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Summary 

 

Human T-lymphotropic virus type 1 (HTLV-1) is a retrovirus that persists lifelong within the infected 

host by driving expansion of infected CD4+T-cells.  It is the cause of adult T-cell 

leukaemia/lymphoma (ATL), an aggressive CD4+ T-cell malignancy, which arises in approximately 5% 

of individuals typically following decades of asymptomatic infection.  The reasons why some 

individuals develop ATL remain unknown. 

In this laboratory a novel customised high throughput sequencing and bioinformatic method has 

been developed in order to map and accurately quantify the proviral integration sites within each 

host genome in order to identify clonal populations within each host.   In this study I aimed first to 

test the hypothesis that there is a single provirus integrated into each host genome, and secondly to 

test the hypothesis that the site of retroviral integration determines the risk of leukaemia. 

In order to quantify the average number of proviral integration sites in each host cell, we isolated 

infected T-cells from the peripheral blood of infected individuals by limiting dilution cloning.  

Integration site analysis of these clones revealed that in natural infection each T-cell clone carries a 

single integrated provirus. This work formed the basis of a publication in the journal Blood (Cook et 

al 2012). 

I describe the systematic analysis of the clonality, structure and the integrity of the proviral tax gene 

in a large cohort of ATL patients (n=197).  I correlate these findings with the clinical subtype of ATL 

and the landscape of the host genome flanking the proviral integration site.  Based upon our findings 

we conclude that the integration site in cis does not directly cause leukaemogenesis and hypothesise 

that the absolute number of infected clones within an individual, and not oligoclonal proliferation, 

predisposes to malignant transformation.  
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Human T-Lymphotropic Virus Type-1 (HTLV-1) was first isolated in 1980 from cultured cells taken 

from a patient diagnosed with a cutaneous malignancy (Poiesz et al., 1980) and is the cause of adult 

T cell leukaemia/lymphoma (ATL).  In 1985, HTLV-1 seropositive patients in French Martinique were 

diagnosed with a neurodegenerative disease known as tropical spastic paraparesis (TSP) and a 

similar disorder, HTLV-1 associated myelopathy (HAM) was later reported in Japan (Osame et al., 

1986). Since no viral particles have been identified in the plasma HTLV-1 was thought for many years 

to be a latent virus.  Now, it is understood that there is a complex and dynamic interaction between 

the virus and host immune system.  Alterations in the balance of these interactions allow clonal 

expansion and subsequent transformation to malignant disease.  The two broad major questions 

that remain in HTLV-1 research are how does the virus persist despite a strong, constitutive immune 

response, and, what factors determine the risk of clinical disease? 

 

1.1. Human T-lymphotropic virus  

 

HTLV-1 is a member of the deltaretrovirus family and so far, there have been four genotypes of 

human HTLVs identified (Wolfe et al., 2005) and four genotypes described which infect non-human 

primates (Slattery et al., 1999).  There is high sequence identity between HTLV-1 and simian T-

lymphotropic virus type 1 (STLV-1) suggesting a relatively recent common ancestor. HTLV-1 is of 

major clinical interest since it is the only HTLV to be definitely associated with clinical disease. Whilst 

HTLV-2 may be frequently observed within specific populations, especially amongst indigenous 

populations and intravenous drug users (Chang et al., 2013) it is not associated with specific clinical 

disease and is carried at an extremely low proviral burden (Murphy et al., 2004).  The more recently 

described HTLV-3 and -4 have no known disease associations (Mahieux and Gessain, 2007). 
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There are 3 genotypes of HTLV-1:  Melanesian, Central African and Cosmopolitan types, with four 

subsets of the Cosmopolitan group (Transcontinental, Japanese, Western African and North African).  

However, there does not appear to be any clear association between the viral genotype and disease 

which suggests that host specific factors must account for the remarkable variation observed in the 

clinical manifestations of HTLV-1 infection. 

 

1.2. Epidemiology and Transmission 

HTLV-1 has been recently estimated to infect over 10 -15 million people worldwide (Gessain and 

Cassar, 2012) and is endemic in regions of southern Japan, the Caribbean, sub-Saharan Africa, Brazil 

and northern Iran (de The and Bomford, 1993).  Whilst over 90% of infected individuals remain 

asymptomatic, 1-2% will develop a debilitating progressive neurological condition known as HTLV-1 

associated myelopathy/tropical spastic paraparesis (HAM/TSP) and approximately 5% will develop 

adult T cell leukaemia/lymphoma (ATL) (Yamaguchi and Watanabe, 2002).  Prevalence of HTLV-1 in 

the Kyushu district of Japan has been reported at over 10% of the general population and the 

cumulative incidence of developing ATL among adult virus carriers is estimated at 6.6% males and 

2.1% females (Arisawa et al., 2000). Epidemiological data in many other endemic regions, such as 

Sub-Saharan Africa, remain unknown. In Europe and North America HTLV-1 is mainly present among 

immigrant communities from endemic regions and within the UK it is estimated that there are 

approximately 22500 infected individuals (Tosswill et al., 2000).  

Transmission of HTLV-1 requires cell to cell contact (Yamamoto et al., 1982) and cell-free blood 

products are non-infectious (Jason et al., 1985).  HTLV-1 can be contracted through infected cellular 

blood product transfusions  with a recent look-back by the UK Blood and Transplant Service 

reporting 29.4% transmission rate prior to leucodepletion of blood products and 3.7% following 

leucodepletion which was introduced in the UK in 1998 (Hewitt et al., 2013).  HTLV-1 can also be 
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transmitted  by sexual contact (Murphy et al., 1989) or by solid organ transplantation (Glowacka et 

al., 2013).  In endemic countries, the major route of transmission is through breast feeding 

(Uchiyama, 1997; Verdonck et al., 2007), with an increased risk of transmission directly correlated 

with duration (Ureta-Vidal et al., 1999). 

In the UK universal screening of blood donors for HTLV-1 antibody has been in practice since 2002 

and diagnosis is based upon repeated reactive enzyme immunoassay confirmed with specific 

immunoblot (Dow et al., 2001).   Seroprevalence among blood donors in England and Wales is 

estimated at 8 cases/million donations (Hewitt et al., 2013) and 470 cases per million pregnant 

women (Taylor et al., 2005).  However the screening of blood, organ donors and pregnant women is 

still not undertaken in many regions of the world, including ‘wealthy’ nations. 

 

1.3. HTLV-1 associated diseases 

1.3.1. Adult T-cell leukemia/lymphoma  

 

Adult T cell leukaemia is a neoplasm of mature, post thymic T-lymphocytes with a tumour that 

typically consists of an oligoclonal or monoclonal outgrowth of CD4+ CD25+ T lymphocytes carrying a 

complete or defective provirus of HTLV-1.  Approximately 4% of cases are CD4-CD8+ and a similar 

proportion CD4+CD8+ or CD4- CD8- (Kamihira et al., 1992).  The cells usually express the markers 

CD2 and CD5 whilst CD3 and TCRβ are frequently downregulated at the cell surface.  The ATL cells 

frequently express molecules characteristic of activated and regulatory T-cells including CD25, CCR4 

and the transcription factor FoxP3, making flow-cytometric cell identification of malignant, from 

non-malignant HTLV-1 infected cells difficult (Chen et al., 2006; Toulza et al., 2009).  The molecular 

pathogenesis of ATL is discussed in more detail in chapters 4 and 5. 
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The median age of presentation is 40 years in Afro-Caribbean patients and 50 years in Japan, and the 

disease typically occurs decades after asymptomatic infection usually in individuals who are believed 

to have become infected during infancy.  In contrast to HAM/TSP, ATL is not associated with 

recipients of HTLV-1 contaminated blood transfusions, the recipients of such transfusions typically 

being adults in the 6th and 7th decade.     

Clinical manifestation of ATL is heterogeneous and may be characterised by lymphadenopathy, 

abnormal lymphocytosis, hepatosplenomegaly, skin lesions, pulmonary infiltrates and 

hypercalcaemia.  Diagnosis is based upon the presence of morphologically abnormal lymphocytes 

(‘flower cells’ are typical but not necessarily present), presence of antibodies to HTLV-1 in the serum 

and the demonstration of monoclonal integration of HTLV-1 provirus in the tumour cells.  

 The disease is classified into 4 subgroups under the Shimoyama classification (Shimoyama, 1991) 

(classification detailed in Appendix 3); broadly they are considered as either ‘aggressive’ (acute and 

lymphoma subtypes) or ‘indolent’ (chronic and smouldering).   The most common presentation is 

the acute form (60% of cases) and typically presents as an emergency with complications from a 

rapid leucocytosis and associated cytopenias, hypercalcaemia, bulky lymphadenopathy and 

infectious complications.  In the chronic form, the lymphocytosis may be marked, but the patient 

may be asymptomatic for a number of years with the major clinical complications being skin lesions, 

opportunistic infection and the risk of transformation to acute disease.  Approximately 20% of 

individuals present with a pure lymphoma with a normal circulating white cell count and normal 

peripheral blood film.  There remain difficulties using the Shimoyama criteria in the classification of 

certain subtypes of disease e.g.  (1) The acute subtype with bulky lymphadenopathy who behave 

clinically like the lymphoma subtype (2) The significance of the smouldering subtype, since a high 

percentage of abnormal lymphocytes may be present in the peripheral blood films of patients with 

non-malignant infection (Hodson et al., 2013) and (3) The Shimoyama classification excludes the 

recently recognised purely cutaneous subtype (Amano et al., 2008).  However, with these caveats in 
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mind, it still remains useful for purposes of standardising clinical trials, comparing disease outcomes 

internationally, selecting therapies and for prognostic information.   

 Patients with aggressive ATL generally have extremely poor prognosis, mainly due to resistance to 

steroids and cytotoxic agents combined with significant immune suppression and susceptibility to 

opportunistic infection.  In the aggressive subtypes, the best clinical trial results to date report 

complete response rates in only 25-40% patients, median progression free survival time of 5 to 7 

months and median overall survival time of approximately 13 months (Tsukasaki et al., 2007; 

Yamada et al., 2001).  Whilst the chronic and smouldering forms of ATL have a relatively indolent 

course they may transform into aggressive ATL and under a ‘watchful waiting’ strategy the median 

survival is approximately 5 years (Takasaki et al., 2010).  By contrast, in Europe, Martinique and the 

USA where combination zidovudine and interferon (IFN) -α is the standard of care for chronic ATL, 

100% overall survival has been reported and the median survival not reached (Bazarbachi et al., 

2010).   The risk of relapse with all subtypes remains extremely high and there are many unanswered 

clinical questions. For example, the role of zidovudine and IFN-α in long term consolidation 

treatment, the place of immunomodulatory therapies such as proteasome inhibitors, arsenic trioxide 

or the precise role of new monoclonal antibodies such as mogamulizumab which targets CCR4 

expression on the tumour cells. The only truly curative approach remains allogeneic bone marrow 

transplantation, but this is only a therapeutic option for those individuals who are young-enough 

and fit-enough, have achieved a response to induction treatment , have a suitable HLA matched 

donor and in itself  is a procedure associated with substantial morbidity and mortality. 
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1.3.2. HAM/TSP clinical manifestation 

 

The lifetime risk for developing HAM/TSP is 0.25-4% (Kaplan et al., 1990) and is characterised by a 

gradual symmetric paraparesis of lower limbs with signs of pyramidal tract involvement, which 

progresses slowly and without remissions.  Early in the disease the first symptoms are of weakness 

of the lower limbs and lumbar pain, although there may be sensory symptoms too.  In many 

patients, urinary and sexual problems can be the first symptoms (De Castro-Costa et al., 2006).  

Dizziness is common (with normal clinical examination) and suggests disease in the vestibulospinal 

and motor tracts (Felipe et al., 2008). 

The weakness in the lower limbs is associated with moderate to severe spasticity, up-going plantar 

reflex and hyperreflexia.  Vibratory sense is frequently impaired with relatively preserved 

proprioception.  In the upper limbs there is usually hyperreflexia without weakness. As the disease 

progresses, the weakness and the spasticity increase, and the gait deteriorates (Nagai and Osame, 

2003).  Neuropathic pain becomes common as the disease advances.  Autonomic dysfunction of 

bladder and bowel are a common cause of morbidity resulting in recurrent urinary tract infections 

and resultant chronic renal failure.   

 

1.3.3. HAM/TSP disease pathogenesis 

The major histopathological changes found at post mortem in patients with HAM/TSP are long tract 

degeneration and demyelination affecting pyramidal, spino-cerebellar and spinothalamic tracts and 

hyalinoid thickening of media and adventitia of blood vessels in the brain, spinal cord and 

subarachnoid space  (Akizuki et al., 1987; Cartier et al., 1997).  
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Immunostaining  of post mortem biopsies shows that early in the disease process the 

leptomeninges, blood vessels and parenchyma are infiltrated with both CD4+ lymphocytes and CD8+ 

lymphocytes, B- lymphocytes and foamy macrophages whereas  later in the disease CD8+ 

lymphocytes predominate with subsequent progression to a relatively acellular, atrophic pattern 

with axonal and myelin degeneration.   The entire spinal cord can be affected, although the lower 

thoracic level is predominantly affected (Iwasaki et al., 1992).  

Cerebrospinal fluid samples (CSF) may show mild pleomorphic lymphocytosis with mild to moderate 

increase in protein.  Antibodies against HTLV-1 are present in the CSF and, in general, the HTLV-1 

proviral load measured in the CSF of individuals with HAM/TSP are typically greater than twice their 

load in the peripheral blood (Takenouchi et al., 2003), whereas the ratio of CSF to peripheral blood 

HTLV-1 proviral loads in asymptomatic carriers are typically lower, reflecting either recruitment or 

expansion of HTLV-1 infected cells in the CNS (Oh and Jacobson, 2008).  There is no evidence that 

HTLV-1 directly infects neuronal cells, astrocytes or microglia.  However, HTLV-1 specific CD8+ 

lymphocytes that secrete the neurotoxic cytokines, IFN-γ and TNF-α are present (Greten et al., 1998) 

supporting a bystander damage effect (Ijichi et al., 1993). The proposed sequence of events for 

“bystander damage” may be:  Activation of T cells following HTLV-1 infection allows the activation 

and migration of CD4+ and CD8+ T cells across the blood-brain barrier (from the peripheral blood 

into the central nervous system).  The HTLV-1 specific CD8+ T cells are preferentially recruited or 

expanded within the CNS, and respond to HTLV-1 antigen expressing cells, most likely HTLV-1 

infected CD4+ T cells.  The HTLV-1 specific immune response that occurs in the CNS results in the 

release of neurotoxic cytokines and subsequent CNS damage (Nagai and Jacobson, 2001). 
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1.3.4. Associated diseases 

 

HTLV-1 has been associated with a wide variety of other inflammatory diseases, such as uveitis 

(Mochizuki et al., 1992), polymyositis (Morgan et al., 1989), Sjogren’s syndrome (Vernant et al., 

1987) and bronchiectasis (Einsiedel et al., 2012).  Typically these are diagnosed in known HTLV-1 

carriers rather than following investigation for an underlying cause of these diseases.  HTLV-1 

carriers are susceptible to serious outcomes following secondary infection with pathogens such as 

varicella zoster, Mycobacterium tuberculosis (Pedral-Sampaio et al., 1997) and Strongyloides 

stercoralis (Marcos et al., 2008). 

 

1.4. Cellular and Molecular biology 

1.4.1. HTLV-1 receptor 

Whilst HTLV-1 has been shown to infect a wide variety of cell types in vitro (Jones et al., 2008; 

Koyanagi et al., 1993), the major reservoir of infection in vivo appears to be the CD4+ T-cells and a 

smaller component in the CD8+ T-cells (Nagai et al., 2001; Richardson et al., 1990).  The observation 

that HTLV-1 can infect several different cell types in vitro is consistent with the relatively recent 

identification that the widely expressed glucose transporter-1 (GLUT-1)  (Manel et al., 2003), 

neuropilin-1(NRP)  (Ghez et al., 2006), and heparan sulphate proteoglycans (HSPG) (Jones et al., 

2005) receptors play an important role in HTLV-1 viral entry.  The interplay between these molecules 

and the virus is not fully understood,  although it is postulated that sequential binding of HSPGs, 

NRP1 and GLUT-1 allow a conformational change of viral Env and thus cell entry (Ghez et al., 2010). 
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1.4.2. Mechanism of cell-to-cell spread 

 

HTLV-1 is highly cell associated (Yamamoto et al., 1982) requiring cell-to-cell contact for 

transmission.  Several mechanisms of cell-to-cell spread of HTLV-1 have been proposed.  Igakura  

(Igakura et al., 2003) first described the virological synapse through which HTLV-1 is transmitted 

from target cells to donor cells by polarisation of the cytoskeleton towards the uninfected cell, 

triggered by the viral tax gene in concert with stimulation of the intercellular adhesion molecule-1 

(ICAM-1) (Nejmeddine et al., 2009).   Electron tomography of the  virological synapse demonstrates 

viral particles present in multiple clefts within the synapse, surrounded by tightly bound plasma 

membranes forming confined intercellular sites (Majorovits et al., 2008), consistent with the 

observation that cell free virus particles are not found in plasma thus allowing escape from immune 

surveillance by HTLV-1 specific neutralising antibody (Nejmeddine and Bangham, 2010).  

More recently a biofilm-like extracellular structure has been described in which HTLV-1 infected cells 

covered with recently budded viral particles on the surface are rapidly transferred to the surface of 

target cells, resulting in new infection (Pais-Correia et al., 2010).  In addition, HTLV-1 p8 protein, 

derived from processing of the p12I protein of the pX region, may induce the formation of cellular 

conduits among T-cells allowing HTLV-1 transmission (Van Prooyen et al., 2010).  It is possible that 

HTLV-1 may combine multiple strategies to establish efficient viral transmission between cells and it 

is difficult to quantify the role played by each mechanism in vivo. 

 

 



28 

 

1.4.3. Mechanism of HTLV-1 proviral integration 

 

The HTLV-1 viral replication life-cycle, as with other retroviruses, is characterised by two distinctive 

steps.  Firstly, following viral entry into the cells, the viral genome is reverse transcribed in the 

cytoplasm using reverse transcriptase delivered to the host cell as part of the viral core, which 

generates a double stranded DNA copy.  Secondly, after viral DNA synthesis the HTLV-1 genome is 

stably associated with the viral integrase, also carried in the viral core, and later transported to the 

nucleus for integration (Figure 1.1):  The viral DNA is first processed by viral integrase at each 3’ end 

whereby two nucleotides are removed resulting in new CA-3’ ends (‘3’-end processing’).    These 

new ends attack a pair of phosphodiester bonds in the target DNA – in the case of HTLV-1 these lie 6 

base pairs apart.  The 3’ end of the viral DNA joins to the 5’-end of the host genome, and to 

complete integration, the two unpaired bases left at the 5’ ends of the viral genome are removed 

and the 5’-ends of the provirus can be ligated to host target DNA.  Whilst the viral integrase is 

responsible for 3’-end processing, the remaining steps are thought to be catalysed by host genomic 

cellular enzymes (Craigie and Bushman, 2012).  HTLV-1 viral targeting is not random and there is a 

preference for proviral integration in proximity to transcriptional units (Gillet et al., 2011; Meekings 

et al., 2008) and in proximity to specific transcription factor binding sites (TFBS)  (Melamed et al., 

2013).   

The provirus is then replicated along with cellular DNA during cycles of cell division, using the highly-

faithful host DNA polymerase.  The provirus also serves as a template for transcription of viral RNAs 

– some of which are translated to yield viral proteins, whilst a proportion of full-length viral RNA 

serves as genomic RNA in progeny virions. 
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Figure 1.1:  Retroviral integration (DNA breaking and joining reactions) 

Figure adapted from Craigie and Bushman, © 2012, Cold Spring Harbour Lab Press (Cold Spring Harb 
Perspect Med 2012;2:a006890).  DNA molecules shown by coloured balls.  (A) Linear blunt-ended 
viral DNA (green and yellow) and the target host DNA (blue and red). (B) 3’end processing:  Two 
nucleotides are removed from each of the 3’ ends of the viral DNA. (C) The 3’ends of the viral DNA 
attack a pair of phosphodiester bonds in the target DNA at the integration site (6 base pairs apart in 
the case of HTLV-1).  The 5’ends of the viral DNA are not joined.(D) Completion of integration 
requires removal of the two unpaired bases at the 5’end of the viral DNA and ligation of the 5’end of 
the viral DNA to the host genome.(E) Integrated provirus. 
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1.4.4. Mapping and quantification of proviral integration sites 

There has been a longstanding interest in accurate mapping and quantification of integration sites in 

HTLV-1 and other retroviral infections e.g. MLV (Wu et al., 2003) and HIV (Schroder et al., 2002).  The 

aim of this type of analysis is to answer questions such as  whether a single locus of integration was 

responsible for adult T-cell leukaemia/lymphoma (Seiki et al., 1984); to understand whether 

integration is truly random or targeted and to determine if there are ‘safe harbours’ of the host 

genome which could be identified as potential targets for therapeutic gene therapy.    

Detection of a single HTLV-1 integration site by Southern blot is characteristic of ATL (Yoshida et al., 

1982) and monoclonal integration of HTLV-1 proviruses into tumour cells remains part of the 

diagnostic criteria for ATL (Tsukasaki et al., 2009).  However, Southern blot lacks the sensitivity to 

detect minor populations of polyclonal HTLV-1 infected cells in both malignant and non-malignant 

infection.  In the 1990s and 2000s, inverse PCR (IPCR, Takemoto et al., 1994) and linker mediated 

PCR (LMPCR, Derse et al., 2007; Meekings et al., 2008; Wattel et al., 1995) followed by cloning, 

transformation and Sanger sequencing  were used to map integration sites in patients with 

malignant and non-malignant HTLV-1 infection.  However, these PCR based techniques have two 

major limitations.  First, the use of restriction enzymes leads to preferential detection of proviruses 

that lie near to the restriction site (30-60 base pairs for the restriction enzyme Msel (Wang et al., 

2008).  Second, PCR amplification preferentially amplifies short DNA fragments.  These classical PCR 

techniques cause a systematic bias in the accurate quantification of infected CD4+ T-cell clones, 

recover relatively few integration sites per experiment, and cannot accurately estimate the 

abundance of each unique integration site within a host.   

The observation of monoclonal integration of HTLV-1 provirus into ATL tumour cells, combined with 

the widespread use of Southern blot or IPCR /LMPCR integration site analysis has led to the widely 

held assumption that there is a single copy of HTLV-1 integrated into each infected CD4+ T-cell.  To 
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overcome these technical  limitations and for further hypothesis testing a customised high 

throughput sequencing method was developed in this laboratory to accurately map and calculate 

clonal abundance of each infected T-cell clone (Gillet et al., 2011) 

 

1.4.5. HTLV-1 viral gene expression 

 

The HTLV-1 proviral genome is nearly 9 Kb long and, similar to other retrovirus, the viral genome is 

flanked by two identical long terminal repeats (LTR).    The virus encodes multiple proteins by using 

both sense and antisense RNA strands and accessing several open reading frames (ORFs).  The 

provirus contains genes for structural proteins Gag and Env and enzymatic proteins (reverse 

transcriptase, integrase and protease).  There is an additional pX region at the 3’ end (Figure 1.2).  

The pX region, located between Env and the 3’LTR, contains genes for non-structural viral accessory 

proteins (p12, p13, p30 and p21) and regulatory genes tax and rex.   In 2002 Gaudray and colleagues 

(Gaudray et al., 2002) identified an ORF on the complementary RNA strand of the pX region whose 

protein product comprises a C-terminal basic leucine zipper (bZIP) and therefore named HTLV-1 bZIP 

(HBZ).  Whilst the viral proteins transcribed from the sense strand of the provirus are under the 

control of a promoter located at the 5’LTR, HBZ is controlled by a promoter within the 3’LTR and is 

therefore transcribed in an antisense direction.  HTLV-1 proviral genes are differentially expressed by 

alternate splicing and may be unspliced, singly spiced or doubly spliced.   
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Structural genes  

Gag, Pro and Pol are translated from a primary full length mRNA transcript, and ribosomal 

frameshifts result in the production of Gag-Pro and Gag-Pro-Pol fusion proteins, which are then 

subject to proteolytic cleavage (Nam et al., 1993).  Gag encodes the structural proteins of the matrix, 

capsid and nucleocapsid forming the structural ‘core’ of the HTLV-1 virion.  Env protein is transcribed 

as a singly spliced transcript and enhances viral entry and infectivity by mediating receptor binding 

and membrane fusion of virus particle with the cellular membrane (Delamarre et al., 1996). 

 The pX region 

The tax gene encodes the viral transactivating protein Tax, the best studied of all the HTLV-1 

proteins. Tax protein enhances viral gene expression through interactions with the Tax responsive 

elements (TRE) of the 5’LTR which consist of three repetitive 21 base pair sequences containing a 

core nucleotide sequence (TGACG)  (Jeang et al., 1988), homologous to the cAMP response element 

binding factor (CREB).  Tax does not bind to DNA directly,  but the formation of Tax-CREB promoter 

complex serves as a high-affinity binding site for the recruitment of the cellular co-activators CBP, 

p300 and PCAF and Tax has been shown in vitro to transactivate many viral and host genes 

(Kashanchi and Brady, 2005) (Grassmann et al., 2005) (Matsuoka and Jeang, 2007).  Host genes 

dysregulated by HTLV-1 Tax include genes involved in cell-cycle, apoptosis, cytokines and DNA 

repair. Several hundred Tax-binding partners have been reported in vitro and it has been 

demonstrated that Tax is subject to post-translational modifications including sumoylation, poly-

ubiquination, phosphorylation and acetylation, each of which alters its binding affinities and 

functions (Shembade and Harhaj, 2010), but it is likely that there are many in vitro artefacts of 

reported Tax-protein-complexes that may never occur in vivo.  The strongest evidence for the 

oncogenic potential of Tax has been demonstrated by its ability to immortalise cell lines in vitro 

(Grassmann et al., 2005) and to promote the growth of tumours in mice in vivo (Pozzatti et al., 
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1990).  Of note, HTLV-2 is not associated with aggressive leukaemia/lymphomas, but the HTLV-2 

associated Tax2 protein is also capable of transforming rat fibroblasts in vitro, albeit less efficiently 

than Tax1 (Endo et al., 2002). 

The regulatory protein Rex regulates proviral gene expression on a post transcriptional level and 

regulates the nuclear export of doubly spliced versus unspliced transcripts of HTLV-1.  The Rex 

responsive element is a short sequence present in the U3-R region of the LTR and recruits Rex to the 

transcript via a stem loop structure (Seiki et al., 1988).  Rex mediated regulation of RNA transport 

has been implicated in determining the kinetics of viral gene expression where initially Tax/Rex are 

expressed followed by other HTLV-1 transcripts (Rende et al., 2011). 

The accessory protein p12 is expressed from ORFI of the pX and localises in the endoplasmic 

reticulum.  It has been described to decrease surface expression of MHC-I (Johnson et al., 2001) and 

activates various pathways such as STAT5, resulting in reduced dependency on IL-2  for cell 

proliferation. 

HTLV-1 p13 and p30 accessory proteins are expressed from ORF II of the pX region and share part of 

their sequence.  Despite this their localisation and function is different:  HTLV-1 p13 can be detected 

in the inner membrane of mitochondria and modulates mitochondrial morphology and metabolism 

(Ciminale et al., 1999) and it has been suggested that p13 has a role in apoptosis (D'Agostino et al., 

2005; Hiraragi et al., 2005). HTLV-1 p30 regulates gene expression by sequestering Tax/Rex mRNA in 

the nucleus and by binding the Rex responsive element and it has been suggested that its function is 

dependent upon its concentration - at high concentrations p30 prevents viral replication by binding 

to Tax-Rex mRNAs and retaining them in the nucleus (Nicot et al., 2004) whilst at lower 

concentrations it functions as a transcription factor by modulating  CREB-responsive promoters 

(Zhang et al., 2000).  
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HBZ is constitutively transcribed in all HTLV-1 infected cell lines and in primary ATL cells (Satou et al., 

2006).  Whilst experiments with HBZ mutants lacking functional domains have demonstrated that 

HBZ is dispensable for in vitro immortalisation of cell lines, cells lacking HBZ have a lower 

proliferation capacity (Arnold et al., 2006).  Furthermore proliferation of infected T-cell lines could 

be inhibited by small interfering RNAs that suppress HBZ expression (Satou et al., 2006) and 

transgenic expression of HBZ in murine CD4+T-cells induces T-cell lymphomas (Satou et al., 2011).  

HBZ protein interacts with several transcription factors via its bZIP domain including JunB, Jun D and 

AP1 and, depending upon its binding partner, variably activates or inhibits host cellular gene 

transcription (Matsuoka and Jeang, 2011).  

HBZ protein is difficult to detect in ex vivo samples with current laboratory techniques, even in the 

presence of high levels of HBZ mRNA (Suemori et al., 2009). Curiously, HBZ protein can be readily 

detected by western blot lysates from cells transfected with HBZ expression vectors which raises the 

question as to whether lack of detection of HBZ protein in patient derived ex vivo samples is 

indicative of a translation block in vivo.  Site directed mutagenesis altering the ATG start codon of 

HBZ, reveals that the effects of HBZ on cellular proliferation is exerted at mRNA level (Satou et al., 

2006).  In addition, cells infected with an HTLV-1 molecular clone retain a large proportion of HBZ in 

the nucleus in a Rex-independent manner (Rende et al., 2011) suggesting that at least some of its 

function is exerted at nuclear RNA level rather than protein. 

The strongest evidence for the expression of HBZ protein in vivo is the recent identification of an 

anti-HBZ immune response:  Approximately 10% of HTLV-1 infected individuals have anti-HBZ 

antibody responses (Enose-Akahata et al., 2013) and HBZ specific cytotoxic T-lymphocytes are found 

in ~ 30% patients (Hilburn et al., 2011; Macnamara et al., 2010).  Thus the difficulty in detecting HBZ 

protein in samples derived ex vivo suggests that either the HBZ protein levels are below the current 

limits of laboratory detection and/or that the translation of HBZ is tightly regulated by the provirus. 
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Figure 1.2: The HTLV-1 proviral genome 

Figure adapted from Rende et al, Leukemia Research and Treatment, 2011.  The 
organisation, alternate splicing and coding potential of HTLV-1 mRNAs is shown.  ORFs are 
indicated by coloured boxes and the numbers correspond to nucleotide positions of HTLV-1 
RNA sequence (Koralnik et al., 1992). 
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1.4.6. Mechanism of viral proliferation (mitotic versus infectious spread) 

 

To persist within the host CD4+ T-cell compartment the virus pursues two strategies.  Firstly via de 

novo infectious spread (as described) and secondly via mitotic proliferation of infected cells.  During 

the chronic phase of infection mitotic proliferation appears to be dominant. 

There is strong evidence to support the conclusion that mitotic proliferation is the dominant force in 

the maintenance of a steady state proviral load (PVL) of infected peripheral blood mononuclear cells 

(PBMC).  Firstly, longitudinal studies of integration site identity demonstrated the existence of long-

lived expanded clones, suggesting that each clone of cells originated from a common progenitor cell 

(Cavrois et al., 1996; Cavrois et al., 1995; Furukawa et al., 1992; Gillet et al., 2011).  Secondly, there is  

remarkably low sequence diversity compared with other retroviruses (Overbaugh and Bangham, 

2001) which is consistent with replication via the highly fidelity, proof reading host DNA polymerase 

rather than the error prone retroviral reverse transcriptase.  In line with this are the results of a 

randomised, double-blind, placebo controlled study of six months’ combination therapy with 

nucleoside analogues (zidovudine and lamivudine) in HAM/TSP:  Inhibition of reverse transcriptase 

did not demonstrate a reduction in proviral load (Taylor et al., 2006).  However, the relative 

contributions of infectious and mitotic spread remain unknown. 

 

 

 

 



37 

 

1.5. Immune determinants and response to HTLV-1 

 

Life-long infection with HTLV-1 is frequently accompanied by a strong and constitutive immune 

response.  It remains uncertain how the virus regulates the balance between proliferation and viral 

gene expression whilst escaping immune control. 

The major predictor of disease is the proviral load:  The proviral load within an individual remains 

relatively constant over years albeit with a slow steady rise over decades.  In a large cohort study in 

Japan, the median PVL of those in the 40-60 year old age group was significantly greater than those 

younger than 40 years (Sasaki et al., 2010).  However, the variation in proviral loads between 

different patients is great.  Individuals may have a PVL that ranges between less than 0.001% PBMC 

to over 100% PBMC, with the risk of clinical disease rising in carriers with a PVL above 4% in Japan 

(Iwanaga et al., 2010) and a PVL > 10% in the UK (Demontis et al., 2013).  The median proviral load in 

Japanese males has been reported as 2.1% and in females 1.4% (Sasaki et al., 2010),  consistent with 

the observation that for unknown reasons more males develop ATL.  Nonetheless, there is overlap in 

the range of proviral load seen between patients with disease and those that remain life-long 

asymptomatic carriers, making per-patient risk analysis extremely difficult. 

The observation that asymptomatic family members of those with HAM/TSP or ATL carry higher 

proviral loads than those without a family history supports the hypothesis that there is a hereditary 

genetic determinant that predisposes to disease (Iwanaga et al., 2010):   Class I HLA genotype plays a 

significant part in determining the risk of HAM/TSP and maintenance of the proviral load in 

individuals from the Kagoshima region of Japan (an HTLV-1 endemic population).  The results 

showed a dominant protective effect of HLA-A*02 and HLA-Cw*08 in reducing the risk of HAM/TSP 

and in control of proviral load in asymptomatic carriers, whilst the presence of HLA-B*5401 or class II 

HLA-DRB1*0101 was associated with an increased risk of disease (Jeffery et al., 2000; Jeffery et al., 
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1999).    In the same cohort of individuals, it has been shown that  the ability to present peptides 

from HBZ to the cytotoxic T-lymphocytes (CTLs), as determined by an individual’s HLA genotype is 

associated with a low proviral load and reduced incidence of HAM/TSP (Macnamara et al., 2010).  

Recent work on same cohort has further shown that the protective effect of HLA- Cw*08 and 

detrimental effect of HLA- B54 was limited to those with a specific inhibitory molecule KIR2DL2 

(Seich Al Basatena et al., 2011).    

Analysis of non-HLA host genetic factors has revealed that specific polymorphisms also affect the risk 

of developing HAM/TSP e.g.  the TNF-α promoter-863 A allele (Vine et al., 2002) promotes the risk of 

disease, whilst IL-10-592A (Sabouri et al., 2004), stromal-derived factor-1 +801A, and IL-15 +191C 

conferred protection against HAM/TSP (Vine et al., 2002), but the contributions of these non-HLA 

genes to the pathogenesis are largely unknown and requires validation in other ethnic populations in 

association with broader genome-wide studies. 

 HTLV-1 can elicit a strong antibody response and often include IgMs in both ACs and HAM/TSP 

suggesting persistent expression of HTLV-1 proteins (Nagasato et al., 1991).  Antibodies to Gag, Env, 

Tax, Rex and HBZ have all been identified and the sera of the majority of patients contains antibodies 

directed against Tax (Souza et al., 2011).  However, since HTLV-1 is highly cell-associated, it is not 

clear what role neutralising antibody may play in controlling infection. 

There are several lines of evidence that  HTLV-1 specific cytotoxic T-lymphocyte (CTL)  responses 

have a significant impact upon infection:  (1) The described observation of an association between 

specific HLA Class I alleles and protection from disease; (2) The existence of escape mutations in 

known CTL epitopes (Niewiesk et al., 1995); (3) The observation that CD8+ T-cells efficiently kill 

autologous Tax expressing lymphocytes in fresh PBMC from infected individuals (Hanon et al., 2000) 

and (4) The more recent identification of HBZ-specific CD4+ and CD8+ cells  in vivo and  a significant 
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association between the HBZ-specific CD8+ T-cell response and asymptomatic infection (Hilburn et 

al., 2011).   

In recent years, more attention has been focused upon CTL quality rather than CTL frequency 

(Bangham, 2009) and that functional avidity, a metric of the ability of CTL to detect limiting 

quantities of antigen, is a better index (Kattan et al., 2009).  High CTL avidity correlates with a lower 

proviral load and proviral gene expression which suggests that efficient control of HTLV-1 in vivo 

depends on the quality of the CTL response  (Kattan et al., 2009) – although it is difficult to separate 

cause and effect when considering the host-viral dynamics in chronic phase. 

The CTL response may be repressed by regulatory T-cells (Tregs):   Expansion of a CD4+FoxP3+ 

subset is observed in HTLV-1 infection which could be explained by Tax-induced up regulation of 

CCL22 (Toulza et al., 2010), the  natural ligand for C-C chemokine receptor type-4 (CCR4) on FoxP3+ 

cells, and there is an inverse correlation between CTL lysis efficiency and the % CD4+ FoxP3+Tax-  

CTLs (Toulza et al., 2008).  These observations may, in part, contribute to the profound immune 

suppression observed clinically in HTLV-1 infection. 

 

1.5.1. Immune response in ATL 

 

Little is known about the role of HTLV-1 specific CTLs in the prevention of ATL, during transformation 

and following a therapeutic response to treatment.     There have been case reports of ATL following 

solid organ transplantation in the context of immune suppressive therapies (Hoshida et al., 2001; 

Suzuki et al., 2006). 
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Despite the predominance of CD4+ malignant ATL cells, the absolute frequency of CD8+ T-cells 

remains approximately within the normal reference ranges (Arnulf et al., 2004).   There are little data 

describing the functional properties of CTLs in ATL, but it is acknowledged that the ex vivo CTL 

response in ATL is weak (Shimizu et al., 2009).   By comparison with ACs, the Tax-specific CTLs are 

directed at a narrower range of epitopes and are present at low or even absent frequencies with no 

detectable Env-specific CTLs in ATL subjects (Kozako et al., 2006).  A subset of ATL patients have no 

detectable CTL when PBMCs are measured by functional assays, but after culture functional CTL can 

be occasionally observed (Arnulf et al., 2004; Kannagi et al., 1984).   

Although the observed frequency of CTL response to HTLV-1 in ATL is reduced or absent, there is 

evidence for an efficient response in a subset of individuals:  Furukawa observed amino acid change 

within the Tax 11-19 epitope which rendered Tax unrecognizable to CTLs and premature stop codons 

in the tax gene which prevent Tax transactivation (Furukawa et al, 2001).   Loss of Tax expression or 

activity has the downstream effect of reduced expression of other viral genes that require Tax 

transactivation (gag, pol and env).  Therefore, it is implied that the loss of a single viral protein 

allows the infected cell to escape surveillance by CTL specific for other viral proteins.   
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1.6. Animal models of ATL  

 

Since the majority of HTLV-1 infections occur during infancy via breast feeding, it is neither practical 

nor ethically possible to investigate early models of HTLV-1 infection in naturally infected human 

primate hosts.  Therefore, animal models provide an excellent tool for understanding the biology of 

HTLV-1 driven ATL and particularly for the development of future vaccines and novel treatments. 

HTLV-1 animal models vary from those that are naturally infected hosts of similar viruses to 

engineered small animal models. 

Bovine leukaemia virus (BLV) causes an aggressive B-cell lymphoma in <5% infected cattle aged over 

5 years, and is a major economic problem in cattle-trading since infection may be spread through 

milk transmission.  BLV is an appealing model for ATL as large animals tend to provide a more 

relevant model of human cancer development with closer physiology.  The most widely used animal 

model of BLV is in sheep (Djilali and Parodi, 1989; Gillet et al., 2013) and provides some similarities 

with ATL models since the retrovirus contains both Tax and Rex viral genes, although no equivalent 

of the antisense HBZ gene  has been identified (reviewed by (Hajj et al., 2012).  Whilst interesting 

parallels may be drawn between the BLV model of B-cell lymphoma and ATL, these remain distinct 

viruses which infect different cell types and cause disease in hosts with differing immune responses. 

‘Old world’ monkeys are frequently naturally infected with STLV-1, which has a nucleotide sequence 

closely related to HTLV-1 (Watanabe et al., 1985), in which clonal proliferation has also been 

identified by inverse PCR techniques (Gabet et al., 2003) and lymphoproliferative disorders have 

been observed (McCarthy et al., 1990; Tsujimoto et al., 1987; Voevodin et al., 1996).  However, for 

logistic reasons, detailed characterisation of STLV-1 has not been achieved and there has been no 

analysis on the function of accessory or regulatory proteins.  Recently Miura et al, identified that 

STLV-1 contains an STLV-1 bZIP factor (SBZ) on the antisense strand similar to HBZ and have reported 
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a high throughput sequencing technique to map STLV-1 integration sites which has shown 

asymptomatic STLV-1 infected macaques have  proliferative  features in common with those of 

HTLV-1 asymptomatic carriers, suggesting that these animals may serve as suitable models for 

analysis of HTL V-1 carriers (Miura et al., 2013).   

Transgenic mouse models expressing Tax (Hasegawa et al., 2006) or HBZ (Satou et al., 2011) in T-

cells drive tumour formation in vivo, but whether Tax or HBZ expression alone is sufficient for 

human T cell leukaemogenesis remains unclear since it is known that mice primary cells are 

substantially more easily transformed than human primary cells (Hahn et al., 1999).   More recent 

mouse models of HTLV-1 include humanised mice in which human haemopoietic stem cells 

reconstitute a variety of immune deficient mice by infecting the stem cells in vitro prior to 

engraftment (Banerjee et al., 2010) or following intraperitoneal inoculation with irradiated HTLV-1 

producing cells (Villaudy et al., 2011).  Although these mice models allow for the study of early 

infection events and T-cell tumours, a crucial difference is that they lack a functional immune 

response. 

 

1.7. Aims and Hypothesis  

 

The central aim of this work was to test the hypothesis that the site of proviral integration 

determines the risk of developing ATL.  To achieve this aim, I used a customised high-throughput 

sequencing technique previously developed in this laboratory to test the following hypotheses:- 

1. There is a single copy of HTLV-1 integrated into each host genome 

2. The genomic environment flanking the proviral integration site is associated with malignant 

transformation of HTLV-1 infected clones. 
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Chapter 2. Materials and Methods 
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2.1. Primary cells and cell lines 

2.1.1. Patients samples 

 

DNA samples from AC and ATL patient samples were provided by collaborators at the Institute for 

Viral Research, Kyoto University, Japan and were obtained with written consent in accordance with 

regulations defined by the Japanese Government and Kyoto University.   

T-cell clones were derived from blood samples donated by patients attending the HTLV-1 clinic at 

the National Centre for Human Retrovirology, Imperial College Healthcare NHS Trust, with written 

informed consent in accordance with the UK National Research Ethics Service (NRES reference 

09/H0606/106).   

PBMC were immediately isolated from peripheral blood and layered over Histopaque-1077 (Sigma-

Aldrich), centrifuged at 1700 rpm for 25 minutes with a slow brake setting, washed twice with PBS 

and cryopreserved in fetal bovine serum (Gibco-Life Technologies) containing 10% dimethylsulfoxide 

(Sigma-Aldrich) and stored in liquid nitrogen. 

 

2.1.2. Cell lines 

 

Jurkat E6.1 (JKT) was used as an HTLV-1 negative T cell line (Schneider et al., 1977) to identify 

potential contamination during LMPCR and high throughput sequencing (HTS).  Tarl2 is a rat 

lymphoid cell line, containing one integrated copy HTLV-1 provirus per cell (Tateno et al., 1984)  and 

was used for quantification of proviral loads.  All cell lines were cultured in either containment level 
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2 (Jurkat) or containment level 3 (Tarl2) in complete medium: RPMI-1640 medium (Sigma-Aldrich) 

supplemented with 1% L-glutamine, 1% penicillin/streptomycin and 10% heat-inactivated FBS 

(Gibco).  

Methylated and unmethylated DNA from ATL cell lines 43-T (methylated) and 48-T (unmethylated) 

for methylation-specific PCRs were provided by Dr Yorfumi Satou, Kumamoto University, Japan.  

 

2.2. Isolation of CD4+ T-cell clones by limiting dilution 

 

CD4+25+ T-cell clones were isolated from 10 patients (7 female, 3 male) with different clinical 

manifestations of HTLV-1: Two ACs (median PVL 6.2%), 5 HAM/TSP (median PVL 13.6%), 2 ATL 

(median PVL 57.5%) and 1 polymyositis (PVL 18.3%). 

CD4+25+ cells were isolated by magnetic activated cell sorting (CD4+CD25+ isolation kit, Miltenyi 

Biotec). Cells were subsequently cloned by limiting dilution in RPMI containing 10% human AB serum 

(Invitrogen) in the presence of 50 IU/mL IL-2 (Promocell), 1 μg/mL PHA (Sigma-Aldrich), 10μM 

raltegravir (Selleck Chemicals), and 0.5 × 106/mL γ-irradiated feeder cells (mixed PBMCs from 3 

uninfected donors). Clones were expanded with feeder cells and PHA every 14 days and fed with IL-2 

and raltegravir twice weekly.  Clones were cultured for 4-6 weeks before genomic DNA extraction 

(DNeasy Blood and Tissue Kit; QIAGEN, 69504. 
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2.3. Molecular biology methods 

2.3.1. Proviral load measurements 

The proviral load was measured using quantitative polymerase chain reaction (QPCR) using 

ABI7900HTFast (Applied Biosystems). PCR was carried out using ABI Fast SYBR green mastermix 

(Applied Biosystems) according to manufacturer’s instructions.  Proviral copies were quantified using 

tax specific primers (SK43, SK44)(Kwok et al., 1988) normalised to the number of β-actin copies 

(Actin-Fw, Actin-Rev). Primer sequences are shown in table 2.1. 

Cycling conditions for actin and tax PCR consisted of:  95:C for 20 seconds,  40 cycles at 95:C for 1 

second, 60:C for 20 seconds.   

Standard curves were generated using serial dilutions of Tarl2 DNA at six different concentrations 

(5ng/μl to 20 pg/μl).  DNA samples from patients were measured at three different dilutions (5ng/μl 

to 0.56ng/μl).  Proviral load was calculated as a ratio of tax to β-actin copies on the assumption of 

one copy of tax and two copies of actin per cell. 

 

2.3.2. 5’ long terminal repeat sequencing 

Since the HTLV-1 LTR sequence varies between isolates, the LTR was sequenced prior to integration 

site library preparation to identify primer binding site polymorphisms before high throughput 

sequencing. The 3’ and 5’ LTR sequences are assumed to be identical (Seiki et al., 1983). 

5’LTR sequencing was sequenced using a forward primer (5LTR-FW) in the LTR region and the 

reverse primer (5LTR-Rev) located in the viral gag gene sequence downstream of the LTR (primer 



47 

 

sequences are shown in table 2.1).  Thermal protocol: 98ᵒC for 3 minutes, 35 cycles 98ᵒC for 10 

seconds, 64ᵒC for 20 seconds and 72ᵒC for 20 seconds followed by 72ᵒC for 10 minutes. 

The amplified PCR product was sequenced using Sanger sequencing (MRC Clinical Sciences Centre, 

Core Genomic Laboratory). 

 

2.3.3. Long range PCR to identify defective proviruses  

Type 1 or type 2 defective proviruses are commonly identified in ATL samples and are unable to 

express Tax due to loss of promoter situated in either the 5LTR and/or pol regions.  First an internal 

control region of the 3’end of the HTLV-1 genome is amplified for each case, followed by a long-

range PCR to identify defective proviruses based upon the length of the long-range PCR product 

between 5’LTR and pX region (Figure 2.1).  A product length of 6.5Kb defines a complete provirus, a 

product less than 6.5Kb as a  type 1 provirus and failure to amplify any product, a type 2 defective 

(Tamiya et al., 1996). 

DNA was amplified using KOD Hot Start DNA polymerase TB341 (Toyobo, Novagen).  The primers for 

the control PCR (Control- Fw, Control- Rev) and long range PCR (LR- Fw, LR- Rev) are listed in table 

2.1.  Cycling conditions for the internal control PCR consisted of:  95ᵒC for 2 minutes, 30 cycles: 95ᵒC 

for 20 seconds, 59ᵒC for 10 seconds and 70 ᵒC for 48 seconds, followed by 70ᵒC for 5 minutes.    

Cycling conditions for the long-range PCR consisted of:  95ᵒC for 2 minutes, 30 cycles: 95ᵒC for 20 

seconds, 66ᵒC for 175 seconds, followed by 72ᵒC for 15 minutes. 

The PCR products were electrophoresed on a 1% agarose gel with expected product size of 2.85Kb 

for the control PCR and 6.5Kb for a complete long-range PCR product. 
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Figure 2.1: Schematic representation of wild type (WT) and defective proviruses 

The complete (WT) structure is depicted in the top panel showing the presence of two LTRs 
and the internal gag, pol, env and pX regions of the provirus.  A type 1 defective provirus is 
characterised by a deletion of the internal gag/pol regions (indicated by dashed box) and a 
type 2 defective provirus is characterised by absence of both the 5’LTR and variable lengths 
of the internal gag/pol regions.  These subtypes of proviruses can be distinguished by PCR 
followed by examination of the length of the PCR product by agarose gel electrophoresis: 
the type 1 product shows a short band and a type 2 product shows absence of long-range 
PCR in the presence of a positive control PCR. 

 

 

 

  

 Control PCR 2.85 Kb Long range PCR 6.5 Kb 
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2.3.4. Identification of exon 2 and exon 3 tax gene mutations 

 

Tax protein is 353 amino acids in length.  Exon 2 provides just the start codon (methionine) whilst 

the remaining amino acids are transcribed and translated from exon 3. The reference sequence 

published by Fan et al was selected (GenBank BAH85788.1) since it was published on amino acid Tax 

sequences in a cohort of patients from a similar region of Japan and in an era of high-fidelity 

polymerases (Fan et al., 2010). 

Exon 2 

PCR products from complete proviruses identified by long-range PCR were purified using DNA PCR 

purification kit as per manufacturers protocol (QIAGEN).  Exon 2 of tax was amplified using Phusion 

high fidelity DNA polymerase (NEB), inspected on 2% agarose gel for product length (318 base pairs) 

and sequenced by Sanger sequencing as before.  Primers (Exon2-Fw, Exon2-Rev) listed in table 2.1.  

Cycling conditions as follows: 98 ᵒC for 30 seconds, 20 cycles: 98ᵒC for 5 seconds, 51.5ᵒC for 20 

seconds, 72ᵒC for 10 seconds, followed by 72ᵒC for 5 minutes. 

Exon 3 

The PCR products of the control long-range PCR (methods 2.3.4) were purified using DNA PCR 

purification kit as per manufacturers protocol (QIAGEN).  Exon 3 of tax was amplified using Phusion 

high fidelity DNA polymerase (NEB), cycling conditions as follows: 98 ᵒC for 30 seconds, 20 cycles: 

98ᵒC for 5 seconds, 51.5ᵒC for 20 seconds, 72ᵒC for 10 seconds, followed by 72ᵒC for 5 minutes.   

 PCR products were inspected on 2% agarose gel for product length (1120 base pairs) and sequenced 

by Sanger sequencing as before using 6 different sequencing primers to capture the entire exon.  

Primers (Exon3-Fw, Exon3-Rev and sequencing primers I-VI) listed in table 2.1.   
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2.3.5. Identification of hypermethylated 5’LTR  

 

Since hypermethylation of the 5’LTR of the provirus has been described in 10-15% ATL cases and has 

been shown to silence tax gene transcript expression,  methylation specific PCR (MS-PCR) was 

undertaken as described by Takeda et al (Takeda et al., 2004).  However, MS-PCR is an imperfect 

method to characterise precise methylation events because it can only determine methylation 

events of the CpGs of the primer binding sites only (and implies methylation of CpGs in the 

amplicon) but since the critical Tax response element-1 (TRE-1) lies proximal to the start of the 

provirus within a large CpG island, it is not possible to design good MSP primers in this region.    By 

contrast,  bisulfite sequencing PCR (BSP) is a method in which custom specific primers are designed 

with no bias towards methylated or unmethylated sequences and can be designed across the 5’ 

proviral integration site (between the host genome and U3 region of 5’LTR, incorporating the critical 

TRE-1).  The PCR products can then be subcloned into plasmid DNA and colonies sequenced.  

However, Takeda et al have demonstrated that MSP between the R-region of the 5’LTR and gag 

correlates extremely well with BSP sequencing results across the integration site and can be used for 

large numbers of samples (Takeda et al., 2004).  

 

Methylation-specific PCR (MS-PCR) 

DNA was treated with sodium bisulfite (Sigma) which converts unmethylated cytosine residues to 

uracil whilst methylated cytosine residues remain unchanged during the treatment.  Bisulfite treated 

DNA was purified using Zymo EZ Bisulfite DNA clean-up as per manufacturer protocol. 

Once converted, the methylation profile of the DNA could be determined by hemi-nested PCR 

amplification using specific primers for either methylated or unmethylated DNA.   ATL control cell 
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lines T-43 (methylated) and T-48 (unmethylated) were used as both positive and negative controls 

for each PCR reaction.   For the first PCR reaction, forward primer in the U3 region of the 5’LTR and 

reverse primer in gag and for the hemi-nested PCR, forward primer in the R region of the 5’LTR and 

the same reverse primer in gag (primer sequences listed in table 2.1).  MS-PCR primers did not 

amplify unconverted HTLV-1 or host genomic DNA. 

DNA was amplified using a non-proof reading enzyme, JumpStart RedTaq polymerase (Sigma). 

Cycling conditions for PCR1 consisted of: 94ᵒC for 2 minutes, 35 cycles: 94 ᵒC for 30 seconds, 53ᵒC for 

30 seconds and 72 ᵒC for 2 minutes. Cycling conditions for PCR 2 consisted of: 94ᵒC for 2 minutes, 30 

cycles: 94 ᵒC for 30 seconds, 57ᵒC for 30 seconds, 72 ᵒC for 2 minutes, followed by 72 ᵒC for 5 

minutes.  The PCR product was inspected on a 2% agarose gel for length (428 base pairs).   

Bisulfite Sequencing PCR (BSP) 

BSP was undertaken with customised primers on 4 specific cases of ATL as proof of concept, to 

demonstrate that MSP correlates with BSP.  DNA was bisulfite converted as before and amplified 

with custom specific primers from the host genome (upstream of the 5’ LTR) to gag followed by a 

hemi-nested PCR in the U3 region, incorporating all three TREs.  Primers are listed in table 2.2 

(custom primers-forward, gag-rev and heminested- U3 rev). Cases were selected for proof of 

concept on the basis of similar melting temperatures.  DNA was amplified using a non-proof reading 

enzyme, JumpStart RedTaq polymerase (Sigma). Thermal conditions for PCR 1 and PCR 2 as follows: 

94ᵒC for 2 minutes, 35 cycles: 94 ᵒC for 30 seconds, 52ᵒC for 30 seconds and 72 ᵒC for 2 minutes. 

PCR products were cloned and transformed into chemically competent E.coli TOPO TA cloning® kit 

for sequencing (Invitrogen).  Twenty colonies were picked per plate and plasmid DNA was purified 

using QIAprep® Spin Miniprep kit (QIAGEN).  PCR products were sequenced by Sanger sequencing as 

before. 
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2.3.6. T-cell receptor gene rearrangement studies 

 

T-cell receptor γ gene rearrangement studies were undertaken by Mikel Valganon in the Molecular 

Pathology Diagnostic Unit, Hammersmith Hospital, Imperial College Healthcare NHS Trust using the 

established BIOMED-2 protocol (Langerak et al., 2012; van Dongen et al., 2003) followed by 

analysis using GeneMapper 4.1 software (Applied Biosystems).  In brief, the BIOMED-2 

protocol consists of a multiplex PCR of the T-cell receptor-γ (TCRG) locus at DNA level, 

selected due to the relative simplicity of the TCRG locus.  The PCR products are then 

analysed for size and fluorescent intensity by heteroduplex analysis or genescanning. 

 

2.4. Analysis and quantification of proviral integration sites  

2.4.1. Preparation of integration site libraries for high-throughput sequencing 

 

This protocol has been designed for amplification of integration sites defined as the junction of 3’ 

end of the viral genome and the host genome (Figure 2.2)   

Up to 10 µg DNA was sheared by focused ultrasonication (Covaris S2) , with the following protocol: 

Water bath at 6 to 8:C, Quick burst step: 5 seconds at 20% duty cycle, intensity level 5 and 200 

cycles per burst followed by 90 seconds at 5% duty cycle, intensity level 3 and 200 cycles per burst 

(Figure 2.2 B).  

DNA ends were then end-repaired using 15U T4 DNA polymerase (New England Biolabs - NEB), 5 

units of DNA polymerase I Klenow fragment (NEB), 50 units of T4 polynucleotide kinase (NEB) and 
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0.8 mM dNTP (Sigma) in T4 DNA ligase buffer (NEB) at 20:C for 30 minutes.  This is followed by the 

addition of adenosine to the 3’ ends of the DNA using 30U Klenow Fragment 3’ to 5’ exo- (NEB) in 

NEB2 buffer (NEB) at 37:C for 30 minutes (Figure 2.2 C/D).   

DNA was ligated to 100pmol/μl of a partially double stranded DNA linker using a quick ligation kit 

(NEB).  Each linker contains a sample-identifying 6 base barcode tag to allow multiplexing during 

sequencing (Figure 2.3). 

Nested (two step) PCR selectively amplifies HTLV-1 at the junction of the 3’LTR.  The first PCR was 

carried out between two primers Bio3 (viral LTR) and Bio 4 (linker) and the second PCR between Bio 

5 in the viral LTR and P7 contained within the linker, (Figure 2.2 E/F).  The second PCR also adds the 

necessary adapter molecules to the amplicons, required for tethering to the Illumina flow cell.  

Thermal conditions for PCR1 and PCR2 were as follows:  96:C for 30 seconds, 7 cycles; 94:C for 5 

seconds, 68:C for 1 minute, followed by 23 cycles; 94:C for 5 seconds and 68 :C for 1 minute 

followed by 68 :C for 9 minutes.  Primer sequences listed in table 2.1. 
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Figure 2.2: Pipeline for library preparation of HTLV-1 integration sites. 

The grey bars represent host genome, green bars HTLV-1 genome and blue bars the linker. (A) The 
region of interest is circled in red and represents the junction of the 3’LTR and host genome.(B) DNA 
is randomly fragmented by sonication. (C)/(D) DNA end-repaired, adenosine molecules added to 3’ 
ends prior to ligation of linker containing customised barcode. (E) First PCR amplifies between Bio3 
(viral LTR) and Bio4 (linker). (F) Nested PCR amplifies between Bio5 (viral LTR) and P7 (linker).  The P5 
and P7 oligonucleotides are required for Illumina sequencing.  P7 is incorporated within the design 
of the linker whilst the P5 oligonucleotide is added by incorporation into the PCR primer (P5-Bio5).  
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Figure 2.3: Basic linker structure 

Schematic structure of the oligonucleotide sequence of the partially double-stranded linker which is 
ligated to DNA during library preparation and allows multiplexing of samples and incorporation of 
the P7 molecule required for Illumina high-throughput sequencing.  The nested PCR primers for 
PCR1 (Bio4) and PCR2 (P7) are incorporated within the linker sequence.  The linker does not contain 
a complementary sequence to the Bio4 primer: This increases PCR specificity since only DNA 
containing proviral sequences will be amplified. The 6 base bar-code tag denoted as ‘NNNNNN’ is 
located between the sequencing primer binding site and the P7 binding site. 
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2.4.2. Library quantification prior to sequencing 

 

Libraries for sequencing were combined based upon DNA concentration.  Libraries were then 

quantified by QPCR using primers specific to the amplicon structure (P5Bio5 and P7) with a standard 

curve based upon a previously quantified and sequenced reference library. 

Each Illumina flow cell contains 8 lanes with a single DNA library per lane.  One lane per flow cell is 

used as a control lane containing bacteriophage PhiX DNA.  

The libraries were constructed such that there was only one DNA sample from an individual patient 

within a given lane and each linker/tag was used only once per lane. 

 

2.4.3. High throughput sequencing and mapping using Illumina pipeline 

 

Libraries were sequenced by Dr Laurence Game’s laboratory, MRC Core Genomics Laboratory, 

Hammersmith Hospital Campus, London on an Illumina GA II or HiSeq2000 sequencer. 

The standard Illumina analysis pipeline was used for image processing, base-calling and alignments, 

with default filter and quality settings.  ELAND Paired algorithm (CASAVA) was used for read 

alignments, against the UCSC human genome build 18 and HTLV-1 sequences. 

Each amplicon was sequenced on both sense and antisense strands (50 base pair reads) with a 6 bp 

barcode tag read (Figure 2.4).   
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Read 1: Uses the sequencing primer (‘HTLVseq’) and generates a sequence from the integration site.  

Read 2: Uses the SBS8 sequencing primer and generates a sequence starting from the linker 

Read 3: Uses the SBS8rev sequencing primer which generates a sequence from the linker to map the 

6 base pair sample tag used for multiplexing. 

 

 

 

 

Figure 2.4: Basic structure of amplicon for high-throughput sequencing 

P5 and p7 are the oligonucleotides added during LMPCR amplification required for illumina 
sequencing.  Each amplicon is sequenced three times.  Read 1 is sequenced from the end of the LTR 
(5’ or 3’ LTR), read 2 from the linker into either the host genome or the viral genome and read 3 
which maps the 6 base pair barcode.  Since the 3’LTR and 5’LTR are sequence identical, we would 
expect half the amplicons to contain HTLV-1 specific sequences and half from the host genome.  
These can be resolved by bioinformatic alignment. 

 

 

 



58 

 

2.4.4. Data extraction pipeline 

 

The data extraction pipeline was customised and developed in this laboratory by Anat Melamed 

using Microsoft Access and designed such that other laboratory members can readily adapt it for 

their own usage. 

The pipeline consisted of 3 key steps:- 

1. Data filtering:  

i. Sequences must be specific and begin with the 3’ terminal proviral LTR 

sequence ‘ACACA’.  

ii. Sequences must pass Illumina sequencing quality scores and mapping 

criteria 

2. Calculation of clonal abundance for each sample and each integration site: 

i. Identify distinct read 1 co-ordinates (integration site) and then, for each 

read 1, count the number of distinct read 2 co-ordinates (to distinguish 

distinct shear sites from PCR duplicates). 

ii. Sort different barcode tags (sample specific) to correctly attribute each 

integration to site to a particular sample  

3. Data refinement: 

i. Remove artefacts e.g. frameshifts or other minor PCR or sequencing errors 

that cause mismapping. 

ii. Calibrate the number of shear-sites to overcome the likelihood that two 

samples belonging to the same clone have the same shear site by chance.  

Based upon a calibration experiment by Dr Nicolas Gillet, a spline function 
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was fitted to the data by Professor Charles Berry, UC San Diego and is 

applied to all datasets (Berry et al., 2012). 

iii. To estimate sensitivity of the experiment by calculating an approximate 

input of viral copies (proviral load x input of DNA) and comparing to the 

proportion of proviruses recovered (observed number of copies/ input 

number copies) 

4. Output 

The output of the data-refinement pipeline is a large Microsoft Excel spread sheet containing lists of 

integration sites for each sample with a calculation of clonal abundance for each site.  The lists of 

sites can then be annotated for genomic and epigenetic marks. 
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2.4.5. Calculation of abundance of each integration site 

 

We define an infected clone as all the cells that share an integration site.  Following calibration, the 

number of ‘sister cells’ of a clone can be calculated:  this is defined by the different cells sharing an 

integration site (identical genomic location of read 1 but different read 2). 

The relative abundance of each clone is calculated as the share of the proviral load occupied by each 

clone:- 

 

Equation 2.1   

 

 

The absolute abundance of each clone is calculated as the number of sisters of each clone per 

10,000 PBMC:- 

 

Equation 2.2 

 

Relative abundance of a clone =          (number of sisters in clone)                 x 100     

                                                              (Total number of sisters in sample) 

 

Absolute abundance of a clone =        Relative abundance   X       PVL     
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2.5. Bioinformatic and statistical methods 

2.5.1. Annotation of integration sites with genomic environment 

Each individual integration site, from a random dataset or in vivo, was annotated for specific 

genomic or epigenetic elements.  Detailed information on these annotations and source listed in 

Appendix 1. 

Genomic co-ordinate data on transcriptional units, CpG islands and epigenetic marks was retrieved 

from publicly available NCBI ftp site (ftp.ncbi.nih.gov/gene/) and UCSC genome browser tables 

(http://genome.ucsc.edu/). Data on transcription factor binding site chromatin 

immunoprecipitation-sequencing (ChIP-seq) datasets were retrieved from published datasets 

(Appendix 1). 

Comparison of integration sites and published annotations was carried out using a customised R-

package developed and provided by Dr Nirav Malani from the Bushman group, University 

Pennsylvania, USA (http://malnirav.github.com/hiAnnotator). 

 

2.5.2. Random sites (in silico datasets) 

Much of the genomic integration site data analysis consisted of a comparison with an in silico 

dataset of random integration sites.  An original list of 192000 genomic co-ordinates was randomly 

generated in silico by Dr Nirav Malani (FD Bushman laboratory, University Pennsylvania, USA) based 

upon the human genome hg18 reference build.  Fifty base-pair DNA sequences  at each genomic co-

ordinate was generated using the Galaxy tool (http://galaxyproject.org/) and back-aligned to the 

human genome reference using the standard Illumina pipeline in order to generate integration sites 

consistent with in vivo datasets.  These integration sites were then processed by Anat Melamed 

ftp://ftp.ncbi.nih.gov/gene/
http://genome.ucsc.edu/
http://malnirav.github.com/hiAnnotator
http://galaxyproject.org/
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(Bangham laboratory) following the same bioinformatic pipeline used to filter in vivo sequencing 

reads to generate 175505 integration sites for comparative analysis.  

 

2.5.3. Calculation of Oligoclonality index 

The oligoclonality index (OCI) is based upon the Gini index (Gini, 1912) and has been adapted by 

Gillet et al in order to quantify the relative dispersion of clonal abundances in a population of HTLV-1 

infected clones (Gillet et al., 2011).   The aim of the OCI was to objectively define clonality and to 

avoid the use of arbitrary terms such a polyclonality/ oligoclonality/ monoclonality.  The Gini index 

for each sample was calculated using the ‘reldist’ R-package (http://cran.r-

project.org/web/packages/reldist/index.html). 

The OCI (Gini) varies between two extremes: A value of 0 denotes equal abundance of all clones, i.e. 

true polyclonality, whereas a value of 1 shows maximal inequality and indicates a monoclonal 

population of cells.  This measure allows rigorous comparison of clonality between individuals, 

within the same individual over time and allows comparison of clonality between differing proviral 

loads and disease states. 

 

2.5.4. Statistical analysis 

Statistics on the large integration site datasets was carried out using R version 2.15.2 (http://www.R-

project.org/).  Where indicated,  analysis in chapter 4 was carried out using GraphPad Prism 5.  Non-

parametric tests were used where appropriate and results were considered statistically significant 

when p<0.05.  The Bonferroni correction for multiple comparison testing was applied where 

appropriate. 

http://www.r-project.org/
http://www.r-project.org/
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Table 2-1: Primer sequences 

Primer name PCR amplification Forward or 
reverse 

 (5’ – 3’) 

Sequence 

Actin-Fw PVL Forward TCACCCACACTGTGCCCATCTATGA 

Actin-Rev PVL Reverse CATCGGAACCGCTCATTGCCGATAG 

SK43 PVL Forward CGGATACCCAGTCTACGTGT 

SK44 PVL Reverse GAGCCGATAACGCGTCCATCG 

5LTR-Fw 5’LTR Forward CTCGCATCTCTCCTTCACG 

5LTR-Rev 5’LTR Reverse CTGGTGGAAATCGTAACTGGA 

LTR-seq 5’LTR sequencing Forward GGTTGAGTCGCGTTCT 

Control-Fw Long range PCR control Forward CTCTCACAGTGGGCTCGAGA 

Control-Rev Long range PCR control Reverse CAAAGACGTAGAGTTGAGCAAGC 

LR-Fw Long range PCR Forward CTTAGAGCCTCCCAGTGAAAAACATTTCC 

LR-Rev Long range PCR Reverse GATGCATGGTCCTGCAAGGATAACA 

Exon2-Fw Tax exon 2 Forward CCTCAGCAATAAACAAACCC 

Exon2-Rev Tax exon 2 Reverse CAATTGTGAGAGTACAGCAG 

Exon 3-Fw Tax exon 3 Forward ATACAAAGTTAACCATGCTT 

Exon 3-Rev Tax exon 3 Reverse AGACGTCAGAGCCTTAGTCT 

Exon3seq-I Tax exon 3 sequencing Forward ATACAAAGTTAACCATGCTT 

Exon3seq-II Tax exon 3 sequencing Forward CGTTATCGGCTCAGCTCTACA 

Exon3seq-III Tax exon 3 sequencing Forward TTCCGTTCCACTCAACCCTC 

Exon3seq-IV Tax exon 3 sequencing Reverse AGACGTCAGAGCCTTAGTCT 

Exon3seq-V Tax exon 3 sequencing Reverse GGGTTCCATGTATCCATTTC 

Exon3seq-VI Tax exon 3 sequencing Reverse GTCCAAATAAGGCCTGGAGT 

U3 meth-Fw MS-PCR PCR 1 methylated Forward TTAAGTCGTTTTTAGGCGTTGAC 

U3 unmeth-Fw MS-PCR PCR 1 unmethylated Forward TTAAGTTGTTTTTAGGTGTTGAT 

Gag rev (bisulfite) MS-PCR/ BSP Reverse AAAAAAATTTAACCCATTACC 
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R meth-Fw MS-PCR PCR 2 methylated Forward GAGGTCGTTATTTACGTCGGTTGAGTC 

R-unmeth-Fw MS-PCR PCR 2 unmethylated Forward GAGGTTGTTATTTATGTTGGTTGAGTT 

Heminested-Rev BSP PCR 2 heminested Reverse ACCCCCTCCTAAACTATCCC 

ATL 37  BSP Fw BSP PCR1/2 Forward TTTAGGGTAATTGATTTTTTGG 

 

ATL 35  BSP Fw BSP PCR1/2 Forward TGTTTTTTTTGATTTTTGTTGG  

 

ATL 164 BSP Fw BSP PCR1/2 Forward TTTTTTTGGTATTTGGAAGAAAA 

 

ATL 38  BSP Fw BSP PCR1/2 Forward GTTTTTATGGGGTAGGGATAGA 

 

ATL 52  BSP Fw BSP PCR1/2 Forward TTGTAGTTGAGAGGGTTGAAATT 

 

Bio3 LMPCR PCR1 Forward CCTTTCATTCACGACTGACTGCCG  

 

Bio4 LMPCR PCR1 Reverse TCATGATCAATGGGACGATCA 

(P5)Bio5 LMPCR PCR2 Forward (AATGATACGGCGACCACCGA)GATCTACA 

CTGGCTCGGAGCCAGCGACAGCCCAT 

P7 LMPCR PCR2 Reverse CAAGCAGAAGACGGCATACGA  

HTLVseq LMPCR illumina sequencing Read1 CAGCCCATTCTATAGCACTCTCCAGGAGAGAAACTTAGT 

SBS8 LMPCR illumina sequencing Read2 CGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT 

SBS8rev LMPCR illumina sequencing tag  

read 

GATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCG 
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Chapter 3. Integration site analysis of naturally infected HTLV-1    

CD4+CD25+ T cell clones 
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3.1.  Introduction 

3.1.1. High throughput sequencing in retroviral mapping 

High throughput sequencing and sequencing of most of the human genome has revolutionised 

science by allowing users to acquire genome-wide data using massively parallel sequencing 

approaches.   This opened the door to deeper analysis of integration site mapping of retroviruses 

(Brady et al., 2009; Bushman et al., 2008), vectors (Li et al., 2011; Ronen et al., 2011), retroelements 

(Williams-Carrier et al., 2010) and detailed evaluation of adverse events in gene therapy trials 

(Cavazzana-Calvo et al., 2010; Hacein-Bey-Abina et al., 2008; Wang et al., 2008). 

All the commercial platforms share 3 critical steps: DNA-sample preparation which requires random 

DNA fragmentation and addition of linkers (‘library preparation’), immobilisation of the library to a 

solid reaction chamber (e.g. a flow cell) and followed by sequencing.   

The Illumina method utilises ‘bridge amplification’ to generate clusters for sequencing: Immobilised 

primers are present on the flow cell surface and contain sequences that correspond to the DNA 

adapters present in the prepared DNA library.  Bridge-PCR initiates by hybridisation of the 

immobilised sequencing library fragment and a primer to form a surface-supported molecular bridge 

structure.  The arched molecule is a template for a DNA polymerase-based extension reaction and 

the resulting bridged double-stranded DNA is freed using a denaturing reagent.  Repeated cycles 

generate groups of thousands of molecules known as “clusters” on each flow cell lane.  DNA clusters 

are finalised for sequencing by unbinding the complementary DNA strand to retain single molecular 

strands in each cluster.  The prepared flow cell is then connected to a high-throughput imaging 

system. Illumina’s ‘sequencing by synthesis’ technology utilises four fluorescently labelled 

nucleotides to sequence tens of millions of clusters on the flow cell in parallel.  During each 

sequencing cycle, a single labelled dNTP is added to the nucleotide chain.  The nucleotide label 

serves as a terminator for polymerisation, and so after each dNTP incorporation, the fluorescent dye 
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is imaged to identify the base and then enzymatically cleaved to allow incorporation of the next base 

(Bentley et al., 2008).  At present, Illumina HiSeq 2000 sequencing can generate 3 billion reads per 

flow cell (Liu et al., 2012). 

Following the rapid take-up of high throughput sequencing techniques in integration site mapping, 

many challenges remain.  Principally to improve the recovery of each DNA sample, quality of 

sequencing and to quantitate the relative abundances of each integration site.     

More recently, within this group, Gillet et al (Gillet et al., 2011) developed a customised novel high 

throughput sequencing approach using an Illumina platform to accurately map and quantify proviral 

integration sites in natural HTLV-1 infection.  The integration site is defined as the junction between 

the 3’LTR of the provirus and the host genome.  This method is based upon classical LMPCR and 

overcomes the described limitations of using restriction enzymes and Sanger sequencing and can 

accurately quantify the abundance of each detected integration site. 

In this method there are 3 main improvements over the classical LMPCR and Sanger sequencing 

technique.   

1. Restriction enzymes are replaced with sonication, which randomly shears the DNA and 

prevents systematic loss of integration sites, such as those that lie distant to a restriction 

enzyme cleavage site.  Furthermore, sonication allows for accurate measurement of clonal 

abundance since PCR duplicates can be distinguished from true sister cells within a clone.  

That is to say, following sequencing, PCR duplicates are identified to have the same 

integration site (read1) and the same shear site (read2), whereas sister-cells within a clone 

have the same integration site (read1) but a different shear site (read 2) and can therefore 

be quantified programmatically (Gillet et al., 2011).  

2. The DNA fragments generated by sonication are then ligated to partially double-stranded 

linkers, which are amplified by nested PCR to increase sensitivity and specificity.  The 
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partially double-stranded linker results in increased specificity as selective amplification 

occurs between the conserved proviral LTR sequence and the linker.  Each linker contains a 6 

base pair ‘tag’ (or ‘barcode’) that allows for multiplexing of approximately 40 samples/lane 

of a HiSeq 2000 platform.   Specificity is further increased by utilising a sequencing primer 

that binds 5 base-pairs short of the terminal LTR sequence.  This means that all sequencing 

reads start with the same proviral sequence ‘ACACA’ and eliminates any mispriming events 

to focus upon true integration sites.  Each amplicon is sequenced three times.  The first 

sequences 50 base pairs complementary to the HTLV-1 sequence (read 1), the second 

sequences 50 base pairs complementary to the linker (read 2) and the third reads the 

barcode tag to allow multiplexing of samples. 

3. High throughput sequencing of integration sites on ex-vivo PBMC generates a large number 

of reads originating from a high number of unique clones within each individual.  Meekings 

et al, who utilised the classical LMPCR technique followed by cloning and Sanger sequencing, 

mapped a mean number of 13 unique HTLV-1 integration sites from 10ug DNA per 

asymptomatic carrier (range 1-24) (Meekings et al., 2008) whilst  Gillet et al, who developed 

this high-throughput approach, identified a mean of 1489 integration sites per 

asymptomatic carrier (Gillet et al., 2011).  Prior to the development of this technique it was 

estimated that each individual carried a total of approximately 100 clones.  Mathematical 

modelling with high throughput data from the Bangham laboratory suggests that each 

asymptomatic carrier possess between 104-105 distinct clones (Laydon et al 2013, in 

submission). 
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3.1.2. Clonal distribution of HTLV-1 integration sites in PBMC ex vivo 

 

Quantification of clonal abundance from the number of integration sites within an individual 

requires knowledge of the (average) number of proviruses integrated within each host genome.  The 

evidence for a single provirus per infected cell is based upon the diagnostic criteria of monoclonal 

integration in ATL tumour biopsy tissue, which is typically demonstrated by Southern blot (Yoshida 

et al., 1982) or classical LMPCR or IPCR techniques (Takemoto et al., 1994; Wattel et al., 1995).  

However, these methods were not sufficiently powered to detect multiple proviruses within a single 

clone of cells since restriction enzymes and preferential PCR amplification of short products are likely 

to recover a single integration site, and to potentially miss any additional integration sites, leading to 

the false conclusion that there is a single proviral integration per cell.  A clinical example is illustrated 

in Figure 3.1 showing the results from high throughput sequencing for two locally treated clinical 

cases of chronic ATL.  Each slice of the pie chart shows the relative abundance of each clone within 

an individual sample.  In one sample, patient LFK (right panel), there is a single dominant proviral 

integration site occupying 98% of the proviral load, whilst the second sample, from patient LGB,  has 

the same clinical disease, but multiple ‘expanded’ integration sites.    When more than 1 dominant 

integration site is identified, many questions arise e.g.  how many of these integration sites might be 

malignant or whether there is one malignant clone containing multiple proviruses and whether 

these different clonal distributions carry any clinical significance e.g. in response to treatment or 

relapse.   
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Figure 3.1: ATL is not necessarily caused by a monoclonal expansion of T-cell clones 

An example of the relative abundance of integration sites detected in two patients with chronic ATL.   
The case on the right (patient LFK) shows that there is a single abundant integration site 
(constituting 98% of the proviral load) with the remaining 2% of the PVL occupied by a further 56 
small abundance integration sites.  However, in the case on the left (patient LGB), also with chronic 
ATL, it can be seen that there are 4 abundant integration sites, constituting between 15 to 38% of 
the proviral load.   
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3.1.3.   Aim 

 

The work within this chapter tests the hypothesis that during natural infection, each infected cell 

contains a single provirus.  In order to test this hypothesis, clones of infected CD4+ CD25+ HTLV-1 

infected T-cells were isolated by a method of limiting dilution and expanded in vitro.   The T-cell 

clones were isolated from PBMC ex-vivo of 10 patients, with different clinical manifestations of 

HTLV-1 infection.  HTLV-1 infection of expanded clones was confirmed by the presence of the tax 

gene by PCR and, if positive, followed by high throughput sequencing to determine the abundance 

of each unique integration site. 
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3.2. Results 

3.2.1. Non-malignant infected CD4+ T cell clones contain a single integrated provirus. 

 

Twenty-seven HTLV-1 infected T cell cultures were successfully expanded in vitro (tax gene present 

by PCR).  To accurately quantify the abundance of unique integration sites within each culture, 

linker-mediated PR and high-throughput sequencing were undertaken.  

We found that in 26 of these cultures, a single unique integration site constituted 99.9% of the 

proviruses detected (range 95.5-100%), with a median of 206197 sequence reads (range 6621-

2599892 reads).  This indicates that 26 clones had been cultured, each with a single dominant 

integration site.  The remainder of integration sites detected within each clone were detected with 

low frequency (median 3 sequence reads) suggesting incomplete inhibition of HTLV-1 infectious 

spread during in vitro culture by raltegravir. 

One HTLV-1 culture contained cells with two equally abundant integration sites. This observation 

suggested either the presence of two proviruses within each genome or that two clones had been 

cultured within the same well.  Analysis of TCRG rearrangement revealed two distinct gene 

rearrangements in the Vγ1-8 region, consistent with the presence of two T cell clones.  Results for 

each culture summarised in table 3.1.  The genomic location for each of the dominant sites is 

reference to hg 18 reference genome (NCBI 36.1). 
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 Table 3-1: Summary of identified integration sites derived from 10 individuals with HTLV-1 infection  

Clone  Clone derived from Genomic location 
of dominant integration 
site  

Proviral load composed of 
 dominant integration site, 
% 

  Proviral structure 

1 Asymptomatic carrier 1 Chr 6: 84613188 98.95 Complete 

2 Asymptomatic carrier 1 Chr 1: 184745603 99.95 Type 2 defective 

3 HAM/TSP patient 1 Chr 16: 52158560 99.9 Type 2 defective 

4 HAM/TSP patient 1 Chr X: 114257179 99.9 Complete 

5 HAM/TSP patient 1 Chr 10: 2277787 100 Complete 

6 HAM/TSP patient 1 Chr 13: 74997821 98.88 Complete 

7 HAM/TSP patient 2 Chr 10: 80828281 99.96 Complete 

8 HAM/TSP patient 2 Chr 5: 1997980 99.9 Complete 

9 HAM/TSP patient 2 Chr 4: 70601874 95.2 Complete 

10 HAM/TSP patient 2 Chr X: 129048967 100 Complete 

11 HAM/TSP patient 2 Chr 14: 45274700 100 Complete 

12 HAM/TSP patient 3 Chr 4: 107219655 99.9 Complete 

13 HAM/TSP patient 3 Chr 12: 40920384 100 Complete 

14 HAM/TSP patient 4 Chr 5: 50609660 98.4 Complete 

15 HAM/TSP patient 4 Chr 3: 76576960 99.9 Complete 

16 HAM/TSP patient 4 Chr 19: 32974427 100 Complete 

17 HAM/TSP patient 4 Chr 19: 38521388 100 Complete 

18 HAM/TSP patient 4 Chr 14: 80728657 95.5 Complete 

19 HAM/TSP patient 4 Chr 4: 169472575 100 Complete 

20 HAM/TSP patient 5 Chr 3:75952018 100 Complete 

21 Polymyositis patient 1 Chr 2: 214080658 99.95 Complete 

22 Polymyositis patient 1 Chr 6: 167451858 99.9 Complete 

23 Polymyositis patient 1 Chr 22: 31885379 100 Complete 

24 Polymyositis patient 1 Chr 3: 32582626 98.6 Complete 

25 ATL patient 1 Chr 22: 42654531 99.89 Complete 

26 ATL patient 2 Chr 4: 9905297 99.8 Complete 

27 Asymptomatic carrier 2 Chr 8: 87708389 52  Complete 

27 Asymptomatic carrier 2 Chr 9: 11420980  42 Complete 



74 

 

3.2.2. Confirmation of PCR bias to selectively amplify short PCR products 

 

PCR amplification is biased toward short PCR products (Figure 3.2).  The data within Figure 3.2 is 

taken from a typical sequencing flow cell (Genome Analyser II) and demonstrates that there are 

more PCR duplicates of short DNA fragments, and that the preferred amplicon length for PCR 

amplification and cluster generation is approximately 150-500 base pairs.  There was a direct inverse 

correlation between amplicon size and the number of PCR duplicates (Spearman r -0.87, p<0.0001). 

 

 

 

Figure 3.2: PCR most efficiently amplifies short amplicons 

The number of PCR duplicates (on a log scale) is shown on the y-axis and the size of PCR 
amplicons (x-axis).  Amplicons of approximately 150 base pairs were most efficiently 
amplified by PCR, whilst amplicons over 500 base pairs were infrequently amplified. 
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3.2.3. Clones with defective proviruses can be isolated ex-vivo 

 

Long range PCR (Methods section 2.3.3) on DNA from each culture showed that 2 out of 27 clones 

(7.4%) contained a type 2 defective provirus and 25 clones contained a complete provirus.  No type 1 

defective proviruses were isolated.   

 Type 2 defective proviruses lack the 5’LTR-gag region containing the tax gene promoter/enhancer 

elements and are unable to express Tax protein.  Miyazaki et al measured the frequencies of type 2 

defective proviruses in two asymptomatic carriers by QPCR on DNA from a mixed population of 

PBMCs and reported frequencies of 3.9% and 0.6% respectively (Miyazaki et al., 2007), whilst 

Ramirez et al determined by a similar QPCR technique that no seropositive patients with HAM/TSP 

had type 2 defective proviruses (Ramirez et al., 2003).  These studies were limited by the use of few 

patients, mixed PBMC populations and the relatively low sensitivity of QPCR to accurately quantify 

minor populations.  

Our results suggest that defective proviruses may not be so rare in non-malignant disease,   although 

our study was not powered to robustly quantify the absolute frequency of defective proviruses in 

different disease states – this would require the isolation and expansion of hundreds of unique 

clones. 

 

 

 

 



76 

 

3.2.4. T-cell clones from patients with acute ATL are difficult to expand in vitro 

 

When we compared the integration sites of the clones that were isolated from patients with acute 

ATL with the putatively malignant clone (identified by high throughput sequencing of PBMC), these 

were not the large expanded clone but originated from one of the smaller background clones.     In 

these two individuals, the abundant, putatively malignant clone made up 97% and 52% of the 

proviral load, whilst the isolated clones made up 0.12% and 1.6% of the proviral load respectively. 

In fact, this preferential isolation of low-abundance clones was observed in the clones derived from 

all the non-malignant patients too:  The T-cell clones that were isolated were of low abundance in 

mixed PBMCs (either not detected in the mixed PBMC or up to a maximum relative abundance 

0.17%).  
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3.3. Discussion 

3.3.1. Non-malignant clones of HTLV-1 contain a single provirus 

 

In this study we found that all analysed cultures of HTLV-1 infected CD4+CD25+ T-cells contained a 

single provirus in the host genome, consistent with our hypothesis.  This allows us to infer that each 

unique integration site mapped within the PBMCs of infected non-malignant cases may be called a 

clone, and allows accurate calculation of clonal abundance when analysing sequencing data on 

PBMCs.    Since we did not isolate the abnormally expanded, putatively malignant clone from the ATL 

cases, we make no inference about the malignant clones.  Whilst we undertook this study on 

patients with a broad spectrum of clinical manifestations of HTLV-1 infection, these were individually 

of small number (5 HAM/TSP, 2 AC, 1 polymyositis, 2 acute ATL).  However, this study was not 

designed to investigate the mean proviral copy number between different disease states- this would 

require large numbers from each subtype of disease. 

The approach using high throughput sequencing was justified, since we have observed preferential 

recovery of amplicons measuring between 150-500 base pairs.  If we had used a classical LMPCR 

method that utilised restriction enzyme digestion, cloning and Sanger sequencing of individual T-cell 

cultures, we could not have been confident of the results since the finding of a single integration site 

could have arisen from a preferential restriction position within the host genome. 

One possible mechanism for the observed findings of a single provirus in each T-cell clone is 

superinfection resistance (SIR), which is the capacity of a cell to prevent a second infection by a 

closely related virus.  The mechanism of SIR in HTLV-1 is unknown:  Studies of SIR mechanisms in 

simple retroviruses (e.g. Murine Leukaemia Virus, MLV) or complex retroviruses (e.g. HIV) do not 

reveal a common mechanism and do not appear to be mediated by neutralising antibodies and/or 
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virus specific CD8+T-cells (Allen and Altfeld, 2003).   Viral recombination, an indicator of 

superinfection at a cellular level, is considered to be an important viral evolutionary strategy (Burke, 

1997).  Since recombinants have been identified in HIV patients it can be concluded that SIR is not 

absolute.   

Recently, Josefsson et al quantified the number of HIV-1 proviruses from 9 HIV-infected individuals 

and identified that >85% of infected CD4+ T-cells contain a single copy of HIV DNA which was 

phylogenetically similar to plasma RNA, implying limited potential for recombination (Josefsson et 

al., 2011).  Although it was widely thought that HIV infected CD4+ cells frequently contained multiple 

proviruses, to date they have only been identified in vivo in spleen tissue, which may act as a cellular 

reservoir (Gratton et al., 2000; Jung et al., 2002). 

One of the major characteristics of HIV infected cells is down-modulation of the CD4 receptor (Levin 

et al., 2010) by viral Vpu, Env and Nef.   As receptor down modulation is a simple way of preventing 

second viral infection, and a method that is successfully used by other retroviruses (e.g. Foamy 

virus), CD4 down-modulation was initially assumed to be the main SIR mechanism in HIV infection.  

However, SIR has been demonstrated to occur early (Volsky et al., 1996) (4-24 hours after primary 

HIV infection), whilst CD4 down-regulation occurs later (two days after infection) suggesting an 

alternative mechanisms.  The mechanism responsible for SIR in HIV-1 infected cells is of interest 

particularly for the development of novel approaches to HIV therapy. 

 

In HTLV-1 infection, the virus appears to persist chiefly by mitotic proliferation of infected CD4+ T-

cells, rather than infectious spread.  Since mitotic proliferation utilises the highly faithful host DNA 

polymerase II enzyme, rather than the error prone reverse transcriptase, the sequence of HTLV-1 is 

highly conserved.  Utilisation of this strategy does not provide opportunity for productive viral 

recombination and thus no advantage to the HTLV-1 virus in allowing a multiply infected cell since 

this would not generate productive viral recombination.  Indeed, it can be hypothesised that 
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multiple infection is more likely to result in increased viral gene expression and subsequent CTL 

killing. It is likely that HTLV-1 has evolved an as yet unidentified mechanism of superinfection 

resistance. 

 

3.3.2. Clones carrying defective proviruses can be isolated from ACs and patients with HAM/TSP. 

 

Defective proviruses are common in ATL and the frequency has been reported variably between 25.7 

- 56% cases (Korber et al., 1991; Ohshima et al., 1991; Tamiya et al., 1996; Tsukasaki et al., 1997).  

The discrepancy between frequencies in the literature is in part due to the clinical phenotypes of ATL 

within each cohort, since acute ATL has a higher frequency of defective provirus than lymphoma 

subtype (31.9% versus 8.7%, (Kamihira et al., 2005).  Secondly, there is variation in the method used 

to detect defective proviruses; both southern blot hybridisation and PCR-based techniques have 

been reported. 

While defective proviruses have been frequently observed in ATL, it remains controversial as to 

whether a defective provirus is advantageous to the development of leukaemia, or has arisen as a 

consequence of the leukemic transformation secondary to widespread genomic instability.  During 

the process of HTLV-1 integration, the viral integrase generates a short repetitive sequence of 6 

base-pairs adjacent to both LTRs.  Miyazaki et al sequenced across the 6 base pair repeats that lie 

adjacent to each LTR in 12 cases of ATL, and demonstrated that these repeat sequences were 

present in 8/12 cases and deleted in 4/12 cases.  These findings show that deletion of the 5’LTR can 

occur pre-integration (Miyazaki et al., 2007).  They quantified the frequency of type 2 defective 

proviruses in two asymptomatic carriers at <3.9%. 
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Our findings suggest that type 2 defective proviruses in non-malignant infection may be more 

frequent than these estimates.  There have been no reports on the frequency of these in CD4+ 

clones previously, or on a large scale in mixed PBMC ex vivo.  Whilst the cloning protocol was 

sufficient to clone many uninfected T-cells, it was an unexpected finding that HTLV-1 infected T-cell 

clones containing a type 2 defective provirus were successfully cloned, since expressing Tax might 

provide a proliferative advantage in culture.  The proviral integration sites of both these clones were 

intergenic within the host genome and did not suggest the identity of the selection advantage.  

However, we selected our patients for cloning on the basis of a higher-than-average proviral load (in 

order to increase the likelihood of cloning infected CD4+ T-cells) and so perhaps the PBMC from 

these patients are biased to contain an increased number of defective proviruses.  

 

3.3.3. The malignant clone from ATL cells is difficult to isolate and expand in vitro 

 

The expanded ATL cells are notoriously difficult to isolate and culture ex vivo.  In previous culture 

systems primary ATL cells were able to grow in liquid culture containing IL-2, although they only 

showed transient cytokine-dependent proliferation (Aboud et al., 1987; Lunardi-Iskandar et al., 

1993; Uchiyama et al., 1985).  Furthermore, it was shown that in culture ATL cells began to 

abundantly express the protein Tax, which interacts with a number of transcription factors resulting 

in the trans-activation or repression of many cellular genes involved in cell growth or apoptosis 

(Yoshida, 2001).  However, ATL cells do not produce high levels of Tax protein in vivo, although tax 

gene expression has been reported using PCR ISH and RT-PCR ISH (Ohshima et al., 1996).  Together 

these findings suggest that IL-2 supported growth in vitro does not necessarily reflect the growth 

mechanism of ATL cells in vivo. It has been speculated that there may be important interactions 

between the malignant cell and its micro-environment that may be replicated in vitro using co-
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culture with a bone-marrow-derived stromal cell line (Bajenoff et al., 2006; Imura et al., 1997; Sasaki 

et al., 2005).  Nagai (Nagai et al., 2008) published a novel technique that utilises a stromal cell layer 

co-culture system to provide various factors that support proliferation of ATL cells.  Of note, whilst 

this group reported moderate success (growth in 4/8 acute ATL cases), they assumed monoclonal 

bands identified by southern blot hybridisation represented the malignant clone and did not 

specifically map the integration site to confirm. 

There is currently an on-going project in this laboratory to modify and optimise the protocol 

published by Nagai et al in order to isolate and expand the malignant clones and to confirm the 

presence of the presumed malignant integration site by PCR. 

 

3.3.4. Chapter summary 

 

Modified linker-mediated PCR followed by high-throughput sequencing is an unbiased approach to 

quantify HTLV-1 integration sites.  We have shown that, in natural infection, non-malignant  HTVL-1 

infected CD4+ T-cell clones contain a single provirus and suggest that clones carrying defective 

proviruses may be more frequent in ACs or HAM individuals than previously estimated. 

 

3.3.5. Publication associated with this chapter 

 

HTLV-1-infected T cells contain a single integrated provirus in natural infection,  

Cook LB, Rowan AG, Melamed A, Taylor GP, Bangham CR 

Blood 2012, 120(17):3488-3490 
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Chapter 4. Characterisation of ATL cohort 
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4.1.  Chapter abstract and summary 

The aim of this chapter is to characterise a large ATL cohort (n=197) of mixed clinical subtype in 

terms of PVL, capacity for Tax expression (defective provirus, tax gene mutation or hypermethylated 

5’LTR) and to quantify the clonal distribution.  This will allow us to determine that the samples are 

representative of published ATL cohorts, for the basis of a robust analysis of the influence of the 

host genomic landscape (presented in chapter 5).   
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4.2.  Introduction 

For several decades the molecular basis of cancer has been thought to be clonal expansion of a 

single common precursor cell that has undergone random genetic or epigenetic damage (mutational 

or epigenetic driver events) that result in a proliferative advantage, followed by subsequent genetic 

or epigenetic damage resulting in a malignant tumour (Aparicio and Caldas, 2013; Parsons, 2008) .  It 

is thought that each mutation may individually only confer a small growth advantage but that 

cumulatively this advantage may result in massive expansion over many years (Vogelstein et al., 

2013).   

There is emerging evidence for a polyclonal origin of tumours where distinct small populations of 

tumour cells are present amongst a seemingly monoclonal tumour.  The notion that cancers are 

ecosystems of evolving clones has implications for clinical practice in order to develop an accurate 

scientific understanding of tumourigenesis, to accurately model the mechanisms of tumour 

development and to improve understanding of different treatment approaches and to predict and 

manage relapsed disease (Aparicio and Caldas, 2013). These subclones might respond quite 

differently to the chemotherapy directed against the major tumour bulk.  Initial response to therapy 

followed by relapse may result in the clonal outgrowth of the untargeted tumour population, 

particularly if therapy is focused upon the presence of a specific lesion, which may not be present in 

the subclones.  This is of emerging interest in the HTLV-1 field since acute, bulky or lymphomatous 

ATL cases are typically associated with a brief clinical response when treated with chemotherapy, 

usually followed by a rapid and treatment-resistant relapse.  Furthermore, a recent study by Seto et 

al demonstrated clonal evolution within individual tumour biopsies in ATL by using an array-

comparative genomic hybridisation (CGH) method (Umino and Seto, 2013).  

As discussed in chapter 3, ATL is regarded as a monoclonal tumour and the demonstration of 

monoclonal proviral integration is cited as part of the diagnostic criteria, although not uniformly 



85 

 

performed (Tsukasaki et al., 2009; Yoshida et al., 1984).  One of the aims of this chapter is to 

quantify clonality at the proviral level in order to test the hypothesis that a single provirus is 

integrated within all cells (implying a common cell of origin) using our high-throughput mapping 

strategy.   

 

4.2.1. Tax expression is not a requirement for ATL cells 

Tax is thought to play a central role in ATL leukaemogenesis by its pleiotropic actions such as 

transactivation of NFĸB and CREB (Franchini, 1995; Yoshida, 2001), and functional inactivation of 

p16, p53 and MAD1 (Ariumi et al., 2000; Jin et al., 1998; Suzuki et al., 1999).  However, the enigma of 

Tax-induced leukaemogenesis is that Tax expression is detected in only 40% of human ATL cases 

(Akagi et al., 1995).  There are three commonly observed mechanisms to disrupt Tax: Deletion of the 

5’LTR which contains the promoter and enhancer elements for viral transcription from the sense 

strand (Tamiya et al., 1996); CpG hypermethylation of the promoter elements of the 5’LTR leading to 

transcriptional silencing of the sense strand (Taniguchi et al., 2005); and genetic mutations in the tax 

gene itself leading to silencing in approximately 10% cases (Takeda et al., 2004).  It is noteworthy 

that these changes are predominantly observed in the aggressive forms of ATL (acute and 

lymphomatous subtypes). By contrast HBZ transcripts, encoded on the antisense strand, have been 

detected in 100% of cases of ATL (Satou and Matsuoka, 2007) and the promoter for HBZ is present in 

the U5 sequence of the 3’LTR.  HBZ also possesses proliferative functions (Satou et al., 2006) and 

was originally reported to suppress Tax transcription (Gaudray et al., 2002).  More recently HBZ 

transgenic mice have also been demonstrated to develop tumours (Satou et al., 2011).  These 

findings have given rise to a widely held belief that Tax expression is important during the initiation 

of ATL and HBZ is required to maintain the transformed phenotype (Matsuoka and Jeang, 2011). 
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4.2.2. Subtypes of defective provirus in ATL 

 

The 5’LTR is critical for transcription of viral genes encoded on the sense strand of the provirus and 

its loss results in the inability to express viral proteins including Tax.  Even cells with a type 1 defect 

have been found not to produce Tax in vitro, presumed to be due to the loss of an internal promoter 

in the pol region (Hiramatsu and Yoshikura, 1986) (Figure 2.1).   

A feature of retroviral integration is the presence of a short repeat sequence in the host genome 

flanking the 5’ and 3’LTR of the provirus (Figure 1.1).  HTLV-1 normally generates six base pair 

repeats which Miyazaki et al demonstrated were present at the junction of the host genome and a 

type 2 defective integrated provirus in 8/12 ATL cases (Miyazaki et al., 2007).  This suggests that in 

these malignant cases Tax protein was never expressed during any stage of clonal expansion and is 

therefore contrary to the widely held opinion that Tax is important in early clonal proliferation. 

Both type 1 and type 2 defective  proviruses are reported in 30-50% of ATL cases, and type 2 

proviruses are more frequently observed in aggressive subtypes rather than the chronic or 

smouldering ATL, suggesting a correlation between clinical subtype and defective provirus (Tamiya 

et al., 1996).  The explanation for such a high frequency of defective provirus remains uncertain, 

although it has been suggested that cells infected with a defective provirus cannot express Tax and 

thus escape the immunodominant CTL response, resulting in a greater likelihood of leukemic 

transformation. 
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4.2.3. Tax mutations in ATL 

 

Missense mutations in the tax gene have been widely reported and frequently associate with 

proviral subgroup based upon LTR sequence and are classified as ‘Tax A’ or ‘Tax B’ genotype.  The 

widely used Seiki reference genome is Cosmopolitan B (Tax B) and it has been shown that specific 

nucleotide substitutions are associated with Type A, which are:  C>T at position 7897, C>T at position 

7959, G>A at position 8208 and A>C/G at position 8344.  In addition, nucleotide alterations at 

positions 7720, 8120 and 8297 have been observed as recurrent mutations within the Tax A subtype 

(Furukawa et al., 2000). These Tax A nucleotide alterations are associated with amino acid change 

A>V at Tax position 221, S>N at Tax position 304 and Q>E at Tax position 334 and are not ATL disease 

specific (Furukawa et al., 2000).   Genetic alterations in the tax gene that can escape the CTL 

response have been described (Furukawa et al., 2001).  Furukawa et al firstly identified a stop codon 

in the 5’ half of the tax gene that loses transactivation activity on the viral enhancer; second, a 

specific amino acid change that alters the immunodominant CTL Tax11-19 epitope was observed in the 

presence of HLA-A*02 rendering it undetectable by Tax11-19 -specific CTLs and third, large deletions of 

the tax gene were observed.   Together, these findings suggest that at some stage HTLV-1 infected 

cells can escape the host immune system, gaining a selective advantage which perhaps allows these 

clones of cells to accumulate further genetic and epigenetic alterations, culminating in malignant 

transformation.  Crucially, identical tax gene mutations were found within healthy siblings, 

suggesting that these mutations occurred early, in the mother, and were transmissible (Furukawa et 

al., 2001). 
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4.2.4. Hypermethylation of the 5’LTR in the ATL 

 

Bisulfite-sequencing PCR (BSP), in which sequences from cloned PCR products generated by  primers 

unbiased for either methylated or unmethylated DNA, has shown that  complete methylation of the 

U3 region of the 5’LTR of HTLV-1 provirus results in  loss of tax gene transcription (Takeda et al., 

2004). Hypermethylation of the 5’LTR promoter/enhancer has been reported in 14% ATL samples 

(Takeda et al., 2004) whilst partial methylation of the 5’LTR is predominant and seen in 50% cases 

but does not silence tax gene transcription in cell lines or in fresh ATL cells (Takeda et al., 2004). 
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4.3.  Results 

4.3.1. Samples removed from analysis following unblinding of clinical diagnosis 

 

The original cohort of ATL DNA samples provided by Professor Matsuoka’s group in Japan consisted 

of 242 samples.  The clinical subtype of ATL was unknown to me during both the laboratory work 

and bioinformatic analysis with unblinding at the final step.  This blinding allowed unbiased 

processing and data analysis. However, some samples had to be disregarded either during the 

bioinformatic analysis or following unblinding, for the following reasons:-  

Four cases were removed from the analysis as the provided tumour material did not show any 

evidence of HTLV-1 infection (undetectable long range PCR, undetectable 5’LTR by PCR, 

undetectable exon 2 or 3 tax gene by nested PCR, undetectable integration sites following LMPCR 

and high throughput sequencing).   

Seventeen cases were removed following review of clinical results (undertaken in Japan) which 

suggested they had other haematological malignancies (3 cases with B-cell non Hodgkin lymphoma 

in HTLV-1 carriers), 3 cases were from asymptomatic carriers , 9 cases were from  remission samples 

(not pre-treatment) and 2 were duplicate cases. 

Following high throughput sequencing a further 24 samples were not analysed for a variety of 

reasons:    10 cases were not uniquely mapped to the host genome at both read 1 or read 2 (as 

required by the HTS protocol).  Seven cases failed to amplify by LMPCR for reasons unknown, 

although 1 was found to have a primer binding site polymorphism.  Seven cases amplified in the 

laboratory (as seen by gel smear) but failed to adequately sequence.  Our collaborators confirmed 

that DNA samples were not always freshly extracted and some DNA samples were several (up to 20) 

years old and may have degraded during storage.  There were no common features in terms of 
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clinical subtype or proviral load in the samples that were not suitable for bioinformatic analysis.  This 

resulted in 197 pre-treatment diagnostic ATL samples, suitable for analysis.   

A table detailing each analysed ATL case is listed in Appendix 2 and an attrition table which details 

where cases were removed from the analysis in Appendix 4. 

 

 

4.3.2. Number of cases within each clinical subtype and proviral load. 

 

ATL consists of 4 main clinical subtypes – acute, chronic, lymphoma and smouldering cases.  Acute 

cases constitute approximately 60% of clinical presentations in Japan, lymphoma 20%, chronic 15% 

and smouldering 5%.  The proportions of each subtype in the present cohort are summarised in 

Table 4.1. 

 

Table 4-1: Proportion of each clinical subtype within cohort 

 Acute Chronic Lymphoma Smoldering Unknown 

Number cases 128 30 31 6 2 

% of cases 65 15 16 3 1 
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4.3.3. Defective proviruses are detected in 39% of the ATL cohort 

 

To identify the structure of the provirus, we amplified the provirus by long range PCR (Tamiya et al., 

1996).  We identified complete, type 1, type 2, multiple proviruses and a new entity, named 

‘indeterminate’ defective proviruses in which both of the long range PCRA and PCR B products were 

absent (Table 4.2).  Multiple proviruses were determined if there was both a complete provirus 

present and an additional shorter band, consistent with the presence of an additional type 1 

provirus. 

 

Table 4-2: Subtypes of provirus identified by long-range PCR 

 Complete 
provirus 
only 

Type-1  
defective 
provirus 

Type-2  
defective 
provirus 

Multiple 

provirues 

Indeterminate 
defective 
proviruses 

Number of 
cases 

120  26   36   5  10  

 

Our data identifies 39% cases with a defective provirus which is in keeping with previously reported 

frequencies (Tamiya et al., 1996).    The indeterminate defective proviruses all contained a single 

dominant integration site, consistent with ATL and a median PVL 45% (range 0-154%).  We therefore 

suggest that the proviruses in these samples contain a proviral genomic deletion or mutation in the 

overlapping primer binding sites regions of these two PCR reactions (Figure 2.1) between exon 2 and 

exon 3 of tax (Seiki nucleotides 6483-6570).  Consistent with this hypothesis is that the coding region 

of HBZ, which is known to be expressed in ATL cells, would be unaffected by genomic deletions in 
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this region.  The type 1, type 2, multiple and indeterminate defective subgroups are considered 

collectively as ‘defective proviruses’ for further downstream analysis.  

 

4.3.4. Tax gene mutations are detected in 7% of the ATL cohort 

 

The coding regions of the tax gene were amplified and sequenced (exon 2 and 3) in the 120 cases 

identified to contain complete proviruses.  The methionine start codon is derived from the 

nucleotide sequence in exon 2, whilst the remainder of the protein is coded from the nucleotide 

sequence of exon 3 (amino acid 2-353). Figure 4.1 and table 4.3 summarise the following results:-    

We amplified exon 2 by nested PCR using a high fidelity polymerase in 120 cases with complete 

proviruses and identified the normal start codon in 118 cases.  In two cases, there were non-

synonymous mutations in which the amino acid methionine was changed to isoleucine.  Since these 

mutations removed the methionine start signal, we infer that these two tumour samples were 

unable to express Tax protein. 

We sequenced exon 3 of tax in 120 cases and observed 97 distinct nucleotide alterations from 79 

cases (reference genome NCBI GenBank J02029, (Seiki et al., 1983).  These 97 alterations resulted in 

48 distinct amino acid changes.  Three of these amino acid changes were nonsense mutations at Tax 

amino acid positions 28, 56 and 248 and occurred in 11 cases. Additionally, in one sample there was 

a deletion of 249 base pairs (nucleotide positions 7434-7683).     

In 24 samples, 4 specific nucleotide substitutions  were observed which are known to represent the 

Tax A subtype and are strongly associated with the proviral subgroup Cosmopolitan A based upon 

LTR sequence (Furukawa et al., 2000) : C>T at position 7897, C>T at position 7959, G>A at position 
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8208 and A>C/G at position 8344.  In addition, nucleotide alterations at positions 7720, 8120 and 

8297 which have been observed as recurrent mutations within the Tax A subtype (Furukawa et al., 

2000) were observed in 4/24 Tax A subtype samples and are known not to be ATL disease specific 

(Furukawa et al., 2000).  

Two nucleotide changes have been reported to be specific to ATL and were observed in our cohort:  

A nucleotide change from G to A at position 7464 is a known hotspot of mutation and creates a 

premature stop codon at position 56 of the Tax protein and has been shown to be associated with 

loss of Tax protein function (Furukawa et al., 2001). We observed this mutation in 7 out of 120 

samples (120 samples containing non-defective proviruses).   One of these cases also carried the 

previously described missense mutation in the start codon of exon 2.  The second reported ATL 

specific mutation is a missense mutation A>G at position 7337 resulting in an amino acid change 

from alanine to glycine at Tax position 14. The functional significance of this missense mutation has 

only been identified in the context of HLA-A*02 where it has been demonstrated to escape Tax-

specific CTL killing (Furukawa et al., 2001).  We observed this mutation in 3 cases, but in the absence 

of HLA-typing its precise significance cannot be assessed. 

Two recurrent novel nonsense mutations were observed:  Nucleotide substitutions of G>A at 

position 7380 occurred in 2 samples and results in a premature stop codon at Tax position 28. 

Nucleotide substitutions of G>A at position 8040 occurred in 3 samples and results in a premature 

stop codon at Tax position 248.    Tax forms homodimers that contribute to the transcriptional 

activity from the HTLV-1 promoter (Jin and Jeang, 1997; Tie et al., 1996; Basbous et al., 2003) and 

Basbous et al have shown that the integrity of the Tax sequence is critical for Tax dimerization 

except for the last 16 residues (amino acids 338-353), and so we conclude that these two additional 

nonsense mutations will result in loss of Tax protein function (Figure 4.1).  No splice site mutations 

were observed. 
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Additional missense mutations were found in 42 other amino acid positions, but, in the absence of 

HLA-class I genotype and functional studies we cannot infer that Tax function is diminished by the 

identified missense mutations.  A summary of tax mutations is shown in Table 4.3 and Figure 4.1. 

To summarise:  Whilst missense mutations were frequently observed we have not inferred any 

functional consequence of these since we do not know the HLA type of each case.  Known ATL 

specific nonsense mutations were seen in 7 cases with additional novel nonsense mutations 

observed at both Tax position 28 and Tax position 248 which we suggest would be critical to Tax 

expression.   

 

 

Table 4-3: Summary table of amino acid alterations following tax sequencing 

 Methionine 
start codon 

mutation only 

Nonsense 
mutations 

Large Tax 
deletion 

Number of 
cases 

1* 11 1 

*Two cases with methionine start codon mutations were identified, but one case had an 

additional nonsense mutation in exon3 and has been counted there. 
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Frequency of exon 2 and 3 Tax amino acid changes at each position
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Figure 4.1: Frequency of predicted amino acid sequence changes in exon 2 and exon 3 of 
the tax gene 

All non-synonymous alterations are shown with bars.  Green bars represent amino acid 
changes characteristic of the Tax A proviral genotype (A>V at Tax 221, S>N at Tax 304, Q>R 
at Tax 334); red bars represent premature stop codons caused by nonsense mutations.  The 
location of the functional CREB activation domains (amino acids 1-56), NFĸB activation 
domain (amino acids 112-246) and C-terminal domains (amino acid 289-323) are 
highlighted.   
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4.3.5. Hypermethylated 5’LTR TRE causes tax silencing in approximately 8% of ATL cohort 

Following tax gene amplification and sequencing, MS PCR was undertaken on 107 cases – those 

cases without a defective provirus or a critical tax gene alteration.  The aim was to identify whether 

the tax promoter in the U3 region of the 5’LTR was silenced by methylation. 

The samples were categorised as methylated, unmethylated or partially methylated. 

 

Table 4-4:  Summary table of methylation status of the 5’LTR (n=113) 

 Fully 
methylated 

5’LTR 

Fully 
unmethylated 

5’LTR 

Partially 

Methylated 

5’LTR 

Not 
determined 

 

Number of 
cases 

16 24 64 3  

 

Sixteen of the 107 cases (15%) of the samples contained a hypermethylated 5’LTR.  This represents 

8.1% of the cohort (16/197).  Takeda et al, who first reported and demonstrated the utility of  MS 

PCR and BSP techniques in DNA samples taken from ATL patients, identified hypermethylation  in 

11% ATL cases (14/41 samples).   

As proof of principle, I confirmed hypermethylated 5’LTR MSP findings in 4 cases by integration site 

specific bisulfite PCR (BSP) followed by TOPO® cloning and sequencing of the PCR products.  By 

sequencing between 10 and 20 colonies per sample, I demonstrated that in all cases the critical CpG 

sites covering the first promoter-proximal Tax responsive elements (TRE) were fully methylated.  The 

second TRE was fully methylated in all cases and third TRE was fully methylated in 3/4 cases and 82% 

methylated (45/55 CpG methylated) in the fourth case.  
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Table 4-5:Summary of Tax silencing mechanisms for cohort 

 Complete 
provirus (not 

defective, mutated or 
hypermethylated) 

Defective 
provirus 

Critical tax gene 
mutation 

Hypermethylated 
TRE 

Number of cases 90 78 13 16 

% of cases 46% 39% 7% 8% 

 

4.3.6. No difference in the median proviral load by clinical or proviral subtype 

The proviral load (PVL) was measured by QPCR in all ATL and AC samples by calculating the ratio of 

tax copies to actin.   The aim of measuring the PVL was to ensure that the ATL and control AC 

cohorts were similar to previously published cohorts, and for subsequent calculation of absolute 

abundance of clones following LMPCR and high throughput sequencing. 

In the ATL group the median PVL measured 71.7% (range 0.00% - 700%).  The median PVL for each 

clinical subgroup and each Tax-silenced subgroup is shown in Table 4.6 and Figure 4.2.  The median 

proviral load of the defective proviruses was significantly lower than the complete proviruses 

(Wilcoxon test p=0.004) which could be explained by the defective cases containing deletions of the 

tax gene primer binding sites. The median PVL of ACs measured 1.8% (range 0.14 - 18.4%).   
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Table 4-6: Summary table of PVL and Tax status 

Clinical Subgroup or tax 

subgroup 

Median PVL (%) 

AC 1.8 

Acute ATL 64.7 

Chronic ATL 62.8 

Lymphoma ATL 43.8 

Smoldering ATL 12.9 

Complete provirus 79.4 

Defective provirus 65.6 

Tax mutated provirus 68.3 

Hypermethylated 5’LTR 83.7 
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Figure 4.2: Proviral load (PVL) by clinical subtype (Panel A) and proviral tax gene status 
(Panel B) 

PVL were measured by QPCR and quantified by measuring tax and actin gene copies.  Box-and-
whisker plot show PVL for all cases.  The box displays the 25th, 50th and 75th centile whilst the 
whiskers show results that lie in the top and bottom quartiles.  x-axis;  ATL cohort split by disease 
status (Panel A) or tax gene status (Panel B). y-axis;  PVL % (number of copies of tax per 100 PBMC).   

Proviral load % 

Proviral load % 
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4.3.7. No difference in the median oligoclonality index by clinical or proviral subtype 

 

The oligoclonality index (OCI) was calculated for each sample (Methods section 2.4.3) to test the 

hypothesis that there was no difference in the clonal distribution between tumour samples that 

were capable of Tax expression and those that silenced Tax (Figure 4.3).   

The median OCI of the ATL clinical subgroups was 0.91 (range 0.47-1.0) and there was no difference 

between ATL clinical subtype or between proviral tax subtypes.  The median OCI of the ACs was 0.33 

(0.14- 0.87). 
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Figure 4.3:  Oligoclonality index by clinical and proviral subtype 

 

The OCI for the ATL and AC cohort split by clinical subtype (Panel A) shows median OCI of the ACs 
was 0.33 (range 0.14-0.87) and the median OCI for the ATL subtypes was 0.91 (range 0.47-1.0).  
There is no difference in OCI between ATL clinical subtypes.  There was no difference in OCI by 
mechanism of proviral silencing (Panel B). 
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4.3.8. Definition and character of abundance bins 

 

The ATL integration sites were subdivided into three abundance bins designated respectively as 

‘small’, ‘intermediate’ and ‘large’.  Since malignant behaviour is defined by growth in vivo and not 

from any specific genomic characteristic, it remains an assumption, widely held, that the large clones 

that are observed in ATL are malignant.    

Since the vast majority of total integration sites are small, with a relative abundance of <1%, we have 

called these ‘small clones’.    We have defined the large clones, presumed malignant in the ATL 

cases, as those integration sites with a relative abundance greater than or equal to 35% of the PVL.  

This threshold was determined after plotting the relative abundance of the largest integration site in 

each sample and observing a distribution in which all of the ATL samples have a dominant 

integration site that occupies >35% PVL (Figure 4.4). The intermediate sized clones are defined as 

those between the small and large clones with a relative abundance of greater than or equal to 1% 

but less than 35% (Table 4.7).  The abundance bins are defined in the glossary for quick reference. 

The relative abundance (rather than the absolute abundance) was determined to be the best 

measure for subgrouping of integration sites for analysis since the proviral load, which is required for 

the mathematical estimation of absolute abundance (Method section 2.4.5), varies significantly in 

the ATL samples due to, for example,  tax gene deletions which would significantly underestimate 

the proviral load whilst the presence of multiple proviruses would overestimate the absolute 

abundance of the malignant clone within a cell population. 

 



103 

 

 

 

Figure 4.4: Relative abundance of the largest clone in each ATL patient is >35% 

The relative abundance of the largest clone was plotted for each ATL case (relative 
abundance defined as the proportion of the proviral load occupied by an individual clone).  
The distribution of these integration sites suggested that the large presumed malignant 
clones typically occupied >35% relative abundance.   

 

Table 4-7:  The number of integration sites within each abundance bin 

Clinical 
status 

Number of 
samples 

Small Intermediate Large Total UIS 

AC 75 16001 904 4 16909 

ATL 197 5925 90 217 6232 
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4.3.9. Identification of multiple proviruses within a dominant clone 

ATL is traditionally associated with monoclonal integration of an HTLV-1 provirus within the tumour 

cells, although there have been reports for many years of the presence of multiple proviruses, based 

upon the observation of multiple bands by Southern blot (Kamihira et al., 2005; Tamiya et al., 1996; 

Tsukasaki et al., 1997).  Examples of the 3 ATL clonal distributions identified are shown in Figure 4.5.   

Here, I found that in 157 cases (80% cases) a single dominant clone was present which occupies a 

median relative abundance of 99.4% (range 35-100%) of the proviral load (Figure 4.5, A).  In 40 

cases, monoclonal integration was less certain since more than one abundant integration site was 

observed.  In each case, there was a one integration site with a relative abundance >35% (i.e. falls 

into the ‘large ATL’ abundance bin) but additionally a second site with a minimum relative 

abundance >10%.  In many of these cases the two dominant sites were of near equal relative 

abundance i.e. 45% and 50% relative abundance, but in other cases this was less clear e.g. 65% 

contribution from one site and 30% for the second site (Figure 4.5 B,C).  Therefore the question 

arises as to whether these represent one malignant clone containing 2 proviruses or if there are two 

distinct abnormally expanded clones.  If a single malignant clone contains two proviruses, the cells 

should contain an equal abundance of those integration sites (50% contribution from each 

integration site), assuming a steady kinetic state and no recent re-infection with a second provirus.  

It is unlikely that a superinfected malignant clone would co-exist with its singly infected parent clone, 

since a second infection would confer either a proliferative advantage or a negative survival cost.  

Therefore, we assume that a single clone containing two proviruses would be expected to have near 

equal abundance of both integration sites and express a single TCR gene rearrangement. 

Alternatively, if there are two large independent clones proliferating, we would expect there to be a 
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measurable difference in the abundance of the detected two integration sites and two distinct TCR 

gene rearrangements. 

To test the hypothesis that two observed HTLV-1 integration sites are present in one T-cell clone we 

used the Gaussian approximation to the binomial distribution, outlined below.  The null hypothesis 

was that there is no difference in the number of unique shear sites (read 2) between the two 

integration sites. 

 

Z-score calculated as: 

z = |a-b| - 0.5  with correction for continuity. 

       (2ab/N)0.5 

 

Where,  

a= Number shear sites for integration site 1 

b= Number shear sites for integration site 2 

N=Total number of shear sites (N=a+b) 

The Z-score was converted into a 2 tailed p-value. 

In 18/40 cases (9.1%  of the total cohort)  the null hypothesis was accepted, that is to say there was 

no difference in the number of shear sites between the abundant clones, suggesting multiple 

proviruses present in each T-cell clone. T-cell receptor gene rearrangement studies of DNA were 
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undertaken on these 40 cases and a single TCR gene rearrangement was detected in 7 of the 18 

cases in the cohort containing two equally abundant proviruses (3.6% cohort). 

Of the 18 cases in the cohort containing two proviruses per ‘malignant’ clone, 72% were of acute 

subtype, 11% chronic, 11% smouldering and 6% lymphoma (proportions not statistically different 

from representation within cohort). 

In 22/40 cases, the null hypothesis was rejected.  That is to say there was a significant difference in 

the abundance of the two dominant integration sites.  In these cases there was typically a dominant 

site (occupying 40-80% PVL) with additional intermediate sized expanded clones (in these cases 

occupying 10-35% PVL).   

 

 

 



107 

 

 

Figure 4.5: Clonal structure of the ATL cases 

Examples from the typical clonal structures of ATL cases is shown in pie charts, where each 
sector depicts the relative abundance of the respective detected integration site following 
LMPCR and high throughput sequencing. (A) A typical ATL monoclonal tumour sample, PVL 
107% (relative abundance dominant clone 97%).   (B)  Multiple copies per cell; two equally 
dominant integration sites, PVL 200.7%, (relative abundance 43% and 40% PVL). (C) ATL with 
dominant clone and additional intermediate sized clones, PVL 241% (relative abundance 
67% and 23% PVL).  
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4.4.  Discussion 

 

I characterised the proviral structure in 197 cases of ATL and determined that our cohort was similar 

to previously published ATL cohorts.  That is to say, 46% samples were inferred to be capable of Tax 

protein expression, and I observed the expected frequencies of defective proviruses, tax gene 

nonsense mutations and tax silencing by hypermethylation of the 5’LTR.   Importantly, this similarity 

to previous data gives confidence that any observations or conclusions that are made in subsequent 

host genomic integration site analysis are representative. Furthermore, I made some novel 

observations during the characterisation of this cohort, as summarised below.   

 

4.4.1. Identification of a novel category of defective provirus 

 

The frequency of defective proviruses (42%) is consistent with the published literature (Kamihira et 

al., 2005; Tamiya et al., 1996).  Here, I identified a category of defective provirus which I have 

termed ‘indeterminate’.  These are samples in which the proviruses fail to amplify by conventional 

long range PCR used for characterising defective proviruses, but there is evidence of HTLV-1 

integration e.g. a monoclonal population of cells seen following HTS, suggesting at least the 

presence of the 3’LTR. 

I hypothesise that the cause of the indeterminate provirus is a large deletion or mutations involving 

the primer binding regions of the long-range PCR.  It has been reported that HBZ is detected in all 

HTLV-1 infected clinical states, including ATL (Usui et al., 2008).  Although HBZ expression has not 
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been directly measured in these samples, the primer binding regions overlap with the intronic region 

of spliced HBZ, suggesting that a deletion in this region may not affect HBZ expression.   

On the basis of these results there is a project underway in the local Molecular Diagnostic Unit to 

compare HBZ and tax qPCR results in ATL cases with an unusually low proviral load (<5%-10% PBMC) 

to identify if HBZ may be a more reliable measure of PVL to monitor certain ATL cases. 

 

4.4.2. Identification of novel nonsense mutations in the tax gene 

 

I found nonsense mutations that prohibit the expression of functional Tax protein expression in 13 

cases (7 % cohort) which is consistent with the published literature (Takeda et al., 2004).  There were 

two novel recurrent nonsense mutations that have not been previously reported (G>A at position 

7380 and G>A at position 8040), which, based upon the amino acid position, I hypothesise will 

prevent functional Tax protein expression.  A test of this hypothesis requires formal validation by 

measurement of tax mRNA and protein expression, although there were no cells available from 

these individuals to do so.  Fan et al have described G-to-A base substitutions as the most frequent 

mutations in ATL cells, and responsible for nonsense mutations, which is in accordance with the 

target sequence of human APOBEC3G (Fan et al., 2010), the mammalian host defence against 

retroviruses. The novel nonsense mutations described here occur in the context of a TGG nucleotide 

sequence which is the target of APOBEC3G and results in TAG or TGA sequences and a stop codon. 

Since HTLV-1 proliferates mitotically, the provirus can proliferate with nonsense mutations providing 

it retains a minimum set of viral genes.  Fan et al showed that the only viral gene that does not 

become mutated is HBZ, which is likely indispensable for ATL development (Fan et al., 2010).  From 

these observations, together with the observation that APOBEC3G generates stop codons during 
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reverse transcription and that type 2 defective proviruses may also occur pre integration (Miyazaki 

et al., 2007), I conclude that at least in some ATL cases, Tax expression is not essential for 

immortalisation and expansion of malignant clones. 

 

4.4.3. Wide variation in the PVL in ATL samples  

 

The median proviral load of the ATL cases was 68.3% (range 0.0 -700%) and in the ACs 1.8% (range 0-

18.5%).  These results are comparable to data published on Japanese patients where a recent study 

on 1218 asymptomatic carriers identified a median PVL of 1.39% in females and 2.10% in males 

(Iwanaga et al., 2010).   A recent study of proviral load measurements of ATL patients managed in 

London reported  a median PVL of 50.3% in acute ATL, 7.9% in the peripheral blood of  ATL 

lymphoma and 81.25% in the lymph node biopsy of lymphoma-type ATL (i.e. a 5:1 ratio of load in 

lymph node to peripheral blood)  (Demontis et al., 2013). 

In acute ATL, the PVL is not normally expected to exceed 100% (1 proviral copy in every PBMC), 

although a proviral load > 200% can result from the presence of multiple proviruses, or possibly due 

to genomic instability resulting in loss of an actin copy.   PVL measurements by QPCR are known to 

fluctuate, although reproducibility is better at higher proviral loads (Demontis et al., 2013).  Within 

an asymptomatic individual the proviral load remains constant over many years and a log-fold 

change in proviral load measurements is usually considered to be clinically relevant, although there 

may be little significance between proviral load measurements of 100% and 200%.   

An interesting observation is that the PVL is frequently not 100%, even in cases where examination 

of a peripheral blood film suggests an entirely leukemic picture and heavy burden of disease.  This 

raises the possibility that there is a polyclonal expansion of uninfected PBMCs. These polyclonally 
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expanded PBMCs are unlikely to be CD8+ T-cells since diagnostic flow cytometry of ATL cases 

typically shows predominantly CD4+CD25+ T-cells and  the absolute number of CD8+ T cells is 

between 50% and 100% of the normal range (Arnulf et al., 2004; Rowan and Bangham, 2012; 

Shimizu et al., 2009).    HTLV-1 infected CD4+ T-cells produce CCL22 (Toulza et al., 2010), one of the 

two ligands for the receptor CCR4 which is expressed on both tumour cells and on the non-

malignant CD4+ FoxP3+ cells.  Toulza et al showed that the level of CCL22 produced is sufficient to 

attract CD4+FoxP3+ cells and to enhance their viability, which may contribute to the persistence of 

HTLV-1 by suppressing the HTLV-1 specific CTL response (Toulza et al., 2010).  It is perhaps the 

expansion of uninfected FoxP3+ Tregs that contributes to the expanded CD4+ compartment.  

Furthermore, polyclonal expansions of Treg cells have been reported in other haematological 

malignancies:  For example, in Hodgkin’s lymphoma the characteristic Reed-Sternberg cells 

constitute only a small proportion of the tumour, whilst infiltrating lymphocytes are highly enriched 

for Tregs, attracted by TARC and CCL22 (Marshall et al., 2004) and in B-CLL the presence of activated 

CD4+ T cells is required for tumour proliferation (Devereux, 2011; Patten et al., 2008).  The question 

remains as to whether these reflect anti-tumour responses or are a bystander effect.  

In HTLV-1 infection, separation of the infected and uninfected populations of T-cells by cell-sorting 

followed by high-throughput analysis of TCR gene rearrangements (e.g. ImmunoSeq™) would make 

it possible to quantify the immune repertoire of the infected and non-infected T-cell populations in 

different disease states. 
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4.4.4. Evidence of multiple proviruses in ATL cases. 

 

I obtained evidence by HTS of 2 equally abundant proviruses within a single tumour sample in 18 

cases (9% cohort) and used TCRG gene rearrangement studies on DNA to quantify the number of 

cases with a single TCR gene rearrangement.  I found a single TCR gene rearrangement in 7/18 cases 

(3.6% of the whole cohort). 

TCR gene rearrangement studies are complex to interpret.  One of the major issues in the accurate 

identification of clonality is the occurrence of multiple clonal PCR products.  Thymocytes undergo a 

hierarchical rearrangement in their TCR loci starting with D-D, D-J and V-DJ rearrangements in the 

TCRD locus, followed by V-J rearrangements in the TCRG locus (Langerak, 2012).  Random 

nucleotides are often inserted into the VDJ genes but since an antigen receptor chain can only be 

formed by preserved triplet codons, many rearrangements are non-productive.  For a given TCR 

locus, very frequently two rearrangements have taken place, one from each allele.  The theoretical 

chance for a rearrangement to be in correct reading frame and lacking a premature stop codon is 

estimated between 20% and 30% (Langerak, 2012), implying that diallelic TCR gene rearrangements 

are more the rule than the exception.  This means that monoclonal tumours will mostly contain 

diallelic rearrangements.    This makes distinguishing a diclonal tumour from a monoclonal tumour 

with diallelic rearrangements difficult.  The only definitive means of separating these two 

possibilities is by quantifying TCR gene expression using mRNA.  However, within this cohort there 

were no available cells for RNA extraction. 

On the basis of these data, I would therefore report the incidence of multiple proviruses within a 

single malignant clone at between 3 and 9 %.  The presence of multiple proviruses in ATL patients 

has been widely reported although the incidence has not been previously defined.  The mechanism 

by which the malignant clones have become superinfected is not known and raises the question as 
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to whether the mechanism by which the cells have become superinfected is a cause or a 

consequence of ATL.    

 

4.4.5. The significance of intermediate sized clonal populations is uncertain  

 

We have identified that whilst the majority of ATL tumour cell populations are monoclonal 

(containing either one or two proviruses), other tumours contain a dominant clone but with 

additional intermediate sized clones (figure 4.4, panel C).  This raises several questions as to whether 

we are correct to assume that the most abundant clone is always malignant, whether the smaller 

clones contribute to the pathogenesis of ATL, and whether these intermediate sized clones 

contribute to clonal succession or chemotherapy resistance. 

Malignancy is defined by the abnormal or uncontrolled growth of a cell population in vivo, rather 

than any specific genetic or epigenetic characteristic. Characteristics that must be acquired for a 

lesion to develop into cancer which include self-sufficiency in growth signals, insensitivity to anti-

growth signals, limitless replicative potential, evasion of apoptosis, sustained angiogenesis, tissue 

invasion and metastatic spread (Hanahan and Weinberg, 2000, 2011).  Here we have assumed that 

where there is a single dominant integration site (median relative abundance 99.2%, range 35.5-

100%), this is the malignant clone.  Where there are two proviruses within each clone, we do not 

know at what point during clonal expansion the superinfection arose and whether there was 

originally just a single provirus within the genome during malignant transformation, which later 

became superinfected; perhaps one of those proviruses is more important than the other in tumour 

pathogenesis?   Since we cannot distinguish which of these integration sites might be more 

important, we consider them to share equal importance. 
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The significance of the intermediate sized clones is even less certain:   There are a handful of studies 

describing the functional properties of CTL in ATL, which collectively report that the CTL response in 

ATL is reduced in frequency, or absent, and when present is functionally deficient with Tax-specific 

CTLs directed at a narrow range of epitopes (Arnulf et al., 2004; Kozako et al., 2006; Kozako et al., 

2009; Shimizu et al., 2009).  Perhaps, once transformation has occurred, the reduced or inefficient 

CTL response enables other clones to expand; these proliferative clones might have been formerly 

restricted by CTL killing.  The host genomic landscape of these different clonal populations is further 

characterised in Chapter 5. 
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Chapter 5. Genomic landscape of HTLV-1 proviral integration sites 
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5.1.  Chapter Abstract and summary 

The aim of the work described in this chapter is to test the hypothesis that ATL malignant clones 

arise from the typical low abundance clones seen in asymptomatic carriers (rather than the higher 

abundance clones observed in some AC or HAMTSP patient samples) and to characterise and 

identify host genomic features that are unique to defined clonal populations seen within ATL 

samples and which may suggest an ‘integration site determined predisposition’ to ATL development.  

Furthermore, I aim to correlate host genomic characteristics with capacity for proviral Tax 

expression, in order to postulate mechanisms for aberrant clonal expansion.  Where possible I will 

correlate findings with ATL clinical subtype. 

 

The results described here are derived from a bioinformatic analysis of the high-throughput 

sequencing of ATL and AC samples compared with in silico (random) integration site datasets and, 

where indicated, from in vitro infection data.  In summary the key findings of this chapter are:- 

 AC clones, small ATL clones and large ATL clones show similar genomic characteristics with 

regards to preference for integration in proximity to transcriptional start sites (TSS), CpG 

islands, genes, same-sense relative transcriptional orientation and activatory epigenetic 

marks.   

 Intermediate-sized ATL clones are abnormally abundant and show distinct genomic 

characteristics, not previously found in non-malignant HTLV-1 infection (AC or HAM/TSP). 

 ACs and small ATL clones show a bias of integration into certain chromosomes (acrocentric) 

 The ATL large clones (presumed malignant) do not show any recurrent sites (‘hotspots’) of 

genomic integration 

 Gene ontology analysis of the nearest downstream TSS identifies recurrent cellular 

functions/pathways associated with the large ATL clones (5.6% of all ATL cases). 
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5.2.  Introduction 

 

5.2.1. Proviral integration site bias 

 

The genomic site of retroviral integration into the host genome is important for both virus 

replication and pathogenesis of disease, since it may affect both viral gene expression (Shan et al., 

2011) and host gene expression (Siliciano and Greene, 2011).   

Some retrovirus-induced tumours are caused by insertional mutagenesis (Neel et al., 1981; Payne et 

al., 1982), whereby integration into a specific locus introduces a viral promoter or enhancer that in 

cis may activate an adjacent host cellular oncogene or, inactivate a gene through disruption of 

induction, expression or splicing (Uren et al., 2005).  Seiki et al showed the absence of a common 

region of provirus integration in ATL leukaemia cells, which implied that insertional mutagenesis, 

was unlikely to be a mechanism of ATL leukaemogenesis (Seiki et al., 1984). 

Interest in proviral integration sites has re-emerged in the last 10 years, in part due to improvements 

in the laboratory techniques which identify integration sites, and following publication of the 

annotated human genome.  Additionally,  interest has followed the high incidence of cases of T-

acute lymphoblastic leukaemia (T-ALL) that arose in children treated with gene therapy for severe 

combined immunodeficiency (SCID), which was caused by insertional mutagenesis of the retroviral 

vector near the LM02, BMI1 and CCND2 proto-oncogenes (Hacein-Bey-Abina et al., 2008; Hacein-

Bey-Abina et al., 2003).  The risk of insertional mutagenesis has halted the use of gammaretroviruses 

as suitable vectors for gene therapy and there are active efforts to identify and validate ‘safe 

harbours’ of the genome - regions of the genome that allow predictable expression of the newly 

integrated DNA whilst minimising unwanted interactions between inserted genes and the 
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neighbouring host genome.  Suzuki et al developed a definition for retroviral integration in cancer 

cells to discover potential cancer-related genes and defined a hot-spot as ≥ 4 integration sites within 

a 100 kb region, 3 integrations within 50 kb or 2 within 30 kb (Suzuki et al., 2002), and similar 

definitions have been adopted by others (Schroder et al., 2002,Cattoglio et al., 2007).   

Retroviral integration sites can be found across the host genome, although they are not randomly 

distributed (Wu et al., 2005).  Integration site selection differs between retroviruses but broadly all 

display a preference for integration at 3 distinct levels.  First, integration is biased towards open 

conformation euchromatin which allows the retroviral preintegration complex access to the DNA.  

Second, the nucleotide sequence in the immediate vicinity of integration sites is typically a loose 

palindromic consensus sequence (Chou et al., 1996; Derse et al., 2007; Meekings et al., 2008) which 

is consistent with the two-fold symmetry of the retroviral integrase (Hare et al., 2010; Maertens et 

al., 2010).  Third, there is an additional bias based upon interactions between the preintegration 

complex and specific cellular host factors, e.g. LEDGF/p75 in HIV infection which directs the 

preintegration complex into genes and away from intergenic regions.  Similarly, the transcription 

factor YY1 plays a role in murine leukaemia virus (MLV) guiding integration.  However, in most 

retroviral infections including HTLV-1 similar host co-factors have not been identified. 

 

5.2.2. HTLV-1 integration site selection 

Work undertaken within this laboratory over the last few years has focused on identifying the 

integration sites favoured in initial targeting of infection by using a model of short-term in vitro 

infection of human T-lymphocytes, and comparing the integration sites that are selected to survive 

in chronic infection in samples taken from patients with different clinical manifestations of HTLV-1 

infection. 
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Gillet demonstrated the predominance of integration in transcriptionally active regions and reported 

a positive correlation between clonal abundance and proximity to genes, CpG islands, activatory 

epigenetic marks and same sense relative orientation (Gillet et al., 2011).  

In addition Melamed et al have recently reported a remarkably strong bias toward integration ex 

vivo within 100 base-pairs of certain transcription factor binding sites, for example the tumour 

suppressor p53 and the transcriptional regulator of interferons STAT1, and in each case the 

integrated provirus was between 100 and 350-fold more likely to lie within 100 base-pairs of the 

respective binding site than by chance (Melamed et al., 2013).  Flow cytometric sorting of cells into 

Tax-positive and Tax-negative cells followed by integration site analysis revealed that certain TFBS 

(e.g. STAT1) lying 10 or 100 base pairs upstream of the provirus were associated with spontaneous 

Tax expression, whilst at a similar distance downstream there was no effect.  Conversely, the 

presence of BRG1, an ATPase that powers the chromatin-remodelling complex SWI/SNF, 10 to 100 

base-pairs upstream was associated with the silencing of Tax whilst a BRG1 site at an equal distance 

downstream of the provirus was associated with spontaneous Tax expression.   This asymmetry 

implies a mechanistic interaction occurs between transcription of the provirus and transcription of 

the host genome.  This conclusion is reinforced by further observations that the relative orientation 

of the provirus and nearest host gene associate with frequency of spontaneous proviral expression; 

a same-sense host transcriptional start site upstream appears to suppress Tax expression whilst a 

same-sense host transcriptional start site downstream of the provirus associates with spontaneous 

Tax expression.  These findings strongly suggest that the dominant interaction between the flanking 

host genome and the provirus is transcriptional interference; a nearby host promoter upstream of 

the provirus is able to silence the downstream 5’LTR HTLV-1 provirus (Melamed et al., 2013, 

reviewed  Bangham C.R.M, 2013). 
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5.2.3. Determinants of clonal abundance in vivo 

 

For many years it has been widely believed that oligoclonal expansion of HTLV-1 infected T-cells is 

responsible for both viral persistence of the infection and also maintenance of  the proviral load 

which predisposes to both inflammatory and malignant disease.   

With the development of HTS and the ability to quantify accurately clonal abundance, a strong 

determinant of clonal abundance was identified as proviral orientation:  Proviruses that lie in the 

same sense transcriptional orientation as its nearest host gene or transcriptional start site (Gillet et 

al., 2011).  Additionally, the recently published work by Melamed et al which flow cytometrically 

sorted Tax-positive and Tax-negative cell populations identified that small (low abundance) clones 

are more likely to express Tax in vitro than larger clones.  

The understanding of clonality in ATL lags behind that of non-malignant HTLV-1 infection.  For a 

variety of reasons, including the relative rarity of ATL and due to the labour intensive nature of the 

techniques required, the number of ATL cases that have been systematically analysed is relatively 

small: 23 ATL cases by Hanai (Hanai et al., 2004), 59 cases by Doi (Doi et al., 2005) and 33 cases by 

Ozawa (Ozawa et al., 2004). In addition to the limitations already described, integration site analysis 

in relatively few cases made correlation by clinical phenotype extremely difficult.   

Whilst it is widely assumed that ATL is a monoclonal disease there are indications that clonality is 

more complex.  Firstly, there are many HTLV-1 infected clones in addition to the large, presumed 

malignant clone which are not likely to be detected by classical sequencing methods and the identity 

and role of these clones in supporting the malignant clone is unknown.  Secondly, it has long been 

observed that there may be more than one pathologically expanded provirus present.  It has been 

previously untested as to whether these represent multiple malignant clones or superinfection of 
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one malignant clone with multiple proviruses.   The possibility of more than one independently 

transformed malignant clone would be in keeping with the emerging understanding of the 

polyclonal origin of some solid tumours (reviewed Vogelstein et al., 2013). Third, the malignant clone 

does not necessarily develop from a large pre-existing infected T-cell clone, but may arise rapidly de 

novo from a clone of low abundance- Figure 5.1 demonstrates the emergence of a presumed 

malignant clone from a small clone detected 18 months before disease transformation and not from 

the large clone that was present when the patient was asymptomatic.  Fourth, there have been case 

reports in the literature and anecdotally of ‘clonal succession’, in which the presumed malignant 

clone at a given time point may be replaced by a different clone at a later time point (e.g. at clinical 

relapse) and scenarios in which there are distinct dominant clones, both presumed malignant, 

present at the same time but in different compartments e.g. blood and lymph node (Tsukasaki et al., 

1997). 
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Figure 5.1: Clonal evolution in ATL 

 

The pie charts represent the clonal distribution seen in a single patient at 3 different time 
points prior to and at the development of acute ATL.  Each slice of the chart represents the 
relative abundance of an individual clone.  The patient developed ATL in September 2010 
and the clonal distribution in PBMC (top right) and lymph node (bottom right) on the day of 
diagnosis is illustrated.  The presumed malignant clone is coloured red and when tracked 
back to February 2010 (7 months prior to diagnosis) represents 1.7% of the proviral load and 
in February 2009 (19 months prior to ATL diagnosis) is barely visible representing 0.04% of 

the proviral load.  
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5.3.  Results 

5.3.1. Definitions of the genomic environment flanking the host genome 

 

The definitions of ‘upstream’, ‘downstream’, ‘same-sense’ and ‘opposite sense’ are all made with 

respect to the forward (plus/positive) strand of the proviral open reading frames. Therefore 

‘upstream’ of the integrated provirus denotes genomic annotations closest to the 5’ end of the 

provirus, whilst ‘downstream’ denotes genomic annotations in closer to proximity to the 3’ end of 

the provirus.  For each genomic feature analysed e.g. proximity to a gene, we defined the minimal 

distance to the integration site as the difference between the genomic co-ordinate (position) of the 

nearest respective feature, which may be upstream or downstream (Figure 5.2). 

 

Figure 5.2: Definition of the host environment flanking the host genome 

The red central block indicates the position of the HTLV-1 provirus integrated between two 
genomic elements.  The definitions of ‘upstream’, ‘downstream’, ‘same orientation’ or 
‘opposite orientation’ are defined with reference to the HTLV-1 provirus integrated onto the 
forward strand.  The minimal distances are calculated separately for upstream and 
downstream elements. 
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5.3.2. Control datasets 

 

DNA samples from 75 asymptomatic carriers originating from the Kumamoto region of Japan and 

identified as HTLV-1 seropositive by the Japanese blood service were prepared for high throughput 

sequencing in this laboratory by Dr Heather Niederer over the same time-course and often sharing 

the same sequencing flow cells as the investigated ATL cohort.  Dr Niederer kindly provided the 

integration site dataset for use as a control dataset.  Some experiments were validated 

bioinformatically with a second AC dataset originating from the Kagoshima region of Japan. 

 

5.3.3. The absolute abundance of all ATL clones is larger than seen in ACs 

 

Whilst absolute abundance is not optimal for allocating abundance bins within this cohort owing to 

the heterogeneity  in proviral load and proviral structure, it remains important to compare the 

absolute abundances of small, intermediate and large clones of ACs with ATL in order to understand 

whether any observed differences could be attributed to clonal abundance per se or could be 

directly related to the clinical phenotype i.e. AC or ATL. 

The median absolute abundance of the small ATL and AC clones (Figure 5.3) was numerically similar 

although statistically significantly different (0.588 v 0.478/10000 PBMC, Mann-Whitney test  p=7.13 

x 10-69), and there were also significant differences in the median absolute abundance of the 

intermediate AC and ATL clones (1.52 v 254/10,000 PBMC,  Mann-Whitney test  p=1.53 x10-50) and in 

the median absolute abundance of the large AC clones  and the presumed malignant ATL clones 

(156.9 v 6559/10,000 PBMC, Mann-Whitney test  p=0.0014).  Since the absolute abundance of AC 
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small and intermediate clones was significantly lower than the intermediate ATL clones, the AC 

abundance bins were all grouped together for further analysis. 

 

The observation that in absolute terms the intermediate sized clones in ATL are significantly larger 

than the equivalent clones in ACs is important, since this implies that differences observed between 

the equivalent relative abundance bins in ACs or ATLs may be due to differences in absolute clone 

size, rather than associated with disease itself. 
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Figure 5.3: Absolute abundance of small, intermediate and large clones in AC and ATL 
cases 

Absolute clonal abundance of ATL samples was significantly greater than ACs within each 
abundance category (small, intermediate and large).  Note the breaks in the y-axis which 
highlights that there was a 4-5 log difference in size between the small AC/ATL clones and 
the large, presumed malignant ATL clones. 
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5.3.4. Preferential integration of small clones into chromosomes 13, 14, 15 and 21 

 

In order to test for evidence of an in vivo selection on the distribution of integration sites the 

distribution of integration sites per chromosome was compared with both a random integration 

dataset and an in vitro dataset (in vitro dataset provided by Dr Anat Melamed) and statistically 

analysed by X2 testing with correction for multiple comparison testing. 

Meekings et al had previously analysed a total of 313 integration sites in vivo using the separate 

technique of classical LMPCR followed by cloning and Sanger sequencing and identified a significant 

excess of integration sites into chromosome 13 when compared with random sites (Meekings et al., 

2008) but the biological significance of this observation was uncertain.  Here, by a separate 

technique, I firstly tested whether there is evidence for chromosome targeting in vitro and found 

that there was no bias of integration into any particular chromosome within the in vitro dataset 

compared with random expectation. 

When comparing the in vivo datasets against random, I first tested the control Kumamoto AC 

dataset and the ATL dataset and then validated the findings against a separate AC dataset arising 

from the Kagoshima region of Japan.  Using X2 tests followed by corrections for multiple comparison 

testing, I found a significant excess of integration sites in chromosomes 13 (Kumamoto AC X2-test 

p=8.7 x 10-30, Kagoshima AC p= 7.5 x 10-15, ATL small X2-test p=4.5x10-12) , chromosome 14  

(Kumamoto AC X2-test p=8.35 x 10-10, Kagoshima AC X2-test  p=0.021)   and chromosome 21 

(Kumamoto AC X2-test  p=1.9 x10-17, Kagoshima AC X2-test 2.3x10-19,  ATL small X2-test p=0.027).  

There was a trend towards increased integrations in chromosome 15 (ATL small X2-test p=0.0025 

following correction) although the Kumamoto and Kagoshima cohorts lost significance following 

multiple correction comparison (Figure 5.4 and Table 5-1).  These biases persist when considering 

both chromosome size and the number of genes per chromosome. 
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When comparing the in vivo datasets against in vitro (rather than random), the bias of integration 

into chromosome 13 and 15 remained. 

Analysis of ATL intermediate and ATL large clones did not reveal any increased integrations across 

the chromosomes, but since their combined number of these sites was 307, this may reflect a lack of 

power. 
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Figure 5.4: Preferential integration into chromosomes 13, 14, 15 and 21 

The proportion of unique integration sites (UIS) per chromosome is shown for two 
independent AC datasets (Kumamoto and Kagoshima) and the small ATL clones. The yellow 
overlaid line represents the random dataset.  There are an increased number of integrations 
within chromosomes 13, 14, 15 and 21 in the clones of asymptomatic carriers and small ATL 
clones when compared with random.  The bias remains present in chromosome 13 and 15 
when compared with control in vitro data (not shown). y-axis shows the proportion of 
unique integration sites (UIS) in each chromosome, x-axis chromosomes 1-22, X,Y.  
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        Table 5-1: Preferential integration into chromosomes  

  

Table 5.1 demonstrates the significant associations of the different AC datasets and small ATL clones 

against both random datasets and the in vitro datasets  
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5.3.5. Integration within 10Kb of a TSS or CpG island is associated with acute subtypes of ATL and 

those carrying defective or tax mutated proviruses. 

 

Gillet et al (2011) demonstrated that in vivo integration sites survive in a non-random fashion that 

favours insertion next to genes, CpG islands and epigenetic marks associated with the control of 

gene expression and postulated that this was due to a greater accessibility of these genomic regions 

to proviral integration.  Here, I extend this analysis to consider ATL subgroups (both clonal 

abundance and clinical subtype) and investigate the proximity to transcriptional start sites 

(regardless of whether the integration site is within a gene or not), Figure 5.5.   

When compared with random integration I observed in the Kumamoto ACs that there was a bias of 

integration within 10 Kb of a TSS of a gene (20.5% v 13.9%, X2 test, p<10-117)  and within 10Kb of CpG 

island (20.9% v 14.2%, X2 test, p<10-118).  This was also observed in the small ATL clones (TSS 20.0% v 

13.9%  X2 test p<10-61, CpG 20.9% v 14.2%  X2 test p<10-43) and in the acute subtype of ATL (19.8% 

TSS X2 test p=0.01, 18.9% CpG X2 test p=0.04).   

When the large ATL clones were analysed by clinical subtype and by capacity for proviral tax gene 

expression I found a bias towards integration in proximity to TSS and CpG islands in acute subtype 

(TSS 19.8% v 13.9%X2 test p=0.01, CpG 18.9% v14.2% X2 test p=0.04) and in those clones carrying a 

tax mutation (TSS odds ratio 5.3,  X2 test p=0.0031, CpG odds ratio 5.2, X2 test p=0.00372). 

There was no statistically significant enrichment in integration near TSS or CpG islands in the 

intermediate sized clones compared with random.  
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Figure 5.5: Preferential integration within 10Kb TSS and CpG islands  

The proportion of integration site within 10Kb of a TSS (panel A) or CpG island (panel B) was 
compared between integration sites in AC, ATL cases versus random expectation.  The large 
ATL clones were subdivided into clinical subtype and tax status.  AC and small ATL clones 
show a preference for integration in proximity to TSS and CpG islands compared with 
random expectation.  This is also seen in acute ATL cases and those with a tax mutated 
provirus.  
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5.3.6. Same sense transcriptional orientation and proximity to genes favours clonal expansion. 

The transcriptional activity of the host genome in close proximity to an integrated provirus might 

influence the level of proviral transcription, either directly, through specific interactions between 

host promotor/enhancer elements and the provirus or indirectly, since unfolded chromatin becomes 

accessible to transcription factor complexes.  Melamed et al reported that in non-malignant  

infection activatory transcriptional activity upstream appears to suppress Tax expression by a 

presumed mechanism of transcriptional interference, allowing CTL escape and clonal expansion 

(Melamed et al., 2013). 

We report an increased frequency of integration within 50Kb of genes in ACs (54%, X2 test p<10-24) 

and ATL small clones (55%, X2 test p<10-16) when compared with  random sites (50%). There is an 

increased frequency in the large ATL clones, although not statistically significant after correction for 

multiple testing (54%, X2 test p=0.07).  There was no bias towards integration in proximity to genes 

in the ATL intermediate sized clones (50%). 

By chance, we would expect to see an equal number of integrations in the same or opposite 

transcriptional orientation to the provirus.  When the analysis was extended to investigate 

preference for integration by relative transcriptional orientation, clinical subtype and tax gene 

structure within 50Kb of the nearest gene (Figure 5.6)  we observed that there was a bias towards 

integration within the same transcriptional orientation in AC (X2 test p<10-15) , small ATL clones (X2 

test p<10-4) and  acute subtypes of ATL (X2 test p=0.009) and in those with a defective provirus (X2 

test p=0.02). 

Given the postulated mechanisms of transcriptional interference described by Melamed et al 

(Melamed et al., 2013), we considered whether in acute ATL the same or opposite orientation was 

associated with either upstream or downstream integration of the provirus relative to the nearest 

gene, but there were too few events within each category for meaningful analysis. 
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Figure 5.6: Integration in proximity to genes in the same sense transcriptional orientation 

 

The proportion of integration sites within 50Kb of a gene and in the same transcriptional 
orientation was compared between random expectation and integration sites in AC or ATL 
cases.  The large ATL clones (red dot) were further subdivided into clinical subtype and 
capacity for proviral tax gene expresssion (complete or defective). There were too few 
hypermethylated or tax gene mutated cases to subdivide by both orientation and proximity 
to genes.   AC, small ATL and large ATL clones of acute subtype and defective proviruses 
showed a preference for integration in proximity to genes in the same transcriptional 
orientation.  
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5.3.7. Integration is favoured in proximity to activatory epigenetic marks 

 

By comparison of in vitro and in vivo integration sites, Gillet et al reported that in chronic infection, 

clonal abundance was positively associated with integration in proximity to host activatory 

epigenetic marks and negatively associated with integration near gene-silencing marks.   This 

observation suggested that ACs with low proviral loads and low risk of clinical disease, with efficient 

immune responses, counterselect integration sites in activatory regions of the genome. 

Nine activatory and three inhibitory epigenetic marks were analysed and selected as marks defined 

by Barski (Barski et al., 2007), detailed in Appendix 1.  The proximity to either activatory or inhibitory 

marks was defined by the proportion of integration sites with these marks above the 90th centile 

when compared with a random dataset (within 10 Kb of each integration site).   

Here, I observed an increase in number of activatory epigenetic marks when compared with random 

in both ACs and ATLs (all 9 activatory marks) and there was no significant difference between the 

ACs and large ATL clones.  However, there were fewer activatory marks in proximity to the 

intermediate sized ATL clones (3/9 marks significant) (Figure 5.7, panel A).  

By contrast, there was a striking bias towards integration in proximity to repressive epigenetic marks 

in the intermediate ATL clones compared with the ACs and both small and large ATL clones (Figure 

5.7, panel B).  There were no associations between proximity to activatory or inhibitory marks by 

clinical subtype or by the inferred capacity for proviral tax gene expression. 
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Figure 5.7: Small and large clones favour activatory epigenetic marks, whilst intermediate 
ATL clones favour inhibitory marks 

 

The proportion of integration sites in proximity to 9  activatory (panel A)  and 3 inhibitory 
(panel B) epigenetic marks was calculated, by comparison to a random dataset.  The 
proportion of random sites in proximity to each mark was defined as the number of sites 
above the 90th centile and was the benchmark for comparison with the AC and ATL sites.  
ACs and both small and large ATL clones favour activatory epigenetic marks whilst the 
intermediate ATL clones show a preference for inhibitory marks 
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5.3.8. Integration in proximity to TFBS 

 

We wished to test the hypothesis that proviral integration in proximity to transcription factor 

binding sites (TFBS) is associated with clonal expansion (intermediate sized clones) and malignant 

transformation (large ATL clones) within the ATL cases.  The TFBS data used was downloaded from 

publicly available datasets of TFBS that have been identified by ChIP-seq experiments.  Where 

possible we used datasets from primary CD4+ T-cells; otherwise data sets from only Jurkat or other 

human cell lines were analysed.  Where primary data was available the SISSRs Perl script (Jothi et al., 

2008) was used which is specifically designed to predict the sites of transcription factor binding for a 

given genomic location.  A complete listing of all the datasets used is given in Appendix 1. 

TFBSs have been reported to co-localise in the human genome (Dunham et al 2012), and so we used 

the approach previously described by Melamed (Melamed et al., 2013) to test which of the studied 

TFBS were independently associated with integration:  The statistical approach used was first a 

likelihood ratio test to identify whether a particular integration site was selectively associated with 

either upstream or downstream integration.  Then, each TFBS annotation (upstream and/or 

downstream) was subsequently tested separately in univariate analysis.  Any significant p-value 

(p<0.05) after multiple comparison corrections, were combined into a multivariate model using a 

standard step-down general linear model regression approach, until only independent significant 

factors remained (p<0.05).  Two separate models were run, to identify TFBS within 0- 100 

nucleotides and TFBS within 0- 1000 nucleotides of the integration site. 

There were no independent TFBS predictors for ACs, ATL small or ATL large clones and no predictors 

for clinical subtype or for proviral tax expression. 
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However, when comparing the intermediate sized clones of ATL with either the  ACs or small ATL 

clones, four TFBS were identified to predict intermediate ATL clones:  These factors were PCAF, Rad 

21 and ZNF263 binding sites (upstream or downstream) at 100 base pairs from the integration site.  

With the same analysis at 1 Kb from the integration site, the observed TFBS that were associated 

with intermediate sized ATL clones were E2F4 upstream, Rad 21 downstream and ZNF 263 in either 

direction (Figure 5.8).   

This data was validated against the second AC cohort from the Kagoshima region of Japan and the 

same predictive factors were identified in the ATL intermediate clones when compared with the 

Kagoshima ACs.   
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Figure 5.8: Intermediate sized ATL clones only are associated with integration in proximity 
to specific TFBS 

Intermediate sized ATL clones were associated with close proximity to 4 specific TFBS when 
compared with either Kumamoto ACs, small or large ATL clones; y-axis shows the odds ratio 
when compared with Kumamoto ACs. The x-axis shows the distance in base pairs from the 
integration site upstream (left side of y-axis) or downstream (right side of y-axis). The 
junction of the y-axis with the x-axis represents the integration site.    These results were 
reproducible when compared with an unrelated Kagoshima AC cohort.  The definition of 
‘upstream’ and ‘downstream’ are with respect to the sense strand of HTLV-1. See Appendix 
1 for the full list of TFBS tested. 
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5.3.9. In vivo integration sites are associated with proximity to oncogenes, but are not 

associated with malignant transformation. 

 

HTLV-1 has not been associated with any recurrent genetic lesion, whilst other closely allied 

retroviruses or gene therapy vectors have caused insertional mutagenesis and T cell malignancies. 

Furthermore other  haematological malignancies are associated with over-expression of specific 

oncogenes for a variety of genetic  or epigenetic reasons e.g. Burkitt lymphoma and over-expression 

of c-myc, and  it was therefore important to test the hypothesis that HTLV-1 integration is associated 

with increased proximity to ‘cancer associated genes’. 

The list of ‘cancer associated gene’ databases is shown in Appendix 1.  This is a list of genes known to 

be aberrantly expressed by any mechanism in any published cancer.   

The datasets were annotated to investigate proximity to nearest cancer-associated genes and 

showed a significant association between integration near oncogenes in ACs (at 10Kb from insertion 

site X2 test p<10-12) and, ATL small clones (at 10Kb from insertion site X2 test p<10-6).  The ATL large 

clones showed a bias within 150Kb of the insertion site (X2 test p=0.0085) but was not sufficiently 

powered to investigate at closer proximities, whilst the intermediate clones did not show any bias 

compared with random expectation. 

Since the AC and small ATL clones both showed a bias towards integration in proximity to 

oncogenes, this would suggest that this is a general feature of integration in vivo and unlikely to play 

a significant role in oncogenesis per se. 
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5.3.10. No hotspots of integration are associated with ATL 

 Whilst the analysis of integration into chromosomes did not identify any chromosomes with 

excessive number of integrations within the larger ATL clones (intermediate or large sized), one aim 

of this analysis is to identify whether there could be more subtle clustering or ‘hotspots ‘within any 

given chromosome. 

In order to test the hypothesis that the large ATL clones are associated with hotspots or clusters of 

integration I undertook a bioinformatic analysis initially developed for the analysis of safety of gene 

therapy vectors (Presson et al., 2011) which was specifically designed to compare datasets of 

different sizes.  I combined both the intermediate and large ATL clones on the basis that they are 

both abnormally expanded and this would increase the power of this analysis. Retroviral integration 

clusters in cancer cells have been variably defined as  ≥3- 4 hotspots of integration within a 100 kb 

region, 3 integrations within 50 kb or 2 within 30 kb (Cattoglio et al., 2007; Schroder et al., 2002; 

Suzuki et al., 2002).   

The methodology adopted here applied two methods of hotspot definitions based upon integration 

site densities.  The first method, the ‘z threshold’, applies a threshold to z-transformed densities and 

the second method applies a Bayesian change-point analysis (‘BCP’).  These definitions operate by 

partitioning the genome into 1 Mb bins and sliding these bins across the genome every 0.25Mb in 

order to identify any hotspots at the 1Mb window cut-offs (Presson et al., 2011).  As suggested by 

Wu (Wu et al., 2006) we used in vitro data (acute infection) as a control datatset for defining hot-

spots in the corresponding ATL data.  The acute infection data overcomes any natural virus-specific 

bias, rather than using a random dataset.  Analysis of the in vitro dataset did not identify any 

significant hotspots in the genome.   

We defined ‘hotbins’ as the 1Mb windows in which there appeared to be an excess of integrations 

and only further analysed  hotbins when they were identified by both the z-threshold and BCP 
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methods.  I then undertook both a ChiSq analysis with correction for multiple testing comparisons 

and calculated a Poisson distribution to confirm an excess of integrations in large clones compared 

with all others.  The size of the hotbin could then be refined to a hotspot (the smallest window of 

excess integrations within that hotbin).   

It has been previously reported by Doi (Doi et al., 2005) that alphoid repeats are favoured in both 

non-malignant and malignant infection.  We did observe this effect in the cluster analysis but 

attributed these to mapping errors:  Alphoid repeats (satellite repeats) are typically located in the 

centromeres and telomeres and represent short repetitive regions that are often displayed as gaps 

in the human genome sequencing project.  There are significant efforts to close these gaps, but the 

nature of these repetitions makes it difficult to map a site uniquely and results in apparent clusters 

at the junctions of centromeres and the defined sequenced genome. 

There were no identified hotbins by combined z-threshold/BCP methods in the in vitro, AC or small 

ATL clones.   Within the ATL intermediate and large clones, there was only a single region of the 

genome that fulfilled the described definition in chromosome 14, at position 28230332-28258889 

(human genome build 18).  That is to say following multiple testing comparison there were  

integrations that are closer together than expected by comparison with the random dataset (X2 test 

p = 10-65), versus in vitro (X2 test p = 0.007), versus AC (X2 test p = 0.001), and versus small ATL clones 

(X2 test p =10-9).  However, this 28.6Kb region on chromosome 14, within a large intergenic region of 

the genome, comprises of integration sites from just two presumed malignant clones arising from 

two ATL cases.    

I conclude that within this large cohort, using powerful bioinformatic tools, there is no evidence to 

support the idea that there are any clusters or hotspots of HTLV-1 integration in asymptomatic or 

malignant HTLV-1 infection. 
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5.3.11. Ingenuity Pathway Analysis (IPA®) suggests ontogeny of the nearest downstream gene 

may play a role in ATL proliferation. 

 

Whilst I have previously demonstrated that there is no obvious integration in proximity to ‘cancer 

associated genes’ within the large ATL clones, this may be limited by the relatively few cancer 

associated genes compared with the size of the host genome and does not exclude a functional, 

indirect role for integration in proximity to a category of host genes that may confer a proliferative 

advantage. 

The Ingenuity® platform is a gene ontology software that uses its own ‘Ingenuity Knowledge Base’ 

which contains biological and chemical interactions and functional annotations created from millions 

of individually modelled relationships between proteins, genes, tissues, cells and diseases.  Like 

many gene ontology databases, is widely used by researchers investigating expression microarrays.   

I used IPA  to identify functional clustering of integration sites and the results indicated that there 

was an over-representation of genes involved in the cellular pathways associated with ‘cell 

morphology’, ‘immune cell trafficking’ and ‘haematological system development and function’ 

within the large ATL clones (Figure 5.9). 

The genes associated with these pathways were only observed when looking at the nearest 

downstream gene (TSS) in the large ATL clones and were not observed in the asymptomatic carriers 

nor the small or intermediate sized clones.  Furthermore, these effects were not present when 

looking at the nearest upstream gene in the large ATL clones. 

These functional categories related to 11 specific genes (CD47, ITGA4, DPYSL2, RAP2A, CASP8, 

CDKN2A, GTF2I, TACR1, BCL2, IL6ST and HGF) arising from 11 different ATL cases (5.8% cases).  These 

11 cases were of mixed ATL subtype and of mixed proviral subtype (7 complete proviruses, 3 
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defective proviruses and 1 tax gene mutated provirus) and 10/11 of these genes are known to be 

dysregulated in cancers, particularly leukaemias.  Of note, the median distance to the transcriptional 

start site of these 11 genes from the UIS was 13,733 nucleotides (range 628 – 294,863 nucleotides) 

compared with a median of 122,333 nucleotides when considering the proximity of all integration 

sites to the nearest oncogene (Mann Whitney, p=0.009).  There were too few insertion sites to make 

any estimation of the contribution of relative transcriptional orientation.   

I conclude that the nearest downstream host gene may include a functional category of genes that 

have a contributory role, not specifically causative, in the proliferation of ~6% ATL cases.  
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Figure 5.9: Functional classification of genes over-represented amongst the large ATL 
clones 

 

Functional categories significantly over represented amongst the random, ACs, ATL small, 
intermediate and large ATL clones as analysed by the Ingenuity® software, using the 
Ingenuity Pathways Knowledge Base (IPKB) gene population as background.  Bars are only 
visible where there is a statistical over representation compared with the IPKB.  Since there 
are no over-represented pathways involving the random integration sites, or intermediate 
sized ATL clones the bars are not visible.  The vertical yellow threshold represents the line of 
statistical significance (p<0.05) after correction for multiple testing comparison (B-H 
correction).  The numbers of searchable genes for analysis against the IPKB were: random 
(n=96706), AC (n=5679), ATL small (n=1628), ATL intermediate (n=87), ATL large (acute 
n=141, lymphoma n=31, chronic & smoldering n=38). 
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5.4.  Discussion 

 

Understanding the mechanisms of HTLV-1 cellular transformation is of great importance both in ATL 

and within the wider field of retroviral oncogenesis.  The factors that determine why only  a small 

percentage of carriers develop ATL are unknown, why ATL typically takes decades of asymptomatic 

infection to emerge is unknown and predicting which individuals are at risk of disease remains 

difficult:  Whilst patients with proviral load >10% are at high risk of disease (Demontis et al., 2013), 

there are many high-load ACs who never develop clinical disease. 

The aim of the experimental and bioinformatic analysis within this chapter was to identify whether 

malignant ATL transformation occurs on a ‘normal’ polyclonal HTLV-1 background or whether there 

are specific host genomic differences within the proviral integration sites found in the large 

presumed malignant ATL clones that suggest a selection for certain clones to transform.  

Furthermore, by comparison of the small clones found in ATL samples with ACs, I was able to test 

whether the individuals who develop ATL have a chronic background selection for proviral 

integration sites with specific characteristics that may determine their risk of developing ATL.  This 

has been previously untested, in part because previous techniques are too labour-intensive to 

investigate large numbers of patients and secondly, because only HTS methods are able to recover, 

map and quantify the abundance of smaller clones. 

The AC cohort used as external controls originated from the same region of Japan and were 

experimentally prepared and analysed simultaneously using the same laboratory methods.  Since 

the AC cohort originated anonymously from the Japanese blood service, I was not able to correlate 

my observations with factors such as age or gender.   The age and gender of the ATL cases were not 

known in all samples (Appendix 2).  Additionally, since there is a lifetime risk of developing ATL of 

approximately 5%, we might expect 3 or 4 of these ACs to develop ATL in the future. There is a small 
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bias in the ACs towards those with higher proviral loads, since we are not able to robustly undertake 

high-throughput sequencing on patients with very low proviral loads by QPCR (proviral loads <0.1%).  

This is a frequent problem within the HTLV-1 field when investigating expression of viral genes or 

proteins.   

5.4.1. Preferential integration into acrocentric chromosomes in small clones 

 

Meekings et al identified an excess of integrations into chromosome 13 in DNA samples derived 

from AC and HAM/TSP patients using classical LMPCR and Sanger sequencing, the biological 

significance of which was uncertain (Meekings et al., 2008).  Here, by a separate technique I 

confirmed this observation in chromosome 13 and additionally identified excess integrations into 

chromosome 14, 15 and 21 which are all acrocentric chromosomes.   This was initially observed in 

the two test datasets (Kumamoto ACs and ATL small clones) and independently observed in an 

unrelated dataset from Kagoshima ACs.  There was no bias of integration when the in vitro dataset 

were compared with random suggesting that other factors are important in targeting of integration.  

However, the biases into acrocentric chromosomes within the patient derived integration sites 

remained evident when compared with in vitro (particularly in chromosomes 13 and 15).   In 

addition to chromosomes 13, 14, 15 and 21, chromosome 22 is also acrocentric.  However, whilst 

chromosome 22 was not statistically significantly overrepresented in this analysis, the trend for 

preferential integration was in the same direction.   I did not observe these effects in the expanded 

ATL clones (ATL intermediate or large), possibly due to the smaller number of integration sites (total 

317) across 24 different chromosomes of differing sizes.  The increase in integration sites was evenly 

distributed along the q-arms of these chromosomes and not observed in the p-arms.  However, the 

nucleotide sequences of these p-arms have not been well defined by the various human genome 

sequencing projects, largely due to the repetitive nature of the sequences, and are represented as 
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gap regions in the human sequence (Cole et al., 2008; Kidd et al., 2010).  It has been recently 

estimated that 200 Mbp of the human genome remain unmapped (Genovese et al., 2013) which 

have been largely attributed to sequences within the centromeres and short arms of the acrocentric 

chromosomes.  Next-generation sequence reads from these ‘missing pieces’ are typically 

disregarded or misaligned and it is currently estimated that whole genome sequencing projects 

using the NCBI GRch37 human reference genome build misalign 17Mbp of reads due to the fact that 

they arise from gaps or missing pieces (Genovese et al., 2013).     It is therefore possible that if there 

are integrations that are associated directly with the ribosomal DNA genes, we cannot detect them 

by our method which principally relies upon uniquely mapped paired-end reads.  The significance of 

integration into acrocentric chromosomes is uncertain. 

An important feature of these chromosomes is their association with nucleoli.  The very small p-arms 

contain approximately 400 rDNA genes (across all 5 chromosomes), also known as nucleolar 

organising regions, and after mitosis these regions form the nucleoli which act to concentrate the 

transcriptional and processing machinery required for ribosome formation.   In addition to the main 

function of the nucleolus in ribosomal subunit biogenesis, additional functions have been recently 

described such as a role in cell-cycle progression and in the stress response (Boisvert et al., 2007; 

Pederson and Tsai, 2009). In addition, chromatin associated with nucleoli contains high-density AT-

rich sequence elements, a low gene density, but a significant enrichment in transcriptionally 

repressed genes (van Koningsbruggen et al., 2010). 

The observation of increased number of proviruses on these chromosomes suggests there is a 

selection advantage to integration on these chromosomes.  There is less negative selection by the 

immune system and we hypothesise that the provirus is able to couple its transcription to that of the 

nearby transcriptionally repressed host genes which allows the provirus to persist without 

expressing Tax protein which allows CTL escape. 
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In order to validate these observations and mechanisms, it would be essential to first directly 

visualise these chromosomes and chromosome territories during the cell cycle, for example using 

single-cell FISH.  It would then be useful to test for proviral expression of genes in conjunction with 

nearby host genes, for example using HTLV-1 T-cell clones derived as described in chapter 3. 

 

5.4.2. Effects of the genomic environment on clonal expansion in vivo 

 

The abundance of an HTLV-1 infected clone in vivo will be determined by the net effect of two 

opposing forces:  Mitotic proliferation of an individual clone and its susceptibility to CTL killing.  If 

these forces acted equally upon all clones we would expect clones in vivo to be of equal abundance.  

However, HTS data has shown that there is wide variation in clonal abundance both between 

infected individuals and within each individual and we hypothesise that the proviral integration site 

is a major determinant of this (Gillet et al., 2011; Melamed et al., 2013).  The host genomic 

environment may determine the frequency and intensity of proviral gene expression which 

promotes a proliferative advantage. 

Patient-derived integration sites (AC or small ATL clones) show  identical host genomic 

characteristics in all the investigated host genomic characteristics, i.e. proximity to TSS, CpG islands, 

genes, same-sense transcriptional orientation, preference for activatory epigenetic marks, general 

bias in proximity toward oncogenes, lack of integration ‘hotspots’ and no preferential gene ontogeny 

of nearby host genes.  This similarity suggests that there is no selection bias towards the survival of 

certain clonal populations specific to ATL individuals.    

Interestingly the results here have shown that large ATL clones (putatively malignant) show very 

similar host genomic characteristics to the background polyclonal populations (both small ATL and 
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AC clones).  When analysed by subtype, the bias was greatest in acute ATL and in those with either a 

defective provirus or containing a tax gene mutation that prevents Tax expression.   Since it has been 

previously shown that defective proviruses may arise pre integration and tax gene mutations may 

occur early during asymptomatic infection and may be transmissible from mother-to-child  

(Furukawa et al., 2001; Miyazaki et al., 2007), this supports the hypothesis that by not expressing 

Tax, possibly for many years,  clones have a selection advantage (presumably CTL escape) and that a 

nearby CpG island or host gene TSS that lies in the same transcriptional orientation confers a survival 

advantage.  

Although this was a large ATL cohort, there were still not enough high-abundance ATL clones to 

statistically analyse the relative orientation of the provirus and nearby host genes by clinical ATL 

subtype and tax gene expression in order to test the notion that there is a mechanism of 

transcriptional interaction between the provirus and host.  Nonetheless, the observation that non-

expressing Tax clones integrated in same-sense transcriptional orientation become abundant 

remains consistent with the observation by Melamed et al (2013) in ACs and HAM/TSP. 

 

5.4.3. Intermediate sized clones contain proviruses with unique host genomic characteristics 

 

The most surprising observation was the consistent finding of a population of intermediate sized 

clones with unique genomic characteristics, not seen in the Kumamoto AC cohort and not previously 

observed by Gillet et al or Melamed et al.  As previously described, the usual findings in non-

malignant infection are linear correlations with clonal abundance and no intermediate sized 

population that appear to behave completely differently have been observed.  The intermediate 

sized clones show no preference for proximity to CpG islands, TSS, genes, relative orientation or 
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activatory epigenetic marks.  However, by contrast, there is a striking bias for integration in 

proximity to repressive epigenetic marks. Furthermore, the observation that specific TFBS are 

predicted to bind in proximity to these intermediate sized integration sites, whilst no bias is seen 

ACs, small or large ATL clones further supports the observation that they are a distinct clonal 

population.  This is consistent with observations by Melamed et al who observed a TFBS bias that 

was greatest for targeting of in vitro integration, rather than for in vivo sites and suggested that 

proximity to TFBS did not confer an advantage on the infected clones during chronic infection. 

Since TFBS can cluster or co-localise, I carried out a logistic regression analysis containing all 

analysed TFBS in order to ascertain which TFBS are independently associated with clonal expansion.  

The results (Figure 5.8) identify PCAF, Rad 21, ZNF 263 and E2F4 as independent correlates of 

intermediate sized clones when compared with ACs, small or large ATL clones.   The most striking 

effects are observed with PCAF binding sites at 100 base pairs upstream or downstream of the 

provirus, Rad21 up or downstream and ZNF263 up or downstream, the effects of Rad21 and ZNF263 

most prominent at 100bp downstream of the proviral integration site. 

PCAF (P300/CBP-associated factor) is a transcriptional co-activator known to play a significant role in 

HTLV-1 infection.  Tax mediated viral transcriptional activation occurs via complex interactions 

between Tax and CREB at the Tax-responsive element-1 (TRE-1) of the 5’LTR.  The formation of Tax-

CREB promoter complex serves as a high-affinity binding site for the recruitment of the 

multifunctional cellular co-activators such as CBP, p300 and PCAF (Kashanchi and Brady, 2005).  

Rad21 is a component of the cohesin quaternary complex whose classical function is to prevent 

premature chromatin segregation during mitosis by tethering newly synthesised sister chromatids 

together.  Aberrant cohesion expression has been identified as a significant pathogenic factor in the 

development of various tumour types associated with chromosomal instability including lymphoid 

malignancies (Sajesh et al., 2013) and it is known that tumours which display aneuploidy, such as 
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ATL, are associated with poor prognosis and the rapid acquisition of multi-drug resistance (Duesberg 

et al., 2001).     The role of cohesin in HTLV-1 or other retroviruses, on higher order function is yet to 

be elucidated. 

Intermediate sized clones occurred in 48 cases ATL, with a total of 90 integration sites (median 1 site 

per case, range 1-11 sites).  Only a minority of integration sites were found in proximity to any 

particular TFBS and relate to 8 specific cases of ATL (17% of cases with intermediate sized clones).  

Therefore the existence of these TFBS in proximity to an integration site was not necessary for 

expansion of the intermediate abundance clones, but may have conferred a proliferative advantage 

on these clones, although the mechanism is not clear.  Whilst silencing of Tax expression may confer 

a selection advantage in early infection, we hypothesise that following transformation, in the 

presence of an inefficient CTL response, the viral –host dynamics change and allow these abundant 

intermediate sized clones to express Tax and proliferate.  To test this hypothesis would require cell-

sorting of Tax positive and Tax-negative ATL PBMCs, followed by high-throughput sequencing and 

correlation with clonal abundance. 

 Importantly, I have shown that the intermediate sized population remains relatively large, by 

comparison with AC/HAMs (absolute abundance of ATL intermediate clones 254/10,000 PBMC 

versus 1.52/10,000 PBMC in AC/HAM intermediate clones) suggesting that these clones have arisen 

as a consequence of ATL, rather than causative.    The presence of these intermediate sized clones 

also supports the hypothesis that malignant transformation occurs from a clone within the typical 

polyclonal background, since if it had arisen from the abnormal intermediate sized clones, we would 

expect the large ATL clones to have the same genomic characteristics as the intermediate sized 

clones.   
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5.4.4. ATL is not caused by integration in proximity to cancer-associated genes 

  

Although it has been known for 30 years that ATL is not caused by a recurrent genomic lesion (Seiki 

et al., 1984), it remained important to systematically investigate whether there were targeted 

regions (clusters/hotspots) of the host genome that may contribute to a small percentage of ATL 

cases.  These may only be detected by analysing large cohorts of patients.   Here we observe, that all 

in vivo sites in the ACs, small and large ATL clones show a preference for integration in proximity to 

‘cancer associated genes’ when compared with random (again not seen in the intermediate sized 

clones), but crucially there is no significant difference between the controls (AC, small ATLs ) and the 

large presumed malignant ATL clones.  Detailed cluster analysis using sensitive bioinformatic and 

statistical methods (Presson et al., 2011) does not convincingly suggest that any particular region of 

the genome is over-represented within the malignant ATL population. 

Gene ontology using the IPA® platform suggests that in a small percentage of ATL cases (5.8%), 

recurrent functional categories were over-represented in the nearest TSS downstream within the 

large ATL clones.  This was not seen in the other categories (random, AC, small ATL or intermediate 

ATL clones) and was not seen when looking at the nearest gene upstream in the large ATL clones.  

Furthermore, when these 11 cases of ATL were individually investigated, the implicated gene was 

close to the provirus (13,733 nucleotides) - significantly closer than the median distance of other 

larger clones to their respective nearest downstream TSS.  This strengthens the case that a provirus 

upstream may interact transcriptionally with a downstream host gene, contributing to clonal 

proliferation (Melamed et al., 2013).  All of these 11 genes are normally expressed in CD4+ T-

lymphocytes and 10 of the 11 genes have been implicated in tumorigenesis, particularly of 

leukaemias (Chao et al., 2011; Berndt et al., 2013; Fabbri et al., 2013; Hsieh et al., 2013; Kentsis et 

al., 2012; Lauc et al., 2013; Minato, 2013; Munoz et al., 2012).  These 11 cases were of mixed clinical 
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subtype, mixed proviral tax gene subtype and of mixed relative transcriptional orientation to the 

nearest downstream TSS, precluding inferences about mechanisms of transcriptional interference 

and the contribution of a nearby upstream HTLV-1 provirus. 
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Chapter 6. General discussion and summary of thesis work 
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6.1. Chapter Aim 

 

The aim of this chapter is to summarise the key points of the thesis, which have been discussed in 

detail at the end of each chapter, and then to place these findings in context with current 

understanding of ATL pathogenesis and to suggest the implications of these findings in terms of 

future research work and treatment strategies. 
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6.2. Summary of major findings  

 

The mechanism by which HTLV-1 transforms infected CD4+ T-cells is largely unknown and despite a 

wide variation in clinical presentation, few molecular determinants of different clinical presentations 

are known.   Whilst a higher PVL may predispose to clinical disease, we are still unable to predict 

which patients will develop disease on a per-patient basis and there is no robust prognostic 

stratification. 

Since ATL only arises in HTLV-1 infected individuals and is typically diagnosed 5 or 6 decades 

following infection, it may be considered that HTLV-1 per se is the ‘first hit’ to the host genome.  On 

the basis that Tax is only expressed in 40% cases of ATL, the currently accepted model for ATL 

development is that Tax expression is required in the early stages of leukaemogenesis and allows 

immortalisation of a particular clone which gives that clone a survival advantage and the opportunity 

to acquire further genetic or epigenetic aberrations.  Later in the disease the ATL clone then acquires 

a mechanism to down-regulate Tax and escape the immunodominant CTL response.  Since it has 

been shown that HBZ sequence is remarkably conserved and mRNA is always detected in ATL, it is 

considered that HBZ is important in the maintenance of transformed clones (Matsuoka, 2005).  

However, there are some problems with this model:  Firstly it has been shown that tax gene 

mutations and defective proviruses (Miyazaki et al., 2007) arise pre-integration suggesting that these 

clones would have never expressed Tax (Furukawa et al., 2001) and more recently, HBZ transgenic 

mice are capable of causing T-cell lymphoma (Satou et al., 2011), supporting the notion that HBZ 

may be the more dominant proviral gene in disease transformation. 

The aim of this work was test the hypothesis that the site of retroviral integration contributes to 

malignant transformation. That is to say, the integration site, in cis, constitutes a ‘viral factor’ in 

disease pathogenesis. 
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The approach taken here was to firstly confirm the widely-held assumption that in non-malignant 

infection, each T-cell clone carried a single provirus, which allows a robust and simple interpretation 

of HTS data (i.e. that each detected integration site represented a distinct clone).  As discussed in 

Chapter 3, this finding supports the hypothesis that there is an unknown mechanism of 

superinfection resistance and, additionally, validates the clinical utility of proviral load 

measurements.  That is to say that the proviral load will accurately reflect the proportion of infected 

PBMCs.  

We aimed to continue this approach with presumed malignant clones from ATL samples, but by 

comparison of isolated clones with HTS data from mixed PBMC recognised we found that we were 

not able to maintain these large clones in culture ex-vivo.  A line of future work would be to develop 

methods to isolate and successfully expand these clones, since they would be a useful research tool 

– for example, to investigate the effect of an integrated provirus in cis, on higher-order chromatin 

structure and for potential whole genome sequencing projects. 

The ATL integration site method described here allows the systematic evaluation of a large number 

of patients which was not previously possible using classical LMPCR/IPCR and Sanger sequencing.  

Previous studies of integration sites reported between 20-50 patients (Doi et al., 2005; Hanai et al., 

2004; Ozawa et al., 2004). Furthermore, rapid advances in the annotation of the human genome 

such as the ENCODE project (Bernstein et al., 2012) and publicly available ChIP-seq datasets allows 

for a new approach to identifying characteristics of proviral integration in ATL.  These new data also 

allows testing of dynamic changes in clonality over time, which can be applied not only in research, 

but also clinically in order to monitor the effects of therapy at clonal level (Hodson et al, in 

submission), to identify ‘abnormal’ clonal expansion in HTLV-1 infected siblings prior to allogeneic 

stem cell donation, and, in time, as part of clinical trials. 
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In chapters 4 and 5 regarding the analysis of the host genomic integration site, I present the main 

following findings:- 

1. There is a preference for clonal survival in acrocentric chromosomes, indicating that 

integration into these chromosomes provides an advantage, perhaps to evade the CTL 

response. 

2. The number of ATL cases with multiple proviruses has been quantified at 9.1% of the cohort 

– the majority in acute cases.  Whilst multiple proviruses had been previously observed, the 

proportion of cases had not been previously determined.   

3. By comparison of the presumed malignant ATL clones with smaller ATL clones and those 

from ACs, there were no discriminating genomic features that distinguished the transformed 

malignant clones from the polyclonal background.  This conclusion supports the hypothesis 

that trans-acting factors, which are likely to include Tax and HBZ, are critical in ATL 

oncogenesis. 

4. The presumed malignant clones do not show any recurrent hotspots or clusters of 

integration in the host genome, although gene ontogeny analysis supports the hypothesis 

that in a small number of cases (~5%), the nearest downstream gene may play a 

contributory role. 

5. An ‘intermediate’ population of clones has been identified within the ATL patients that are 

not present in the Kumamoto control ACs or in other AC or HAM/TSP cohorts.  These clones 

are substantially larger (in terms of absolute abundance) than the largest clones observed in 

ACs/HAM and show characteristics of the flanking host genome that are systematically 

different from those of other HTLV-1-infected clones, both the malignant clones in ATL and 

the clones from subjects with non-malignant infection. 

The work in this chapter adds significantly to the previous ATL integration site work  (Doi et al., 2005; 

Hanai et al., 2004), (Ozawa et al., 2004) and additionally to the HTS HTLV-1 integration site work of 
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(Gillet et al., 2011; Melamed et al., 2013) and Niederer et al (unpublished) to provide a growing 

picture of the factors associated with malignant transformation and how alterations in host 

dynamics shape clonal selection forces. 

Since the abundance of an HTLV-1-infected clone in vivo is determined by the net effect of mitotic 

proliferation and its susceptibility to CTL killing, I tested here the hypothesis that the integration site 

itself contributed to one of the proviral proliferative factors.  However, I conclude that malignant 

transformation may occur in any malignant clone, independently of the proviral integration site.  

This conclusion is consistent with the clinical example highlighted in Figure 5.1 (clonal evolution) in 

which longitudinal analysis of a single patient identified the future malignant clone in the minor 

population of clones prior to disease development.    It would be important to determine the effect 

of the proviral integration site on transcriptional regulation of host genes nearby and more distantly 

(both in cis and in trans) to elucidate whether the provirus causes transcriptional interference and 

dysregulates nearby host gene expression.  Although the ATL cohort reported here consisted of 

nearly 200 patients, this was still not sufficiently powered to analyse the effects of upstream or 

downstream integration and relative orientation effects on transcription of the provirus or nearby 

host genes.  The T-cell clones isolated by limiting dilution as described in chapter 3 would be good 

model systems for these experiments. 

The expanded intermediate clones observed in the ATL cases have not been previously seen.  We 

suggest that these clones arise as a consequence of ATL development due to an inefficient CTL 

response:  Whilst suppressing Tax might allow a clonal advantage early in ATL development (in 

contrast to the current model), once the malignant environment is established and the CTLs are 

inefficient then Tax-expressing clones may acquire a proliferative advantage i.e. the normal host 

dynamics are completely altered.   The evidence that these clones emerge after ATL has developed, 

and do not cause the disease, is that the host genomic properties of these clones have no 
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resemblance to the large presumed malignant clones, which would be expected if the malignant 

population were derived from these intermediate-abundance clones. 

It has been reported that approximately 5% CD8+ T-cells are infected with HTLV-1 and whilst CD8+-

ATL has been described, these arise in αβ-T cells (and not from γδ T-cells). Furthermore, Melamed et 

al (in submission) have observed that in infection with HTLV-2 which naturally infects CD8+ T-cells, 

infected T-cell clones become abnormally abundant, although they do not undergo malignant 

transformation.  Perhaps these intermediate-abundance clones observed in the ATL cases reflect 

abnormally expanded CD8+ infected T-cells in the face of abnormal host dynamics: This hypothesis 

needs to be tested.  It is also possible that these clones support the growth or persistence of the 

malignant clone.   

 

6.3. Absolute number of clones, rather than oligoclonal expansion, 

contributes to leukaemogenesis 

 

It has been known for many years that a high proviral load is the main predictor of  clinical disease, 

and it had be assumed that oligoclonal expansion was the cause of higher proviral loads seen in 

these individuals and that the monoclonal tumour population of ATL was an extension of this 

proliferation (polyclonal → oligoclonal → monoclonal).  However, (Gillet et al., 2011) recently 

showed that at any given proviral load,  individuals with HAM/TSP had a greater number of infected 

T-cell clones than ACs, and that the increased proviral load was due to the presence of an increased 

number of clones and not due to oligoclonal proliferation as previously assumed.   

Here, I show that the presumed malignant clones in ATL have host genomic characteristics with 

similar properties to both the AC clones and the small ATL clones.  This suggests that a small 
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proportion of individuals have a genetic predisposition towards widespread viral dissemination and 

an increased absolute numbers of clones.  A strong candidate for this genetic factor is the presence 

of a detrimental HLA haplotype or, conversely, the absence of a protective haplotype which results 

in less efficient presentation of viral peptides to the immune system.   The evidence for this genetic 

predisposition is based chiefly upon 3 main observations:  Firstly, AC individuals with a proviral load 

>10% are at higher risk of ATL (>4% in Japan) and an individual’s PVL set-point is determined early in 

the course of their infection.  Secondly,   specific HLA and KIR types are known to protect from 

HAM/TSP (as yet this has not been investigated in ATL).  These protective HLA types are predicted to 

present HBZ peptides efficiently to CTLs (Macnamara et al., 2010).  Thirdly, the observation that 

patients diagnosed with ATL often report 1st degree relatives that have died from 

leukaemia/lymphoma.  In addition, there are a few families anecdotally reported where significant 

numbers of family members develop ATL suggesting a more critical host germline genetic 

susceptibility e.g. loss of heterozygosity of a tumour suppressor gene, although as yet none of these 

families have undergone whole genome sequencing to identify these potential lesions  (Pombo-de-

Oliveira et al., 2001; Kondo et al., 1985). 

On a background of increased absolute numbers of clones, a series of step-wise ‘bad luck’ genetic or 

epigenetic events (reviewed recently by  Vogelstein et al., 2013) may occur over decades, each 

individually contributing a small survival advantage (it is estimated that each driver mutation confers 

a 0.4% increase in difference between cell birth and cell death).  Our Ingenuity Pathway Analysis® 

data suggests that in some of those cases (~6%) the ontogeny of the nearest downstream gene may 

play a contributory role.    The net effect of these individually small advantages is to allow a clone to 

become immortalised and, with further genetic or epigenetic changes, to transform to the malignant 

phenotype.  The number of genetic or epigenetic hits to the host genome is unknown – most whole 

genome/exome sequencing data suggest that leukaemias are associated with relatively few genetic 

hits (8-12 per case).   
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To test these hypotheses would ideally require longitudinal stored PBMC samples on reasonable 

numbers of individuals prior to and at the time of ATL development.  This would allow for robust 

calculations of absolute clonal abundance whilst still in the asymptomatic phase and additionally to 

track the malignant clone at a ‘pre-malignant’ phase, isolate and compare with the same clone at 

disease transformation by whole genome/exome sequencing. 

An interesting observation within this cohort, and in previously reported work, is that the proviral 

load of leukemic ATL patients is frequently not 100%, even when the blood film suggests large 

numbers of highly abnormal lymphocytes.  This suggests that there is a large population of 

uninfected T-lymphocytes with a flow-cytometry phenotype resembling ATL cells.  It is possible that 

these cells contributes to the profound immune suppression that is typical of ATL, particularly in 

cases where the cells share characteristics with the immune-suppressive regulatory T-cell such as 

expression of CCR4, FoxP3 and GITR.  It would therefore be interesting to subgroup ATL cases by 

presenting proviral load, compare their response to treatment, and quantify the immune response 

at presentation and again when in remission. 

 

6.4. Directions for future ATL research and direction of clinical 

management 

 

By comparison with progress that has been made with other acute or chronic leukaemias there is 

urgent need for basic, translational and clinical research on ATL.   The difficulties facing research in 

the ATL field include a high prevalence in parts of the world with limited resources and in wealthier 

nations limited access to high quality tumour material.  Furthermore, in the acute phase, treatment 
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needs to be started urgently and even in countries such as Japan there is little time to collect 

untreated biopsy material for research prior to commencing treatment.  

From a basic and clinical research perspective, there remain many important unanswered questions 

including:  

 What precisely are the leukaemia initiating cells (LIC) and could they be therapeutically 

targeted? 

 What, if any, are the molecular features that distinguish the clinical subtypes? 

 Why do only a small proportion of individuals develop ATL?  

 Who will develop ATL? 

 Why does it inevitably take 5 or 6 decades to develop disease? 

 Why does disease inevitably relapse? 

Having investigated the role of the integration site in cis the natural next step would be to consider 

the role of the integrated provirus in trans.    The integrated provirus may interact distally with 

important genes (e.g. oncogenes) on the same or other chromosomes.  This could be initially 

investigated by a combined approach of genome-wide mRNA sequencing with whole exome 

sequencing to identify target genes, validated with methods such as whole genome sequencing to 

identify copy number aberrations, deep sequencing and methylation analysis of candidate genes.  

Following identification of target regions, the transcriptional relationship with the host provirus can 

then be hypothesised and experimentally tested.  Experiments such as these are however costly, 

require large numbers of individuals to identify candidate regions (typical cancer exome sequencing 

projects investigate at least 100 samples) and require control DNA from the same individuals and 

purification of tumour material to exclude background noise in sequencing and to distinguish 

polymorphisms and de novo mutations. 
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The ‘first hit’ for ATL leukaemogenesis is thought be HTLV-1 proviral integration and most individuals 

are infected during infancy, but it remains unexplained as to why it takes several decades to develop 

disease.  By comparison, paediatric precursor B-cell acute lymphoblastic leukaemia is associated 

with ETV6-AML1 fusion oncoprotein as an early initiating genetic lesion (identified on the heel-prick 

Guthrie card test in the first week of life) followed by a modest number of ‘driver’ alterations, and 

results in clinical disease in susceptible children within just a few years.  Perhaps genetic lesions 

alone are not sufficient to drive ATL since one could assume that children and young adults would be 

observed to develop ATL more frequently.  The impact of an integrated provirus (or transgene) upon 

the methylation of a host genome remains unknown but changes to methylation of the genome are 

known to occur over decades as part of the normal ageing process. Perhaps HTLV-1 either 

accelerates or interacts with this process resulting in tumours after several decades.  This could be 

investigated by means of unbiased whole genome bisulfite sequencing of asymptomatic HTLV-1 

carriers and matched uninfected controls in younger and older age groups, followed by comparison 

with ATL cases. 

From a clinical perspective it has become clear that leukemic subtypes (acute or chronic) can 

respond to combination therapy with zidovudine and interferon whilst the lymphoma or ‘bulky 

acute’ subtypes still require induction with chemotherapy (Bazarbachi et al., 2010).  One of the 

difficulties of utilising trial data, particularly the chemotherapy trial data from Japan, is that these 

trials often combine all of the clinical subgroups together and exclude patients with a poor 

performance status, hypercalcaemia or renal failure which makes extrapolation to ‘real life’ clinical 

scenarios difficult.  

Despite the successes of ATL treatment in leukaemic cases with zidovudine and interferon, the 

mechanism of its action remains largely unknown, and only a proportion of individuals will tolerate 

long term treatment with almost inevitable disease progression on withdrawing treatment.  A future 

aim of ATL treatment trials has to be twofold: Firstly better induction regimens that result in more 
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complete remissions and secondly, the eradication of ‘leukemic clones’ whilst in an apparent state of 

complete remission.  There are emerging attempts to do both of these.  Ramos et al have trialled a 

histone de-acetylase inhibitor (valproate) in patients in remission from chronic ATL (Ramos J.C., 

2011) with the aim of inducing viral protein expression allowing autologous killing by the specific 

cytotoxic T-lymphocytes.  Kchour (Kchour et al., 2013; Kchour et al., 2009) and Suarez (Suarez F, 

2011) have both reported the successful clinical use of arsenic trioxide in combination with 

zidovudine and interferon to induce cell cycle arrest and apoptosis of HTLV-1 and ATL cells via a 

proposed mechanism of rapid shutdown of NFkB.   Novel monoclonal antibodies are rapidly being 

developed, trialled and marketed for many cancers. Mogamulizumab, which targets CCR4 expression 

on ATL tumour cells has shown improved overall response rates, complete remissions and overall 

survival in Japan when used as monotherapy in relapsed disease (Ishida et al., 2012) and more 

recently improved response rates when combined with chemotherapy in first line treatment 

although it is too early to extrapolate to overall survival (interim analysis, verbal communication Dr 

Tsukasaki, Japan Lymphoma Study Group).  Mogamulizumab is currently under clinical trial in Europe 

and the USA in patients that largely originate from Africa and the Caribbean.  However, lessons from 

other malignant diseases would suggest that this (or any) targeted therapies are unlikely to be 

curative alone, but may be suitable for a specific subtype of disease or subgroup of patients or in 

combination with other agents; the purpose of these trials should be to identify where the successes 

will lie.   
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Appendix 1: Datasets used in this work  

 

 

Annotation Reference 

RefSeq genes (Fujita et al., 2011) 

CpG islands (Fujita et al., 2011) 

 

‘AllOnco’ Cancer gene database (Available from The Bushman Lab cancer gene list website),(Sadelain 

et al., 2012) 

Gene set Total number of 
Genes 

7 Reference databases drawn 
together to compile AllOnco by 
Bushman lab 

AllOnco 2070  (Huret et al., 2000) 

  (Rosenberg and Jolicoeur, 1997) 

  (Sjoblom et al., 2006) 

  (Akagi et al., 2004) 

  (Futreal et al., 2004) 

  Cavazzana-Calvo and colleagues, 
Hopital Necker, Paris, France 

  Waldman cancer gene database 
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Annotation Mark Cell type  Reference 

Activatory epigenetic 

marks 

H2BK120ac Primary CD4+ T-cells (Barski et al., 2007) 

 H2BK5ac Primary CD4+ T-cells (Barski et al., 2007) 

 H2BK20ac Primary CD4+ T-cells (Barski et al., 2007) 

 H3K18ac Primary CD4+ T-cells (Barski et al., 2007) 

 H3K27ac Primary CD4+ T-cells (Barski et al., 2007) 

 H3K4ac Primary CD4+ T-cells (Barski et al., 2007) 

 H4K5ac Primary CD4+ T-cells (Barski et al., 2007) 

 H4K8ac Primary CD4+ T-cells (Barski et al., 2007) 

 H4K91ac Primary CD4+ T-cells (Barski et al., 2007) 

Inhibitory epigenetic 

marks 

H3K9me2 Primary CD4+ T-cells (Barski et al., 2007) 

 H3K9me3 Primary CD4+ T-cells (Barski et al., 2007) 

 H4K20me3 Primary CD4+ T-cells (Barski et al., 2007) 
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Annotation Cell type Reference 

BAF155 HeLa (Euskirchen et al., 2011) 

BAF170 HeLa (Euskirchen et al., 2011) 

BRG1 HeLa (Euskirchen et al., 2011) 

CBP CD4 (Wang et al., 2009) 

cFos GM12878 (Rozowsky et al., 2011) 

cJun GM12878 (Raha et al., 2010) 

cMyc GM12878 (Rozowsky et al., 2011) 

CTCF Primary CD4+ T-cells  (Barski et al., 2007; Jothi et al., 2008) 

E2F4 GM06990 (Lee et al., 2011) 

E2F6 K562 (Trojer et al., 2011) 

EZH2 K562 Bernstein lab for the ENCODE project 

FOXP3  Activated CD4 (Birzele et al., 2011) 

FOXP3 Treg (Birzele et al., 2011) 

GATA1 K562 (Fujiwara et al., 2009) 

GATA2 K562 (Fujiwara et al., 2009) 

HDAC1 Primary CD4+ T-cells (Wang et al., 2009) 

HDAC2 Primary CD4+ T-cells (Wang et al., 2009) 

HDAC3 Primary CD4+ T-cells (Wang et al., 2009) 

HDAC6 Primary CD4+ T-cells (Wang et al., 2009) 

Ini1 HeLa (Euskirchen et al., 2011) 

IRF1 K562 Struhl lab for the ENCODE project 

JunD GM12878 (Rozowsky et al., 2011) 

MEF2C  GM12878 Myers lab for the ENCODE project 

MOF Primary CD4+ T-cells (Wang et al., 2009) 

Myb HepG2 Myers lab for the ENCODE project 
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Jurkat:  T-lymphoblastic cell line; GM06990: B-lymphoblastoid cell line; GM12878:  Lymphoblastoid 
cell line; K562: erythroleukaemia cell line; HeLa: Cervical cancer cell line; IMR90:  fetal lung fibroblast 
cell line; HepG2:  Hepatocellular carcinoma cell line 

 

 

 

 

NFkB GM12878 (Kasowski et al., 2010) 

NRSF Jurkat (Johnson et al., 2007; Jothi et al., 2008) 

P300 Primary CD4+ T-cells (Wang et al., 2009) 

p53 IMR90 (Botcheva et al., 2011) 

PCAF Primary CD4+ T-cells (Wang et al., 2009) 

PML K562 Myers lab for the ENCODE project 

Rad21 GM12878 Myers lab for the ENCODE project 

STAT1 Primary CD4+ T-cells (Liao et al., 2011) 

STAT1 IFN Interferon stimulated CD4+ T-cells (Liao et al., 2011) 

STAT5a K562 Myers lab for the ENCODE project 

SUZ12 K562 (Ram et al., 2011) 

TAL1 K562 Struhl lab for the ENCODE project 

TCF7 HeLa Struhl lab for the ENCODE project 

Tip60 Primary CD4+ T-cells (Wang et al., 2009) 

Yy1 K562 Myers lab for the ENCODE project 

ZNF263 K562 (Frietze et al., 2010) 
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Appendix 2:  Summary results for each patient sample 

ATL Subtype Age* Sex* 
PVL 
% Proviral tax status 

Number of 
proviruses in 

presumed 
malignant 

clone 

ATL1 acute 
 

F 82 Type 1 defective 1 

ATL3 acute 
 

M 60 Complete 1 

ATL4 acute 
 

F 66 Complete 1 

ATL5 chronic 
 

M 101 Hypermethylated 5'LTR 1 

ATL7 acute 
 

M 112 Complete 1 

ATL8 acute 
 

F 287 Complete 2 

ATL9 acute 
 

F 71 Type 2 defective 1 

ATL10 chronic 
 

M 153 Complete 1 

ATL11 chronic 
 

F 173 Hypermethylated 5'LTR 1 

ATL13 lymphoma 
 

F 52 Type 2 defective 1 

ATL14 acute 
 

M 247 Complete 2 

ATL15 chronic 
 

M 40 nonsense tax exon 3 1 

ATL16 acute 
 

M 33 Complete 1 

ATL17 acute 52 F 75 Type 2 defective 1 

ATL18 acute 
 

M 35 Complete 1 

ATL20 lymphoma 67 M 144 Complete 1 

ATL21 lymphoma 
 

F 77 Complete 1 

ATL22 lymphoma 
 

M 27 Complete 1 

ATL25 acute 66 F 163 Complete 1 

ATL26 chronic 
 

F 116 Indeterminate defective 1 

ATL27 lymphoma 
 

F 20 Type 1 defective 1 

ATL28 chronic 71 F 54 Complete 1 

ATL29 acute 77 M 151 Complete 1 

ATL30 chronic 
 

F 90 Type 1 defective 1 

ATL31 acute 54 F 56 nonsense tax exon 3 1 

ATL32 lymphoma 61 F 72 Type 2 defective 1 

ATL33 acute 73 M 77 Type 2 defective 1 

ATL34 chronic 
 

F 97 Complete 1 

ATL35 acute 55 M 68 Hypermethylated 5'LTR 1 

ATL36 acute 64 M 73 Complete 2 

ATL37 chronic 
 

F 69 Complete 1 

ATL38 acute 77 M 84 Hypermethylated 5'LTR 1 

ATL39 chronic 46 M 54 Type 1 defective 1 

ATL40 lymphoma 65 M 25 Type 1 defective 1 

ATL41 lymphoma 44 F 50 Indeterminate defective 1 

ATL42 acute 45 M 52 Type 2 defective 1 

ATL43 acute 43 F 39 Complete 1 

ATL45 lymphoma 
 

M 55 Type 1 defective 1 
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ATL Subtype Age Sex 
PVL 
% Proviral tax status 

Number of 
proviruses in 

presumed 
malignant 

clone 

ATL46 acute 
 

M 63 Type 1 defective 1 

ATL47 acute 
 

M 65 Complete 1 

ATL49 acute 
 

F 38 Complete 1 
 

ATL50 acute 
 

M 110 Type 1 defective 1 

ATL51 acute 
 

F 24 Type 2 defective 1 

ATL52 acute 77 F 54 Hypermethylated 5'LTR 1 

ATL53 lymphoma 
 

F 55 Complete 1 

ATL54 acute 
 

M 92 Type 1 defective 1 

ATL55 acute 49 F 55 Complete 1 

ATL56 acute 56 M 71 Type 2 defective 1 

ATL57 chronic 47 F 83 Complete 1 

ATL58 acute 54 F 87 nonsense tax exon 3 1 

ATL60 chronic 
 

M 19 Type 2 defective 1 

ATL62 chronic 
 

M 36 Type 2 defective 1 

ATL64 acute 37 M 13 Type 1 defective 1 

ATL65 acute 
 

F 55 Complete 1 

ATL66 chronic 
 

F 54 Complete 1 

ATL69 acute 
 

M 49 Complete 1 

ATL70 lymphoma 
 

M 143 Complete 1 

ATL71 acute 63 M 162 Complete 1 

ATL73 acute 64 F 9 Complete 2 

ATL74 acute 64 M 11 Complete 1 

ATL75 acute 70 F 21 Complete 1 

ATL78 acute 
 

F 103 Type 1 defective 2 

ATL79 lymphoma 
 

M 41 Type 1 defective 1 

ATL81 acute 49 F 17 Complete 1 

ATL82 acute 62 F 79 Type 2 defective 1 

ATL83 lymphoma 
 

M 0 Tax exon 3 deletion 1 

ATL84 acute 47 M 120 Complete 1 

ATL85 chronic 
 

F 68 Type 1 defective 2 

ATL86 acute 75 F 109 nonsense tax exon 3 1 

ATL87 acute 
 

M 159 Complete 1 

ATL88 acute 
 

M 85 Complete 1 

ATL89 acute 53 M 105 missense tax exon 2 1 

ATL90 acute 
 

M 106 Hypermethylated 5'LTR 1 

ATL91 acute 
 

M 85 Type 1 defective 1 

ATL92 acute 
 

F 101 Type 2 defective 1 

ATL93 chronic 
 

M 107 Hypermethylated 5'LTR 1 

ATL94 acute 33 F 79 Complete 1 

ATL95 lymphoma 41 M 50 Complete 1 
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ATL Subtype Age Sex 
PVL 
% Proviral tax status 

Number of 
proviruses in 

presumed 
malignant 

clone 

ATL96 acute 74 F 180 Complete 1 

ATL97 acute 51 M 201 Complete 2 

ATL99 lymphoma 
 

M 78 Type 1 defective 1 

ATL100 acute 
 

F 62 Complete 1 

ATL102 acute 76 F 71 Type 2 defective 1 

ATL103 smoldering 78 M 13 Complete 1 

ATL104 acute 
 

M 40 Type 1 defective 1 

ATL105 acute 
  

116 Type 1 defective 1 

ATL107 acute 
  

96 Complete 1 

ATL110 lymphoma 
  

80 Type 2 defective 1 

ATL112 lymphoma 
  

10 Complete 1 

ATL114 acute 67 F 51 Complete 1 

ATL115 acute 
  

166 Complete 1 

ATL116 acute 
  

1 Indeterminate defective 1 

ATL117 chronic 
  

116 nonsense tax exon 3 1 

ATL118 lymphoma 
 

F 58 Type 2 defective 1 

ATL119 chronic 40 F 52 Type 1 defective 1 

ATL122 lymphoma 76 F 53 Type 2 defective 1 

ATL123 lymphoma 
 

M 359 Complete 2 

ATL125 acute 73 M 20 nonsense tax exon 3 1 

ATL128 acute 
  

309 Complete 1 

ATL129 chronic 
 

F 22 Type 2 defective 1 

ATL130 acute 
 

M 12 Type 2 defective 1 

ATL131 acute 
 

F 700 Type 1 defective 1 

ATL132 lymphoma 
 

F 40 Type 2 defective 1 

ATL133 acute 
  

12 Complete 2 

ATL135 acute 53 
 

103 Type 2 defective 1 

ATL136 acute 55 F 152 Complete 1 

ATL137 acute 
  

49 Complete 1 

ATL138 chronic 38 F 39 Type 1 defective 1 

ATL139 acute 56 F 146 Complete 1 

ATL141 acute 52 F 12 Type 1 defective 1 

ATL142 chronic 
 

F 88 Type 1 defective 1 

ATL143 acute 
 

M 195 Complete 1 

ATL144 chronic 64 F 156 Complete 2 

ATL145 acute 
  

98 Type 2 defective 1 

ATL146 acute 64 
 

147 Type 1 defective 2 

ATL147 acute 
 

M 118 Complete 1 

ATL148 lymphoma 
 

F 170 Type 2 defective 1 

ATL149 chronic 
 

M 96 Indeterminate defective 1 

ATL150 acute 50 F 116 Complete 1 
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ATL Subtype Age Sex 
PVL 
% Proviral tax status 

Number of 
proviruses in 

presumed 
malignant 

clone 

ATL151 chronic 61 F 63 Complete 1 

ATL152 acute 66 F 242 Complete 1 

ATL153 chronic 
 

M 73 Complete 1 

ATL154 acute 44 M 80 Type 1 defective 1 

ATL155 acute 
  

158 Complete 1 

ATL156 acute 
  

86 Complete 1 

ATL157 acute 57 
 

126 Complete 1 

ATL158 acute 68 F 97 Hypermethylated 5'LTR 1 

ATL159 acute 71 
 

7 Indeterminate defective 1 

ATL161 acute 54 M 38 Complete 1 

ATL162 acute 65 M 266 Type 1 defective 1 

ATL163 acute 35 F 34 Type 2 defective 1 

ATL164 acute 58 M 100 Hypermethylated 5'LTR 1 

ATL165 acute 
 

F 99 Indeterminate defective 1 

ATL166 chronic 52 
 

70 Hypermethylated 5'LTR 1 

ATL167 acute 
  

74 Type 2 defective 1 

ATL168 acute 54 M 114 Type 2 defective 1 

ATL169 acute 71 M 154 Indeterminate defective 1 

ATL171 acute 52 F 94 Complete 1 

ATL172 lymphoma 
 

M 40 Indeterminate defective 1 

ATL173 acute 79 
 

75 Complete 1 

ATL174 acute 47 F 15 Type 1 defective 1 

ATL175 acute 
 

M 43 Complete 1 

ATL176 lymphoma 
  

163 Type 2 defective 1 

ATL177 lymphoma 55 M 21 Type 2 defective 1 

ATL180 acute 43 F 124 Complete 1 

ATL182 acute 
  

152 Complete 1 

ATL183 lymphoma 69 
 

2 Type 1 defective 1 

ATL185 acute 64 M 96 
Nonsense exon 3 and missense 

exon 2 1 

ATL186 chronic 
  

69 nonsense tax exon 3 1 

ATL187 acute 
  

152 Complete 1 

ATL189 acute 46 F 77 Complete 1 

ATL190 lymphoma 73 F 56 Complete 1 

ATL191 acute 
 

F 84 Hypermethylated 5'LTR 1 

ATL192 acute 49 M 65 Type 1 defective 1 

ATL193 acute 
 

F 71 Type 2 defective 1 

ATL195 lymphoma 
  

44 Complete 1 

ATL196 lymphoma 73 M 75 Complete 1 

ATL197 acute 
 

M 154 Complete 1 

ATL198 acute 39 M 178 Complete 2 
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ATL Subtype Age Sex 
PVL 
% Proviral tax status 

Number of 
proviruses in 

presumed 
malignant 

clone 

ATL199 smoldering 79 M 174 Complete 2 

ATL200 lymphoma 
  

67 Type 2 defective 1 

ATL201 acute 
  

174 nonsense tax exon 3 1 

ATL202 acute 
  

148 Hypermethylated 5'LTR 1 

ATL204 acute 
  

2 Complete 1 

ATL205 acute 
  

96 Complete 1 

ATL206 acute 
  

65 Hypermethylated 5'LTR 1 

ATL207 acute 
  

5 nonsense tax exon 3 1 

ATL208 acute 
  

137 Complete 2 

ATL209 acute 
  

19 Type 2 defective 1 

ATL210 acute 
  

0 Indeterminate defective 1 

ATL211 acute 
  

120 Complete 1 

ATL212 lymphoma 
  

3 Type 2 defective 1 

ATL215 smoldering 
  

38 Hypermethylated 5'LTR 1 

ATL217 acute 
  

122 Complete 1 

ATL218 acute 
  

7 Complete 2 

ATL220 smoldering 
  

3 Complete 1 

ATL221 acute 
  

56 Complete 1 

ATL222 acute 
  

243 Type 1 defective 1 

ATL223 acute 
  

133 Complete 2 

ATL224 acute 
  

52 Hypermethylated 5'LTR 1 

ATL225 acute 
  

56 Complete 1 

ATL226 acute 
  

71 Hypermethylated 5'LTR 1 

ATL227 acute  
  

21 Type 1 defective 1 

ATL229 acute 
  

3 Type 2 defective 1 

ATL230 smoldering 
  

37 Complete 2 

ATL231 chronic 
  

28 nonsense tax exon 3 1 

ATL232 smoldering 
  

48 nonsense tax exon 3 1 

ATL233 acute 
  

35 Complete 2 

ATL234 acute 
  

6 Indeterminate defective 1 

ATL235 acute 
  

66 Complete 1 

ATL236 chronic 
  

27 Type 2 defective 1 

ATL237 acute 
  

72 Type 1 defective 1 

ATL238 acute 
  

132 Complete 1 

ATL239 acute 
  

264 Complete 1 

ATL240 ATL 
  

111 Complete 1 

ATL241 ATL 
  

111 Type 2 defective 1 

ATL242 chronic 
  

68 Type 2 defective 1 

*Age and gender provided where known.   
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Appendix 3:  Shimoyama classification of ATL 

Table adapted from (Shimoyama, 1991) 

 Smoldering Chronic Lymphoma Acute 

Anti-HTLV-1 
antibody 

Present Present Present Present 

Lymphocyte (x109) <4 ≥4 <4 Usually ≥ 4 

Abnormal T-
lymphocytes 

≥5% ≥5% ≤1% Usually ≥ 5% 

Flower cells Occasionally Occasionally No Present 

LDH ≤ 1.5 normal ≤ 2 normal Often high, not 
essential 

Often high, not 
essential 

Corrected Ca 
(mmol/L) 

Normal Normal Often high, not 
essential 

Often high, not 
essential 

Histology proven 
lymphadenopathy 

No Yes, not essential Yes Yes, not essential 

Tumour lesion     

Skin Yes, not essential Yes, not essential Yes, not essential Yes, not essential 

Lung Yes, not essential Yes, not essential Yes, not essential Yes, not essential 

Lymph node No Yes, not essential Yes Yes, not essential 

Liver  No Yes, not essential Yes, not essential Yes, not essential 

Spleen No Yes, not essential Yes, not essential Yes, not essential 

CNS No No Yes, not essential Yes, not essential 

Bone No No Yes, not essential Yes, not essential 

Ascites No No Yes, not essential Yes, not essential 

Pleural effusion  No No Yes, not essential Yes, not essential 

GI tract No No Yes, not essential Yes, not essential 
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Appendix 4:  Samples not suitable for bioinformatic analysis 

ATL Samples provided 
by Kyoto University 

Number of cases =242 

No evidence of HTLV-1 
provirus 

4 

Not ATL 6 (3 AC, 3 B-cell lymphoma in HTLV-1 carriers) 

Post treatment 
remission samples 

9 

Duplicate samples 2 

LMPCR failed to 
amplify (no gel smear) 

6 

Flow cell sequencing 
primer binding site 
polymorphism 

1 

Poor sequencing 
(defined by sisters < 
100) 

7 

Not uniquely mapped 
to host genome at 
both read1 and read2 

10 

Total number samples 
suitable for analysis 

Number of cases=197 
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Appendix 5: Abstract of publication associated with this thesis 

HTLV-1-infected T cells contain a single integrated provirus in natural infection,  

Cook LB, Rowan AG, Melamed A, Taylor GP, Bangham CR 

Blood 2012, 120(17):3488-3490 

Human T lymphotropic virus type 1 (HTLV-1) appears to persist in the chronic phase of infection by 

driving oligoclonal proliferation of infected T cells. Our recent high-throughput sequencing study 

revealed a large number (often > 104) of distinct proviral integration sites of HTLV-1 in each host that 

is greatly in excess of previous estimates. Here we use the highly sensitive, quantitative high-

throughput sequencing protocol to show that circulating HTLV-1+ clones in natural infection each 

contain a single integrated proviral copy. We conclude that a typical host possesses a large number 

of distinct HTLV-1–infected T-cell clones. 
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Appendix 6:  Summary of permission for third party copyright works 

 

Page number Type of work Source work Copyright holder Permission to 
reuse 

P29 Figure 1.1 Leukemia 
Research and 
Treatment, 
Volume 2012 
(2012), Article ID 
876153, 14 pages 

© 2012 
Francesca 
Rende et al 

P 

- under Creative 
Commons 
Attribution 
License 

P35 Figure 1.2 Cold Spring Harb 
Perspect Med 
2012; 2:a006890 

©  2012 Cold 
Spring Harbor 
Laboratory 
Press 

P 

- permission 
granted (see 
email copied 
beneath). 

 

FW: CSHL Press Reprint Permission Request Form 

1 message 

Brown, Carol <brown@cshl.edu> Thu, Jan 23, 2014 at 8:49 PM 

To: "l.cook@imperial.ac.uk" <l.cook@imperial.ac.uk> 

You have our permission to use Fig 1 on p.3 of the article detailed below in your PhD thesis. Please cite this 
article as Cold Spring Harb Perspect Med 2012;2:a006890, copyright to Cold Spring Harbor Laboratory Press. 

Regards, 

Carol C. Brown 

Books Development, Marketing and Sales 

Cold Spring Harbor Laboratory Press 

500 Sunnyside Blvd. 

Woodbury, NY 11797­2924 

Tel: 516­422­4038 

Fax: 516­422­4095 

E­mail: brown@cshl.edu 
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