disease, suggesting that some aspects of disease susceptibility may be 

hereditary141,151,152.  Diagnosis of ATL is made when abnormally-shaped leukocytes with 

polylobulated nuclei are observed in peripheral blood and anti-HTLV-1 antibodies in the 

peripheral blood are detectable153.  

ATL severity is categorized into four clinical subtypes based upon lymphocyte 

count, the percent of atypical lymphocytes observed, lactate dehydrogenase levels, 

calcium levels, as well as the presence of certain symptoms including 

lymphadenopathy, ascites, pleural effusion, and lesions of the skin, lungs, liver, spleen, 

gastrointestinal tract, or central nervous system7,154. The least severe Smoldering and 

Chronic subtypes are slowly progressing manifestations of ATL which have survival 

rates ranging from one to five years. The most severe Lymphoma and Acute subtypes, 

which account for the most commonly diagnosed forms of ATL, are rapidly progressing 

leukemic manifestations with survival rates of four to ten months7,147,154,155.  

Classifying ATL subtypes help clinicians develop treatment plans for their 

patients. For example, patients diagnosed with smoldering and chronic ATL subtypes 

are typically not treated, but rather a “watchful waiting” protocol is employed and 
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chemotherapeutic treatment may be implemented as symptoms worsen154,156,157. 

However, after decades of clinical study, an effective standard treatment has yet to be 

implemented because current chemotherapeutic and antiretrovirals are ineffective for 

treating ATL for either the short- or long-term153,155,158. Patients with less severe 

symptoms, such as skin lesions or opportunistic infection, are treated with zidovudine 

(AZT), a nucleoside analog reverse transcriptase inhibitor, and interferon alpha (IFN-α). 

In addition to antiretrovirals, combination chemotherapeutic approaches are also used 

in patients with severe ATL subtypes. Possible regimen components include 

cyclophosphamide, doxorubicin, vincristine, prednisone, etoposide, dexamethasone, 

ranimustine, vindesine, and carboplatin155. 

For ATL patients who respond to therapy, allogeneic hematopoietic stem cell 

transplantation (allo-HSCT) may be recommended and has shown promising results for 

long term survival155,159–161. However, locating matching donors remains an obstacle to 

this approach. Furthermore, decreased transplant success rate is associated with 

increasing age, and ATL typically occurs in the later years of life. Importantly, allo-HSCT 

is recommended only for patients who respond well to initial chemotherapeutics, but not 

for non-responding patients. For these individuals, only supportive care can be given. 

As such, there is a great need to develop novel treatment options which are efficacious 

in non-responders. A number of clinical trials are currently ongoing to evaluate the 

efficacy of novel drugs in ATL patients. Classes of drugs under evaluation include 

antimetabolites, leukocyte-specific monoclonal antibodies, proteasome inhibitors, kinase 

inhibitors, immunomodulatory drugs, and HDAC inhibitors (Table 1).  
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Table 1.1: Novel ATL therapeutic targets. The table outlines new drugs, and their mechanisms of 
action, that are currently under investigation for the treatment of ATL. 
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Interestingly, two anti-HTLV-1 vaccines are also in the early stages of 

development. One vaccine approach is an autologous transfer of patient dendritic cells 

pulsed with Tax peptide fragments which correspond to cytotoxic T-cell recognized 

epitopes, and are expected to enhance the Tax-specific CTL response162. Secondly, the 

THV02 vaccine consists of lentiviral vectors which encode a unique HTLV-1 polypeptide 

composed of Tax, HBZ, p12, and p30 immunogenic peptide fragments. This peptide is 

expected to stimulate a robust cellular response against HTLV-1-infected cells and has 

shown some success in animal models163. These novel therapeutic approaches and 

vaccines have been extensively reviewed elsewhere155. However, it is important to 

consider that the majority of clinical trials for ATL patients take place primarily in Japan 

and fail to take into account differences in eastern and western HTLV strains and 

differences in population-specific risk factors. Even if these therapies show promise in 

eastern trails, further clinical data and trials that target patients in western endemic 

countries will be required to establish effective treatment plans in these regions.  

 

A Model for ATL Development: The mechanisms by which HTLV-1 drives the 

progression of ATL are not completely understood. The current model of ATL 

development is divided into two phases: de novo viral infection and clonal expansion. 

Both of these mechanisms are important for increasing HTLV-1 proviral copy number.  

The early stage in infection is dominated by de novo viral replication and cell-to-

cell transmission of virions, which is important for expanding the diversity of HTLV-1-

infected cell clones (Figure 1.5). Virally-infected clones are identified by proviral copy  
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Figure 1.5: Clonal expansion of HTLV-1-infected lymphocytes. HTLV-1-infected cell clones are 
established through cell contact-dependent de novo infection and are differentiated though proviral 
integration site, denoted in this diagram by different nuclear fill patterns. Early in infection, the clonal 
pool is diverse, reflecting continued de novo infection. Proviral load concurrently increased through 
polyclonal expansion. Viral antigens, mainly Tax, prime a robust CTL response which target clones 
expressing high levels of Tax (Tax-hi). Clones expressing low levels of Tax (Tax-lo), or have silenced 
sense strand gene expression altogether (Tax-null), escape negative selection and continue to 
proliferate (oligoclonal expansion). Cellular longevity, increased proliferation, and the accumulation of 
genetic damage promote transformation in one clone, resulting in a leukemic phenotype (ATL).  
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number and proviral integration site19,60. Though integration site selection is not yet 

completely understood, the virus requires the open DNA conformation found in 

euchromatin164,165. Furthermore, retroviral integration is hypothesized to be influenced 

by host factors and be biased toward specific palindromic nucleotide motifs58–60. 

Notably, some clones exist in high abundance while others exist in low abundance. This 

may be due to the orientation of the provirus in its integration site, and whether it 

integrated within a coding region or close to transcriptional start site61,164. Interestingly, it 

is estimated that HTLV-1 infection can produce between 20,000 and 50,000 cellular 

clones in circulating blood, not considering clones that may be constrained to lymphoid 

tissues166. 

Although de novo replication is important for establishing HTLV-1 infection and 

the polyclonal pool of infected lymphocytes, it is also associated with increased viral 

antigen presentation and the priming of a robust cytotoxic T-cell (CTL) response 

(Figure 1.5). Anti-HTLV CTLs have been demonstrated to primarily recognize antigen 

derived from sense strand encoded proteins, mainly Tax167. However, the antisense 

protein HBZ does not elicit a similar immune response168. Therefore, it is expected that 

negative selection is primarily based upon Tax expression, resulting in the elimination of 

cell clones expressing moderate to high levels of Tax and the evasion of cell clones 

expressing little, or no Tax.  

CTL immune evasion is mediated primarily by modulation of sense proviral 

transcription to reduce Tax expression. Some clones have been documented to 

introduce mutations into the Tax-encoding gene sequence within the proviral DNA, 

while others reduce Tax expression through the deletion or hypermethylation of the 5’ 
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LTR19,169–173. The reduction in the level of Tax confers a survival advantage within host 

cells and experimental observations confirm that Tax transcripts are absent in over 60% 

of ATL cases. Furthermore, by maintaining these cells in culture to remove negative 

selective pressure, Tax expression is restored170,174. 

The surviving clonal population, or oligoclonal pool, exhibits survival advantages 

that allow them to persist and proliferate throughout infection (Figure 1.5)14,19,175–178. 

Clonal expansion of infected cells has been directly associated with ATL onset, 

supporting that this form of viral replication significantly contributes to pathogenesis 

(Figure 1.5)110. ATL is typically dominated by a single infected cell clone, which may 

originate from either a high abundance clone, or a low abundance clone164,166. In either 

case, the onset of disease is characterized by the rapid proliferation of a single clonal 

population, which comes to dominate the infection. However, in some cases of ATL, the 

dominant clone has been observed to be replaced by a secondary clone in a process 

known as clonal succession179. Therefore, multiple pathogenic clones may contribute to 

disease progression at different points throughout infection.  

 The progression of a single clone to a leukemic phenotype is proposed to be 

mediated by a multistep oncogenic process, requiring several pro-leukemogenic 

“hits”166,180,181. In this model, HTLV-1 infection serves as the first of a series of five to 

eight “hits” which cooperate to induce malignant transformation. Extensive work 

evaluating HTLV-1-meidated activation of cellular pro-oncogenic pathways suggests 

that subsequent “hits” result from viral manipulation of normal cellular processes which, 

in turn, drive disease progression14,166,182. The progression of some infected cell clones 

to malignancy may depend upon additional factors, such as the pattern of proviral gene 
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expression, which is likely strongly influenced by integration site, as well as clonal 

longevity14,56,166.  

The Role of HTLV-1 Regulatory Proteins Tax and HBZ in Transformation: 

Extensive study of viral gene products has implicated both Tax and HBZ in 

oncogenesis. Though Tax and HBZ are important for coordinating proviral gene 

expression for de novo viral replication, clonal proliferation, and immune evasion, they 

are also reported to manipulate cellular gene expression. While this is generally thought 

to provide a favorable environment for viral replication and spread, it may also 

inadvertently activate pro-oncogenic mechanisms14,183.  

Though some evidence supports a role for Tax in HTLV-1-mediated 

oncogenesis, its contribution to transformation is still being evaluated. Tax is a potent 

transcriptional activator that, in addition to activating proviral gene expression, activates 

the expression of pro-proliferative cellular transcription factors ERG-1, ERG-2, Fra1, c-

Jun, and JunD184. Tax has also been well documented to hyperactivate pro-survival 

canonical and non-canonical NF-κB pathways through the inhibition of negative control 

mechanisms located at multiple points in their respective signaling cascades184–190. A 

consequence of NF-κB hyperactivation is the overproduction enzymes which produce 

reactive nitrogen and oxygen species (RNOS)191. RNOS have been reported to 

accumulate within Tax-expressing cell lines, as well as in Tax-expressing HTLV-1-

infected cell lines, likely in an NF-κB-dependent manner192,193. The accumulation of 

RNOS is well documented to cause damage to cellular structures, including DNA. 

Damage to cellular DNA is frequently observed in HTLV-1-transformed cells, which may 

result, in part, from the accumulation of intracellular RNOS194. Although DNA-damage 
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sensors typically function to detect genetic damage and trigger cell cycle arrest DNA-

damage checkpoints, Tax has been reported to overcome checkpoint control 

mechanisms by upregulating the expression of cyclin D2, directly activating cyclin-

dependent kinases (CDK), and repressing CDK inhibitors187,195. Furthermore, Tax 

attenuates the activation of some DNA damage repair pathways, including homologous 

recombination (HR), nucleotide excision repair (NER), base excision repair (BER), and 

mismatch repair (MMR)195–199. Considered as a whole, these reports support that Tax 

contributes to HTLV-1-mediated oncogenesis by initiating unrestrained cell cycle 

progression, directly and indirectly promoting the accumulation of genetic damage, and 

by activating pro-survival signaling pathways200. 

Though in vitro evidence supports that Tax plays an important role in 

oncogenesis, it is unlikely that it initiates transformation alone201. In vitro studies 

performed with rat primary fibroblasts indicated that Tax readily induces a transformed 

phenotype, resulting in cells that were resistant to apoptosis and were capable of 

forming tumors in mice202–204. To evaluate the role of Tax in HTLV-1-associated disease 

progression in vivo, Tax transgenic mouse models have been developed. In these 

various models, Tax expression has been demonstrated to cause spontaneous 

osteolytic bone lesions, induce granular lymphocytic leukemia, promote the onset of 

inflammatory diseases, induce hind limb paraparesis, and cause the development of a 

pre-T-cell leukemia/lymphoma205–207. However, work performed in human primary T-

lymphocytes found that, unlike in rodent cells, transformation is a much rarer 

occurrence and that many of the pro-oncogenic functions of Tax, as described above, 

were only maintained in the presence of exogenous IL-2201,208–212. These data support 



26 
 

that Tax is, in actuality, a poor oncogene when acting alone and that Tax-mediated 

transformation may depend on other factors. Furthermore, Tax also serves as a major 

target of the host CTL response and its continued expression is only reported in less 

than 40% of freshly isolated ATL cells167,170,174. This evidence further supports that while 

Tax expression may contribute to the initiation of oncogenesis, its continued expression 

is not necessarily required for the development of a malignant phenotype.  

HBZ is another viral regulatory protein that has been implicated in 

leukemogenesis and HTLV-1 disease progression. HBZ is encoded on the antisense 

strand of the provirus and its expression is regulated from the 3’ LTR, which is not 

reported to acquire mutations or become methylated during infection (Figure 1.4)77,213. 

HBZ expression is maintained in all ATL cell lines and is observed to be expressed 

throughout all phases of HTLV-1 infection95,96,214–216. Additionally, experimental work 

supports that HBZ plays a major role in disease progression. Using an HBZ-transgenic 

mouse model, in which HBZ is expressed under a CD4 promoter, investigators 

demonstrated that HBZ produces symptoms consistent with disease progression, 

including increased CD4+ T-cell count, increased prevalence of T-regulatory cells, the 

appearance of inflammatory lesions in the skin and lungs, and increased susceptibility 

to opportunistic infection217–219. Furthermore, HBZ expression has been recently linked 

to the development of osteolytic bone lesions; HBZ-expressing cells are reported to 

exhibit significantly increased expression of DKK1, a central mediator of bone 

resorption220. Additional work performed in an HBZ-transgenic mouse model shows the 

development of osteolytic bone disease, as evidenced by significant bone loss, 

increased bone-acting factors present in serum and increased expression of DKK1, as 



27 
 

well as two other bone resorption mediators RANKL and PTHrP, in HBZ-expressing 

splenic T-cells221. Finally, HBZ expression in transgenic mouse models also 

corresponds to the development of lymphoproliferative disease, including T-cell 

lymphomas and spontaneous hematopoietic cell tumors217,221. Though in vitro cellular 

immortalization studies found that HBZ expression alone is insufficient to induce 

transformation, its expression was found to be important for establishing infection within 

the host and for maintaining the survival of HTLV-1-infected cell populations222,223. 

HBZ is a transcriptional regulator characterized by three major domains: The N-

terminal activation domain (AD), the central domain (CD), and the N-terminal basic 

leucine zipper (bZIP) domain (Figure 1.6.A). The activation domain contains two 

LXXLL-like motifs which facilitate HBZ’s interaction with cellular coactivators p300 and 

CBP82,224. The central domain is important for the nuclear localization of HBZ, as it 

contains two nuclear localization signals. Likewise, the bZIP domain contains a third 

nuclear localization signal225. The bZIP domain is composed of a basic region, followed 

directly by a leucine zipper. Leucine zippers are comprised of a series of leucine heptad 

repeats and are common features of proteins in the bZIP transcription factor family, 

which includes the AP-1 family, the ATF/CREB family, the C/EBPG family, the CNC 

family, and the Maf family. The interaction between leucine residues is driven by their 

hydrophobicity, which facilitates heterodimerization among bZIP family members to form 

functionally-active transcriptional regulators (Figure 1.6.B). The basic region confers 

DNA-binding capability to the dimer, allowing for the recognition of AP-1 sites in gene 

promoters226. Importantly, HBZ dimerizes with some bZIP family proteins, but not all. 

For example, HBZ is reported to interact with ATF-1, ATF-2, ATF-7, c-Jun, JunB, JunD,  
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Figure 1.6: HBZ is a virally-encoded bZIP transcriptional regulator. (A) A schematic of the 
functional domains of HBZ. HBZ contains an N-terminal activation domain (AD), containing two LXXLL 
motifs (LXXLL2) that interact with cellular coactivators p300/CBP via their KIX domain. The central 
domain (CD) contains two nuclear localization signals (NLS). The C-terminal basic region (BR) and 
leucine zipper motif (ZIP) compose the basic leucine zipper domain (bZIP), which selectively interacts 
with host cell bZIP transcription factors. (B) A schematic of a prototypical bZIP transcription factor 
dimer. The leucine residues (L) in the ZIP domain interact via hydrophobic interactions (L-L) to form an 
α-helical coiled-coil structure. Upon dimerization, the BRs undergo a conformational change which 
allows them to access the major groove of the DNA at a recognition site. A 90° rotation is shown to 
better depict the coiled-coiled ZIPs. (C) Human bZIP transcription factors are divided into 5 main 
families: Activator Protein 1 family (AP-1), Activating Transcription Factor/ cAMP Response Element 
Binding protein family (ATF/CREB), CCAAT Enhancer Binding Protein family (C/EBP), Cap’n’Collar 
family (CNC), and Musculoaponeurotic Fibrosarcoma family (Maf). * denotes that these proteins have 
been demonstrated to dimerize with HBZ. 
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CREB-1, MafG, and as reported in Chapter 3, MafF and MaK78,79,81,227–230. However, 

HBZ does not interact with Fos transcription factors, nor does it form stable 

homodimers78,79. Furthermore, its DNA-binding domain lacks the consensus sequence 

typically associated with DNA interactions (bb-bN-AA-b(C/S)R-bb)78,81,225,231,232. This 

evidence suggests that HBZ negatively regulates transcription by interacting with 

cellular bZIP transcription factors and sequestering them from their DNA-binding sites. 

Indeed, this hypothesis is supported by the observation that HBZ reduces 

transactivation at the proviral 5’ LTR, which is achieved by (1) interacting with CREB to 

decrease its recruitment to TxREs in the 5’ LTR, and (2) interacting with coactivators 

p300/CBP via their KIX domain to interfere with their ability to bind Tax (Figure 

1.4)77,81,82. However, the exception to this hypothesis lies in the case of the HBZ-JunD-

Sp1 complex, which is reported to activate transcription at the 3’ LTR in an Sp-1-

dependent manner (Figure 1.4)233. Furthermore, this complex was reported to exert 

control on cellular transcription by upregulating the expression of telomerase 

(hTERT)228. These reports suggest that HBZ has pleiotropic transcriptional activity, and 

further work is required to fully understand its impact of cellular gene expression.  

HBZ Maintains Viral Persistence by Regulating Host Cell Proliferation and 

Survival: HBZ significantly contributes to clonal expansion of HTLV-1-infected 

lymphocytes by activating cell survival and proliferation pathways. HBZ expression is 

demonstrated to support cellular proliferation and survival in vitro and in vivo93,229,234–239. 

Pro-proliferative functions of HBZ include the inhibition of p53-dependent apoptosis, the 

activation of pro-survival pathways, and overcoming Tax/NF-κB-induced replicative 

senescence240–245.  Interestingly, the bZIP domain of HBZ is believed to be important for 
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upregulating lymphocyte proliferation: antisense transcripts expressed by HTLV-2, 

HTLV-3, and HTLV-4 encode antisense proteins (AP-2, AP-3, AP-4) which lack the full 

bZIP domain and are unable to promote lymphoproliferation246.  

Interestingly, some reports also attribute HBZ mRNA transcripts with pro-

proliferative functions. The majority of HBZ transcripts are retained in the nucleus, with 

only a small portion successfully transcribed. Experimental evidence suggests that 

nuclear HBZ mRNA may be important for epigenetic regulation of host cell gene 

expression247. Additionally, some findings implicate HBZ mRNA in the upregulation of 

cellular proliferation93. Importantly, little is known about HBZ mRNA function, therefore, 

the contribution of HBZ mRNA to disease progression is still widely debated.  

Tax and HBZ Expression is Tightly Regulated to Maintain Viral Infection: Given 

that the de novo infection phase, the immune evasion phase, and the clonal expansion 

phase of infection exhibit different requirements for Tax and HBZ activity, it is expected 

that the expression of these proteins must be tightly regulated (Figure 1.7). Evaluation 

of leukemic cells isolated from ATL patients has shown that the production of sense 

proviral transcripts, which encode Tax, is suppressed in the majority of cases, but that 

antisense transcripts are consistently detectable. These finding were recently confirmed 

in single cell analysis of sense and antisense proviral transcripts248,249. The authors 

reported the continued presence of an antisense transcript, the expression of which was 

highly correlated with S and G2/M phases of the cell cycle, possibly to ensure the 

successful portioning of HBZ protein into daughter cells. Conversely, sense transcripts 

were only detected in a small percentage of leukemic cells248,249. However, 5’ LTR 

silencing is likely not permanent in most cell clones and reactivation may be  
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possible under certain cellular conditions170,174,250. Consistent with this hypothesis, the 

expression of sense transcripts was reported to be sporadically activated and 

deactivated independently of cell cycle progression248,249. It has been proposed that 

transient activation of Tax expression, known as a Tax transcriptional “burst”, is required 

to activate viral replication for de novo infection and induce anti-apoptotic signaling 

which may play a role in promoting the continued survival of the infected cell population 

as a whole249. 

In summary, even though Tax was once thought to be the sole driver of 

leukemogenesis, a growing body of evidence suggests that HBZ may be playing a 

much more significant role. Given its continual expression, its manipulation of host gene 

expression, its roles in increasing cellular proliferation, as well as activities enhancing 

cellular longevity, HBZ likely increases the risk of developing pro-carcinogenic genetic 

abnormalities, which may ultimately contribute to ATL development. In light of this 

growing evidence, it was our goal to expand the understanding of the mechanisms 

utilized by HBZ to drive long-term viral persistence and activate pro-oncogenic events.  

Specific Aims: 

Aim 1: Evaluate the contribution of HBZ to host cell DNA damage responses and 

its role in the accumulation of genetic damage. 

Rationale: Nuclear morphology is one of the main diagnostic markers of ATL. Leukemic 

cells are reported to contain polylobulated nuclei which arise from a variety of genetic 

aberrations, including gross chromosomal rearrangements stemming from double 

stranded DNA breaks. The HTLV-1-encoded oncoprotein Tax is well characterized to 
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induce genetic damage by increasing the production of reactive oxygen and nitrogen 

species, inhibiting DNA damage repair pathways, and bypassing cell cycle checkpoint 

control mechanisms. However, Tax expression is silenced in the majority of HTLV-1-

infected cells, suggesting that virus-induced transformation depends upon additional 

factors. The virally-encoded protein HBZ contributes significantly to leukemogenesis. 

Unlike Tax, its expression is maintained throughout all phases of HTLV-1 infection and 

its activity is important for maintaining long-term survival and proliferation of infected cell 

clones. Preliminary evidence suggests that genetic damage is also associated with HBZ 

expression, suggesting the negative regulation of one or more DNA damage repair 

mechanisms. However, the effect of HBZ on DNA damage repair has not been 

assessed. Here, we aim to evaluate whether HBZ modulates the efficacy of DNA repair 

systems. Due to the contributions of double stranded DNA breaks to the development of 

the ATL phenotype, we will focus our analysis primarily upon the double-stranded DNA 

repair pathways homologous recombination (HR) and non-homologous end joining 

(NHEJ). Findings related to Aim 1 are presented in Chapter 2. 

Aim 2: Assess the role of HBZ in the regulation of the cellular oxidative stress 

response. 

Rationale: ATL cells are reported to harbor a high degree of drug resistance, rendering 

most chemotherapeutic strategies ineffective. Furthermore, the onset of multi-drug 

resistance in ATL patients is associated with aggressive disease progression and 

relapse. This suggests that HTLV-1 may manipulate cellular detoxification pathways to 

maintain the survival of the infected population. The virally-encoded oncoprotein HBZ is 

expressed consistently throughout infection and its activity is important for protecting 
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host cells from the induction of apoptosis and replicative senescence, thereby 

maintaining clonal proliferation of HTLV-1-infected cell populations. In many other 

cancer types, the expression of cytoprotective antioxidant genes is constitutively 

activated, promoting drug and radiation resistance, and negatively influencing patient 

outcome. Because HBZ is so important for maintaining the prolonged survival of 

infected cells, we questioned whether the transcriptional activities of HBZ influence the 

cellular antioxidant response as a cytoprotective mechanism. Here, we aim to evaluate 

the expression of antioxidant response genes in HBZ-expressing cells and determine if 

the cellular antioxidant response is important for host cell survival or proliferation. 

Findings related to Aim 2 are presented in Chapter 3. 

  



 

Chapter 2 

The HTLV-1 basic leucine zipper factor (HBZ) attenuates repair of double-

stranded DNA breaks via non-homologous end joining (NHEJ) 

 

Rushing AW1, Hoang K1, Polakowski N1, and Lemasson I1. 

1 Brody School of Medicine, Department of Microbiology and Immunology, East Carolina 

University, Greenville, NC, USA. 

 

Abstract 

Adult T-cell leukemia (ATL) is a fatal malignancy of CD4+ T-cells infected with human T-

cell leukemia virus type I (HTLV-1). ATL cells often exhibit random gross chromosomal 

rearrangements that are associated with the induction and improper repair of double-

stranded DNA breaks (DSBs). The viral oncoprotein Tax has been reported to impair 

DSB repair, but is not shown to be consistently expressed throughout all phases of 

infection. The viral oncoprotein HTLV-1 basic leucine zipper factor (HBZ) is consistently 

expressed prior to and throughout disease progression, but it is unclear whether it also 

influences DSB repair. We report that HBZ attenuates DSB repair by non-homologous 

end joining (NHEJ), but not by homologous recombination (HR), in a manner dependent 

upon the basic leucine zipper (bZIP) domain. HBZ was found to interact with two vital 

members of the NHEJ core machinery, Ku70 and Ku80, and to be recruited to DSBs in 

a bZIP-dependent manner. We observed that HBZ expression also resulted in a bZIP-

dependent delay in DNA-PK activation. Though Tax is reported to interact with Ku70, 

we did not find Tax expression to interfere with HBZ:Ku complex formation. However, as 
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Tax was reported to saturate NHEJ, we found this effect masked HBZ’s attenuation of 

NHEJ. Overall, these data suggest that DSB repair mechanisms are impaired not only 

by Tax, but also by HBZ, and show that HBZ expression may significantly contribute to 

the accumulation of chromosomal abnormalities during HTLV-1 mediated oncogenesis.  

 

Importance  

Human T-cell leukemia virus type 1 (HTLV-1) infects 15-20 million people worldwide. 

Approximately 90% of infected individuals are asymptomatic and may remain 

undiagnosed, increasing the risk that they will unknowingly transmit the virus. Viral 

infection will cause about 5% of the HTLV-1 positive population to develop Adult T-cell 

Leukemia (ATL), a fatal disease that is not highly responsive to treatment. Though ATL 

development remains poorly understood, two viral proteins, Tax and HBZ, have been 

implicated in driving disease progression by manipulating host cell signaling and 

transcriptional pathways. Unlike Tax, HBZ expression is consistently observed in all 

infected individuals, making it important to elucidate the specific role of HBZ in disease 

progression. Here, we present evidence that HBZ could promote the accumulation of 

double-stranded DNA breaks (DSB) through the attenuation of the non-homologous end 

joining (NHEJ) repair pathway. This effect may lead to genome instability, ultimately 

contributing to the development of ATL.  

 

Introduction 

Genetic instability is a prominent feature in cellular transformation and is 

characterized by the accumulation of abnormalities in chromosomal number and 
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structure which may result in changes to tumor-suppressor or proto-oncogene 

expression251,252. Stability of the genome is particularly threatened by double-stranded 

DNA breaks (DSBs), which are acquired from both endogenous and exogenous 

sources253,254. Upon recognition of a DSB, DNA damage response checkpoint 

mechanisms arrest the cell cycle, and repair is initiated. While a failure in DSB repair 

can lead to apoptosis, incorrect repair poses a great risk for the introduction of 

mutations and gross chromosomal rearrangements, which may contribute to 

carcinogenesis251,253,255–257. Generally, two distinct repair mechanisms are used to 

process and seal DSBs: homologous recombination (HR) and non-homologous end 

joining (NHEJ). 

HR is a template-dependent repair mechanism most active during S-phase in 

which a damaged region is repaired using the homologous region of the intact sister 

chromatid as a template for DNA synthesis258–260. Though this process may preserve 

the fidelity of the sequence spanning the break site, frequent repetition in the genome 

creates the possibility that the incorrect template sequence will be used to prime repair, 

which may result in genomic rearrangement261.  

NHEJ is a template-independent repair mechanism that is active during all 

phases of the cell cycle and consists of a classical pathway (C-NHEJ) and an 

alternative pathway (Alt-NHEJ)262. Alt-NHEJ is the lesser understood of the two 

pathways, but is reported to utilize areas of microhomology to mend DNA lesions via the 

enzymatic activities of the MRN complex and Polϴ263. Conversely, C-NHEJ mends DNA 

breaks lacking homology by either directly ligating compatible DSBs (NHEJ-C) or 

facilitating endonucleolytic processing prior to ligation in the case of incompatible DSBs 
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(NHEJ-I). In each case, repair is initiated by Ku70 and Ku80, which bind and stabilize 

the DNA termini.  Phosphatidylinositol-3-kinase-like kinase (PIKK) family member DNA 

Protein Kinase (DNA-PK), which is composed of the catalytic subunit (DNA-PKcs) and 

the Ku heterodimer, then bridges the break and phosphorylates a number of NHEJ 

repair proteins (Figure 2.1). Though DNA-PK activity is critical for repair, the 

significance of its kinase activity remains unclear since the phosphorylation of NHEJ  

targets is not required for successful repair264. The exception is the autophosphorylation 

of DNA-PK at Ser2056, which is critical for successful DSB repair265. Ser2056 

autophosphorylation induces a conformational change within the enzyme that releases 

it from the DNA and allows ligation enzymes, XRCC4 and Ligase IV, to access and seal 

the break265–269. Failure to phosphorylate Ser2056 is reported to stabilize DNA-PK on 

the lesion, preventing ligation and the completion of NHEJ269. In this way, DNA-PK is 

hypothesized to prevent premature ligation and coordinate the later stages of NHEJ270. 

In addition to serving as a critical regulator of DSB repair, DNA-PK activity is also linked 

to the activation of p53-dependent apoptosis in response to unrepaired DNA 

damage271–277. 

Defects in DSB repair pathways and cell cycle checkpoint control are clearly 

associated with an increased risk for developing solid tumors and hematological 

malignancies253. Adult T-cell Leukemia/ Lymphoma (ATL) is a fatal malignancy of CD4+ 

T-cells caused by a lifelong infection with human T-cell leukemia virus type I (HTLV-

1)2,278,279. Approximately 5% of HTLV-1-positive individuals develop ATL, though the 

process by which this disease occurs remains poorly understood. ATL development 
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Figure 2.1: A model of NHEJ-mediated repair. DSB end recognition is facilitated by Ku70:Ku80 
heterodimers, which bind and stabilize the lesion. The DNA protein kinase catalytic subunit (DNA-
PKcs) is recruited to each Ku dimer, where it is believed to play an important role in synaptic end 
bridging and may serve as a scaffolding protein. Phosphorylation is important for the regulation of 
DNA-PK activities. Here, we focus on autophosphorylation of Ser2056, a marker for DNA-PK 
activation. Though its functions are not well understood, DNA-PK may play a role in coordinating the 
recruitment and activation of NHEJ endonuclease and ligation machinery. The endonucleolytic 
activities of Artemis may be particularly important for the processing of incompatible DSBs (NHEJ-I). 
Unsuccessful repair of DSBs is hypothesized to promote p53-dependent apoptosis through DNA-PK 
activity.  
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is likely driven by a multi-step oncogenic process, as evidenced by the extended length 

of time required for pathogenesis to occur, the limited number of infected individuals 

who develop the disease, and by the accumulation of seemingly random genetic 

abnormalities in infected cells181. Karyotyping of ATL cells isolated from patients reveal 

that chromosomal structural and numerical abnormalities are consistently present, but 

that these aberrations are not necessarily conserved among patients280.  

HTLV-1 encodes two proteins that have been reported to drive oncogenesis: 

Transactivator X (Tax) and HTLV-1 basic leucine zipper factor (HBZ). Tax expression 

induces genetic instability by promoting multinucleation, chromosomal aneuploidy, and 

telomere attrition281–285. Tax is also reported to induce DSBs through production of 

reactive oxygen species (ROS) as a result of constitutive NF-κB activation, upregulation 

of nitric oxide synthase (iNOS) expression leading to increased nitric oxide (NO) 

production, and inhibition up to 80% of HR to cause saturation of classical NHEJ and 

prevent the repair of newly acquired DSBs192,193,197. Additionally, Tax promotes 

dephosphorylation of the ATM kinase via the WIP1 phosphatase which leads to a 

bypass of the G2/M DNA damage response checkpoint and accelerates cellular 

replication286–292.  

Although Tax is well-established to play a significant role in creating genomic 

instability, and its expression is sufficient to induce leukemogenesis in Tax transgenic 

mouse models, it remains unclear whether oncogenesis in humans is dependent upon 

additional factors205–207. IL-2-dependent, Tax-mediated immortalization of human 

primary CD4+ T-cells is possible, but it is a highly inefficient and rare event201. 

Furthermore, many ATL cell clones exhibit a loss of Tax expression through mutation, 
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methylation, or deletion of the 5’ Long Terminal Repeat (LTR), and cells which retain 

Tax expression exhibit only short bursts of sense proviral transactivation170,200,248,249,293. 

Unlike Tax, expression of the antisense-encoded hbz gene, which is regulated by 

the 3’ LTR, is retained throughout infection77,91,93,222,294–298. HBZ exhibits a variety of pro-

oncogenic properties that include stimulating cellular proliferation, accelerating cell cycle 

progression through upregulation of E2F-mediated transcription, and suppressing 

apoptosis223,229,239,243,299. Though little is known about whether HBZ contributes to the 

accumulation of chromosomal abnormalities, one study reports that ectopic HBZ 

expression increases the frequency of DNA breaks239. Furthermore, HBZ-expressing 

cells exhibit increased sensitivity to DSBs induced by etoposide-mediated 

topoisomerase II inhibition and delayed onset of DNA damage-induced G2/M 

arrest240,300. These findings led us to question whether sensitivity to DSBs in HBZ-

expressing cells is the result of a defect in one or more mechanisms of DSB repair. 

We report that HBZ attenuates NHEJ of both compatible and incompatible DSBs, 

but that it does not significantly alter HR. We observed that HBZ interacts with NHEJ-

initiating proteins Ku70 and Ku80 through its bZIP domain, and that it is recruited to 

DSB sites in vitro in a bZIP-dependent manner. Though we did not find the interaction 

shared between DNA-PKcs and Ku70 to be affected by HBZ, we observed that 

autophosphorylation at Ser2056 is delayed, also in a bZIP-dependent manner, 

suggesting that HBZ interferes with the activation of DNA-PK kinase activity in response 

to DNA damage. Though Tax is reported to interact with Ku70, it did not interfere with 

the formation of the HBZ:Ku complex. Additionally, Ku protein levels are retained in 

HTLV-1 infected cell lines which express little to no Tax, although they are reduced in 
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cells with high levels of Tax expression as previously reported301. Interestingly, HBZ-

mediated attenuation of NHEJ was masked by the co-expression of Tax, which 

enhanced NHEJ activity. Together, these findings suggest that DSB repair mechanisms 

are impaired not only by Tax, but also by HBZ, and show that HBZ may contribute to the 

accumulation of DSBs and chromosomal abnormalities over the course of HTLV-1 

infection, especially in infected cell clones that no longer express Tax consistently. 

 

Results 

HBZ attenuates repair of double-stranded DNA breaks through NHEJ, but not HR: 

To investigate whether HBZ impacts the repair of DSBs, we used previously described 

classical NHEJ and HR repair reporter vectors to quantify successful repair in HBZ-

expressing cells and empty vector control cells (Figure 2.2.A-B)302,303. Briefly, the NHEJ 

reporter plasmids encode one copy of the GFP reporter gene interrupted by a 3kb 

PEM1 gene intron. Within the intron lies an adenoviral (AV) exon flanked by I-SceI 

restriction endonuclease sites. The NHEJ-compatible break (NHEJ-C) reporter plasmid 

has two I-SceI restriction sites in the direct orientation that, upon digestion, create two 

compatible ends that do not require additional nucleolytic processing prior to ligation 

(Figure 2.2.A). The NHEJ-incompatible break (NHEJ-I) plasmid has two inverted I-SceI 

sites that generate incompatible ends, requiring nucleolytic processing prior to ligation 

(Figure 2.2.A). Excision of the AV exon during repair followed by splicing of the 

transcript results in GFP expression, which is quantified by flow cytometry. The HR 

reporter pDR-GFP encodes a full-length copy and a 5’ and 3’ truncated copy of GFP  
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Figure 2.2: GFP reporter-based DSB repair vectors reveal that HBZ attenuates NHEJ-C and NHEJ-I, but not HR. (A) Schematics 
of the reporter vectors used to measure NHEJ of compatible DSBs (NHEJ-C) and NHEJ of incompatible breaks (NHEJ-I), both part of 
the classical NHEJ pathway, are shown. The GFP reporter gene is separated by the PEM1 gene intron containing an adenoviral (AV) 
exon flanked by two I-SceI restriction sites in a direct orientation (NHEJ-C) or an indirect orientation (NHEJ-I). Cleavage at these sites 
results in excision of the AV exon and repair by NHEJ. The PEM1 intron is spliced out of the transcript at the splice donor (SD) site and 
splice acceptor (SA) site, resulting in an uninterrupted GFP-encoding transcript. (B) A schematic of the reporter vector used to measure 
HR is shown. This vector contains one complete copy of the GFP reporter gene (Sce-GFP) and a truncated copy of GFP that serves as 
a template for repair (iGFP), which are separated by a puromycin resistance cassette (Puro). Eleven base pairs were deleted from the 
Sce-GFP cDNA sequence and replaced with one I-SceI restriction site and two in-frame stop codons. This missing sequence ensures 
that template-dependent repair must occur to result in the production of a full length GFP gene. (C) HEK 293T cells were transfected 
with a total of 6μg of plasmid DNA (2μg pSG-I-SceI-HA, 2μg pcDNA-HBZ-Myc-His, 2μg pcDNA-ΔATG-Myc-His, 2μg NHEJ-C reporter). 
Where indicated, cells were treated with 2μM NU7441 for 24hrs. Cells were collected for flow cytometric analysis of GFP expression as 
outlined in the Materials and Methods. Data was collected from 20,000 individual events and is shown as fold change from maximum 
repair activity (I-SceI+ reporter). HBZ data is an average of ten independent experiments, ΔATG data is an average of three independent 
experiments, and NU7441 is an average of 3 independent experiments. Error bars represent SEM (Student’s t-test, * p< 0.05). (D) Jurkat 
cells were electroporated with a total of 6μg of plasmid DNA (2μg pSG-I-SceI-HA, 2μg pcDNA-HBZ-Myc-His, 2μg NHEJ-C reporter) and 
analyzed for GFP expression as outlined in C. Data shown are an average of two independent experiments and error bars indicate SEM 
(Student’s t-test, *p<0.05). (E) HEK 293T cells were transfected with a total of 6μg of plasmid DNA (2μg pcDNA-HBZ-Myc-His, 2μg 
NHEJ-I reporter) and analyzed as outlined above. Data shown are an average of five independent experiments and error bars represent 
SEM (*Student’s t-test, * p< 0.05). (F) HEK 293T cells were transfected with a total of 6μg of plasmid DNA (2μg pcDNA-HBZ-Myc-His,  
2μg DR-GFP reporter) and treated with 20μM B02 for 24hrs where indicated. Data shown are an average of three independent 
experiments and error bars represent SEM (*Student’s t-test, * p< 0.05). (G) Western blots of cellular protein extracts (30-60μg) were 
used to confirm transfections in HEK 293T cells using the indicated antibodies. 
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separated by 3.7kb containing a puromycin cassette. Eleven base pairs were deleted 

from full-length GFP cDNA sequence and replaced with an I-SceI site and 2 in-frame 

stop codons (Sce-GFP) (Figure 2.2.B). Once digested, HR machinery use the 

truncated internal GFP (iGFP) sequence as the template for repair, thereby replacing 

the missing nucleotides to allow expression of the full length fluorescent product.  

To determine whether HBZ influences the NHEJ of compatible DNA breaks, we 

transfected HEK 293T cells with the NHEJ-C reporter, the I-SceI expression vector, and 

either pcDNA-HBZ-Myc-His, or the empty vector (Figure 2.2.C). Since the HBZ 

transcript has been reported to have functions unique from the HBZ protein, we also 

evaluated whether the HBZ transcript affects NHEJ-C using the pcDNA-HBZ-ΔATG 

expression vector (lane 3). Additionally, one group of cells was treated with the NHEJ 

inhibitor NU7441, an inhibitor of DNA-PK enzymatic activity, to serve as a control for 

this assay (lane 4)304. We observed that HBZ expression significantly attenuated NHEJ-

C activity, as did treatment with NU7441. We noted that attenuation was mediated by 

the HBZ, but not the HBZ mRNA. Furthermore, we confirmed that HBZ attenuates 

NEHJ-C similarly in Jurkat T-cells (Figure 2.2.D). We also evaluated the efficiency of 

NHEJ of incompatible DNA breaks (NHEJ-I) and found that HBZ also significantly 

attenuates NHEJ-I activity (Figure 2.2.E). Finally, we assessed whether HBZ affects the 

HR pathway (Figure 2.2.F). HEK 293T cells were transiently transfected with the DR-

GFP reporter plasmid, and either pcDNA-HBZ-Myc-His (lane 1) or the empty vector 

(lane 2). Additionally, one group of cells was treated with the HR inhibitor B02 as a 

control for this assay (lane 3)305. We observed that HBZ failed to affect the efficiency of 

HR.  
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HBZ interacts with Ku70 and Ku80 via the bZIP domain: HBZ is reported to interact 

with a number of nuclear proteins to exert control over cellular processes. We 

questioned whether HBZ attenuates NHEJ through an interaction with cellular DNA 

repair machinery. To investigate novel HBZ-binding partners, we performed a 

preliminary proteomic screen in which we evaluated binding partners of affinity-purified 

HBZ protein complexes. Briefly, HBZ-containing protein complexes were 

immunoprecipitated from HeLa cells stably transfected with the pCMV-HBZ-FLAG 

expression vector. The FLAG-epitope tag, located on the C-terminal end of HBZ, 

allowed for FLAG immunoprecipitation-mediated purification of HBZ-containing protein 

complexes. Eluted proteins were subsequently identified by liquid chromatography 

tandem mass spectrometry (LC-MS/MS). To account for possible non-specific protein 

interactions with the anti-FLAG antibody, the immunoprecipitation was also performed 

using protein extracts from cells containing the empty vector control (pCMV-3Tag-8). In 

validation of our screen, we identified peptide fragments unique to HBZ, as well as 

several previously reported HBZ-interacting proteins, including p300/CBP82,224,241, c-

Jun78, JunB78, JunD228, ATF-181, ATF-7 (unpublished), CREB-181, CREM81, and 

C/EBPG229 (Figure 2.3.A). Interestingly, the analysis also indicated that HBZ interacts 

with NHEJ proteins Ku70 and Ku80.  

Upon sensation of a DNA break, Ku70 and Ku80 form a dimer and bind to DSBs 

and initiate NHEJ by recruiting the DNA-PK catalytic subunit (DNA-PKcs) to these sites. 

We confirmed the interaction of HBZ with Ku70 and Ku80 using co-immunoprecipitation 

with lysates from HEK 293T cells transiently overexpressing HBZ-Myc-His, FLAG-Ku70,  
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Figure 2.3:HBZ interacts with Ku through its bZIP domain. (A) A table outlining previously reported HBZ-interacting 
partners, as well as novel HBZ-interacting proteins Ku70 and Ku80, that were recovered from HBZ-FLAG immunoprecipitation 
and identified by LC-MS/MS. Proteins shown are unique to HBZ-FLAG samples and were identified with 99% probability. The 
data is representative of one independent experiment and the number of peptides identified are shown. (B) HEK 293T cells 
were transfected with 12μg of plasmid DNA (4μg pEGFP-Ku70-FLAG, 4μg pEGFP-Ku80-FLAG, 8μg pcDNA-HBZ-Myc-His) for 
48 hours. Anti-FLAG antibody was used to immunoprecipitate FLAG-Ku70 and FLAG-Ku80 from 300μg of protein extracts. 
Eluates (lanes 4-8) and 30μg of protein input (lanes 1-3) were analyzed by Western blot using the indicated antibodies. (C) 
Endogenous Ku70 and Ku80 were co-immunoprecipitated with HBZ-FLAG from 500μg of total protein harvested from HeLa 
cells stably transfected with pCMV-HBZ-FLAG or the empty vector. FLAG immunoprecipitation (IP) eluates (lanes 3-4) and 30μg 
of protein inputs (lanes 1-2) were analyzed by Western blot using the indicated antibodies. An immunoprecipitation with rabbit 

IgG was concurrently performed (lanes 5-6). (D) Per IP, three sets of MT-2 cells (3x10
6
) in 300μL serum-free RPMI were 

electroporated with 15μg of pCMV-HBZ-FLAG or the empty vector in 0.4 cm cuvettes (pulse=200V, 975uF, ∞Ω). Where 
indicated, cells were treated for 5hrs with 50μM etoposide. Anti-FLAG immunoprecipitations were performed with 500μg of cell 
lysate. Eluates and 10% protein inputs were analyzed by Western blot using the indicated antibodies. (E) A schematic of wild 
type HBZ (WT) and HBZ truncation mutants (ΔAD, ΔbZIP) used throughout this study. HBZ contains an N-terminal activation 
domain (AD), centrally located basic regions (BR), and a C-terminal basic leucine zipper (bZIP) domain. (F) HEK 293T cells 
were transfected with 12μg of plasmid DNA (4μg pEGFP-Ku70-FLAG, 4μg pcDNA-HBZ-Myc-His, 8μg pcDNA-HBZ-ΔAD-Myc-
His, 4μg pcDNA-HBZ-ΔbZIP-Myc-His). Ku70-FLAG was immunoprecipitated from 300μg of protein extracts using anti-FLAG 
antibody. Eluates (lanes 5-8) and 30μg of protein inputs (lanes1-4) were analyzed by Western blot using the indicated 
antibodies.  
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and FLAG-Ku80. Ku proteins, which each contain an N-terminal FLAG tag, were 

immunoprecipitated with anti-FLAG antibody, and the eluates were analyzed by 

Western blot for the presence of HBZ by probing for its C-terminal Myc tag (Figure 

2.3.B). HBZ was also confirmed to interact with endogenous Ku70 and Ku80 in which, 

lysates from HeLa cell lines stably expressing HBZ-FLAG, or transfected with the empty 

vector, were used to immunoprecipitate endogenous Ku70 and Ku80 protein complexes 

using anti-FLAG antibody (Figure 2.3.C). Again, we observed that both Ku70 and Ku80 

co-immunoprecipitated with HBZ. Finally, to confirm that HBZ and Ku proteins interact 

within the context of the HTLV-1-infected T-cell, MT-2 cells were electroporated with 

pCMV-HBZ-FLAG or the empty vector, and HBZ was immunoprecipitated using anti-

FLAG antibodies (Figure 2.3.D). We observed that endogenous Ku70 and Ku80 co-

immunoprecipitated with HBZ (lane 4). To determine if the interaction would be 

enhanced by the induction of DNA breaks, we treated electroporated cells with the 

topoisomerase II inhibitor etoposide for five hours to induce the accumulation of DSBs 

(lanes 5-8). However, we did not observe that etoposide treatment greatly enhanced 

HBZ:Ku complex formation, suggesting that these interactions may occur independently 

of DNA damage.   

HBZ is characterized by three major regions (Figure 2.3.E): the N-terminal 

activation domain (AD) that directly interacts with cellular coactivators and histone 

acetyltransferases82,224,240,241, the central basic regions (BR) that facilitate nuclear 

localization225, and the C-terminal basic leucine zipper (bZIP) motif that mediates 

interactions between HBZ and cellular bZIP transcription factors78,81,227–229. To 

determine which of these regions is important for facilitating the interaction with Ku, we 
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performed immunoprecipitations with cell lysates from HEK 293T cells that transiently 

overexpressed FLAG-tagged Ku70 and either wild type HBZ (HBZ-WT), HBZ-ΔAD, or 

HBZ-ΔbZIP (Figure 2.3.F). Deletion of the HBZ AD did not prevent HBZ from interacting 

with Ku70 (lane 8), but deletion of the bZIP domain abolished the interaction (lane 7), 

indicating that the bZIP domain facilitates the HBZ:Ku interaction. 

 

HBZ does not impair Ku-mediated DSB end recognition: To assess the importance 

of DNA contact in the formation of the HBZ:Ku complex, we tested whether degrading 

DNA via endonuclease activity would affect these protein interactions. We 

immunoprecipitated Ku70-FLAG from HEK 293T cells co-transfected with HBZ-Myc-His. 

Cell lysates were split in half, and one set was treated with the endonuclease, 

benzonase, while the other remained untreated (Figure 2.4.A). The results show that 

the interaction between Ku70 and HBZ is maintained in endonuclease-treated cell 

lysates, indicating that the stability of this protein complex is not DNA-dependent. 

 These findings led us to question whether HBZ prevents Ku-mediated DSB end 

recognition. In vitro DNA-binding assays have been extensively used to characterize 

interactions between NHEJ core machinery and DNA termini306–311. Using this 

technique, we tested whether HBZ influences the recruitment of Ku70 or Ku80 to DSBs. 

Biotinylated, double-stranded, blunt-end DNA fragments (35bp) were immobilized on 

streptavidin-coupled beads and incubated with nuclear extracts from HEK 293T cells 

transiently overexpressing Myc-His-tagged HBZ-WT, HBZ-ΔAD, or HBZ-ΔbZIP. 

Proteins captured by the immobilized DNA were eluted and analyzed by Western blot to 

determine if HBZ influences Ku recruitment and, if so, which domain of HBZ is  
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Figure 2.4: HBZ is recruited to DSBs in a Ku-dependent manner. (A) HEK 293T cells were 
transfected with 12μg of plasmid DNA (4μg pEGFP-Ku70-FLAG, 8μg pcDNA-HBZ-Myc-His). Protein 
extracts were divided and were either treated with 250U of benzonase for 45 minutes or were left 
untreated. FLAG-Ku70 was immunoprecipitated from approximately 3mg of protein using anti-FLAG 
antibodies. Eluates (lanes 5-8) and 10% of the input protein (lanes 1-4) were analyzed by Western blot 
using the indicated antibodies. (B) HEK 293T cells were transfected and nuclear proteins were 
harvested as described in the Materials and Methods. Nuclear protein (10μg) was incubated with an 
immobilized, blunt ended, double-stranded DNA fragment (ITA:DSB), or with unbound resin 
(ITA:Beads). Eluates and 5μg of protein inputs (50% input) were analyzed by Western blot using the 
indicated antibodies (C) HeLa cells stably transfected with pcDNA-HBZ-Myc-His or the empty vector, 
were co-transfected with the NHEJ-C reporter and the I-SceI expression vector. Chromatin 
immunoprecipitation assays were performed using the indicated antibodies. Primers specific for the 
NHEJ-C reporter, or for an internal GFP sequence were used to amplify precipitated DNA. Data shown 
is an average of four independent experiments and represents fold change in Ku70 enrichment in the 
I-SceI cut site (NHEJ) relative to Ku70 enrichment at the internal GFP sequence (GFP). Error bars 
represent SEM (Student’s t-test, * p<0.05).  
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responsible for this activity (Figure 2.4.B). The results indicate that HBZ neither 

promoted, nor impaired Ku recruitment to DNA termini (lane 6). Interestingly, we noted 

that HBZ-WT and HBZ-ΔAD were recruited to the DNA (lane 6-7), but that HBZ-ΔbZIP 

was not (lane 8). These findings indicate that the bZIP domain of HBZ is important for 

its recruitment to DSBs, as well as for facilitating its interaction with Ku, suggesting that 

HBZ is recruited to DNA lesions in a Ku-dependent manner.  

As an alternative approach, we performed chromatin immunoprecipitation to 

evaluate Ku70 recruitment to DSBs in vivo. For these assays, stable HeLa cell lines 

containing the HBZ-expression vector pcDNA-HBZ-Myc-His or the empty vector 

(pcDNA) were transiently transfected with the NHEJ-C reporter plasmid and the I-SceI 

expression plasmid. After approximately 24 hours, Ku70-bound chromatin fragments 

were immunoprecipitated. ChIP PCR was performed using primers recognizing the 

NHEJ reporter I-SceI cut site, or recognizing an internal GFP sequence, and data are 

presented as a function of Ku70 enrichment at the internal GFP site (Figure 2.4.C). We 

observed that Ku70 was significantly enriched at the NHEJ I-SceI cut site (NHEJ) in 

both the empty vector cell line and in the HBZ-expressing cell line, as compared to 

Ku70 enrichment at the internal GFP site. Furthermore, consistent with our previous 

results, we did not observe HBZ expression to significantly alter Ku70 recruitment.  

 

The bZIP domain of HBZ is important for the attenuation of NHEJ: We next 

addressed whether the interaction between HBZ and Ku contributes to HBZ-mediated 

attenuation of NHEJ. Because our findings support that HBZ interacts with Ku via its 

bZIP domain, we hypothesized that HBZ mutants lacking this region would be unable to 
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attenuate NHEJ-C. HEK 293T cells were transiently transfected with the NHEJ-C 

reporter plasmid, the I-SceI restriction enzyme expression plasmid, and either HBZ-WT, 

HBZ-ΔAD, or HBZ-ΔbZIP, and were analyzed 48 hours post-transfection for successful 

NHEJ-mediated repair (Figure 2.5). We observed that the bZIP truncation mutant was 

incapable of NHEJ attenuation (lane 3). Conversely, the AD truncation mutant inhibited 

NHEJ similarly to WT HBZ (lane 4). In our hands, HBZ-ΔAD protein levels observable 

by Western blot are typically lower than the levels of other HBZ proteins. We found that 

by transfecting increased amounts of the HBZ-ΔAD expression vector, NHEJ-C was 

attenuated even further (lane 5). Together, these data support that the bZIP domain of 

HBZ is a potent negative regulator of NHEJ activity.  

 

HBZ impairs etoposide-induced DNA-PK autophosphorylation: Because we did not 

find HBZ to inhibit the recruitment of Ku70 or Ku80 to DNA termini in vitro, or to reduce 

the level of chromatin-bound Ku70 in vivo, it is unlikely that HBZ attenuates NHEJ at the 

DSB recognition step. Therefore, we hypothesized that HBZ modulates Ku-dependent 

processes that occur after recognition of DNA termini. DNA-PK holoenzyme recruitment 

and activation is believed to be important for facilitating synaptic end bridging and 

preventing premature DNA processing312. To determine if DNA-PK activities are 

impacted by HBZ, we first tested whether HBZ impedes the interaction between Ku70 

and DNA-PKcs by immunoprecipitating Ku70 from HEK 293T cell lysates transiently 

overexpressing FLAG-Ku70 and HBZ-Myc-His. Prior to immunoprecipitation, cells were 

treated with 50μM etoposide to stimulate DNA-PK complex formation (Figure 2.6.A). 

The data show that DNA-PKcs is co-immunoprecipitated with Ku70 in cells transfected  
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Figure 2.5: The bZIP domain of HBZ is important for the attenuation of NHEJ. HEK 293T cells 
were transfected with a total of 6-8μg of plasmid DNA (2μg pSG-I-SceI-HA, 2μg pcDNA-HBZ-Myc-His, 
2μg pcDNA-HBZ-ΔbZIP-Myc-His, 2-4μg pcDNA-HBZ-ΔAD-Myc-His, and 2μg of the NHEJ-C reporter). 
GFP expression was detected by flow cytometry, and the fold change in NHEJ-C activity was 
calculated from 20,000 events. Data are an average of three independent experiments and error bars 
represent SEM (*Student’s t-test, p< 0.05). Protein was extracted from the remaining transfected cells 
and was analyzed by Western blot using the indicated antibodies to confirm successful transfections. 
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Figure 2.6: HBZ interferes with etoposide-induced DNA-PK autophosphorylation. (A) HEK 293T 
cells were transfected with 12μg of plasmid DNA (6μg pEGFP-Ku70-FLAG, 6μg pcDNA-HBZ-Myc-His, 
6μg pcDNA 3.1) for 24 hours. Cells were treated with 50μM etoposide or equivalent amounts of 
DMSO for 5 hours before protein was extracted. FLAG-Ku70 was immunoprecipitated from 1mg of 
protein using anti-FLAG antibodies. Eluates (lanes 7-12) and 20μg of protein inputs (lanes 1-6) were 
analyzed by Western blot using the indicated antibodies. (B) HeLa clones stably transfected with an 
empty vector (lanes 1-4), pcDNA-HBZ-Myc-His (lanes 5-8), or pcDNA-HBZΔbZIP-Myc-His (lanes 9-
12) were treated with 50μM etoposide over a 90-minute time course. Protein was extracted and 30μg 
of each were analyzed by Western blot using the indicated antibodies. Changes in DNA-PKcs 
autophosphorylation, relative to a constant, non-specific band, were quantified by densitometric 
analysis of Western blots from three independent experiments. Error bars represent SEM (Student’s t-
test, * p<0.05, ns indicates not significant). 
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with the empty vector and in cells expressing HBZ, indicating that HBZ does not impair 

formation of the DNA-PK holoenzyme. Likewise, co-immunoprecipitation of DNA-PKcs 

with endogenous Ku70 in HeLa cell lines stably expressing HBZ-Myc-His or containing 

the empty vector confirmed that HBZ does not impair DNA-PK holoenzyme formation 

(data not shown). 

Activation of DNA-PK kinase activity is dependent upon phosphorylation of 

several residues and is reported to be critical for the completion of NHEJ269,313–317. 

Though DNA-PK is phosphorylated by a number of other kinases, Ser2056 has been 

identified as a bona fide autophosphorylation site that is important for destabilizing 

DNA-PK from its position at the DNA break prior to ligation, a step critical to the 

completion of NHEJ265,269. We tested whether HBZ impairs DNA-PK Ser2056 

autophosphorylation by treating HeLa cells stably transfected with pcDNA-HBZ-Myc-His 

or the empty vector with 50μM etoposide over a 90-minute time course (Figure 2.6.B). 

Cells were processed at 30-minute intervals, and lysates were treated with phosphatase 

inhibitors to prevent protein dephosphorylation. Proteins were analyzed by Western blot, 

and the P-DNA-PK band volume was quantified (ImageQuant) and normalized against a 

non-specific, constant band appearing on the same blot. We observed that in HBZ-

expressing cells (lanes 5-8), the level of phosphorylated DNA-PK was significantly 

reduced, but not depleted, at the 60-minute and 90-minute time points (lanes 7-8) when 

compared to the level of phosphorylated DNA-PK at the same time points in empty 

vector cells (lane 3-4).  

These data suggest a delay in the maximum activation of DNA-PK in HBZ-

expressing cells. Analysis of P-DNA-PK HeLa cells lines stably expressing the HBZ-
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ΔbZIP truncation mutant showed that autophosphorylation levels at the 30-minute and 

60-minute timepoints (lanes 10-11) were not significantly altered as compared to the 

empty vector cells. However, these cells exhibited a reduction in DNA-PK 

autophosphorylation at the 90-minute timepoint (lane 12), suggesting that maximum 

DNA-PK activity may be impaired. Overall, our findings indicate that HBZ reduces DNA-

PK autophosphorylation, suggesting a reduction in its maximum activation in a manner 

which is partially dependent upon the bZIP domain.  

 

Ku simultaneously forms complexes with HBZ and Tax to differentially modulate 

NHEJ activity: The HTLV-1 encoded protein Tax also dysregulates NHEJ through a 

diverse set of mechanisms that may impact the effect of HBZ on this repair pathway. 

We addressed this possibility by first evaluating Ku70 and Ku80 protein levels in a panel 

of HTLV-1-infected and uninfected T-cell lines, as Tax was reported to reduce the 

expression of these proteins (Figure 2.7.A)301. Western blot analysis of cell lysates 

show that the virally-infected cells retain expression of the Ku proteins (lanes 8-14), 

suggesting that the effect of HBZ on NHEJ remains relevant in the presence of Tax. In 

corroboration with previous findings301, infected cells with high Tax expression(lanes 8-

12) displayed a reduction in Ku protein levels when compared to HTLV-1-infected cells 

expressing little to no Tax (lanes 13-14).   

 Tax was also reported to interact with Ku70287, leading us to question whether 

Tax impedes the interaction between HBZ and Ku70 in cells co-expressing Tax and 

HBZ. To  
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Figure 2.7: Ku simultaneously forms complexes with HBZ and Tax to differentially modulate 

NHEJ activity. (A) Protein extracts (15μg) from activated primary CD4
+
 T-cells (anti-CD3, anti-CD28), 

as well as uninfected and HTLV-1-infected T-cell lines were analyzed by Western blot using the 
indicated antibodies. (B) HEK 293T cells were transfected with 12μg of plasmid DNA (3μg pEGFP-
Ku70-FLAG, 6μg pcDNA-HBZ-Myc-His, 3μg pSG-Tax-His). FLAG-Ku70 was immunoprecipitated from 
2mg of protein using an anti-FLAG antibody. Eluates (lanes 5-8) and 50μg of protein inputs (lanes 1-4) 
were analyzed by Western blot using the indicated antibodies. (C) HEK 293T cells were transfected 
with 7μg of plasmid DNA (2μg pSG-I-SceI-HA, 2μg pSG-HBZ-Myc, 1μg pSG-Tax-His, 2μg NHEJ-C 
reporter). Where indicated, cells were treated with 2μM NU7441 for 24hrs. GFP expression was 
detected by flow cytometry, and the change in NHEJ-C activity was calculated from 20,000 events. 
NU7441 and HBZ+Tax+NU7441 data are an average of three independent experiments, and 
remaining data are an average of six independent experiments. Error bars represent SEM (Student’s t-
test, * p<0.05). Protein was extracted from the remaining transfected cells and 60μg of each sample 
was analyzed by Western blot using the indicated antibodies to confirm transfections. Lane 1 in the 
Western blot is a negative transfection control (I-SceI negative) and is not represented in the above 
NHEJ-C activity quantitation. 
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address this possibility, Ku70 was immunoprecipitated from HEK 293T cell lysates 

transiently overexpressing FLAG-Ku70, HBZ-Myc-His, and Tax tagged with a C-terminal 

6x His epitope tag (Figure 2.7.B). We observed that Tax and HBZ both co-

immunoprecipitated with Ku70 when expressed alone (lanes 6-7), or in combination 

(lane 8). Given that the Ku proteins are abundantly expressed, these data support that 

that neither protein influences the interaction of the other with Ku70. 

 Finally, Tax was reported to repress the HR repair pathway, leading to the 

saturation of NHEJ to compensate for the lost repair mechanism197,287. To determine 

how the co-expression of Tax and HBZ affects NHEJ repair, we evaluated the efficiency 

of NHEJ using the flow cytometric NHEJ reporter assay in HEK 293T cells transiently 

expressing the NHEJ-C reporter, the I-SceI restriction enzyme, and a combination of 

HBZ and Tax (Figure 2.7.C). We observed that HBZ attenuates NHEJ-C when 

expressed alone (lane 4) and when Tax was expressed alone (lane 5), we observed 

that it significantly enhanced NHEJ-C activity, which may be consistent with some of the 

previously reported activities of Tax197,287. Interestingly, when HBZ and Tax were co-

expressed (lane 6), HBZ was observed to significantly reduce Tax-mediated 

enhancement of NHEJ. However, this activity still remained above basal levels 

indicating that HBZ only able to partially mitigate Tax-mediated activation of NHEJ-C. 

Finally, the DNA-PK inhibitor NU7441 significantly inhibited NHEJ-C activity regardless 

of Tax and HBZ expression, validating the assay results (lane 7). These data suggest 

that HBZ may work against Tax to attenuate NHEJ in infected cell populations co-

expressing both viral proteins.  
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Discussion 

 The accumulation of genetic abnormalities is a hallmark of ATL cells and arises, 

in part, from inadequate repair of DSBs. Here, we analyzed the degree to which HBZ 

influences DSB repair to contribute to genetic instability. We report that HBZ 

significantly attenuates NHEJ-C and NHEJ-I repair activity, but not DSB repair via the 

HR mechanism. In line with these observations, we report novel interactions between 

HBZ and NHEJ-initiating proteins Ku70 and Ku80, which form dimers at DNA breaks to 

stabilize the lesion. Further characterization of HBZ:Ku interactions revealed that the 

bZIP domain of HBZ is required. Interestingly, the bZIP domain was also found to be 

required for the suppression of NHEJ-C, suggesting that attenuation may be related to 

its interaction with Ku proteins. Though the HBZ:Ku complex can form independently of 

DNA contact, we noted that HBZ does not appear to negatively impact Ku recruitment to 

DSBs. Rather, our findings support that HBZ accompanies Ku to DNA termini in vitro, 

also in a bZIP-dependent manner, suggesting that NHEJ is not attenuated by impaired 

DSB recognition.  

 Ku70 and Ku80 form the DNA-binding component of the DNA-PK holoenzyme. 

Once bound to a DNA break, Ku proteins recruit the DNA-PK catalytic subunit, which 

possesses kinase activity, to provide additional stability and coordinate repair. We 

observed that, though HBZ forms a complex with Ku, it does not appear to disrupt the 

interaction between Ku70 and DNA-PKcs. However, we noted that etoposide-induced 

DNA-PK autophosphorylation at Ser 2056 was impaired by HBZ, potentially indicating 

attenuated kinase activity (Figure 2.8). 
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Figure 2.8: A proposed model for HBZ-mediated downregulation of NHEJ activity. We propose 
that HBZ interacts with Ku70:Ku80 heterodimers, possibly in a single complex, which is recruited to 
the DNA lesions. Though our data do not support that the presence of HBZ impairs the recruitment of 
DNA-PK to the break site, we observed that HBZ expression results in reduced autophosphorylation of 
DNA-PK, indicating impaired kinase activity. Several outcomes are possible, including impaired 
recruitment and/or activation of endonuclease and ligation machinery and increased stability of DNA-
PKcs at the lesion, all of which have negative implications for NHEJ completion. Furthermore, we 
propose that HBZ-mediated impairment of DNA-PK kinase activity may block DNA-damage-induced 
pro-apoptotic signaling to p53 to enhance host cell survival and reduce sensitivity to DNA-damaging 
agents.  
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Activation of DNA-PK is initiated by DNA contact and phosphorylation of specific serine 

and threonine residues. Phosphorylation of Thr2609 is reported to be important for 

inducing a conformational change in the enzyme to promote DNA end processing, while 

phosphorylation of Ser2056 is reported to promote destabilization of DNA-PK from the 

lesion to allow repair to be completed315. Currently, Ser2056 is the only bona fide 

autophosphorylation site characterized in DNA-PK, as other sites are also targeted by 

additional PIKK family kinases. Furthermore, phosphorylated Ser2056 is accepted as a 

marker of DNA-PK activation and is associated with the completion of NHEJ265–269. We 

postulate that HBZ-mediated reduction of DNA-PK autoactivation indicates that DNA-PK 

is stabilized at DSBs, potentially negatively impacting later steps in NHEJ (Figure 2.8).  

We also evaluated DNA-PK autophosphorylation in response to irradiation (IR), 

as both IR and etoposide have been reported to strongly induce the phosphorylation of 

Ser2056265. However, we did not observe strong DNA-PK activation in irradiated cells. 

Though IR and etoposide are both commonly used to induce DSBs, the toxicity of 

etoposide-induced breaks, as measured by H2AX phosphorylation, is much lower than 

the toxicity of IR-induced DSBs318,319. Increased toxicity of IR-induced lesions may 

explain why we were unable to replicate our results using this method of DNA damage 

induction. 

Once activated, DNA-PK is demonstrated to phosphorylate a number of targets 

involved in NHEJ, including Artemis320, AKT321, H2AX273, Ku70 and Ku80322, XRCC4323, 

XLF324, and Ligase IV325; however, at this stage, the biological importance of these 

modifications remains largely unclear. Though the exact function of DNA-PK in NHEJ is 

not yet well defined, DNA-PK activity is essential for NHEJ, as the inhibition of kinase 
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activity sensitizes cells to DNA damage-induced cell death314,326–330. We question 

whether defective DNA-PK activation may have implications for the recruitment and 

activation of downstream NHEJ repair enzymes. A preliminary, qualitative analysis of 

chromatin-bound NHEJ enzymes after the induction of DSBs by etoposide treatment 

showed no noticeable differences in recruitment of the nuclease or ligation machinery 

(data not shown), however this method does not account for the presence of these 

enzymes elsewhere on the chromatin. Additionally, others have reported disparities 

between NHEJ-C and NHEJ-I in terms of the enzymes required for completion. 

Therefore, altered regulation of these enzymes could account for the differences in 

NHEJ-I and NHEJ-C efficiencies we observed in HBZ-expressing cells. Further 

investigation into the recruitment, phosphorylation patterns, and enzymatic activity of 

these enzymes is warranted to determine if HBZ negatively impacts their function in 

DSB repair.  

In addition to its role in NHEJ-mediated DSB repair, DNA-PK activation has been 

characterized as a pro-apoptotic mechanism through which DNA damage induces the 

activation of the p53-dependent apoptosis cascade271. The pro-apoptotic signaling 

activity of p53 is tightly regulated by post-translational modifications, including 

acetylation and phosphorylation. Previous reports indicate that p53 is a phosphorylation 

target of DNA-PK, and that DNA-PK forms a complex with p53 on the DNA of cells 

treated with the nucleoside analogue gemcitabine, where it is postulated to act as a 

DNA damage sensor and provide pro-apoptotic signaling274–276. Additionally, DNA-PK is 

reported to phosphorylate the histone methyltransferase EZH2 to reduce its activity and 

promote DNA damage-induced apoptosis in T-cells277. Finally, DNA-PK is robustly 
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activated in apoptotic cells and phosphorylates H2AX during apoptotic DNA 

fragmentation273. Together, these findings support the role of DNA-PK as a pro-

apoptotic DNA damage sensor. Here, we report that HBZ expression reduced DNA-PK 

activation in a bZIP-dependent manner. Our group has previously reported that HBZ 

reduces p53 acetylation via its interaction with cellular acetyltransferases, conferring 

resistance to etoposide-induced apoptosis240,241. Given that DNA-PK has been 

demonstrated to phosphorylate p53 in vitro, it is possible that HBZ-mediated impairment 

of DNA-PK kinase activity also contributes to the resistance to DNA damage-induced 

apoptosis. Interestingly Tax has also been demonstrated to impair p53 pro-apoptotic 

signaling by upregulating WIP1 phosphatase activity286. However, once Tax expression 

is lost due to negative regulation of 5’ LTR transcription, it is expected that HBZ-

modulation of p53 post-translational modifications is of critical importance for 

maintaining the continued survival of the host cell. It is possible that the downregulation 

of DNA-PK activation may represent another mechanism through which HBZ maintains 

the continued survival of the infected cell population. 

Tax expression is important for facilitating de novo viral replication during early 

stages of infection. However, its expression is reported to be silenced in the majority of 

ATL cells at later stages, likely as a consequence of cytotoxic T-cell (CTL) evasion. 

However, some studies report the sporadic reactivation of 5’ LTR transcription in a very 

small percentage of ATL cells. Conversely, expression of hbz transcripts was reported 

to be maintained in a cell cycle-dependent manner248,249. Interestingly, ATL patients 

exhibit a constant anti-Tax CTL response, supporting a constant, but perhaps low level, 

Tax immune challenge. These findings suggest that in some infected cell clones, Tax 
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and HBZ expression may briefly overlap, so it is important to understand how these viral 

proteins work in conjunction to regulate DNA damage repair. Tax has been 

demonstrated to reduce the efficiency of NHEJ through a reduction in Ku protein levels, 

as evidenced by a reduction in Ku expression in HTLV-1-infected cell lines C8166 and 

MT4, both of which express high levels of Tax301. Analysis of additional infected cell 

lines, some expressing little to no Tax, showed that while Ku expression was fairly 

consistent between uninfected and infected T-cell lines, infected cells with little or no 

Tax exhibited a slight increase in Ku70 and Ku80 protein levels. Though these data 

confirm that continued Tax expression somewhat reduces the level of Ku, it is unclear 

whether transient Tax expression will result in the same level of repression. 

Additional evidence suggests that Tax saturates the NHEJ pathway through its 

interaction with DNA-PK and Ku70, resulting in an inability to repair newly acquired 

DSBs287. We found that when co-expressed, Tax and HBZ each maintain their 

respective interactions with Ku70, supporting that Tax:Ku and HBZ:Ku complexes form 

concurrently during instances in which Tax and HBZ are co-expressed.  

Taken as a whole, these observations led us to question how HBZ and Tax 

concurrently modulate DSB repair activities. We observed that NHEJ-C activity was 

enhanced in Tax-expressing cells, and that Tax expression masked HBZ-mediated 

attenuation. These findings, in combination with evidence from previous reports, 

suggest that the preferred mechanism of DSB repair in HBZ+ Tax+ cells may be NHEJ, 

but that when Tax expression is silenced, the preferred repair mechanism may be HR. 

HR is a cell cycle dependent DSB repair mechanism that is active only during S and 

G2/M phases. Therefore, increased rates of HR-dependent repair have been reported in 
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rapidly-proliferating cells, including some cancer cell types. Interestingly, the increased 

frequency of HR has been implicated in increased risk for chromosomal translocations 

and loss of heterozygosity, a major risk factor for carcinogenesis261. HBZ pro-

proliferative activities have been implicated in maintaining clonal expansion and driving 

aggressive lymphoproliferation in ATL. Though we observed HR to be unaffected by 

HBZ expression, it is unclear whether HR represents a pro-leukemogenic mechanism in 

the context of the HTLV-1-infected cell. Further work will be required to delineate how 

Tax and HBZ affect the selection of DSB repair in primary ATL cells, and whether 

increased dependence of HR-mediated repair in HBZ-expressing cells contributes to 

disease progression.  

 

Materials and Methods 

Cell lines, cell culture, and treatments: HEK 293T cells were cultured in Dulbecco's 

Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum, 2mM L-

glutamine, 100U/ml penicillin, and 50μg/mL streptomycin. Clonal HeLa-pCMV and 

HeLa-pCMV-HBZ-FLAG240 were cultured in spinner flask suspensions in Minimum 

Essential Medium supplemented with 5% newborn calf serum, 3% fetal bovine serum, 

2mM L-glutamine, 1X MEM non-essential amino acids solution, 1mM sodium pyruvate, 

100U/ml penicillin, 50μg/mL streptomycin, and 0.2mg/mL hygromycin B (Invitrogen). 

Clonal HeLa-pcDNA, HeLa-pcDNA-HBZ-Myc-His, and HeLa-pcDNA-HBZ-ΔbZIP-Myc-

His cell lines were maintained in supplemented DMEM and were maintained under 

selection with 0.5mg/mL geneticin (ThermoFisher). T-cell lines were maintained in either 

supplemented Iscove's Modified Dulbecco's Medium (IMDM) or supplemented Roswell 
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Park Memorial Institute (RPMI) medium. To inhibit NHEJ repair activity, cells were 

treated the DNA-PK inhibitor NU7441 (2μM) for 24hrs. To inhibit HR repair activity, cells 

were treated with the RAD51 inhibitor B02 (20μM) for 24hrs. To induce the 

accumulation of DSBs, cells were treated with 50μM of etoposide (Sigma-Aldrich) in 

DMSO for the indicated amount of time.  

 

Plasmids and Antibodies: The following HBZ mammalian expression plasmids have 

been described: pcDNA-HBZ Sp1-Myc-His (aa 1-206)91, pcDNA-HBZ-ΔAD-Myc-His (aa 

77-206)227, pcDNA-HBZ-ΔbZIP-Myc-His (aa 1-130)81, pcDNA-HBZ-ΔATG-Myc-His220, 

pCMV-HBZ-FLAG240, pSG-HBZ-Myc220, and pSG-Tax-His298, pCMV-HBZ-FLAG240. 

Plasmids pEGFP-C1-FLAG-Ku70 and pEGFP-C1-FLAG-Ku80 were gifts from Steve 

Jackson (Addgene plasmids #46957 and #46958)331. NHEJ-C and NHEJ-I reporter 

plasmids were provided by Vera Gorbunova332. pDR-GFP was a gift from Maria Jasin 

(Addgene plasmid #26475)303. I-SceI-HA was amplified from pCBASceI, also a gift from 

Maria Jasin (Addgene plasmid #26477)333 using a 5’ BamHI primer and a 3’ BglII primer 

(sequences available upon request) and subcloned into the pSG5 vector (Agilent 

Technologies) via BamHI, BglII digestion to construct pSG-I-SceI-HA. Empty vector 

plasmid pCMV-3Tag-8 was purchased from Agilent Technologies and pcDNA3.1 (+)/ 

Myc-His A was purchased from Invitrogen.  

The following antibodies were used: anti-FLAG M2 (Sigma-Aldrich F3165), anti-

Myc clone 4A6 (EMD Millipore 05-724), anti-His H-15 (Santa Cruz Biotechnology sc-

803), anti-Actin clone C4 (EMD Millipore MAB1501), anti-DNA-PKcs (Cell Signaling 

#4602), anti-DNA-PKcs phospho-S2056 (Abcam ab18192), anti-Ku70 D10A7 (Cell 



66 
 

Signaling #4588), anti-Ku70 (Santa Cruz scb0917), and anti-Ku80 C48E7 (Cell 

Signaling #2180), anti-phospho-histone H2A.X Ser139 (EMD Millipore #07-164), anti-

histone H3 (EMD Millipore #06-755). Anti-HBZ serum was generously provided by 

Jean-Michel Mesnard 77, and Tax monoclonal antibody (hybridoma 168B17-46-92) was 

obtained from the National Institutes of Health AIDS Research and Reference Reagent 

Program. 

 

Identification of HBZ-binding proteins by liquid chromatography tandem mass 

spectrometry (LC-MS/MS): HeLa-S3 cells electroporated with pCMV-3Tag-8 or pCMV-

HBZ-FLAG were cultured under hygromycin selection. Stably transfected clones were 

isolated and expanded to spinner flask suspension culture under continual hygromycin 

selection. 8x106 cells were pelleted at 350xg for 3 min at 4°C, washed in 1x PBS, and 

resuspended in 1mL RIPA buffer (50mM Tris [pH 8.0], 1% Triton X-100, 100mM NaCl, 

1mM MgCl2, 400nM TSA, 2μg/mL leupeptin, 5μg/mL aprotinin, 1mM PMSF, and 1mM 

benzamidine). Cells were vortexed briefly, and incubated on ice for 20 minutes. Lysates 

were centrifuged at 16,000xg for 15 minutes at 4°C and soluble protein supernatant was 

isolated and quantified by Bradford protein assay (Bio-Rad). Equalized cell lysates were 

pre-cleared and HBZ-FLAG protein complexes were immunoprecipitated using anti-

FLAG M2 magnetic resin (Sigma-Aldrich M8826): 40μL resin slurry was washed twice in 

1X TBS+ (2μg/mL leupeptin, 5μg/mL aprotinin, 1mM PMSF, and 1mM benzamidine) 

and incubated with equalized protein extracts for approximately 16 hours. Resin was 

washed four times in 1X TBS+ and protein complexes were eluted by FLAG peptide 

competition using 0.5μg/μL FLAG peptide (Sigma-Aldrich F3290) in 100μL 1X TBS+ for 
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30 minutes. Eluates were run partially through an SDS-PAGE gel and total protein 

bands were excised for in-gel digestion. Gel pieces were washed first in 50mM 

ammonium bicarbonate (AMBIC), then in acetonitrile. Samples were reduced with 

10mM DTT in 50mM AMBIC for 30 minutes at 56°C, washed in acetonitirile, alkylated 

with 55mM iodoacetamide in 50mM AMBIC for 20 minutes, washed in 50mM AMBIC, 

then washed in acetonitrile. Gel pieces were dried by speed vacuum centrifugation. 

Protein was digested in-gel using trypsin (Promega) in a 0.01% ProteaseMax/ 50mM 

AMBIC solution at a 1:30 enyzme:protein ratio. Digestion was halted using formic acid 

and peptides were extracted by covering the gel pieces with 60% acetonitrile/ 0.1% 

trifluoroacetic acid followed by sonication. Peptides were analyzed by liquid 

chromatography tandem mass spectrometry (LC-MS/MS) (Q-Exactive Hybrid 

Quadrupole-Orbitrap Mass Spectrometer, UC Davis Proteomics Core Facility). Tandem 

mass spectra were matched with peptide sequences by X! Tandem (Global Proteome 

Machine Organization) using the Uniprot_20140422_W_VRKr database assuming the 

digestion enzyme tryspin. X! Tandem was searched with a fragment ion mass tolerance 

of 20 ppm and a parent ion tolerance of 20 ppm. Fixed modifications included cysteine 

carbamidomethylation. Variable modifications included Glu->pyro-Glu of the N-terminus, 

ammonia loss of the N-terminus, Gln->pyro-Glu of the N-terminus, deamidated 

asparagine and glutamine, oxidation of methionine and tryptophan, dioxidation of 

methionine and tryptophan, and acetylation of the N-terminus. Scaffold version 

Scaffold_4.7.3 (Proteome Software Inc.) was used to validate and accept MS/MS-based 

protein identifications. Protein identifications were accepted at a False Discovery Rate 

of less than 1%, a probability of >99%, and with at least 3 identified peptides with a 
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maximum of 1 missed cleavage. To exclude the possibility of non-specific interactions of 

cellular proteins with anti-FLAG antibody, proteins which were identified in the empty 

vector (pCMV-3Tag-8) samples were excluded from analysis, leaving proteins that were 

only identified in the pCMV-HBZ-FLAG samples. Proteins unique to HBZ-FLAG 

samples were manually annotated based on function. Data is representative of one 

independent experiment and is available upon request. 

 

Co-immunoprecipitation: HEK 293T cells (2x106) were transiently transfected using 

TurboFect (ThermoFisher) according to the manufacturer’s instructions. Where, 

applicable, etoposide treatment (50μM) (Sigma-Aldrich) was carried out 4-5 hours prior 

to harvesting protein extracts. Protein extracts were prepared 24-48 hours post-

transfection. For nuclease-treated samples, 250U benzonase (Sigma-Aldrich) was 

added to cell lysates before immunoprecipitation. For co-immunoprecipitations 

performed with anti-FLAG M2 magnetic resin (Sigma Aldrich M8826), 15μL of resin 

slurry was washed twice in RIPA buffer and incubated with the indicated amount of 

protein extract for approximately 16 hours at 4°C. Resin was washed four times in RIPA 

buffer and bound proteins were eluted by SDS dye and resolved by SDS-PAGE and 

Western blot. Immunoprecipitations performed with MT-2 cells were performed as 

follows: Per IP, three sets of MT-2 cells (3x106) in 300μL serum-free RPMI were 

electroporated with 15μg of pCMV-HBZ-FLAG or the empty vector in 0.4 cm cuvettes 

(pulse=200V, 975uF, ∞Ω). Where indicated, cells were treated for 5hrs with 50μM 

etoposide. Anti-FLAG immunoprecipitations were performed with 500μg of cell lysate. 

All eluates were analyzed by SDS-PAGE and Western blotting using the primary 
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antibodies listed in the figure legends. All blots were developed using Pierce ECL Plus 

chemiluminescence substrate (ThermoFisher), and visualized with a Typhoon 9410 (GE 

Healthcare). 

 

NHEJ repair assays and flow cytometry: HEK 293T cells (6x105) were transiently 

transfected (TurboFect) with 6-7μg of DNA consisting of a mixture of DNA repair 

reporter vector (NHEJ-C, NHEJ-I, or DR-GFP), pSG-I-SceI-HA, as well as the Tax and 

HBZ expression vectors described in the figure legends. Where indicated, cells were 

treated with 2μM NU7441 or 20μM B02 (Selleckchem) for 24hrs. At 48 hours post-

transfection, cells were pelleted, washed twice in 1x PBS, and resuspended in ice-cold 

1x PBS for flow cytometric analysis. Live cell populations were analyzed for GFP 

expression using an LSRII flow cytometer (BD Biosciences). Data were analyzed using 

FlowJo (FlowJo, LLC). Transfections groups consisted of a reporter vector alone, a 

reporter vector + the I-SceI expression plasmid (reporter + I-SceI), and a reporter vector 

+ I-SceI expression plasmid + protein of interest expression vectors (e.g. Tax and/or 

HBZ). For each experiment, background GFP levels were measured from reporter only 

cells and was subtracted from all other transfection groups. Maximum GFP expression 

(reporter + I-SceI) was set to 1 and data are displayed as fold change relative to 

reporter + I-SceI group GFP expression. Fold change changes in the total number of 

cells within the live cell population that are GFP-positive. Western blot was used to 

confirm expression of transfected plasmids using the antibodies indicated in the figures. 
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Nuclear protein extraction and in vitro immobilized DNA-binding assays: Nuclear 

protein extracts were prepared as follows: 8x106 HEK 293T cells were transfected by 

calcium phosphate transfection with 50μg-100μg of plasmid DNA as indicated in the 

figure legend (50μg pcDNA3.1, 50μg pcDNA-HBZ-Myc-His, 100μg pcDNA-HBZ-ΔAD-

Myc-His, 50μg pcDNA-HBZ-ΔbZIP-Myc-His, 50μg pcDNA-HBZ-ΔZIP)  and nuclear 

protein was harvested 48 hours post-transfection using a previously described 

method334,335. Supernatants were collected and dialyzed for approximately 16 hours 

against 0.1M HM (50mM HEPES [pH7.9], 100mM KCl, 20% glycerol, 12.5mM MgCl2, 

1mM EDTA, 0.025% Tween, 1mM DTT). Nuclear protein concentration was quantified 

by Bradford protein assay (Bio-Rad).  

Variations of the immobilized DNA template have been used to analyze binding 

of NHEJ proteins to DNA termini306–311.  We performed our immobilized DNA-binding 

assays as previously described with only minor modifications336. Per reaction, 2pmol of 

biotinylated double-stranded DNA 35bp in length was bound to 15μL M-280 

streptavidin-coupled Dynabeads (Invitrogen) according to the manufacturer’s 

instructions. DNA-bound resin was blocked for one hour in ITB (20mM HEPES [pH 7.9], 

0.2mM EDTA, 100mM KCl, 6.25mM MgCl2, 10mM ZnSO4, 20% glycerol, 0.01% Triton 

X-100, 5% BSA, 0.2mM PMSF, 1mM benzamidine, 10μg/mL aprotinin, 10μg/mL 

leupeptin, 1mM DTT) with 5% BSA. The resin was cleared and loaded with 10μg of 

nuclear protein extracts in a total volume of 500μL of ITB/ 5% BSA and rocked for 2 

hours at 4°C. Resin was washed four times in ITB without BSA and protein was eluted 

with SDS dye and resolved by SDS-PAGE and Western blot. 
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Chromatin immunoprecipitation assays (ChIP): HeLa cell lines stably transfected 

with pcDNA 3.1, pcDNA-HBZ-Myc-His, or pcDNA-HBZ-ΔATG were plated at 1x107 and 

were transiently transfected with 10μg of the NHEJ reporter vector and 10μg of the I-

SceI expression plasmid. Twenty-four hours post-transfection, the chromatin was 

crosslinked by adding 1% formaldehyde to the media for 10 min at 37°C, followed by 

the addition of 0.125M glycine to quench the reaction. Cells were collected with a cell 

scraper, pelleted at 350xg, and washed in 1X PBS. The remainder of the ChIP assay 

was performed using the Zymo Spin ChIP Kit (Zymo Research) according to the 

manufacturer’s instructions. For each ChIP reaction, 20μg of crosslinked chromatin was 

diluted to a final volume of 1mL in ChIP chromatin dilution buffer provided in the kit, and 

was incubated with 5μg of the appropriate antibody for approximately 16 hrs. 

Immunoprecipitation was performed using anti-Ku70 A-9 (Santa Cruz scb0917) or pre-

immune rabbit serum (IgG). ChIP DNA was purified according to the kit protocol and 

was eluted in a total volume of 50μL. Real-time PCR and data analysis were performed 

as described previously81.  PCR primers targeted a region of DNA sequence 

neighboring the NHEJ-C I-SceI cleavage site, or an uncleaved region of the reporter 

plasmid (GFP).  Primer sequences are available upon request. Standard curves were 

generated for primer sets using fivefold serial dilutions of each input DNA from the ChIP 

and were included on each experimental plate. PCR efficiencies ranged from 95 to 

105%, with correlation coefficients greater than 0.99. Quantitation was performed by 

comparing threshold cycle values for co-immunoprecipitated DNA to the threshold cycle 

value for the input DNA in each ChIP337. Ku70 enrichment for each experiment was 

normalized against IgG. Fold change was calculated by dividing values for the NHEJ cut 
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site primer set to the uncut GFP primer set. Therefore, data shown represent fold 

change in Ku70 binding compared to the uncut region of the reporter plasmid. 

Significance was calculated using the Student’s t-test (*p<0.05) and error bars represent 

SEM. 
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Abstract 

 HTLV-1 establishes lifelong, chronic infection and is the etiological agent of Adult 

T-cell Leukemia (ATL) and HTLV-1-asociated myelopathy/ tropical spastic paraparesis 

(HAM/TSP). The viral regulatory proteins Tax and HBZ are important for disease 

progression and each are reported to play roles in maintaining HTLV-1 infection and 

leukemogenesis. Tax is reported to stimulate the production of toxic reactive oxygen 

and nitrogen species (RNOS) that can induce DNA damage, replicative senescence, 
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and apoptosis. It is unclear how HTLV-1-infected cells overcome Tax-mediated 

production of RNOS, however HBZ has been demonstrated to be essential for 

maintaining the continued survival and proliferation of the infected cell population. We 

report that HBZ upregulates the expression of certain antioxidant genes, including 

Heme Oxygenase I (HMOX-1), a heme-metabolizing enzyme which is important for 

maintaining cellular homeostasis and protecting against stress-induced apoptosis. Here, 

we provide evidence supporting that HMOX-1 upregulation is facilitated by HBZ and 

small Maf (sMaf) heterodimers, which we found to be recruited to antioxidant response 

elements (AREs) in the HMOX-1 promoter in vitro and in vivo. Furthermore, we found 

transactivation at AREs to be significantly upregulated in HBZ-expressing cells. We also 

present evidence supporting that HBZ expression confers resistance to stress-induced 

cell death, and attenuates Tax-induced oxidative stress. These findings suggest an 

additional mechanism through which HBZ contributes the long-term survival and 

proliferation of HTLV-1-infected cell populations within the host.  

 

Introduction 

The accumulation of reactive oxygen and nitrogen species (RNOS) can induce 

damage to cellular structures, including genetic material. Oxidative DNA damage can 

result in cell cycle arrest, the induction of replicative senescence, and initiation of 

apoptosis338,339. To avoid these outcomes, the antioxidant response is activated to 

induce the expression of free radical- and metal-scavenging enzymes to detoxify free 

radicals and restore cellular homeostasis. The induction of the antioxidant response is 

largely regulated by small musculoaponeurotic fibrosarcoma proteins MafF, MafG, and 
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MafK, along with the Cap’n’Collar (CNC) transcription factor NF-E2-related factor 2 

(Nrf2). Upon sensation of oxidative stress, small Mafs (sMafs) heterodimerize with Nrf2 

to promote stable DNA-binding at antioxidant response elements (AREs) in the 

promoters of antioxidant genes, resulting in transcriptional upregulation340–343. Though 

the upregulation of antioxidant enzymes is an important cancer-prevention mechanism, 

constitutive overexpression of these proteins is reported in a variety of malignancies, 

where they are associated with the development of drug and radiation resistance, 

increased metastasis, and poor patient outcome344–349. 

Human T-cell leukemia virus type I (HTLV-1) is a human retrovirus that 

preferentially infects CD4+ T-cells and establishes a persistent, lifelong infection. While 

the majority of HTLV-infected individuals remain asymptomatic carriers, HTLV-1 may 

also cause lymphoproliferative and inflammatory diseases. HTLV-1-associated 

myelopathy/tropical spastic paraparesis (HAM/TSP) is a chronic inflammatory condition 

that causes severe demyelination of the spinal cord5,6. Though pathogenesis is not yet 

definitively understood, evidence suggests that anti-HTLV-1 cytotoxic T-cells (CTLs) 

target infected lymphocytes that have crossed the blood-brain barrier, resulting in 

increased pro-inflammatory cytokine production and damage to the surrounding 

nervous tissue121,132,350. Adult T-cell leukemia (ATL) is a highly aggressive 

lymphoproliferative disorder that affects about 5% of HTLV-1 carriers2–4,7. Like 

HAM/TSP, the mechanisms that drive ATL progression remain unclear, however 

pathogenesis is closely associated with the activities of two, pro-oncogenic viral 

regulatory proteins, Tax and the HTLV-1 basic leucine zipper factor (HBZ)96,213,223,351,352. 
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Tax and HBZ have each been demonstrated to play varying roles in regulating proviral 

gene expression, promoting cellular proliferation, and inhibiting apoptosis.  

Tax is reported to be essential for de novo viral replication and transmission, as 

well as for preventing the induction of apoptosis41,353. Paradoxically, it has also been 

demonstrated to induce the production of RNOS through the hyperactivation of 

canonical and non-canonical NF-κB pathways, as well as by upregulating the 

expression of inducible nitric oxide synthase (iNOS)184–189,191–193,354,355. Furthermore, the 

viral accessory protein p13 has been observed to localize to inner mitochondrial 

membranes to induce membrane depolarization, upregulate respiration, and greatly 

enhance the production of ROS356–360.  

Given the immunogenicity of Tax, the expression of sense strand-encoded viral 

genes is silenced in the majority of ATL cells through mutation, hypermethylation, or 

transcriptional repression of the 5’ long terminal repeat (LTR)19,169–173,361. Unlike Tax 

and p13, HBZ is encoded on the antisense strand and is consistently expressed 

throughout HTLV-1 disease progression93,96,214,351,362. HBZ has been extensively 

characterized to have pro-survival functions and its expression is critical for maintaining 

the continued proliferation of HTLV-1-infected cells. Notably, HBZ is reported to prevent 

the induction of apoptosis, rescue host cells from NF-κB-induced senescence, and 

promote immune evasion by downregulating transcription at the 5’ LTR 93,234,236–

238,240,243–245. These reports confirm that HBZ plays a variety of cytoprotective roles 

within the host cell, possibly as a means of promoting long-term viral persistence. 

However, its involvement in the response to Tax- and p13-induced oxidative stress is 
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unknown. We questioned whether HBZ modulates the host cell antioxidant response to 

regulate homeostasis and maintain survival and proliferation of infected cell clones.  

We report that HBZ expression results in the transcriptional activation of several 

antioxidant response genes known to be regulated by Nrf2:sMaf complexes, including 

Heme Oxygenase I (HMOX-1), which we found to be increased at the transcript, 

protein, and functional levels. HMOX-1 is a prototypical antioxidant enzyme that safely 

catalyzes the degradation of heme to protect against stress-induced apoptosis (Figure 

3.1)363–366. Interestingly, HMOX-1 overexpression is reported in a variety of malignant 

tissues and may contribute to the development of drug resistance367–371. Because 

HMOX-1 is associated with cancer cell survival, and its function and transcriptional 

regulation are well understood, we used this gene as a model for evaluating HBZ-

mediated transcriptional manipulation of the antioxidant response. 

Here, we confirmed the leucine zipper-dependent interaction between HBZ and 

MafG230, and report similar interactions between HBZ and MafF and MafK. Interestingly, 

enhanced HMOX-1 expression was found to be dependent upon the basic leucine 

zipper (bZIP) domain of HBZ, suggesting that interactions with sMafs may be important 

for upregulation. Analysis of the DNA-binding capabilities of the HBZ:sMaf complex 

supports its recruitment to AREs found in the HMOX-1 promoter in vitro and in vivo. 

Furthermore, AREs were found to be transactivated in HBZ-expressing cells in a bZIP-

dependent manner. Finally, we confirmed the role of Tax in upregulating levels of 

intracellular ROS and report that HBZ functions in a cytoprotective capacity by reducing 

Tax-induced oxidative stress and by promoting cell survival in response to oxidation. 

These findings support that HBZ enhances the induction of HMOX-1, and perhaps a  
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Figure 3.1: HMOX-1 metabolizes heme to prevent iron-induced toxicity. Heme (iron 
protoporphyrin IX) is released from hemoproteins that become damaged. HMOX-1 is upregulated in 
response to rising levels of intracellular heme, as well as in response to other sources of oxidative 
stress. HMOX-1 enzymatically cleaves the protoporphyrin ring to create biliverdin, carbon monoxide 

(CO), and free ferrous iron (Fe
2+

). Ferrous iron is scavenged by Ferritin and biliverdin is reduced to 
bilirubin. Bilirubin may be oxidized by reactive oxygen species (ROS) to form biliverdin, a putative 
ROS sink. HMOX activity assays performed in this study utilize the enzyme bilirubin oxidase from 
Myrothecium verrucaria to convert bilirubin into biliverdin for quantification. 
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larger antioxidant response, potentially as a means of overcoming oxidative 

stress induced by Tax. We propose that this activity likely promotes long-term cell 

survival and may contribute to viral persistence in the host.  

 

Results 

Genes in the Nrf2-ARE pathway are upregulated in HBZ-expressing cells:  HBZ 

has been reported to alter cellular gene expression by affecting the functions of 

transcriptional regulators, but the physiological impact of these changes remains poorly 

understood. To evaluate HBZ-induced changes in gene expression on a large scale, we 

performed a microarray analysis of transcripts in a clonal HeLa cell line stably 

expressing HBZ-Myc-His, compared to transcripts found in empty vector-transfected 

cells. Gene transcripts that were upregulated in HBZ-expressing cells were manually 

annotated by function and preliminary analysis suggested that several antioxidant stress 

response genes are among those upregulated as a result of HBZ expression. To 

evaluate if the transcription of these genes is regulated by the activity of the Nrf2:sMaf 

complex at promoter AREs, we compared our data to Nrf2 and sMaf ChIP-seq data sets 

reported by other groups372–375. We found that HBZ expression resulted in the 

upregulation of Nrf2:sMaf-regulated genes HMOX-1, FTH1, SQSTM1, PIM1, and 

TNFRSF1A. We confirmed our findings by quantifying transcript levels of these genes in 

HeLa cells stably expressing HBZ-Myc-His as compared to empty vector-transfected 

cells (Figure 3.2). 
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Figure 3.2: Antioxidant response genes are upregulated in HBZ-expressing cells. qRT-PCR was 
used to quantify select antioxidant response gene transcripts in HeLa cells stably transfected with 
pcDNA-HBZ-Myc-His (HBZ) or the empty vector (pcDNA). For HMOX-1, data is an average of seven 
independent experiments. For FTH1, SQSTM1, TNFRSF1A, and PIM1, the data are an average of 
four independent experiments. For all data, error bars indicate SEM (Student’s t-test, * p<0.05).  
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HMOX-1 is upregulated in HTLV-1-infected T-cells: HMOX-1 is a well-characterized 

antioxidant enzyme that is upregulated in response to a wide variety of cellular 

stressors, including its substrate heme, and ROS-producing compounds such as 

hydrogen peroxide (H2O2)363. Because HMOX-1 is emerging as a potential prognostic 

marker for certain cancers, and because transcriptional regulation of HMOX-1 is well 

understood, we focused our analysis on this gene366. We next quantified HMOX-1 

transcripts in a panel of HTLV-1-infected and uninfected T-cell lines. Uninfected cells in 

this panel included T-acute lymphoblastic leukemia (T-ALL) cell lines Jurkat and CEM, 

as well as primary CD4+ and anti-CD3, anti-CD28 activated CD4+ T-cells, as activation 

has been shown to increase HMOX-1 transcription376. HTLV-1-infected T-cell lines 

included MT-2, which were established in vitro, and ATL-2s and TL-Om1, which were 

established in vivo and derived from ATL patients (Figure 3.3.A). Although all three 

infected cell lines express HBZ, TL-Om1 are deficient in Tax expression due to 

hypermethylation of the 5’ LTR172. We observed that HMOX-1 transcripts were 

increased in activated primary CD4+ T-cells, and in all three infected cell lines, even in 

the absence of Tax expression (TL-Om1), supporting that HBZ is primarily responsible 

for upregulating expression. 

 We next confirmed that the increase in HMOX-1 transcripts we observed 

corresponds to an increase in protein levels. Because HMOX-1 is primarily localized to 

the endoplasmic reticulum membrane, we analyzed the membrane-bound protein 

fraction of HTLV-1-infected T-cells for HMOX-1 protein levels365. Voltage-dependent 

anion-selective channel protein (VDAC) is also found in the membrane-bound protein 

fraction and was used as a loading control for these experiments. We observed HMOX- 
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Figure 3.3 HMOX-1 transcripts are upregulated HTLV-1-infected T-cells. (A) HMOX-1 transcripts 

were quantified in uninfected T-cell lines (Jurkat, CEM, CD4
+
, activated CD4

+
) and HTLV-1-infected T-

cell lines (1185, TL-Om1, MT-2, ATL2-S). Data shown is from one experiment performed in triplicate 
and is representative of three independent experiments. (B) Membrane-bound HMOX-1 protein levels 
in uninfected T-cell lines (Jurkat,CEM) and HTLV-1-infected T-cell lines (TL-Om1, MT-2, ATL-2s). A 
total of 60 μg of protein was analyzed by Western blot using the indicated antibodies. (C) Membrane-
bond HMOX-1 protein levels (90 μg) were evaluated in MT-2 cells stably transected with an shRNA 

against HBZ (shHBZ), or the empty vector (EV). (D) HMOX-1 transcript levels were evaluated in CD8
+
-

depleted PBMCs isolated from asymptomatic carriers (AC), HAM/TSP patients (TSP), and acute ATL 
patients (ATL). Patient information is shown in the table. Error bars indicate standard deviation 
(Student’s t-test, * p<0.05) 
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1 protein levels to be consistent with HMOX-1 transcript levels (Figure 3.3.B). To 

further confirm the role of HBZ in upregulating HMOX-1 at the protein level, we 

compared membrane-bound HMOX-1 protein levels in MT-2 cells transfected with 

shRNA that targets HBZ (shRNA HBZ) or transfected with the empty vector (EV) 

(Figure 3.3.C)377,378. We observed that HMOX-1 protein was reduced in shRNA HBZ-

transfected cells as compared to EV. 

 We next evaluated whether there was any correlation between HMOX-1 

expression and HTLV-1-associated diseases in patients. We compared transcripts 

between CD8+ T-cell depleted PBMCs isolated from a small group of acute ATL patients 

(n=8), HAM/TSP patients (n=8), and asymptomatic carriers (n=11) (Figure 3.3.D). On 

average, HMOX-1 transcripts were observed to be upregulated in the ATL patient group 

and in the HAM/TSP patient group when compared to asymptomatic carriers. This 

preliminary analysis of HTLV-1-infected individuals suggests that HMOX-1 

overexpression may be related to disease progression. 

 Finally, to evaluate the enzymatic activity of HMOX-1 in HBZ-expressing cell 

lines, we used liquid chromatography mass spectrometry (LC-MS) to quantify biliverdin 

levels, the main product of HMOX-1-mediated heme metabolism (Figure 3.1). 

Perplexingly, the data showed that HeLa cells stably expressing HBZ did not exhibit a 

significant change in HMOX-1 activity until they were exposed to oxidative conditions by 

H2O2 treatment. Stressed HBZ-expressing cells exhibited significantly higher levels of 

biliverdin when compared to empty vector-transfected cells (Figure 3.4.A). When we 

analyzed HMOX-1 transcripts from H2O2-treated cells, we saw that though exposure to 

oxidative stress induced HMOX-1 expression in both cell lines, significantly higher  
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Figure 3.4: HMOX-1 enzymatic activity is coordinately upregulated in HBZ-expressing cells. (A) 
HeLa cells stably expressing HBZ-Myc-His or containing the empty vector were treated with 200μM 
H2O2 for four hours in low serum media (0.5% FBS) before whole cell protein was isolated and 

enzymatic reactions were performed as indicated in the Materials and Methods. To determine 
HMOX1- activity, biliverdin peak area was calculated in each sample relative to the biliverdin d4 

internal standard peak area. Data was normalized to empty vector cells and represents the percent 
increase in HMOX-1 activity. Data is an average of six independent experiments and error bars 
indicate SEM (Student’s t-test, * p<0.05). (B) HMOX-1 mRNA transcripts were analyzed in HeLa cells 
(HBZ-Myc-His and empty vector) treated with 200μM H2O2, or with the vehicle control (PBS), for four 
hours in low serum media (0.5% FBS). Data is an average of three independent experiments and error 
bars represent SEM (Student’s t-test, * p<0.05). Whole cell protein was harvested from an identically-
treated cell set and 60μg of each was analyzed by Western blot using the indicated antibodies. (C-D) 
Jurkat and TL-Om1 (C), as well as Jurkat and ATL-2s (D) T-cell lines were equalized for protein 
content, and cellular extracts were used to assess HMOX-1 enzymatic activity. Biliverdin peak area 
was calculated in each sample relative to the biliverdin d4 internal standard peak area. Data was 

normalized to uninfected Jurkat cells and represents the percent increase in HMOX-1 activity. Data is 
an average of four independent experiments and error bars represent SEM (Student’s t-test, * p<0.05).  
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activation was observed in HBZ-expressing cells, possibly indicating a more robust 

antioxidant response (Figure 3.4.B). Analysis of HMOX-1 enzyme activity in HTLV-1-

infected T-cell lines TL-Om1 (Figure 3.4.C) and ATL-2s (Figure 3.4.D) showed that 

each cell type exhibited a significant increase in biliverdin production when compared to 

uninfected Jurkat T-cells. Taken together, these data support that HMOX-1 transcript 

levels, protein levels, and enzymatic activity are all upregulated in cells which express 

HBZ, as well as in HTLV-1-infected T-cell lines. 

 

HBZ interacts with key regulators of the antioxidant response: HBZ is well 

characterized to interact with cellular transcription factors to alter their 

functions78,79,81,227,229,230,379. We hypothesized that HBZ modulates the expression of 

HMOX-1 by interacting with its transcriptional regulators to directly or indirectly affect 

expression. HMOX-1 expression is known to be extensively regulated by sMaf:Nrf2 

heterodimers366. Interestingly, a previous report indicates that HBZ interacts with one of 

the sMafs, MafG230. A preliminary proteomic analysis of HBZ-binding partners confirmed 

the interaction between HBZ and MafG and also identified interactions between HBZ 

and MafF and MafK (Figure 3.5.A). We also identified several known HBZ-binding 

partners in our screen, validating our approach. 

The sMaf family of transcription factors are essential for the regulation of 

antioxidant response genes342,373,380,381. Small Mafs are postulated to be functionally 

redundant and are reported to form homodimeric complexes at AREs in gene promoters 

to repress transcription382,383. Additionally, sMafs heterodimerize with CNC bZIP 

transcription factors for additional regulatory activity (Figure 1.6.C)384–387. Interestingly,  
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Figure 3.5: HBZ co-immunoprecipitates with the small Maf transcriptional regulators. (A) A 
preliminary proteomic screen for novel HBZ-binding partners confirmed MafG and identified MafF and 
MafK as HBZ-interacting bZIP transcription factors. Known binding partners of HBZ were identified in 
this screen, validating our method. Protein identifications were accepted at a False Discovery Rate of 
less than 1%, a probability of >99%, and the number of unique peptides identified for each protein is 
shown. (B) HEK 293T cells were transiently transfected with 12μg of plasmid DNA (6μg pCMV-MafG-
FLAG, 6μg pcDNA-HBZ-Myc-His). HBZ was immunoprecipitated from 300μg of cell lysates by anti-
Myc antibody (IP:Myc) and MafG was immunoprecipitated from 300μg cell lysates by anti-FLAG 
antibody (IP: FLAG). Eluates (lanes 4-9) and input protein samples (lanes 1-3) were analyzed by 
Western blot using the indicated antibodies. (C) HEK 293T cells were transiently transfected with 12μg 
of plasmid DNA (6μg pCMV-MafK-FLAG, 6μg pcDNA-HBZ-Myc-His). HBZ was immunoprecipitated 
from 300μg of cell lysates by anti-Myc antibody (IP:Myc) and MafK was immunoprecipitated from 
300μg of cell lysates using anti-FLAG antibody (IP: FLAG). Eluates (lanes 4-9) and input protein 
samples (lanes 1-3) were analyzed by Western blot using the indicated antibodies. (D) MafG was 
immunoprecipitated (IP:MafG) from 2mg ATL-2s and CEM cell. Mouse serum was used as a negative 
immunoprecipitation control (IP:MS). Eluates were analyzed by Western blot using the indicated 
antibodies. 
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CNC and Bach proteins are unable to stably bind DNA without first dimerizing with a 

small Maf, supporting the importance of the sMafs in the regulation of the antioxidant 

response342,387,388.  

We confirmed the interactions between HBZ and sMafs using co-

immunoprecipitation in which FLAG-tagged sMafs (MafG-FLAG, MafK-FLAG) were 

transiently coexpressed with HBZ-Myc-His in HEK 293T cells, and immunoprecipitated 

from cell lysates using anti-FLAG antibody (Figure 3.5.B-C). Additionally, endogenous 

HBZ and small Mafs were found to co-immunoprecipitate from HTLV-1-infected T-cell 

lysates, supporting that the interaction also occurs within the context of the HTLV-1-

infected cell (Figure 3.5.D). 

 

HBZ interacts with small Mafs through direct dimerization of the ZIP domains: Our 

next goal was to further characterize the HBZ:sMaf interaction. Work from Keating’s 

group showed that purified recombinant HBZ-bZIP interacts with MafG and is recruited 

to sMaf DNA-binding sites in in vitro gel shift assays230. We wanted to confirm the sMaf 

interaction with full-length HBZ and determine if the interaction could occur 

independently of DNA contact. We performed GST pulldown assays in which 

recombinant purified 6xHis-tagged MafF was incubated with GST-tagged HBZ, or GST-

tagged MafG as a positive control for binding (Figure 3.6.A). The results indicate that 

MafF interacts with GST-HBZ directly, as it does with GST-MafG, independently of 

DNA-contact.  

 Small Maf dimerization is reported to be dependent upon direct ZIP motif 

interactions389. To determine which domain of HBZ is important for mediating its  
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Figure 3.6: HBZ interacts with sMafs through dimerization of the ZIP domains. (A) Recombinant 
GST fusion proteins (50pmol) were pre-bound to glutathione-conjugated agarose, then incubated with 
30pmol purified recombinant MafF-6xHis (lane 1). Bound protein was eluted (lanes 2-4) and analyzed 
by Western blot with the indicated antibodies. (B) Schematics of wild type HBZ (WT), the activation 
domain truncation mutant (ΔAD), and the basic leucine zipper truncation mutant (ΔbZIP). Point 
mutants include the leucine zipper point mutant (MutZIP), in which LC substitutions are indicated (*), 
and the activation domain point mutant (LXXAA2) in which LXXLLLXXAA substitutions are indicated 

(#). (C) HEK 293T cells transiently transfected with a total of 12μg of plasmid DNA (3μg pCMV-MafG-
FLAG, 9μg pcDNA-HBZ-Myc-His, 9μg pcDNA-HBZΔAD-Myc-His, 9μg pcDNA-HBZΔbZIP). MafG-
FLAG was immunoprecipitated from 300μg of cell lysates using anti-FLAG antibody (lanes 5-8). HBZ-
WT and HBZ truncation mutants were immunoprecipitated from 300μg of cell lysates using anti-Myc 
antibody (lanes 9-12). Inputs (lanes 1-4) and eluates were analyzed by Western blot using the 
indicated antibodies (* denotes a non-specific band which results from immunoprecipitation). (D) HEK 
293T cells were transiently transfected with a total of 12μg plasmid DNA (1μg pCMV-MafG-FLAG, 6μg 
pcDNA-HBZ-Myc-His, 6μg pcDNA-HBZ-MutZIP-Myc-His). MafG-FLAG was immunoprecipitated from 
300μg of cell lysates using anti-FLAG antibody (lanes 6-10). HBZ WT and HBZ-MutZIP was 
immunoprecipitated from 300μg of cell lysates using anti-Myc antibody (lanes 16-20). Inputs (lanes 1-
5, 11-15) and eluates were analyzed by Western blot using the indicated antibodies.  
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interaction with sMafs in the cellular context, we performed co-immunoprecipitation 

assays with HEK 293T cell lysates overexpressing wild type HBZ (HBZ WT), or one of 

two HBZ truncation mutants: HBZ-ΔAD or HBZ-ΔbZIP (Figure 3.6.B). Anti-FLAG 

immunoprecipitation of MafG-FLAG, as well as the reciprocal anti-Myc 

immunoprecipitation of Myc-tagged HBZ proteins, showed that deletion of the bZIP 

domain abolishes the HBZ:sMaf interaction (Figure 3.6.C, lane 7&11). To confirm sMaf 

specificity for the leucine zipper, further experiments were performed with the HBZ-

MutZIP point mutant, which harbors LC substitutions in the second and fourth leucine 

heptad repeats that are demonstrated to abolish HBZ interactions with bZIP 

transcription factors (Figure 3.6.B)377. In these assays, MafG failed to interact with 

HBZ-MutZIP, confirming that the HBZ:sMaf interaction is mediated by the ZIP motif 

(Figure 3.6.D).  

 

HBZ:sMaf dimers are recruited to consensus AREs in vitro: CNC family proteins, 

including the transactivator Nrf2 and closely related transcriptional repressor Bach1, 

regulate antioxidant gene expression by controlling transactivation at AREs. However, 

these proteins do not form stable homodimers, preventing them from binding AREs. 

Therefore, sMafs are an obligate binding partner that strongly tethers CNC proteins to 

ARE sites383. Similarly, HBZ does not form stable homodimers, leading us to question 

whether HBZ utilizes sMafs to facilitate its recruitment to AREs. To assess the DNA-

binding capabilities of HBZ and sMafs, we performed electrophoretic mobility shift 

assays (EMSA). A previous report used EMSA to demonstrate that MafG binds to the 

ARE consensus, and that this complex was shifted with the addition of HBZ bZIP, 
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indicating that the HBZ bZIP and MafG bind AREs in vitro230. However, it is unclear 

whether full-length HBZ is recruited to these sites in a similar manner. To address this, 

we performed EMSA using 32P-labeled double-stranded oligonucleotides which contain 

the ARE consensus sequence. As a negative control, we used a mutated ARE 

sequence in which core-flanking GC dinucleotides, which are important for sMaf 

binding, were substituted (Figure 3.7.A)390. We first validated our experimental 

approach by evaluating sMaf binding to the ARE and to the ARE MT probes (Figure 

3.7.B). As previously reported, we found that MafG binds to the ARE probe strongly 

(lane 2), likely in the form of a homodimer, but fails to interact strongly with the ARE MT 

(lane 4). We next assessed the ARE-binding ability of MafG and full-length HBZ, as well 

as the ARE-binding ability of MafG and HBZ-AD, a bZIP domain-deficient mutant 

(Figure 3.7.C). As expected, we found that HBZ and HBZ-AD alone fail to bind the ARE 

consensus probe (lanes 3-4). However, when HBZ and MafG were incubated together, 

we noted the intensity of the MafG:ARE band was greatly enhanced (lane 6), but not in 

reactions with HBZ-AD (lane 5). We took the enhanced band intensity to indicate the 

formation of the HBZ:sMaf complex that binds strongly at the ARE in a bZIP-dependent 

manner, supporting the observations reported by Keating’s group230. 

 To confirm the presence of HBZ at AREs in vitro, we performed immobilized 

DNA-binding assays. To evaluate sMaf and HBZ binding in a cellular context, we 

incubated streptavidin:biotin-immobilized ARE probe or ARE MT probe with nuclear 

protein extracts from HEK 293T cells overexpressing MafG-FLAG and HBZ-Myc-His 

(Figure 3.7.D). As expected, we found that MafG binds the ARE consensus in the 

absence of HBZ (lane 4), and in the absence of MafG overabundance, HBZ fails to  
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Figure 3.7: HBZ and MafG are recruited to consensus ARE sites in vitro: (A) Consensus sMaf-
binding ARE sequence flanked by GC-dinucleotides (underlined). Point mutations in the flanking 
regions prevent sMaf binding (ARE MT). (B) Purified recombinant MafG-His (1nM) was incubated with 
the indicated radiolabeled probes for 1hr and DNA:protein complexes were separated using gel 
electrophoresis. (C) Purified recombinant MafG-His (0.5nM), GST-HBZ (50nM), and GST-HBZ-AD 
(50nM) were incubated together for 1hr, then incubated with the indicated radiolabeled probes for 1hr. 
DNA:protein complexes were separated using gel electrophoresis. For B and C, arrows denote the 
band of interest, and * denotes unbound probe. (D) HEK 293T cells were transiently transfected with 
50μg plasmid DNA (25μg pcDNA-HBZ-Myc-His, 25μg pCMV-MafG-FLAG) by calcium chloride 
transfection. Nuclear protein was harvested and dialyzed as described in the Materials and Methods. 
Nuclear protein (10μg) was incubated with immobilized oligonucleotides (ARE), or with streptavidin 
beads alone (Beads), and bound proteins were eluted and analyzed by Western blot using the 
indicated antibodies. (E) Purified recombinant GST-HBZ (8pmol) and MafG-His (4pmol) were 
incubated with immobilized oligonucleotide probes (ARE, ARE MT), or with streptavidin beads alone. 
DNA-bound proteins were eluted and analyzed by Western blot using the indicated antibodies. 
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interact with the ARE consensus (lane 5), possibly because of competition with CNC 

and Bach transcription factors for endogenous sMaf binding. When MafG and HBZ were 

overexpressed together, HBZ was observed to bind the ARE consensus site (lane 6), 

and consistent with our EMSA results, MafG binding to the ARE appeared to be 

enhanced in the presence of HBZ. These data support that the HBZ:sMaf complex 

binds AREs with strong stability.  

 To confirm that sMafs are sufficient to facilitate the recruitment of HBZ to the 

ARE consensus site, we performed similar immobilized DNA-binding assays with 

purified recombinant proteins, GST-HBZ and MafF-His, rather than nuclear protein 

extracts (Figure 3.7.E). Again, we observed that MafF binds to the ARE consensus 

(lane 3) and that its binding is enhanced in the presence of HBZ (lane 5). We also 

observed that GST-HBZ interacts with the ARE oligo above background levels when 

MafF is present in the reaction (lanes 4, 5). Mutation of the ARE GC-dinucleotide 

flanking regions (ARE MT) abolished MafF binding, and returned HBZ binding to 

background levels (lanes 6-8). Taken together, these data indicate that HBZ and sMafs 

bind directly and specifically to AREs in an sMaf-dependent manner, supporting that 

sMafs tether HBZ to ARE sites in vitro. 

 

HBZ binding is enriched at AREs in the HMOX-1 promoter: We next wanted to 

evaluate whether HBZ:sMaf complexes are recruited specifically to the hmox1 

promoter. According to previously reported MafK ChIP-seq data, MafK binds to two 

major sites in the hmox1 promoter, which we have termed the “distal” and “proximal” 

binding sites (Figure 3.8.A)374. The distal site contains three ARE sites (distal 1-3) while  
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Figure 3.8: Chromatin-bound HBZ is enriched at AREs located in the distal hmox1 promoter. . (A) A schematic of 
the HMOX-1 promoter MafK binding sites (USC Genome Browser). For EMSA assays, AREs within the distal (distal 1-3) 
and proximal MafK binding site were selected to evaluate the DNA-binding capabilities of HBZ:sMaf complexes (bolded 
sequences). For ChIP assays, ChIP primers (underlined sequences) were designed to flank the AREs identified within 
these MafK binding sites. As a negative control, we included a primer set (underlined sequences) designed for a region 
located within the HMOX-1 gene where MafK is not reported to bind. For all figures, chromatin was crosslinked, sheared, 
and purified from 1x10

7 
HeLa cells stably expressing HBZ-Myc-His, HBZ-ΔATG, or containing the empty vector (pcDNA). 

Sheared chromatin was quantified and 200μg was used for each immunoprecipitation reaction. (B) Anti-His antibody 
(5μg) was used to immunoprecipitate HBZ-Myc-His-bound chromatin fragments. Data shown is an average of three 
independent experiments and error bars represent SEM (Student’s t-test, * p<0.05). (C) Anti-MafG antibody (2.5-5μg) 
was used to immunoprecipitate MafG-bound chromatin fragments. Data shown is an average of 3 independent 
experiments and error bars represent SEM. (D) Anti-Nrf2 antibody (5μg) was used to immunoprecipitate Nrf2-bound 
chromatin fragments. Data shown is an average of three independent experiments and error bars represent SEM. (E) 
Purified recombinant MafG-His (0.5nM), GST-HBZ (50nM), and T7-HBZ-bZIP (50nM) were incubated together for 1hr, 
then with the indicated radiolabeled probes for 1hr. DNA:protein complexes were separated using gel electrophoresis. 
The arrow denotes the bands of interest, and * denotes unbound probe. 
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the proximal MafK binding site contains one ARE. To determine whether HBZ:sMaf 

heterodimers are recruited to the hmox1 promoter in vivo, we performed ChIP to assess 

the levels of HBZ, MafG, and Nrf2 bound to the proximal and distal MafK-binding sites. 

Here, we used HeLa cells that stably express HBZ WT, HBZ-ΔATG, or contain the 

empty vector (pcDNA). Importantly, the HBZ-ΔATG expression vector produces the 

HBZ mRNA transcript, but not the HBZ protein, allowing us to evaluate possible effects 

specific to the HBZ transcript377. Purified DNA was analyzed by quantitative ChIP PCR 

using primers which recognize the distal and proximal hmox1 promoter ARE sites, as 

well as a primer that recognizes an intergenic region of hmox1 as a negative control 

(Figure 3.8.A). Interestingly, we found that HBZ binding was significantly enriched in 

the distal hmox1 promoter when compared to the empty vector intergenic location 

(Figure 3.8.B). MafG binding was similarly enhanced at the distal promoter in HBZ-

expressing cells (Figure 3.8.C). Though MafG enrichment was not statistically 

significant among our experimental replicates, we speculate that the enhanced binding 

we observed is likely biologically relevant since sMafs are well documented to be critical 

regulators of HMOX-1 gene expression383,391,392. We also evaluated levels of chromatin-

bound Nrf2 to determine if HMOX-1 induction is related to the transcriptional activity of 

Nrf2 (Figure 3.8.D). Nrf2 binding was observed to be similar at the distal and proximal 

hmox1 promoters among all three cell types, providing evidence that HBZ-mediated 

transcriptional upregulation occurs independently of Nrf2 activity  

To evaluate which ARE in the distal hmox-1 promoter is bound by the HBZ:sMaf 

complex, we performed EMSA by incubating purified recombinant MafG-His and T7-

HBZ-bZIP with oligonucleotide probes that correspond with the distal 1, distal 2, and 
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distal 3 sites (Figure 3.8.E). The data indicate that MafG homodimers bind weakly to 

the distal 1 and distal 2 probes (lane 8,11), and that binding is enhanced by the 

presence of the HBZ-bZIP domain (lane 9,12). MafG homodimers also bound to the 

distal 3 probe (lane 14), but MafG binding was greatly enhanced by the HBZ-bZIP, 

indicating the formation of a MafG:HBZ complex (lane 15). Overall, these data support 

that the sMaf:HBZ complex is an important transcriptional regulator of hmox1 gene 

expression from the distal sMaf binding site. 

 

Coactivators p300/CBP are recruited to the HBZ:sMaf complex: The interactions 

between HBZ and cellular coactivators p300/CBP have been extensively characterized 

in previous reports82,224. Although sMafs do not contain an activation domain, they have 

been reported in protein complexes with coactivators p300 and CBP facilitated by the 

activation domain of Nrf2382,393. We questioned whether HBZ similarly facilitates 

complex formation with sMafs and p300/CBP. We co-immunoprecipitated MafG-FLAG 

from HEK 293T cell lysates overexpressing HBZ-Myc-His and expressing endogenous 

levels of p300 and CBP (Figure 3.9). As expected, we found that both p300 and CBP 

fail to co-immunoprecipitate with MafG in the absence of HBZ (lane 4). However, both 

coactivators co-immunoprecipitated with MafG in cell lysates that also contained HBZ 

(lane 6). These observations support a model in which HBZ interacts with sMafs 

through its bZIP domain and recruits p300/CBP to the complex, likely through its 

activation domain.  
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Figure 3.9: Cellular coactivators p300/CBP are recruited to the HBZ:sMaf complex. (A) HEK 
293T cells were transiently transfected with 12μg plasmid DNA (1μg pCMV-MafG-FLAG, 6μg pcDNA-
HBZ-Myc-His) and MafG-FLAG was immunoprecipitated from 300μg of cell lysates using anti-FLAG 
antibody (IP:FLAG, lanes 4-6). Eluates and input samples (lanes1-3) were analyzed by Western blot 
using the indicated antibodies. (B) HEK 293T cells were transiently transfected with 12μg plasmid 
DNA (1μg pCMV-MafG-FLAG, 6μg pcDNA-HBZ-Myc-His) and MafG-FLAG was immunoprecipitated 
from 300μg of cell lysates using anti-FLAG antibody (IP:FLAG, lanes 4-6). Eluates and input samples 
(lanes1-3) were analyzed by Western blot using the indicated antibodies. 
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HBZ expression activates transcription of an ARE luciferase reporter plasmid: 

The DNA-binding capabilities of the HBZ:sMaf complex, paired with its recruitment to 

AREs in vivo, and the presence of cellular coactivators within the complex, suggest the 

possibility that this protein complex may function to transactivate gene expression. To 

evaluate the transcriptional activity of HBZ at ARE sites, we constructed a luciferase 

reporter plasmid containing four consensus ARE repeats, pGL-4xARE-Luc (Figure 

3.10.A). The reporter vector, pGL4.26, was also studied to account for transactivation at 

the minimal promoter (minP).  The 4xARE and minP reporters were transfected in 

Jurkat T-cells, along with expression vectors for HBZ, HBZ-MutZIP, or the empty vector 

(pSG5) (Figure 3.10.B). Background luciferase activity of the minP reporter was 

subtracted from luciferase activity of the 4xARE reporter. The results indicate that HBZ 

significantly activates transcription of the 4xARE promoter construct, but that HBZ-

MutZIP was unable to do so. These data suggest that HBZ either directly or indirectly 

activates transcription at AREs and that the bZIP domain is critical for this function.   

To help determine whether the observed transcriptional activation is dependent 

upon sMaf activity, we performed similar luciferase reporter assays with the addition of 

the Nrf2 dominant negative mutant (Nrf2-DN). The Nrf2-DN mutant has a deletion in the 

activation domain, but its ability to interact with sMafs and bind to AREs is maintained, 

resulting in repression of ARE transactivation (Figure 3.11.C)394. Co-

immunoprecipitation experiments confirm that Nrf2-DN successfully interacts with MafG-

FLAG (Figure 3.10.D). When Nrf2-DN was expressed in luciferase reporter assays 

(Figure 3.10.E), mild transcriptional activation of the 4xARE promoter was observed, 

perhaps reflecting Nrf2-DN-mediated sequestration of sMafs and a coordinating  
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Figure 3.10: HBZ expression activates transcription of an ARE luciferase reporter. (A) A schematic of the 
reporter vectors used to evaluate the transcriptional activity of HBZ at ARE consensus sites. The pGL2.46 empty 
vector contains a minimal promoter (minP) controls the expression of the luciferase reporter gene (luc2). The 
pGL-4xARE-Luc reporter vector contains four repeats of the consensus ARE sequence upstream of the minimal 
promoter and luciferase reporter gene. (B) Jurkat cells were transfected with a total of 1μg plasmid DNA (250ng 
pSG-HBZ-Myc, 250ng pSG-HBZ-MutZIP-Myc, 100ng pGL4.26, 100ng pGL-4xARE-Luc). Cell lysates were 
harvested 48 hours post-transfection and luciferase activity was quantified. Background luciferase activity was 
calculated using the pGL4.26 vector. Data shown is an average of three independent experiments. Error bars 
represent SEM (Student’s T-test, * p<0.05). (C) A schematic of wild type Nrf2 which contains the Keap1 binding 
site Nrf2-ECH homology domain 2 (Neh2), the activation domain (Neh4 and Neh5), and the Cap’n’Collar basic 
leucine zipper domain (CNC bZIP, Neh1). (D) HEK293T cells were transfected with a total of 12μg of plasmid 
DNA (6μg pCMV-MafG-FLAG, 6μg pcDNA-Nrf2-DN-Myc). MafG-FLAG was immunoprecipitated from 300μg of 
cell lysates using anti-FLAG antibody (IP:FLAG) and Nrf2-DN-Myc was immunoprecipitated from 300μg of cell 
lysates using anti-Myc antibody (IP: Myc). FLAG IP eluates (lanes 4-6), Myc IP eluates (lanes 7-9), and protein 
inputs (10%) were analyzed by Western blot using the indicated antibodies. (E) Jurkat cells were transfected with 
a total of 1μg plasmid DNA (250ng pSG-HBZ-Myc, 250ng pcDNA-Nrf2-DN-Myc, 100ng pGL4.26, 100ng pGL-
4xARE-Luc). Cell lysates were harvested 48hrs post-transfection and luciferase activity was quantified. 
Background luciferase activity was calculated using the pGL4.26 vector. Data shown is an average of three 
independent experiments. Error bars represent SEM (Student’s T-test, * p<0.05). (F) Jurkat cells were transfected 
with a total of 1μg plasmid DNA (250ng pSG-HBZ-Myc, 100ng pGL4.26, 100ng pGL-4xARE-Luc).At 24 hours 
post-transfection, cells were treated with 50μM Mithramycin A or the vehicle control (DMSO) for an additional 
24hrs. Cells lysates were harvested and luciferase activity was quantified. Background luciferase activity was 
calculated using the pGL4.26 vector. Data shown is an average of three independent experiments. Error bars 
represent SEM (Student’s T-test, * p<0.05).  
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decrease in the number of sMaf homodimeric repressor complexes present (lane 3). 

When co-expressed with HBZ, we observed that Nrf2-DN expression significantly 

reduced HBZ-mediated transactivation of the 4xARE promoter (lane 4), supporting that 

HBZ-mediated transactivation occurs specifically at sMaf:Nrf2 binding sites and may be 

dependent upon the availability of sMafs. 

 Previous work showed that HBZ forms a complex with JunD and housekeeping 

transcription factor Sp1, which has been demonstrated to be recruited to GC-rich Sp1-

binding sites to enhance transcription228,233. To evaluate whether HBZ-mediated 

transactivation of the ARE reporter is dependent upon Sp1 activity, we performed 

luciferase assays in which Jurkat T-cells were transfected with HBZ or the empty vector, 

and subsequently treated with the Sp1-binding inhibitor mithramycin A for 24 hours 

(Figure 3.10.F). We observed that mithramycin A treatment did not significantly affect 

basal expression of the reporter (lane 1,3), nor did it significantly reduce HBZ-mediated 

ARE transactivation (lane 2,4), supporting that HBZ-mediated ARE transactivation 

occurs independently of Sp1.  

 To help confirm these results in vivo, we analyzed HMOX-1 transcripts from 

HeLa cell lines stably expressing WT HBZ, HBZ-(LXXAA)2, HBZ-MutZIP, or HBZ-ΔATG 

(Figure 3.11.A). The HBZ-(LXXAA)2 mutant contains AL mutations in the LXXLL 

motifs which abrogate the interaction between HBZ and coactivators p300/CBP (Figure 

3.6.B)82. In our analysis, we observed that neither HBZ-(LXXAA)2 nor HBZ-MutZIP 

increased the quantity of HMOX-1 transcripts, supporting that HBZ’s interaction with 

p300/CBP through its activation domain, and its interaction with sMafs through the bZIP 

domain are both required to enhance HMOX-1 expression in vivo. Some activities of  
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Figure 3.11: HBZ-mediated upregulation of HMOX-1 gene expression is dependent upon the 
activities of both the activation domain and bZIP domain. (A) qRT-PCR was used to quantify 
HMOX-1 transcripts in HeLa cells stably transfected with the indicated WT or mutated HBZ expression 
plasmid. Data is an average of three independent experiments and error bars indicate SEM (Student’s 
t-test, * p<0.05). (B) HMOX-1 enzymatic activity was measured in HeLa cells stably transfected with 
wild type HBZ (pcDNA-HBZ-Myc-His) or HBZ mutants (pcDNA-HBZ-ΔbZIP, pcDNA-HBZ-(LXXAA)2. 

Cells were treated with 200μM H2O2 in low serum media (0.5% FBS) for four hours before cellular 

protein was isolated and analyzed for HMOX activity. Data is an average of three independent 
experiments and error bars show SEM (Student’s t-test, * p<0.05).  A 60μg aliquot of each protein 
extract was reserved and analyzed by Western blot using the indicated antibodies. 
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HBZ have been attributed specifically to HBZ mRNA93,239, however we did not observe 

HMOX-1 transcripts to be affected in HBZ-ΔATG cells (Figure 3.11.A). Further analysis 

of HMOX-1 enzymatic activity in HeLa cells expressing the HBZ bZIP truncation mutant, 

HBZ-ΔbZIP, and the HBZ activation domain point mutant, HBZ-(LXXAA)2, confirmed 

that both the activation domain and bZIP domain are required for increased enzymatic 

activity (Figure 3.11.B). 

 

HBZ expression corresponds with nuclear export of Bach1, but not with Nrf2 

stabilization: An important step in the induction of the antioxidant response is the de-

repression of AREs. ARE repression is maintained by sMaf homodimers and by 

sMaf:Bach1 heterodimers382,395. Upon oxidation, Bach1 is reported to be bound by 

heme, destabilizing it from the DNA384,396. This leads to nuclear export and proteolytic 

degradation. To evaluate if HBZ expression correlates with increased Bach1 de-

repression, we stabilized cellular proteins by treating cells with the protease inhibitor 

MG132, and qualitatively analyzed nuclear and cytoplasmic Bach1 protein levels by 

Western blot (Figure 3.12.A). In HeLa cells lines stably expressing HBZ, we found an 

increase in the intensity of the cytoplasmic Bach1 band compared to empty vector-

transfected cells (lanes 1-2). Analysis of Bach1 localization in HTLV-1-infected TL-Om1 

cells showed a similar decrease in nuclear Bach1 (lane 4), as well as a coordinating 

increase in cytoplasmic Bach1 (lane 2), as compared to Jurkat cells, in which Bach1 

was primarily found in the nuclear fraction (lane 3). These findings support that HBZ-

mediated transactivation at AREs is accompanied by Bach1 de-repression. 
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Figure 3.12: HBZ expression corresponds with nuclear export of Bach1, but not with Nrf2 
nuclear import. (A) Nuclear and cytoplasmic protein fractions were harvested from HeLa cells stably 
expressing HBZ-Myc-His, or transfected with the empty vector, as well as from uninfected Jurkat T-
cells and HTLV-1-infected TL-Om1 cells. Protein fractions (30μg) were analyzed by Western blot using 
the indicated antibody. MEK1/2 was used as a cytoplasmic marker, and histone H3 was used as a 
nuclear marker.  (B) Nrf2 transcript levels in HeLa cells stably expressing HBZ-Myc-His or stably 
transfected with the empty vector were quantified by qRT-PCR.  Cells were treated with either 200μM 
H2O2 or with the vehicle control (PBS). Data is an average of three independent experiments and error 

bars represent SEM (Student’s t-test, * p< 0.05). 
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The upregulation of antioxidant response genes is reported to require the stabilization 

and nuclear import of the Nrf2 transcriptional activator. Under homeostatic conditions, 

Nrf2 is found primarily in the cytoplasm, where it remains bound by the Keap1-Cullin3 

E3-ubiquitin complex and is rapidly proteolytically degraded. Oxidation of the Keap1 

complex by free radicals results in the release and stabilization of Nrf2, allowing it to 

accumulate in the nucleus341. Our ChIP analysis did not show increased recruitment of 

Nrf2 to the HMOX-1 promoter in HBZ-expressing cells (Figure 3.8.D). To further 

confirm that HBZ-dependent ARE transactivation occurs independently of Nrf2 activity, 

we qualitatively assessed the levels of cytoplasmic and nuclear Nrf2 in HBZ-expressing 

cells compared to empty vector-transfected cells (Figure 3.12.A). We did not observe 

HBZ expression to noticeably increase nuclear Nrf2 levels (lane 4). Furthermore, the 

majority of Nrf2 in the cytoplasm was observed at a higher molecular weight, suggesting 

a polyubiquitinylated form of Nrf2 (lane 2). Analysis of Jurkat (lane 5,7) and TL-Om1 

(lane 6,8) cells showed similar results. Taken together, these data support that HBZ 

expression does not correspond with Nrf2 stabilization and nuclear import. 

 Finally, transactivation of Nrf2 has also been reported to occur in response to 

oxidative stress397–399. We next tested whether exposure to oxidative stress upregulates 

Nrf2 gene expression in HBZ-expressing cells (Figure 3.12.B). We quantified Nrf2 

transcripts in HeLa cell lines stably expressing HBZ, or transfected with the empty 

vector control. To induce stress, cells were treated with 200μM H2O2 four hours prior to 

RNA extraction. Basal Nrf2 expression was observed to be similar in vehicle-treated cell 

lines (lanes 1-2), and though we observed that Nrf2 was significantly upregulated in 
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stressed empty vector cells (lane 3), we failed to observe a similar increase in HBZ-

expressing cells (lane 4). 

 

HBZ has cytoprotective activity during oxidative stress: HMOX-1 activity has been 

demonstrated to confer resistance to cellular stressors, including its substrate heme, as 

well as to some ROS-inducing chemotherapeutic agents. HTLV-1-infected T-cells are 

characterized by increased resistance to a variety of stress-inducing chemotherapy 

agents including cisplatin, doxorubicin, and etoposide400–403. We hypothesized that HBZ 

upregulates the expression of antioxidant genes to promote cell survival during 

exposure to oxidative stress. To evaluate the cytoprotective effects of HBZ, we 

performed cell viability assays, in which HeLa cells stably expressing HBZ or containing 

the empty vector were treated with 40μM hemin to induce iron-mediated oxidative stress 

(Figure 3.13.A). We observed that cells transfected with the empty vector exhibited a 

significant reduction in viability when treated with hemin, but that the survival of HBZ-

transfected cells remained unaffected, supporting that HBZ plays a cytoprotective role 

during oxidative stress. 

Previous reports using fluorescence microscopy and flow cytometric approaches 

have shown that Tax expression results in increased intracellular RNOS, which is likely 

due to constitutive activation of NF-κB signaling and the induction of iNOS192,193,354. Our 

work demonstrates that HBZ robustly activates the expression of antioxidant genes, and 

we propose that this activity plays a role in protecting the host cell from Tax-induced 

oxidation. Using LC-MS, we quantified the cellular glutathione redox state of cells 

expressing combinations of Tax and HBZ. Glutathione is an abundant non-enzymatic  
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Figure 3.13: HBZ expression overcomes Tax-mediated production of ROS and has a cytoprotective effect. 

(A) HeLa cells stably expressing HBZ-Myc-His or containing the empty vector were plated at a density of 2.5x10
4 

in 96 well plates and allowed to adhere overnight. The following day, cell media was replaced with low serum 
media (0.05% serum) supplemented with 40μM hemin or DMSO. Treatments were carried out for approximately 
24 hours and cell viability assays. Data is an average of three independent experiments and error bars represent 
SEM (Student’s t.test, *p<0.05). (B) A schematic of the conversion of reduced glutathione (GSH) to the oxidized 
form, glutathione disulfide (GSSG). (C) GSH:GSSG ratio was calculated in HEK 293T cells transiently transfected 
with increasing amounts of pSG-Tax-His for a total of 6μg plasmid DNA. Data is an average of three independent 
experiments and error bars represent SEM (Student’s t-test, * p<0.05). (D) GSH:GSSG ratio was calculated in 
HEK 293T cells transiently transfected with a total of 6μg plasmid DNA (1μg pSG-Tax-His, 5μg pcDNA-HBZ-Myc-

His). (E) T-cell lines were equalized to approximately 1.5x10
5 

cells per mL prior to harvesting whole cell extracts 
to analyze GSH and GSSG levels. Data is an average of three independent experiments and error bars indicate 
SEM. Statistical tests (Students’ t-test) were carried out between different cell types: *p<0.05 compared to CEM, 
#
p<0.05 compared to TL-Om1, 

&
p<0.05 compared to MT-2). (F) HEK 293T cells were transfected with a total of 

1μg plasmid DNA (100ng HTLV-LTR, 10ng pRLTK-Luc, 250ng pSG-HBZ-Myc). Cells were treated 24hrs post-
transfection with 200μM H2O2 or PBS for 4hrs prior to quantification of luciferase and Renilla activity. Ratios were 

calculated by normalizing luciferase activity against Renilla activity. Data is an average of three independent 
experiments and error bars indicate SEM (Student’s t-test, *p<0.05). 
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antioxidant found in all cell types404. Glutathione in its reduced form (GSH) is a 

tripeptide containing one cysteine residue. Exposure to ROS results in thiol oxidation 

and formation of glutathione disulfide (GSSG) (Figure 3.13.B). GSH and GSSG levels 

can be quantified and the GSH:GSSG ratio can be calculated as a measure of cellular 

oxidative state - a higher GSH:GSSG ratio indicates a more reduced state while a lower 

ratio indicates a more oxidized state.  

We first confirmed that Tax-induced oxidative stress is observable using this 

method (Figure 3.13.C). In HEK 293T cells transfected with increasing levels of the 

Tax-expression plasmid (pSG-Tax-His), we found that the GSH:GSSG ratio decreased 

significantly, even with the lowest level of Tax expression, confirming that Tax strongly 

induces the production of RNOS. Next, we evaluated how the co-expression of HBZ 

with Tax alters the cellular oxidative state (Figure 3.13.D). HEK 293T cells transfected 

with HBZ alone did not exhibit a significant change in oxidative state (lane 2), while cells 

transfected with Tax alone again exhibited a significant decrease in the GSH:GSSG 

ratio (lane 3). Interestingly, when HBZ was co-expressed with Tax, the GSH:GSSG ratio 

increased significantly (lane 4), indicating that HBZ functions to relieve Tax-mediated 

oxidative stress. 

 We next assessed the oxidative state of HTLV-1-infected T-cell lines (TL-Om1, 

ATL-2s, MT-2) compared to an uninfected T-cell line (CEM) (Figure 3.13.E). We 

observed a significantly lower GSH:GSSG ratio in all HTLV-1-infected cell lines. 

Interestingly, cell lines that retain Tax expression (ATL-2s, MT-2) exhibited a 

significantly lower GSH:GSSG ratio as compared to Tax-devoid TL-Om1 cells. 

Considering these factors alone, these data are consistent with previous reports which 
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indicate Tax induces the production of RNOS. To evaluate whether HBZ reduces 

oxidative stress in HTLV-1-infected cells, we compared the oxidative state of MT-2 cells 

with that of MT-2 cells stably transfected with the shRNA-HBZ expression vector (MT-2 

shRNA HBZ). We found that knocking down HBZ expression significantly lowered the 

GSH:GSSG ratio, indicating increased levels of oxidation and supporting the role of 

HBZ in overcoming Tax-mediated RNOS production. 

Though Tax expression is silenced in the majority of ATL cells, recent analysis of 

sense and antisense transcription at the single-cell level suggests sporadic Tax 

expression may be retained in a small percentage of the population248,249. Though the 

mechanism of 5’ LTR transcriptional reactivation remains unclear, evidence suggests 

that it may be linked to the metabolic and oxidative state of the host cell249,405. In support 

of this hypothesis, H2O2 treatment was shown to induce transcriptional activation at Tax-

responsive elements in an HTLV-1-infected cell line249. An important function of HBZ is 

to inhibit the transcription from the 5’ LTR, likely as a means of immune evasion since 

Tax is reported to drive a robust cytolytic T-cell (CTL) response77,81,167,406,407. We 

wanted to evaluate whether HBZ plays a role in preventing stress-induced 5’ LTR 

reactivation. Using a 5’ LTR luciferase reporter construct (HTLV-Luc), we measured 

stress induced activation in HEK 293T cells transfected with HBZ or the empty vector 

(Figure 3.13.F). Consistent with previous reports, we observed that exposure to 

oxidative stress (H2O2) significantly activated transcription at the 5’LTR in empty vector-

transfected cells (lanes 1-2). However, HBZ expression significantly repressed H2O2-

induced 5’ LTR activation (lanes 3-4). These data suggest that HBZ plays a role in 

preventing stress-mediated viral reactivation. 
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Discussion 

Here, we report that HBZ upregulates the expression of HMOX-1 at the 

transcript, protein, and functional levels. HMOX-1 is a major antioxidant enzyme that 

plays critical roles in maintaining cellular homeostasis and preventing stress-induced 

senescence and apoptosis. Though it has beneficial tumor suppressor function in 

healthy tissues, HMOX-1 expression may also promote the survival and proliferation of 

cancerous cells. Constitutive expression of HMOX-1 is reported in a variety of highly 

aggressive malignant tissues when compared to expression levels of healthy, non-

malignant tissues. Furthermore, many anti-cancer therapies are reported to strongly 

activate HMOX-1 expression, which is associated with the onset of multi-drug 

resistance344,367–371. PBMCs isolated from patients diagnosed with ATL have been 

reported to harbor a high degree of drug resistance. Additionally, the onset of multi-drug 

resistance in these individuals is associated with disease progression and relapse 

400,401,403,408–410. In line with these reports, we found that HMOX-1 was overexpressed in 

a small group of acute ATL patients. Interestingly, the reduction of HMOX-1 gene 

expression has been observed to promote apoptosis and restore sensitivity to 

chemotherapeutic agents in breast cancer and glioma cells411,412. Similarly, knockdown 

of Nrf2 results in a reduction in antioxidant gene expression and has been reported to 

inhibit cellular proliferation, reduce invasion, and restore susceptibility to anti-cancer 

treatments413–418. We question whether a reduction in HMOX-1 expression or the 

inhibition of its activity could likewise sensitize ATL cells to chemotherapy drugs.  

We also showed that HMOX-1 expression was upregulated in a group of 

HAM/TSP patients. The symptoms of HAM/TSP are very similar to those of multiple 



109 
 

sclerosis (MS). Interestingly, HMOX-1 overexpression is also reported to occur in 

inflammatory brain lesions in MS patients, as well as in the brain and spinal cord of 

experimental autoimmune encephalomyelitis (EAE) mouse models419–425. The factors 

driving the progression of HAM/TSP are not well understood, but these similarities 

suggest that HMOX-1 may play an important role. For cases of HAM/TSP, as well as 

ATL, it may be clinically useful to evaluate HMOX-1 expression levels on a much wider 

scale to determine if overexpression could serve as a marker for disease progression. 

HBZ and Tax each contribute to the regulation of viral replication, spread, and 

maintenance within the host. Though the activities of Tax are important for de novo viral 

replication, the anti-apoptotic, pro-proliferative, and immune evasive functions of HBZ 

are important for the clonal expansion of HTLV-1-infected cells. Importantly, Tax is a 

major source of oxidative stress within the host cell through the upregulation of iNOS 

and hyperactivation of NF-κB signaling192,193,197,354,355,426,427. Another important source of 

free radicals in HTLV-1-infected cells is the viral accessory protein p13. The p13 gene is 

located on the sense strand of the provirus and encodes a protein with a putative 

amphipathic α-helical structure which allows it to be inserted into the inner mitochondrial 

membrane. There, it is reported to induce an inward flux of K+ and Ca2+ ions, resulting in 

membrane depolarization and enhancing the activation of electron transport. The 

upregulation of cellular respiration may be important for de novo viral replication, 

however it is also an important source of free radicals in the host cell356–360. The 

accumulation of RNOS can result in damage to DNA, proteins, and lipids. Importantly, 

oxidative damage to hemoproteins causes the release of heme prosthetic groups, which 

can induce iron-mediated toxicity unless they are properly degraded via HMOX-1 
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activity. In addition to preventing iron-mediated toxicity, HMOX-1 metabolic products 

have been demonstrated to have antioxidant and anti-inflammatory functions of their 

own 363,364. Here, we found that HBZ expression significantly reduced Tax-induced 

oxidative stress, suggesting that HBZ promotes the detoxification of free radicals that 

result as a consequence of sense proviral gene expression (Figure 3.14.A). From these 

data, it is unclear whether HMOX-1 is directly responsible for this activity, however, 

because HMOX-1 plays a major role in the reduction of intracellular ROS and free iron 

levels, it is a likely candidate.  

In addition to protecting HTLV-1-infected cells from senescence and apoptosis, 

HBZ also plays an important role in host cell immune evasion by downregulating sense 

proviral gene expression at the 5’ LTR77,81,167,406,407. Although sense transcription is 

silenced in the majority of ATL cells, sporadic reactivation has been reported in 

response to host cell metabolic and oxidative states, and further experimental evidence 

supports the role of oxidative stress in 5’ LTR activation (Figure 

3.14.A)248,249,293,405,428,429. We report that HBZ also attenuates stress-mediated 

activation of sense proviral gene expression, however the exact mechanisms through 

which inhibition occurs are unknown. One possibility is that HBZ activates the 

antioxidant response to rapidly detoxify ROS, resulting in decreased 5’ LTR activation. 

However, AP-1 family members have been documented to bind AP-1 sites in the 5’ LTR 

to activate sense transcription. Therefore, stress-induced AP-1 activity may play a role 

in 5’ LTR activation, suggesting that HBZ-mediated inhibition of AP-1 binding may be 

responsible for transcriptional repression78–80.  
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Figure 3.14: A model of HBZ-mediated upregulation of the cellular antioxidant response. (A) During 
sense proviral gene expression, Tax and p13 are produced, each of which play important roles in promoting 
de novo viral replication. Through these activities, Tax and p13 stimulate the production of free radicals, 
which can induce damage to DNA and other cellular structures. HBZ is expressed from the antisense strand 
and is important for maintaining cellular proliferation, preventing NF-κB-induced senescence, and may be 
important for detoxifying free radicals through its transcriptional upregulation of antioxidant stress response 
genes, including hmox1. (B) A proposed model of HBZ:sMaf interactions with cellular coactivators 
p300/CBP. HBZ and sMafs dimerize via hydrophobic leucine interactions in the leucine zipper (ZIP) domain, 
while the basic regions (BR) are important for DNA binding at antioxidant response elements (AREs). The 
contribution of the HBZ basic region to DNA binding remains unclear. HBZ recruits cellular coactivators to 
the complex, likely via an interaction between the activation domain (AD) LXXLL motifs and the coactivator 
KIX domain. (C) A proposed model for the recruitment of HBZ:sMaf complexes to the distal ARE site of the 
hmox1 gene promoter to activate transcription. Currently, it is unclear whether coactivators are also 
recruited to the complex. 
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In this report, we also endeavored to characterize the mechanism through which 

HMOX-1 overexpression is achieved. We showed that HBZ interacts with the sMafs in a 

ZIP-dependent manner, and that the AD of HBZ likely facilitates the recruitment of 

coactivators p300/CBP to the complex (Figure 3.14.B). Additionally, we showed that 

sMafs facilitate the recruitment of HBZ to AREs in the distal hmox1 promoter in vivo and 

in vitro (Figure 3.14.C). This finding poses new questions about the DNA-binding 

activity of HBZ. The DNA-binding domain (DBD) of HBZ does not align well with the 

consensus DBD sequence of other bZIP transcription factors (bb-bN-AA-b(C/S)R-bb). 

Furthermore, previous reports indicate that HBZ does not bind directly to DNA unless 

the DBD sequence is replaced with that of c-Fos, which then allows HBZ:c-Jun 

heterodimers to bind AP-1 recognition sites231,430. Although CNC bZIP transcription 

factors contain the consensus DBD, they are not demonstrated to stably bind DNA 

without the tethering activities of sMafs383. This led us to question whether there are any 

similarities between the CNC DBD and the HBZ DBD. Interestingly, an alignment of 

these sequences showed a conserved glutamine residue which was not observed in 

AP-1 bZIPs with the exception of B-ATF (Fig 3.15). Analysis of the nucleic acid- 

glutamine interactions has shown that glutamine forms highly specific, bidentate 

interactions with adenine431. To our knowledge, the importance of this glutamine residue 

in CNC bZIP DNA-binding activity has not yet been addressed. Therefore, it may be 

useful to evaluate the importance of this residue for ARE recognition and binding in 

CNC bZIPs as well as in HBZ. Additionally, determining the consensus binding site for 

HBZ:sMaf complexes will be an important next step in assessing the role of HBZ in the 

modulation of antioxidant gene expression. 
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Figure 3.15: Amino acid sequence alignment of DNA-binding motifs in HBZ and CNC bZIPs. The 
amino acid sequence of the HBZ DNA-binding domain was aligned with the DNA-binding domains of 
CNC bZIP family proteins. AP-1 family protein DNA-binding domains were aligned for comparison. 
Arrow indicates glutamine (Q) residue shared by HBZ and CNC bZIP DNA-binding domains. 
Alignments were performed using UniProt. 
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Nrf2:sMaf activity at AREs has been implicated in the global regulation of the 

oxidative stress response340–343,372–375. Therefore, HBZ:sMaf transcriptional activity at 

AREs poses the possibility that HBZ may profoundly affect antioxidant gene expression, 

potentially leading to large-scale, constitutive activation of the oxidative stress response. 

Our preliminary work indicates that additional antioxidant response genes (FTH1, 

SQSTM1, TNFRSF1A, PIM1) are upregulated by HBZ, although they were not 

evaluated at length. FTH1 encodes the ferritin heavy chain which, along with ferritin light 

chains, forms a large 24-chain polymer that scavenges and stores intracellular iron, 

including iron released from HMOX-1-catalyzed heme degradation432. Ferritin present in 

the serum is associated with inflammatory disease433. Though little is known about the 

role of ferritin in HTLV-1 infection, serum ferritin was detected in a group of HAM/TSP 

patients, indicating a possible link between HBZ and inflammatory disease434.  

SQSTM1 encodes sequestosome 1, also known as p62. This protein is a pro-

survival, stress-induced autophagy receptor reported to participate in the degradation of 

damaged mitochondria and protein aggregates that can result from the activation of NF-

κB signaling435,436. Interestingly Tax is reported to interact with SQSTM1, which allows 

constitutive upregulation of NF-κB and may promote viral replication437,438. However, 

when SQSTM1 is overexpressed, it was observed to decrease soluble Tax levels, 

suggesting sequestration, associated with the downregulation of NF-κB activation437. 

Through this mechanism, HBZ-mediated upregulation of SQSTM1 expression may 

promote the inactivation of Tax activity and subsequent downregulation of NF-κB244. 

Tumor necrosis factor receptor superfamily 1A (TNFRSF1A) is a receptor for the 

pro-inflammatory cytokine TNFα, which stimulates an array of cellular signaling 
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pathways that are important for maintaining cell survival and homeostasis439,440. 

Interestingly, these receptors may also initiate signaling via ligand-independent receptor 

oligomerization440. It is possible that increased ligand-dependent or ligand-independent 

TNF receptor signaling may play a role in HBZ-mediated cell survival. 

 Recently, STAT3 and its downstream effector kinase PIM1, were shown to be 

constitutively activated in ATL cells441. PIM1 is a stress-induced serine/threonine kinase 

which has pleiotropic functions, including the regulation of cell cycle progression and 

apoptosis during oxidative stress442. Inhibition of PIM1 activity was shown to trigger pro-

apoptotic signaling in ATL cells and reduced tumor growth in an in vivo ATL mouse 

model441. Here, we identified PIM1 expression to be upregulated by HBZ, suggesting 

that PIM1 may be an effective therapeutic target for ATL cells regardless of Tax 

expression status. 

Like HMOX-1, each of these genes (FTH1, SQSTM1, TNFRSF1A, and PIM1) 

was found to contain at least one ARE site in their promoter, to which Nrf2 and MafK 

have been previously documented to bind372–375. Furthermore, analysis of these 

transcripts in HeLa cell lines stably expressing HBZ or the HBZ-ΔbZIP truncation mutant 

revealed a shared dependence upon the bZIP domain for upregulation (Figure 3.16). 

We hypothesize that HBZ upregulates these genes in a similar manner to that of 

HMOX-1, and that through this mechanism, HBZ can assert widespread control over the 

host cell oxidative stress response to promote continued survival and clonal proliferation 

of HTLV-1-infected lymphocytes. 
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Figure 3.16: Select antioxidant response genes are upregulated in HBZ-expressing cells in a 
bZIP-dependent manner. qRT-PCR was used to quantify select antioxidant response gene 
transcripts in HeLa cells stably transfected with pcDNA-HBZ-Myc-His (HBZ), pcDNA-HBZ-MutZIP 
(MutZIP), or the empty vector (pcDNA). For HMOX-1, data is an average of seven independent 
experiments. For FTH1, SQSTM1, TNFRSF1A, and PIM1, the data are an average of four 
independent experiments. For all data, error bars indicate SEM (Student’s t-test, * p<0.05).  
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Materials and Methods 

Cell lines, plasmids, and antibodies: HEK 293T cells were cultured in Dulbecco's 

Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum, 2mM L-

glutamine, 100U/ml penicillin, and 50μg/mL streptomycin. Clonal HeLa-pCMV and 

HeLa-pCMV-HBZ-FLAG 240 were cultured in spinner flask suspensions in Minimum 

Essential Medium supplemented with 5% newborn calf serum, 3% fetal bovine serum, 

2mM L-glutamine, 1X MEM non-essential amino acids solution, 1mM sodium pyruvate, 

100U/ml penicillin, 50μg/mL streptomycin, and 0.2mg/mL hygromycin B (Invitrogen). 

Clonal HeLa-pcDNA, HeLa-pcDNA-HBZ-Myc-His, HeLa-pcDNA-HBZ-ΔbZIP-Myc-His, 

HeLa-pcDNA-HBZ-(LXXAA)2-Myc-His, and HeLa-pcDNA-HBZ-ΔATG cell lines were 

maintained in supplemented DMEM and were maintained under selection with 

0.5mg/mL geneticin (ThermoFisher). T-cell lines were maintained in either 

supplemented Iscove's Modified Dulbecco's Medium (IMDM) or supplemented Roswell 

Park Memorial Institute (RPMI) medium. The stable MT-2 shRNA HBZ and empty 

vector cell lines were maintained in in supplemented IMDM with 1mg/mL geneticin 

(ThermoFisher)242. 

The following mammalian expression plasmids have been described elsewhere: 

pcDNA-HBZ Sp1-Myc-His (aa 1-206)92, pcDNA-HBZ-ΔAD-Myc-His (aa 77-206)227, 

pcDNA-HBZ-ΔbZIP-Myc-His (aa 1-130)81, pcDNA-HBZ-(LXXAA)2-Myc-His, pcDNA-

HBZ-MutZIP-Myc-His377, pcDNA-HBZ-ΔATG377, pCMV-HBZ-FLAG240, pSG-HBZ-

Myc377, and pSG-Tax-His298. pcDNA3-Myc3-Nrf2 was a gift from Yue Xiong (Addgene 

plasmid #215555) (Furukawa 2005). Empty vector plasmids pCMV-3Tag-8 and pSG5 

were purchased from Agilent Technologies and pcDNA3.1(+)/ Myc-His A was 
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purchased from Invitrogen. pSG-HBZ-MutZIP-Myc was constructed by digesting the 

hBZ-MutZIP sequence from pCDNA-HBZ-MutZIP-Myc-His377 via EcoRI digestion and 

inserting the fragment into the pSG5 vector at an EcoRI site. FLAG-tagged small Maf 

mammalian expression plasmids were cloned as follows: Sequences encoding MafF, 

MafG, and MafK were digested (BglII and HindIII) from pDNR-Dual plasmids obtained 

from the DNASU plasmid repository (HSCD00005183, HSCD00004984, 

HSCD00002293) and cloned into the pCMV-3Tag-8 backbone vector digested with 

BamHI and HindIII. The Nrf2 dominant negative expression plasmid was created by 

amplifying the sequence coordinating to amino acids 401-606 from pcDNA-Myc3-Nrf2 

and inserting it into the pcDNA3.1 expression vector via BamHI and XbaI digestion. All 

plasmids were verified by sequencing and primers are available upon request. 

The following antibodies were used for Western blotting and immunoprecipitation 

experiments: anti-FLAG M2 (Sigma-Aldrich F3165), anti-Myc clone 4A6 (EMD Millipore 

05-724), anti-His H-15 (Santa Cruz sc-803), anti-Actin clone C4 (EMD Millipore 

MAB1501), anti-histone H3 (EMD Millipore #06-755), anti-HMOX1 A-3 (Santa Cruz 

sc136960), anti-VDAC (Cell Signaling D73D12), anti-MafG (Abcam 154318, 86524), 

anti-GST (Sigma G7781), anti-p300 N15 (Santa Cruz sc584), anti-CBP A22 (Santa 

Cruz sc369), anti-MEK1/2 (Cell Signaling L38C12), anti-Nrf2 C20 (Santa Cruz sc722), 

anti-Bach1(Bethyl A303-057A-T). For Figure 3.5.D, immunoprecipitation was performed 

using 100μg of anti-MafG antibody obtained from the University of Iowa Developmental 

Studies Hybridoma Bank (PRCP-MafG-1H7). Anti-HBZ serum was generously provided 

by Jean-Michel Mesnard77. 
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RNA extraction and quantitative real-time PCR: Cells were equalized prior to 

harvesting RNA using TRIzol Reagent (Invitrogen) according to the manufacturer’s 

instructions. cDNA was synthesized with random hexamers using the RevertAid cDNA 

synthesis kit (ThermoFisher). Quantitative real-time PCR (qRT-PCR) was performed as 

previously described377. Primer sequences are available upon request. For assays 

using patient-derived tissues, samples were collected as described previously443. 

HMOX-1 activity assays: These assays for evaluating HMOX-1 activity in cultured cell 

lines was developed from a previously reported method which analyzed enzymatic 

activity in mouse tissues444. Cell lines indicated in the figure legends were plated (2.0-

5.0 x106) in the appropriate media. For cells treated with 200μM hydrogen peroxide 

(H2O2), media was switched with low serum media (0.5% FBS) before treatment, which 

lasted for 4 hours. Cells were collected, pelleted at 350xg for 3 min at 4°C, and washed 

in 1X phosphate buffered saline (PBS). Cells were resuspended in 200μL detergent-free 

homogenization buffer (20mM Tris-HCl [pH 7.5], 0.25M sucrose, 1mM EDTA, 2μg/mL 

leupeptin, 5μg/mL aprotinin, 1mM phenylmethylsulfonyl fluoride [PMSF], and 1mM 

benzamidine) and each sample was manually homogenized using a dounce tissue 

grinder. Cell lysates were equalized by quantifying protein content by Bradford protein 

assay (BioRad) and 200μg of cell lysate was used for each reaction, which contained 

the following: 20mM Tris-HCl [pH 7.5], 250mM sucrose, 12.5μM hemin (Sigma Aldrich), 

1mM NADPH (Sigma Aldrich), and 0.025U bilirubin oxidase (Sigma Aldrich). Reactions 

were incubated at 37°C for 30 minutes and halted by adding an equal volume of 0.1% 

formic acid in methanol. Biliverdin d4 was added to each reaction (0.1ng/μL) to serve as 

an internal standard, and mixtures were centrifuged at 15,000xg for 20 min at 4°C. 
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Supernatants were collected and analyzed by LC-MS for biliverdin content. LC-MS 

analysis was carried out using an Agilent 1200 series high performance liquid 

chromatograph connected to an Agilent 6220 time-of-flight (TOF) mass spectrometer. 

Chromatographic separation was performed using an Agilent Zorbax Eclipse Plus C18 

column (3.5 μm, 2.1 × 150 mm) held at 35°C. Mobile phase A consisted of water with 

1% formic acid whereas mobile phase B consisted of acetonitrile with 1% formic acid. 

Flow rate was set to 0.25 mL/min. Initial solvent composition was 10% B which was held 

at 10% B for 1 minute, ramped to 55% B in 1 minute, ramped to 90% B over the next 2 

minutes, ramped to 100% B in 2 minutes, and held at 100% B for the next 5 minutes 

resulting in a total analysis time of 11 minutes. The TOF was operated in positive mode 

and biliverdin along with biliverdin-d4 were quantified using the [M+H]+ ion. Extracted 

[M+H]+ ion chromatograms were integrated to give biliverdin peak areas which were 

then normalized by the peak area of biliverdin-d4. Biliverdin/biliverdin-d4 ratios were 

compared between groups to determine relative biliverdin concentrations. 

Biochemical fractionation of cellular proteins: Membrane-bound protein fractions 

were collected as previously described445. Where indicated, cells were pretreated with 

50μM MG132 to stabilize proteins. To collect nuclear and cytoplasmic protein fractions, 

1.5x106 cells were washed in 1xPBS and resuspended in lysis buffer [20mM HEPES pH 

7.9, 20% [vol/vol] glycerol, 10mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 1mM DTT, 0.1% 

NP40, 2μg/mL leupeptin, 5μg/mL aprotinin, 1mM PMSF, and 1mM benzamidine]. 

Samples were incubated on ice for 10 minutes, and nuclei were pelleted at 2.5krpm for 

5 minutes at 4°C. Supernatants (cytoplasmic fraction) were reserved and nuclear pellets 

were lysed by adding 50μL RIPA buffer [50mM Tris [pH 8.0], 1% Triton X-100, 100mM 
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NaCl, 1mM MgCl2, 400nM TSA, 2μg/mL leupeptin, 5μg/mL aprotinin, 1mM PMSF, and 

1mM benzamidine]. Samples were vortexed and incubated on ice for 15 minutes. 

Samples were pelleted at 16,000xg for 15 minutes at 4°C and supernatants (nuclear 

fraction) were reserved. Samples were analyzed by Western blot using the antibodies 

indicated in the figure legends.  

Cellular protein preparation and co-immunoprecipitation: For co-

immunoprecipitation assays, HEK 293T (2.0-2.5x106) cells were transiently transfected 

using TurboFect (ThermoFisher) according to the manufacturer’s instructions. Cellular 

protein was harvested 24-48 hours post transfection. Cells were pelleted at 350xg for 3 

min at 4°C, washed in 1x PBS, and resuspended in 1mL RIPA buffer [50mM Tris [pH 

8.0], 1% Triton X-100, 100mM NaCl, 1mM MgCl2, 400nM TSA, 2μg/mL leupeptin, 

5μg/mL aprotinin, 1mM PMSF, and 1mM benzamidine]. Cells were vortexed briefly, and 

incubated on ice for 20 minutes. Lysates were centrifuged at 16,000xg for 15 minutes at 

4°C and soluble protein supernatant was isolated and quantified by Bradford protein 

assay (Bio-Rad). For co-immunoprecipitations performed with anti-FLAG M2 magnetic 

resin (Sigma Aldrich M8826), 15μL of resin slurry was washed twice in RIPA buffer and 

incubated with the indicated amount of protein extract for approximately 16 hours at 

4°C. For co-immunoprecipitations performed with anti-Myc antibody, 2μg of the 

appropriate antibody was pre-bound to 7.5μL packed bead volume of protein G agarose 

beads (Sigma- Aldrich) for 1 hour at 4°C in 1mL RIPA buffer. Antibody-bound beads 

were washed once in RIPA before incubating with protein extracts approximately 16 

hours at 4°C. Resin was washed four times in RIPA buffer and bound proteins were 

eluted by SDS dye and resolved by SDS-PAGE and Western blot. Western blots were 
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probed with the primary antibodies listed in the figure legends, followed by the 

appropriate HRP-conjugated secondary antibody, and were developed using Pierce 

ECL Plus chemiluminescence substrate (ThermoFisher), and visualized with a Typhoon 

9410 (GE Healthcare).  

Bacterial expression vectors, purification of recombinant proteins, and GST 

pulldown assays: Bacterial expression plasmids were used to express recombinant 

proteins for purification, including pGEX-GST-HBZ82, and pGEX-4T-2, which was used 

to express GST (GE Healthcare), were previously described. The GST-HBZ-AD 

expression vector was constructed by amplifying the AD-containing sequence (aa 1-57) 

from the pcDNA-HBZ-Myc-His plasmid92 and inserting it into the PGEX-4T-2 vector via 

BamHI and EcoRI sites. GST-tagged small Maf bacterial expression vectors (pGEX-

MafG) was constructed by PCR amplifying Maf-encoding sequences from pDNR-Dual 

expression vectors and cloning them into the pGEX-4T-2 digested with BamHI and 

SmaI. pGEX plasmids were transformed in Escherichia coli BL21 codon plus (DE3) 

(Stratagene), and were purified by glutathione-agarose affinity chromatography. His-

tagged small Maf bacterial expression plasmids (pRSETA-MafF, pRSET-MafG) were 

constructed by cutting Maf-encoding sequences from pDNR-Dual expression vectors 

(BglII and HindIII), and cloning them into the pRSETA backbone (ThermoFisher) via 

BamHI and HindIII sites. pRSETA plasmids were transformed in Escherichia coli BL21 

(DE3)/pLysS (Stratagene) and purified by Ni2+ chromatography. The T7-bZIP 

expression vector was constructed by amplifying the sequence encoding the bZIP 

domain (aa 120-206) from pcDNA-HBZ-Myc-His92 and inserting it into the pET3A vector 

(Novagen) cut with BamHI. T7-bZIP was transformed into Escherichia coli 
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BL21(DE3)/pLysS and purified using the T7-Tag Affinity Purification kit (EMD Millipore). 

All purified proteins were dialyzed against 0.1M HM (50mM HEPES [pH 7.9], 100mM 

KCL, 12.5mM MgCl2, 1mM EDTA, 20% [vol/vol] glycerol, 0.025% [vol/vol] Tween 20, 

1mM dithiothreitol [DTT]), divided into aliquots, and stored at -80°C. All plasmids were 

verified by sequencing and primers are available upon request. 

GST pull-down assays were performed as previously reported, with minor 

modifications81. Briefly, 20μL of glutathione-agarose beads equilibrated in binding buffer 

(20mM HEPES [pH 7.9], 2.5mM MgCL2 5μM ZnSO4, 25mM KCl, 10% [vol/vol] glycerol, 

0.05% Nonidet P-40, 1mM DTT, 1mM PMSF). Purified GST-fusion proteins were 

incubated with equilibrated glutathione-agarose for 1 hr at 4°C in binding buffer, 

followed by two washes in binding buffer to remove unbound protein. His-tagged MafF 

was added to the beads and incubated for 16 hours at 4°C. Beads were washed four 

times in wash buffer (20mM HEPES [pH 7.9], 2.5mM MgCL2 5μM ZnSO4, 50mM KCl, 

10% [vol/vol] glycerol, 0.05% Nonidet P-40, 1mM DTT, 1mM PMSF), and bound protein 

was eluted using sodium dodecyl sulfate (SDS) loading dye. Proteins were analyzed by 

SDS-PAGE and Western Blot, using the indicated antibodies. 

Electrophoretic mobility shift assays (EMSA): EMSA assays using recombinant 

purified proteins were performed as described previously81. Briefly, the indicated 

amounts of purified proteins were incubated for 1hr at 20-22°C, then incubated with 2-

10fmol of 32P-end-labeled double-stranded DNA probe, 100ng of poly(dA)·poly(dT), 1μg 

BSA, and 1mM DTT in 0.5x TM 0.1 M for an additional hour, also at 20-22°C. 

Protein:DNA complexes were resolved on 5% non-denaturing polyacrylamide gels. Gels 

were dried, and complexes were visualized by PhosphorImager analysis. ARE DNA 
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probe sequence is as follows: 5’-3’: AGCTCGGAATTGCTGACTCAGCATTACTCT. 

ARE MT DNA probe sequence is as follows: 5’-3’: GCTCGGAATCAATGACTCATTGTT 

ACTCTCG.  

Nuclear protein extraction and in vitro immobilized DNA-binding assays: Nuclear 

protein extracts were prepared as follows: 8x106 HEK 293T cells were transfected by 

calcium phosphate transfection with 50μg of plasmid DNA as indicated in the figure 

legend (25μg pcDNA-HBZ-Myc-His, 25μg pCMV-MafG-FLAG). Nuclear protein was 

harvested 48 hours post-transfection using a previously described method (75, 76). 

Supernatants were collected and dialyzed for approximately 16 hours against 0.1M HM 

(50mM HEPES [pH7.9], 100mM KCl, 20% [vol/vol] glycerol, 12.5mM MgCl2, 1mM 

EDTA, 0.025% Tween, 1mM DTT). Nuclear protein concentration was quantified by 

Bradford protein assay (Bio-Rad). 

Immobilized DNA-binding assays were performed using nuclear protein extracts 

were performed as follows: Per reaction, 7pmol of biotinylated double-stranded DNA 

oligonucleotide was was bound to 15μL M-280 streptavidin-coupled Dynabeads 

(Invitrogen) according to the manufacturer’s instructions. DNA-bound resin was blocked 

for one hour in ITB (20mM HEPES [pH 7.9], 0.2mM EDTA, 100mM KCl, 6.25mM 

MgCl2, 10mM ZnSO4, 20% [vol/vol] glycerol, 0.01% Triton X-100, 5% BSA, 0.2mM 

PMSF, 1mM benzamidine, 10μg/mL aprotinin, 10μg/mL leupeptin, 1mM DTT) with 5% 

BSA. The resin was cleared and loaded with 10μg of nuclear protein extracts in a total 

volume of 500μL of ITB/ 5% BSA and rocked for 2 hours at 4°C. Resin was washed 

twice in ITB without BSA, three times in ITB without BSA (600mM KCl), and once in 1x 

PBS. Protein was eluted with SDS dye and resolved by SDS-PAGE and Western blot.  
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Immobilized DNA-binding assays using purified recombinant protein was 

performed as follows: Per reaction, 1pmol of biotinylated double-stranded DNA 

oligonucleotides was bound to 15μL M-280 streptavidin-coupled Dynabeads according 

to the manufacturer’s instructions. DNA-bound resin was incubated with combinations of 

purified recombinant proteins (4pmol MafG-His, 8pmol GST-HBZ) in protease-inhibitor 

supplemented EMSA buffer [0.2mM PMSF, 1mM benzamidine, 10μg/mL aprotinin, 10 

μg/mL leupeptin, 1mM DTT] for 3 hours at 4°C. Protein-bound resin was washed 3 

times in EMSA buffer, and 2 times in EMSA buffer (400mM KCl), and protein was eluted 

with SDS dye and resolved by SDS-PAGe and Western blot. 

Luciferase transcriptional reporter assays: The luciferase reporter plasmid used to 

evaluate ARE transactivation, pGL-4xARE-Luc, was created by digestion of the 

pGL4.26 backbone (Promega) with XhoI and HindIII. The 4xARE sequence (GeneArt 

Gene Synthesis, Invitrogen) was ligated into the digested vector (5’-

3’:CTCGAGTCGAGCTCGGAATTGCTGACTCAGCATTACTCTCGTCGAGCTCGGAAT

TGCTGACTCAGCATTACTCTCGTCGAGCTCGGAATTGCTGACTCAGCATTACTCTC

GTCGAGCTCGGAATTGCTGACTCAGCATTACTCTCGGATCCAAGCTT). Luciferase 

reporter assays were performed as follows: On the day prior to transfection, Jurkat T-

cells were equalized to 5x105 cells/mL. On the following day, 4x106 were plated and 

transfected using TurboFect, with a total of 1μg of plasmid DNA (100ng of either 

pGL4.26 or pGL-4xARE-Luc, 250ng of the appropriate HBZ-expression plasmid). 

Specific transfection and treatment conditions are described in the figure legends. In 

assays using Mithramycin A treatment, cells were transfected as described above. At 

24hrs post-transfection, cell media was supplemented with 50μM Mithramycin A, or with 
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the vehicle control (DMSO). Cells were treated for an additional 24 hours before cells 

were lysed. Luciferase activity in cell lysates was measured using the Luciferase Assay 

System (Promega) according to the manufacturer’s instructions. Background luciferase 

activity in cells transfected with pGL4.26, containing only a minimal promoter, was 

subtracted from luciferase activity measured in cells transfected with the pGL-4xTARE-

Luc reporter. 

 For assays using the HLTV-Luc reporter, the internal control plasmid pRLTK-Luc 

was purchased from Promega and the HTLV-Luc reporter vector (pLTR-Luc) and has 

been described elsewhere446. HEK 293T cells were plated at a density of 4x105 and 

transfected with a total of 1μg of plasmid DNA (100ng HTLV-Luc, 10ng pRLTK-Luc, 

250ng pSG-HBZ-Myc). At 24 hours post-transfection, cells were treated with 200μM 

H2O2, or the vehicle control (PBS), for 4 hours. Luciferase and Renilla activity in cell 

lysates were measured using the Dual Luciferase Assay System (Promega) according 

to the manufacturer’s instructions. Luciferase activity was normalized against Renilla 

activity and data are reported as fold change from untreated cells transfected with the 

empty vector (HBZ-, H2O2-). 

Chromatin immunoprecipitation (ChIP): HeLa cell lines stably transfected with 

pcDNA 3.1, pcDNA-HBZ-Myc-His, or pcDNA-HBZ-ΔATG were plated at 1x107 24 hours 

prior to the assay. Chromatin crosslinking was performed by treating the cells with 1% 

formaldehyde at 37°C for 10 min, followed by the addition of 0.125M glycine to quench 

the reaction. Cells were collected with a cell scraper, pelleted at 350xg, and washed in 

1X PBS. The remainder of the ChIP assay was performed using the Zymo Spin ChIP Kit 

(Zymo Research) according to the manufacturer’s instructions. For each ChIP reaction, 
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200μg of crosslinked chromatin was diluted to a final volume of 1mL in ChIP chromatin 

dilution buffer provided in the kit, and was incubated with 5μg of the appropriate 

antibody for approximately 16 hrs. Antibodies against MafG (ab154318) and the 6x His 

tag (ab9108) were purchased from Abcam, and the anti-Nrf2 C-20 antibody (sc722) was 

purchased from Santa Cruz Biotechnology. Preimmune rabbit serum (IgG) was used as 

a negative control for the immunoprecipitation. ChIP DNA purified according to the kit 

protocol and was eluted in a total volume of 50μL. ChIP PCR and data analysis were 

performed as described previously81. PCR primers used to amplify proximal and distal 

HMOX-1 promoter sequences, as well as the HMOX-1 gene control, are listed in Figure 

3.8.A. Standard curves were generated for primer sets using five-fold serial dilutions of 

each input DNA from the ChIP and were included on each experimental plate. PCR 

efficiencies ranged from 95 to 105%, with correlation coefficients greater than 0.99. 

Quantitation was performed by comparing threshold cycle values for co-

immunoprecipitated DNA to the threshold cycle value for the input DNA in each ChIP337. 

Relative fold enrichment was calculated by dividing the data against the value obtained 

from the gene-specific primer in pcDNA cell lines, setting the pcDNA “gene” value to 1.  

Measuring glutathione ratios to evaluate intracellular oxidative stress: Cells were 

plated at 2x106 and transfected as indicated in the figure legends. Cells were collected 

and washed in 1xPBS and lysed in RIPA buffer supplemented with 2μg/mL leupeptin, 

5μg/mL aprotinin, 1mM PMSF, 1mM benzamidine, and 20mM iodoacetamide (IAA) and 

incubated on ice for 30 minutes. Lysates were centrifuged at 16,000xg for 15 minutes at 

4°C and the supernatants were reserved. For each analysis, 100μg of cell lysate was 

resuspended in a total volume of 50μL of RIPA + IAA. Proteins were removed by TCA 
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precipitation, in which 8μL of 100% trichloroacetic acid was mixed with each sample, 

incubated on ice for 10 minutes, and centrifuged at 5.6krpm for 5 min at 4°C. Standards 

of GSH and GSSG were also taken through the same process and used for 

quantitation. LC-MS was performed using the instrumentation described previously. 

Separation was achieved using an Agilent Zorbax Eclipse Plus C18 column 3.5 μm, 2.1 

× 150 mm) held at 35°C. Mobile phase A consisted of water with 1% formic acid 

whereas mobile phase B consisted of acetonitrile with 1% formic acid. Flow rate was 

held at 0.1 mL/min throughout analysis. Initial mobile phase composition began at 5% B 

which was held for 2 minutes, ramped up to 60% B over the next 11 minutes, ramped to 

100% B over the next 2 minutes, and held at 100% B for the next 3 minutes resulting in 

a total analysis time of 18 minutes. The TOF was operated in positive mode. Reduced 

and oxidized glutathione were identified and quantified based on the [M+H]+ ion (an IAA 

modification was taken into account for the reduced form). Concentrations were 

calculated based on standard calibrations and were used to determine ratios of reduced 

to oxidized glutathione. 

Cell survival assays: Cells were plated at a density of 2.5x104 in 96 well plates and 

allowed to adhere overnight. The following day, cell media was replaced with low serum 

media (0.05% serum) supplemented with 40μM hemin or DMSO. Treatments were 

carried out for approximately 24 hours and cell viability assays were performed using 

the MTT Cell Growth Assay kit according to the manufacturer’s instructions (Sigma-

Aldrich). 
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Chapter 4 

New Insight into the Role of HBZ in the Maintenance of HTLV-1-Infected Cell 

Populations 

 The processes through which HTLV-1 drives disease progression are not well 

defined. The goal of this work was to further evaluate the activities of the HTLV-1-

encoded protein HBZ and determine how it contributes to the maintenance of prolonged 

survival and host cell proliferation, ultimately promoting transformation to a malignant 

phenotype.  

HBZ modulates cellular DNA damage repair mechanisms: A common feature of 

ATL cells is their unique, polylobulated nuclear morphology, which arises from the 

accumulation of gross chromosomal abnormalities153. Indeed, karyotyping of ATL cells 

shows abnormalities in both chromosomal numbers and structure, and while disease is 

not associated with one specific aberration, aggressive ATL subtypes exhibited a 

greater number of chromosomal defects than less severe ATL subtypes447. These 

findings support that the accumulation of genetic damage is an important component of 

HTLV-1 disease progression.  

The viral protein Tax is well documented to induce genetic instability and it is 

reported to drive the accumulation DNA damage by increasing the production of 

reactive oxygen and nitrogen species, inhibiting DNA damage repair pathways, and 

bypassing DNA-damage cell cycle checkpoints192–195,197,281–283,285–288,290,448,449. Even 

when Tax expression is silenced for the purpose of infected cell immune evasion, Tax-

induced genetic damage may remain, increasing the risk of DNA damage-induced cell 
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cycle arrest, replicative senescence, or apoptosis. HBZ also has pro-oncogenic 

functions, and unlike Tax, its expression is continuously maintained. The contribution of 

HBZ to the accumulation of genetic damage is not well characterized, however some 

reports indicate that HBZ expression delays DNA damage-induced G2/M arrest, reduces 

DNA damage-induced p53 activation, and promotes the accumulation of DNA 

breaks239–241. Additionally, HBZ-transgenic mice also develop a malignant 

lymphoproliferative disease, supporting the role of HBZ in the accumulation of genetic 

abnormalities217,221. Therefore, we investigated the mechanisms through which HBZ 

promotes deleterious genetic alterations and whether the pro-survival activity of HBZ 

plays a role in the maintaining cellular integrity in the face of genetic damage, thereby 

further promoting transformation. 

In Aim 1, we evaluated the contribution of HBZ to host cell DNA damage 

responses, which is discussed in Chapter 2. When assessing the impact of HBZ on the 

repair of DSBs we found that HBZ attenuates the efficiency of NHEJ, but not HR. We 

observed that HBZ interacts with two cellular NHEJ-initiating proteins Ku70 and Ku80 

via its bZIP domain. We also found that NHEJ attenuation was dependent upon the 

HBZ bZIP domain, suggesting that the suppression of repair is dependent upon HBZ:Ku 

interactions. The Ku proteins are important for recognizing and stabilizing DNA termini 

early during NHEJ. Though we expected HBZ to reduce the recruitment of the Ku 

proteins to DNA termini, this proved to be incorrect. Instead, we found the HBZ 

expression did not affect Ku-mediated recognition of DSBs, rather, HBZ was recruited to 

the break site in vitro. This led us to hypothesize that HBZ’s presence at the break site 

negatively regulates downstream NHEJ activities. The DNA-dependent protein kinase 
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DNA-PK is reported to be critical for the completion of NHEJ, as it may play roles in 

coordinating the recruitment of repair machinery. The DNA-PK complex is formed by the 

binding the DNA-PK catalytic subunit to Ku70 and Ku80 at the DNA termini, followed by 

autophosphorylation and activation of kinase activity. We found that HBZ expression 

resulted in impaired DNA damage-induced DNA-PK autophosphorylation, indicating that 

its function in regulating repair may be negatively impacted in HBZ-expressing cells 

(Figure 2.8). 

Interestingly, DNA-PK has been implicated in promoting p53-dependent 

apoptosis in response to DNA damage271–277. The tumor suppressor p53 regulates 

many cellular activities, including apoptosis, and its activity is extensively regulated by 

post-translational phosphorylation and acetylation. Tax has been demonstrated to 

impair p53-dependent pro-apoptotic signaling by reducing p53 phosphorylation286. 

However, previous work from our group shows that HBZ also impairs p53 activation 

through the inhibition of cellular acetyltransferases240,241. Because DNA-PK has been 

reported to phosphorylate p53 in vitro, our findings suggest that HBZ-mediated 

attenuation of DNA-PK activity may serve as an anti-apoptotic mechanism to further 

promote the long-term survival of genetically damaged cells. 

Since Tax is reported to inhibit the repair of DSBs though HR, and our findings 

implicate HBZ in the attenuation of NHEJ, we questioned how DSB repair is regulated in 

cells which express both Tax and HBZ. Our work demonstrated that Tax activity 

enhances NHEJ activity in HBZ-expressing cells. These findings suggest that the main 

mechanism of DNA repair in HTLV-1-infected cells which co-express Tax and HBZ is 

NHEJ. But in infected cells which have silenced Tax expression, DSBs may be repaired 
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primarily by HR. Because increased HR frequency has been observed in rapidly-

proliferating cells and has been implicated in increasing the risk of chromosomal 

translocation261, it is possible that reliance upon HR contributes the accumulation of 

genetic abnormalities during later phases of infection when Tax expression is largely 

silenced. Interestingly, HR inhibitors are currently under investigation as novel 

therapeutics to target rapidly-dividing cancerous cells and confer sensitivity to DNA-

damaging agents450–452. HR is an important mechanism for repairing stalled and 

collapsed replication forks, therefore, drugs targeting this activity may be useful for 

inducing apoptosis. One study performed in ATL cells evaluated the inhibition of WRN 

helicases, which are highly expressed in Ieukemic cells and play an important role in 

HR-dependent maintenance of replication fork fidelity. The authors reported that 

inhibition of WRN helicases using two different inhibitors resulted in cell cycle arrest and 

induced apoptosis453. This initial study supports the approach of inhibiting HR as a 

means of depleting ATL cells, however further work will be required to assess its 

efficacy in vivo. 

HBZ modulates the cellular antioxidant response: Currently, there are no effective 

treatment options for people diagnosed with ATL because chemotherapeutic regimens 

and antiretroviral therapies are highly ineffective. Leukemic cells are reported to develop 

multi-drug resistance, which is associated with a rapid decline in patient 

condition400,401,403,408–410. The development of drug resistance in malignant cells is also a 

major concern for a variety of other cancers. In many of these cases, the expression of 

antioxidant response genes is reported to be upregulated, enhancing drug detoxification 

and cell survival344–349. One of the major physiological consequences of HBZ expression 
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is the maintenance of long-term host cell survival and proliferation during clonal 

expansion of HTLV-1-infected lymphocytes. Therefore, we questioned whether HBZ 

plays a role in the development of drug resistance by manipulating the cellular 

antioxidant response as a pro-survival mechanism.  

In Aim 2, we investigated the role of HBZ in the regulation of the cellular oxidative 

stress response, which is discussed in Chapter 3. We found that HBZ upregulates the 

expression of five antioxidant response genes, all of which play various roles in 

promoting cellular detoxification and survival in response to stress. Of these genes, 

HMOX-1 is considered to be a prototypical antioxidant protein because its function and 

transcriptional regulation are extensively characterized. Clinical evidence supports that 

dysregulation of HMOX-1 gene expression is significantly associated with pathogenesis. 

Notably, HMOX-1 overexpression is reported in a variety of cancers and is associated 

with the onset of multi-drug resistance344,367–371. Additionally, increased HMOX-1 levels 

have also been detected in inflammatory brain lesions in multiple sclerosis patients, 

suggesting that it may also play an important role in neurological inflammatory 

disease419–425. Interestingly, we found that HMOX-1 expression was upregulated in a 

small group of acute ATL and HAM/TSP patients when compared to asymptomatic 

carriers, suggesting that constitutive HMOX-1 expression may also play a role in HTLV-

1 disease progression. For these reasons, our work focused on understanding the 

mechanism through which HBZ modulates HMOX-1 gene expression and activity.  

A previous study reported that HBZ interacts with the sMaf protein MafG, and that 

this complex is recruited to consensus AREs in vitro. Given that HMOX-1 transcription is 

extensively regulated by Nrf2:sMaf-mediated transactivation of AREs, we thought it 
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worthwhile to analyze the recruitment of HBZ and sMafs to the HMOX-1 promoter AREs 

in vitro and in vivo. In Chapter 3, we presented evidence which further characterized 

HBZ:sMaf interactions (Figure 3.14.B) and supports that HBZ:sMaf complexes are 

recruited to these sites to activate transcription, resulting in the upregulation of HMOX-1 

gene expression (Figure 3.14.C). Because Nrf2:sMaf regulation of AREs has been 

implicated in the global regulation of the oxidative stress response, HBZ:sMaf 

transcriptional activity at these sites poses the possibility that HBZ may profoundly 

affect antioxidant gene expression. In line with this hypothesis, preliminary work 

confirms that HBZ upregulates four additional antioxidant genes, each of which is 

reported to contain at least one ARE site in its promoter. Interestingly several of these 

gene products have been linked to the regulation of apoptotic signaling in ATL cells, 

supporting that modulation of the antioxidant response may represent another 

mechanism through which HBZ promotes continued survival of HTLV-1-infected cells. 

 The induction of antioxidant gene expression is critical for preventing ROS-

mediated DNA damage, which can trigger cell cycle arrest, replicative senescence, and 

the induction of apoptosis338. Because cell-free HTLV-1 virions are poorly infectious, a 

major route of replication is through the clonal proliferation of infected cells21–23. In order 

to maintain the infected cell population in the host, HBZ must ensure that proliferation 

continues, apoptosis is inhibited, and that infected lymphocytes remain undetectable by 

Tax-specific CTLs. Evidence presented here supports that HBZ sustains cell survival 

during oxidative conditions. Furthermore, although HTLV-1-infected cells were observed 

to be highly stressed, likely due to the expression of pro-oxidative viral proteins Tax and 

p13, HBZ expression was important for creating a more reduced intracellular 
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environment. Finally, proviral gene expression has been observed to be activated at the 

5’ LTR in response to oxidative stress, resulting in increased production of sense 

strand-encoded proteins Tax and p13. Though HBZ has already been documented to 

repress Tax-mediated transactivation of the 5’ LTR, we observed that it also attenuates 

oxidative stress-mediated activation. This evidence supports the role of HBZ in 

preventing the reactivation of sense gene expression in response to oxidative stress as 

a means of maintaining immune “invisibility” (Figure 3.14.A). 

Together, these findings support that HBZ promotes the survival of host cells 

throughout infection and may play a role in enhancing survival in response to ROS-

inducing anti-cancer therapies. Therefore, we hypothesize that HMOX-1 may serve as a 

valuable therapeutic target in drug-resistant ATL cells. Though limited in scope, initial 

studies have evaluated how the downregulation of HMOX-1 expression affects drug 

susceptibility in breast and glial cancers. For each case, a decrease in HMOX-1 gene 

expression results in increased susceptibility to ROS-inducing chemotherapeutic 

agents411,412. As such, a future direction for our work is to evaluate the contribution of 

HMOX-1 to drug susceptibility in ATL cell lines.  

Interestingly, another group reports that treatment with the proteasome inhibitor 

bortezomib (Table 1.1) is effective at inducing apoptosis in ATL cell lines454. Though 

thought to act primarily by inhibiting the activation of NF-κB signaling, further work has 

shown that it also promotes oxidative stress. Furthermore, a clinical trial in ATL patients 

combining bortezomib with EPOCH chemotherapy and the antiviral drug raltegravir 

showed some efficacy455. Paradoxically, bortezomib-mediated ATL cell death was found 

to be enhanced by the induction of HMOX-1454. If these findings are recapitulated in 
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vivo, it may be possible that HMOX-1 overexpression in HTLV-1-infected cells may 

increase the efficacy of bortezomib treatment. Though further work is needed to 

understand its implications, HBZ-mediated manipulation of the host cell oxidative stress 

response may be an important mechanism through which HTLV-1-infected cell 

populations persist in the host. 

Targeting HBZ-mediated viral persistence: Less than 5% of HTLV-1-infected 

individuals will develop ATL or HAM/TSP, however, for these individuals, there are no 

effective treatments that significantly extend life expectancy or improve quality of life. In 

all HTLV-1 carriers, viral infection persists for life, but in the minority of the infected 

population, disease develops only after years to decades of low viral activity. Ideally, the 

development and administration of a prophylactic vaccine would be the best approach 

to avoid initial infection. However, there are currently no preventative vaccines 

available. A recent study investigated the protective effects of an anti-gp46 antibody, 

which targets a portion of the viral envelope proteins. When passively administered to 

mother rats, a large quantity of the antibody was successfully transferred to neonates 

and resulted in complete protection against HTLV-1 infection456. These finding suggest 

that this may be a valuable approach for preventing mother-to-child transmission of the 

virus in the future. 

Without the availability of a preventative vaccine, many individuals are infected 

soon after birth through breastfeeding. Furthermore, many individuals are unaware of 

their infection until they are diagnosed with an HTLV-1-assocaited disease. Therefore, a 

treatment that depletes the virus from the host will also be required to effectively prevent 

or reverse HTLV-1-mediated disease progression. Therefore, understanding the 
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mechanisms through which the virus is maintained in the host is of paramount 

importance.  

 Upon transmission of HTLV-1-infected leukocytes, host dendritic cells may play 

an important role in initial propagation of the virus and transmission of viral particles to 

host CD4+ T-cells. Though further work is required to establish the role of dendritic cells 

in maintaining viral persistence within the host, it is possible that they serve as a viral 

reservoir. Therefore, targeting these cells may be an important approach to depleting 

the virus from the host. 

 Current models suggest that early stages of lymphocyte infection involve the 

strong activation of proviral gene expression to facilitate synthesis of viral gene products 

and assembly of new viral particles, which are transmitted to new target cells via cell-to-

cell contact. The expression of Tax and p13 are important for inhibiting p53-depednent 

apoptosis, bypassing cell cycle checkpoints, maintaining metabolic activation, and 

upregulating cellular respiration, all of which contribute to successful de novo infection 

(Figure 4.1). Although most antiretroviral therapies target the retroviral replication cycle, 

these drugs are largely ineffective in limiting HTLV-1 viral spread, likely due to the 

limited dependence of the virus on de novo viral replication. Given that sense proviral 

gene expression results in increased presentation of highly immunogenic viral antigens, 

the synthesis of viral particles is limited throughout infection. Additionally, the 

expression of sense-encoded proteins Tax and p13 promotes the accumulation of toxic 

RNOS, posing a threat to the fidelity of cellular proteins and DNA (Figure 4.1). 

Therefore, it is unlikely that de novo viral replication can be maintained for extended 

periods of time.  
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Importantly, HBZ is critical for downregulating sense proviral gene expression at the 5’ 

LTR to reduce viral antigen presentation, allowing infected cells to evade immune 

detection. Cell clones which are unable to downregulate sense gene expression, likely 

due to viral integration into highly activated regions of the cellular chromosome, are 

destroyed through the activity of CTLs (Figure 4.1). Therefore, the majority of cells 

which evade immune detection have entirely silenced sense proviral gene expression, 

and express only the antisense-encoded HBZ. Interestingly, CTLs do not seem to 

efficiently target HBZ-expressing cells, perhaps due to low HBZ protein levels and low 

immunogenicity in comparison to Tax168,457,458. Some immunotherapeutic approaches 

have considered priming a more robust and effective HBZ-specific CTL response. One 

group demonstrated that a peptide fragment corresponding to a piece of the HBZ bZIP 

domain (aa157-176) induced a lymphocyte-depleting response in vivo that showed 

some protective effects against disease progression, although multiple boosters were 

required to achieve this result459,460. These results indicate that stimulating an anti-HBZ 

CTL response may be beneficial for preventing disease progression in ATL patients in 

the future. 

 Importantly, although Tax expression is largely inhibited in cells undergoing 

clonal expansion and progressing to ATL, an anti-Tax immune response remains 

constantly activated, suggesting that at least a portion of the infected cell population 

undergoes a degree of viral reactivation. Indeed some reports indicate the sporadic and 

transient activation of sense transcription248,249,293. Though the mechanisms that drive 5’ 

LTR reactivation are unclear, several reports indicate cellular metabolic and oxidative 

stress contribute (citation). Additionally, we showed evidence supporting that HBZ may 
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be important for preventing stress-mediated 5’LTR reactivation (Figure 4.1). Given that 

suppression of sense gene expression is critical for avoiding cytolytic destruction of the 

HTLV-1-infected lymphocyte population, a useful therapeutic approach may be to 

reactivate 5’ LTR transcription. 

 Evidence supports that the activation of the 5’LTR is dependent upon chromatin 

remodeling, including histone acetylation, to induce a relaxed chromatin 

confirmation70,73. Therefore, it is proposed that histone hyperacetylation via treatment 

with histone deacetylase inhibitors (HDACi) will promote viral reactivation and result in 

efficient CTL targeting and depletion of HTLV-1-infected cells. In support of this 

hypothesis, ATL cells treated with HDACi exhibit increased apoptosis461,462. Treatment 

with an HDACi in an ATL mouse model was also shown to extend survival462. 

Interestingly, HDACi treatment, combined with zidovudine and interferon, has been 

utilized to some degree in ATL patients, with early results showing some success in 

depleting ATL cells463,464. 

 In conclusion, the work presented here confirms the importance of the viral 

protein HBZ for maintaining viral persistence within the host. The evidence we 

discussed offers new insight into what is known about the pro-survival mechanisms 

employed by HTLV-1 to preserve infected cell populations. Additionally, our findings 

offer a glimpse into new possible mechanisms of drug resistance in pathogenic cells 

and pose new questions concerning whether certain shifts in host cell gene expression 

are commonly associated with disease progression and whether they may be used as 

predictive markers for patient outcome. 
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