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Abstract 

To establish retroviral infection, a DNA copy of the viral RNA genome needs to be 

inserted as a provirus in the host chromatin: a reaction catalysed by the virally encoded 

enzyme integrase (IN). Integration site selection is influenced by interactions between 

integrase and host proteins; lentiviral pre-integration complexes (PICs) are targeted to 

the body of transcription units by LEDGF, whilst BET proteins tether g-retroviral PICs 

to transcription start sites. There are no hot spots of integration of human T-cell 

lymphotropic virus type 1 (HTLV-1, a d-retrovirus), but proviruses are enriched in 

actively transcribed regions of the genome, with a minor but significant proportion of 

integration sites in proximity to certain transcription factor binding sites.  

Previous work from our laboratory identified B56-protein phosphatase 2A (PP2A) as 

a binding partner and putative host factor for d-retroviral integration. The work in this 

thesis builds on the hypothesis that PP2A-B56 is usurped by HTLV-1 during infection 

from two distinct angles. Firstly, the X-ray crystal structure of B56 in complex with 

HTLV-1 IN was solved, which highlighted that HTLV-1 mimics a Short Linear Motif 

found in endogenous binding partners of B56 and informed the design of IN mutants 

which retain wild-type intrinsic integration activity but do not bind B56 members. These 

mutants displayed a defect in infection compared to the wild type, as measured by 

reductions in transactivation of a reporter system and the proviral load. Secondly, a 

strategy is described for the generation of a B56 KO cell line negative for most B56 

members, which will be infected with WT HTLV-1.  
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 Introduction 

1.1 The Retroviridae family of viruses 

1.1.1 An overview of Retroviridae  

Retroviruses are a diverse collection of RNA viruses containing seven genera (lenti-, 

a, b, g, d and spumavirinae) (Figure 1.1). They infect a range of animal hosts and 

sometimes cross the species barrier in the process called zoonosis. All retroviruses 

are obligate intracellular parasites and establish infection by integrating a DNA copy 

of their RNA genome into host chromatin. A variety of diseases may arise from 

retroviral infection: including leukaemia, tumours and severe neurological/immune 

disorders. The fundamental steps of infection are similar between all retroviruses, 

however, specific details such as host factor interactions, integration site selection and 

mechanism of spread vary between genera and can affect disease outcome.  

 

Figure 1.1 Phylogeny of Retroviridae 

This phylogenetic depiction was taken from the following article: Weiss, R.A. The discovery of 
endogenous retroviruses. Retrovirology (2006) under the Creative Commons Attribution License. The 
figure illustrates the distinction between all seven retroviral families. Red asterisks highlight the simple 
retroviruses. Important to note is that the d-retroviruses include more members than are depicted here. 
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The Retroviridae family sits within Group 6 in the Baltimore classification of viruses: 

those which typically encapsidate positive-sense single-stranded RNA (ssRNA) 

genomes, use reverse transcription to convert this information to DNA, and often 

integrate into the genomes of their host as part of the replication strategy (Baltimore 

1971, Coffin, Hughes et al. 1999). A new Order (Ortervirales) was recently created to 

unify members of Group 6 and Group 7 (dsDNA viruses) which both utilize reverse 

transcriptase and are phylogenetically related on the basis of pol and gag sequences 

(Krupovic, Blomberg et al. 2018). This Order encompasses Belpaoviridae, 

Caulimoviridae, Metaviridae, Pseudoviridae and Retroviridae, and recognises the 

evolutionary relationship between most groups of reverse transcribing viruses 

(Krupovic, Blomberg et al. 2018). 

1.1.2 Retroviruses: complex or simple? 

The seven retroviral genera are generally classified on the basis of the pol gene 

sequence (Coffin, Hughes et al. 1999). This taxonomic definition also fits well with 

differences in other features between each genus such as virion structure and 

presence of accessory genes. A second definition is often used to divide the 

retroviruses into two groups on the basis of additional protein-coding genes other than 

those encoded by the archetypical gag, pro, pol and env - which all retroviruses 

contain. This definition classifies retroviruses as being either simple or complex, where 

simple retroviruses contain a maximum of one additional coding sequence, only 

produce one spliced mRNA (for env) during transcription from the provirus, and do not 

specifically regulate the proviral genome in trans.  

The complex retrovirus definition encompasses spuma-, lenti-, and d-retroviruses, all 

of which contain multiple accessory genes that encode protein factors to manipulate 

the host cell during infection. Intriguingly, while the phenomenon of proviral 

transcriptional regulation by accessory genes is analogous between these three 

genera, there is no sequence conservation between the protein factors which 

stimulate proviral transcription in trans (Figure 1.2): suggesting that Bel-1 (the viral 

transcription factor of the spumaviral Human Foamy Virus - HFV) (He, Blair et al. 

1996), Tat (a critical trans regulatory factor for transcription from the genomes of 

lentiviral Human Immunodeficiency Viruses – HIV-1 and HIV-2) (Sodroski, Rosen et 

al. 1985), and Tax (the d-retroviral equivalent of HIV Tat) (Kiyokawa, Seiki et al. 1984, 



 
26 

Sodroski, Rosen et al. 1984, Fujisawa, Seiki et al. 1985) evolved independently in 

multiple instances. 

 

Figure 1.2 Alignment of the transactivating factors of HFV, HTLV-1 and HIV-1.  

The sequences for Tat and Bel-1 were acquired from NCBI GenBank (Accession number for Tat: 
NP_057853; and for Bel-1: NP_057853). The sequence of Tax was taken from the sequenced map of 
the pACH molecular clone (Kimata. Sequences were aligned using ClustalW and the image was 
produced by ESPRIPT 
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1.1.3 The early years of retrovirology 

The first descriptions of a retrovirus occurred at the beginning of the 20th Century, 

where two studies reported causative association between inoculation with a cell-free 

filtrate and the development of tumours in chickens. In 1908, the a-retrovirus Avian 

Leukaemia Virus (ALV) was shown to cause leukosis in chickens (Ellermann and O. 

1908), and shortly thereafter in 1911, the cell-free transmission of a chicken sarcoma 

was reported to occur via an infectious agent later given the name Rous Sarcoma 

Virus after its’ discoverer (RSV; also an a-retrovirus) (Rous 1911). These initial 

discoveries linking a viral agent to the tumorigenesis were the first of their kind, 

however the notion that some tumours may be transmissible predated these 

discoveries, where Jaagsiekte lung carcinoma in sheep was known to be transmissible 

as early as the 19th Century – and only later shown to be a consequence of infection 

by Jaagsiekte retrovirus (a b-retrovirus) (Verwoerd, Payne et al. 1983). Similarly, 

although the transmissible disease equine infectious anaemia was described in 1904 

(Vallée and Carré 1904), the link to infection by a lentivirus was not established until 

much later (Coffin, Hughes et al. 1999, Weiss and Vogt 2011). 

Studies attributing the development of tumours to viral infection were later extended 

to mammals, where murine mammary carcinoma was shown to be caused by a 

filterable agent transmitted in milk (later described as the Mouse Mammary Tumour 

Virus; MMTV - a b-retrovirus) (Bittner 1936), and 20 years later the identification of a 

potent leukaemia virus in mice (Murine Leukaemia Virus; MLV – a g-retrovirus (Friend 

1957, Gross 1957). These initial findings led to a cascade of discoveries identifying a 

viral cause for neoplasms in variety of mammalian hosts through the subsequent 

decades and resulted in the generation of many important model systems for the study 

of carcinogenesis (reviewed in (Coffin, Hughes et al. 1999)).  

1.1.4 Turning points in the field of retrovirology 

The early days of retrovirology were somewhat limited by the lack of an effective 

titration method (Coffin, Hughes et al. 1999). However, in 1958 the development of an 

assay to accurately titrate RSV changed the field completely. This assay, called the 

focus assay – and relies on morphological changes to infected cells – illustrated 

beautifully that a single RSV particle is able to transform a host cell without assistance 
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from other agents (Temin and Rubin 1958). Similar assays followed for other 

oncogenic retroviruses – including the a-retrovirus Avian Myeloblastosis Virus (Baluda 

and Goetz 1961) and the g-retroviruses Moloney Sarcoma Virus (Hartley and Rowe 

1966) and Abelson Murine Leukaemia Virus (Rosenberg, Baltimore et al. 1975). The 

ability to study these model systems accurately provided evidence for two discoveries 

each discussed below: the demonstration that retroviruses often harbour oncogenes 

(genes which have the potential to cause cancer; reviewed by (Vogt 2012), and the 

existence of endogenous retroviruses (ERVs; retroviruses that at some point infected 

the germline cells of their hosts, and are now vertically inherited; reviewed by (Johnson 

2019)).  

A spate of critical studies changed the field in the 1960’s, beginning with the 

observation that RSV harboured an RNA genome in 1961 – which consequently gave 

rise to the term “RNA tumour virus” (Crawford and Crawford 1961). This observation 

produced a paradox, as the replication of retroviruses was sensitive to inhibitors of 

DNA synthesis but has previously be confirmed to be an RNA virus (Temin 1963). In 

1964, Howard Temin proposed a hypothesis that challenged the central dogma of 

molecular biology (which is that information flowed unidirectionally from DNA to RNA 

to protein): that a core part of the viruses replication strategy was to insert a DNA 

intermediate of the RNA genome (a provirus) into the genome of its host (Temin 1964). 

This suggestion was only widely accepted after the co-discovery of the reverse 

transcriptase (RT) enzyme in 1970 (Baltimore 1970, Temin and Mizutani 1970): a 

discovery which later was awarded the Nobel Prize in Physiology and Medicine. 

1.1.5 Retroviruses often contain oncogenes  

The study of retroviral infection in animals has provided a wealth of knowledge about 

the mechanisms of cellular biology that are perturbed in cancers. Indeed, the majority 

of oncogenes that play important roles in human cancers were first described in the 

Simple a and g retroviruses described above (Vogt 2012). Examples include the 

discovery of Src – the transforming factor of RSV, which functions as a kinase in 

mammalian cells – albeit as a less-active form (reviewed by (Martin 2004)); myc – 

which was discovered as a transforming factor in avian retroviruses (Duesberg and 

Vogt 1979) and plays a pivotal role in mammalian gene regulation and cancer 
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(Blackwood and Eisenman 1991). Similarly, the GTPase ras was first identified in 

strains of MLV that arose by recombination with the host genome during passage in 

rats (Harvey 1964, Kirsten and Mayer 1967, Tsuchida, Ryder et al. 1982). 

These discoveries are examples where Simple retroviruses have captured and 

“repurposed” human oncogenes as their transforming factors for infection - as 

described earlier, simple viruses may only encode maximally one additional protein to 

the archetypical Gag-Pro-Pol and Env. This capture strategy is not the only 

mechanism by which Simple retroviruses can cause malignant transformation: indeed, 

rare integration events of ASV were shown to act as a promoter for the expression of 

cellular oncogenes, resulting in the development of leukosis (Hayward, Neel et al. 

1981). More-recently, MMTV was shown to exhibit a bias towards integration at a 

common site within the Fgf10 proto-oncogene, exclusively activating expression of an 

oncogene which was able to drive tumorigenesis in mice, and whose expression is 

strongly elevated in 10% of human breast cancers. Similarly, the propensity for MLV 

to integrate within the promoters of oncogenes led to the development of leukaemia 

in early gene therapy trials for the treatment of X-linked severe combined 

immunodeficiency at the start of the new Millennium (Hacein-Bey-Abina, von Kalle et 

al. 2003). 

In contrast to the examples above, the transactivator of the d-retrovirus Human T-cell 

Leukaemia Virus type 1 (HTLV-1) Tax is an entirely novel oncoprotein without any 

mammalian homologue – it is absolutely necessary for cellular transformation as 

revealed by decades of research (as reviewed by (Gatza, Watt et al. 2003)). Although 

novel, Tax functions in the same way as a cellular (or viral) oncogene by inducing 

aberrant transactivation of a plethora of cellular pathways. Whilst studying simple 

retroviruses led to the discovery and understanding of oncogenes, also the opposite 

is true. In Japan in 1977, a new type of leukaemia was described where 80% of the 

cases were from the same geographically isolated island leading to the suggestion of 

a viral factor (Uchiyama, Yodoi et al. 1977). This factor was later twice independently 

confirmed as HTLV-1, the first human retrovirus known to cause disease (Poiesz, 

Ruscetti et al. 1980, Yoshida, Miyoshi et al. 1982). 
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1.1.6 Endogenous retroviruses (ERVs) 

An important observation that developed from studying the RSV foci assay was that a 

strain of RSV harbouring acute oncogenic transforming potential (the Bryan Hightiter 

strain) was defective in replication because the Env gene was replaced by the Src 

gene (Temin 1962, Hanafusa, Hanafusa et al. 1963). When these transformed cells 

were superinfected with a non-transforming replication-competent “helper virus”, 

progeny was produced (Hanafusa 1965). Intriguingly, some cell types infected 

exclusively by Bryan Hightiter RSV would spontaneously release progeny. 

Subsequent studies of this phenomenon (and similar examples in MLV and MMTV) 

identified the presence of endogenous retroviral genetic sequence responsible for the 

complementation effects observed by providing genetic sequence in trans (reviewed 

by (Coffin, Hughes et al. 1999) and (Weiss 2006)). 

Integrated endogenous retroviral genomes have been found in all vertebrates 

rigorously tested for their presence and compose around 8% of the human genome 

(Griffiths 2001, Villesen, Aagaard et al. 2004). Some ERVS are transcriptionally silent, 

while others play critical roles in development (Mi, Lee et al. 2000); and range from 

complete, intact proviruses to small fragments of gag, pro, pol, or env (reviewed 

extensively by (Johnson 2019). They are typically vertically transmitted as a dominant 

allele within that species (Weiss 2006). Together, these properties provide “fossil 

record” of when endogenization (infection of the germline) occurred within a species. 

The recent identification of an ERV (named MINERVa) in the genome of long-fingered 

bats exhibiting high (30-50%) sequence identity with regions in the gag and pX regions 

of deltaretroviridae was the first description of an endogenous d-retrovirus (Farkašová, 

Hron et al. 2017), and this endogenization event was shown to have occurred over 20 

million ago.  

The ubiquitous presence of ERVs and the demonstrated capacity to provide a helper 

function in trans are of importance for many reasons. Firstly, multiple studies have 

demonstrated the potential for recombination with exogenous retroviruses to produce 

pathogenic viruses with novel properties (Stoye and Coffin 1987, Stoye, Moroni et al. 

1991, Young, Eksmond et al. 2012). Secondly, their presence complicates the use of 

animal organs for xenotransplantation. Indeed, many ERVs preferentially infect other 

species rather than re-infecting their own host cells (Weiss 2006): where chicken 
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endogenous ALV infects quail, pheasant and turkey cells (Vogt 1967, Weiss 1969); 

and human tumour xenografts in mice have been shown to become infected with 

xenotropic MLV (Achong, Trumper et al. 1976). Further, it was shown that porcine 

ERVs were able to infect human cells (Patience, Takeuchi et al. 1997), however 

careful examination of studies involving porcine organ xenotransplantation revealed 

no clear instances of ERV transmission (reviewed by (Magre, Takeuchi et al. 2003)). 

Thirdly, it is possible that ERVs are involved in the development of human disease, 

however the answer is not yet clear (Young, Stoye et al. 2013). For example, ERVs 

are often expressed in foetal tissue and cancer (Griffiths 2001) and many cancers 

have been demonstrated to harness epigenetically repressed ERVs to drive the 

expression of oncogenes (Babaian and Mager 2016). Worryingly, it has been shown 

that treatment of tumours with epigenetic inhibitors results in the widespread 

transcriptional reprogramming of ERVs (Mager and Lorincz 2017), and that HIV-1 

infection of primary CD4+ T-cells alters the expression profile of a specific class of 

human ERV, HERV-K (Young, Terry et al. 2018).  

1.1.7 The identification of human retroviruses 

The first description of a retrovirus capable of infecting human cells was that of a 

Primate Foamy Virus (PFV – a spumaretrovirus) (Achong, Mansell et al. 1971): 

although this was later found to be an example of primary zoonotic transmission from 

Chimpanzees. We now know that zoonotic transmission of Foamy viruses from Simian 

to Human hosts occurs frequently in individuals exposed to non-human primates 

(Switzer, Bhullar et al. 2004). The foamy viruses were isolated much earlier than 

transmission to Humans was reported: where it was found as a contaminant in primary 

monkey kidney cell cultures prepared from healthy animals (Enders and Peebles 

1954). Spumaviral infections cause a characteristic foamy appearance in the 

cytoplasm of infected cells and do not appear to cause disease in their hosts (Meiering 

and Maxine 2001).  

The extensive list of tumorigenic retroviruses in animals coupled with the identification 

of RT (and the availability of an assay for it), and the War on Cancer led to a flurry of 

studies in the 1970’s claiming to identify causative links between retroviral infection 

and human disease, all of which proved to be artefacts of experimentation – partly due 
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to the observation of ERVs in some human cancer cell lines, and partly to 

misidentification of cellular RNA and DNA polymerase complexes as retroviral virions 

(under some conditions DNA polymerases may use RNA as a template). This period 

of false discovery is reviewed extensively by (Weiss, Teich et al. 1985), (Voisset, 

Weiss et al. 2008) and (Coffin 2015). By the 1980’s, most investigators had given up 

the chase due to this frustrating rate of false discovery: however, one group, led by 

Robert Gallo continued forward and developed a more-stringent classification for 

identification of candidate human retroviruses (reviewed by (Gallo 2005)).  

These new requirements were as follows: 1.) the virus must be present in freshly 

isolated patient tissue samples as well as in cultured cells, 2.) it must be novel (not 

related to animal viruses), 3.) it must infect naïve human cells in vitro, 4.) the patient 

from which it was identified must have specific immunoreactivity to the virus, 5.) 

integrated proviral DNA must be present, and 6.) there must be evidence of infection 

in other patients with the same disease. This strategy led to the identification of HTLV-

1: the first oncogenic human retrovirus in 1980 (Poiesz, Ruscetti et al. 1980). Soon (2 

years) after the discovery of HTLV-1, the Gallo group described HTLV-2 in a patient 

presenting with Hairy T-cell Leukaemia (Kalyanaraman, Sarngadharan et al. 1982). 

Immunogenic assays revealed the presence of antibodies against the p24 (CA) Gag 

protein of HTLV-1 in the patients’ serum, however further analysis revealed the virus 

was significantly different to the previously described HTLV-1. It was this discovery 

that determined the nomenclature of HTLV-1: which was initially described as HTLV 

(Poiesz, Ruscetti et al. 1980).  

Subsequently, in 1983, the Human Immunodeficiency Viruses type 1 (HIV-1) (a 

lentivirus) was discovered in Paris (Barré-Sinoussi, Chermann et al. 1983). The initial 

description of HIV-1 was that it was a third, unique member of the HTLV group due to 

the seroreactivity observed from the single patient in which it was discovered towards 

the HTLV subgroup – while specific antisera towards HTLV-1 failed to precipitate HIV-

1 proteins. The devastating illness now known as Acquired Immunodeficiency 

Syndrome (AIDS) was first reported in 1981 where five otherwise-healthy individuals 

had contracted Pneumocystis pneumonia, a serious infection usually associated with 

immunocompromised patients (Gottlieb, Schanker et al. 1981). This was followed by 

a second report of 26 patients presenting diseases also usually associated with 
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immunocompromised individuals (Control 1981). Starkly, all patients of each cohort 

reported as having sex with men. By 1982, the Centre for Disease Control defined this 

new illness as AIDS. By 1984, Gallo’s group isolated HIV-1 (here-named HTLV-3) 

from 48 patients and suggested a causal link between the virus and AIDS (Gallo, 

Salahuddin et al. 1984). By 1986, the name HIV-1 had been assigned as an 

aetiological agent of AIDS, and in the same year, HIV-2 (the fourth human retrovirus) 

was discovered and also identified as a causative agent of AIDS (Clavel, Guétard et 

al. 1986). By now, the place for retroviruses in human disease had been truly 

confirmed. 

1.2 Key aspects of the retroviral lifecycle 

1.2.1 The early phases of the retroviral life cycle 

Retroviruses utilize a combination of viral and cellular molecules to establish infection 

by integrating a DNA copy of the RNA genome into the host chromatin (Figure 1.3). 

This provides a mechanism not only for mitotic spread to generate progeny. The 

journey from receptor binding to integrated provirus (referred to as the “early” phase 

of infection) requires the formation of at least three complexes between viral and host 

molecules: 1.) The binding of the viral envelope to extracellular receptors; 2.) 

Formation of a reverse transcriptase complex (RTC); and 3.) Assembly of the pre-

integration complex (PIC), which travels to the nucleus and mediates integration into 

host chromatin. Disassembly of the structural core (which encapsulates the viral 

enzymes and genetic material, termed the capsid core) occurs between entry and 

integration and is critical for the infectivity of particles. Aside from the dependence on 

completion of reverse transcription for formation of the PIC, these processes share a 

considerable overlap: a property that is varied between different retroviral genera. 

Figure 1.3 provides an oversimplified schematic of the key steps involved in early 

retroviral infection. 

Formation of a complex between viral Env (comprised of the heavily glycosylated and 

hydrophilic SU region and a hydrophobic membrane-spanning TM region) and 

extracellular receptors mediates entry via fusion with the host cell membrane. This 

interaction defines the tissue and cellular tropism for each virus, and the cellular 

receptors required for entry varies considerably between retroviruses (reviewed by 
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(Overbaugh, Miller et al. 2001)). Virions lacking functional Env are non-infectious, and 

cells lacking the appropriate receptor are non-permissive to viral infection. The 

interaction between viral SU and host receptor activates the membrane-fusion 

potential of the TM domain of Env, which mediates the fusion of virion and cellular 

membranes.  

 

Figure 1.3 Over-simplified schematic of the early processes during retroviral infection 

The early processes of infection are very complicated and involve the gradual conversion between 
various multi-protein complexes of viral and host factors in the journey between virion and integrated 
provirus. The processes may be divided into four distinct steps: 1.) Receptor recognition; 2.) Fusion of 
viral/cell membranes and internalization of the capsid core; 3.) Formation of the RTC and disintegration 
of the capsid core - which, following reverse transcription, turns into the PIC; 4.) Trafficking of the PIC 
to the nucleus and subsequent integration into the host chromatin. 

The result of membrane fusion is the internalization of the matured capsid (CA) core 

to the cytosol where disassembly of the highly ordered capsid core into smaller 

fragments occurs gradually as the retroviral machinery is trafficked from the cytosol to 

the nucleus. This process is not fully understood, although it is clear that the dynamics 

of uncoating are important for successful infection: for example, mutations that perturb 

the stability of the HIV-1 CA core by either hyper- or destabilization of the interface 

between CA hexamers results in loss of viral infectivity (Forshey, von Schwedler et al. 

2002, von Schwedler, Stray et al. 2003, Byeon, Meng et al. 2009, Zhao, Perilla et al. 
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2013). There is evidence that CA is important as late as at the point of nuclear import 

for HIV-1: where interactions between the cleavage and polyadenylation specificity 

factor subunit 6 (CPSF6) and CA mediate translocation of the PIC through the nuclear 

pore (Ocwieja, Brady et al. 2011, Lelek, Casartelli et al. 2015, Rasheedi, Shun et al. 

2016).  

Furthermore, three independent genome-wide short interfering RNA (siRNA) studies 

each identified Transportin-3 (TNPO3) as involved in HIV-1 infection (reviewed by 

(Campbell and Hope 2015)). While subsequent studies showed that IN binds TNPO3 

directly, disruption of this interaction was not sufficient to explain the dependence of 

HIV-1 infection on TNPO3 (Cribier, Ségéral et al. 2011), and instead this phenotype 

was mapped to interactions with CA (Krishnan, Matreyek et al. 2010, Cribier, Ségéral 

et al. 2011), and to be required for HIV-1 replication after nuclear entry (Valle-Casuso, 

Di Nunzio et al. 2012). TNPO3 mutants defective in binding CPSF6 were unable to 

facilitate HIV-1 infectivity, indicating that TNPO3 functions within a complex containing 

at least CPSF6 and the HIV-1 PIC (Maertens, Cook et al. 2014). There is still some 

disagreement on the exact mechanism by which TNPO3 is important for HIV-1 

infection, given that it binds both IN and CPSF6 (Campbell and Hope 2015).  

CA is known to play roles even later in infection than nuclear entry. For example. 

Primate Foamy Virus (PFV) gag has been shown to bind host chromosomes via direct 

interactions with Histones H2A/H2B (Tobaly-Tapiero, Bittoun et al. 2008); and the 

Murine Leukaemia Virus (MLV) gag protein p12 is a component of the PIC where it 

mediates targeting to mitotic chromatin (Elis, Ehrlich et al. 2012, Schneider, Brzezinski 

et al. 2013). The interaction between CPSF6 and HIV-1 CA is thought to include a 

nuclear phase based on two observations: firstly mutations that limit CPSF6 to the 

cytoplasm elicit an antiviral effect (Lee, Mulky et al. 2012), and secondly, two imaging 

studies have co-localized CA with nuclear HIV-1 PICs (Peng, Muranyi et al. 2014, 

Hulme, Kelley et al. 2015). 

A critical step for all retroviruses is the conversion of the single-stranded positive sense 

RNA genome into double stranded viral DNA (vDNA) for integration into the host 

chromatin. This process is catalysed by the virally encoded RT (Baltimore 1970, Temin 

and Mizutani 1970), which uses host nucleotides to complete the conversion within 

the RTC – which, for MLV, contains minimally the CA, RT, integrase (IN) and viral 
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RNA (Fassati and Goff 1999). Reverse transcription is dependent on the structural 

core proteins, where initiation and completion of HIV-1 reverse transcription is affected 

by mutation of CA (Reicin, Ohagen et al. 1996, Tang, Murakami et al. 2001), and the 

nucleocapsid enhances each step of the reaction (Basu, Song et al. 2008). 

RT is able to use both RNA and DNA as a template (Hurwitz and Leis 1972) and 

possesses the ability to cleave RNA within an RNA/DNA hybrid: a catalytic property 

known as RNAse H activity (Mölling, Bolognesi et al. 1971). The error rate of RT is 

much higher than that of cellular polymerases, which partially accounts for the high 

genetic diversity of HIV-1 strains (Basu, Song et al. 2008). HIV-1 RT functions as a 

heterodimer composed of the p66 and p51 subunits – where p51 is generated by 

proteolytic cleavage of p66 (Chandra, Gerber et al. 1986). The polymerase and 

RNAseH catalytic sites are both within the p66 subunit and are spatially separated so 

that the RNAseH cleaves the RNA:DNA duplex 18 nucleotides upstream of the primer 

terminus (Furfine and Reardon 1991). 

Reverse transcription is a complicated process that occurs in 8 steps resulting in the 

generation of duplicated viral long terminal repeats (LTRs) flanking the proviral DNA 

genome (reviewed by (Basu, Song et al. 2008) for HIV-1; Figure1.4). The reaction is 

primed by a transfer RNA molecule captured during virion egress which binds to the 

primer binding site located ~180 nucleotides from the 5' end of the RNA genome. RT 

then synthesizes a minus-sense DNA strand which terminates at the 3' end of the 

genome, called the intermediate minus-sense strong stop DNA: (-)ssDNA. This strand 

transfers to the 3' end of the genome in a process known as minus strand transfer 

(Telesnitsky and Goff 1997), which occurs based on template homology between the 

R regions at each of the 5' and 3' ends of the viral genome. The minus DNA strand is 

thus synthesized, and the majority of the RNA is degraded – except for two fragments 

which are resistant to RNAseH cleavage because they possess a unique polypurine 

tract (PPT) sequence.  

The two RNA oligomers located in the 3' (3'-PPT) and the centre of the genome (cPPT) 

then serve as primers for synthesis of the plus-strand viral DNA (Charneau, Alizon et 

al. 1992). This synthesis is extended further into the 3' than the 3' R region, using the 

retained tRNA as a template and resulting in the generation of a DNA copy of the 3' 

U5 region as well as the primer binding site. Following this, a second strand-transfer 
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event occurs based on homology of the primer binding site on each single DNA strand. 

The consequence of this transfer reaction is that the two strands complete themselves 

using each other as templates, producing a full DNA copy of the RNA genome with 

duplicated LTRs, and leaving no remaining fragments of the RNA genome (Basu, 

Song et al. 2008).  
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Figure 1.4 Schematic of the biochemical steps in reverse transcription 

Reverse transcription is a multi-stepped process that converts the single-stranded RNA genome to an 
extended, double-stranded DNA copy. 1. and 2.) A host tRNA molecule binds to the 5' primer binding 
site (PBS) on the RNA genome (black line), priming the generation of a (-)ssDNA oligonucleotide (red 
line) 3. and 4.) The oligonucleotide transfers to the 5' end of the RNA genome and primes the further 
synthesis of the (-)ssDNA molecule, excluding the 3' LTR. The RNAseH activity of RT degrades the 
RNA genome (dashed black lines), except for the PPT regions (only the 3' PPT is shown here for 
simplicity). 5.) the retained PPT RNA fragments prime the extension of the (+)ssDNA strand at the 3' 
LTR. 6.) This synthesis is extended further into the 3' LTR region using the retained tRNA molecule as 
a template. 7.) The (+)ssDNA oligonucleotide transfers to the 5' LTR region based on complementarity 
to the PBS. 8.) each strand is extended using the other as a template, resulting in a DNA copy of the 
genome, with two identical LTR sequences.  

This process is not strictly limited to occur following entry into the host cell: indeed, 

while only a very small portion of HIV and MLV virion particles were shown to contain 
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viral DNA (Trono 1992), up to 20% of PFV virions contain full-length, infectious viral 

DNA (Yu, Baldwin et al. 1996), suggesting that reverse transcription can occur either 

in the producer cell or virion particle. Interestingly, an active cellular kinase, protein 

kinase A (PKA) is packaged into the HIV-1 virion during egress and acts both as a 

cofactor for reverse transcription in vitro (Cartier, Hemonnot et al. 2003), and increases 

viral infectivity in cellulo (Giroud, Chazal et al. 2013): further highlighting the key role 

played by host molecules during infection. 

Following generation of vDNA, the RTC becomes the PIC (Bowerman, Brown et al. 

1989). Within the PIC, viral IN recognizes and binds to the LTRs and cleaves the 3' 

ends of the vDNA adjacent to invariant CA dinucleotides to expose nucleophilic 

hydroxyl (3' OH) groups (Roth, Schwartzberg et al. 1989, Craigie, Fujiwara et al. 1990). 

The resulting synaptic complex is termed an intasome, and forms the functional core 

of the PIC, alongside host and viral factors. Both lentiviral and gamma-retroviral PICs 

contain the barrier to auto-integration factor 1 (BAF-1) (Chen and Engelman 1998, 

Suzuki and Craigie 2002), a small DNA binding protein which prevents the PIC from 

suffering autointegration in cis, whilst promoting integration in trans (Lee and Craigie 

1998). The lentiviral PIC forms a complex with the chromatin-binding lens epithelium 

derived growth factor (LEDGF) through a direct interaction with IN which directs the 

PIC to active genes (Ciuffi, Llano et al. 2005); whereas the gamma-retroviral PIC 

associates with the bromo- and extra-terminal (BET) domain-containing proteins, 

Brd2-4, through direct binding to IN, which directs the g-retroviral PIC to regions near 

transcription start sites (TSS) (De Rijck, de Kogel et al. 2013, Gupta, Maetzig et al. 

2013, Sharma, Larue et al. 2013); phenomena discussed in detail later. 

Studies involving the imaging of live cells strongly suggest that the HIV-1 PIC is 

trafficked along microtubules to reach the nucleus. The HIV-1 Vpr accessory protein 

was shown to remain associated with the PIC during infection (Fassati and Goff 2001). 

Infection with HIV-1 particles harbouring GFP-Vpr fusion proteins showed fluorescent 

particles accumulated in the perinuclear region (McDonald, Vodicka et al. 2002). At 

the nuclear envelope, the lentiviral PIC is translocated through the nuclear pore via 

interactions with the splicing factor CPSF6 and CA (Ocwieja, Brady et al. 2011, Lelek, 

Casartelli et al. 2015. In contrast, the MLV PIC is required to wait until the nuclear 

envelope is broken down during mitosis to gain access to the chromatin, as revealed 
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when arrest of the cell cycle reduced the number of MLV integrations {Roe, 1993 #287, 

Rasheedi, Shun et al. 2016). HTLV-1, also a complex retrovirus, also needs to wait for 

mitosis to gain entry, although one study suggests that HTLV-1 can infect nondividing 

dendritic cells (Rizkallah, Alais et al. 2017).  

Following nuclear entry, the intasome engages with host chromatin to catalyse a 

transesterification reaction between vDNA and target DNA (tDNA). This reaction 

across the major groove, generates single-strand gaps in the host genome, which are 

repaired by host cell machinery to produce an integrated provirus flanked by short 

DNA duplications (4 bp for MLV, 5 bp for lentiviruses and 6 bp for HTLV-1) (Holman 

and Coffin 2005, Wu, Li et al. 2005, Kirk, Huvet et al. 2016): concluding the early phase 

of infection, and meaning that the cell is irreversibly infected. The chromosomal targets 

for integration vary between retroviral genera and can be influenced by factors at three 

different levels: 1.) Direct interactions between IN and tDNA – which was first 

structurally characterized in the PFV intasome (Maertens, Hare et al. 2010), 2). 

Genomic features such as epigenetic marks and TSS, where MLV prefers integration 

near TSS/CpG islands and lentiviruses prefer active chromatin (Schroder, Shinn et al. 

2002, Wu, Li et al. 2003, Lewinski, Yamashita et al. 2006), and 3.) lentiviral PIC 

translocation through the nuclear pore in complex with splicing factors – which 

generates an enrichment of integrations into euchromatin/genes that produce spliced 

mRNAs (Ocwieja, Brady et al. 2011, Lelek, Casartelli et al. 2015, Rasheedi, Shun et 

al. 2016).  

1.2.2 The late phase of retroviral replication  

During the late stages of infection, viral RNA is transcribed from the integrated provirus 

and both full-length and partially spliced molecules are exported from the nucleus. 

Full-length RNA molecules are designated as the genomic RNA for egressing virions 

while partially spliced molecules provide a template for the translation of viral 

polyproteins (Freed 2015). From these spliced transcripts, the Gag polyprotein 

precursor (Pr55Gag; including minimally Matrix (MA), CA and Nucleocapsid (NC)), the 

GagPol polyprotein (including the Gag proteins as well as Protease, RT and IN; ~5% 

of the total Gag), the viral glycoproteins (Env) and the regulatory proteins (if present) 

are translated. The Gag and GagPol precursors in complex with viral genomic RNA 
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are trafficked to the host cell plasma membrane, where they are anchored via the N-

terminal myristoylation of MA as well as a stretch of basic residues which interact with 

the negatively charged lipids of the membrane. The pathways responsible for this 

trafficking are yet undefined. Here at the inner plasma membrane, the Gag/RNA 

complex polymerises via the C-terminal domain of CA (Gamble, Yoo et al. 1997), while 

the interaction of the protein complex with viral genomic RNA is facilitated by zinc-

finger-like domains of NC (Summers, Henderson et al. 1992). Retroviral NC binds to 

a packaging signal near the 5' untranslated region of the RNA genome to facilitate 

incorporation.  

The Env glycoprotein is trafficked to the cell membrane separately to the Gag proteins 

and is incorporated into the budding viral particle by a mechanism not yet properly 

understood (Freed 2015). Genetic data suggest roles for MA and the cytoplasmic tail 

of the gp41 subunit of Env in HIV-1 particle assembly (Checkley, Luttge et al. 2011), 

however the nature of the interaction (whether via a bridging host protein or direct 

binding) remains undefined. In HIV-1, the Gag precursor polyprotein also includes a 

fourth protein, p6, which recruits the Endosomal Sorting Complex Required for 

Transport (ESCRT) machinery via a highly conserved PTAP motif (Huang, Orenstein 

et al. 1995). This apparatus catalyses the membrane fission step required for particle 

budding and is recruited by direct interactions between the PTAP motif of HIV-1 p6 

and the cellular protein tumour susceptibility gene 101 (reviewed by (Votteler and 

Sundquist 2013) and (Freed 2015)). Following budding and release of the viral 

particles from the cell, the viral protease processes the Gag polyprotein rendering the 

viral particles infectious and ready for another round of infection.  

1.3 The Delta-retroviruses 

HTLV-1 is a member of the d-retroviral genus of Retroviridae, alongside the highly 

similar HTLV-2, HTLV-3 and HTLV-4, their simian counterparts STLV-1 to 4, and 

Bovine Leukaemia Virus (BLV). The d-retroviruses display a high level of sequence 

conservation between all members, and full genomic sequences are available for all 

identified members except for HTLV-4. The relationship is demonstrated by a 

phylogenetic map constructed from complete gag genes of the d-retroviruses and 

representatives from all other known retroviral genera (including HIV-1, MLV, RSV, 
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HFV, MMTV and SnRV – an e-retrovirus; Figure 1.5, Table 1.1). Multiple isolates of 

STLV-1 were included in this analysis to indicate the intra-strain variation within 

different Simian hosts, and HTLV-4 was excluded due to the lack of gag gene 

sequence (Wolfe, Heneine et al. 2005). MINERVa, the endogenous d-retrovirus of the 

Long-Fingered Bat was also included in the analysis – although some regions of gag 

have been mutated during the course of evolution since endogenization (Farkašová, 

Hron et al. 2017).  

Table 1.1 Retroviral gag gene sequences aligned for phylogenetic analysis 

Virus GenBank Accession Source 

HTLV-1 NC_001436  

 

(Coffin, Hughes et al. 1999) 

HTLV-2 LC440555.1 

 

Unpublished 

HTLV-3 DQ462191.1 

 

(Calattini, Chevalier et al. 2005) 

STLV-1 Baboon JX987040.1  

 

Unpublished 

STLV-1 Bonnet Macaque MK639100 

 

(Afonso, Fagrouch et al. 2019) 

STLV-1 MarB43 AY590142.1  

 

(Van Dooren, Meertens et al. 2005) 

STLV-1 Tan90 AF074966.1  

 

(Saksena, Herve et al. 1993) 

STLV-2 NC_001815  

 

(Van Brussel, Salemi et al. 1998) 

STLV-3 AF391797.1 

 

(Meertens, Mahieux et al. 2002) 

BLV AF033818.1  

 

(Coffin, Hughes et al. 1999) 

RSV NC_001407 

 

(Coffin, Hughes et al. 1999) 

MMTV NC_001503 

 

(Coffin, Hughes et al. 1999) 

MLV NC_001501.1  

 

(Shinnick, Lerner et al. 1981) 

MINERVa KY250079 

 

(Farkašová, Hron et al. 2017) 

SnRV U26458.1 

 

(Hart, Frerichs et al. 1996) 

HFV U21247.1 

 

(Flügel, Rethwilm et al. 1987) 

HIV-1 NC_001802.1 

 

(Coffin, Hughes et al. 1999) 
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Figure 1.5 Phylogenetic distribution of the d-retroviruses within Retroviridae 

A phylogenetic analysis of the gag genes of the viruses listed in Table 1.1 was performed by first 
aligning each sequence using the Clustal Omega algorithm within SnapGene. The tree was constructed 
on the basis of this alignment using the Simple Phylogeny algorithm, on the EMBL-EBI server. This tree 
was next visually represented using the interactive tree of life algorithm. Further descriptions of the 
methods used are provided in Chapter 2. HTLV-4 was excluded from this analysis due to the lack of 
genomic information. 

1.3.1 Human T-cell Leukaemia Virus 1 

As described earlier, HTLV-1 was the first human retrovirus to be discovered, as 

identified and reported by Robert Gallo and his group in 1980 (Poiesz, Ruscetti et al. 

1980). This discovery was matched independently in Japan in 1982, where 

investigators characterized the virus in the MT-2 cell line (Yoshida, Miyoshi et al. 

1982). HTLV-1 is the only d-retrovirus known to cause disease in humans and is the 

aetiological agent of adult T cell leukaemia (ATL): a highly aggressive CD4+ T-cell 

malignancy, from which ~5% of infected individuals suffer. A further ~5% of infections 

result in the development of a range of debilitating inflammatory diseases, the most 

notable of which is the neurological disorder HTLV-1 associated myelopathy/tropical 

spastic paraparesis (HAM/TSP); but also including uveitis, infective dermatitis and 

arthritis (Yoshimitsu, White et al. 2014). Further, disease outcome is more severe 

when co-infection has occurred with HIV (Isache, Sands et al. 2016) or Mycobacterium 

tuberculosis (Grassi, dos Santos et al. 2016).  
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A recent review of epidemiological data estimates that HTLV-1 infects over 10 million 

people worldwide and that population prevalence in endemic areas (southwestern 

Japan, Africa, South America and the Caribbean Islands) ranges from 1-5% (Gessain 

and Cassar 2012). HTLV-1 is thought to have repeatedly crossed over from primates 

in several events beginning 50,000 ± 10,000 years ago, resulting in multiple viral 

subtypes around the world (Van Dooren, Salemi et al. 2001). HTLV-1 is transmitted 

via three main routes: sexual contact (Murphy, Figueroa et al. 1989), mother to child 

(breastfeeding) (Hino, Yamaguchi et al. 1985), and organ transplantation (Cook, 

Melamed et al. 2016)/blood transfusion (Murphy 2016). Despite posing a significant 

problem for public health, treatment remains unsatisfactory – although a recent study 

demonstrated the ability of HIV-1 integrase strand transfer inhibitors (INSTIs) to block 

HTLV-1 infection in vitro (Barski, Minnell et al. 2019).  

1.3.2 HTLV-1 infection and persistence 

As the name implies, HTLV-1 infects T cells, with a specific tropism for CD4+ T-cells 

rather than CD8+ T-cells (Richardson, Edwards et al. 1990): although this preference 

is developed post-entry and the virus can infect both CD4+ and CD8+ T cells (Kannian, 

Yin et al. 2012). Entry is mediated by interactions between GP46 SU and the 

ubiquitous glucose transporter GLUT1 (Manel, Kim et al. 2003), neuropillin-1 (NRP1) 

(Ghez, Lepelletier et al. 2006), and heparin sulphate proteoglycan (HSPG) (Pinon, 

Klasse et al. 2003, Jones, Petrow-Sadowski et al. 2005). Infection primarily occurs by 

cell-cell spread via formation of a virological synapse (caused by polarization of the 

cytoskeleton) both in vivo and in vitro, and virtually no cell-free infectious particles are 

detected (Igakura, Stinchcombe et al. 2003). Integration of HTLV-1 only occurs once 

per infected cell (Cook, Rowan et al. 2012). A recent study of the biophysical 

properties of HTLV-1 virions from the chronically infected SP cell line revealed that the 

particles are highly polymorphic in their cores, and that only 10% of particles imaged 

contained complete cores (Figure 1.5 A-C), while 70.5% of particles contained no 

electron density and were therefore regarded as to not contain cores (Figure 1.5 G-

H). The remaining 19.5% of particles contained incomplete cores (Figure 1.5 D-F) 

(Meissner, Mendonça et al. 2017) (Figure 1.5). 
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Figure 1.5 HTLV-1 virions are highly polymorphic as revealed by cryo-transmission electron 
microscopy 

Figure reproduced with permission from the American Society for Microbiology regarding the publication 
by (Meissner, Mendonça et al. 2017). Here, the authors purified HTLV-1 virions from medium in which 
the chronically infected HTLV-1 positive SP cell line was grown before analysing the particle 
morphologies by cryo-transmission electron microscopy. (A-C): particles containing complete core, (D-
F): particles containing incomplete cores, (G-H): particles containing no discernible cores. 

1.3.3 Expression of the pX region of the HTLV-1 provirus transforms infected 

cells and drives proviral expression 

Following successful integration of the HTLV-1 provirus, three major accessory gene 

products are transcribed from the pX region: Tax, Rex and the antisense gene HBZ 

(Figure 1.6). At least four minor accessory gene products (termed p12, p13, p21 and 

p30) are also encoded by HTLV-1, but these are not required for persistence (Derse, 

Mikovits et al. 1997), and are even absent from some natural strains of HTLV-1 

(Furukawa, Usuku et al. 2004). Tax and HBZ each play central roles in HTLV-1 

biology, although they have opposite effects on multiple cellular processes (Matsuoka 

and Jeang 2007, Bangham 2018). For example, Tax activates transcription from the 

sense strand of the HTLV-1 provirus, while HBZ downregulates the promoter activity 

of the 5' LTR (Gaudray, Gachon et al. 2002, Satou, Yasunaga et al. 2006). The 
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mechanism of competition is elegant: Tax recruits the cAMP response element binding 

protein (CREB) and its coactivating factors to the 3 tandem copies of the Tax-

responsive element (TRE) in the 5' LTR to act as a transcriptional activator (Gachon, 

Thebault et al. 2000), and HBZ acts as a transcriptional repressor by forming 

heterodimers with CREB, preventing the transcription factor from binding to the TRE 

(Gaudray, Gachon et al. 2002). Together these two factors control proviral expression. 

 

Figure 1.6 Major gene products of the HTLV-1 Provirus 

(A): A simplified schematic of the different loci encoded by the HTLV-1 provirus. The major structural 
genes are shown by coloured blocks, while the oncogenic pX region is represented by a dashed line. 
Dotted lines at the edges of the schematic represent LTRs integrated with the flanking host chromatin. 
(B): The major transcripts produced from the HTLV-1 provirus. As with all retroviruses, Gag-Pro-Pol 
and Env are transcribed from the 5' LTR. In addition to the major retroviral gene products, pX  encodes 
three major gene products (Tax, Rex, HBZ), each which are spliced and each at which the start codon 
is separated from the gene body, and one of which is antisense and therefore driven by the 3’ LTR. The 
coding sequences of each protein is represented by coloured blocks, while the unspliced mRNA is 
represented as fine dashed line. The directionality of each reading frame is depicted by an arrow. 

Tax and HBZ act synergistically to achieve cellular transformation: each contributing 

to HTLV-1 mediated oncogenesis (reviewed by (Matsuoka and Jeang 2007), (Kulkarni 

and Bangham 2018) and (Bangham and Ratner 2015)). While Tax upregulates the 

canonical NF-kB signalling pathway (as discussed later), HBZ selectively inhibits it by 
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binding p65 and promoting its degradation (Zhi, Yang et al. 2011). Expression of Tax 

alone is thought to be sufficient for cellular immortalization but not transformation 

(Rosin, Koch et al. 1998), and Tax also activates the Akt survival pathway by binding 

phosphatidylinositol 3-kinase and promoting Akt phosphorylation (Peloponese and 

Jeang 2006). Tax also inactivates the p53 checkpoint, although the mechanism 

remains incompletely understood (Matsuoka and Jeang 2011). Tax is thought to play 

a key role in the development of ATL by promoting aneuploidy – which is a property 

of ATL cells (Lemoine and Marriott 2002). Indeed, Tax inactivates the spindle 

assembly checkpoint in mitosis by binding to the checkpoint protein MAD1 (Jin, 

Spencer et al. 1998).  

It has been shown that HBZ RNA is also important for the proliferation of HTLV-1 

infected cells (Satou, Yasunaga et al. 2006). Indeed, in contrast to Tax, which is 

sporadically expressed in 40% of infected cells, HBZ was initially described to be 

ubiquitously expressed in ATL cells by measurement of HBZ mRNA (Satou, Yasunaga 

et al. 2006). This study also revealed that the HBZ transcript and protein exhibit distinct 

functions. Here, the authors introduced siRNAs against HBZ transcripts to ATL cells 

and noted the effect of decreased cell proliferation. Further, ectopically expressed hbz 

mutants that were incapable of producing HBZ protein (whilst still being actively 

transcribed as mRNA), continued to induce cell proliferation (Satou, Yasunaga et al. 

2006). Further, Inoculation of rabbits with a molecular clone of HTLV-1 harbouring a 

mutant HBZ gene exhibited a lower proviral load (PVL) (Arnold, Zimmerman et al. 

2008), suggesting the involvement of HBZ in disease progression. A recent study of 

tax and hbz transcription by single-molecule RNA fluorescence in situ hybridization 

(FISH) revealed that both transcripts appeared in bursts, with HBZ increasing in cells 

with high tax expression and HBZ expression occurring at a much lower level, but not 

in all infected cells at a given time (Billman, Rueda et al. 2017). 

HTLV-1 Rex also plays a pivotal role in HTLV-1 infection, where it mediates the export 

of full-length unspliced or partially spliced viral RNA from the nucleus to the cytoplasm 

(Hidaka, Inoue et al. 1988). Rex allows HTLV-1 to overcome the cellular mechanism 

that prohibit RNA containing introns from exiting the nucleus by binding to the Rex 

responsive element: an mRNA stem loop in the LTR (Ahmed, Hanly et al. 1990). Rex 
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then dimerises and interacts with a cellular factor, CRM-1/exportin 1 to mediate 

nuclear export of viral RNA to the cytoplasm (Hakata, Umemoto et al. 1998). 

1.3.4 HTLV-1 spreads primarily via clonal propagation 

The balance of Tax and HBZ expression drives mitotic proliferation of the infected cell, 

giving rise to the phenomenon of clonal expansion. This mode for expansion of 

infected cells generates large numbers of daughter cells containing HTLV-1 integrated 

at identical loci (referred to as unique integration sites; UIS). It is generally accepted 

that this is the primary route of HTLV-1 propagation within a single host (Wattel, 

Cavrois et al. 1996); however in the first days or weeks following infection of a new 

host, the virus is disseminated rapidly – as described by studying transplantation of 

infected organs (Cook, Melamed et al. 2016) – before an effective immune response 

is mounted. This gives rise to vast numbers of clones (up to 104-105) within one host 

(Gillet, Malani et al. 2011, Laydon, Melamed et al. 2014): with the majority of these 

carrying a single provirus (Cook, Rowan et al. 2012). 

Clonal expansion is not equal for all cells: rather, it appears to depend on a balance 

between the hosts anti-HTLV-1 cytotoxic T-cell response (Bangham 2008, Rowan, 

Suemori et al. 2014), and the rate of cell division (as determined by the balance of Tax 

and HBZ expression within a single cell). Indeed, the numbers of clones harbouring a 

single UIS ranges from singletons to clones represented by tens of thousands of cells 

(Laydon, Melamed et al. 2014, Niederer, Laydon et al. 2014). Individuals who have 

more UIS are more likely to develop disease, which is primarily attributed to the 

efficacy of the individuals anti-HTLV-1 response (Gillet, Malani et al. 2011). 

Intriguingly, in vivo there is an enrichment of clones carrying HTLV-1 in the acrocentric 

chromosomes (chromosomes 13, 14, 15, 21 or 22) with integration into chromosome 

13 conferring a particularly high advantage (Cook, Melamed et al. 2014). These 

chromosomes are on the nucleolus periphery and are less transcriptionally active 

(Padeken and Heun 2014), which gives rise to the hypothesis that these clones strike 

a nice balance between reactivation during cell division and transcriptional silencing 

for the majority of the cell cycle – resulting in evasion of the immune system. 

An important risk factor for the development of HTLV-1 associated disease is having 

a PVL (the number of proviruses per 100 cells) greater than 1% (Nagai, Usuku et al. 
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1998, Matsuzaki, Nakagawa et al. 2001, Iwanaga, Watanabe et al. 2010). Further, the 

risk of malignant transformation is influenced by interactions between the integrated 

provirus and the surrounding genomic environment (Cook, Melamed et al. 2014). In 

agreement, there is evidence that progression of disease is associated with HTLV-1 

integration site selection, since integration near active genes appears to be correlated 

with proviral expression and a high proviral load (Meekings, Leipzig et al. 2008). Within 

one host, HTLV-1 assumes a large variety of integration sites. Because the majority 

of intra-host spread is via clonal proliferation, this diversity of clones is generated from 

infectious spread in the early weeks following infection and the “losers” are selected 

against by the host response. Together these data indicate that the dissemination of 

proviruses into a large variety of integration sites is a core strategy employed by HTLV-

1 during infection.  

1.3.5 HTLV-1 exhibits a weak preference for integration site selection into 

multiple regions 

In agreement with the above statement, high-throughput integration site analysis of 

HTLV-1 infection revealed that in contrast to the strong biases displayed by MLV and 

HIV-1, HTLV-1 displays no strong preference for integration near any single genomic 

feature: instead displaying a preference for both silent regions of the genome 

(heterochromatin) or active features (near TSS or CpG islands; ~2-fold higher than 

random) (Meekings, Leipzig et al. 2008, Gillet, Malani et al. 2011, Melamed, Laydon 

et al. 2013). However, HTLV-1 does display a strong bias toward integration within 

0.1-1 kb of certain transcription factor binding sites/chromatin remodelers including 

that for histone deacetylase 6 (HDAC6), p53 and signal transducer and activator of 

transcription 1 (STAT1): Maximum odds ratio values for integration in proximity to each 

TFBS compared to matched random controls are as follows: HDAC6 (91.8), p53 

(343.7) and STAT1 (335.4) (Melamed, Laydon et al. 2013). Importantly, these 

observed biases for integration into diverse regions of chromatin are significantly 

different than if integration were random: which strongly suggests that an upstream 

factor is involved that is able to direct HTLV-1 integration to a range of genomic 

features. Table 1.2 summarises the P values for retroviral integration site distribution 

compared to the matched random control for MLV, HIV-1 and HTLV-1 as reported 

previously by (Serrao, Ballandras-Colas et al. 2015).  
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Table 1.2 P values for comparison of retroviral integration site distributions versus matched random 

control 

Virus Within Refseq genes 
Within 5 kb (± 2.5 kb of 
CpG island (%) 

Within 5 kb (± 2.5 kb of 
TSS (%) 

MLV >2.2E-308 >2.2E-308 >2.2E-308 

HIV-1 >2.2E-308 3.39E-78 3.37E-51 

HTLV-1 0.468 1.49E-28 8.10E-12 

 

1.3.6 The other HTLVs are less characterized and less pathogenic  

The main difference between HTLV-2 and HTLV-1 lies in the development of disease 

following infection (Feuer and Green 2005, Martinez, Al-Saleem et al. 2019). In 

contrast to the oncogenic properties of HTLV-1, HTLV-2 is not directly linked to 

lymphoproliferative disease. A longitudinal study has described HTLV-2 infection as 

being associated with a range of impaired motor functions (Biswas, Engstrom et al. 

2009), and a low incidence of a mild neurological disease (Orland, Engstrom et al. 

2003), however, a clear correlation with myelopathy has yet to be established (Araujo 

and Hall 2004). The genomes of the two viruses are similarly structured, and the 

sequence identity is around 70%: however, the key genomic difference is the pX 

region of the viral genomes. Although HTLV-2 encodes equivalent versions of Tax 

(Tax-2) (Shirinian, Kfoury et al. 2013) and Rex (tRex) (Ciminale, Zotti et al. 1997) as 

well as an antisense-encoded protein which antagonises the effect of Tax-2 (APH-2) 

(Halin, Douceron et al. 2009), all other accessory proteins are different.  

Both HTLV-1 and HTLV-2 recognise the same major receptors (GLUT1 and NRP1) 

(Manel, Kim et al. 2003), but HTLV-2 does not use HSPG as a co-receptor (Jones, 

Fugo et al. 2006). While HTLV-2 also infects T-cells, it exhibits a distinctive cellular 

tropism for CD8+ T-cells (in contrast to the CD4+ preferred by HTLV-1) (Ijichi, 

Ramundo et al. 1992). This difference in tropism is developed post-entry – as shown 

by equal rates of infection both in New Zealand white rabbits and in cellulo infection of 

PBMCs one week-post infection, and gradual development of HTLV-1 : CD4+/HTLV-

2 : CD8+ tropisms several weeks post-infection (Kannian, Yin et al. 2012). Further, 

both viruses elicit clonal proliferation of T-cells in vivo (Wattel, Vartanian et al. 1995, 
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Cimarelli, Duclos et al. 1996), and this phenomenon is not strictly linked to 

development of HTLV-1 associated disease. 

HTLV-2 has a different geographical distribution to HTLV-1 and a much lower 

incidence, with an estimated 800,000 person infected worldwide (Murphy, Cassar et 

al. 2015). Infection is mainly endemic to the intravenous drug users and indigenous 

populations of Africa and the Americas (the US and Brazil), where the majority of 

estimated cases (400,000-500,000) are located in the US (Murphy, Cassar et al. 

2015). The origins of HTLV-2 are less clear than that of HTLV-1, however, high 

prevalence in many isolated communities of the Americas with different ethnicity 

(Slattery, Franchini et al. 1999) and in multiple tribes of the oldest African ethnic groups 

(Gessain, Mauclere et al. 1995) suggests the virus came from Africa to the New World 

during a human migration event 10,000-20,000 years ago.  

Much less is known about the other two HTLVs (HTLV-3 and HTLV-4), other that they 

are only known to be endemic to Africa and are likely to be the result of recent zoonotic 

events. Both viruses were discovered in hunters of non-human primates living in 

Southern Cameroon who had reported exposure to NHP bodily fluids, and were shown 

to be diverse from STLVs and from HTLV-1 and -2 both by phylogenetic comparison 

of tax and pol, and by serological assays for reactivity to HTLV-1 antigens (Calattini, 

Chevalier et al. 2005, Wolfe, Heneine et al. 2005, Zheng, Wolfe et al. 2010). 
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1.4 Integration 

1.4.1 Viral IN catalyses integration within the IN:vDNA synaptic complex called 

the intasome 

 

Figure 1.7 Schematic of the reactions performed by IN to achieve integration 

As described, IN performs two reactions on the viral DNA. In the first, the IN oligomer cleaves the two 
invariant dinucleotides at the ends of the recently reverse-transcribed DNA in a process called 3'-OH 
processing (A and B). In the second, through three intermediates, IN engages the host chromatin and 
mediates the fusion of viral and host DNA strands (C and D). The resulting single-stranded gaps are 
filled in and ligated by host cellular enzymes. This figure is adapted with permission from (Craigie 2018) 
under the Creative Commons Public Domain Mark 1 License. 

In order to mediate the final reaction required for establishment of permanent infection 

in the host cell, viral IN catalyses a phosphodiester transesterification reaction 

between the 3' OH-processed ends of the LTR and the host chromatin. The IN 

monomer is minimally composed of three distinct domains linked together by flexible 

linker regions of variable length: the zinc-binding N-terminal domain (NTD); a catalytic 

core domain (CCD) containing a catalytic triad of acidic residues required for activity; 

and the C-terminal domain (CTD) (Engelman and Craigie 1992, Hare, Gupta et al. 
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2010). The catalytic residues of the CCD together coordinate a pair of divalent cations 

that are required for both activities of IN within the intasome (Engelman and Craigie 

1995): highlighting how both the 3' OH processing and strand transfer reactions are 

facilitated by the active sites. The reactions catalysed by IN are schematically 

represented in Figure 1.7. The intasome is minimally comprised of a tetramer (a dimer 

of dimers) of INs associated with the viral LTRs, something that also varies between 

retroviral genera as largely revealed by structures generated by X-ray crystallography 

and Cryo-electron microscopy (CryoEM).  

Examples of published structures include the tetrameric spumaviral PFV intasome 

(Hare, Gupta et al. 2010, Maertens, Hare et al. 2010); the octameric b-retroviral Mouse 

Mammary Tumor Virus intasome (Ballandras-Colas, Brown et al. 2016); the lentiviral 

Maedi-Visna Virus (MVV) (Ballandras-Colas, Maskell et al. 2017), SIV (Cook, Li et al. 

2020), and HIV-1 (Passos, Li et al. 2017, Passos, Li et al. 2020) intasomes – which 

each contained the core tetramer but with a range of different flanking INs (MVV and 

SIV form a hexadecameric structure of 16 INs, while HIV-1 (and SIV) form dodecamers 

as well as poly-dispersed stacks). Further, the high-resolution CryoEM structure of the 

d-retroviral STLV-1 intasome has been solved and is soon to be published (Barski, M., 

Minnell J. et. al., manuscript in preparation). Together these studies collate a plethora 

of structural information on the retroviral intasome, whilst highlighting the significant 

differences in oligomeric state between different genera. 

The activities of IN within the intasome can be inhibited by metal ion chelation by 

ethylenediaminetetraacetic acid (EDTA) or the use of integrase strand transfer 

inhibitors (INSTIs). The earliest description of the chemical processes involved 

occurring within the intasome were revealed by structural studies of the PFV intasome 

trapped at various stages of catalysis by adding or removing EDTA and INSTIs (Hare, 

Gupta et al. 2010, Maertens, Hare et al. 2010, Hare, Maertens et al. 2012). In addition 

to allowing the understanding of key chemical events leading to strand transfer, these 

important studies led to the first descriptions how the early INSTIs Raltegravir and 

Elvitegravir function to prevent integration (Hare, Gupta et al. 2010). 
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1.4.2 Integrases exhibit a weak bias for palindromic target sequences  

Multiple studies have reported the presence of a weak palindromic consensus 

sequence at the integration site of several retroviral infections including HIV-1, MLV, 

PFV, Avian Sarcoma Virus and HTLV-1 (Stevens and Griffith 1996, Holman and Coffin 

2005, Wu, Li et al. 2005, Derse, Crise et al. 2007). These observations have been 

collated by a recent bioinformatic study which showed that the association with 

palindromic sequences arose as a result of population averaging of integration sites 

on both the plus and minus strand of target DNA, rather than being caused by 

individual integration sites; and that instead, all of the above retroviruses exhibited a 

preference for a shared and non-palindromic motif (Kirk, Huvet et al. 2016). 

Nonetheless, although the intasome may recognise shared DNA motifs, this 

association does generate the clear bias for different integration sites exhibited by 

different retroviral genera.  

1.4.3 Host factors largely determine integration site preferences 

At the genomic level, interactions between host factors and the PIC appear to direct 

integration towards specific regions of the host genome. Two clear examples have 

been extensively described: the g-retroviral INs interact with the BET-containing 

proteins, Brd2-4, to direct integration near the TSS (De Rijck, de Kogel et al. 2013, 

Gupta, Maetzig et al. 2013, Sharma, Larue et al. 2013); while the LEDGF protein binds 

to lentiviral INs and guides the PICs to active genes (Ciuffi, Llano et al. 2005). 

Recently, it was shown that the d-retroviral INs bind to members of the protein 

phosphatase 2A family (PP2A) (Maertens 2016): an interaction which displays key 

characteristics of a PIC targeting factor. Determining the effect of this interaction on 

HTLV-1 infection and integration site selection is the primary aim of this work.  

1.4.4 g-retroviral integration site preference is dictated by the BET proteins 

INs from the g-retroviruses MLV and Feline Leukaemia Virus (FeLV) bind directly to 

members of the BET protein family (De Rijck, de Kogel et al. 2013, Gupta, Maetzig et 

al. 2013, Sharma, Larue et al. 2013). In mammals, this family contains four genes, 

from which five known proteins are expressed: Brd2, Brd3, Brd4-HUNK-1 and Brd4-

MCAP (two splice variants); and BrdT (Taniguchi 2016). All BET proteins contain two 
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N-terminal bromo-domains which bind to acetylated chromatin, and a C-terminal ET 

(extra-terminal) domain that binds to IN (Gupta, Maetzig et al. 2013). Herein called 

Brd, these proteins act as scaffolds to recruit other cellular factors such as histone 

deacetylases (HDACs), histone acetyltransferases (HATs) and other chromatin 

remodellers to euchromatin (Denis 2001, LeRoy, Rickards et al. 2008, LeRoy, 

Chepelev et al. 2012), and have been shown to interact with other viral proteins 

including herpesviruses and papillomaviruses (Weidner-Glunde, Ottinger et al. 2010).  

Brd2 was initially identified as a binding partner for Molony MLV IN from a yeast-2 

hybrid screen (Studamire and Goff 2008). Following this, three independent studies 

validated and determined the significance of this interaction (De Rijck, de Kogel et al. 

2013, Gupta, Maetzig et al. 2013, Sharma, Larue et al. 2013), each with overlapping 

and complementary results. An affinity-capture mass-spectrometry screen for binding 

partners of MLV IN identified peptides from each of Brd2, Brd3 and Brd4, and 

subsequently showed that these proteins stimulated integration near promoters 

associated with BET proteins and TSS (Sharma, Larue et al. 2013). Fusion of the C-

terminal IN binding domain with the N-terminal chromatin-binding domain of LEDGF 

(the targeting factor for lentiviruses) changed the integration pattern of MLV from near 

TSS to within active genes, effectively mimicking the distribution of lentiviral integration 

events and highlighting the role for BET proteins in g-retroviral integration site selection 

(De Rijck, de Kogel et al. 2013). 

The interaction interface between BET proteins and both MLV and FeLV IN was honed 

down to 3 critical residues in the highly conserved C-terminal ET domain of BET 

proteins (Gupta, Maetzig et al. 2013). Addition of the ET domain of Brd2, Brd3 and 

Brd4 stimulated integration activity in vitro, and overexpression of Brd2 stimulated 

integration in vivo (Gupta, Maetzig et al. 2013). Importantly, MLV IN and Brd2 co-

localized in the nucleus of transiently transfected human endothelial kidney 293T 

(HEK293T; herein 293T) cells, and mutation of the interaction interface abolished this 

effect. RNAi-mediated knockdown of BET proteins reduced MLV integration (Sharma, 

Larue et al. 2013), and the use of small-molecule bromodomain inhibitors reduced and 

re-directed MLV integration patterns in all three studies (De Rijck, de Kogel et al. 2013, 

Gupta, Maetzig et al. 2013, Sharma, Larue et al. 2013). Together, these data 
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established the binding of BET proteins to IN as a key determinant of g-retroviral 

integration.  

1.4.5 The lentiviruses hijack LEDGF to integrate within active genes.  

In contrast to the preference exhibited by the g-retroviruses for the TSS, the 

lentiviruses – represented by HIV-1 – instead exhibit a strong preference for 

integration into active gene bodies (Schroder, Shinn et al. 2002). The LEDGF protein 

targets this process, as partial knock-down of LEDGF in 293T cells, Jurkat T-cells 

(Jurkat) and human osteosarcoma (HOS) cells decreased the enrichment of HIV-1 

integration sites within active genes (Ciuffi, Llano et al. 2005). Further, knock-out of 

the murine homolog of LEDGF in mouse embryo fibroblasts resulted in a significant 

loss of HIV-1 targeting to active genes and increased the frequency of integration into 

TSS and CpG islands (Shun, Raghavendra et al. 2007). As with the BET proteins and 

MLV IN, LEDGF also modulates the enzymatic activity of lentiviral IN in vitro 

(Cherepanov, Maertens et al. 2003, Cherepanov 2007) co-localizes with HIV-1 IN in 

the nucleus (Maertens, Cherepanov et al. 2003), and tethers HIV-1 IN to chromatin 

(Maertens, Cherepanov et al. 2004).  

LEDGF also has two functional domains: the C-terminal 4 helical bundle is recognized 

by IN and dubbed the IN binding domain (IBD) (Cherepanov, Devroe et al. 2004); 

whereas the N-terminus of LEDGF harbours an AT hook - a basic motif that binds to 

A and T bases within the minor groove of DNA (Turlure, Maertens et al. 2006) and a 

proline-tryptophan-tryptophan-proline (PWWP) motif which recognizes H3K36me3 

(Dhayalan, Rajavelu et al. 2010) present in the body of actively transcribed genes 

(Dhayalan, Rajavelu et al. 2010). This dual function of LEDGF is akin to that of the 

BET proteins: where each is able to effectively tether their respective PICs to 

epigenetic marks and facilitate the generation of an integration site bias. 

1.4.6 PP2A-B56: a new host factor for the d-retroviruses? 

As mentioned earlier, the integration site preferences exhibited by HTLV-1 are more 

widespread than those of MLV or HIV-1: meaning that HTLV-1 exhibits a bias for 

multiple genomic features. The strongest bias for HTLV-1 integration is near the 

binding sites for transcription factors including the binding sites for p53, STAT1 and 
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HDAC6 (Melamed, Laydon et al. 2013). This broad range of preferences suggests that 

the d-retroviral PIC is able to interact, directly or indirectly, with a wide range of factors 

on the chromatin. The likely candidate for this is the multi-functional phosphoprotein 

phosphatase 2A-B56 (PP2A-B56), which was recently shown to bind specifically to d-

retroviral INs (Maertens 2016): forming the basis for this thesis.  

Prior to this work, a large-scale proteomics screen in 293T cells revealed that the B56 

family of regulatory subunits of the PP2A holoenzyme specifically bound to three 

different d-retroviral INs: (HTLV-1, HTLV-2, and BLV) (Maertens 2016). The interaction 

is genus-specific, as other retroviral (lenti-, g-, spuma- and b-) integrases did not bind 

the proteins. Further, HTLV-1 co-localized with B56g (the most abundant of the B56 

subunits) in the nuclei of HeLa cells and addition of B56g stimulated integration activity 

of both HTLV-1 and HTLV-2 in vitro. Mutagenesis of B56g revealed highly conserved 

residues that were critical for the binding to HTLV-1 and -2 IN, which were later 

confirmed to be involved in the canonical substrate-binding interface of PP2A-B56 

(Hertz, Kruse et al. 2016). Interestingly, the BLV and HTLV-1/2 INs are not very related 

in sequence (only sharing 38% sequence similarity), suggesting that the d-retroviruses 

are under a strong evolutionary pressure to maintain this interaction.  

1.5 Protein phosphorylation is a reversible, complex and 
highly regulated process  

1.5.1 Protein Phosphorylation  

Phosphorylation is an essential and ubiquitous cellular process involving the addition 

and removal of a phosphate moiety (PO4-) to hydroxyl-containing amino acids as a 

post-translational modification. An estimated one third of all cellular proteins are 

thought to experience reversible phosphorylation: which is a key regulatory process 

involved in a myriad of intracellular pathways including growth and development, 

proliferation, apoptosis, survival and cell division (Reviewed by (Janssens and Goris 

2001, Johnson and Hunter 2005, Shi 2009, Chen, Dixon et al. 2017)). Phosphorylation 

occurs on three hydroxyl-containing residues: serine, threonine and tyrosine. A 

proteomic analysis of over 6600 phosphorylation sites of 2244 human proteins from 

HeLa cells revealed that phosphoserine (pSer) was by far the most abundant: 
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accounting for 86.4% of all phosphorylation sites, followed by 11.8% and 1.8% 

corresponding to phosphothreonine (pThr) and phosphotyrosine (pTyr), respectively 

(Olsen, Blagoev et al. 2006).  

The equilibrium of the phosphosome is maintained by a balance between the activity 

of kinases (which catalyse the attachment of PO4- to hydroxyl groups) - and 

phosphatases, which antagonize kinase activity by catalysing the removal of these 

groups. The human genome encodes 518 putative kinases, in a collection named the 

“kinome” (Johnson and Hunter 2005), each responsible for a distinct set of substrates. 

These are classified into two families: tyrosine kinases (PTKs; including 90 members) 

and serine/threonine kinases (PSKs; the remaining 428 members of the kinome) 

(Figure 1.7B). Intriguingly, while the reversable, ubiquitous and extremely specific 

nature of protein phosphorylation suggests that the number of phosphatases would 

match that of the kinases, there are far fewer protein Ser/Thr phosphatases (PSPs) in 

the human genome (Shi 2009) than PSKs, while the PTKs and protein Tyr 

phosphatases (PTPs) are almost matched – with the human genome encoding 107 

putative PTPs (Figure 1.7A). 

1.5.2 Protein Ser/Thr phosphatases (PSPs) 

The PSPs are classified into three major families at the highest order by virtue of the 

sequence of the catalytic (C) subunit: the metal-dependent protein phosphatases 

(PPMs), the phosphoprotein phosphatases (PPPs) – which also use metal ions for 

catalysis – and the aspartate-based phosphatases (represented by the TFIID-

associating component of RNA polymerase II CTD phosphatase/small CTD 

phosphatase (FCP/SCP) (Shi 2009) (Figure 1.7). In contrast to the number of PTPs 

nearly matching to that of the PTKs, the protein Ser/Thr phosphatase family is 

outnumbered 10:1 by the equivalent PSKs. This astonishingly large difference 

between enzymes that catalyse equivalent and opposing roles can be partially 

accounted for by the fact that the catalytic subunit of the PPPs is often able to form 

interactions with a range of regulatory proteins, generating a plethora of holoenzyme 

permutations (as explained below).  
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Figure 1.8 Schematic of Kinase and Phosphatase families 

The vast nature of the phosphatases and kinases in the human genome. The schematic depicts the 
different families of phosphatases. The estimated numbers of each sub-group are depicted at the 
highest level. As indicated, the number of kinases encoded by the human genome outweighs the 
number of phosphatases: something that is corrected for by the multi-functional protein complexes often 
represented in phosphatases. 

 

1.5.3 The PPMs and Aspartate-based phosphatases: 

These two families of phosphatases include members which are dependent on the 

presence of metal ions (Mn2+ or Mg2+) for catalysis, however the cation plays different 

roles for each family: the PPMs (as with PPPs) utilise a metal ion to activate water 

molecules during substrate dephosphorylation; while aspartate phosphatases use the 

ion to neutralise the phosphates charge prior to cleavage (Shi 2009). These 

phosphatases achieve their wide range of substrate specificity by the presence of 

protein domains harbouring conserved substrate recognition motifs (Lammers and 

Lavi 2007, Shi 2009). As with kinases, the PPMs are encoded by numerous distinct 

genes. One example is the PP2C family of PPM phosphatases: which are a large 

family of at least 16 distinct genes which express 22 known isoforms involved primarily 

in growth regulation and stress signalling (reviewed by (Lammers and Lavi 2007)). In 
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contrast, there is currently only one described substrate for members of the aspartate 

phosphatases: the C-terminal domain of RNA polymerase II, the activity of which is 

tightly regulated by phosphorylation status (Hsin and Manley 2012) 

1.5.4 The phosphoprotein phosphatases (PPPs): 

There are seven PPP families: including PP1, PP2A, PP2B, PP4, PP5, PP6 and PP7. 

The phosphoprotein phosphatases that regulate cellular metabolism are primarily 

attributed to two types: type 1 which includes protein phosphatase 1 (PP1); and type 

2, which includes PP2A, PP2B and PP2C (the latter which is classified within the PPM 

family) (Ingebritsen and Cohen 1983). Although there is considerable sequence 

identity between the PP1 and PP2 types, the distinction was made on the basis of the 

endogenous mechanism of inhibition of phosphatase activity: where PP1 is specifically 

inhibited by the cellular protein inhibitor 1 (Nimmo and Cohen 1978), and PP2A and 

PP2B are resistant to this inhibition (Ingebritsen and Cohen 1983). Both PP1 and 

PP2A are considered major protein phosphatases and each exhibit extraordinarily 

broad substrate specificity: a property directly attributable to the association of the 

catalytic subunits with a myriad of regulatory subunits (Janssens and Goris 2001, 

Cohen 2002, Shi 2009).  

1.5.5 The PP1 family 

One of the most-abundant Ser/Thr phosphatases, PP1 is ubiquitously expressed in all 

eukaryotic cells and features prominently in a range of biochemical processes 

including meiosis and mitosis, protein synthesis and cytoskeletal organisation, 

apoptosis, and the regulation of membrane receptors (reviewed by (Cohen 2002)). 

The functional PP1 consists of a highly conserved catalytic (C) subunit and a 

regulatory (R) subunit: of which at least 100 have been putatively identified (Moorhead, 

Trinkle-Mulcahy et al. 2007). This vast range of R subunits each play roles in 

subcellular targeting of the catalytic phosphatase subunit, modulation of phosphatase 

activity and are sometimes found to function as substrates of PP1 themselves. 
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1.6 The PP2A family of holoenzymes 

The PP2A family of PPPs is by far the largest and most-diverse family of phosphatases 

(Janssens and Goris 2001, Shi 2009, Seshacharyulu, Pandey et al. 2013). One of the 

most abundant enzymes, PP2A comprises between 0.3-1% of the total cellular protein 

(Ruediger, Van Wart Hood et al. 1991). It is highly conserved across all eukaryotes 

and is involved in a myriad of cellular processes including development, cell 

proliferation and death, cell mobility and cytoskeletal dynamics, the cell cycle, and the 

tight regulation of numerous signalling pathways (Janssens and Goris 2001). As such, 

PP2A is essential for cell viability, and dysregulation or mutations in the PP2A genes 

result in tumorigenesis or cell death (Strack, Cribbs et al. 2004, Chen, Arroyo et al. 

2005). The core PP2A holoenzyme is a dimer (PP2AD) composed of a 65 kDa scaffold 

subunit (A) and a 36 kDa catalytic subunit (C) and represents a third of the total PP2A 

pool (Kremmer, Ohst et al. 1997).  

The remaining fraction of PP2AD forms specific and mutually exclusive interactions 

with one of four types of regulatory (B) subunit (Figure 1.8): which regulate subcellular 

localization, substrate specificity and catalysis (Janssens and Goris 2001, Yang and 

Phiel 2010, Seshacharyulu, Pandey et al. 2013). These holoenzymes have distinct 

roles in cellular processes and are referred to by virtue of the associated B subunit. 

The regulatory subunits fall into four distinct families: B/B55/PR55; B'/B56/PR61; 

B''/PR48/PR72/PR130) and B'''/STRIATIN/PR93/PR110) – each of which contain 

between 2 and 5 family members. For the remainder of this thesis, the following 

nomenclature is used when referring to the four B subunit families of PP2A: B55, B56, 

PR72 and STRIATIN. 
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Figure 1.9 Schematic of the PP2A family 

The PP2A family of phosphatases is a trimeric holoenzyme comprised of a core dimer (A and C) in 
combination with a variety of different B family members (B55, B56, PR72 or Striatin) (Janssens and 
Goris 2001). The B56 family is by far the largest, containing at least five members (a to e), and multiple 
splice isoforms (indicated by coloured arrows) and alternative translation products (indicated by dashed 
arrows). 
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1.6.1 Structural information about PP2A holoenzymes 

There is a wealth of structural information published for the PP2A family of 

holoenzymes, including the crystal structure of the PP2A-B55a holoenzyme (Xu, Chen 

et al. 2008) (the B55 subunit is included for comparison in Figure 1.9B); two crystal 

structures of the PP2A-B56g holoenzyme (Xu, Xing et al. 2006, Cho and Xu 2007) 

(Figure 1.9A); and a crystal structure of the PP2A-PR72 holoenzyme (Wlodarchak, 

Guo et al. 2013). Further, the structure of PP2A-B56g complexed with a fragment of 

Shugosin 1 (Sgo1) (a critical regulator of mitosis and meiosis) has also been published 

(Xu, Cetin et al. 2009). Structural information is also available about the interactions 

of the PP2AD with negative regulators of phosphorylation activity in the catalytic 

subunit: including the PP2A-specific methylesterase 1 (PME-1) (Xing, Li et al. 2008) 

and the Tor signalling pathway regulator (TIPRL) (Wu, Zheng et al. 2017). 

In addition to the crystal structures of PP2A holoenzymes, there are also structures 

available of monomeric subunits both in apo-form and in complex with various binding 

partners. The first published structure of a PP2A subunit was that of Aa in 1999 

(Groves, Hanlon et al. 1999), and the structure of Aa bound to the small T antigen of 

SV40 has been reported (Cho, Morrone et al. 2007). The PR72 B subunit has been 

characterized both within the context of the holoenzyme and as a monomer 

(Wlodarchak, Guo et al. 2013) (Figure 1.9D). 

Finally, there are multiple structures of monomeric B56g: the first of which was an apo 

form (Figure 1.9C), followed by three structures of B56g bound to phosphopeptides of 

the short linear motif (SLiM) from RepoMan and BubR1: endogenous substrates of 

B56-containing PP2A (Wang, Bajaj et al. 2016). To date there are no structural data 

on the fourth B family, the STRIATINS: however, for the sake of illustrating the diversity 

of the B family a homology model of STRIATIN 3 was constructed using the Phyre2 

server (Figure 1.9E) (Kelley, Mezulis et al. 2015). 
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Figure 1.10 The wealth of structural information about PP2A family members reveals that the B 
subunit families are structurally diverse 

(A): The X-ray crystal structure of PP2A-B56g holoenzyme (PDB ID: 2IAE), where the scaffold subunit 
is shown in grey, B56g is shown in purple and the Ca subunit is shown in green. (B): The B55a monomer 
as extracted from the X-ray crystal structure of the PP2A-B55a holoenzyme (PDB ID: 3DW8). (C): the 
B56g monomer from (A). (D): The PR72 monomeric X-ray crystal structure (PDB ID: 4I5K). (E): A 
homology model of STRIATIN-3 as produced by the Phyre-2 server. Clearly, these four families of B 
subunit display vast topological differences: something that represents their incredible diversity of roles 
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1.6.2 The scaffold (A) subunit of PP2A 

Two isoforms of the scaffold (A) subunit for PP2A are present in human cells and are 

encoded by two distinct genes which share 87% sequence identity: Aa (PPP2R1A on 

chromosome 19, q13.41) and Ab (PPP2R1B on chromosome 11, q23.1). Aa is 

expressed at a much higher level than Ab and accounts for 90% of PP2A holoenzyme 

assemblies (Janssens and Goris 2001, Yang and Phiel 2010), although both forms 

are ubiquitously expressed (Hemmings, Adams-Pearson et al. 1990). The PP2A 

scaffold subunit is composed of 15 tandem repeats of a 39-residue HEAT 

(huntington/elongation/A subunit/TOR) motif. Each repeat includes two antiparallel 

alpha helices connected by an interhelical loop, which form an overall horseshoe 

structure (Groves, Hanlon et al. 1999) (Figure 1.9A).  

The scaffold subunit earns its namesake by interacting with both C and B subunits 

simultaneously. Hence, Aa binds the C subunit at the C-terminal HEAT repeats (11-

15) while binding different regulatory subunit families at the inter-helical loops between 

N-terminal HEAT repeats. Although the same region of Aa is involved in binding to the 

four distinct B-type regulatory subunits, the Aa residues involved in the interaction are 

different for each B family (Cho and Xu 2007, Xu, Chen et al. 2008, Wlodarchak, Guo 

et al. 2013). Comparison of the unbound and holoenzyme-associated structures of Aa 

reveals how the horseshoe shape provides significant conformational flexibility during 

holoenzyme assembly: where binding of the C subunit shifts HEAT repeats 12-15 by 

20-30 angstrom (Å) (Groves, Hanlon et al. 1999, Cho and Xu 2007); and the binding 

of B56g causes the N-terminal repeats to twist and rearrange by an astonishing 50-60 

Å (Xu, Xing et al. 2006, Cho and Xu 2007), which actually rearranges the hydrophobic 

core within and between HEAT repeats.  

1.6.3 The catalytic (C) subunit of PP2A: 

The two human catalytic subunit isoforms (Ca and Cb) are also expressed from two 

distinct genes and share 97% sequence similarity. This sequence conservation is 

shared throughout all eukaryotes. In fact, it has been suggested that the gene structure 

of C may be the most conserved of all known enzymes (Cohen, Brewis et al. 1990). 

As with the A subunits, Ca is the major isoform and is expressed ~10 times more 
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abundantly than Cb due to stronger promoter activity (Khew-Goodall and Hemmings 

1988). Complete loss of Ca leads to an embryonic-lethal phenotype: indicating a lack 

of redundancy between the Ca/Cb isoforms (Gotz, Probst et al. 1998). In addition to 

regulation of substrate recognition by the different B subunits, the activity of catalytic 

subunit is modulated by post-translational modifications (PTMs) such as 

phosphorylation and methylation at the C-terminus.  

Indeed, phosphorylation of the Thr and Tyr residues of the C-terminal 304TPDYFL309 

peptide reversibly inactivates PP2A (Guo and Damuni 1993, Brautigan 1995): a 

process that is dependent on the activity of the kinase “autophosphorylation activated 

protein kinase” for modification of Thr 304. In contrast, methylation of Leucine 309 is 

thought to assist in the assembly of active PP2A-B55 and PP2A-PR72 holoenzymes 

(Longin and Goris 2006). Methylation is achieved by the cellular enzyme leucine 

carboxyl methyltransferase (LCMT-1) and reversed by the activity of PME-1. The 

crystal structure of the PP2AD-PME-1 heterotrimeric complex revealed that the 

formation of this complex results in the activation of PME-1 by means of catalytic triad 

arrangement, and that in addition to inhibition of PP2A function by the removal of the 

methyl group, PME-1 also functions to prevent PP2A activity by dislodging the two 

Mn2+ ions in the catalytic centre of the PP2A core (Xing, Li et al. 2008).  

1.6.4 The B subunits of PP2A 

As mentioned above, the presence of regulatory B subunits in PP2A holoenzyme 

assemblies directs the PP2A core dimer towards its substrates. B-type regulatory 

subunits are divided into four distinct families, which are schematically and structurally 

represented in Figures 1.8 and 1.9, respectively. The multitude of different B subunits 

so-far identified generates at least 75 different holoenzyme compositions (Janssens 

and Goris 2001): each with distinct roles in various cellular processes. Remarkably, 

there is a total lack of structural or sequence similarity between the four B subunit 

families, although they all recognise similar regions of the scaffold subunit (Janssens 

and Goris 2001).  
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1.6.4.1 The B55 family  

The B55 family is encoded by four genes (a, b, g and d) in mammals: which are 

expressed in a tissue specific manner (Janssens and Goris 2001). Both B55a and 

B55d are highly related in sequence and are expressed widely (Strack, Chang et al. 

1999, Turowski, Myles et al. 1999). In contrast, the expression pattern of B55b and 

B55g is largely enriched in brain tissue (Mayer, Hendrix et al. 1991, Zolnierowicz, 

Csortos et al. 1994). B55a, B55b and B55d are mainly cytosolic (Strack, Chang et al. 

1999), while B55g is enriched in the cytoskeletal fraction (Janssens and Goris 2001). 

The only available structure of a B55 family member is that of B55a: which is a 

distinctive propeller shape made from five WD40 repeats (Figure 1.9B), as determined 

by the crystal structure of the PP2A-B55a holoenzyme (Xu, Chen et al. 2008). WD40 

repeats are conserved sequences that typically mediate protein-protein interactions 

and end in tryptophan-aspartate (WD) residues (Neer, Schmidt et al. 1994). 

Both B55a and B55b interact with the cytoplasmic domain of type 1 transforming 

growth factor beta (TGF-b) via the WD40 repeats and are directly targeted by the 

receptor’s kinase activity (Griswold-Prenner, Kamibayashi et al. 1998). Conditional 

knockout of B55a, B55b and B55g from human fibroblasts caused defects in the 

intermediate filaments: where the introduction of anti-B55 shRNAs caused cells to 

become defective due to a lack of vimentin dephosphorylation (Turowski, Myles et al. 

1999). Further, the yeast homologue of B55, Cdc55p, was shown to be important for 

regular cell division: where mutagenesis or deletion of this gene caused a partial 

blockage of cell separation (Wang and Burke 1997). Indeed, knockdown of B55a via 

RNAi in human cells blocked mitotic exit – as identified from a live microscopy screen 

for phosphatases that affected the cell cycle (Schmitz, Held et al. 2010).  

1.6.4.2 The PR72 family 

The PR72 family of B regulatory subunits is named on the basis of the molecular 

weight for the first species of this family to be discovered. Here, the PP2A-PR72 

trimeric holoenzyme was purified from rabbit skeletal muscle, and the human 

sequence was subsequently cloned from a human heart muscle cDNA library 

(Hendrix, Mayer-Jackel et al. 1993). This member is also expressed as a splice 
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isoform, producing an isoform of PR72 containing a different (and larger) N-terminus, 

termed PR130 which is ubiquitously expressed (Hendrix, Mayer-Jackel et al. 1993, 

Janssens and Goris 2001, Stevens, Janssens et al. 2003). The structure of the PP2A-

PR72 holoenzyme has been determined (Wlodarchak, Guo et al. 2013) (Figure 1.9D), 

and both PR72 and PR130 have been implicated in Wnt signalling pathways, in 

apparently opposing roles (Creyghton, Roel et al. 2005, Creyghton, Roël et al. 2006). 

The PR72 family contains two other known members – each identified from a yeast-

two-hybrid screen. PR59 shares 59% sequence identity with PR72 but has an entirely 

different expression pattern in human cells: where PR72 is exclusively expressed in 

skeletal and cardiac muscle, PR59 is expressed in most tissues except skeletal 

muscle and was identified as a binding partner of the retinoblastoma protein p107 

(Voorhoeve, Hijmans et al. 1999, Janssens and Goris 2001). PR48 shares 68% 

homology with PR59 (Janssens and Goris 2001) and was identified as a binding 

partner for CSC6 – through which PR48 permits the initiation of DNA replication (Yan, 

Fedorov et al. 2000). Overexpression of either PR48 or PR59 causes cell cycle arrest 

in the G1 phase (Yan, Fedorov et al. 2000), further illustrating the vast and critical 

nature of the roles played by PP2A. 

1.6.4.3 The STRIATINS 

STRIATIN is the least well-defined family of B regulatory subunits and contains the 

fewest members (Janssens and Goris 2001). Similarly named after the first member 

described, both STRIATIN/PR110, and S/G2 nuclear autoantigen/PR93 form 

interactions with the PP2A core dimer (Moreno, Park et al. 2000). A third member, 

ZINEDIN, was discovered by BLAST of the STRIATIN sequence against the NCBI-

EST database (Castets, Rakitina et al. 2000). Like the B55 family, these proteins 

contain a WD40 repeat, however they also all include three protein-protein interaction 

domains: a caveolin-binding motif, a coiled-coil structure, and a calmodulin-binding 

domain, suggesting that they function as scaffolds for larger complexes (Castets, 

Rakitina et al. 2000). Further, phylogenetic analysis revealed that all three arose from 

a common genic ancestor. All members are expressed specifically in neuronal tissue, 

and downregulation of each affects neuron maturation (Castets, Rakitina et al. 2000, 

Li, Musante et al. 2018). 
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1.6.4.4 The B56 family (the binding partners for d-retroviral INs) 

The B56 family of B subunits is the largest and most diverse: containing five genes (a, 

b, g, d and e). The B56d and B56g isoforms each express three splice variants, and 

B56e produces an alternative translation product (Yang and Phiel 2010) (Figure 1.8). 

All members (except B56g splice isoform 1) are serine phosphoproteins (McCright, 

Rivers et al. 1996) that share 80% sequence identity in the central region – while the 

N and C termini are much more divergent: highlighting the fact that the central regions 

are involved in binding to the PP2AD while the ends recognise substrates (Cho and 

Xu 2007, Wang, Bajaj et al. 2016).  

The multiple crystal structures of B56g revealed that the molecule adopts a 

configuration of 8 pseudo-HEAT repeats (composed of 18 a-helices) arranged in a 

horseshoe shape, sharing topological similarity with the Aa subunit (Cho and Xu 2007, 

Magnusdottir, Stenmark et al. 2009, Wang, Bajaj et al. 2016) (Figure 1.9C). In the 

context of the PP2A-B56 holoenzyme, B56g residues in pseudo HEAT repeats 2, 5 

and 6 form contacts with the A subunit while HEAT6, HEAT7 and HEAT8 contain 

residues that interact with the C subunit. In addition to these binding interfaces, the C-

terminus of the C subunit docks at the A/B56 interface (Xu, Xing et al. 2006, Cho and 

Xu 2007). It has therefore been proposed that the C-terminal tail of the catalytic subunit 

plays a role in recruitment of B56 to PP2AD and as a consequence, increases the 

tightness of the A/B56 interaction. Indeed, assembly of the PP2A-B56 holoenzyme 

alters the conformation of the substrate docking site to prepare the C subunit for 

catalysis (Cho and Xu 2007). 

The intracellular localization of B56 isoforms reflects the location of PP2A-B56 

because monomeric B56 subunits are degraded rapidly in vivo, as indicated by 

knockdown of Aa (Strack, Cribbs et al. 2004), overexpression of Aa variants defective 

in binding B56 that are common in tumours (Chen, Arroyo et al. 2005), and infection 

with the simian virus 40 (SV40); of which the small t antigen displaces B56 from PP2A 

to dysregulate the cell cycle (Sablina, Hector et al. 2010). The B56 holoenzymes have 

been detected in a vast and dynamic range of subcellular locations. For example, 

B56a, B56b and B56g all contain a functional nuclear export signal motif near the C-

terminus, and a nuclear localization sequence near the N-terminus (Flegg, Sharma et 
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al. 2010): which allows shuttling between the nucleus and the cytoplasm. The rate of 

export is greater than that of import, and therefore B56a, B56b and B56e are largely 

cytoplasmic (McCright, Rivers et al. 1996).  

1.6.5 PP2A-B56 holoenzymes are present in the cell nucleus 

All five members of the B56 family can be nuclear (Yang and Phiel 2010) (McCright, 

Rivers et al. 1996). Examples include the association of PP2A-B56 with Sgo at the 

centromere during meiosis (Riedel, Katis et al. 2006), accumulation of B56g splice 

isoform 3 in the nucleus during S phase and at the G1/S border (Lee, Lai et al. 2010), 

the presence of B56g splice isoform 1 within nuclear speckles (sub-nuclear structures 

containing pre-mRNA splicing factors) (Gigena, Ito et al. 2005), and the counteraction 

of cohesin kinase by PP2A-B56 at the centromere – the balance of which maintains 

normal ploidy in daughter cells following chromosome segregation (Tang, Shu et al. 

2006). Together these observations unequivocally place B56-containing PP2A 

holoenzymes not only in the nucleus, but often at the chromatin. Further examples 

include dephosphorylation of the transcription factors p53 and STAT1, and the 

chromatin modifier HDAC6 by PP2A-B56 (Eichhorn, Creyghton et al. 2009, Shanker, 

Trincucci et al. 2013). Central to the hypothesis of this thesis is the observation that 

HTLV-1 has been shown to integrate near the cognate transcription factor binding site 

(TFBS) for each of these three transcription factors/chromatin remodelers (Melamed, 

Laydon et al. 2013).  

B56-containing PP2A holoenzymes are involved in a myriad of other cellular 

processes. For example, B56e regulates the canonical Wnt pathway of beta-catenin 

signalling (Seeling, Miller et al. 1999), the non-canonical Wnt (planar cell polarity) 

pathway (Hannus, Feiguin et al. 2002), and the Hedgehog pathway for neural tube 

development and digit formation (Jia, Liu et al. 2009). Similarly, B56b and B56d 

function downstream of the epidermal growth factor receptor in the receptor tyrosine 

kinase pathway and may also be involved in nerve growth factor receptor potentiation 

(Van Kanegan and Strack 2009).  



 
71 

1.6.6 PP2A-B56 holoenzymes are involved in pathways linked to 

tumorigenesis  

The B56 subunits are also linked to tumorigenesis via the p53 pathway by at least five 

mechanisms (Yang and Phiel 2010). Firstly, PP2A-B56 functions upstream of p53 to 

inhibit apoptosis (Silverstein, Barrow et al. 2002). Secondly, B56g prevents 

degradation of Bcl-2, which is a pro-apoptotic molecule and stimulates apoptosis in 

response to DNA damage or stress (Lin, Bassik et al. 2006). Thirdly: PP2A-B56g can 

also function to regulate DNA damage-induced p53 directly. Here, the DNA damage 

response phosphorylates Ser15 of p53 to increase the binding between PP2A-B56g 

and p53, triggering the dephosphorylation of Thr55 activating p53 and leading to G1 

cell cycle arrest (Shouse, Cai et al. 2008). Fourth: PP2A-B56 activates MDM2 by 

dephosphorylation of Ser166 and Thr216 via binding to CYCLIN G – where CYCLIN 

G acts as a scaffold to bring the PP2A-B56 and MDM2 proteins together (Bennin, Don 

et al. 2002) – the consequence of which is the enhancement of p53 degradation (and 

progression through the cell cycle) by dephosphorylated MDM2. Finally, PP2A-B56d 

was shown to behave as a checkpoint effector to promote mitosis by causing the 

release of 14-3-3 from CDC25 (Margolis, Perry et al. 2006).  

1.6.7 B56 recognises a large subset of its substrates/binding partners by a 

Short Linear Motif (SLiM) 

A recent study overexpressed YFP-tagged B56a or B55a in HeLa cells and coupled 

immunoprecipitation (IP) to mass-spectrometry (MS) using each lysate to show that 

239 different cellular proteins were significantly enriched for binding to B56 compared 

to B55 (Hertz, Kruse et al. 2016). The authors then discovered that a subset of these 

(30) contained a highly conserved SLiM, termed the LxxIxE motif. The study then 

conducted an extensive mutagenesis of the surrounding residues of this motif to define 

the role played by each. A high stringency in silico analysis of the human proteome 

then identified 168 proteins as containing the LxxIxE SLiM – many of which were not 

identified in the MS screen, and a subset of which were previously shown to interact 

with (and be dephosphorylated by) PP2A-B56. Together these experiments indicate 

the vast and temporal nature of the substrate repertoire for PP2A-B56 and highlight 
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that while the LxxIxE motif is present on many substrates for PP2A-B56 

dephosphorylation, it does not account for all PP2A-B56 functions. 

In a subsequent study, the LxxIxE SLiM definition was expanded to include a 

phosphorylated Ser/Thr residue C-terminal to the L in the motif (LpSxIxE) (Wang, Bajaj 

et al. 2016), and revealed how over 100 cellular substrates for PP2A-B56 included this 

phosphorylated residue. The authors then complemented this in silico analysis by 

highlighting how phosphorylation of the serine at this position in the SLiM enhanced 

the binding of BUBR1 and RepoMan by a combination of biophysical binding assays 

and X-ray crystallography. Of interest, whilst RepoMan is a substrate of PP2A-B56g, 

BUBR1 recruits PP2A-B56g to the kinetochores to dephosphorylate a third protein, 

KNL1 (Espert, Uluocak et al. 2014, Vallardi, Allan et al. 2019) These two studies 

together build up a story of how a significant subset of PP2A-B56 binding partners and 

substrates are recognised by the PP2A-B56 holoenzyme, whilst also further indicating 

the incredible diversity of cellular roles played by B56-containing PP2A holoenzymes. 

1.7 PP2A is specifically targeted by viruses 

Given the vast and important range of cellular processes mediated by the PP2A 

holoenzyme family, it is of little surprise that PP2A is the target for many other viral 

proteins. Multiple examples have been described where viral proteins subvert 

important cellular pathways by either binding to the PP2A holoenzyme directly or by 

forming interactions with cellular PP2A-interacting proteins: both of which are common 

in the development of tumours linked to viral infection. Examples from each type of 

usurpation are detailed below, some of which upregulate survival pathways and others 

which cause apoptosis and cell cycle arrest via dysregulation of PP2A. 

As detailed above, PP2A is a tumour suppressor gene involved in the regulation of a 

myriad of critical signalling pathways that result in cellular transformation: many of 

which are often found disrupted in human cancers (Eichhorn, Creyghton et al. 2009). 

Indeed, pharmacological inhibitors of PP2A catalytic function such as microcystin and 

okadaic acid act as potent tumour promoters (MacKintosh and MacKintosh 1994), and 

mutations that inactivate the PP2A A subunit have been linked to cellular 

transformation (Calin, di Iasio et al. 2000). In accordance with this fact, many viruses 
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encode proteins which specifically disrupt the PP2A function and lead to dysregulation 

of cellular signalling pathways, often resulting in cancer. 

1.7.1 Viral proteins bind the PP2A core dimer directly to reduce PP2A function 

The Human papillomavirus (HPV) is a major causative agent of cervical cancer. The 

HPV oncogenic protein HPV-E7 binds to the PP2AD, which reduces the formation of 

holoenzyme assemblies with the B subunits (Pim, Massimi et al. 2005, McLaughlin-

Drubin and Munger 2009). Similarly, the SV40 small T (sT) antigen binds to the PP2AD 

at the same site as the B56 subunits, which functions to downregulate the available 

pool of cellular PP2A-B56 (Chen, Xu et al. 2007, Cho, Morrone et al. 2007). In both 

cases, the consequential reduction in PP2A holoenzymes is linked to the promotion of 

cellular transformation and cell survival via the maintenance of PI3K survival pathway 

activation (Pim, Massimi et al. 2005, Sablina, Hector et al. 2010). The effect of the sT 

antigen in SV40 infection was also shown to activate the Wnt and c-Myc pathways 

(Sablina, Hector et al. 2010). 

The replication of Merkel cell polyomavirus (MCV), the etiological agent of human 

Merkel cell carcinoma a highly aggressive and rare skin cancer affecting the elderly 

and immunocompromised (Feng, Shuda et al. 2008), was coupled to the binding of 

viral sT antigen to the Aa subunit of PP2A (Kwun, Guastafierro et al. 2009). Similarly, 

the sT antigen of BK Virus (a polyoma virus named after the first identified patient), 

which infects kidney epithelial cells to cause polyoma associated nephropathy, directly 

binds the PP2AD and possibly mediates the onset of oncogenesis by inactivation of 

the p53 tumour suppressor property (Tognon, Corallini et al. 2003). Lastly, Epstein 

Barr virus (EBV) – which is an etiological agent of human B-cell cancers – encodes 

the nuclear antigen EBNA-LP as one of six factors involved in B-cell transformation. A 

truncated variant of EBNA-LP has been specifically implicated in the inactivation of 

PP2A activity to protect against caspase-mediated apoptosis, however this phenotype 

is only linked to a defective type of EBV containing a significant genetic deletion in the 

EBNA2 gene (Garibal, Hollville et al. 2007). 
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1.7.2 Some viral proteins usurp PP2A to inhibit the cell cycle 

The examples given above represent cases of viral infection where oncogenic viral 

proteins upregulate cell survival via direct manipulation of the PP2A enzyme. 

Intriguingly, cases also exist where the opposite effect is induced by interactions 

between viral proteins and PP2A: where the infected cell is pushed towards apoptosis 

rather than cell survival. Indeed, the adenoviral protein E4orf4 is a multifunctional 

regulator that is persistently expressed throughout infection (Boivin, Morrison et al. 

1999). E4orf4 interacts with the B55a subunit of PP2A- B55a holoenzymes during the 

viral replication phase to mediate a p53-independent apoptotic process thought to 

assist in the release of progeny (Shtrichman, Sharf et al. 1999). Interestingly, E4orf4 

also interacts with B56 isoforms via a different motif, and independent of the pro-

apoptotic mechanism caused by the binding of PP2A-B55a (Shtrichman, Sharf et al. 

2000). The cytotoxicity of E4orf4 is thought to arise from inhibition of PP2A- B55a 

function leading to arrest of the cell cycle in the G2/M phase (Li, Brignole et al. 2009). 

At least three accessory proteins of HIV-1 promote arrest of the cell cycle through 

interactions with PP2A. The HIV-1 transactivator protein Tat is known to modulate the 

expression of several cellular genes, including FOXO3a and the associated 

proapoptotic pathway, leading infected CD4+ cells to the G0 phase of the cell cycle 

and death (Dabrowska, Kim et al. 2008). Indeed, Tat indirectly modulates expression 

of FOXO3a by first inducing PPP2R1B (Ab) and PPP2R5E (B56e) expression leading 

to an upregulation in PP2A activity and subsequent dephosphorylation of FOXO3a, 

which promotes a cascade of pro-apoptotic gene expression (Kim, Kukkonen et al. 

2010). A second HIV-1 accessory protein, Vif, binds to the entire B56 family and 

facilitates their ubiquitin-dependent degradation to stall the cell cycle in the G2 phase 

by an interface conserved across HIV-1 strains globally (Greenwood, Matheson et al. 

2016, Salamango, Ikeda et al. 2019). Lastly, HIV-1 Vpr has been shown to arrest cells 

in the G2 phase by interfering with PP2A activities (Li, Elder et al. 2007); however, in 

contrast to the effect of Vif, this phenomenon appears to be strain-specific (Godet, 

Guergnon et al. 2010). 
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1.7.3 HTLV-1 Tax manipulates the cell cycle via the NF-kB pathway 

HTLV-1 hijacks the PP2A holoenzyme in two ways. In addition to the interaction of 

PP2A with the delta-retroviral IN, HTLV-1 Tax is also known to promote the activation 

of the NF-kB pathway via formation of a stable, tripartite protein-protein interaction 

between Tax, PP2A-C, and the IkB Kinase (IKK) (Fu, Kuo et al. 2003) (Giam and 

Jeang 2007). This interaction is schematically represented in the context of the NF-kB 

signalling cascade in (Figure 1.10). In Chapter 4, data are presented which show the 

utilization of a cell line which dampens this response by means of inhibiting NF-kB 

signalling flux through this pathway with the aim to increase efficiency of HTLV-1 

spread post-infection (Zahoor, Philip et al. 2014). 
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Figure 1.11 HTLV-1 Tax perturbs the cellular NF-kB signalling cascade 

(A): The IkB kinase (IKK) complex is a multiprotein complex comprised of an a, b and NEMO subunit 
that is activated by phosphorylation by cellular stress signals such as PAMPS. This activation 
phenotype is quickly reversed by the phosphatase activity of PP2A-Ca. In turn, HTLV-1 Tax forms a 
complex with NEMO and PP2A-Ca to prevent the dephosphorylation and subsequent deactivation of 
the pathway. (B): When phospho-activated, the IKK complex phosphorylates the inhibited complex of 
IkB and NF-kB dimers, to dissociate the interaction between IkB and NF-kB dimers and promote 
degradation of the IkB. (C): This results in the translocation of the NF-kB dimers to the nucleus, and 
subsequent activation of a whole range of gene expression patterns. 

The NF-kB family of transcription factors (TFs) control the expression of many different 

genes, however its most important role is played in the human immune response, 

where the expression of growth factors, cytokines and effector enzymes is tightly 

regulated in response to the stimulation of immune receptors including (but not limited 

to) the IL-1 (Toll) receptor family, T-cell receptors, B-cell receptors and tissue necrosis 
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factor receptors – reviewed by (Hayden and Ghosh 2004). The NF-kB TFs (of which 

there are five monomeric variants each containing a nuclear localization sequence 

(NLS) are homo or hetero-dimeric in the cytoplasm, and are inhibited by a group of 

cytoplasmic inhibitory proteins called IkBs (including IkBa, IkBb and others), which 

sequester the TFs in the cytoplasm as inactive complexes by binding to the NLS of 

each monomer (Bonizzi and Karin 2004, Hayden and Ghosh 2004). The canonical 

mechanism of NF-kB activation regulates the cellular response to foreign pathogens. 

Here, signals such as proinflammatory cytokines and pathogen-associated molecular 

patterns (PAMPs) stimulate the phosphorylation of IkB via phosphorylation of a 

specific IKK kinase, resulting in ubiquitination and subsequent IkB degradation of the 

inhibitor (Figure 1.10). The liberated NF-kB dimer is translocated to the nucleus where 

the appropriate gene expression is stimulated (Ghosh and Karin 2002). In the case of 

double stranded viral RNA, the pathway is stimulated by the Toll-like receptor 3 

(Alexopoulou, Holt et al. 2001).  

Curiously, the HTLV-1 Tax protein interferes with this signalling cascade by causing 

constitutive activation of the pathway (Fu, Kuo et al. 2003). Indeed, the catalytic 

subunit of PP2A was previously shown to negatively regulate the activity of IKK in vitro 

(DiDonato, Hayakawa et al. 1997). HTLV-1 Tax forms a complex with PP2A and the 

NEMO subunit of IKK which prevents the C subunit of PP2A from performing the 

necessary dephosphorylation reaction required for downregulation of IKK activity, and 

as a result increasing the signal flux down the NF-kB pathway (Figure 1.10). The 

physiological result of NF-kB hyperactivation is that of arrest of the cell cycle in G1 (in 

HeLa cells and Sup-T1 T cells) following either transfection of Tax or infection with 

HTLV-1 (Liu, Yang et al. 2008). It is this point of the NF-kB pathway that the cell line 

described in Chapter 4 alters: by expression of a degradation-resistant form of IkBa, 

the transcription factors remain inhibited and do not translocate to the nucleus, thus 

avoiding Tax-dependent. 
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1.8  The aims of this thesis 

The work described in the following chapters sets out to further investigate the 

interaction between d-retroviral IN and PP2A-B56 as described by (Maertens 2016). 

Our working hypothesis is that PP2A-B56 is a targeting host factor for HTLV-1 

integration. Two parallel approaches are taken to address the same two questions:  

 

1.) Is binding of IN to PP2A-B56 important for HTLV-1 infection? 

 

2.) Does PP2A-B56 influence integration site selection of the d-retroviral 

PIC? 

These questions generate two aims: to generate mutant HTLV-1 unable to bind to 

PP2A-B56, and to generate a cell line deficient in B56 for testing infection by wild-type 

HTLV-1. In the first part of this thesis (Chapters 3 and 4), I describe the biochemical 

characterization of the binding interface between B56 and HTLV-1 IN, which leads to 

the generation of mutant viruses which are able to infect target cells, but are unable to 

bind to PP2A-B56 during infection. In the second part (Chapter 5), I describe 

significant progress made towards the generation of a B56 KO Jurkat cell line: which, 

once complete, will be a target for infection with wild-type HTLV-1. These two 

independent approaches towards abrogating the interaction between the incoming 

HTLV-1 PIC and the cellular PP2A-B56 holoenzyme will converge to answer the same 

question: is PP2A-B56 is a critical host factor for d-retroviral infection?  
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 Materials & Methods 

2.1 Molecular biology techniques 

All primers used in this study are shown in Table S1, all constructs used in this study 

are shown in Table S2. All DNA fragments were separated by electrophoresis through 

an agarose gel (either 1 or 1.5% agarose) made with 1 X Tris-Acetic acid-EDTA (TAE) 

buffer (40 mM Tris pH 7.6, 20 mM acetic acid, 1 mM EDTA pH 8.0) supplemented with 

either 0.5% Safe View DNA dye or 0.1 µg/mL ethidium bromide. Electrophoresis was 

conducted at 120 V for 30-45 minutes, depending on the species being separated. 

Gels were visualized using blue light when excising DNA fragments for restriction 

cloning, and UV light for all other purposes. Samples were visualized using a Bio-Rad 

gel imager. For cloning, amplicons and digested fragments were purified from agarose 

DNA gels using the IllustraTM PCR clean-up kit (GE Healthcare). Plasmid DNA 

sequences were confirmed by Sanger-sequencing (GATC Bio-tech), and all samples 

were purified and stored in MilliQ (MQ) water at -20˚C.  

2.1.1 Polymerase Chain Reaction (PCR) for plasmid-based cloning 

DNA fragments were amplified in 50 µL reactions according to the following generic 

recipe: 50-200 ng template DNA, 1 X reaction buffer (25 mM Tris pH 9.0, 50 mM KCl, 

2 mM MgCl2, 0.1% TX-100 and 10 mM β-mercaptoethanol), 0.2 mM dNTPs (an 

equimolar ratio of all four; Sigma), 0.4 µM of each forward and reverse primers (Table 

S1), and 2 U of Phusion DNA polymerase (purified in-house). Cycling conditions used 

for amplification were as follows: 98°C – 2 min, (98°C – 30 sec, 56°C – 30 sec, 72°C 

for 1 min/kb of PCR product) x 25 cycles, 72°C – 4 min.  

2.1.2 Restriction digestion 

New England Bio-labs (NEB) restriction enzymes were used to modify the ends of 

DNA fragments (both linearized plasmids and PCR products) prior to ligation. Here, 

0.1-1 µg of DNA was typically incubated at 37˚C for 3 hours in the presence of 3 µL of 

the appropriate enzyme(s) in combination with the appropriate buffer (NEB; at 1 X) 

before separation by gel electrophoresis and purification. When assessing whether 

plasmid clones contained the desired insert (as an analytical digestion), this reaction 
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was conducted in 20 µL with 0.5 µL of enzyme(s), and only for one hour before 

separation by electrophoresis. 

2.1.3 Ligation and transformation 

Ligations were carried out at room temperature for >1 hour in 10 µL reactions 

containing 8 µL of either 3:1 or 10:1 (insert: plasmid) DNA, 1 X T4 DNA Ligase buffer, 

and 1 µL of T4 DNA ligase (NEB). Following ligation, 1 µL of mixture was used to 

transform an aliquot of chemically competent Mach1 (Thermo Fisher) E. coli cells by 

the heat-shock method: an initial 15-minute incubation on ice followed by a 45-second 

heat shock at 42ºC. Samples were recovered by resuspension in 200 µL of super-

optimal broth (containing 20 g/L casein enzymatic hydrolase, 5 g/L yeast extract, 0.5 

g/L NaCl, 2.4 g/L MgSO4, 0.186g/L KCL) supplemented with a final concentration of 

0.4% glucose, in a shaking incubator at 37˚C for 45 minutes prior to plating. 

Transformations were plated out on Luria-Bertani (LB)/agar plates containing the 

appropriate antibiotics corresponding to the transformed plasmid. When ligation 

mixtures were used to transform cells, the entire aliquot of transformed cells was 

plated; but when a pre-sequenced plasmid was used, only 10% of the mixture was 

used to ensure clear isolation of single colonies. Plates were typically incubated at 

30˚C overnight, or until colonies were visible.  

2.1.4 Mini- and Midi-prep plasmid purification 

Single colonies were isolated from agar plates and used to inoculate liquid LB cultures 

(5 mL for Mini-prep; or 200 mL for Midi-Prep), in the presence of the appropriate 

antibiotic (either 100 µg/mL ampicillin or 50 µg/mL kanamycin). Cultures were grown 

in a shaking incubator at 30˚C overnight and bacterial pellets were harvested by 

centrifugation at 4350 g. Plasmid DNA was extracted using commercially available 

kits: The Mini-prep kit (Sigma) was used to purify DNA from small cultures following 

cloning; or the Qiagen HiSpeed Plasmid Midi Kit (Qiagen) was used for large cultures 

to yield large quantities of DNA suitable for transfection of mammalian cells.  
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2.1.5 Glycerol stocks 

Where applicable, cultures of E. coli harbouring a sequence-verified plasmid were 

stored at -80˚C in a 25% glycerol/75% LB suspension.  

2.2 Protein Purification methods 

2.2.1 Induction of protein expression: 

E. coli Rosetta-IITM(DE3)pLacI (Novagen) cells harbouring the appropriate protein 

expression plasmid were streaked out from a glycerol stock onto LB/agar plates 

supplemented with kanamycin (+ Kan; 50 µg/mL). Liquid starter cultures were 

produced by inoculation of 200 mL flasks containing LB + Kan with isolated colonies 

from the LB/agar plate and were grown in a shaking incubator at 30˚C overnight. For 

large scale induction of protein expression, starter cultures were diluted 1/20 into new 

1 L flasks containing Terrific broth (TB) (per litre: 24 g Yeast extract, 20 g tryptone, 4 

mL glycerol, 17 mM KH2PO4, 72 mM K2HPO4 ) supplemented with kanamycin and 

shaken at 30˚C until the OD600 reached between 1.5 and 2. Cultures were then 

induced by addition of 0.01% isopropyl b-D-1 thoigalactopyrannoside (IPTG) for 16 

hours overnight at 18˚C. Cells were harvested by centrifugation at 6000 g and pellets 

were stored at -80˚C until required. 

2.2.2 Immobilized metal affinity chromatography (IMAC) purification 

All experimentation was conducted on ice or at 4 ̊C. Cell pellets were thawed and 

resuspended in ice-cold lysis buffer (for all B56g(11-380) variants: 25 mM Tris pH 8.0, 

0.5 M NaCl; for all IN variants: 50 mM Tris pH 7.4, 1 M NaCl, 7.45 mM 3-((3-

cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS)) supplemented 

with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.25 mg/mL lysozyme. 

Suspensions were sonicated before cellular debris was removed by centrifugation at 

42,500 g over 45 min. The resulting supernatant was supplemented with 10 mM 

imidazole for binding to His-Select® resin (Sigma). Binding was achieved by gentle 

agitation of equilibrated resin (using 1 mL per L of culture) with clarified supernatant 

at 4 ̊C for 45 minutes. Following binding the resin was washed extensively in lysis 

buffer supplemented with 10 mM imidazole, followed by subsequent washes in final 
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wash buffer to remove all unbound proteins (final wash buffer for B56g(11-380) 

variants: 25 mM Tris pH 8.0, 0.1 M NaCl; for IN variants: lysis buffer). The bound 

fraction was eluted into 15 mL of elution buffer (final wash buffer supplemented with 

0.2 M imidazole, pH 8.0), in 1ml aliquots. On the basis of analysis for fraction purity by 

SDS-PAGE, positive fractions were pooled and supplemented with 5 mM dithiothreitol 

(DTT).  

2.2.3 Protease cleavage of purification tags 

B56g(11-380) that was used for complex formation and crystallography was incubated 

with Tobacco Etch Virus (TEV) protease at 4 ̊C overnight (1:40 ratio of mass) to cleave 

the N-terminal (His)6 tag. For subsequent interaction studies, all B56g(11-380) 

variants were expressed from a different plasmid containing the following tag: (His)6-

SUMO-(His)6-HRV3C-(protein) – which allows the purification of untagged or tagged 

protein from the same plasmid depending on whether HRV 3C or ULP-1 protease is 

used for tag cleavage. Thus, positive fractions were incubated with 3C protease at 4 ̊C 

overnight (1:50 ratio of mass) to cleave the N-terminal (His)6-SUMO-(His)6 tag. All IN 

fragments were expressed from the same vector, which enabled the production of 

either untagged or (His)6 tagged proteins depending on the protease used. Where IN 

was N-terminally (His)6-tagged (as for interaction studies), positive fractions were 

incubated with ULP-1 protease at 4 ̊C overnight (1:30 ratio of mass). When the protein 

was untagged, the entire N-terminal (His)6-SUMO-His6 tag was removed by incubated 

with Human Rhinovirus 3C protease at 4 ̊C overnight (1:50 ratio of mass). 

2.2.4 Anion Exchange of B56g(11-380) 

Following proteolysis, a 5 mL HiLoad Q column (GE Healthcare) was equilibrated with 

10% Buffer B (Buffer A: 25 mM Tris pH 8.0; Buffer B: 25 mM Tris pH 8.0, 1 M NaCl) 

on ice. The digested sample was manually loaded and the flow-through was collected. 

The % Buffer B was increased from 10 to 100% over 35 mL at a flow rate of 1 mL/min, 

and 1 mL fractions were collected. Positive fractions, as confirmed by SDS-PAGE, 

were pooled and supplemented with 2 mM DTT on ice.  
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2.2.5 Size Exclusion chromatography and storage of B56g(11-380) 

Positive fractions from anion exchange were manually loaded onto a Superdex 200 

HiLoad 16/600 preparative-grade size exclusion column (GE Healthcare; herein SEC 

column) equilibrated with 30% B (300 mM NaCl). At a flow rate of 2 mL/min, 2 mL 

fractions were collected after 20% of the column volume had eluted. Fractions were 

analysed for purity by SDS-PAGE and positive fractions were pooled and 

supplemented with 2 mM DTT.  

2.2.6 Cation Exchange of IN fragments 

A 5 mL HiLoad SP cation-exchange column (GE Healthcare) was equilibrated with 

25% buffer B (A: 50 mM Tris pH 7.4, 7.5 mM CHAPS; B: 50 mM Tris pH 7.4, 7.5 mM 

CHAPS, 1 M NaCl). The digested sample was diluted 1 in 4 with ice-cold buffer A to a 

final concentration of 250 mM NaCl and manually loaded onto the column. The % 

Buffer B was increased from 25 to 100% over 35 mL at a flow rate of 1 mL/min and 1 

mL fractions were collected. Positive fractions, confirmed by SDS-PAGE, were pooled 

and supplemented with 2 mM DTT.  

2.2.7 Size Exclusion chromatography and storage of IN proteins  

Positive fractions from anion exchange were manually loaded onto an SEC column 

equilibrated with 100% B (1 M NaCl). At a flow rate of 2 mL/min, 2 mL fractions were 

collected after 20% of the column volume had eluted. Fractions were analysed for 

purity by SDS-PAGE and positive fractions were pooled and supplemented with 2 mM 

DTT.  

2.2.8 Concentration, quantification and storage of purified proteins: 

Fractions were concentrated by centrifugation at 4350 g in a 10- or 30 kDa molecular-

weight cut-off centrifugation concentrator (Amicon), depending on the molecular 

weight of the protein species being purified. Following concentration, samples were 

measured by Bradford’s Assay: where 1 µL of sample added to 1 mL of 1 X Bradford’s 

reagent, and the absorbance at 590 nm was compared to that of various amounts of 

BSA at 2 mg/mL. A standard curve was constructed from these data, which allowed 

the concentration of purified samples to be calculated. Glycerol was added at a final 
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concentration of 10% to the sample, and aliquots were snap-frozen in liquid N2 and 

stored at -80 ̊C in screw-capped tubes. 

2.3 Mammalian cell culture techniques 

2.3.1 293T and HOS cell culture 

Adherent cell lines (293T (DuBridge, Tang et al. 1987); ATCC, and HOS (Skovgaard, 

Rasmussen et al. 2010); a kind gift from Prof. Greg Towers) were maintained in 

Dulbecco’s modified eagle medium (DMEM) supplemented with 10% foetal bovine 

serum (FBS), 100 U/mL of penicillin and 100 ug/mL of streptomycin. Cells were 

cultured at 37˚C in a humidified atmosphere with 5% CO2 and were diluted 1:8 every 

two days. Lines were maintained for 20-30 passages before a new vial was thawed. 

All HOS variants were passaged in the same way in the presence of the appropriate 

antibiotics, including the HOS-∆N-IkBa-TRE-GFP cell line (a kind gift from Prof. Chou-

Zen Giam). 

2.3.2 Jurkat E6.1  

Jurkat E6.1 cells (Jurkat (Weiss, Wiskocil et al. 1984); ATCC) were generally 

maintained in RPMI-1640 medium supplemented with 10% FBS, 100 U/mL of 

penicillin, 100 ug/mL of streptomycin and 2 mM L-glutamine at a density of 0.25-1 X 

106 cells/mL by dilution every 2-3 days. In the cases of single-cell clone outgrowth, 

samples were incubated for 2 weeks in a 96-well plate in pre-conditioned culture 

medium with 20% FBS. Samples were supplemented with fresh medium 1 week and 

2 days following clonal isolation.  

2.3.3 Chronically infected HTLV-1 cell lines  

All work involving infectious HTLV-1 was conducted in the containment level 3 (CL3) 

lab suite. The chronically and productively infected T-lymphocytic MT-2 cell line 

(ATCC) (Harada, Koyanagi et al. 1985) was cultured in the same way as the Jurkat 

line. The HTLV-1 harbouring T-lymphocyte line called Clone 11.50 (infected with a 

single, characterized HTLV-1 provirus) was a gift from Prof. Charles Bangham and 

was maintained as with the MT-2 line except with the culture medium supplemented 

with 10 µM raltegravir (an INSTI) and 100 U/mL interleukin-2. 
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2.3.4 Dissociation of adherent cells by trypsinisation 

Trypsinization was used to dissociate adherent cell lines from the culture dish during 

passage or harvest. The cell culture medium was aspirated, and cells were gently 

washed once by indirect and gentle overlay of the cell layer with PBS. Dissociation 

solution containing 0.05% Trypsin-EDTA (Gibco) was spread evenly over the cells and 

incubated at room temperature (293T) or in the incubator (HOS) until detachment was 

achieved. Cells were then diluted appropriately to constitute 10% of the following 

culture volume. 

2.3.5 Cell counting by trypan blue staining 

Samples were mixed 1:1 with 0.4% trypan blue staining solution and 10 µL was added 

into a haemocytometer. Number of live cells per mL of culture was calculated by 

counting the cells that were impermeable to the trypan dye (and therefore did not 

appear blue by light microscopy) in multiple 4x4 quadrants to generate a mean 

numerical value which corresponded to 104 cells/mL.  

2.3.6 Cryopreservation and thawing of cells 

Aliquots of 2-106 cells were prepared in cryopreservation solution (40% culture 

medium, 50% fetal bovine serum (FBS) and 10% dimethyl sulfoxide (DMSO). Aliquots 

were made in screw-cap cryopreservation vials and gradually frozen to -80˚C at a rate 

of -1˚C/min using a Mr. FrostyTM cryopreservation vessel. After a minimum of 24 hours, 

samples were transferred to either liquid Nitrogen or -150˚C for long-term storage. To 

thaw samples, cells were rapidly thawed by hand and diluted 1 in 10 in fresh culture 

medium before gentle centrifugation at 200 g for 5 minutes. Samples were 

resuspended in new culture medium to seed cultures at the appropriate density. 

Medium was changed 24 hours later to remove residual DMSO and cells were 

passaged appropriately. 
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2.3.7 Use of selectable markers in mammalian cells 

In cases where stable cell lines were generated by lentiviral transduction, antibiotics 

appropriate to the selectable marker used were added to the culture medium at the 

following concentrations: puromycin (Puro), 0.5 µg/mL; blasticidin (Bla), 5 µg/mL; and 

neomycin (G418), 750 µg/mL. 

2.3.8 Transient transfection  

Three methods of chemical transfection were used to transfect 293T cells in this study. 

Calcium phosphate transfection (CaPO4) was used for transient overexpression of 

Flag- or HA-tagged proteins, or to produce pseudo-typed lentiviral particles; and each 

of CaPO4, XtremeGene-HP (Sigma), or FuGene-HD (Promega) was used to transfect 

293T cells with the pACH molecular clone. Jurkat T cells were transfected by the 

LonzaTM 4D-Amaxa Nucleofector device, using the SE cell line kit.  

Calcium phosphate transfections were conducted as described previously (Sambrook 

2001). Here, cells at ~80% confluency were diluted in fresh medium in a 100 mm2 dish 

to reach ~50% confluency the following day. Under sterile conditions, 20 µg of DNA 

was mixed in 450 μL MQ water. 50 μL of 2.5 M CaCl2 was dripped onto the surface, 

and the DNA- CaCl2 mixture was dripped onto 500 μL of 2 x HEPES buffered saline 

(HBS) buffer (313.6 mM NaCl, 50 mM HEPES pH 7.1, 1.5 mM Na2HPO4) before being 

incubated for 30 minutes. Solutions were carefully added to the cells in a drop-wise 

fashion, and cells were left to incubate for 14-17 h. Following this, the media was 

removed, cells were washed with phosphate buffered saline (PBS) and complete 

medium was added. Samples were harvested 24h later. 

XtremeGene-HP transfections were conducted according to the manufacturers 

protocol. Here, 5.6 μg of plasmid DNA was diluted in 500 μL of DMEM supplemented 

with 100 U/mL of penicillin and 100 µg/mL of streptomycin (serum-free medium; SFM) 

before 15 μL of XtremeGene-HP transfection reagent was carefully mixed into the 

solution. The mixture was left to incubate for 15 minutes at room temperature before 

being carefully added to the cells in a drop-wise fashion, and cells were left to incubate 

for 14-17 h. Following this, the media was removed, cells were washed with phosphate 

buffered saline (PBS) and complete medium was added. Samples were harvested 24h 
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later. Fugene-HD transfections were only conducted once to test the production of 

HTLV-1 from pACH. Transfections were conducted in the same way as described for 

XtremeGene-HP, except that 17 µg of DNA was used per 10 cm2 dish. 

Jurkat nucleofection was conducted using the Amaxa-SETM kit from Lonza. Here, 

Jurkat cells growing at exponential phase (at a density of 0.5x106 cells/mL) were 

harvested by centrifugation at 300 g and were washed once in 1 X PBS. Cells were 

resuspended in a 100 µL reaction consisting of variable volumes of DNA and 

transfection buffer and 18 µL of proprietary supplement. DNA comprised a maximum 

of 10% of the final reaction volume. Samples were transferred to the provided 

nucleocuvette (Amaxa) and the Jurkat transfection protocol was run from the Amaxa 

core device. Cuvettes were left at room temperature for 10 minutes following the pulse 

before being carefully transferred to the appropriate volume of RPMI-1640 

supplemented with 20% FBS (no penicillin or streptomycin) and cultured for 16 hours.  

Cells were then harvested and washed once in 1 X PBS before being treated with 

DNAseI (Sigma) in SFM (2 U per µg of DNA used in the transfection) at 37˚C for 1 

hour. Cells were then gently pelleted (300 g) and washed in PBS before complete 

medium was added. Samples were harvested 24h later. 

2.3.9 Lentiviral transductions 

Lentiviral transductions were used to establish stable cell lines. To produce VsVG 

pseudo-typed particles, 293T cells were transfected as described above with 10 µg of 

the appropriate lentiviral transfer plasmid (encoding the transfer gene flanked by the 

HIV-1 LTR), 8 µg of the 2nd-generation lentiviral packaging vector pCMV-delta R8.2 

(Naldini, Blomer et al. 1996), and 2 µg of pCG-VSV-G (encoding the envelope protein 

of Vesicular Stomatitis Virus) (Ulm, Perron et al. 2007). Supernatants were collected 

and filtered through a 0.45 mm pore using a Luer-lock syringe. When transducing 293T 

cells, between 1 and 5 mL of vector was added directly to cells growing at 50% 

confluency (the remaining volume of medium adjusted accordingly to a final volume of 

5 mL) for 8 hours before supplementation with complete DMEM to a final volume of 

10 mL. Cultures were passaged in the presence of the appropriate antibiotic to achieve 

stable cell lines. The same protocol was followed to transduce HOS cell lines: although 
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5 mL of vector was used each time as the cell line was not as permissive to 

transduction as 293T cells. 

Transduction of Jurkat cells was generally conducted using the spinoculation protocol. 

Here, 2 mL of Jurkat cells growing at a density of 0.5x106 cells/mL were exchanged 

into SFM supplemented with 8 µg/mL of polybrene (Sigma). Next, 1 mL of vector-

containing supernatant was added to each vial of target cells, and samples were 

centrifuged at 600 g for 30 minutes at room temperature. Following centrifugation, the 

supernatant was aspirated, and cells were resuspended in complete RPMI-1640 

medium and incubated for 24 hours. Following this, antibiotic selection was added as 

appropriate. Selection was assumed to be complete when the untransduced control 

cells had all died.  

2.4 SDS-PAGE, Western blot and Immunoprecipitation 

2.4.1 SDS-PAGE  

To prepare samples for electrophoresis, samples were mixed with 6x Laemmli buffer 

(250 mM Tris HCl pH 6.8, 30% glycerol, 10% SDS, 25 mM DTT and 0.015% 

bromophenol blue) (Laemmli 1970) to a 1x final concentration and boiled at 95˚C for 

2 minutes to achieve polypeptide denaturation. Samples were loaded into the stacking 

phase of the SDS-PAGE gels and separated through stacking and resolving phases 

by electrophoresis at 180 V and 0.4 A for 45 minutes. Resolving phases were between 

11 and 15% depending on the molecular weight of the species being detected. SDS-

PAGE gels were prepared using an adapted version of a previously described protocol 

(Sambrook 2001). When staining for total protein content, gels were stained in 

Coomassie blue stain solution (0.0025% Coomassie brilliant blue R-250, 10% glacial 

acetic acid, 50% methanol and 40% water). Following staining, the background was 

removed by incubation in de-stain buffer (5% glacial acetic acid, 50% methanol and 

45% water). 

 



 
89 

2.4.2 Western Blot  

Following separation by electrophoresis, proteins were electrotransferred to a 

nitrocellulose membrane (Bio-Rad) at 100 V, 400 mA over 1 h in transfer buffer (25 

mM Trizma base pH 8.3, 190 mM glycine, 0.01% SDS). Blots were then blocked in 

PBS/5% milk for a minimum of 15 minutes. Primary antibodies were diluted in PBS 

with 5% milk and 0.1% Tween-20 and incubated on membranes for 1 h at room 

temperature. Blots were then extensively washed in PBS with 0.1% Tween-20 before 

incubation with the appropriate species-specific Horse Radish peroxidase (HRP)-

conjugated antibody. All antibodies used in this study are listed in Table S3. Blots were 

visualized using either X-ray sensitive film, or an Azure600 imaging system (Azure 

Biosystems). Where appropriate, densitometric analyses were performed using the 

Azurespot analysis software.  

2.4.3 Immunoprecipitation 

Cells were harvested and pellets were washed in chilled PBS. All procedures were 

completed on ice or at 4°C. Pellets were lysed in 5 x pellet volume of PP2A-IP buffer 

(20 mM Tris pH 7.4, 0.1% Nonidet P-40, 150 mM NaCl, 3 mM EDTA, 3 mM EGTA) 

supplemented with 1 x Complete EDTA free protease inhibitor cocktail (Roche) and 2 

mM DTT. Samples were centrifuged at 17,000 g for 30 minutes in a bench-top 

microcentrifuge, and pre-washed appropriate antibody-conjugated agarose resin 

(EZview, Sigma for anti-flag; Protein A agarose, Merck-Millipore) was added to the 

supernatant. Samples were bound by gentle mixing at 4 ̊C for 3 h before resin was 

washed 4 times with PP2A-IP buffer. Bound proteins were eluted in an appropriate 

volume by a solution of the Flag peptide (50 µg/mL) in PP2A-IP buffer. Samples were 

denatured as described above and stored at -20˚C for future analysis.  
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2.5 Biochemical and biophysical interaction studies  

2.5.1 (His)6-Pulldowns 

Reactions were conducted in pull-down buffer (PDB; 25 mM Tris pH 7.4, 150 mM 

NaCl, 20 mM imidazole, 0.5% CHAPS). After a brief wash into PDB, 40 µL of NiNTA 

beads (Qiagen) were resuspended in 1 mL of PDB. To each reaction, 10 µg of each 

BSA, His6-tagged IN (bait) and un-tagged B56g(11-380) (prey) were added and 

incubated by gently tumbling at 4˚C for 3h. Following binding, each sample was 

washed by five cycles of centrifugation at 2000 g and replacement of the supernatant 

with fresh PDB, before removal of all supernatant and elution by boiling the resin in 

20 µL of 3 X Laemmli buffer supplemented with 5 mM EDTA. 10 µL of the eluate was 

separated by SDS-PAGE (as above), and bands were quantified using densitometry 

analysis. 

2.5.2 Fluorescence polarization peptide-binding assays 

FP assays were conducted in low protein binding, black 384-well plates (Corning®) by 

measurement of the perpendicular and parallel fluorescence signal at 520 nm (the 

emission wavelength of fluorescein) from each well. Samples were prepared with 

decreasing concentrations of B56g(11-380) variants (between 32 – 0.125 µM) in 25 

mM Tris pH 8.0, 300 mM NaCl supplemented with 40 nM of the appropriate peptide. 

Polarization values were calculated according to the following equation: 

mP =(I(parallel) – (I(perpendicular))/(I(parallel) +2(I(perpendicular) 

The resulting mP values corresponding to each well were plotted against the protein 

concentration, and a curve was fitted for anisotropic binding in Prism 8 to determine 

the equilibrium constant for each peptide/protein pair. 
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2.5.3 Strand-transfer assays for intrinsic activity of IN variants 

Assays were conducted by Tereza Vanzo according to the previously described 

protocol (Barski, Minnell et al. 2019). Here, donor DNA mimics for the U5 3’-processed 

LTRs of HTLV-1 vDNA were prepared by annealing the oligonucleotides S20Q UP 

and S20Q B (Table S1) in 0.1 M Tris pH 7.4 with 400 mM NaCl. Strand transfer 

reactions were conducted in 150 µL reactions each containing the following reagents: 

73 mM PIPES pH 6.0, 175 mM NaCl, 16.7 mM MgCl2, 5.8 μM ZnCl2, 12.7 mM DTT. 

Reactions either contained 0.53 μM viral LTR mimic DNA, or the buffer in which the 

DNA was dissolved. 2 µM IN (or buffer) was added to each reaction, which were 

incubated for 15 minutes at room temperature to allow formation of active intasomes.  

Reactions were initiated by addition of 300 ng of pGEM-9Zf(-) supercoiled plasmid 

DNA (or water control) to each reaction, and samples were incubated for 1 h at 37°C 

to allow strand transfer to occur. Following this, reactions were halted by the addition 

of 15 μL of 5% SDS/0.25 M EDTA, pH 8.0, and IN was degraded by incubation with 

30 μg of proteinase K (Roche) at 37°C for 1 h. Resulting DNA species were 

precipitated from the reaction by incubation overnight in 70% ethanol supplemented 

with 20 μg glycogen at -20°C. Precipitated matter was separated by centrifugation and 

the solvent was removed, before DNA species were separated by electrophoresis 

through a 1.5% agarose gel and visualized by UV light. Percentages of concerted, 

integrated product for each reaction were calculated by comparison of bands by 

densitometry. 

2.5.4 Strand-transfer assays for stimulation of activity by B56g(11-380) 

Assays were conducted as previously described (Maertens 2016). Strand-transfer 

reactions were conducted in 30 µL reactions containing the following reagents: 132.9 

mM HEPES pH 7.1, 10 mM MgCl2, 5.8 μM ZnCl2 and 13 mM DTT. Reactions either 

contained 2.8 μM viral LTR mimic DNA, or the buffer in which the DNA was dissolved. 

3 µM IN (or buffer) and between 0 – 6 µM B56g(11-380) (or buffer) was added to each 

reaction, which were incubated for 15 minutes at room temperature to allow formation 

of active intasomes. Assays were carried out and analysed as described above. 
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2.6 Crystallography 

2.6.1 Sparse-Matrix Screening 

The HTLV-1 IN(200-297) : B56g(11-380) complex was concentrated to 26 mg/mL by 

centrifugation, and sitting drops of 100 nL samples + 100 nL crystallisation buffer were 

set up using a mosquito liquid-handling robot. Plates were sealed with Crystal tape 

(Duck brand), incubated at 18˚C and inspected after two days. The initial hit was 

observed twice independently and was produced in the following buffer: 0.1 M 

Na+/KPO4- pH 6.2, 25% v/v 1,2-propanediol and 10% v/v glycerol. This condition 

produced very small, needle-shaped crystals that grew in clusters. 

 

2.6.2 Crystal growth Optimisation: 

Concentrations of all parameters were extensively tested for improvement of crystal 

morphology. Chemically, the concentration ranges tested included Na+/KPO4- 

between 0.05 – 0.25 M, 1,2- propanediol between 15 – 30%, Na+/KPO4-, pH between 

5.8 and 6.8, and glycerol from 0 to 10%. Additional parameters tested including protein 

concentration, drop size, sample to buffer ratio, hanging or sitting drops, crystallisation 

temperature and micro-seeding.  

Crystals for X-ray analysis were grown from protein sample at 16 mg/mL in 2 µL 

hanging drops of 1 µL sample + 1 µL crystallisation buffer (0.1 M Na+/KPO4- pH 6.2, 

20% 1,2-propanediol, 10% glycerol). Drops were seeded by streak-seeding at room 

temperature from seed crystals grown in 0.1 M Na+/KPO4- pH 6.2, 20% 1,2-

propanediol ground with the Crystal Crusher tool (Hampton Research), diluted 1 in 

100 and applied using the streak-seeding tool (Hampton Research). The crystals were 

thin plates of approximately 50 x 50 x 2 µM and were harvested using a 0.05 – 0.1 

mM Crystal Cap SPINE HT loop (Hampton Research) via a wash in a 5 µL drop of 

cryogenic buffer. Crystals were flash-frozen in liquid Nitrogen and transported to the 

synchrotron.  
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2.6.3 Data collection 

900 images were collected from a single crystal: each from a 0.1 second exposure to 

the i24 beamline (0.9192 Ångstrom, 30 µm x 30 µm) at 25.3% transmission at the 

Diamond Light Source in Oxfordshire, UK. Collection was initiated at the o (sigma) 

angle of 160˚ and the crystal was rotated 0.25˚ around this axis for each image. The 

beamline flux was 0, and the k and f angles were 0 and 0.2˚, respectively. The 

detector was set to collect data beyond 2.2 Ångstrom.   

2.6.4 Data Processing and model building 

The images were decimated to include the regions of highest quality data: which were 

each indexed separately then recombined using the Xia2 3Dii package on the 

Diamond Light Source server. The crystallographic software AIMLESS was then used 

to scale and merge the dataset to generate average intensities for multiple 

observations of the same reflections. This yielded a dataset with a unit cell comprising 

the following dimensions: a = 58.7, b = 58.7, c = 321.15 and the following angles: a = 

90˚, b = 90˚, g = 90˚, with the suggested space group as P43212.  

The phases were solved by molecular replacement using the structure of B56 in 

complex with the RepoMan peptide (PDB ID: 5K6S) (Wang, Bajaj et al. 2016). This 

was achieved by using the Phaser MR package within the PHENIX crystallographic 

programme suite (Liebschner, Afonine et al. 2019). With this information, the 

AutoBuild package generated an initial structural model. Missing regions of the 

structure from the AutoBuild result were manually built using a combination of PyMOL 

and Coot, and the structure was iteratively refined using the REFMAC algorithm.  
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2.7 Flow Cytometry 

2.7.1 Harvest and preparation of cells for cytometric analysis 

Adherent cells were harvested by trypsinisation as described above and Jurkat cells 

were harvested by centrifugation at 300 g before removal of the culture medium. Cell 

pellets were washed once in 1 X PBS. In the cases of samples that required fixation 

(such as samples containing HTLV-1, or samples having been recently transduced by 

lentiviral vectors), pellets were resuspended in PBS supplemented with a final 

concentration of 2% formaldehyde and incubated in the dark for 30 mins to achieve 

fixation. Following fixation, samples were washed twice in PBS. Prior to analysing cells 

on the cytometer all samples were resuspended in PBS supplemented with 0.1% BSA.  

2.7.2 Cytometric analysis of samples 

All samples were filtered manually before analysis on a BD LSRFortessaTM cytometer. 

For all samples, electronic gating strategies were imposed on the virtue of: 1. Forward 

scatter area (FSC) vs. side scatter area (SSC) to exclude debris (voltages were 

adjusted as required to include the desired population); and 2. FSC height vs. FSC 

area to include single cells. Downstream analyses of the single cells varied depending 

on the experiment, and the excitation and emission spectra for the particular 

fluorophore being detected (EGFP: Ex l 488 nm/ Em l 509 nm; mCherry: Ex l 587 

nm/ Em l 610 nm; mTagBFP2: Ex l 399 nm/ Em l 454 nm). The laser voltages for 

each channel were adjusted by comparison of the negative and positive controls of 

the experiment. All data were analysed on the FloJo (Ver 7.0) analysis software.  

2.8 CL3 Methods 

2.8.1 MT-2 to Jurkat transmission of HTLV-1 by co-culture 

Jurkat and MT-2 cells were maintained in RPMI supplemented with 10% FBS prior to 

infection. To mitotically inactivate the MT-2 cells, samples were resuspended to a 

concentration of 2 × 106 cells/mL and exposed to a sub-lethal dose of gamma-

irradiation (40,000 Rad). Cells were resuspended in serum-free RPMI to a 

concentration of 2 × 106 cells/mL, and 0.5 × 106 of each cell type were co-cultured for 
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18 h. Following co-culture, cells were washed in PBS and resuspended in 1 mL of 

depletion buffer (0.1% FBS, 2 mM EGTA in PBS) before gentle tumbling (1 h, 4°C) 

with 25 μL of anti-CD25 + magnetic beads (DynaBeads, Thermo Fisher Scientific) to 

deplete MT-2 cells. Following depletion, the unbound fraction, i.e., Jurkat cells were 

maintained in RPMI for 16 days before genomic DNA harvest (described below). In 

the instance of samples that were treated with raltegravir, cells were pre-treated 24 

hours prior to infection, during infection and during the outgrowth period. 

2.8.2 pACH-derived HTLV-1 production and infection 

293T cells were transfected by XtremeGene-HP as described above. Following 

addition of DNA to the cells, cultures were left for 16 hours in the incubator before 

medium was removed. To digest remaining exogenous DNA and reduce virus-

independent carryover of DNA to the target, the transfected monolayer was washed 

extensively with 1 X PBS before incubation for 1 hour in the incubator in SFM (DMEM) 

supplemented with 12 U of DNaseI (Sigma). Cells were washed extensively with PBS 

and complete medium was replaced. Cultures were left for 24 hours to produce viral 

particles. 

To harvest culture medium for viral particle assays, media was harvested and filtered 

through a 0.45 µM pore by manual, Luer-locked syringe. Samples were diluted in PBS 

to reach a final volume of 25 mL before transfer to a 30 mL KonicalTM ultracentrifuge 

tube (Beckman-Coulter). Samples were carefully underlaid with 3 mL of sterile 20% 

sucrose and transferred to the provided titanium jackets for an SW-20 rotor (Beckman-

Coulter). Samples were balanced by weight and centrifugation was conducted at 

87,500 g for 2 hours at 4˚C. Following centrifugation, the supernatant was discarded, 

and the centrifuge tube was left to dry on a tissue within the MSC cabinet before the 

pellet was gently resuspended in 50 µL of PBS. This sample was further analysed by 

both Western blot and Sybr-Green product-enhanced reverse transcriptase (SG-

PERT, see Section 2.9.4) assay. 

For visualization of intracellular HTLV-1 proteins by Western blot, 75 µg of lysate from 

transfected 293T cells was loaded to each lane of an SDS-PAGE gel. To prepare 

samples, cells were lysed on ice in PP2A-IP buffer supplemented with 0.4% NP-40 

(as per the standard operating procedure to inactivate viral particles) before storage 
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at -150˚C. Following this, samples were briefly thawed and separated by centrifugation 

at 17,000 g at 4˚C. In the case of Tax – which is expressed to a much lower degree 

than the other viral proteins – IP was performed on the lysate using mouse anti-Tax 

bound to protein agarose A as described above. Elution achieved a 25-fold 

concentration compared to the input lysate and produced a very clear band on 

Western blot.  

Transfected 293T cells were harvested without trypsinisation by addition of ice-cold 

PBS to the monolayer and were harvested and resuspended to a concentration of ~ 2 

x 106 cells/mL in complete DMEM before mitotic inactivation by exposure to a sub-

lethal dose of gamma-irradiation (40,000 Rad). Infections were set up by co-culturing 

~1 x 106 producer cells and ~0.2 x 106 target cells in SFM supplemented with 15 mM 

MgCl2 for 16 hours. Following co-culture, cells were expanded (without trypsinisation) 

to a 10 cm2 dish in complete DMEM for 24 hours before harvest by trypsinisation and 

transfer to a new 10 cm2 dish containing DMEM and the appropriate antibiotic. 

Cultures were passaged for two weeks before harvest of genomic DNA as described 

below.  

2.9 qPCR-based methods  

2.9.1 Purification of genomic DNA from infected cells 

DNA was harvested using the Qiagen DNeasy kit (Qiagen). Here, following harvest by 

either trypsinisation (adherent cell lines) or centrifugation (Jurkat cells), 1-5 x 106 cells 

were washed once and resuspended in 200 µL PBS. 20 µL proteinase K and 200 µL 

2 X lysis buffer were added and samples were inactivated by incubation at 56˚C for 

15 minutes. Tubes were carefully washed with Distil before removal from the CL3 

suite. The kit manual was followed in the CL2 laboratory for the remainder of the 

purification. Samples were quantified by nanospectrophotometry and stored at -20˚C 

until further use. 
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2.9.2 Relative tax copy quantification 

Samples were analysed according to a previously described protocol (Manivannan, 

Rowan et al. 2016, Rowan, Witkover et al. 2016). Genomic DNA was diluted to 5 ng/µL 

in MQ water. For the standard curve, genomic DNA from Clone 11.50 was serially 

diluted 1 in 3 over 6 dilutions, starting at 5 ng/µL. All samples were mixed carefully 

and 4 µL was added to a 384-well qPCR plate. Wells containing DNA were 

supplemented with 6 µL of qPCR master mix for either tax or gapdh (comprising 5 µL 

Luna Sybr-Green qPCR master mix (NEB), 0.4 µL MQ and 0.3 µM of each primer – 

as detailed in Table S1). The Sybr protocol was run on an Applied Biosystems Via7 

instrument, which consists of an initial 95˚C melting step followed by 40 cycles of (95˚C 

– 1 s, 60˚C – 20 s), followed by a melt-curve step. Copies of each gene in the 

respective wells were calculated by generation of a standard curve based on values 

generated in the wells containing titrated Clone 11.50 DNA (cycle threshold (Ct) value 

vs known copies of each gene within the well). The resulting equation (Ct = (slope)x + 

constant) was applied to convert Ct values into copy numbers for each well. From 

these data, the PVL was calculated for each sample according to the following 

equation:  

PVL = (tax copies)/2(gapdh copies) 

2.9.3 Alu-qPCR for detection of integrated provirus 

Alu-qPCR was conducted using a semi-nested protocol as previously described 

(Villaudy, Wencker et al. 2011). Here, an initial round of PCR was conducted with 

primers specific to the Alu repeat (forward-sense) and the HTLV-1 gag gene (reverse 

sense). This reaction was conducted over 25 cycles, comprising of a 30 second 95˚C 

denaturation step, a 56˚C TA step and a 3.5-minute extension step. Reactions were 

diluted 1/50 in water, and the resulting DNA was used as a template for the second, 

nested qPCR. Here, the Sybr-Green protocol was used on the Via7 instrument as 

described above, but with HTLV-1 gag reverse and forward primers. A standard curve 

was constructed by serial dilution (1 in 2) of the reaction for Clone 11.50, to allow the 

expression of values as percentages compared to Clone 11.50. 
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2.9.4 SG-PERT Assay for RT 

This assay was conducted as previously described by (Pizzato, Erlwein et al. 2009) 

with minor modifications. Here, 5 µL of each ultracentrifuged and concentrated virus 

sample was inactivated by incubation with 5 µL of the following buffer: 0.25% Triton 

X-100, 0.1 M Tris-HCl pH 7,4, 50 mM KCl, 40% glycerol and 40 U of Ribolock RNAse 

inhibitor (Fermentas). Incubation proceeded at room temperature within the MSC 

cabinet for 10 minutes, before samples were transferred to -150˚C until analysis. 

Recombinant HIV-1 RT was serially diluted in DMEM and processed the same as the 

samples to provide a standard. All lysates were then diluted 1 in 5 in water and 5 µL 

was mixed with 10 µL of PowerUp Sybr-Green dye (Life Technologies), 4.7 µL of 

water, 0.1 µL of 0.1 M MS2 Forward and Reverse primers (Table S1), and 0.1 µL of 

MS2 bacteriophage RNA. The amplification reaction was as follows: 42˚C for 20 mins 

(to allow reverse transcription to occur), 95˚C for 2 minutes, 40 cycles of (95˚C for 5 

sec, 55˚C for 20 sec, 72˚C for 30 sec), followed by generation of a melt curve. As with 

tax copy quantification, generation of a standard curve allowed the extraction of RT 

units (RT U) from the Ctvalue for each well. 

2.10 In silico analyses used in this study  

2.10.1 In silico DNA and protein analysis 

The primary software used to analyse DNA sequences throughout this project was 

SnapGene. Within this platform Sanger DNA sequencing was aligned to reference 

sequences and multiple DNA sequences were aligned using the MUSCLE algorithm 

(Edgar 2004). 3D protein structures were visualized using the PyMOL molecular 

graphics system. Protein alignments were made using the ClustalW algorithm within 

SnapGene and visualized using ESPRIPT. 

2.10.2 Phylogenetic Tree Construction 

The phylogenetic tree comparing different d-retroviral gag sequences was created by 

aligning the full-length genomic DNA sequences of each member using the CLUSTAL-

OMEGA algorithm and the tree was built from the resulting alignment using the simply 

phylogenetic tool on the European Bioinformatics Institute (EMBL-EBI) server (Saitou 
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and Nei 1987). The phylogeny was visually represented using the iTOL server (Letunic 

and Bork 2019). 

2.10.3 Data analysis 

All data analysis (including statistical analyses) was conducted in Prism8. All 

experiments were conducted in biological triplicate unless otherwise stated, and the 

standard error was represented as standard error of the mean (SEM) unless otherwise 

stated.  
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 d-retroviral INs mimic endogenous substrates of 
PP2A-B56 

3.1 Introduction 

Based on the previously-published data from our lab that the delta-retroviral IN bound 

specifically to B56-PP2A (Maertens 2016) we sought to understand the molecular 

details of the interface with the overall aim to generate mutant HTLV-1 variants unable 

to usurp the PP2A-B56 phosphatase during infection. The primary technique used to 

achieve this goal was X-ray crystallography followed by a range of biochemical and 

biophysical interaction studies which validated structural observations and indicated 

which point mutants to introduce into HTLV-1 to prevent the binding of PP2A-B56 via 

binding to integrase. 

As binding to B56 is known to be conserved within delta-retroviral integrases 

(Maertens 2016), crystal trials were conducted with complexes including a variety of 

IN fragments from HTLV-1, HTLV-2 and BLV integrases (Table 3.1). All truncations 

used in this study included a highly conserved stretch of residues from 200 to 220, as 

previous work in this laboratory had mapped the binding interface to this region of IN 

(unpublished data). Figure 3.1 indicates the boundaries of the truncations within the 

full-length protein sequences and highlights the sequence conservation. A soluble 

truncation of B56g that was previously shown as sufficient to represent full-length 

binding was used in all complexes: residues 11-380; herein referred to as B56g(11-

380) (Magnusdottir, Stenmark et al. 2009, Maertens 2016). 

All proteins used in this study were overexpressed in E. coli and purified using three 

chromatographic steps: immobilized metal affinity chromatography (IMAC), ion 

exchange (IEX) and size-exclusion chromatography (SEC). Pure IN samples were 

then combined in an equimolar ratio with B56g(11-380) and dialysed against the 

appropriate buffer (as determined empirically for each complex). Complexes were 

further purified by size exclusion and peak fractions were concentrated and used in 

crystallography trials. 
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Figure 3.1 Alignment of HTLV-1, HTLV-2 and BLV INs 

(A): The IN monomer is comprised of 3 distinct domains connected by flexible linker regions: the NTD 
(green), CCD (pink) and CTD (blue). Truncations included in this study are represented by arrows 
beneath the schematic. (B): Alignment of the 3 INs used in this study made using the ClustalW algorithm 
within SnapGene, and the figure was generated using ESPRIPT. Conservation is indicated by colour: 
where red squares indicate complete conservation and yellow squares conservation of chemical 
property (i.e hydrophobicity). The arrows above the sequence indicate the boundaries of truncation for 
IN fragments used in this study. 
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Table 3.1 Integrase fragments used in this study 

Integrase Fragment Truncation Soluble 
Protein? 

Complexed with 
B56g(11-380)? 

Buffer used to 
assemble complex 

HTLV-1 IN/∆NTD 52-297 Yes Yes 50 mM HEPES pH 8.0, 
230 mM NaCl 

HTLV-2 IN/∆NTD 52-297 Yes Yes 50 mM HEPES pH 7.0, 
150 mM NaCl 

BLV IN/∆NTD 52-297 Yes Yes 50 mM HEPES pH 7.0, 
220 mM NaCl 

HTLV-1 IN(200-297) 200-297 Yes Yes 25 mM Tris pH 8.0, 200 
mM NaCl 

HTLV-2 IN(200-297) 200-297 Yes Yes 25 mM Tris pH 8.0, 200 
mM NaCl 

 

3.2 Protein Expression, Purification and Complex 
Formation 

3.2.1 Purification of B56g(11-380) 

His6-tagged B56g(11-380) expression was induced by IPTG in the E. coli protein 

expression strain Rosetta-II(DE3)pLacI (Novagen). Firstly, IMAC was used to isolate 

the His6-tagged protein fraction from clarified cell lysate suspended in 25 mM Tris pH 

8.0, 0.5 M NaCl, 2 mM DTT (Figure 3.2B, lanes 2 and 4). Fractions were pooled and 

recombinant TEV protease was added in a 1:50 mass ratio to cleave the N-terminal 

His6-tag overnight at 4˚C in 25 mM Tris pH 8.0, 0.1 M NaCl, 5 mM DTT (Figure 3.2B, 

lane 3). Following cleavage, the sample was further purified using anion exchange at 

25 mM Tris pH 8.0 across an NaCl gradient (Figure 3.2A and B). Finally, peak fractions 

from IEX were purified by SEC (Figure 3.2C) in 25 mM Tris pH 8.0 with 0.3 M NaCl. 

SDS-PAGE was used to assess the purity of fractions across the peak (Figure 3.2D). 

Pure fractions were pooled and concentrated in a 10 kDa molecular weight cut-off 

centrifugal ultrafiltration device to a concentration of 5-10 mg/mL. 
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Figure 3.2 Purification of B56g(11-380) 

(A): Chromatograph of anion exchange purification of the B56g(11-380) fragment. The absorbance at 
280 nm (representing protein amount) throughout the elution is shown by the blue line. The % of buffer 
B at each point is shown on the scale to the right of the graph and is represented by the red line. (B): 
SDS-PAGE analysis of the sample before and after cleavage following IMAC, and of the peak fractions 
following ion exchange purification. The molecular weight marker is indicated to the left of the gel. Lane 
1: molecular weight marker; lane 2 and 4: IMAC pool (before 3C proteolytic digestion); lane 3: sample 
following digestion - note small shift in migration upon removal of the His6 tag (compare lanes 2 and 4 
with 3); lane 5: unbound fraction following loading onto the anion exchange column; lanes 6-12: peak 
fractions as shown on (A). The red bracket indicates fractions that were pooled for the subsequent 
purification. Elution was achieved in 1 mL fractions. (C): chromatograph for SEC purification of peak 
fractions following anion exchange. The blue line shows the absorbance at 280 nm throughout elution. 
(D): SDS-PAGE analysis of peak fractions. The molecular weight marker is indicated to the left of the 
gel. Lane 1: sample before ion exchange; lane 2: IMAC pool post-3C digestion; lane 3: unbound fraction 
from ion exchange column loading; lane 4: pooled ion exchange fractions prior to SEC purification; 
lanes 5-11: 2 mL fractions collected across the peak of absorbance indicated in (C). Fractions that were 
collected and pooled for subsequent uses are indicated by the red bracket. Elution was achieved in 2 
mL fractions. The protein species are indicated by arrows to the right of the gels. 
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3.2.2 Purification of integrase fragments 

Most retroviral INs are notoriously difficult to purify due to their DNA binding property 

and stringent requirement for detergent and high NaCl concentration. To increase the 

yield, we designed an expression construct which attached a removable SUMO tag to 

the N-terminus of the IN fragment (Figure 3.3). The small protein SUMO increases 

protein solubility and can be specifically removed by ubiquitin-like specific protease-1 

(ULP-1) (Zuo, Li et al. 2005). This expression vector produces a polypeptide that can 

be proteolytically cleaved in two ways: to yield His6-tagged IN (following ULP-1 

digestion) or untagged IN (following Human Rhinovirus 3C protease digestion). 

 

 

Figure 3.3 Schematic of the tag construct used to express proteins in this study 

We designed this construct to circumnavigate sub-cloning when His6-tagged proteins were required. If 
no tag is required (for crystallography and B56g purifications), 3C protease is used for proteolytic 
digestion following immobilized metal affinity chromatography (IMAC). If the protein is to be His6-tagged, 
ULP-1 is used instead at the same step. 

 

His6-SUMO-tagged IN fragments (Table 3.1) were expressed from the pET28-SUMO-

H6P expression vector (Figure 3.3) in Rosetta-II(DE3)pLacI cells. IN fragments were 

purified in a different buffer to B56g(11-380): 50 mM Tris pH 7.4, 1 M NaCl, 7.5 mM 

CHAPS. Following IMAC and proteolytic digestion of the tag with either 3C or ULP-1 

(depending on the downstream application i.e whether the final protein was His6-

tagged or not), cation exchange was performed across a 0.25 – 1 M NaCl gradient 

(Figure 3.4A and B). Finally, IN fragments were purified by SEC in 50 mM Tris pH 7.4, 

1 M NaCl, 7.5 mM CHAPS (Figure 3.4C and D). Pure fractions were concentrated in 

a 10 kDa molecular weight cut-off centrifugal ultrafiltration device to a concentration of 
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2-10 mg/mL. Overlaid SEC traces and SDS-PAGE of equal amounts of each purified 

IN fragment tested for crystallization are shown in Figure 3.5A and B. 

 

 

Figure 3.4 Purification of HTLV-1 IN(200-297) 

(A): Chromatograph of cation exchange purification of the IN fragment. The absorbance at 280 nm 
(representing protein amount) throughout the elution is shown by the blue line. The % of buffer B at 
each point is shown on the scale to the right of the graph and is represented by the red line. (B): SDS-
PAGE analysis of the sample before and after cleavage following IMAC, and of the peak fractions 
following cation exchange purification. This image is a composite between lanes 4 and 5: indicated by 
the dashed line. The molecular weight marker is indicated to the left of the gel. Lane 1: molecular weight 
marker; lane 2: IMAC pool (before 3C proteolytic digestion); lane 3: sample following digestion; lane 4: 
unbound fraction following loading onto the cation exchange column; lanes 5-11: elution of IN-1(200-
297). The red bracket indicates fractions that were pooled for the subsequent purification. Elution was 
achieved in 1 mL fractions (C): Chromatograph for SEC purification of peak fractions following ion 
exchange. The absorbance at 280 nm (representing protein amount) throughout the elution is shown 
by the blue line. (D): SDS-PAGE analysis of peak fractions. The molecular weight marker is indicated 
to the left of the gel. Lane 1: molecular weight marker; lanes 2 and 4: pooled sample as indicated in (B); 
lanes 5-15: elution fractions from SEC. Fractions that were collected and pooled for complex formation 
are indicated by the red bracket. Elution was achieved in 2 mL fractions. The protein species are 
indicated by arrows to the right of the gels. 
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Figure 3.5 Purification of IN fragments used in this study 

(A): Overlaid chromatographs from SEC of each fragment as indicated in the figure. (B): SDS-PAGE 
stained with Coomassie blue for 2.5 µg of each fragment. This image is a composite between lanes 4 
and 5, as indicated by the dashed line. The molecular weight marker is indicated to the left of the gel. 
Lane 1: BLV-1 IN ∆NTD, Lane 2: HTLV-1 IN ∆NTD, Lane 3: HTLV-2 IN ∆NTD, Lane 4: HTLV-2 IN(200-
297), Lane 5: HTLV-1 IN(200-297). 

 

3.2.3 IN : B56 complex assembly  

3.2.3.1 Optimizing complex formation buffers 

An important aspect to consider when conducting crystallization trials is the buffer 

solution in which proteins are suspended. Among other factors, the protein needs to 

be at a high concentration, soluble and the NaCl concentration should be as low as 

possible. Working with IN fragments posed a challenge because of the stringent buffer 

requirements of 1M NaCl and the detergent CHAPS. These conditions are both 

unsuitable for use in protein crystallization trials and abrogate the interaction with 

B56g(11-380). Formation of the B56g(11-380) : IN complex stabilized both proteins, 

and removed the need for detergent and high NaCl, however, we wanted to optimize 

the buffering conditions to maintain complex solubility and stability for each different 

complex. To this end, we designed an SDS-PAGE based protein solubility assay to 

test the effect of different buffer conditions on the solubility of complexed B56g(11-

380) : IN, and used this to screen through different buffer conditions for each new 

complex. 

In this assay, reactions containing either one or both proteins in various buffers were 

incubated at 18˚C overnight. Following incubation, samples were divided into soluble 
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and insoluble fractions by centrifugation and separated by SDS-PAGE (Figure 3.6A 

and B). Conditions that minimized the insoluble fraction of both proteins after complex 

formation were assumed to be optimal conditions for that particular complex (Table 

3.1). The example shown here is from the BLV IN/∆NTD complex, at pH 6.5 with 0.2 

M NaCl. By comparing lanes 5 and 7 with lane 9, it is clear that formation of the 

complex increases the stability of both proteins. 

 

Figure 3.6 Formation of the complex increases the stability of both proteins 

(A): Schematic representation of the assay: proteins either alone, or in complex are diluted into different 
buffers and left to incubate before being separated into insoluble (Pellet, P) and soluble (Supernatant, 
S). (B): The soluble and insoluble fractions are then compared by SDS-PAGE gels stained with 
Coomassie blue. In this example, BLV IN/∆NTD was tested for complex formation in 50 mM PIPES pH 
6.5, 200 mM NaCl. The protein species in each lane is labelled at the top of the gel and indicated by 
arrows to the right. The molecular weight marker is indicated to the left. Lanes are indicated at the 
bottom of the gel: Lanes 1 and 2: 2.5 µg of each protein as stored following purification. Lane 3: 
molecular weight marker. Lanes 4 and 5: B56g(11-380) alone; lanes 6 and 7: BLV IN/∆NTD alone; lanes 
8 and 9: complexed protein. 

 

3.2.3.2 Formation of the HTLV-1 IN(200-297) : B56g(11-380) complex 

On the basis of results observed from the stability experiments described above, the 

optimal buffer conditions for the B56g(11-380) : HTLV-1 IN(200-297) complex was 

determined as 50 mM Tris pH 8.0, 0.2 M NaCl. Fortunately, un-complexed HTLV-1 

IN(200-297) (herein IN-1(200-297)) was still soluble when exchanged to this buffer 

following purification, meaning that complex formation could be assayed by comparing 

the elution volumes of individual and complexed protein samples by SEC (Figure 3.7). 

Indeed, the complex eluted earlier than the individual species, further confirming that 

the B56 binding property was included within the 200-297 truncation boundaries 

(Table 3.1). Complex formation was easily reproducible and upscaled for 
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crystallography trials: Figure 3.8 provides an example of SEC of the complex following 

buffer exchange via overnight dialysis. Pooled fractions were concentrated for 

crystallography. 

 

Figure 3.7 Formation of HTLV-1 IN/CTD : B56g(11-380) complex as determined by SEC 

(A): Overlaid chromatographs from elution of B56g(11-380) (1, blue); IN-1(200-297) (2, red) and the 1:1 
molar complex (3, dotted black line). (B): peak fractions from the experiment indicated in (A) separated 
on SDS-PAGE and stained with Coomassie blue. Lanes indicated correspond to the elution volume 
from which samples were taken. 

 

Figure 3.8 Purification of the HTLV-1 IN(200-297) : B56g(11-380) complex for crystallography 

(A): SEC chromatograph for purification of the complex after overnight assembly. (B): SDS-PAGE 
analysis of peak fractions. The molecular weight marker is indicated to the left of the gel Lane 1: input 
sample after complex assembly but prior to SEC. Remaining lanes: fractionation of elution over 18 mL. 
The fractions that were pooled and concentrated for crystallography are shown by the red bracket. 
Protein species are indicated to the right of the gel. 
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3.3 The use of X-ray crystallography to determine the IN : 
B56 interaction interface 

3.3.1 Sparse-Matrix crystal trials 

Crystallization trials were set up in over 5000 individual reactions spanning the five 

different complexes in Table 3.1, and also with a B56g(11-380) HTLV-1 IN SLiM 

peptide (Figure 3.14A). Although some crystal growth was observed from sparse 

matrix screens with BLV IN/∆NTD : B56g(11-380) and HTLV-2 IN/∆NTD : B56g(11-

380) (Figure 9A-F), when exposed to X-rays, these did not diffract (detailed in Table 

3.2). Only one complex yielded reproducible crystals that produced a diffraction 

pattern: the HTLV-1 IN(200-297) : B56g(11-380) complex. The same crystals were 

observed across two different wells in the sparse-matrix screening (Figure 3.9G and 

H), further validating the authenticity of the hit. 

3.3.2 Optimization of HTLV-1 (200-297) : B56g(11-380) Crystals 

When the crystallization was repeated in the same buffer but produced in-house, we 

were initially able to reproduce the growth of crystals with a similar morphology to the 

original hit, albeit growing in clusters (Figure 3.9I and J). These crystals were both 

small and clustered together – two properties not conducible to the generation of high 

quality diffraction data. The crystal growth from this condition was optimized in every 

way available to us. Optimizations included crystallization method (hanging vs. sitting 

drop), buffer composition (1,2-propanediol 17-30%, Na2PO4/KPO4 concentration 50-

500 mM, glycerol 0-10% and pH 5.8-6.8 in all permutations), protein concentration 

(10-50 mg/mL), protein to buffer volume ratio (1:1, 2:1, 4:1, 1:2), temperature (4˚C vs 

18˚C), two additive screens, and micro-seeding. 

Surprisingly, the crystal growth was barely able to be optimized from the original 

screen. The one factor that made a clear difference in crystal morphology and size 

was the advent of micro-seeding (compare Figure 3.9J and L). Here, the growth of 

crystals was managed by introducing crushed and vastly diluted crystals from wells 

such as Figure 3.9J and K to new drops with the aim of “controlling” crystallization by 

directing crystal growth from these artificial nuclei. This reduced the clustering and 
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increased the size of our crystals (Figure 3.9L). These crystals are generally regarded 

as being too small to gather high quality diffraction data with generic X-ray beamlines. 

However, thanks to the availability of a new micro-focus X-ray beamline (MX2) at the 

Diamond Light Source, we were able to collect diffraction data. 

 

Figure 3.9 Protein crystals grown throughout this study 

Table 2 corresponds to each image displayed here. (A-C): Crystals grown from BLV IN/∆NTD : B56g(11-
380) complexes. (D-F): HTLV-2 IN/∆NTD : B56g(11-380) crystals. (G-L): HTLV-1 IN(200-297) : 
B56g(11-380) crystal optimization from sparse-matrix screening to the conditions from which we solved 
the structure. 
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Table 3.2 Crystallization conditions corresponding to Figure 3.9 
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3.3.3 X-ray diffraction data collection  

Over 100 crystal samples were harvested and snap frozen in liquid N2 and screened 

for diffraction using a 0.9192 Ängstrom, 30 x 30 µM micro-focus X-ray beam. In the 

screening process, the loop containing the crystal was divided into segments which 

were automatically tested for diffraction with the aim of identifying the spatial regions 

of the crystal that produced the highest-quality data (Figure 3.10A). Only four crystals 

that were screened diffracted X-rays, of which just one diffracted data to below 4Å 

resolution (Figure 3.10B and C). This crystal was exposed to the X-ray beam for 0.1s 

900 times over 225˚ of rotation – producing 900 images of varying quality shown from 

left to right in Figure 3.10C. 

Figure 3.10C represents the total data collection from this crystal, the yellow dots 

represent how many reflections were detected in each image, the red dots represent 

the maximum resolution of these reflections, and the blue dots represent Braggs 

diffraction: a hallmark of X-ray diffraction from a crystal lattice. Most of these images 

were of poor quality, so the two regions of highest quality data were fused (Peaks 1 

and 2 as indicated in Figure 10C), to cover a total of 225˚ of rotation. Table 3.3 displays 

the statistics of data collection.  

Table 3.3 Crystallographic data collection statistics 
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Figure 3.10 X-ray diffraction data collection and processing 

(A): Image of the crystal within the loop, divided into sections for the initial grid screen for diffraction. 
The heat map represents areas of the sample that produced the best diffraction. (B): diffraction pattern 
from the dataset, image 680/900 from the unmerged data. (C): Map showing quality of raw diffraction 
data throughout the collection (L to R, image 1 to 900): red spots are the highest resolution at each 
image (as shown by the red arrow), yellow is the number of spots on the diffraction pattern on each 
image (yellow arrow), and blue dots represent the Braggs diffraction at each image. The segments of 
the map labelled “Peak 1 and 2” represent the peaks of the data which were combined to produce the 
merged dataset from which we solved the structure. 
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3.3.4 Solving the structure of HTLV-1 IN (200-297) : B56g(11-380) 

Reflections from the data peaks represented in Figure 3.10C were indexed using the 

XDS 3Dii tool on the DLS server. The diffraction pattern was overall very weak (Figure 

3.10B), however the high sensitivity of the detector on this beamline and the optimized 

computational power of the indexing tools allowed us to gather enough data from the 

two peaks with good diffraction. Next, the phases were generated by molecular 

replacement using a previously reported structure of B56g (Wang, Bajaj et al. 2016) 

(PDB ID 5K6S). The phase information allowed the conversion of X-ray diffraction data 

into an electron density map (Figure 3.11).  

 

Figure 3.11 Generation of a structural model based on the average electron density within the 
crystal 

The structural model was built by a combination of automatic model-building within the CCP4 
crystallographic software suite and manual adjustment to fit the electron density as best as possible. 
Purple sticks in this image are the residues of B56g(11-380) in the initial, unrefined model; and the grey 
mesh is the electron density generated by the solving of the phase problem by molecular replacement. 

 

An initial model was built into the electron density map using the Autobuild (buccaneer) 

algorithm within the CCP4 crystallography programme suite. Some regions of this 

model were incomplete and did not fill the density map well (or at all). Where possible, 

these regions were manually adjusted to fit the density map in the model building 

programme Coot. The structure was gradually refined using the REFMAC algorithm 
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over >30 iterations, and eventually reached 3.16 Å resolution with an RFree value of 

29.1 (Table 3.4).  

Table 3.4 Model refinement statistics 

 

3.3.5 The Structure of B56g(11-380) : HTLV-1 IN SLiM 

In agreement with another structure of B56g(11-380) (Magnusdottir, Stenmark et al. 

2009), this structural model is composed of 7 pseudo-HEAT repeats (which are each 

comprised from two anti-parallel alpha-helices connected by intra-helical loops), 

arranged in tandem and connected by short loops (Figure 3.12A-C). As expected, the 

B-factor values (a measurement of conformational variance between individual 

molecules in the crystal) are highest in the loop regions and terminal helices, and 

lowest in the protein core (as depicted by the heat map) (Figure 3.12C). To our 

complete surprise, the structure only included density for a small peptide of HTLV-1 

IN bound to a groove between pseudo-HEAT repeats 4 and 5 of B56g(11-380). This 

peptide is the highly conserved SLiM that is present in dozens of endogenous 

substrates for PP2A and is also highly conserved throughout the delta-retroviruses 

(Figure 3.13A). 
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Figure 3.12 The crystal structure of B56g(11-380) : HTLV-1 IN 

(A): Overall architecture of the crystal structure of B56g (grey) bound to the HTLV-1 IN SLiM (red). The 
B56g molecule includes 7 pseudo-HEAT repeats connected by short intrahelical loops to make an 
overall horseshoe shape.  Only 7 residues of HTLV-1 IN comprising the core of the B56-PP2A SLiM 
were detected in this structure and are bound between pseudo-HEAT repeats 4 and 5. (B): X = -90˚ 
rotation of the structure shown in (A). (C): Wilson B-factors for the B56g molecule displayed as a heat 
map. Regions of the molecule with the greatest conformational differences within the crystal are 
displayed as hotter colours. Figures were generated in PyMOL 
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Figure 3.13 The B56 SLiM is highly conserved among the delta-retroviruses 

(A): Alignment of d-retroviral IN (residues 200-222) as generated by the ClustalW algorithm. Alignment 
is presented by ESPRIPT. (B): the IN peptide resolved in our crystal structure. Both IN(Q214) and 
IN(E218) did not include density for the sidechains, which are consequently represented as stubs in our 
structure. Image was generated in PyMOL. 

3.3.6 The molecular details of the IN-1 : B56g interface 

Our structure revealed that HTLV-1 IN (and likely all d-retroviral INs) binds to B56 by 

a similar, but not identical, mechanism as the endogenous PP2A-B56 substrates 

BubR1 and RepoMan (Figure 3.14A and B). Indeed, as reported previously in the 

crystal structures of B56g bound to RepoMan (PDB ID: 5SW1) and BubR1 (PDB ID: 

5K6S) SLiM peptides, our structure shows two distinct hydrophobic pockets on B56g 

which coordinate IN L213 and I216 (herein referred to as the Leu and Ile-binding 

pockets respectively) (Figure 3.14 C and D). Orientation of the SLiM through these 

two pockets restrains the peptide and allows B56g H187 and R197 to form direct 

contacts with the carbonyl moieties of IN Q214 and P217 (Figure 3.14C, D and E).  
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Figure 3.14 The B56-specific SLiM binds to B56g through interactions with at least two distinct 
hydrophobic pockets 

(A): Alignment of the SLiM sequences of the B56-PP2A substrates BubR1, RepoMan and HTLV-1 IN 
sequence seen in our structure (6TOQ; embargoed). (B): Structural alignment of the peptides in all 
three crystal structures overlain with the B56g from our structure. The BubR1 SLiM (PDB ID: 5K6S) is 
shown in gold and that of RepoMan (PDB ID: 5SW9) is shown in blue, while IN is shown in red. Space-
filled representation of B56g residues involved in SLiM binding are shown in purple. (C): The Leu binding 
pocket of B56g coordinating HTLV-1 IN(L213). Of note, B56g R188 faces away from the pocket in our 
structure, and the sidechain of IN(Q214) was not resolved. B56g I227 and H187 play a redundant role 
in both Leu and Ile pockets. (D): The Ile binding pocket of B56g coordinating IN(I216). (E): IN(E218) is 
not coordinated in our structure, although B56g F235, H243 and K240 comprise an 
electrostatic/hydrophobic pocket for the IN(E218) equivalent residues in BubR1 and RepoMan. B56g 
R197 forms a hydrogen bond with the carbonyl of IN(P217). 
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The Leu and Ile pockets are highly conserved between the three structures: the Leu 

pocket (Figure 3.14C) includes B56g residues K183, E226, T184, H187 and I227 in 

both structures, and R188 in the RepoMan and BubR1 structures. The Ile pocket 

(Figure 3.14D) shares some redundancy with the Leu pocket and includes B56g 

residues H187, I227, I231 and Y190. A key difference between B56g binding 

endogenous substrates versus IN is residue R188 of B56g in the Leu pocket. In 

addition to contributing to the hydrophobicity of the Leu binding pocket, B56g R188 

directly coordinates a phosphorylated serine at the position C-terminal to the 

conserved Leucine when binding the endogenous SLiM-harbouring PP2A-B56 binding 

partners BubR1 and RepoMan (Figure 3.14B). In contrast, B56g R188 was not 

involved in the interface in our structure and was in fact directed away from the IN 

SLiM due to a lack of nucleophilic oxygen atom in the sidechain of IN Q214 (Figure 

3.14C and D). The sidechain of IN Q214 was also unresolved in our structure, further 

highlighting the lack of binding to B56g R188. 

Wang et al. showed that phosphorylation of S670 in BubR1 or S591 in RepoMan 

(Figure 3.14A) within the SLiM of these endogenous PP2A-B56 substrates enhances 

the affinity for the substrates through interaction with B56g R188 and H187, and 

proposed that this serine (or the phosphorylatable threonine) be included in the SLiM 

definition (Wang, Bajaj et al. 2016). The equivalent residue in the d-retroviral IN 

(residue 214) is either a proline, glutamine or alanine – none of which are able to 

become phosphorylated (Figure 3.13A). Another key difference between the 

structures reported by Wang et al. and ours, is that a third binding pocket specific for 

the C-terminal glutamate of the SLiM was identified for RepoMan and BubR1, whereas 

in our structure E218 was poorly resolved and uninvolved in the interface.  
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3.3.7 B56g(11-380) : IN(200-297) crystals contained the full CTD  

The SLiM is within the initial 20 amino acids of our IN fragment, so naturally we were 

concerned about the lack of density observed in the structural model. To ensure the 

sample was not becoming subject to proteolytic degradation during crystallization, 

crystals grown in the same way as those from which the structure was solved were 

harvested and analysed by SDS-PAGE (Figure 3.15C). Both proteins were present in 

the crystals and migrated at the same molecular weight as the sample did before 

crystallization. Fortunately, this discrepancy can be explained by the conformation of 

proteins within the crystal. When the electron density map is visualized from an in 

crystallo perspective by generating symmetry mates in silico on the basis of the unit 

cell, a massive solvent channel is generated (Figure 3.15A and B).  

 

Figure 3.15 The unit cell of the crystal space group P43 21 2 produces a solvent channel which 
probably contains the HTLV-1 IN CTD 

(A): space-filled representation of the solvent channel created by crystallization of the horseshoe-
shaped B56g molecule. Figure generated by creating symmetry mates in PyMOL. (B): x=-90 rotation of 
(A). Red and blue patches are the surface charge at the IN-binding pocket. (C): SDS-PAGE analysis of 
crystals grown in the same way as the ones used to solve the structure. Both proteins are present at 
the expected molecular weight, as indicated by arrows to the right. 
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This channel is 35 Å wide, which is enough space to host the unbound majority of the 

HTLV-1 IN CTD (the crystal structure of this is <25 Å in diameter in all planes; 

unpublished data). Conceivably, the forces generated by a mobile IN CTD within the 

solvent channel would be transmitted to the SLiM binding interface and could explain 

the missing density for IN E218 in the glutamate binding pocket (Figure 3.14E). Taking 

into account the fact that the equivalent residues of BubR1 and RepoMan were shown 

to bind B56g tightly (Wang, Bajaj et al. 2016), and were shown to be critical for the 

interaction between endogenous substrates and B56g (Hertz, Kruse et al. 2016), we 

decided to include IN E218 in our further analysis of the IN : B56 interaction interface. 

3.4 Experimental validation of the IN-1 : B56g binding 
interface  

3.4.1 Quantification of the interface by an in vitro binding assay  

To understand more about the binding of IN to B56, we designed four peptides 

spanning the IN SLiM and surrounding residues to use in a fluorescence based binding 

assay (Figure 3.16A). The peptides were synthesized and labelled with 5'-fluorescein 

amidite (FAM). We measured the binding by fluorescence polarization - this arises 

when binding occurs between a small labelled molecule (our peptides) and a larger 

protein (B56g(11-380)). As the peptide becomes less mobile upon binding to B56g(11-

380), light passing through the reaction is consequently polarized compared to the 

baseline. Titration of B56g(11-380) allowed us to calculate the dissociation constants 

(KD) for each reaction. Our initial experiments indicated that all four peptides bound to 

WT B56g (Figure 3.16B, Table 5), and that peptide 1 (the longest peptide) bound to 

B56g(11-380) the tightest (with the lowest KD = 0.98 ± 0.25 µM).  
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Table 3.5 Quantification of HTLV-1 IN peptide binding  

 

Figure 3.16 Measuring the binding kinetics of the HTLV-1 IN : B56g(11-380) interface by 
fluorescence polarization 

(A): Alignment of the five peptide sequences used in this study: peptides were 5’ 
carboxyfluoresceinated and C-terminally amidated. Coloured labels correspond to the binding curves 
shown in (B); which are the result of fitting the Anisotropy1 binding model in Prism 8.  (C). The calculated 
dissociation constant (KD) values for each reaction. Data are the mean of three replicates. (D): Binding 
data for the HTLV-1 IN peptide 1 and RepoMan peptides interacting with B56g(11-380) mutants. 

 

Table 3.6 Quantification of HTLV-1 IN and RepoMan SLiM binding to B56g(11-380) 
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We next generated a series of B56g alanine point mutants based on our structure 

(Figure 3.17A) with the aim to explore the effect of mutating the SLiM binding interface 

on binding to HTLV-1 IN peptide 1 and to the equivalent (unphosphorylated) peptide 

of RepoMan (Table 3.6). As expected, mutation of the interface reduced the affinity of 

both peptides compared to WT B56g(11-380). B56g H187A abolished binding to both 

peptides (indicated by NB), and B56g Y190A abrogated binding to the RepoMan 

peptide while reducing the affinity for IN 7-fold. Further, B56g R197A had a greater 

effect on the binding to HTLV-1 IN SLiM compared to the RepoMan SLiM (around 13-

fold vs. 4-fold reduction in binding, respectively). Finally, as expected, B56g R188A 

only had a modest effect on binding to both peptides (as RepoMan was 

unphosphorylated). 

3.4.2 (His)6-pulldown assays with full-length IN  

Following the observation that mutating the B56 residues of the interface affected 

binding to the SLiM-peptide, we wanted to further validate the interaction interface by 

mutating IN in the context of the full length protein. To achieve this, we included four 

mutants of IN: L213A, I216A, E218A and a double mutant of L213A/I216A and 

conducted binding assays using His6-tagged full-length IN as bait for mutant and wild-

type B56g(11-380) in an in vitro pull-down assay. We included IN(E218A), because 

although our structure did not include direct contacts between the proteins at this 

residue, the RepoMan and BubR1 SLiM structures both showed E218 buried deeply 

within a third pocket on B56g (Wang, Bajaj et al. 2016). All proteins were purified as 

described above without issue (Figure 3.17C). Mutants included in this experiment are 

shown in Table 3.7. 

Mutation of the IN : B56g interface where mutant IN was used to pull down WT 

B56g(11-380) revealed that all point mutants strongly affected binding compared to 

WT IN : with L213A, I216A and L213A/I216A resulting in 27, 6.25 and 10-fold 

reductions in binding compared to WT IN respectively (Figure 3.17D). Interestingly, 

IN(E218A) completely abolished binding to WT B56g(11-380). Overall these data 

confirm our observations in the crystal structure of the complex and indicate that the 

SLiM is critical for high affinity interaction with B56. The inverse experiment, where 

B56g(11-380) was mutated and tested for binding to WT His6-IN had a range of effects, 
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including two mutations (B56g(H187A) and B56g(R197A) that completely abolished 

the interaction (Figure 3.17E). Alanine mutation of the other residues in the B56g Ile 

binding pocket dramatically reduced the affinity for HTLV-1 IN: nearly 10-fold less of 

B56g(I227A) was recovered by His6-HTLV-1 IN compared to B56g WT, whilst only 

about 5% of B56g(I231A) and B56g(Y190A), compared to WT B56g, bound to His6-IN 

(Figure 3.17E). These data provide an expanded picture of the observations made in 

the fluorescence polarization assay. 
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Table 3.7 Alanine point mutants 

 

Figure 3.17 Alanine mutagenesis of the HTLV-1 IN : B56g interface abrogates the binding 
interaction 

(A): Interface mutants generated in this study. HTLV-1 IN residues that were mutated to alanine are 
shown by red sticks; and B56g(11-380) mutants in purple. (B): Table 6 lists the interface mutants 
included in this experiment. (C): All mutants were expressed and purified as with the wild-type variants. 
Molecular weights are indicated to the left of the gel and species are indicated by arrows to the right. 
The His6-tagged IN mutants were purified with some minor contaminants that were inseparable by size-
exclusion chromatography (band indicated at 25 kDa). The B56g(11-380) mutants were all purified 
without any issue. (D): Fold-change in amount of WT B56g(11-380) recovered by IN mutants during 
His6-pulldown assay compared to the WT interface. Data are expressed as the mean from triplicate 
experiments with error bars representing the SEM. Asterisks (*) represent the calculated P value for 
each mutant compared to WT: * = p <0.05; ** = p <0.01, *** = p <0.001; **** = p <0.0001. (E): The 
equivalent experiment to (D) for recovery of mutant B56g(11-380) by WT IN. 
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3.4.3 Immunoprecipitation of Flag-tagged IN mutants 

The previous experiments were conducted in vitro using a fragment of B56g that was 

shown to be sufficient for WT binding. Next, we wanted to test the affinity of the SLiM 

mutants to all B56 family members (a, b, d, g and e) in the cellular context. To this 

effect, Flag-tagged full length HTLV-1 IN was transiently overexpressed in the 293T 

cell line, and IN was immunoprecipitated (IP) from the cell lysate. Western blot of the 

IP fraction revealed the SLiM mutants produced a significant but varied reduction in 

recovery of all B56 members tested (Figure 3.18) while as expected (Maertens 2016) 

B55a, PR72 and STRIATIN were undetectable in the IP fraction. Analysis of triplicate 

experiments by densitometry revealed that all SLiM mutants completely abolished 

recovery of B56a, while reducing the recovery of B55b, B56g and B56d to varying 

degrees (Figure 18B). Unfortunately, we could not reproducibly detect B56e in our cell 

lysates. 

Flag-IN(L213A) had the strongest effect on recovery of B56d (30-fold reduction 

compared to WT IN), and a weaker but significant relative reduction in binding to B56b 

(29 ± SEM 11.5%) and B56g (46 ± SEM 12.5%, all percentages shown are compared 

to WT IN binding). In contrast, Flag-IN(I216A) appeared to affect mostly the binding to 

B56d (almost 10-fold less B56d was recovered compared to WT IN), whilst consistently 

reduced the binding to <50% of that of Flag-IN WT: B56b (28.1% ± SEM 6%) and 

B56g (43 ± SEM 8.7%). The effect of IN (E218A) was strongest for B56d, (24.4 ± SEM 

21.8%) and B56b (30 ± SEM 12.8%), however, recovery of B56g was only halved (55 

± SEM 11%). The double mutant IN (L213A/I216A) fully abolished the recovery of all 

four B56 subunits tested in this assay. 
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Figure 3.18 Effect of SLiM mutations on the interaction of Flag-tagged IN with endogenous B56 
subunits in 293T cells 

(A): A representative panel of Western blots from this experiment (experiment was conducted in 
triplicate). It is apparent that the WT and D122N IN variants bind to B56 isoforms a, b, g and d – but 
alanine mutation of the SLiM abrogates binding to different levels. (B): Normalized densitometric values 
for recovery of various B56 isoforms. Data were normalized to input, Flag and then to the WT 
interaction. Values are results of triplicate experiments– the top of each bar represents the mean, and 
the error bars represent the SEM. While the single alanine point mutants reduce binding to all B56 
isoforms tested, the IN (L213A/I216A) mutant abolishes co-recovery in all cases. 
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3.4.4 IN SLiM mutants are catalytically active, but unstimulated by B56 

Full-length, untagged IN variants were purified and used in an in vitro biochemical 

assay for strand transfer activity. This assay has been described extensively and uses 

short viral LTR mimics as donor DNA and supercoiled plasmid DNA (pGEM9zf(-)) as 

a target for integration (Cherepanov 2007, Valkov, Gupta et al. 2009, Maertens, Hare 

et al. 2010). Concerted integration products are identified as linearized plasmid DNA, 

whereas half-site integration or nicking results in migration of open and circular DNA 

when separated through an agarose gel (Figure 3.19A).  

A variation of this assay described by (Barski, Minnell et al. 2019) was used to 

determine the intrinsic activity of the SLiM mutants. Surprisingly, all four SLiM mutants 

showed no inhibitory effect on the intrinsic catalytic activity of IN; in fact, IN(E218A) 

and IN(L213A/I216A) mediated concerted strand transfer 1.4 and 1.8-fold as 

effectively as the WT (Figure 3.19B), whilst the active site mutant IN(D122N) was 

catalytically dead. 

We previously showed that B56g(11-380) stimulates HTLV-1 IN strand transfer activity 

in a dose-dependent manner (Maertens 2016). Indeed, we showed that a 1:8 molar 

ratio of B56g(11-380) to IN stimulated strand transfer by 3.3-fold (Figure 3.19C). This 

increase in activity was dose dependent as far as a 1:2 molar ratio - where stimulation 

was 8.7-fold, corroborating previous observations and acting as a positive control for 

stimulation of integration. In contrast, all four IN mutant proteins were completely 

unstimulated by titration of B56g(11-380) into the reaction (Figure 3.19C), further 

highlighting the critical role played by this SLiM in the IN : B56 interface.  
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Figure 3.19 Mutation of the IN SLiM does not inhibit the intrinsic activity of integrase, but does 
abrogate stimulation by B56g(11-380) 

(A): A representative agarose gel for this assay. Molecular weight marker is shown to the left of the gel. 
The amount of concerted integration is compared between different samples by densitometric analysis. 
(B): Mutations in the HTLV-1 integrase SLiM have no inhibitory effect on catalytic activity. Data are 
averages of three replicates and represented as fold change compared to the wild-type. (C): Addition 
of B56g(11-380) to the assay does not stimulate concerted integration in the case of the integrase SLiM 
mutants. * = P<0.05; ** = P <0.01, *** = P<0.001; **** = P<0.0001. 
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3.5 Conclusions, discussion and future experiments 

In this chapter I presented the biochemical and biophysical experiments that 

characterized the IN : B56 binding interface in molecular detail and enabled the design 

of interface mutants to specifically abrogate the interaction from the perspective of 

each protein. The primary approach used to identify the molecular nature of the B56 : 

IN interaction was X-ray crystallography: where a range of different IN : B56g(11-380) 

complexes were assembled using a variety of IN truncations from the delta-

retroviruses HTLV-1, HTLV-2 and BLV. The optimal buffering conditions for complex 

formation with each fragment of IN were identified using a gel-based stability assay. 

These optimized complexes were each then entered into comprehensive sparse-

matrix crystallisation screens where at least a thousand different conditions were 

screened for each complex.  

Although a few different complex/crystallisation buffer combinations grew protein 

crystals, only one combination produced crystals that were reproducible and diffracted 

X-rays. Of these crystals, only one then diffracted X-rays well enough to solve the 

structure of B56g(11-380) bound to the HTLV-1 IN SLiM at 3.16Å resolution. This 

structure revealed that the binding of d-retroviral IN to B56-PP2A is mediated through 

a short linear motif (SLiM) which is present in dozens of endogenous substrates and 

binding partners of PP2A-B56: demonstrating an instance of molecular mimicry. 

Interestingly, the structure also explained why we encountered such difficulty when 

growing crystals of this complex: a massive solvent channel was generated during 

crystallisation because the vast majority of the IN-1 fragment (including the entire 

CTD) was found to be uninvolved in the binding to the horseshoe-shaped B56g 

molecule (Figure 3.15). This large and unbound portion of IN would have prevented 

formation of a stable crystal lattice in the majority of space groups, indicating that we 

were very fortunate to solve the structure. This observation cannot alone explain why 

we were unable to achieve crystallisation of the B56g(11-380) : IN-1 peptide 

complexes, although it is possible that the N-terminal fluorescein moiety on each 

peptide provided a region of disorder and thus prevented crystallisation.  
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Our structure revealed that the interactions between B56 and cognate substrate SLiM 

are similar (but not identical) in the cases of IN-1 and the two previously described 

structures of B56g bound to the SLiMs of the endogenous PP2A-B56 binding partners 

RepoMan and BubR1 (Figure 3.14). The key difference between the modes of binding 

is that the INs do not contain a phosphorylatable serine within the SLiM: something 

that was previously suggested to be a hallmark of PP2A-B56 substrates (Hertz, Kruse 

et al. 2016) and increases the tightness of binding between B56g and RepoMan and 

BubR1 by means of burying the C-terminal glutamic acid of the LxxIxE motif deeper 

into its cognate binding site on B56g (Wang, Bajaj et al. 2016).  

Following the structural description of how IN binds B56, alanine point mutants were 

introduced to both IN and B56g(11-380) proteins to abrogate binding according to the 

contacts formed in the structure. In the first instance, the B56g(11-380) mutants were 

assayed for binding to fluorescein-labelled peptides of the IN-1 and RepoMan SLiMs 

by a fluorescence polarization (FP) binding assay (Figure 3.16). This experiment 

allowed quantification of the binding constant values (KD)s for each peptide bound to 

each B56g(11-380) mutant and the data supported observations made from our 

structure (Table 3.6). We also have a peptide of RepoMan with the key serine residue 

phosphorylated, and an experiment to conduct in the near future will be to compare 

the binding of each B56g(11-380) mutant to the phosphorylated vs. unphosphorylated 

peptides. We anticipate this experiment will highlight that alanine mutation of B56g 

R188 will drastically reduce the affinity for the phosphopeptides compared to the WT 

B56g.  

We next used the B56g(11-380) mutants as prey in pulldown experiment using N-

terminally His6-tagged full-length WT IN-1 as bait (Figure 3.17). As expected, these 

results were in line with structural and binding observations, highlighting the critical 

roles played by B56g(11-380) residues H187 and R197 in binding to IN-1 as well as 

the vast reduction in binding to residues involved at lesser extents in each of the Leu 

and Ile binding pockets (Figure 3.17E). We also conducted the same pulldown 

experiment using IN alanine mutants for each of the core SLiM residues (L213A, I216A 

and E218A - as well as a double mutant, L213A/I216A) as bait and WT B56g(11-380) 

as prey. Importantly, these experiments confirmed the role of the HTLV-1 SLiM in 

mediating binding to B56 (Figure 3.17D) and were the first direct indication that such 
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point mutations might abrogate/reduce binding of the HTLV-1 PIC to the PP2A-B56 

holoenzyme during infection and allow us to investigate the role played by this host 

factor in a cellular context.  

Before we introduced these IN mutations in HTLV-1 and conducted infection 

experiments, we wanted to confirm that mutating the IN SLiM abrogated binding to 

full-length, endogenous B56 subunits in cellulo. To this effect, Flag-tagged IN point 

mutants were transiently overexpressed in human epithelial kidney 293T (293T) cells 

and the co-immunoprecipitation of B56 with mutant and wild-type IN was assessed by 

Western blot. This work illustrated an overall impairment in endogenous B56 binding 

by the SLiM mutants and highlighted the complete loss of binding for IN(L213A/I216A) 

(Figure 3.18). Finally, we used an in vitro strand-transfer assay to show that the 

intrinsic activity of HTLV-1 is unaffected by mutating the SLiM, and that addition of 

B56g(11-380) to the reaction no longer stimulates the strand transfer activity of the 

SLiM mutants (Figure 3.19). Together, these data provide a robust template for the 

work described in the following Chapter 4, where the four IN SLiM mutations are 

introduced to the virus and assayed for the effect upon infection. 
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 Disruption of the IN : B56 interface impairs HTLV-1 
infection  

4.1 Chapter Overview 

In Chapter 4, data are presented which show the production of infectious HTLV-1 

particles harbouring the following integrase mutations: IN(L213A), IN(I216A), 

IN(E218A) and IN(L213A/I216A). To generate HTLV-1 variants, 293T cells were 

transfected with the pACH molecular clone for HTLV-1 (Kimata, Wong et al. 1994) and 

the resulting virus was assayed for cell-to-cell transmission into two different adherent 

human-derived cell lines: 293T cells and a HOS cell line harbouring a GFP reporter 

cassette linked to HTLV-1 Tax expression (a kind gift from Dr. Chou-Zen Giam) 

(Zahoor, Philip et al. 2014). Mutation of the IN SLiM was found to affect wild-type 

infection, as measured by qPCR-based methods and flow cytometry. 

Concise measurement of the proviral load (PVL) in our infection model by qPCR-

based methods proved difficult due to three factors: firstly, the PVL was very low (a 

hallmark of HTLV-1, but exaggerated in this model); secondly, we produced HTLV-1 

by transfection of a plasmid which was detectable by qPCR; and thirdly, unintegrated 

viral DNA persists in the cell for at least two weeks following infection by HTLV-1. This 

chapter therefore includes a section describing optimization of the techniques used to 

measure the PVL of cells infected by mutant HTLV-1 in this study.  

4.2 The pACH molecular clone produces infectious HTLV-1 

4.2.1 Introduction  

The pACH chimeric molecular clone for HTLV-1, was assembled by Kimata and 

colleagues to contain three different fragments of the HTLV-1 provirus from separate 

isolates cloned into the pKS plasmid backbone (Kimata, Wong et al. 1994). The 5' LTR 

(including U5, R and U3 region and the first 30 bp of gag) was from the HTLV-1-ATK 

isolate as reported by (Seiki, Hattori et al. 1983); while the 3' LTR (including R and U5 

regions) was provided from the pMC1-5 plasmid (Ratner, Josephs et al. 1985). The 

bulk of the HTLV-1 provirus was provided from an 8.5 kb fragment including gag-pol-
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env-pX-U3 from the non-infectious pHTLV-1CH molecular clone (Paine, Garcia et al. 

1991). pACH was one of the first infectious molecular clones for HTLV-1, due to the 

inclusion of functional regulatory elements. Figure 4.1 indicates the chimeric 

boundaries within the pACH plasmid.  

 

Figure 4.1 The pACH molecular clone 

The pACH infectious molecular clone for HTLV-1 is a chimera of three different proviruses (Clone ATK 
supplies the 5' LTR - including U5, R and U3 regions and the first 30 bp of gag - (Red bar), while pHTLV-
1-CH provides the bulk of the proviral genome including gag, pol, env, pX and the U3 and R regions of 
the 3’ LTR (Blue bar). The U5 fraction of the 3’ LTR is from the pMC1-5 molecular clone (Green bar). 
The bp of the HTLV-1 provirus are indicated by numbers below the black bar and the dotted lines at the 
termini of the schematic represent the plasmid backbone. 

 

4.2.2 Transfection of 293T cells by pACH produces HTLV-1 

We transfected 293T cells with pACH using three chemical transfection reagents 

(FugeneHD, XtremeGeneHP and Calcium Phosphate) to investigate which reagents 

produces good titres of infectious particles. To measure production of HTLV-1 we used 

the SG-PERT assay (Pizzato, Erlwein et al. 2009) to detect RT in concentrated cell 

culture medium (Figure 4.2A). Samples were generated by ultracentrifugation of the 

culture medium 40 hours post-transfection. All three transfections produced soluble 

RT from pACH to levels nearly a third as that from the productively infected MT-2 cell 

line (Figure 4.2A). RT was quantified using a standard curve made with recombinant 

HIV-1 RT (Figure 4.2B). 

Next we wanted to test whether HTLV-1 could be transmitted between producer and 

target cells. Transfected cells were mitotically inactivated by a sub-lethal dose of 

gamma-radiation (40,000 Rad) and co-cultured with blasticidin resistant 293T cells for 

16 hours. Following infection, cultures were passaged for two weeks before genomic 

DNA was extracted and evaluated for PVL by comparing the ratio of tax copies to 

gapdh copies by qPCR (Figure 4.2C). Data were then normalized to the RT activity 

units (RT U) from culture supernatant as described above (Figure 4.2D), which 
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revealed that HTLV-1 produced by transfection of pACH with XtremeGeneHP infected 

293T cells nearly as successfully as MT2 cells, and twice as well as with Fugene HD. 

In contrast, Calcium Phosphate transfection appeared to not produce infectious 

particles.  

 

Figure 4.2 Transfection of 293T cells by the pACH molecular clone produces infectious HTLV-1 

Three different chemical transfection reagents were used, each according to manufacturer’s 
instructions, to transfect the same number of 293T cells. (A): RT units per sample as determined by 
SG-PERT assay. Supernatant in which the MT-2 cell line was grown was included as a positive control. 
(B): Recombinant HIV-1 RT is used to create a standard curve that is linear over five orders of 
magnitude. This is in turn used to determine the units of RT in each sample. (C): 293T cells transfected 
by pACH via each reagent were sub-lethally g-irradiated and co-cultured with 293T cells. After an 
outgrowth period of 2 weeks, the PVL was determined by comparing the ratio tax copies to gapdh in 
each sample. Genomic DNA from MT-2 cells and PBS was included as a control. (D): The PVL values 
displayed in (C) were normalized to the RT units displayed in (A).  

Although the experiment was only completed once, the XtremeGene-HP transfection 

reagent was assumed to be the best for production of cell-associated HTLV-1 from 

the pACH molecular clone and was used for all subsequent experiments presented 

here. An important observation from these data is that the PVL based on normalized 

tax copies per cell is rather low. While above the background value of 0.02% (from 
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uninfected 293T genomic DNA), the PVL from samples infected by cultures 

transfected with FugeneHD and XtremeGeneHP were 0.4 and 0.8% respectively 

(Figure 4.2C). This is relatively low compared to a study from our laboratory, where 

we measured a PVL of 10% following transmission between MT-2 and Jurkat cells 

(Barski, Minnell et al. 2019); however this system for HTLV-1 infection is well-

characterized and T lymphocytes (represented by Jurkat cells) are the preferred host 

for HTLV-1. 

4.2.3 HTLV-1 is transmissible from 293T to 293T, HOS and Jurkat cells 

We next showed that HTLV-1 was also able to infect HOS or Jurkat cells via co-culture 

with pACH-transfected 293T cells. Here we transfected 293T cells in triplicate with 

either pACH or pACH-IN(D122N) (the catalytically inactive integrase mutant described 

in Chapter 3). Analysis of concentrated cell culture medium by SG-PERT and Western 

blot for p19Gag confirmed that all transfections had produced HTLV-1 proteins (Figure 

4.3A-C). Cells were co-cultured overnight and target cells were passaged post-

infection for two weeks before the PVL was measured by tax qPCR and normalized to 

SG-PERT values (Figure 4.4D). This experiment revealed that this system can 

mediate cell-associated HTLV-1 transmission from 293T cells to three different cell 

types, although we decided to continue with 293T and HOS cells for subsequent 

experiments due to the high PVL values for the HTLV-1 IN(D122N) values in Jurkat 

cells, while the WT values were very similar between all cell lines tested (Figure 4.3D).  
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Figure 4.3 Transfection of pACH with XtremeGeneHP produces infectious HTLV-1 which can be 
transmitted to three different cell lines 

Transfections of 293T cells by pACH-WT and pACH-IN(D122N) were conducted in triplicate. (A): The 
SG-PERT assay is linear over 5 orders of magnitude. (B): The RT U per sample of concentrated cell 
culture supernatant 40h post-transfection as determined by the standard curve presented in (A). (C): 
Western blot of concentrated cell culture medium. The blot was probed with HTLV-1 p19gag antibody, 
which is indicated by the arrow. Molecular weight marker is shown to the left of the blot, and biological 
replicates are indicated above the blot. (D): Normalized PVL values of viral genomic DNA from three 
different cell lines infected with either WT or IN(D122N) HTLV-1. Bars are colour-coded for each HTLV-
1 variant as indicated in B; black bars represent WT infection and pink IN(D122N). Error bars are 
presented as standard deviations. 

4.2.4 Tracking the PVL in 293T cells 

Although tax is detectable in this system by qPCR (Figures 4.2 and 4.3), the PVL 

approaches the limit of detection by the outgrowth period of two weeks – possibly in 

part due to a cytostatic effect of Tax expression in 293T cells (Zahoor, Philip et al. 

2014). Outgrowth of the cells following infection is important as unintegrated proviral 

DNA products are detectable by qPCR for two weeks following infection (as indicated 

from previous experiments from our laboratory). To determine whether the outgrowth 

period could be reduced before a specific signal (a clear difference between the 

negative control and the WT) was detected, we measured the PVL of 293T cells during 

the outgrowth period of two weeks (Figure 4.4C and D). 
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Figure 4.4 The copies of tax detected throughout the outgrowth period decreases according to 
passage dilution until 12 days post-infection 

Transfections were conducted in triplicate using both WT and IN(D122N) pACH. (A): RT U for each 
transfection as measured by the SG-PERT assay. (B): Western blot of concentrated cell culture 
supernatant 40h post-transfection probed for p19gag. Biological triplicates are indicated above the blot, 
the molecular weight marker is indicated to the left and the species detected is shown by an arrow to 
the right of the blot. (C): PVL values of viral genomic DNA as determined by tax copy number during 
the outgrowth period. (D): Normalized PVL values of viral genomic DNA as determined by tax copy 
number during the outgrowth period, normalized to the RT U from each transfection as displayed in (A). 

 

These data revealed that the PVL as measured by tax copies/cell is astonishingly high 

for the first 9 days following co-culture, but that by 12 days the tax copies per cell for 

the IN(D122N) infections (0.1%) had reduced toward the background level (0.02%) 

while the WT remained at 0.5% (Figure 4.4C). When the PVL data were normalized 

to RT U (Figure 4.4 B and D), the PVL from WT and IN(D122N) infections at day 12 

were almost identical, indicating that even 12 days is too early to accurately measure 

the PVL by tax copy number in this system. The extremely high PVL early after 

infection result suggests that a large portion of the tax signal is from exogenous pACH 
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plasmid DNA (although probably not all) or unintegrated DNA, and that throughout the 

outgrowth period this decreases as the cells are passaged. 

4.2.5 Introduction of a Tax-inducible luciferase reporter system to 293T cells 

We next sought to include a Tax-responsive reporter system to our study with the hope 

that this would corroborate PVL data when we introduced the SLiM mutants. To 

achieve this, we designed a lentiviral reporter construct containing 16 repeats of the 

Tax Responsive Element (TRE) coupled to expression of the firefly luciferase gene 

(Figure 4.5A). A stable cell line was generated, and single cell clones were isolated by 

fluorescence-assisted cell sorting (FACS). Following outgrowth, clones were co-

cultured with MT2 cells for 3 days before being harvested and assayed for differences 

in luciferase expression compared to the background for each clone (Figure 4.5).  
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Figure 4.5 Screening 293T (16xTRE)-Luciferase single cell clones for Luciferase expression 
following co-culture with MT-2 cells 

(A): Schematic representation of the reporter cassette cloned in a lentiviral vector used to create the 
Tax-inducible Luciferase reporter cell line. Here, the minimal HTLV-1 LTR-tax-responsive element 
(x16)-Firefly Luciferase fusion is oriented in the antisense to the selective marker (in this case, 
blasticidin resistance) to reduce expression of the Luciferase enzyme as a result of CMV promoter 
activity. (B): Relative Luciferase Units for each clone following infection by co-culture with MT-2 cells. 
Data are presented as fold-change in relative luciferase units, where the term “relative” refers to internal 
normalization of each well to the total protein concentration (as measured by Bradford’s assay); while 
the term “fold change” refers to differences between samples cultured with MT-2 vs. uninfected controls. 
Clones that were selected for future experiments are indicated in red. 

Unfortunately, the 2 clones that reported around 10,000-fold stimulation by HTLV-1 

infection (Figure 4.5B) were unable to report infection in our pACH-based system as 

there was no detectable luciferase signal beyond 2 days post-infection. This reflects 

the low infection efficiency from our system, but also reflect previous observations 

from our laboratory that Tax is detectable in cell culture medium from MT-2 cells 

(unpublished data) and therefore, while useful for identifying reporter clones, co-

culture with the MT-2 line is unrepresentative of infection via pACH transfection. This 

result also highlights the requirement for a more-sensitive FACS-based reporter assay 

for HTLV-1 infection to measure the infected state of individual cells. The luciferase 
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assay measures an entire population at one time point, but because the PVL is so low 

in this system, the luciferase signal from Tax+ cells gets diluted by all the Tax- cells. 

4.2.6 The HOS ∆IkBa- HTLV-1-LTR-GFP cell line can reliably report HTLV-1 

infection. 

We next utilized a previously reported HTLV-1-permissive HOS cell line harbouring a 

Tax-inducible GFP reporter construct, a kind gift from Dr Chou-Zen Giam (Zahoor, 

Philip et al. 2014). We previously demonstrated the infectability of HOS cells in our 

system (Figure 4.3D). This cell line also allows the establishment of productive 

infection due to a property that dampens the senescence-inducing effect of Tax by 

blocking NF-kB activity (Zahoor, Philip et al. 2014); as described in Chapter 1 (Section 

1.6.3). A degradation resistant form of the NF-kB signalling intermediate IkBa (∆N-

IkBa) is constitutively expressed from a lentiviral vector to achieve this phenotype, 

which inhibits NF-kB signalling and allows the establishment of productively infected 

HOS clones (Zahoor, Philip et al. 2014).  

As expected, a subset of target cells was found to be GFP+ following co-culture with 

pACH-transfected 293T cells (Figure 4.6). Surprisingly this subset was not limited to 

the WT infection, and included samples infected by both WT and IN(D122N) HTLV-1. 

Samples were collected throughout the outgrowth period following infection and 

analysed by FACS for GFP. Around 5% of cells infected by both WT and IN(D122N) 

HTLV-1 were GFP+ two days post-infection (Figure 4.6B). This is curious, because the 

HOS cell line was resistant to transfection by chemical reagents (data not included), it 

is thus unlikely that plasmid DNA that remained in the cell supernatant was taken up 

by the HOS cells. This suggests that Tax is expressed from unintegrated viral DNA.  

The percentage of GFP+ cells decreased as the experiment was passaged, and after 

day 7 the signal became specific – although when normalised to the RT U, the 

specificity became marginal at day 7 because the RT U values were lower for the WT 

than IN(D122N) virus production (Figure 4.4B and C). Indeed, analysis of the PVL 

revealed that even by day 12 the difference in tax copy number between infection with 

WT and IN(D122N) HTLV-1 was small (Figure 4.6D) – and when normalized to SG-

PERT values, genomic DNA from the IN(D122N) infections contained more copies of 

tax than that from WT virus.  
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Figure 4.6 The HOS ∆N-IkBa LTR-GFP reporter cell line for Tax expression reports infection by 
pACH-derived HTLV-1 

(A): Images taken of infected cells 2 days post-infection reveals that both WT and D122N infections 
produce GFP in response to the Tax protein. (B): Indeed, this observation is supported by the analysis 
of the percentage of GFP+ cells by flow cytometry, where the values are identical between WT and 
D122N infections until Day 7, where a difference is observed between the two types of infection (when 
assessed on absolute percentage values). (C):  Normalization of the percentage GFP+ cells to RT U 
from the SG-PERT assay indicates that the signal remains non-specific until days 9 or 12 post-infection. 
(D): PVL analysis of the infected HOS cells after two weeks outgrowth reveals the PVL is 25% and 
12.5% for WT and D122N infections, respectively. The positive control of MT-2 genomic DNA has a 
PVL of >500%, which is concordant with previous observations. (E): When the PVL data are normalized 
to RT U values, the specificity of signal is lost as genomic DNA from the D122N infections contains 
more HTLV-1 DNA than the wild-type. 
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Together these data highlight two facts: firstly, unintegrated DNA is detectable in the 

IN(D122N) negative control experiments in a cell line that is not permissive to 

transfection, suggesting that a portion of the tax copies measured by qPCR following 

infection and outgrowth comes from viral DNA that has gone through reverse 

transcription. Secondly, Tax is expressed from this DNA – and up to 5% of cells 

following co-culture by our protocol are positive for Tax early after infection. Further, 

the high PVL in HOS cells at day 12 from this experiment (Figure 4.6D) compared to 

that of the same experiment conducted in 293T cells (Figure 4.4C) suggests that 

dilution of the culture plays a role in the high PVL: as HOS cells grow slower than 293T 

cells and were thus diluted less over 12 days.  

4.2.7 Summary of the pACH model for HTLV-1 infection 

The experiments described above demonstrate the production of HTLV-1 via 

transfection of 293T cells by the pACH molecular clone. Virus produced by this method 

is infectious and transmissible to at least three cell lines, and we are able to reliably 

titrate samples by a qPCR-based assay for RT activity – an essential step when 

comparing different mutants. Further, we have at least one reporter cell line able to 

report the presence of Tax in infected cells by GFP expression, and a workflow which 

enables the highly sensitive identification of GFP-positive cells following infection. 

The main issue with our system for HTLV-1 infection is the accurate measurement of 

the (already low) PVL. The measurement of tax copies is problematic here because it 

also measures unintegrated DNA: which we show is a large factor in this model for 

infection. We therefore next strived to optimize a qPCR-based reaction specific for 

integrated proviral DNA: the Alu-qPCR reaction. We previously used this assay to 

reliably detect HTLV-1 integration within genomic DNA at PVLs between 10 and 100% 

and used it to show that HIV-1 integrase strand transfer inhibitors (INSTIs) effectively 

blocked HTLV-1 infection (Barski, Minnell et al. 2019). However, the expected (and 

probably overestimated) PVL in the pACH system is orders of magnitude lower than 

10% and therefore we tried to optimize the assay to distinguish samples with a low 

PVL from uninfected controls.  
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4.3 Optimisation of the Alu-PCR assay to detect HTLV-1 
provirus in samples with a low PVL  

4.3.1 Overview 

We recently used the Alu-PCR reaction to show that INSTIs blocked HTLV-1 infection 

from MT-2 cells to Jurkat cells (Barski, Minnell et al. 2019). We saw reduction of the 

PVL from ~10% to between 0.1 and 0.01% when infecting cells with HTLV-1 in the 

presence of INSTIs. The Alu qPCR reaction is a semi-nested PCR reaction which is 

specific for integrated proviral DNA. The specificity for integrated proviral DNA arises 

from the first reaction being conducted using a forward primer specific for the 

conserved Alu repeat (a motif that is present every 1kb on average in human genomic 

DNA) with a reverse primer for HTLV-1 gag. Following this reaction, a second 

amplification is conducted using the first PCR as a template for a qPCR for gag. 

(Figure 4.7A). The gag amplicon resulting from the second step is therefore 

representative of the integrated fraction of HTLV-1 in a sample.  

 

This assay is able to accurately report PVLs between ~500% (in the case of MT-2 

genomic DNA, which contains at least 7 integrated proviruses) and between 0.1-

0.01% - which is the edge of detection for this assay using our protocol (Figure 4.7B). 

When samples with PVLs lower than 0.01% were assayed by Alu-qPCR, a second 

species with a very similar melting temperature (Tm) co-amplified alongside gag in the 

second qPCR step. Beyond cycle 27 of the gag qPCR step, this species was the major 

amplicon and was regarded as being negative for HTLV-1. This species also amplified 

beyond cycle 30 in the qPCR of uninfected Jurkat DNA: hence the estimated limit of 

detection for this assay was set at PVL between 0.1 and 0.01% (Figure 4.7B and 

Figure 4.8).  
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Figure 4.7 The Alu-PCR reaction detects integrated HTLV-1 by semi-nested PCR 

(A): The Alu-PCR assay is a two-step process. In the first round of PCR (PCR 1), a negative-strand 
primer is used in conjunction with a forward primer for the Alu repeat in human genomic DNA. This 
generates a pool of fragments, which are diluted in water and used in a second PCR (PCR 2) with gag 
F and gag R primers. The second PCR is conducted as a qPCR, and genomic DNA with a known PVL 
is diluted to produce a standard curve, from which the percentage PVL (compared to the known 
standard) is calculated. (B): a schematic representation of the cycle threshold (Ct) value gag 
amplification in PCR 2 for samples with known PVLs (indicated as % PVL above the schematic).   

4.3.2 Amplification occurs from the background in multiple cell types 

When the Alu-PCR reaction was conducted using genomic DNA of two positive 

controls: genomic DNA from the MT-2 cell line; and from Clone 11.50 - a clonal line 

harbouring a single HTLV-1 provirus per cell (a PVL of 100%), a kind gift from 

Professor Charles Bangham, we were able to clearly detect a single gag amplicon in 

both samples, with a Tm of 82.4˚C (represented by Figure 4.7 and Figure 4.8). 

Amplification of gag from MT-2 or Clone 11.50 occurred at qPCR cycles 15 and 17, 

respectively. Unexpectedly, when the assay was conducted with uninfected genomic 

DNA from Jurkat, HOS or 293T cells, an amplicon with a Tm of 81.7˚C was also 

detected beyond cycle 27. This amplicon is barely discernible from that from MT-2 or 
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Clone 11.50 (Figure 4.8). Further, at cycle 35 a species was detected in the water 

control with a Tm of 76˚C. Figure 4.8 displays the DNA species present from each 

sample at the experimental endpoint of 40 qPCR cycles. 

 

Figure 4.8 The Alu-PCR reaction produces a 180 bp gag amplicon from MT-2 and Clone 11.50 
genomic DNA, and an unknown species from uninfected DNA 

The Alu-PCR reaction was conducted with various genomic DNA samples. The experimental endpoint 
(40 cycles of qPCR for gag) was analysed by DNA electrophoresis. (A): The endpoint of Alu-PCR with 
MT-2, Clone 11.50, Jurkat, HOS or 293T genomic DNA. A single amplicon is produced from samples 
containing HTLV-1 at. PVL >100%; whereas multiple species are amplified from uninfected DNA by the 
endpoint. (B): The water control reaction also produces an amplicon that runs just below the 100 bp 
marker. The base-pairs (bp) of the marker are indicated to the left of each gel. 

4.3.3 Optimization of the Alu PCR for detection of lower PVLs 

When we used the Alu-PCR assay to report blocking of HTLV-1 transmission, the 

appearance of a non-specific amplicon beyond cycle 27 of the gag qPCR was not an 

issue because this was outside the range of interest. However, in the case of infection 

with pACH-derived HTLV-1, the estimated PVL of samples infected with WT HTLV-1 

at day 12 is lower than 0.1% - as measured by tax copies, which is likely an 

overestimation. Therefore, the PVL of samples generated by our pACH system is on 

the edge of accurate detection by Alu-PCR when following the protocol used in our 

previous work (Barski, Minnell et al. 2019). We next sought to optimize this assay for 

detection of HTLV-1 in samples with a low PVL. Two approaches were taken: optimize 

the cycling conditions in the first PCR step and increasing the DNA concentration 

during the first round of PCR to increase the number of proviruses in the initial reaction. 
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4.3.3.1 Optimizing the first round of PCR 

We used serial dilutions of Clone 11.50 genomic DNA to represent a low PVL and ran 

PCR 1 of the Alu-PCR assay using a range of annealing temperatures and two 

different Alu-forward primer concentrations (20 µM or 2 µM). Clone 11.50 – with a 

single copy of HTLV-1 per cell – was the perfect tool for the accurate assignment of 

PVLs to each sample. We reasoned that the single integrated provirus would produce 

a characteristic amplification profile during the first round of PCR, and that this profile 

would be distinguishable from that of uninfected 293T DNA. Four samples were 

generated by serial dilution of Clone 11.50 into uninfected 293T genomic DNA to 

produce PVLs of either 10%, 0.1%, 0.01% or 0.001%. Experiments were separated 

by electrophoresis and each reaction was compared to the cognate negative control 

to identify obvious differences between the two reactions (Figure 4.9). 
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Figure 4.9 Optimization of PCR 1 of the Alu-PCR reaction 

The first round of PCR was conducted using 8 different annealing temperatures (TA) - represented by 
the green triangle showing increasing temperature above the gels; two concentrations of the Alu-F 
primer; and four different PVLs (indicated to the left of the figure). Each reaction was conducted using 
both genomic DNA containing titrated HTLV-1, and uninfected 293T genomic DNA. Reactions were 
separated by electrophoresis and stained for DNA. Reactions that produced different amplification 
profiles between HTLV-1 -containing samples and their cognate negative control are indicated by the 
purple numbers below the gels. 

We identified 11 reactions from this experiment in which the amplification profile was 

different between reactions with diluted Clone 11.50 and the uninfected control. The 

reaction indicated as sample 1 represented a positive control, as the reaction was very 

similar to the original protocol (the annealing temperature (TA) only differing by an 

increase of 2˚C). Reactions were diluted as per the original protocol and analysed by 

gag qPCR to identify reactions that produced significantly different cycle threshold (Ct) 

values and/or Tm values as compared to the equivalent uninfected control reaction 

(Table 4.1). Multiple red asterisks on the table indicate instances where analysis of 
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the SYBR green melting curve detected more than two species, and a single asterisk 

next to the Tm value indicates the presence of a single, minor additional species. 

Reaction endpoints were separated by electrophoresis to verify any differences 

between clone 11.50 and background amplification (Figure 4.10). Figures are grouped 

based on cycling conditions (i.e samples 2, 4, 7 and 10 are from the same cycling 

conditions but with incrementally diluted DNA). 

Table 4.1 qPCR reactions to amplify gag.  

Samples corresponding to the numbered lanes in PCR 1 (Figure 4.8) were used in qPCR 2 for gag. 
Observed Ct values and Tm of the amplicon are shown. 

 

Asterisks (* and **) represent instances where multiple species were detected during generation of the 
melt curve; as described in the text. 

The reactions which produced specific amplification of a product at the expected 

molecular weight (180 bp) from Clone 11.50, but not from the background were 

Samples 1, 2 and 5 (Figure 4.10A B and D). Sample 1 represented the current protocol 

and was produced from a PVL of 10%. Dilution of this sample produced no notable 

amplicons in the original screen – as expected from previous experiments (Figure 4.9 

and 4.10A). Similarly, serial dilution of sample 2 (10% PVL, TA 64˚C and 20 µM Alu-

Forward) to a PVL of 1%, 0.1% or 0.01% (noted as samples 4, 7 and 10) did not 

produce a single amplicon beyond 10% PVL (Figure 4.10D), although amplification 

from the background by the endpoint produced a different species than that of Clone 

11.50 at 10% PVL. 
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Figure 4.10 The endpoint of gag qPCR reactions highlights how different species amplify from 
different reactions 

The conditions identified as producing a visible difference between samples with Clone 11.50 DNA and 
the uninfected control were subjected to the nested PCR of the Alu-qPCR assay. The reaction endpoint 
was visualised by electrophoresis, and all samples correspond to those described in Table 1. The PVL 
for each sample is indicated below the gels and molecular weight marker is to the left. Images are 
composites from the same gel for ease of visualisation. (A): the endpoint of sample 1 shows clear 
difference in amplification between sample containing a PVL of 10% and the background, which 
provides a positive control. (B): Gradual reduction of the PVL from 1% to 0.01% reduces specificity in 
this condition even at 1%. (C): Both dilutions in the same cycle showed no difference from the 
background sample. (D): Sample 5 (with a PVL of 1%) produces an amplicon distinctive from the 
background. When the PVL is reduced to 0.01% this reaction loses the specificity, however it remained 
the most promising from the screen. (E): The difference between sample and the background in these 
reactions is unclear. (F): The difference between sample and background in these reactions is unclear. 
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Sample 5 (Figure 4.10D) from this experiment produced multiple amplicons at a PVL 

of 1%, although only one migrated through agarose at the correct molecular weight. 

Unfortunately, this product was no longer amplified from genomic DNA harbouring a 

1% PVL (Figure 4.10, sample 11). Nonetheless, the difference in Ct value for 

amplification of the 1% PVL sample (sample 5) and uninfected control DNA was 6 

cycles of qPCR (Table 4.1). We therefore used these cycling conditions (20 µM Alu-

forward primer with a TA of 66˚C) for PCR 1 of the Alu-PCR assay, using genomic 

DNA samples from WT or IN(D122N) infections at day 12 post-infection in both 293T 

cells and HOS cells (as described in Figures 4.4 and 4.6). The endpoints of these 

reactions were analysed by electrophoresis and unfortunately were unsuccessful at 

detection of integrated DNA from pACH-derived HTLV-1 (Figure 4.11).  

 

Figure 4.11 The cycling conditions identified from Sample 5 were unable to specifically amplify 
gag from samples infected with pACH-derived HTLV-1 in neither 293T or HOS cells 

The reaction endpoint following gag qPCR was analysed by electrophoresis. There are no clear 
differences between the background samples or samples containing HTLV-1 at a low PVL as described 
in this chapter. 

4.3.3.2 Optimizing the amount of template DNA in the first PCR  

Our second approach to increase the sensitivity of the Alu-PCR reaction was to use a 

higher DNA concentration in the initial PCR in conjunction with the original protocol 

from (Barski, Minnell et al. 2019). The hypothesis was that by increasing the 

concentration of proviruses in the reaction, more gag would be detected in the second 

round. Our reasoning was based on calculation of proviruses per reaction in past 

reactions: where one genome weighs 6.41 pg, and therefore reactions conducted 

using genomic DNA with a PVL between 10 -100% contains between ~1250 and 
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~12500 proviruses. At this range of PVLs, gag amplification is clearly detectable, and 

amplifies much earlier than the non-specific amplicon.   

To test this hypothesis, we conducted the initial PCR using either 100, 200 or 400 ng 

of template DNA (which would contain 150, 300 or 600 proviruses per reaction if the 

PVL were 0.01%) in the first round of PCR. The PCR was found to be majorly inhibited 

if the template concentration exceeded 400 ng and was slightly inhibited at this 

concentration. Genomic DNA samples from WT or IN(D122N) infection of 293T at day 

12 (Figure 4.4) were used as a template and compared to undiluted Clone 11.50 or 

uninfected 293T DNA. Amplification of gag by qPCR revealed the appearance of a 

second species (in addition to the background amplicon from uninfected DNA) in the 

WT sample when 400 ng was used as the template. This observation was 

corroborated by the appearance of a band at the same size as gag from Clone 11.50 

when the experimental endpoint was analysed by gel electrophoresis (Figure 4.12C).  

 

Figure 4.12 Increasing the number of provirus in the first PCR of the Alu-PCR assay nearly 
improves the specificity 

Four concentrations of template DNA were used for the first round of PCR in the Alu-PCR assay and 
compared for the ability to detect gag from pACH-derived HTLV-1 infections. By 400 ng (and to a lesser 
degree, 200 ng) of template DNA, the gag amplicon appeared alongside the non-specific amplicon. 
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4.3.4 Conclusions of the Alu-qPCR reaction 

While this assay has proven useful for the identification of integrated HTLV-1 provirus 

in samples with PVLs between 1 and 100%, the Alu-qPCR reaction is unable to reliably 

distinguish samples infected with pACH-derived HTLV-1 from uninfected genomic 

DNA, due to the extremely low PVLs of these samples. In this section, work is 

described that attempted to increase the signal for detection of HTLV-1 gag in samples 

containing a low PVL, however this was overall unsuccessful. Two approaches were 

taken: in the first, the cycling conditions of the first reaction were altered to increase 

the amplification of Alu-gag DNA fragments.  

This experiment identified cycling conditions that allowed the distinction between gag 

from DNA harbouring a PVL of 1% from an uninfected control by 6 cycles of qPCR 

(Table 4.1, Figure 4.10). This was not enough to detect gag in samples from pACH-

derived infections (Figure 4.11), which validates the observation that the PVL from 

pACH-derived HTLV-1 infections is at least below 1%. In the second approach, PCR 

1 was conducted with a higher number of proviruses per reaction by increasing the 

template concentration. Here, PCR conducted with 400 ng of template DNA produced 

a species of the expected size for gag; however, this reaction was still contaminated 

by a second species which also amplified from uninfected control. Regrettably, the 

amplification of gag from Clone 11.50 was inhibited when the template was increased 

beyond 400 ng.  

Together, these data highlight that the PVL resulting from infection in our system is 

too low to be measured by Alu-qPCR. Attempts to increase the specificity were so far 

unsuccessful, indicating that in order to reliably detect the integrated portion of HTLV-

1 proviruses, either the PVL needs to be increased, or genomes containing integrated 

HTLV-1 need to be somehow enriched before the first PCR is run. A further option 

which is currently being explored is the use of TaqMan probe chemistry to increase 

the specificity. 
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4.4 Infection with HTLV-1 IN SLiM mutants 

4.4.1 Overview 

As described in Section 4.2, we were able to produce HTLV-1 by transfection of 293T 

cells with the infectious pACH molecular clone. Virus produced by this method was 

reproducibly transmissible to multiple cell types – including a HOS cell line harbouring 

a Tax-responsive GFP reporter system which allowed the identification of HTLV-1 

positive cells by FACS. While the system had multiple shortcomings: including 

detectable exogenous DNA as a result of transfection; continued presence (and 

expression from) unintegrated intracellular DNA; and low PVL values by the time the 

unintegrated control had reduced significantly, it was still a valid method to produce 

mutant and infectious HTLV-1.  

4.4.2 Introduction of the IN SLiM mutants to the pACH molecular clone 

We next introduced the IN SLiM mutants described in Chapter 3 IN(L213A), IN(I216A), 

IN(E218A) and IN(L213A/I216A) into the pACH molecular clone by restriction cloning 

with XbaI and SphI (Figure 4.13). Two negative controls were also included: the 

IN(D122N) negative control for integration and a ∆Env mutant which provided a 

negative control for entry. The ∆Env mutant was generated by XhoI digestion and re-

ligation of pACH-WT (Figure 4.13). The cloning efficiency was very low, and we 

frequently observed recombination-mediated deletion of proviral fragments. Thus, 

colonies were screened by PCR before confirmation of the point mutation by DNA 

sequencing (data not shown). Clones that produced the expected amplicons from 

PCR screening and harboured the desired IN mutations (verified by sequencing) were 

further characterized by analytical restriction digestion (Figure 4.13). All expected 

fragments were accounted for on the basis of the pACH plasmid map and, an 

additional PmlI site was discovered within the pACH backbone – which was not 

sequenced previously (Figure 4.13; see multiple species following digestion with 

PmII). Plasmids were purified for downstream use. 
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Figure 4.13 The pACH molecular clone 

(A): Restriction enzyme sites used in the generation of mutants for this study are indicated in italics and 
the dotted lines indicate where in the HTLV provirus each site is located. (B): Analysis of digestions by 
electrophoresis. Molecular weight markers are shown to the left of the gels and the enzyme 
combinations used for each experiment are written in italics to the right of each gel. 
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4.4.3 Western blot for HTLV-1 proteins 

In order to verify that mutation of the HTLV-1 IN SLiM had no pleiotropic effects on the 

expression of viral proteins (in addition to RT as assayed by SG-PERT), lysates from 

pACH-transfected 293T cells were probed for expression of p24gag , gp46(Env) and 

Tax by Western blot (Figure 4.14). Immunoprecipitation was performed for Tax due to 

low expression. All proteins were expressed from all mutants – except, as expected, 

gp46 from the ∆Env negative control. 

 

Figure 4.14 The pACH mutants each produce HTLV-1 Tax, Gag, and Env 

293T cells were transfected with pACH variants. The resultant lysate was analysed by Western blot for 
the HTLV-1 proteins Tax, p24gag and gp46(Env): as indicated to the right of the blots. HTLV-1 Tax was 
expressed to such a low level that IP was performed to concentrate the protein, and the eluted fraction 
was probed for Tax. Both p24gag and gp46(Env) were detectable from the lysate fractions without an IP 
step. Molecular weight markers are shown to the left of the blots. 

4.4.4 Infection of 293T and HOS cells by mutant HTLV-1 

Following transfections of each mutant, co-cultures were set up between producer 

cells and either 293T or HOS Tax-responsive reporter cells as described in Section 

4.1. Infections were conducted in biological triplicate and as with previous 

experiments, all data were normalized to the RT U values determined by the SG-PERT 

assay for each concentrated cell culture supernatant (Figure 4.15A). The concentrated 

medium was also probed by Western blot for p24gag, which in all cases was detected 
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(albeit to varying degrees dependent on the transfection) (Figure 4.15B). As with 

downstream experiments, all mutant RT U values were interpreted as the fold change 

compared to WT HTLV-1. 

 

Figure 4.15 The pACH mutants each produce p24gag in the cell culture medium 

Cell culture supernatant was concentrated 200 X by ultracentrifugation at the point that cells were 
harvested for co-culture. (A): The SG-PERT assay was used to calculate the RT U for each mutant, 
over three biological repeats. Data are presented as fold change compared to the WT value. (B): 
Concentrated supernatant was analysed by Western blot for p24gag . In all cases for all mutants, p24gag 
was detectable. Note that p24gag levels in the supernatant correlate well with the RT levels measured 
by SG-PERT 
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4.4.5 Mutation of the HTLV-1 IN SLiM reduces the number of GFP+ cells  

The percentage of GFP+ HOS cells was analysed by FACS throughout the outgrowth 

period. All percentages were normalized to the respective RT U from the viruses in 

the cell culture supernatant; and data were interpreted as the fold change compared 

to WT values (Figure 4.16). As seen previously, the percentage of GFP+ cells at the 

beginning of the outgrowth period was similar for all samples, however as the 

experiment grew out the percentage of GFP+ cells from the IN(D122N) control and 

most of the mutants decreased so that by day 8 the difference was significant (p = 

<0.05) (Figure 4.16C). By day 10 post-infection, all mutants had significantly fewer 

GFP+ cells than the WT when normalized to the RT U, indicating a clear impairment 

to infection when the HTLV-1 IN is unable to bind B56 (Figure 4.16D). 

 

Figure 4.16 Mutation of the HTLV-1 IN SLiM reduces HTLV-1 infection 

Samples were collected and analysed by FACS for GFP as the HOS reporter cell line was passaged. 
The percentage of GFP+ cells was normalized to the RT U of each sample prior to infection; and then 
to the values of the WT infection. The experiment was conducted in biological triplicate. (A): 4 days 
post infection; (B): 6 days post-infection; (C): 8 days post-infection. (D): The difference between wild-
type and all mutant infections is significant: p = <0.0001 (****); p = <0.001 (***); and p = <0.05 (*); (ns) 
indicates an instance where the difference between mutant and WT is non-significant. 
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Importantly, the ∆Env control remained constantly negative throughout the entire 

experiment, which further corroborates the observation that unintegrated proviral DNA 

is able to express Tax. Further, transfection with the pACH/∆Env control was shown 

to still produce Tax at a level comparable to the WT (Figure 4.13), which indicates that 

the transactivation of GFP reporter cells is not due to “leaky” expression of Tax that is 

transmitted to the target cells during co-culture with the virus producing cells; and 

therefore represents genuine viral entry in all cases. Intriguingly, infection from HTLV-

1 IN(I216A) appeared to be impaired throughout the entire experiment (Figure 4.16), 

although some entry (and reverse transcription) was observed as the level was above 

that of the ∆Env control.  

4.4.6 The PVL from mutant infections largely reflects the FACS data 

We next measured the PVL (based on tax copies) of samples from both HOS and 

293T cells 12-days post infection (Figure 4.17). Because previous experiments had 

detected high copy numbers of tax throughout the outgrowth period, infected cells 

were diluted 1 in 10 into new medium in new petri dishes every 2-3 days to reduce the 

contribution of unintegrated and plasmid DNA. In 293T cells, the data reflected the 

same overall trend of infection impairment by mutation of the IN SLiM - except for in 

the case of IN(L213A), which intriguingly displayed a PVL very similar to that of the 

WT infection (Figure 4.17A). Because the signal for ∆Env and IN(D122N) was 

significantly lower than that of the WT (p = < 0.001); the IN(D122N) PVL was 

interpreted to reflect the background signal detected in the absence of integration. 

Analysis of the PVL in genomic DNA from triplicate infections with three of the SLiM 

mutants (not the I216A mutant) identified one outlier – as indicated by the colour-

coded symbols of Figure 4.17A. Infections with these three SLiM mutants will be 

repeated to determine whether these data are outliers or not. 
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Figure 4.17 The PVL of samples following infection with HTLV-1 harbouring IN SLiM mutations 
is lower than that of the wild-type control 

(A): The tax copies were quantified from genomic DNA samples of 293T cells 12 days post-infection. 
These data were normalized first to the RT U of each sample (as determined by the SG-PERT assay), 
and then to the WT value: hence, data are represented as ”fold change compared to the WT”. The 
difference between WT and both ∆Env and IN(D122N) is significant (p = <0.001; ****); as is the 
difference between WT and IN(I216A) (P = <0.05). (B): Analysis of the tax copies from HOS-cell 
infections reveals the presence of unintegrated DNA in all samples by 12 days post-infection. (C): Alu-
PCR of these samples is unable to reliably distinguish infection from the uninfected control due to the 
low PVL. 
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In contrast, analysis of the PVL by tax copies in HOS cells revealed the presence of 

unintegrated DNA by 12 days post-infection (Figure 4.17B). In absolute terms (before 

normalization to RT U and then WT values), the PVL from the ∆Env control infection 

was 0.4%, and all other samples except the MT-2 control infection (which was never 

exposed to pACH plasmid) exceeded 1%. Further, when normalized to RT U and then 

to the WT, the IN(D122N) sample nearly matched the WT, further highlighting that an 

unintegrated, internalized species of HTLV-1 DNA is still present following two weeks 

of experimental outgrowth. Indeed, the HOS cells were passaged fewer times than 

293T due to a slower rate of growth. Only one biological replicate from HOS genomic 

DNA was analysed due to the untrustworthy results.  

Nonetheless Alu-PCR was conducted on these samples (Figure 4.17C): which (as 

expected) revealed that the PVL was too low to distinguish from the uninfected control. 

Clone 11.50 DNA was titrated into uninfected HOS DNA at various PVLs as a control 

– which showed that below 1%, the non-specific amplicon from the uninfected DNA 

co-amplified with gag. As before, this amplicon had the lower Tm of 81.7˚C (as 

observed in Section 2), and therefore the samples were unable to be distinguished by 

gag qPCR. Overall, the DNA from HOS cells was unable to reliably represent the effect 

from IN SLiM mutations on infection due to the presence of high levels of unintegrated 

DNA coupled to the intrinsic low PVL from this system.  

4.4.7 Next-Generation sequencing proves that pACH- derived HTLV-1 

infection was genuine 

A pilot experiment for integration site sequencing was conducted using 293T genomic 

DNA from the first biological replicate (Figure 4.17A). Unfortunately, the low PVL in 

these samples meant that data generated from the Next-Generation sequencing 

reactions were insufficient to make statistical inferences about integration site 

distribution in this system. Even so, low abundance unique integration sites were 

detected: 196 from WT; 68 from IN(L213A); 41 from IN(I216A) and 52 from IN(E218A). 

This result is very promising indeed, as it proves that our system for producing pACH-

mediated HTLV-1 does produce infectious virus, just that the PVL is too low at the 

time point at which sequencing was conducted (12 days post-infection). While the 

infection experiments needed to be passaged in order to accurately estimate the PVL 

by tax copies (due to unintegrated DNA), this is not as important for integration site 



 
162 

sequencing. Further, sequences resulting from pACH plasmid DNA can be 

bioinformatically removed. Therefore, earlier time points – before the cytostatic effects 

of Tax deplete the culture of HTLV-1 positive clones – can be used for future 

experiments.  

4.5 Conclusions, discussion and future experiments 

The work presented here describes and discusses the development of a system to 

study HTLV-1 infection from the pACH molecular clone – which in turn allows the study 

of the effect of the IN-1 SLiM point mutations described in Chapter 3 which abrogate 

the binding of HTLV-1 IN to the B56 family of PP2A regulatory subunits. In this system 

293T cells are transfected by pACH plasmid DNA before co-culture with target cells to 

establish infection of target cells. Both cell-associated (Tax, gp46, p55gag and p24gag) 

and cell-free (RT, p24gag and p19gag) viral proteins were detected following 

transfection, and HTLV-1 was shown to be transmissible to at least three different cell 

types. The PVL of target cells following infection by pACH-derived HTLV-1 is much 

lower than that of infection between the productively infected MT-2 cell line and Jurkat 

T-cells; however, a preliminary integration site sequencing experiment verified that 

infection was definitely established. 

4.5.1 Troubleshooting the technical difficulties of this model for HTLV-1 

infection 

The low PVL from this system proved troublesome throughout this project because it 

meant that integration was unable to be clearly verified and quantified by Alu-qPCR. 

The trouble lies in the fact that use of the Alu-qPCR assay amplifies a nonspecific 

species from uninfected control DNA – which is not an issue when the PVL is higher 

because gag amplification occurs earlier than that of the nonspecific amplicon and 

therefore we can set the Ct at 40 for products with different Tm values to the verified 

value of 82.4˚C (and thus disregard them). In our case (with low PVL values), we had 

to resort to analysis of the reaction at endpoint by electrophoresis: by which time the 

non-specific amplicon appeared. To add to the confusion, the non-specific amplicon 

is similarly sized to gag (which is 180 bp using these primers). We were unable to 

optimise this assay in its current format. In the duration of writing this thesis, a TaqMan 

probe qPCR reaction was introduced, however, even this was unable to clearly report 
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infection. These data demonstrate the requirement to increase the proportion of cells 

that are HTLV-1+ at the time of assay for the integration. 

Another contributing factor to the low PVL after 2 weeks is the documented cytostatic 

effects of Tax expression (Zahoor, Philip et al. 2014). This means that by the time the 

culture has grown out, a large portion of the cells that are HTLV-1+ will have stopped 

dividing and been effectively diluted out by the rapidly dividing uninfected 293T cells. 

We tried to circumnavigate this phenomenon by introducing the ∆N-IkBa-TRE-GFP 

HOS cell line, however as demonstrated in Figures 4.6 and 4.17, by 2 weeks the PVL 

as measured by tax copies was still very high (even though the pACH DNA had been 

diluted out; as indicated by the low values for the ∆Env control). This illustrates that 

there is some property of unintegrated HTLV-1 proviral DNA that allows it to persist in 

the host cell for many cell divisions. Because HOS cells grow slower than 293T cells, 

they had encountered fewer cell divisions by 2 weeks thus deeming the determination 

of PVL by tax copy number ineffective. It is possible that we could passage the culture 

for longer before PVL analysis: something that will be attempted in the coming months. 

The phenomenon of unintegrated DNA persistence will be explored by setting up PCR 

protocols specific for 1 and 2-LTR circles. For HOS cells, determination of the PVL by 

tax copy seems to be the only viable option: as the non-specific amplicon from Alu-

qPCR appears at an early cycle of amplification from uninfected control DNA (and thus 

is unable to detect integration at the level that our experiments have generated). 

One obvious solution is to harvest the reaction in 293T cells soon after infection before 

the cytostatic effect of Tax has taken hold (reported to occur within 2-3 cell divisions 

following Tax expression (Zahoor, Philip et al. 2014). The main problem with this 

solution is demonstrated in Figure 4.4: where temporal analysis of the outgrowth 

period 2 weeks post-infection identified an enormous tax copy number right after co-

culture that decreased according to the passage dilution (suggesting the presence of 

unintegrated vDNA and pACH plasmid DNA; later confirmed by integration site 

sequencing). One way to partially circumnavigate this issue is to utilize a DpnI 

restriction site within the pACH-gag amplicon. DpnI only digests methylated DNA thus, 

pACH plasmid DNA which was purified from a methylation competent strain will be 

degraded by DpnI whilst reverse-transcribed vDNA will be insensitive to this treatment. 
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Preliminary results indicate that the plasmid is indeed sensitive to digestion by DpnI, 

and that following a short digestion period, gag is no longer amplified by qPCR.  

Use of this approach combined with a variety of assays specific for defective 

integration products, such as 1- and 2-LTR circles, in addition to the pACH plasmid 

(Ampicillin resistance cassette) will allow us to paint a clearer picture of the HTLV-1 

DNA species in the host cell following co-culture. However, the outgrowth period 

following co-culture (or any other means of depleting) remains essential because the 

process of integration site library preparation for sequencing requires an initial PCR 

amplification using primers which read out from the 3' LTR - which is unaffected by 

DpnI digestion. Although the pACH integration site can be bioinformatically removed 

from the dataset, the biochemical consequence of large amounts of pACH in the 

sample is that amplicons from the plasmid saturate the PCR and prevent the 

amplification of rarer integration events. 

Essentially, we need to increase the PVL of the infected cells whilst reducing the 

amount of pACH that is transmitted to the target cells in order to measure the efficiency 

of infection in the context of the SLiM mutants. The ideal target cells for this purpose 

are Jurkat cells for multiple reasons: 1.) they don’t readily take up exogenous DNA, 

2.) they are T lymphocytes, the natural host for HTLV-1 infection, and 3.) the non-

specific amplicon observed during Alu-qPCR with HOS and 293T cells does not occur 

until beyond cycle 30 in Jurkat cells when using the current protocol. Early experiments 

(Figure 4.3) indicated that 293T to Jurkat transmission produced high levels of tax 

detected from the IN(D122N) infections, so we did not pursue this approach early in 

the project. 

Recent developments in our laboratory have allowed us to achieve high transfection 

efficiencies of Jurkat cells by nucleofection using the AmaxaTM device. Pilot 

experiments measuring the transfection of plasmid encoding GFP indicated that up to 

80% of cells were transfected two days post-transfection. We will therefore next seek 

to establish Jurkat to Jurkat transmission of pACH-derived HTLV-1. Pilot experiments 

have been conducted, during which we encountered an unforeseen issue in that 

expression from pACH in Jurkat cells appears to be so low following transfection that 

we were unable to detect RT in the concentrated cell culture supernatant of >10 million 

transfected cells. One approach to overcome this is to stimulate viral gene expression 
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by either co-transfection of a plasmid expressing Tax, or by treatment of the pACH 

transfected cells with histone deacetylate inhibitors such as Trichostatin A or Sodium 

Butyrate.  

Another approach to test is the transfection of HOS cells by nucleofection. Here, the 

∆N-IkBa-TRE-dsRed cell line will be used. This line is equivalent to the tax responsive 

GFP reporter used in this study, except with an RFP fluorophore (Zahoor, Philip et al. 

2014). This will allow us to quantify the transfection efficiency with pACH. Following 

transfection, we can then test epigenetic inhibitors for capacity to increase the 

percentage of RFP+ cells, and once optimized, we will set up co-culture with Jurkat 

cells.  

4.5.2 Mutating the B56-binding SLiM in HTLV-1 IN significantly reduces 

infectivity 

Although this work encountered issues when measuring integration due to a range of 

factors, it nonetheless reproducibly illustrated that the IN SLiM mutants were defective 

in infection compared to the WT control (Figures 4.16 and 4.17). These data strongly 

suggest that the interaction between IN and PP2A-B56 is critical for HTLV-1 to 

establish infection. Three lines of evidence support this hypothesis: firstly, we saw no 

clear effect from these mutations on viral protein expression in the producer cells; 

secondly, the use of a Tax reporter system in the HOS cell line revealed that the 

percentage of Tax+ cells following infection by all mutant HTLV-1 samples was 

significantly lower than that from the WT control; and finally, a similar trend was 

observed in the PVL as measured by tax copies following outgrowth of 293T infections 

for the IN(I216A) mutant: which displayed a clear and significant defect in infection 

compared to the WT control (Figure 4.17A; p = <0.0001). 

Interestingly, in the case of infection with the HTLV-1 IN(L213A) we saw a marked 

decrease in the percentage of HOS cells that were GFP+ following the outgrowth 

period compared to the WT (Figure 4.16C and D; p = <0.001), while the difference in 

PVL between the WT and the IN(L213A) in 293T cells was not significantly reduced 

(Figure 4.17A). This is curious because the same phenomenon was not observed with 

the IN(E218A) mutant (where the reduction in GFP+ cells was concordant with an – 

albeit non-significant – reduction in PVL), while infection with the double mutant 
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IN(L213A/I216A) produced the same marginal effect on PVL as seen with infection by 

HTLV-1 IN(E218A) but the percentage of GFP+ cells was only reduced to one level of 

statistical significance (p = <0.05). It is tempting to speculate that this discrepancy 

between Tax expression (as measured by GFP+ cells) and PVL observed could reflect 

the re-targeting of the HTLV-1 provirus to silent regions of the chromatin in the case 

of the IN(L213A) mutant. The case is not so clear for infection with the IN(E218A) or 

IN(L213A/I216A) mutants due to large variance between the PVL measurements of 

different biological replicates (Figure 4.17A; in both cases one replicate had a PVL as 

high as the WT control). As such, infections with these two mutants will be repeated 

in duplicate to determine whether the PVL is reduced or not. 

Curiously, the effects of each of the SLiM mutants observed in the context of infection 

does not immediately reflect the reduction of binding to the B56 subunits (a, b, d and 

g) we observed when conducting IP with Flag-IN mutants in Chapter 3 (Section 3.3.3; 

Figure 3.18B). Indeed, while we demonstrated a complete loss of binding for 

IN(L213A/I216A) to each of these four B56 subunits, the effect of this mutant upon 

infection was the least significant of the set (compare Figures 3.18B, 4.16D and 

4.17A). Further, IN(L213A), IN(I216A) and IN(I218A) mutants all retained similar levels 

of binding to B56a, B56b and B56g in the IP experiment, but the effects upon infection 

are varied, where infection with IN(L213A) produced no effect upon PVL but a 

significant effect upon the percentage of GFP+ cells, IN(I216A) completely abrogated 

infection, and IN(E218A) reduced the percentage of GFP+ cells and slightly affected 

the PVL.  

4.5.3 Current interpretations of the data  

From the available data, I suggest three explanations. The first relies on the fact that 

IN(L213A) and IN(L213A/I216A) are set apart from the other mutants in that each 

clearly does not bind to B56d (while both IN(I216A) and IN(E218A) only exhibit a 

reduction in binding to B56d (Figure 3.18B). This observation must be interpreted with 

caution as the variance between biological replicates is high for the IP experiments 

measuring the binding of IN SLiM mutants to B56d. In this first explanation, the PP2A-

B56d holoenzyme plays a critical role for targeting the HTLV-1 PIC to particular regions 

of the chromatin during infection, and therefore the largest effect on the percentage of 
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GFP+ cells following infection (Figure 4.16C and D) is observed for those mutants that 

are unable to bind to B56d (Figure 3.18B). The second explanation relies on the fact 

that the picture generated for binding of the IN mutants to B56 subunits is incomplete 

as we were unable to recover (or detect) B56e from our lysates: meaning that we 

cannot be certain whether PP2A- B56e is able to bind the SLiM mutants and make up 

for the reduced binding to the other B56 members. This needs to be explored further 

by repeating the IP in Jurkat cells (in which we are able to clearly detect B56e; Figure 

5.7, described later). 

The third explanation is that mutation of IN(216A), IN(E218A) or IN(L213A/I216A) 

affects infection by means of a pleiotropic effect on infectivity in addition to that caused 

by reduction in binding to PP2A-B56. In this scenario, mutant IN(L213A) only affects 

binding to PP2A-B56. Indeed, we saw a reduction in expression of both p24Gag and 

gp46 from both the IN(E218A) and IN(L213A/I216A) mutants in the producer cells 

(Figure 4.14) – although this was only repeated once and without a loading control. 

We also showed that while each mutant produces functional RT as detected by SG-

PERT (Figure 4.15A), there was an overall reduction in RT levels compared to the WT 

for both the IN(E218A) and IN(L213A/I216A) mutants: a trend that was also observed 

in the detection of p24Gag in the culture supernatant (Figure 4.15A and B). However, 

the PVL of both the IN(E218A) and IN(L213A/I216A) mutants was unaffected in one 

of the replicates for each mutant (Figure 4.17A), suggesting that the difference might 

be due to variation in transfection efficiency, further indicating the requirement to 

repeat infections with these two mutants. 

In contrast, the IN(I216A) mutant displayed a consistent defect in infection as 

measured by the percentage GFP+ cells throughout the outgrowth period), where the 

signal was lower than all other mutants (aside from the ∆Env control) at all time points 

analysed (Figure 4.16A-D), as well as a significant reduction in the PVL, similar to that 

of the IN(D122N) control (Figure 1.17A). Interestingly, the production of viral proteins 

was completely unperturbed for this mutant (Figures 4.14 and 4.15), however the 

binding of IN(I216A) to each of the B56 subunits tested was affected to a lesser extent 

than the IN(L213A/I216A) mutant (Figure 3.18B). Further experiments are required to 

determine whether this is a pleiotropic effect on viral entry or reverse transcription as 
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a result of mutating the SLiM, or whether infection with the IN(I216A) mutant indicates 

that PP2A-B56 is critical for infection.  

Fortunately, this can be addressed by an approach we are developing that will also 

serve to remove signal from pACH in the target cells. The approach is to generate a 

deletion mutant in the pACH molecular clone: pACH-3'∆U5. Because the 3' U5 region 

is generated by reverse transcription, the synthesis would be quantified by qPCR using 

a forward primer for the 3' end of the tax gene in combination with a reverse primer for 

the 5' of the U5 region. This would allow the quantification of intracellular products of 

reverse transcription to complement the SG-PERT assay and further verify that the 

SLiM mutants are not defective in entry as a result of pleiotropic genetic effects, whilst 

also providing an assay for proviral DNA generated through reverse transcription (and 

thus distinguishing from pACH). Critically, this will mean that pACH will not be 

amplified during generation of integration site libraries for sequencing. This will be first 

assessed in 293T cells and used in combination with chemical approaches to increase 

viral transcription in the producer cells. Failing these approaches, infected cells will be 

sorted by FACS by virtue of Tax expression following infection to increase the PVL of 

the population – although this could introduce bias against cells harbouring proviral 

HTLV-1 in a silent region of the chromatin, so we prefer to increase the overall PVL.  

4.5.4 Comparison of our experimental approaches to the field 

The experiments conducted in this study to assess the role played by PP2A-B56 in 

HTLV-1 infection are similar to those used to pinpoint the effect of LEDGF and Brd2-

4 on lenti- and g-retroviral integration and revealed similar levels of defection in 

infection to those measured for the HTLV-1 IN SLiM mutants. Indeed, generation and 

infection of a LEDGF-null mouse embryo fibroblast line revealed that in the absence 

of LEDGF, the percentage of integrated HIV-1 was only at 11% of the WT cells (as 

measured by Alu-PCR); while the generation of 2-LTR circles was unaffected by the 

knockdown, indicating that the restriction occurred beyond reverse transcription and 

nuclear import (Vandekerckhove, Christ et al. 2006, Zielske and Stevenson 2006, 

Shun, Raghavendra et al. 2007). Similarly, knockdown of LEDGF in HelaP4 cells 

reduced integration 3 to 5-fold (Vandekerckhove, Christ et al. 2006), or by 75% five 

days post-infection (Zielske and Stevenson 2006).  
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Similarly, inhibition of Brd2-4 by pre-treatment of target cells with the BET domain 

inhibitor JQ-1 reduced MLV integration by 25-50% compared to the DMSO control as 

measured by the PVL 10 days post-infection (De Rijck, de Kogel et al. 2013, Sharma, 

Larue et al. 2013), and knockdown of the individual Brd proteins by siRNA reduced 

integration by 20-35% (Sharma, Larue et al. 2013). These reductions in the PVL 

following infection with either knocked out – or reduced – IN host factors are not as 

drastic as that which we see in the case of the IN(I216A) mutant: where the PVL in 

293T cells as measured by tax copy is reduced to ~40% of the WT (to the same level 

as the IN(D122N) negative control for integration; Figure 4.17A). However, it is difficult 

to directly compare the PVL between these studies and ours currently, because we 

have experienced difficulties in reliably reporting the PVL following infection.  

An important experiment which the field has often employed to measure defects in 

integration is that of the 2-LTR circle assay: which will also be included in our study. 

In the studies of HIV-1 dependence on LEDGF, this assay was important to illustrate 

the step of infection at which LEDGF affected the PIC (Vandekerckhove, Christ et al. 

2006, Shun, Raghavendra et al. 2007); and when studying the effects of BET inhibitors 

upon MLV infection, an enrichment in 2-LTR circles was used to highlight decreased 

frequencies of integration when the BET proteins were inhibited (Sharma, Larue et al. 

2013). In our work, we demonstrated that unintegrated proviral DNA is able to express 

the Tax protein for at least 10 days post-infection as measured by GFP induction 

(Figures 4.6 and 4.16) and PVL (Figures 4.4 and 4.17A). It will be important to 

investigate the significance of unintegrated DNA persistence, and whether or not it is 

in the form of 2-LTR circles.  

In line with our use of a GFP reporter system for infection, the studies of LEDGF and 

Brd2-4 also used reporter systems to measure the effect of the host factors upon viral 

replication. Indeed, the effect of JQ-1 on MLV integration and GFP+ were correlated 

(Sharma, Larue et al. 2013); both luciferase and GFP MLV LTR-driven reporters were 

used to report a 5- and 10-fold reduction in replication, respectively, using both 

pseudotyped vector-derived and infectious MLV (De Rijck, de Kogel et al. 2013). 

Similarly, defects in infection of LEDGF-null mouse embryonic fibroblasts was 

reported by the use of an internal luciferase or GFP cassette (Shun, Raghavendra et 

al. 2007) or an in trans LTR-driven b-galactosidase reporter system (Vandekerckhove, 
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Christ et al. 2006). The degree of reduction in reporter system activation when host 

factors were knocked out, down, or inhibited were 5-20% for HIV-1 and LEDGF 

(Vandekerckhove, Christ et al. 2006, Zielske and Stevenson 2006, Shun, 

Raghavendra et al. 2007) and 20-30% for MLV and Brd2-4: each in agreement with 

the degree of reduction in signal we saw through the tax reporter system (between 10 

and 40% compared to the WT; when the IN(D122N) mutant was reduced 10% (Figure 

4.16D). 

Taken into account with the reductions in integration seen for the lenti and g-retroviral 

host factors our observations are very promising indeed. The next essential 

experiment to conduct is integration site sequencing which will complete this story and 

reveal whether PP2A-B56 is a targeting factor for delta-retroviral integration. 
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 Design and production of an inducible B56-
negative Jurkat cell line 

5.1.1 Chapter Overview 

In this chapter work is presented towards the generation of a Jurkat T-cell line depleted 

of PP2A-B56 holoenzymes. Once this cell line has been developed, infections with 

wild-type HTLV-1 will be conducted and the resulting genomic DNA will be analysed 

for provirus integration site distribution and PVL. This work will allow a second line of 

investigation for the role played by PP2A-B56 in integration site targeting and 

complement the results described in Chapters 3 and 4. 

The scaffolding subunit for PP2A (Aa) is critical for cell survival, and B56 members 

that are not complexed with Aa are rapidly degraded (Strack, Cribbs et al. 2004). The 

B56 family of PP2A is vast and complex, containing five known members, some with 

splice isoforms, and some with alternative translations (Figure 1.8), and therefore 

knockout of the individual members by a conventional, iterative approach is not 

feasible and unlikely to work: as previous unpublished work from our laboratory 

showed that combined knockdown of B56d and B56g resulted in gradual cell death. 

Nonetheless, the fact that monomeric B56 subunits are rapidly degraded by the cell 

provides a powerful mechanism to generate a functional B56 knock-out line by 

replacing the endogenous Aa subunit with a variant defective in binding specifically to 

B56 subunits.  

To this end, we designed a multi-faceted and inducible approach to achieve specific 

knockdown of multiple B56 family members at the same time via replacement of the 

endogenous Aa with a mutant variant. This goal will be achieved over five incremental 

steps (illustrated in Figure 5.1 and Table 5.1). Each of these steps has been either 

completed or demonstrated as being functional, and once combined symphonically 

will give rise to a cell line lacking in functional PP2A-B56 holoenzymes; which will be 

infected with wild-type HTLV-1. Previous work from our laboratory has shown that we 

have a highly effective system to facilitate and measure HTLV-1 transmission (Barski, 

Minnell et al. 2019), which will be employed to infect the B56-null cell line at the final 

stage of this study. 
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Table 5.1 The process of generating the B56 KO cell line 
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Figure 5.1 Schematic of the approach used to generate a B56-null Jurkat T-cell line 

The approach used in this study was multi-faceted and was divisible into five distinct steps. This figure 
is a schematic representation and the cassettes are not on the same chromosome. (1): Introduction of 
an ectopic LoxP-flanked, CRISPR-resistant, GFP-tagged version of Aa via lentiviral transduction: 
referred to as GFP-Aa. (2): CRISPR-mediated knockout of PPP2R1A and PPP2R1B. (3): Introduction 
of ectopic RFP-Aa (mutant) via lentiviral transduction; where the mutation confers inability to bind to 
B56 subunits. Expression is inducible and remains silenced. (4.1): introduction of BFP-iCre (a self-
excising Cre recombinase) via lentiviral transduction. Expression of the mutant RFP-Aa is induced, and  
the expression dynamics of all three proteins are characterized by FACS. (4.2): Expression of BFP-iCre 
leads to recombination of the LoxP sites flanking both the BFP-iCre and the GFP-Aa operons. 
Expression of mutant RFP-Aa (mutant) has been established and the cell is in the process of becoming 
B56-null. 
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5.2 Selective disruption of the Aa : B56 interface  

5.2.1 Identification of interface residues  

Analysis of two PP2A holoenzyme crystal structures solved with B56g (2NYM and 

2IAE) (Xu, Xing et al. 2006, Cho and Xu 2007) revealed an interface between PP2A-

Aa (herein Aa) and B56g which had separately been reported to be critical in binding 

the B56 family (Strack, Cribbs et al. 2004) (Figure 5.2). One of these structures (2IAE) 

had better crystallographic statistics than the other, and therefore was used in this 

study. Submission of this structure to the macromolecular interface prediction 

algorithm PDBe Pisa algorithm validated the observation that Aa residues D177 and 

T178 form an interface with B56 residues K202 and N206 by means of a salt bridge 

and hydrogen bonding, respectively (Krissinel and Henrick 2007). The B56 residues 

involved in this interface are highly conserved (Figure 5.2D), and the interface is not 

important for formation of PP2A-B55 (Xu, Chen et al. 2008), PP2A-PR72 (Wlodarchak, 

Guo et al. 2013), or PP2A-STRIATIN holo-enzymes (Strack, Cribbs et al. 2004).  
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Figure 5.2 The PP2A Aa : B56 interface as revealed by the PP2A-B56 holoenzyme crystal 
structure 

(A-C): Analysis of the crystal structure of the PP2A-B56g holoenzyme reveals an electrostatic 
interaction between the sidechain of Aa residue D177 and that of B56g residue K202; and hydrogen 
bonding between the polar sidechains of Aa T178 and B56g N206. Bonds are represented by yellow 
dashed lines, and residues are indicated by colour-coded residue numbers. The figure is a cartoon 
representation of the PP2A-B56 holoenzyme structural model described by Cho et. al., 2007 (PDB ID: 
2IAE): where the Aa subunit is grey, B56g is blue and Ca is green. Images were generated in the 
PyMOL molecular graphics system. (D): Alignment of the interface residues of all five B56 members in 
humans: a, b, g, d and e. While there are some conservative substitutions at position such as B56d 
R202 rather than B56g K202, the substituted residues all share the same physiochemical properties. 
Alignment was produced using ClustalW and visualized using ESPRIPT as described in Chapter 2. 
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5.2.2 Design of interface mutants 

We designed a series of mutations within Aa and B56g between the four residues at 

this interface (Table 5.2) with two aims: firstly, to abolish the interface between Aa and 

B56g; and secondly, to achieve back-complementation of the mutated interface by 

reciprocating the charge on B56 residues K202 and N206 (depicted in Figure 5.3). 

The second aim was included in this experiment to allow assignment of the roles for 

PIC targeting to the individual B56 family members by reintroduction into the B56-null 

environment within the Jurkat cell line described in this chapter. To screen for 

disruption and back-complementation of the interface, Flag or HA-tagged mutants 

were overexpressed in 293T cells and tested by co-immunoprecipitation and Western 

blot.  

 

Figure 5.3 Schematic of the back-complementation aim of this study 

In addition to disruption of the wild-type interface by mutation of Aa residues, we sought to generate 
B56 mutants that would bind to mutant Aa. 

5.2.3 Disruption of the WT interface 

All Aa(T178) mutations for this experiment were introduced in a D177K background, 

as we hypothesized that mutation of the negatively-charged aspartate to the positively-

charged lysine (which is present on the complimentary residue B56 K202 - or R202 in 

the case of B56d) would weaken the interface due to electrostatic repulsion. As Aa 
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T178 interacts with the polar B56g residues N206 (or H206 in the case of B56b and 

B56d) via hydrogen bonding, we tried to introduce both polar and charged residues at 

this position (Figure 5.2C and D, Table 5.2). While introduction of the positively 

charged amino acids arginine and lysine - or the polar residue asparagine - were 

unsuccessful at disrupting the interface; the positive/polar mutant Aa(D177K/T178H) 

drastically reduced binding to WT (Table 5.2, Figure 5.4). The negative charge 

mutants Aa(D177K/T178D) and Aa(D177K/T178E) also caused reductions in binding 

to B56g WT (Table 5.2).  

 

Figure 5.4 Example of the screening process used to test the Aa and B56g mutants described 
in Table 5.1 for binding 

Following overexpression of Flag-B56g and HA-Aa variants, the Flag-tagged proteins were 
immunoprecipitated and both lysate and IP fractions were analysed by Western blot for the presence 
of Flag and HA epitopes. Variants for each protein in the assay are indicated above the blots: where “-
” denotes the Flag-empty control reaction, and the letter represents the substitution within the D177K 
or K202D backgrounds. Molecular weight markers are shown to the left of blots and are indicated by 
red (75 kDa) or black bars (50 kDa). This assay identified the negative effect Aa (D177K/T178H) has 
on binding to B56g WT, as indicated by a red asterisk. (A): Input fractions for each reaction show the 
presence of each protein, and the effect of mutation on expression levels. (B): IP fractions for each 
reaction indicating co-precipitation of HA-tagged Aa variants with the Flag-tagged B56g variants. Back-
complementation of the WT interface  
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Table 5.2 Aa and B56g mutants tested for interface abrogation and back-complementation by Co-
immunoprecipitation and Western blot. 

 

In our attempt to back-complement the three Aa mutants described above, we 

included (in a B56g(K202D) background) the entire range of charged residues as point 

mutants for N206 – and tested them against the reciprocal Aa charge mutants. Here, 

we regarded the histidine of the Aa(D177K/T178H) mutant as contributing either a 

positive or polar chemical property to the interface, and thus tested it for binding to the 

polar or negatively charged B56g mutants B56g(K202D/N206T), B56g(K202D/N206D) 

and B56g(K202D/N206E). In contrast, to complement the negatively charged Aa 

mutants Aa(D177K/T178E) and Aa(D177K/T178D), the B56g mutants 

B56g(K202D/N206H), B56g(K202D/N206R) and B56g(K202D/N206K) were tested for 

binding. Unfortunately, none of these back-complementation mutants were successful 

at restoring the interface. 
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5.2.4 Testing the effect of Aa mutants on binding to endogenous PP2A 

subunits 

The next step was to ascertain whether the three Aa mutants Aa(D177K/T178H), 

Aa(D177K/T178D) and Aa(D177K/T178E) affected binding to the other PP2A 

subunits. As a control, a mutant previously reported to reduce binding to the B56 

subunits was included (Strack, Cribbs et al. 2004). This mutant included alanine 

substitutions at positions D177, T178 and P179; and is herein referred to as 

Aa(DTP/AAA). To investigate the binding capacities, Flag-tagged Aa mutants were 

transiently overexpressed in 293T cells and the Flag-tagged proteins were 

immunoprecipitated. IP fractions were then assayed for Ca, B55a, B56g, B56d, PR72 

and STRIATIN-3 by Western blot (Figure 5.5). Surprisingly, introduction of His, Asp or 

Glu to Aa position T178 reduced binding to both B55 and PR72 and were therefore 

not useful for future experiments as the effect was not limited to PP2A-B56 formation. 

The Aa(DTP/AAA) mutant, however, caused a marked reduction on binding to B56g 

and B56d, but retained WT binding to the all other subunits.  

 

Figure 5.5 The Aa double mutants Aa(D177K/T178H), Aa(D177K/T178D) and Aa(D177K/T178E) 
do not bind B56, B55 or PR72, while the Aa(DTP/AAA) mutant specifically abrogates binding to 
B56 subunits. 

Flag-Aa variants were overexpressed in 293T cells and the immunoprecipitated. Lysate and IP fractions 
were analysed by Western blot for the presence of members from each subunit family of PP2A in the 
IP fraction. Molecular weight markers are indicated to the left of the image, and the species probed for 
in each blot is indicated by arrows to the right. 
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5.2.5 Which residue in the Aa(DTP/AAA) mutant is the most important? 

While the Aa(DTP/AAA) mutant showed the most promise in the above experiment, 

we still aimed to achieve back-complementation – and because of the relatively inert 

nature of the alanine sidechain (a single methyl group which is weakly hydrophobic), 

we wanted to be as conservative as possible when designing mutations to achieve 

this. Hence, in addition to the Aa(DTP/AAA) mutant, we developed the two alanine 

mutants: Aa(DTP/ATP) and Aa(DTP/DAP) and tested them for binding to endogenous 

PP2A subunits in 293T cells (Figure 5.6). All mutants retained the capacity to bind Ca, 

B55, PR72 and Striatin, and bound to the three B56 subunits tested to varying degrees 

(Figure 5.6A and B). The Aa(DTP/AAA) mutant had the greatest effect on binding to 

B56 subunits compared to the WT, with nearly total loss of binding to B56b (3%), and 

a drastic reduction in binding to B56d (~20%), however, interestingly, binding to 

B56g was only reduced 2-fold. 
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Figure 5.6 The Aa alanine point mutants Aa(DTP/AAA), Aa(DTP/ATP) and Aa(DTP/DAP) reduce 
binding to three B56 subunits, but do not affect the binding to other PP2A subunits. 

Flag-Aa variants were overexpressed in 293T cells and the Flag tag was immunoprecipitated. (A): 
Lysate and IP fractions were analysed by Western blot for the presence of members from each subunit 
family of PP2A. Molecular weight markers are indicated to the left of the image, and the species probed 
for in each blot is indicated by arrows to the right. (B) Normalized densitometric values for recovery of 
the B56 subunits – as generated from duplicate experiments. Data are presented as fold change 
recovery compared to that of the wild-type Aa and B56. 
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As the above experiment revealed that Aa(DTP/AAA) was the most-promising mutant 

for the specific abolishment of B56 binding, we next wanted to investigate the effect of 

this mutant on binding all PP2A subunits in Jurkat cells. To achieve this, stable cell 

lines overexpressing Flag-Aa(WT) or Flag-Aa(DTP/AAA) were created via lentiviral 

transduction, and IP and Western blot were performed as described above. 

Intriguingly, in the Jurkat cell line, Aa(DTP/AAA) completely abolished binding to 

B56a, B56b and B56g, whilst strongly reducing the binding to B56d and B56e. The 

mutant retained the ability to bind all other subunit classes of PP2A, although the 

binding was slightly reduced for PR72 and STRIATIN (Figure 5.7). 

 

Figure 5.7 The Aa(DTP/AAA) mutant abrogates binding to B56 subunits a, b and g in the Jurkat 
T cell line.  

Aa variants (or Flag-empty control) were introduced to Jurkat T-cells by lentiviral transduction. IP was 
conducted on the resulting lysates and fractions were analysed by Western blot. While the 
Aa(DTP/AAA) variant abrogated binding to B56a, B56b, and B56g; binding to B56d and B56e was only 
reduced. The interaction of this mutant with all other PP2A subunits was retained, albeit reduced in the 
case of PR72 and Striatin, but increased in the case of B55. This experiment has only been conducted 
once. 
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5.2.6 Interface mutant generation summary and future direction 

Overall, the work presented in this section indicates that charged and/or polar B56-

binding interface point mutants of Aa are insufficient to specifically disrupt the binding 

to wild-type B56 subunits. Further, we were unable to complete back-complementation 

with the exhaustive range of charge mutants tested. Fortunately, analysis of the B56 

binding properties of the previously-reported Aa(DTP/AAA) mutant revealed a vast 

reduction on B56 binding – especially in Jurkat cells, where only marginal levels of 

B56d and B56e were recovered. This is promising because we have established an 

effective knock-down of B56d expression in Jurkat cells using short-hairpin RNAs 

(shRNA; data not included). We therefore opted to proceed with Aa(DTP/AAA) as the 

replacement for Aa (WT) in this cell-line, and will explore introducing shRNAs against 

B56 to achieve complete removal of B56 from the cell. 

5.3 Generation of a PPP2R1A/PPP2R1B KO Jurkat cell line 

5.3.1 Strategy for creating an inducible B56-null Jurkat cell line  

The strategy used to achieve a complete Aa/Ab knockout Jurkat cell line first required 

the introduction of an ectopic and removable PPP2R1A allele to maintain cell viability 

following KO of the endogenous PPP2R1A and PPP2R1B alleles (explained in Table 

5.1 and Figure 5.1). The ectopic Aa is expressed as a GFP-fusion protein from a 

lentiviral vector and is codon-optimized to confer resistance to the CRISPR guide 

RNAs used in the downstream editing processes. Further, the GFP-PPP2R1A allele 

is flanked by LoxP motifs (bacteriophage-derived short DNA motifs that serve as a 

template for recombination by the Cre recombinase enzyme). This system allows the 

conditional removal of the GFP-PPP2R1A allele by expression of the Cre recombinase 

enzyme.  

5.3.2 The GFP-Aa fusion protein is able to form PP2A complexes 

We first determined the effect from differential placement of the GFP-tag (N or C -

terminal) on Aa, on formation of PP2A holoenzymes. To investigate, we measured the 

recovery of all classes of PP2A subunits following immunoprecipitation of the GFP-tag 

from 293T cells transiently expressing either fusion protein, GFP-Aa or Aa-GFP by 
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Western blot (Figure 5.8). The N-terminal fusion (herein referred to as GFP-Aa) 

recovered more of all classes of PP2A subunits than the C-terminal fusion did, and 

the C-terminal fusion protein produced multiple degraded forms of Aa. Thus, the 

ectopic and removable GFP-PPP2R1A allele used in this study encoded the GFP-Aa 

fusion protein. The antibodies used in this experiment to detect both B56g and B56d 

(compared to those used for Figures 5.5 – 5.7) detected multiple species. In the case 

of B56g, the species with the lowest molecular weight is a non-specific interaction due 

to the presence in the negative control fraction IP; while the two larger bands both 

represent specific binding. The uppermost species is likely a splice isoform that is also 

detected by this antibody, while not by the antibody used for the earlier experiments. 

The same observation is true for B56d: however, the 56 kDa band in the IP fraction is 

likely masked by the saturated signal at the ~50 kDa band.  

 

Figure 5.8 The GFP-Aa fusion protein recovers B56d and B56g better than the Aa-GFP fusion 

The two GFP fusion proteins were transiently overexpressed in 293T cells. The GFP tag was 
immunoprecipitated from the lysate and both input and IP fractions were analysed by Western blot to 
compare the relative recovery of each class of PP2A subunits. Molecular weight markers for each blot 
are indicated to the left of the figure, and the species detected on each blot is indicated by arrows on 
the right. Multiple species are detected from the GFP blot: which was interpreted as degradation 
products or non-specific binding of the antibody. In the case of B56g, and B56d two species are detected 
in the IP faction from both fusion proteins but not from the negative control - both between 50 and 75 
kDa. The smallest band for B56g is a non-specific interaction due to presence in the GFP control lane. 
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5.3.3 Production and isolation of GFP-Aa Jurkat clones  

We next sought to identify and isolate Jurkat clones that expressed the ectopic GFP-

Aa fusion protein to a similar level as that of the endogenous Aa protein. To achieve 

this, Jurkat cells were transduced by a lentiviral vector harbouring the LoxP-flanked 

GFP-PPP2R1A allele under the control of one of three different promoters: either the 

cytomegalovirus (CMV) promoter, the mouse 3-phosphoglycerate kinase (mPGK) 

promoter, or the endogenous promoter for Aa as described by the PPP2R1A entry on 

the eukaryotic promoter database (Aa-endogenous). Following antibiotic selection, 

the mPGK and Aa-endogenous driven polyclonal populations were ~60% and ~40% 

GFP+, respectively as analysed by FACS and were sorted as single cells on the basis 

of the GFP expression for the brightest 12% of their respective populations: (Figure 

5.9A and B). The CMV driven GFP-Aa population did not survive selection and so was 

not taken further.  

Following outgrowth, 40 clones derived from the line driven by the Aa-endogenous 

promoter, and 50 from that of the mPGK promoter were assayed for Aa expression by 

Western blot (Figure 5.9C and D). Of those 90 clones screened, only 6 were selected 

from the mPGK line for further characterization on the basis of expression of the 93 

kDa GFP-Aa fusion being detectable (Figure 9E). When compared by loading equal 

lysate amounts, the expression of GFP-Aa was much lower than that of the 

endogenous Aa in all 6 of these clones (Figure 5.9E).  
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Figure 5.9 First round of single-cell sorting and screening Jurkat clones for GFP-Aa expression 

(A): The FACS scatter plot used to gate and identify lymphocytes. (B): The FACS sorting strategy used 
in this first sort, which was based on the top 12% of cells by GFP expression level. (C): The three 
Western blots used to screen clones expressing GFP-Aa driven by the endogenous Aa promoter. 
Molecular weight markers are indicated to the left of each blot. (D): The four Western blots used to 
screen clones expressing GFP-Aa driven by the mPGK promoter. Molecular weight markers are 
indicated to the left of each blot, and the six clones which expressed the GFP-Aa species to reasonable 
levels are indicated by red numbers above the blots. (E): Following the initial screening shown in panel 
D, the six clones were expanded and compared side-by-side with equal amounts of protein sample in 
each well. Species detected on blots are indicated by labels and arrows on the right side of the blot. 
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This result indicated that the sorting protocol had not been stringent enough for GFP 

brightness, and the experiment was repeated by selecting the top 0.01% GFP+ cells 

from the mPGK line. The GFP-Aa expression was overall much higher this time in the 

clonal lines (Figure 5.10A), and 7 clones were identified as expressing GFP-Aa to a 

high level (Figure 5.10B and C). Of these 7 finalist clones, one (Clone 4) expressed 

GFP-Aa to a higher level than the endogenous Aa (Figure 5.10B and C), however 

further analysis of this clone revealed a blebbing phenotype as well as much slower 

growth rate than the other clones and it was disregarded for further experiments. The 

second-best clone, Clone 7, expressed GFP-Aa to ~85% of the expression of the 

endogenous Aa when analysed by densitometry; and was therefore used for 

CRISPR/Cas9 genome editing.  

  



 
188 

 

Figure 5.10 The brightest 0.01% of GFP+ mPGK-GFP-PPP2R12A cells includes clones that 
express GFP-Aa to near-endogenous levels. 

Cells expressing GFP-Aa via the mPGK promoter were sorted for the brightest 0.01% of the population. 
(A): Clones were initially screened by Western blot for Aa. (B): The seven clones with clear similarities 
in expression between endogenous and ectopic Aa were expanded and re-tested side-by-side with the 
same amount of protein in each lane. The blot contained the polyclonal population before and after the 
sort- i.e ”Pre-sort” corresponds to cells harbouring the lentiviral vector based on antibiotic resistance, 
while “Polyclonal” refers to the 0.01% GFP+ population from which the single clones were sorted. (C): 
Densitometric analysis of the Western blot in B revealed that three clones – 3, 4 and 7 – were all 
expressed to similar degrees as the endogenous Aa. The point at which expression is equal by this 
measure is indicated by the dashed line. 
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5.3.4 The GFP-PPP2R1A allele is unrecognised by CRISPR guide RNAs 

against PPP2R1A and PPP2R1B  

The next step in this study was to knock out the endogenous PPP2R1A (on 

chromosome 19) and PPP2R1B (chromosome 13) alleles of Clone 7 using the 

CRISPR/Cas9 genome editing system (Figure 5.1; Table 5.1). Before we proceeded, 

five different guide RNA pairs (two targeting PPP2R1A and three targeting against 

PPP2R1B) were tested for their ability to specifically recognise and cleave various 

PPP2R1A or PPP2R1B sequences in vitro via a gel-based assay for DNA cleavage. 

In this assay, ribonucleoprotein (RNP) complexes of recombinant Cas9 nuclease and 

guide RNA were assembled and incubated with linearized plasmids encoding either 

the codon-optimized GFP-PPP2R1A, or the endogenous PPP2R1A and PPP2R1B 

sequences (Figure 5.11).  

As expected, the GFP-PPP2R1A allele was resistant to all five RNPs tested after 

incubation for both 20 and 60 minutes (Figure 5.11A). In contrast, the different RNPs 

cleaved their respective endogenous PPP2R1A and PPP2R1B alleles to varying 

degrees – as illustrated by the proportion of uncleaved linearized plasmid DNA to 

smaller fragments in Figure 5.11B and C. For example, Aa RNP 1 - which targets exon 

4 of PPP2R1A – mediated cleavage of the majority of the target DNA within 20 

minutes; while Aa RNP 2 (which targets exon 1) was more time-dependent for 

cleavage of PPP2R1A DNA (Figure 5.11B). Neither of the two Aa guide RNAs had 

predicted off-target binding sites within the human genome.  

Similarly, the Ab RNPs 2 and 3 were more effective than Aa RNP 1 at mediating 

cleavage of PPP2R1B plasmid DNA (Figure 5.11C) – although the guide RNA had 

predicted off-target binding to human genomic DNA, while the Ab 1 guide RNA set did 

not. All three guide RNAs against Ab targeted the start of PPP2R1B exon 1. On the 

basis of cleavage efficiency seen by Aa RNP 1, and the lack of predicted off-target 

recognition by Ab RNP 1, these two were used to target PPP2R1A and PPP2R1B 

respectively for in vivo CRISPR/Cas9 genome engineering. 
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Figure 5.11 GFP-PPP2R1A is resistant to the CRISPR guide RNAs used in this study 

(A): The plasmid used to create the lentiviral vector encoding GFP-PPP2R1A is not susceptible to 
cleavage by Cas9/gRNA ribonucleoprotein complexes (RNPs) – as indicated by the lack of cleaved 
DNA following incubation with these RNPs for either 20 or 60 minutes as indicated on the figure. (B): 
Both Aa RNPs are able to cleave endogenous PPP2R1A DNA, although Aa RNP 1 is more efficient 
than Aa RNP 2: as highlighted by the lower density of the uncleaved DNA band (indicated by arrows 
on the figure) after both 20- and 60-minute time points. (C): All three Ab RNPs are able to cleave 
endogenous PPP2R1B DNA, although Ab RNP 2 is the most efficient of the three: as highlighted by 
the lower density of the uncleaved DNA band (indicated by arrows on the figure) after both 20 minutes 
and 60 minutes. 
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5.3.5 Generating a double knockouts of PPP2R1A and PPP2R1B by CRISPR 

Delivery of the RNPs described above was first attempted in-house by electroporation 

of Jurkat clone 7 with in vitro assembled Aa 1 and Ab 1 RNPs, however we observed 

a high level of cell death following transfection. Next, we tried co-transfection of 

plasmids encoding the RNP machinery: which was also to no avail as no Aa or Ab-

negative clones were identified following single cell cloning, and again a high level of 

toxicity was observed. Eventually, we hired a company (Synthego) to carry out the 

edits, who returned a polyclonal cell line purported to contain 83% KO of PPP2R1A 

and 96% KO of PPP2R1B. These were expanded and clonally sorted by FACS; and 

120 clones were screened for Aa expression by Western blot. Of these, four clones 

were confirmed as completely null for both PPP2R1A and PPP2R1B expression 

(Figure 5.12).  

 

Figure 5.12 PPP2R1A/PPP2R1B – null clones as identified by single-cell cloning following 
duplexed CRISPR editing by Synthego 

(A): Western blot for Aa with lysate from the four complete double K.O clones identified from screening. 
Unedited Jurkat lysate is included for a control, as is a control cell line that went through the same 
editing process but without targeted guide RNAs. Molecular weight markers are indicated to the left of 
the figure; and GFP-Aa and Aa are indicated to the right of the blot by arrows. (B): Western blot for Ab 
with the same samples as in A. Ab is indicated as present in the two control cell lines by an arrow to 
the right of the figure and is shown to be absent from the four finalist clones. 
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5.4 Creating an inducible system for Aa mutants 

5.4.1 The small molecule assisted shutoff (SMASh) system 

As described in Section 5.1, the Aa(DTP/AAA) mutant was sufficient to abrogate 

binding to multiple members of the B56 family in Jurkat cells and was therefore chosen 

to replace the GFP-Aa in the final stages of this experiment. The system we opted to 

use for induction of RFP-Aa(DTP/AAA) – and indeed RFP-Aa(WT) as a control - is 

inducible at the protein level rather than the mRNA level. This system, named small 

molecule assisted shutoff (herein SMASh), works by expression of the protein of 

interest as a fusion with a self-excising (proteolytic) degron. Addition of a protease 

inhibitor, asunaprevir (ASV) to the growth medium prevents proteolytic separation of 

the degron from the protein of interest, and therefore causes degradation of the entire 

fusion construct; while removal of the inhibitor causes the degron to self-cleave and 

liberates the protein of interest, therefore achieving quick induction (Chung, Jacobs et 

al. 2015). Figure 5.13 explains this system schematically.  
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Figure 5.13 The small molecule-assisted shutoff (SMASh) inducible system 

(A): RFP-Aa is expressed as a fusion protein with the SMASh tag through a Hepatitis C Virus (HCV) 
NS3 protease recognition site, which is cleaved by the NS3 protease in the SMASh tag: which separates 
the fusion protein into the RFP-Aa and SMASh tag entities. The SMASh tag is degraded by the cell due 
to the presence of a degron within the tag, while the RFP-Aa fusion is liberated (induced). (B): Addition 
of the HCV NS3 protease inhibitor asunaprevir to the cell culture medium prevents the separation of 
the SMASh tag from RFP-Aa, and the entire fusion construct is degraded by the cell. 

We opted to use this system for its rapid induction of protein expression – a property 

provided by the lack of mRNA pool depletion as the gene is constantly expressed. The 

RFP fluorophore (mCherry) was chosen to allow the tracking of induction kinetics via 

FACS, and because we already knew that the similarly sized GFP-Aa fusion protein 

did not hinder PP2A complex formation (Figure 5.8) and is sufficient for cell survival in 

a PPP2R1A/PPP2R1B-null genetic background. Further, use of RFP on this construct 

allows the coupling of Cre recombinase-mediated excision of the GFP-PPP2R1A 
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allele to RFP-Aa(DTP/AAA) induction, and, if necessary will provide a basis on which 

to sort a GFP-/RFP+ polyclonal population by FACS prior to infection with MT-2 cells. 

So far, the constructs have been cloned by Lily Du (a former student of our lab) during 

her MSc project, and have been tested for induction in 293T cells. Further, the toxicity 

of ASV at different concentrations for Jurkat cells has been characterized and a 

concentration sufficient to achieve induction of the system was non-toxic to cells (data 

not included). 

5.5 Cre recombinase-mediated excision of GFP-PPP2R1A 

5.5.1  A self-excising, BFP-iCre lentiviral vector  

As described above, the final step in generation of a B56-defficient cell line was to 

remove the GFP-PPP2R1A allele from the four PPP2R1A/PPP2R1B-negative 

CRISPR cell lines (Figure 5.12) by recombination of the flanking LoxP sites by the Cre 

recombinase enzyme, whilst replacing it with Aa(DTP/AAA) via induction from the 

SMASh system. Because prolonged expression of Cre has been shown to result in 

genomic instability, we utilized a self-excising system where the iCre (a codon 

optimized version) is flanked by Lox511 sites and self-excises following expression 

(Silver and Livingston 2001). Hence, an SV40-NLS-BFP-iCre fusion protein: 

containing the SV40 nuclear localisation sequence, blue fluorescent protein and iCre 

(herein BFP-iCre) was encoded between two Lox511 sites within a lentiviral vector 

and tested for the ability to reduce the percentage of GFP+ cells following transduction 

of Clone 7 over six dilutions of the viral particles (Figure 5.14).  

Particles were quantified by SG-PERT (Figure 5.15A) and used to transduce Clone 7 

(which contains the LoxP-flanked GFP-PPP2R1A-LoxP allele). To be clear, this pilot 

experiment was not conducted with the CRISPR knockout clones, as removal of GFP-

Aa would cause cell death. Five days post-transduction with BFP-iCre lentivirus, 

samples were harvested and analysed by FACS for percentage of BFP+ and GFP+ 

cells (Figure 5.15B and C). This experiment revealed that transduction of 1 million 

cells with 40 U of vector-containing PBS reduced the percentage of GFP+ cells 5-fold 

to ~20% of the non-transduced control, whilst only 3% of cells remained BFP+ (Figure 

5.14). In contrast, transduction of 1 million cells with 400 U of vector produced cells 

that were 85% BFP+ but still 12% GFP+.  
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Figure 5.14 The effects from transduction of Jurkat Clone 7 by lentivirus encoding Lox511-
flanked SV40-NLS-BFP-iCre on the expression of BFP-iCre and GFP-Aa over six orders of 
magnitude by serial dilution. 

Data are presented as units (U) of RT used in each transduction as determined by SG-PERT. (A): SG-
PERT measurement of the RT level from viral particle samples harvested by ultracentrifugation. 
Samples were diluted serially following ultracentrifugation, and values on the x axis represent the U of 
RT per 100µL of vector sample at each dilution. (B): The percentage of cells that are BFP+ 5 days post-
transduction decreases according to the serial dilution of lentiviral particles. Data are presented as 
percentages compared to un-transduced control cells. (C): The percentage of cells that are GFP+ 5 
days post-transduction increases rapidly as the virus is diluted beyond 40 U per transduction. Data are 
presented as percentages compared to the un-transduced control. For all panels, the optimal RT unit 
value of 40 U per transduction for effective transduction is indicated by a red asterisk above the bars. 
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5.5.2 Spinoculation and polybrene reduce the effect of transduction with the 

BFP-iCre lentiviral particle 

We next wanted to investigate whether particles produced by two different transfection 

methods (XtremeGene or Calcium Phosphate); and used for transduction by 

spinoculation, or with polybrene (an additive used to generally increase transduction 

efficiency of Jurkats with VsVG pseudotyped retroviral particles) would decrease the 

percentage of BFP+ and GFP+ cells following transduction even further. Particles 

were harvested, measured by SG-PERT and diluted to 0.4 U/µL (or 40 U per 

transduction of 1 million cells), and transductions were conducted as described above 

(Figure 5.15). An extra control was also included where virus was added directly to 

cells in serum-free medium for 24 hours before cells were exchanged into complete 

medium. 

Surprisingly, the best transduction conditions for this experiment as shown by FACS 

analysis was found to be that which diluted virus was added directly to cells in 

complete medium and left alone for five days (Figure 5.15). The same observation 

was made for transductions by virus made by both transfection reagents, except for a 

reduction in GFP+ cells from XtremeGene-HP virus compared to that from Calcium 

Phosphate-derived particles (~30 vs 10% compared to the non-transduced control). 

These data are very promising indeed and indicate that the self-excising BFP-iCre 

system is functional and reproducible over three different transfections to produce the 

lentiviral particles.  
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Figure 5.15 The effect of different transduction conditions for delivery of BFP-iCre lentivirus to 
Jurkat Clone 7 as assayed by FACS 

Following dilution of the BFP-iCre lentivirus to 40 U per transduction, samples were added to Jurkat 
Clone 7 and transductions were conducted. (A): The percentage of BFP+ cells following transductions 
with XtremeGene-HP – derived lentivirus. (B): The percentage of BFP+ cells following transductions 
with calcium phosphate - derived lentivirus. (C): The percentage of GFP+ cells following transductions 
with XtremeGene-HP – derived lentivirus. (D): The percentage of GFP+ cells following transductions 
with Calcium Phosphate – derived lentivirus 
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5.6 Infection of Jurkat T cells by Co-culture with MT-2 cells 

As alluded to in Chapter 2, we recently published an assessment of the efficacy of 

different INSTIs at blocking HTLV-1 integration and transmission (Barski, Minnell et 

al. 2019). Indeed, infection of Jurkat T cells via this protocol is highly reproducible and 

we are able to easily measure infection by virtue of both PVL (Figure 5.16A) and Alu-

qPCR (Figure 5.16B) following the outgrowth period of two weeks. Here, the PVL data 

are presented as the percentage of inhibition as compared to infection in the presence 

of DMSO (which yielded a PVL of 13.4 ± 2.2%) at a range of drug concentrations, 

allowing the calculation of the concentrations at which 50% of infection is inhibited 

(EC50) as follows: Raltegravir (6.4 ± 4.24 nM); Elvitegravir: (9.57 ± 5.54 nM); 

Bictegravir (0.302 ± 0.173 nM) (Figure 5.16A).  

Assessment of the integrated portion of proviruses by Alu-qPCR reliably reported that 

1.) HTLV-1 infection in this model system proceeds in the presence of the DMSO 

control and can be measured by this protocol; and 2.) three different INSTIs effectively 

block infection when used at 2 µM (Figure 5.16B). Together these data clearly indicate 

that once the Jurkat B56 K.O cell line is established; we will be able to rapidly and 

efficiently infect each cell line with HTLV-1 alongside established negative controls for 

infection. 
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Figure 5.16 HTLV-1 Infection of Jurkat T cells by co-culture with MT-2 cells is blocked by three 
different INSTIs 

Infection was conducted in the presence of Raltegravir, Bictegravir and Elvitegravir, and integration was 
quantified by measurement of the PVL. (A): Infection in the presence of titrated concentrations of each 
drug blocks infection according to the INSTI concentration, as measured by the PVL (copies of tax and 
gapdh) two weeks post-infection. Data were fitted to a drug-binding model in Prism to allow the 
quantification of inhibition for each drug. (B): The effect of 2 µM of each INSTI on HTLV-1 infection as 
measured by Alu-qPCR. Data are presented as percentage inhibition compared to the DMSO control. 
Reactions were run on an agarose gel to indicate the loss of gag amplification. Molecular weight marker 
is indicated to the left of the gel. 
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5.7 Summary, conclusions and future work  

This chapter highlights work done towards defining the role PP2A-B56 plays during 

HTLV-1 integration from a different angle than the work described in Chapters 3 and 

4. Here, we aimed to deplete the cell of B56-containing PP2A before and during 

infection with wild-type HTLV-1. Rather than individually knock-down B56 subunits 

and risk a gradual reduction in viability, we opted to replace the cellular pool of the 

scaffolding subunit (Aa) with a mutated variant of Aa defective in binding only to the 

B56 subunit family members. This approach also allows us to be more-thorough than 

with individual knock-down, as the five B56 family members share some redundancy 

of function. 

In section 5.1, work is presented that identified and validated a variant of the scaffold 

subunit, Aa(DTP/AAA), which abolishes binding to at least three B56 family members 

in two different cell lines and reduces binding to the remaining members. Interestingly 

there was a difference in the B56 subunits bound by the Aa(DTP/AAA) mutant 

between 293T and Jurkat cell lines: although the experiment was only performed once 

in Jurkats: something that needs to be repeated. This discrepancy may in part be due 

to differences in which isoforms are expressed in different cell lines, which needs to 

be explored further. Although we tried to identify a set of mutants that would allow the 

back-complementation of a disrupted Aa : B56 interface, this was so far unsuccessful 

– however by using a combination of shRNAs we might be able to narrow down the 

individual contributions to HTLV-1 integration site selection from some of the B56 

family members. In addition to the Aa(DTP/AAA) mutation described here, we have 

recently identified a second mutant (Aa(DTP/CCC) which shows promise for further 

reducing the number of B56 family members bound in preliminary tests in 293T cells. 

This mutation might also allow the back-complementation by introduction of cysteines 

into the B56 residues (K202C/N206C) due to the strong disulphide bond which is 

formed between cysteine residues. Work is currently underway to introduce this new 

mutant into the inducible system for further characterization in Jurkat cells. 

In section 5.2, a Jurkat cell line was created where the endogenous genes for Aa and 

Ab (PPP2R1A/PPP2R1B) were knocked out by the CRISPR/Cas9 system. To ensure 

the cells remained viable, an ectopic GFP-tagged version of PPP2R1A was introduced 
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via lentiviral transduction. This allele is flanked by LoxP sites to allow future removal 

by Cre-mediated recombination and is codon-optimized to not be recognised by the 

CRISPR-Cas9 machinery used to generate the edits. Through iterative rounds of 

single-cell cloning, four Jurkat clones were generated that were completely null for Aa 

and Ab expression, whilst expressing the GFP-Aa fusion allele to varying degrees. We 

aim to include at least 2 clones in the downstream applications as far as infection with 

HTLV-1 to reduce the likelihood of any phenotypes we observe being a result of the 

CRISPR gene editing pipeline.  

Next, we set up an inducible expression system to maintain silenced protein 

expression of the RFP-tagged Aa mutants (the SMASh inducible system) which will 

be introduced to Jurkat cells via lentiviral transduction. The RFP-Aa-SMASh gene is 

linked to the blasticidin resistance gene by an internal ribosome entry site with the aim 

to avoid the cells epigenetically silencing the RFP-Aa mutant expression whilst 

maintaining expression of the selectable marker. Induction of protein expression in the 

SMASh system occurs by removal of ASV (the NS3 protease inhibitor) from the cell 

culture medium and subsequent self-removal of the SMASh-tag from the RFP-Aa 

fusion. Although not included in the results of this chapter, recent progress has been 

made in the laboratory towards characterization of this system. In particular, the effect 

of prolonged ASV exposure in Jurkats has been established – and an effective 

concentration has been determined. This concentration was used in a pilot experiment 

in 293T cells: where we saw expression of the entire fusion construct in cell lysates, 

as well as removal of the SMASh tag following removal of ASV. The next step is to 

establish stable, inducible cell lines.  

In a scenario where we are unable to establish stable cell lines harbouring the SMASh 

constructs, other inducible systems such as doxycycline induction of mRNA 

expression will be evaluated. In the worst-case scenario where we are unable to 

establish stable cell-lines, we will transfect a replication-competent plasmid encoding 

the RFP-Aa variants into Jurkat cells by nucleofection with the AmaxaTM device. 

Regardless of which method we use to introduce the RFP-Aa variant to Jurkat cells, 

two initial aims will be quickly addressed: first, to determine which members of the B56 

family retain binding to each of the Aa mutants in Jurkat cells by IP of the RFP tag; 
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and second, to characterize the expression dynamics and kinetics of induction by 

FACS.  

Next we engineered a self-excising, BFP-tagged Cre recombinase expression system 

within a lentiviral vector and illustrated the efficacy for removal of both GFP-PPP2R1A 

and SV40-NLS-BFP-iCre following transduction with these particles. The BFP 

fluorophore was chosen for this system to allow observation of the expression 

dynamics from the three different components of the system while the switch from 

Aa(WT) to Aa(DTP/AAA) occurred. While this final symphonic experiment has not yet 

been tested, it is anticipated that cells will transition from GFP+ to RFP+ via a transition 

stage of a GFP+/RFP+/BFP+ phenotype. The kinetics of this switch will be analysed 

synergistically with characterization of the RFP-Aa induction component of the 

experiment. If we need to introduce RFP-Aa variants by nucleofection, we will attempt 

to introduce the BFP-iCre lentiviral vector to the cells either at the same time, or soon 

after. Following careful characterisation of the kinetics and viability of the switch, we 

will move the whole system into the CRISPR clones described above. Prior to infection 

with HTLV-1 (as demonstrated in Figure 5.16), a population of RFP+/GFP-/BFP- cells 

will be sorted by FACS, and on the basis of the previous characterization experiments 

(in which we will have determine the optimal moment to infect with HTLV-1 based on 

presence of the B56 subunits and cell viability), we will harvest a fraction of the cells 

to perform RNA-sequencing analysis to account for any obvious differences in the 

cellular expression profile that may impact the observations we make following 

infection.  

As described earlier, infection of Jurkats with HTLV-1 is well-characterized and 

reproducible within our laboratory. Because of the predicted effect on cell viability from 

all of the edits we have introduced, the genomic DNA will be harvested shortly after 

infection for Alu-PCR and integration site sequencing. This can be achieved as early 

as 48 hours post-infection (as revealed by preliminary experiments; data not included) 

and will provide a plethora of integration sites for sequencing: hopefully to avoid the 

problems of a low PVL encountered in Chapter 3, while also serving to avoid the 

reduction in cell viability observed beyond 8-11 days of introduction of Aa(DTP/AAA) 

to an Aa -/- background (Strack, Cribbs et al. 2004). We will conduct the final infections 

in all four CRISPR KO clones, each with either RFP-Aa(WT), RFP-Aa(DTP/AAA) or 
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RFP-Aa(DTP/CCC); in the presence or absence of raltegravir for the purpose of 

validating whether infection is impaired when the HTLV-1 PIC is unable to usurp the 

PP2A-B56 holoenzyme by Alu-qPCR. On the basis of these data, a selection will be 

made of which samples to include for integration site sequencing to address the overall 

question of this project: what effect do PP2A-B56 holoenzymes have on HTLV-1 

integration site selection? 
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 Discussion & Conclusions 

6.1 Overview of results 

The work described throughout this thesis seeks to evaluate the significance of the 

interaction between the d-retroviral integrases and the putative host factor, PP2A-B56 

during HTLV-1 infection as first identified in 2016 (Maertens 2016). Two distinct 

approaches were taken to address this: in the first, the X-ray structure of HTLV-1 

IN(200-297) in complex with B56g(11-380) revealed how the key residues within the 

d-retroviral IN that mediate binding to B56 were a case of viral molecular mimicry 

where the IN had evolved an LxxIxE SLiM to achieve binding to the B56 family. We 

then showed using a range of biochemical and biophysical assays with recombinant 

proteins that mutation of three highly conserved residues of HTLV-1 IN were sufficient 

to abrogate binding to the B56 protein both in vitro and in cellulo and did not affect the 

intrinsic activity of integrase.  

Because the B56 subunit of PP2A is not known to function separately from the PP2A 

holoenzyme in the cell (Strack, Cribbs et al. 2004), disruption of the binding between 

IN-1 and B56 corresponds to disruption of the interaction between the HTLV-1 PIC 

and the PP2A-B56 holoenzyme. Hence, we developed a system to produce mutant 

HTLV-1 and assayed the ability of these mutants to infect naïve target cells. We saw 

a marked reduction in the percentage of cells that were infected with HTLV-1 in cases 

of mutant infection compared to the WT – as measured by a Tax -responsive GFP 

reporter assay. Of importance, for all viruses tested the viral proteins Gag, RT, Env 

and Tax were produced and detected by Western blot. The current limitations of this 

model are discussed in Chapter 4, however we believe we might be observing a critical 

role for PP2A-B56 during HTLV-1 infection 

In parallel to the approach of mutating HTLV-1, we also sought to generate a PP2A-

B56 KO Jurkat cell line. This approach is based on the observation that monomeric 

B56 subunits are rapidly degraded by the cell, and first involved the characterization 

of Aa mutants that would abrogate binding to multiple classes of B56 subunits; 

followed by the replacement of the endogenous Aa by this mutant Aa. Because of the 

essential role Aa plays in cell viability, we had to introduce this switch via a temporary 
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intermediate (GFP-Aa). Following the generation and characterization of the functional 

B56 KO line, infections will be set up using WT HTLV-1 before infection will be 

quantified using Alu-qPCR and integration site sequencing. As discussed in Chapter 

5, this work is ongoing: however, each of the individual components have been 

characterized and are nearly ready to be combined. These two stories will corroborate 

one another from two separate angles, and we aim to publish them separately as a 

thorough analysis of the role played by PP2A-B56 during HTLV-1 infection. 

6.2 The d-retroviral IN only mimics a subset of PP2A-B56 
substrates 

While an enormous number of binding partners for B56 were recently described by IP 

coupled to a mass-spec screen (n = 239), only 30 of these were found to contain the 

LxxIxE SLiM (Hertz, Kruse et al. 2016). Further analysis of the human proteome 

revealed that over 160 proteins encoded this SLiM: highlighting the temporal nature of 

protein : protein interactions, and indicating the extremely vast nature of the PP2A-

B56 interactome. A separate analysis revealed that over 100 of the cellular proteins 

that encoded the LxxIxE SLiM had a phosphorylatable residue immediately C-terminal 

to the L of the motif (Wang, Bajaj et al. 2016). As discussed in Chapter 3, the presence 

of a phosphate moiety at this position increases the tightness of binding between SLiM 

and B56 – something that is not utilized by the d-retroviruses. 

To add to the incredibly vast nature of PP2A-B56, only a subset of the cellular proteins 

that include the LxxIxE SLiM are direct substrates of PP2A-B56. Some binding 

partners play intermediary roles in the recruitment of PP2A-B56 to a substrate that 

requires dephosphorylation by PP2A-B56, BUBR1 e.g. actively recruits the PP2A-B56 

holoenzyme to the kinetochore where it dephosphorylates KNL1 (Wang, Bajaj et al. 

2016, Vallardi, Allan et al. 2019).This observation adds even more diversity to the 

repertoire of proteins that PP2A-B56 interacts with. 

Intriguingly, d-retroviral IN appears to have evolved a mechanism to diversify its 

interaction partners even further than just that of the LxxIxE SLiM. In the CryoEM 

structure of the d-retroviral intasome : B56 complex from our laboratory (Barski, M. et 

al, manuscript in preparation), formation of the intasome : B56 complex (as opposed 
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to the monomeric IN : B56 complex described in Chapter 3) actually generates a 

second mode of binding to B56 by the same LxxIxE SLiM. The d-retroviral intasome 

is a tetramer that binds to two molecules of B56. The two SLiMs of the outer IN 

monomers bind to B56 monomers as described in this thesis, however the 

arrangement of the intasome causes the SLiMs of the remaining two IN monomers to 

adopt a different conformation and bind to B56 at an entirely new site using residues 

not involved in the first canonical site. This observation of a bi-functional SLiM is 

completely novel and could in part explain why IN(Q214) is not a phosphorylatable 

residue. It is therefore conceivable that this bi-functional property of the SLiM serves 

to expand the repertoire of PP2A-B56 binding partners the HTLV-1 PIC can interact 

with. 

6.3 Diversity is a property displayed by HTLV-1 at multiple 
levels 

The observation that the d-retroviral PIC is able to interact with an incredibly vast 

plethora of cellular proteins via binding to the PP2A-B56 holoenzyme fits nicely with 

the fact that HTLV-1 is known to exhibit bias for integration at a range of different 

genomic loci (Melamed, Laydon et al. 2013). Here, I hypothesize that the incoming 

PIC binds to the PP2A-B56 holoenzyme in order to establish indirect interactions with 

a vast range of cellular factors that interact with the chromatin. It in enticing to suggest 

that this is all part of the master plan for HTLV-1 infection: where during in vivo 

infection, HTLV-1 initially diversifies it’s spread and generates tens of thousands of 

clones with different properties (Cook, Melamed et al. 2016), before the hosts anti-Tax 

cytotoxic T lymphocyte response is mounted, selecting against clones that are 

expressing Tax at that time (Bangham and Osame 2005).  

Soon after this initial diversification of clones, a subset expand rapidly to compose the 

major fraction of the HTLV-1+ cells within one host (Gillet, Malani et al. 2011, Laydon, 

Melamed et al. 2014). This gives rise to the well-documented observation that HTLV-

1 spreads primarily via mitotic spread (Wattel, Cavrois et al. 1996). I therefore suggest 

that this property exhibited by HTLV-1 during lifelong infection of a host is generated 

as a consequence of an initial diversification of integration sites, determined by 

interactions with PP2A-B56 with the chromatin at the time of infection. The best way 
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to test this hypothesis is to remove the ability of the HTLV-1 PIC to interact with PP2A-

B56 during infection and sequence the integration sites resulting from infection. In this 

thesis I present work conducted towards achieving this goal, and hopefully 

demonstrate that we will be able to confirm this hypothesis soon. 
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 Supplementary Information 

Table 7.1: Primers used in this study 
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Table 7.2 Plasmids used in this study 
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Table 7.3 Antibodies used in this study 
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