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ABSTRACT

The human leukaemia virus HTLV-1 expresses essential accessory genes that manipulate the
expression, splicing and transport of viral mRNAs. Two of these genes, tax and hbz, also promote
proliferation of the infected cell, and both genes are thought to contribute to oncogenesis in adult T-
cell leukaemia/lymphoma. The regulation of HTLV-1 proviral latency is not understood. tax, on the
proviral plus strand, is usually silent in freshly-isolated cells, whereas the minus-strand-encoded hbz
gene is persistently expressed at a low level. However, the persistently activated host immune
response to Tax indicates frequent expression of tax in vivo. By using single-molecule RNA-FISH, | was
able to quantify the expression of HTLV-1 plus-strand and minus-strand transcripts at the single-cell

level in naturally-infected T-cell clones isolated from peripheral blood.

While hbz is the lone transcript located on the HTLV-1 minus-strand, it is not possible to definitively
separate tax transcripts from its neighbours on the plus-strand by means of single-molecule RNA-FISH.
Detected plus-strand transcripts are referred to as tax transcripts throughout the thesis, but it is
important to remember that the probe which targets the tax sequence will also detect the other plus-

strand products, even if they are not thought to be expressed in the same volume as tax.

Measuring viral transcription at the single-cell level revealed strong within-clone and between-clone
heterogeneity in the expression of tax and hbz. Both tax and hbz are transcribed in bursts; tax
expression is enhanced in the absence of hbz, while hbz expression increased in cells with high tax
expression. Unexpectedly, hbz expression was found to be strongly associated with the G,/M phase
of the cell cycle, independent of tax expression. There is also a link between a cell’s level of hbz
expression and its volume. These results offer an explanation for the paradoxical correlations

observed between the host immune response and HTLV-1 transcription.
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1.1 HTLV-1

Human T-lymphotropic virus type-1 (HTLV-1) was the first retrovirus to be discovered in humans
(Poiesz et al., 1980; Yoshida, Miyoshi and Hinuma, 1982), and is the aetiological agent of a number of
diseases including adult T-cell leukaemia/lymphoma (ATLL) and HTLV-1-associated myelopathy,
formerly known as tropical spastic paraparesis (HAM/TSP). As a retrovirus, its lifecycle is based on
infecting host T-lymphocytes and stably integrating its DNA into the host genome, where it can persist
lifelong in the host. HTLV-1 is a member of the Deltaretrovirus genus, from the subfamily
Orthoretrovirinae. Three other related viruses have been discovered so far: HTLV-2 (Kalyanaraman et
al., 1982), HTLV-3 (Calattini et al., 2005) and HTLV-4 (Wolfe et al., 2005), but there is no clear evidence
that any of them cause disease in humans. HTLV-1 is considered a complex retrovirus by virtue of its
regulatory genes, and is distantly related to the other disease-causing complex retroviruses: the

Lentivirus human immunodeficiency viruses HIV-1 and HIV-2 (McClure et al., 1988).

HTLV-1 is believed to have originated in non-human primates (NHPs), before crossing over to humans
as a result of bushmeat hunting approximately 50,000 years ago, although there is evidence of
independent, regular cross-over events in regions with regular interaction between humans and NHPs
(Verdonck et al., 2007; Filippone et al., 2015; Kazaniji et al., 2015). In fact, the genomes of HTLV-1 and
simian T-lymphotropic virus type-1 (STLV-1, also known as primate-TLV-1 or PTLV-1), the
corresponding virus from non-human primates, are so similar that they can be considered to be a
single virus which can infect and cause disease in multiple species (Vandamme et al., 1994; Verdonck

et al., 2007; Enose-Akahata et al., 2016).
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1.1.1 Epidemiology

At least 10 million people are thought to be infected globally, although adequate data is lacking in
several highly populated regions (de Thé and Bomford, 1993; Gessain and Cassar, 2012). Distribution
is not uniform, but rather is concentrated in a number of endemic regions such as Brazil or southern
Japan (Fig. 1-1), or within particular ethnic groups, where incidence can frequently be over 10%
(Steinfort et al., 2008; Gessain and Cassar, 2012). The virus is spread through contact with infected
leukocyte-containing bodily fluids — primarily breastfeeding, sexual intercourse, transplant or
transfusion of HTLV-1-infected tissue or blood, and intravenous drug use. Transfusion of infected
blood carries the highest infection risk, up to 64% depending on how long the blood is stored prior to
transfusion (Murphy, 2016), while the risk of infection through intercourse is relatively low —
approximately 1% per year in a stable relationship according to one study (Martin, Taylor and
Jacobson, 2014). Intrauterine or peripartum mother to child transmission is thought to be rare; vertical
transmission is instead thought to occur through breastfeeding (Hino, 2011). HTLV-1-infected cells
have been detected in breastmilk and a breastfeeding child is estimated to ingest leukocytes on the
order of 108 per day (Percher et al., 2016). Furthermore, HTLV-1 has been demonstrated to be capable
of crossing epithelial barriers using a transcytosis mechanism (Martin-Latil et al., 2012). The main
determinants of transmission appear to be the infectious burden of the mother and the duration of
breastfeeding: one study found a third of children of HTLV-1-positive mothers to be HTLV-1-positive
themselves after a year of breastfeeding, measured by the presence of anti-HTLV-1 antibodies (Hino,

2011; Percher et al., 2016).
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Figure 1-1 | Geographic distribution of main foci of HTLV-1 infection

Estimates based on population of from known endemic areas and epidemiological studies of
pregnant woman, blood donors etc. from various adult populations. Significant portions of the
world do not track HTLV-1 incidence. Reproduced, unaltered, from Gessain and Cassar, 2012,
under the terms of the Creative Commons Attribution License.
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1.1.2 Clinical Significance

Unlike HIV, which when untreated causes diseases in >99% of sufferers, only 5-9% of HTLV-1-positive
individuals present with symptoms over the course of their infection (Bangham, 2011). The two most
common HTLV-1 associated diseases are ATLL and HAM/TSP; there are also a number of less common

inflammatory conditions or co-morbidities.

ATLL is characterised by uncontrolled, interleukin 2 (IL-2) independent proliferation of one or more
malignant clones carrying an HTLV-1 provirus; transformed cells have an abnormal, multilobed
nucleus, and are therefore referred to as “flower cells”. ATLL typically presents in approximately 5%
of infected persons, decades after infection, with a median age at diagnosis of 60 in Japan (Matsuoka
and Jeang, 2007). Roughly half of patients present with an acute form of the disease, while the
remainder suffer from the chronic, smouldering or lymphomatous subtypes (Shimoyama, 1991).
Prognoses vary by subtype, but are generally poor, with median survival after diagnosis ranging from
2 years for the chronic subtype to 6 months for the acute form (Bazarbachi et al., 2010). There is no
agreed treatment regimen, with potential therapies including chemotherapy, allogeneic
haematopoietic stem-cell transplantation, and antiviral therapy (Kato and Akashi, 2015). While
chemotherapy can improve prognosis in the chronic subtype, it seems to actually accelerate
progression of the acute leukaemia, for which it has instead been found that antiviral therapy
(interferon (IFN-a) and zidovudine) can be of benefit. There are also early promising signs of a
monoclonal antibody, mogamulizumab, which targets CC-chemokine receptor type 4 (CCR4, higher
levels associated with poorer prognosis), in treating the leukaemic subtypes of ATLL (Kato and Akashi,

2015).

Another 1-4% of HTLV-1-infected patients develop HAM/TSP (Martin, Taylor and Jacobson, 2014), an
inflammatory condition characterised by elevated levels of inflammatory cytokines such tumour
necrosis factor-a (TNFa) and the formation of lesions in the central nervous system (CNS) (Bangham
et al., 2015). Typically, patients have a higher infectious burden in their cerebrospinal fluid (CSF) than
in the peripheral blood, with a corresponding, colocalised increased frequency of anti-HTLV-1 CD8+

cytotoxic T-lymphocytes (CTLs).

HAM/TSP has a median age at onset of 46 years, and symptoms include neuralgia, incontinence and
the progressive weakening and loss of lower limb function, to the point that patients require canes,
wheelchairs or become bedridden. Roughly 15% of HAM patients will eventually succumb to
complications directly linked to myelopathy, and they are at increased risk of ATLL if a high proportion,

over 4%, of their peripheral blood mononuclear cells (PBMCs) are infected (proviral load, PVL). While
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a range of treatment regimens exist, including methotrexate and antiviral treatment, none have been

found to provide lasting improvement. As a result, care is primarily palliative (Bangham et al., 2015).

The remainder of HTLV-1 patients who present symptoms have a range of HTLV-associated
inflammatory diseases (HAIDs). These include uveitis, associated with opacities in the vitreous body
of the eye and retinal vasculitis, and infective dermatitis, a severe recurring eczematous disorder
(Goncalves et al., 2010). Patients with acute ATLL suffer from opportunistic infections, as is common
with suppressed immune systems, and HTLV-1-positive individuals are far more susceptible to
infection by the helminth Strongyloides stercoralis, as well as being more vulnerable to associated
morbidities once infected (Gotuzzo et al., 1999). The reason behind this is unclear, but is believed to

involve skewing of the anti-helminthic immune response by HTLV-1 infection (Hirata et al., 2006).

In summary, while a relatively low proportion of those infected with HTLV-1 develop HTLV-1
associated diseases, progression to disease carries a very high burden of mortality and morbidity, and
the search for a vaccine, effective treatment and improved diagnostic tests is ongoing (Willems et al.,

2017).

1.1.3 Infection & Integration

How infection is initially established and propagated remains an open question. Martin-Latil et al.
demonstrated in an in vitro system that HTLV-1 cell-free virions (CFVs) can cross an epithelial barrier
through transcytosis and subsequently infect human dendritic cells (DCs) (Martin-Latil et al., 2012).
While it is possible that DCs can be infected by and produce HTLV-1 CFVs, they require cell contact
and what is known as a virological synapse (VS, discussed later in section) in order to infect T-cells,
which constitute the overwhelming proportion of HTLV-1-infected cells. Furthermore, cell-free HTLV-
1 virions are not detected in the blood of patients, and cell-free blood products such as platelets or
plasma cannot transmit infection between individuals (Murphy, 2016). It has also been demonstrated
that HTLV-1 can spread between cells through the formation of “viral biofilms”: viral particles
enmeshed in a virally induced extracellular matrix constituents such as collagen and tetherin (Pais-

Correia et al., 2010). Another possibility is through cell-to cell conduits (Van Prooyen et al., 2010).

Almost all circulating infected cells are T-lymphocytes, with approximately 90% being CD4+ and most
of the remainder being CD8+ (Hanon et al., 2000). The virus gains entry through three cell surface
markers: heparan sulphate proteoglycans (HSPG) (Jones et al., 2005), Neuropilin-1 (NP-1) (Ghez et al.,
2006) and Glucose Transporter 1 (GLUT-1) (Manel et al., 2003). The initial interaction is thought to
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involve attachment between the HTLV-1 envelope and HSPG, after which the complex is stabilised by
NP-1. Finally, association with GLUT-1 allows fusion and viral entry (Jones et al., 2011). Once inside,
the RNA genome is reverse transcribed into DNA by the virus-encoded reverse transcriptase enzyme,
and integrated into the human genome using the integrase enzyme (Bangham, 2011), with the host
protein phosphatase 2A (PP2A) considered to be a likely co-factor (Maertens, 2016; McCallin et al.
2017; manuscript submitted for publication). Once the HTLV-1 genome is stably integrated, the
process is irreversible, and the cell will remain infected with what is now termed a provirus until host
cell death or detection and destruction by the immune response. de novo HTLV-1 integration sites
display a clear preference for certain genomic landmarks and epigenetic markers over others, such as
transcription factor (TF) binding sites, inside genes and within 1 kilobase (kb) of CpG islands and
transcription start sites (Gillet et al., 2011; Melamed et al., 2013). There is evidence that the 3D
architecture of the nucleus can influence integration site choice in HIV-1, and it is possible for this to

be the case with HTLV-1 as well (Marini et al., 2015).

HTLV-1 replication can proceed along two pathways: the mitotic, where the integrated virus drives
host cell proliferation (see section 1.1.4, “Infectious vs. mitotic spread”), and infectious, where virions
are assembled and spread to other cells. Unlike HIV, HTLV-1 does not lyse its host cell when expressed,
and avoids spreading through CFVs. Instead, it relies on cell-to-cell spread through the use of a VS,
which shares several features with the previously characterised T-cell immunological synapse (lgakura
et al., 2003). Viral expression leads to the upregulation of adhesive molecules such as intercellular
adhesion molecule 1 (ICAM-1) (Igakura et al., 2003; Nejmeddine et al., 2005), which upon contact with
the integrin lymphocyte function-associated antigen 1 (LFA-1) on an uninfected cell triggers
polarisation of the infected cell microtubule network towards the contact area between cell
membranes. HTLV-1 virions are then actively transferred across the VS to the uninfected “target” cell.
This may be why anti-HTLV-1 CD4+ and CD8+ T-cells are more likely to be infected by HTLV-1 (Hanon
et al., 2000; Goon et al., 2004) — presumably infected cells can form a VS and complete infection of
anti-HTLV-1 target cells faster than the target cells can form an immunological synapse. Aside from
potentially allowing HTLV-1 to avoid interference from the immune system in the form of complement
or antibodies, the VS is far more efficient: cell-to-cell spread by HTLV-1 has been estimated to be more

than efficient than infection with CFVs by a factor of 10,000 (Mazurov et al., 2010).
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1.1.4 Infectious vs. mitotic spread

As was mentioned in the previous section, HTLV-1 can follow two strategies to maximise its
replication. The first is called the infectious route, where virions are produced in infected cells in order
to spread to and be integrated in new cells. The current understanding of the mechanisms of cell-to-
cell spread was described section 1.1.3. The other strategy is called the mitotic route, and involves no
virions, but rather relies on the provirus-driven host cell proliferation. In so doing, the integrated viral
DNA will also be replicated, in this case by the host cell’s DNA polymerase Il (DNA Pol Il), and
propagated to daughter cells (Bangham, 2011).

HTLV-1 presents remarkably low sequence diversity between its subtypes, or even within individuals,
when compared to other retroviruses (Overbaugh, 2001). This, combined with the fact that DNA Pol
Il'is estimated to be approximately five orders of magnitude more accurate when replicating DNA than
the HTLV-1 reverse transcriptase, is strong evidence that the virus primarily makes use of the mitotic

route, driving T-cell proliferation, to persist within its host.

Like other retroviruses, only a single provirus appears to be integrated in naturally infected T-cells
(Cook et al., 2012; Josefsson et al., 2013), a phenomenon named superinfection resistance, the
mechanisms of which remain obscure (Nethe, Berkhout and van der Kuyl, 2005). The result of this is
that each infected cell can be characterised by its proviral “unique integration site” (UIS). All future
daughter cells will share this UIS, and are referred to as clones. Consequently, infected cells in the
blood of patients can be grouped into clones, and the UIS and relative abundance of each clone in a
patient can be estimated through a technique known as linker-mediate polymerase chain reaction
(LM-PCR). The proportion of cells which are infected can be accurately quantified by the number of
copies of proviral DNA per 100 peripheral blood mononuclear cells (PBMCs), or proviral load (PVL), as

measured by quantitative PCR (qPCR).

These clones are not equal in abundance — the individual genomic milieu of a clone’s UIS plays a
significant role in its relative proviral expression and abundance (Melamed et al., 2013). The relative
abundance of clones, along with a patients overall PVL, has been shown to be relatively stable over
the course of decades (Cavrois et al., 1998; Gillet et al., 2011; Demontis, Hilburn and Taylor, 2012).
Interestingly, clones of cells infected with HIV-1 with increased rates of proliferation have also been
documented in HIV patients (Murray et al., 2016), suggesting that mitotic proliferation is a unifying

trait of retroviral infection.
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The estimated number of clones within one person has recently been revised upwards by several
orders of magnitude, with the total count now thought to be 10%-10° clones per person (Gillet et al.,
2011; Laydon et al., 2014). The latter study by Daniel Laydon also estimated that, in the chronic phase
of infection, the mitotic route far outstrips the infectious route in terms of generating more infected
cells: 107 infected daughter cells are estimated to be created by mitotic expansion for every newly
infected cell. Nevertheless, this works out to approximately 100 new clones created by infection each
day, and combined with the total number of existing infected it clones it reminds us that while mitotic
spread may dominate over the lifetime of the host, there must be some level of infectious spread,

particularly in the early stages of infection.

1.1.5 Genome Structure

The structure of HTLV-1’'s 9 kb genome and its known transcripts are shown in Fig. 1-2. As with all
exogenous replication-competent retroviruses, the HTLV-1 genome contains gag, pol and env genes,
flanked by two long terminal repeats (LTRs). These encode, respectively, the structural polyprotein
Gag, the viral reverse transcriptase (Pol), protease (Pro) and integrase (Int), and finally the receptor
binding and fusion proteins in the polyprotein Env (Bangham, 2011). Additionally, the genome
contains an extra region, called pX. This region consists of multiple overlapping open reading frames
(ORFs), which by alternate splicing encode an array of different transcripts. Promoters responsible for

plus- and minus-strand expression are located in the 5’-LTR and 3’-LTR respectively (Kwok et al., 1996).

The LTRs are necessary for integration, and each is split into three regions: the unique 3’ (U3),
repetitive (R) and unique 5’ (U5). The U3 region contains the Tax response element | (TRE-I), which is
crucial to plus-strand viral expression from the 5’-LTR (Seiki et al., 1983). It consists of three
discontinuous 21-base pair (bp) repeats, each with the core conserved nucleotide sequence TGACG,
which is homologous to the cyclic adenosine monophosphate (cCAMP) response element binding factor

(CREB) response elements (CREs) (Jeang et al., 1988).

The plus-strand of the pX region encodes the regulatory proteins Tax and Rex (transcribed together in
a single mRNA), along with the less well understood accessory proteins p30, p12 and p13 (Koralnik,
Fullen and Franchini, 1993). Rex can also be expressed without its N-terminal domain as protein p21.
The HTLV-1 genome also contains an ORF on its minus-strand, a first for human retroviruses (Gaudray

et al., 2002). This encodes the regulatory protein HTLV-1 bZIP factor, known as HBZ.
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Figure 1-2 | Genome, transcripts and RNA targeting of HTLV-1

a, The HTLV-1 genome is approximately 9 kb in length. Along with gal, pol and env, the genome
contains a collection of ORFs in the “pX” region which code for a variety of accessory products. b,
the plus- and minus-strand transcripts produced from the HTLV-1 genome. Protein products are
noted for each transcript. The transcripts targeted by RNA-FISH probe libraries are marked with
colour coordinated symbols. As the probes are simply sequence specific, it is important to note
that the tax probe does not differentiate between plus-strand transcripts while the hbz probe is
insensitive to hbz splicing. The gag probes should only recognise unspliced plus-strand transcripts.
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1.1.6 Regulatory Proteins

1.1.6.1 Rex

Rex is a functional analogue of Rev from HIV-1 and HIV-2 — it stabilises unspliced viral RNAs and
controls the splicing of viral mRNAs, as well as the export of doubly spliced viral RNAs from the nucleus
via the chromosome region maintenance 1 (CRM-1) pathway (Seiki et al., 1988; Gréne, Koch and
Grassmann, 1996; Nakano and Watanabe, 2012). This is achieved by interaction with a Rex-responsive
element (RxRE), a sequence found between the U3 and R segments of the LTR, which forms a stem-
loop in the untranslated regions (UTR) of plus-strand viral RNAs (Gréne et al., 1994). Rex’s control of
nuclear export is thought to play a role in viral latency, and is responsible for a two-phase dynamic of
viral expression ex vivo, where certain transcripts are exported (and therefore translated) before

others (Rende et al., 2011; Cavallari et al., 2016).

1.1.6.2 Tax

Tax is translated from the same mRNA transcript as Rex, and is the most thoroughly characterised of
the HTLV-1 proteins. It is a potent activator of viral expression, and has been implicated in the
dysregulation of a vast array of host cellular transcriptional pathways in order to increase infectivity,
drive proliferation and possibly transformation of the host cell (Currer et al., 2012). Perhaps its most
important function is as a transactivator, enhancing viral expression from the 5’-LTR though
interactions with the Tax response element (TRE). This is discussed in depth in section 1.1.8 (“Viral

Expression and Persistence”).

Other than driving viral expression, Tax has been linked to an ever-increasing number of host
pathways. The presence of Tax has been shown to upregulate expression of serum response factor
(SRF) by binding to SRF response elements (SREs) in the promoter of the SRF gene, as well as leading
to increased transcription of a number of SRF-controlled genes, including members of the activator
protein 1 (AP-1) superfamily c-fos, c-Jun and JunD, which are involved in cellular proliferation and
transformation. There may be some reciprocity as well, as the second TRE, TRE-II, also contains an SRE

(Fujii et al., 1994; Currer et al., 2012).

Tax has also been demonstrated to hyperactivate both the canonical and non-canonical pathways of
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), a family of TFs heavily involved

in inflammation and apoptosis (canonical pathway) and lymphoid organogenesis (non-canonical), and
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which are constitutively activated in many cancers and HTLV-1-infected cell lines. Various studies have
shown that Tax interacts with subunits of the inhibitor of kB (IkB) kinase (IKK) complex and activates
it, leading to the continuous phosphorylation, ubiquitination and proteasomal degradation of the NF-
kB inhibitor IkBa, allowing TFs RelA and p50 to translocate to the nucleus and activate genes controlled
by the NF-kB response (Chu et al., 1999; Harhaj and Sun, 1999; Carter et al., 2001). Tax can also act
upstream of IKK for the same effect, for example by recruiting TGF-B activating protein kinase 1 (TAK1)
to activate the complex (Yu et al., 2008). For the non-canonical pathway, cytosolic Tax directly induces
the processing of the precursor peptide p100 to p52, allowing it and RelB to translocate to the nucleus
and upregulate their target genes (Murakami et al., 1995). Once in the nucleus, these TFs can also be

recruited by Tax to nuclear bodies which drive heightened transcription (Bex et al., 1997).

Along with directly acting upon members of the NF-kB family, various studies have found interactions
between Tax and components which are both up- and downstream in the signalling pathway. The
presence of Tax leads to upregulation of the inflammatory cytokine IL-2 and its receptor, IL-2 receptor-
a (IL-2Ra), in a manner that involves NF-kB and members of the nuclear factor of activated T-cells
(NFAT) family (Ballard et al., 1988; Good, Maggirwar and Sun, 1996). It has also been linked, with
varying degrees of credibility, with upregulation of other cytokines, including IL-21 and its receptor,
which play important roles in a number of T-cell proliferation pathways, and IL-13, whose effects
include the suppression of the antiviral immune response (Silbermann, Schneider and Grassmann,

2008; Mizuguchi et al., 2009)

Tax expression is also essential for infectious spread. It has been shown to upregulate adhesive
molecules on the cell surface such as ICAM-1 (Tanaka et al., 1995) and cellular adhesion molecule 1
(CADM1) (Manivannan et al., 2016), increasing the odds of interacting with an uninfected cell for long
enough for a VS to form and the virus to spread. Tax is also crucial to VS formation and infection as it

drives reorganisation of the microtubule network towards the forming VS (Nejmeddine et al., 2005).

Perhaps unsurprisingly, given the number of proliferative pathways Tax dysregulates, it has also been
noted to interfere with the host cell’s cell-cycle progression. Cells expressing Tax are less susceptible
to a number of cell cycle checkpoints, for example entry into synthesis (S) phase, and progression from
gap 2 (G3) to the mitotic (M) phase. Tax can upregulate and interact directly with cyclin-dependent
kinases (Cdk) 4 and 6, causing them to interact with Cyclin D, with the end result being that
retinoblastoma protein (Rb) is phosphorylated, and E2F2, a TF involved in cell cycle progression from
gap 1 (Gi) to S phase, is released and activated (Neuveut et al., 1998; Schmitt et al., 1998; Santiago et
al., 1999; Haller et al., 2002). Tax can also directly interact with Rb and target it for degradation via

the proteasome (Kehn et al., 2005). Furthermore, studies have also shown a direct interaction
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between Tax and the checkpoints kinases (Chk) 1 and 2, inactivating them and thus allowing
uncontrolled interaction between cell division cycle protein 25 (Cdc25) and the Cyclin B/Cdk1 complex,
which has the consequence of allowing accelerated progression to M-phase (Santiago et al., 1999;
Park et al., 2004, 2006). This particular interaction has been shown to be counteracted by the HTLV-1
accessory protein p30 (see section 1.1.7, “Accessory proteins”) (Datta et al., 2007). Finally, evidence
from HTLV-1-infected cell lines has suggested that Tax activates the Akt/mammalian target of
rapamycin (mTOR) signalling pathway, which is involved in a host of regulatory systems including cell
cycle control. Inhibiting mTOR function in these cells with rapamycin induced cell cycle arrest (lkezoe

et al., 2007).

In order to interact with these various pathways, Tax’s localisation and activity is controlled by post-
translational modifications, or PTMs. These include SUMOylation and ubiquitination to localise Tax in
the cytosol by the “really interesting new gene” (RING) finger protein RNF4 (Fryrear et al., 2012), and
allow its activation of the IKK complex. Deubiquitination has been shown to disrupt this interaction —
the responsible deubiquitinase can be inactivated by Tax-directed phosphorylation, and is typically
found in this phosphorylated state in HTLV-1-positive cell lines (Wu, Zhang and Sun, 2011). Tax can
also be acetylated by the transcriptional co-activator p300, a modification linked to increased NF-kB-
dependent transcription (Currer et al., 2012). While Tax is predominantly a nuclear protein, it contains
both a nuclear-localisation signal (NLS) and nuclear export signal (NES) in its sequence to allow it to

shuttle between cellular compartments (Smith and Greene, 1992; Alefantis et al., 2003).

While Tax’s list of in vitro interactions is impressive, it is unclear which of them occur in naturally
infected cells in vivo. For all its proliferative properties which could contribute to transformation and
leukaemogenesis, many leukaemic clones have either silenced Tax through methylation of the 5’-LTR,
or deleted it entirely (Takeda et al., 2004; Miyazaki et al., 2007). It is also interesting to note that, while
expression of Tax can drive transformation of rat fibroblasts which can then form tumours in mice,
and Tax expression can lead to IL-2 independent cell growth in a cell line (a hallmark of ATLL), Tax
expression alone has not been found to be sufficient to transform CD4+ T-cells (Pozzatti, Vogel and
Jay, 1990; Matsumoto et al., 1997; Bellon et al., 2010; Yoshita et al., 2012). Therefore, Tax is unlikely

to be the sole agent in leukaemic transformation during HTLV-1 infection.
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1163 HBZ

HBZ is the lone product of HTLV-1 minus-strand transcription (Gaudray et al., 2002), and together with
Tax it is considered the most important viral product in terms of viral persistence, pathogenesis and
transformation. It promotes proliferation and prevents apoptosis through multiple avenues using both
protein and RNA, and a significant portion of its effects also seem designed to counteract those of Tax

(Ma, Yasunaga and Matsuoka, 2016).

The transcript occurs in two isoforms: spliced, in which case transcription begins in the 3’-LTR, and
unspliced, when transcription begins just upstream (seen from the plus-strand) of the tax/rex ORF.
Transcription of both isoforms finishes at a classical polyadenylation site, and polyadenylated hbz
MRNA has been detected in vitro (Cavanagh et al., 2006; Satou et al., 2006). The resulting HBZ proteins
are identical except for a small difference in their N-termini, but the spliced RNA and protein have
uniformly been detected at higher levels in published studies (Satou et al., 2006; Yoshida et al., 2008;
Rowan et al., 2014). Only the spliced HBZ isoform has been found to have a proliferative effect on cells
(Cavanagh et al., 2006; Sugata et al., 2015). It is worth noting, however, that in a recent
transcriptomics study using 57 ATLL patients, minus-strand transcription was found to run past the
polyadenylation site and even the 5’-LTR in most cases, up to a distance of 50kb downstream (Kataoka

et al., 2015).

A large number of the HBZ protein’s interactions with the host cell seem to be in direct opposition to
Tax — this is expanded upon in section 1.1.9 (“Tax and HBZ”). It is capable of binding CBP/p300 (Clerc
et al., 2008), and able to activate the transforming growth factor (TGF-B) / Smad. This in turn allows
Foxp3 expression, inducing infected T-cells to become regulatory T-cells (Tregs), which can suppress
the anti-HTLV-1 immune response and are overrepresented in ATLL leukaemic clones (Satou et al.,
2011; Zhao et al., 2011). HBZ-transduced T-cells have also been shown to express increased levels of
a co-inhibitory molecule called T-cell immunoglobulin and ITIM domain (TIGIT), with a concomitant
increase in IL-10 secretion which can also suppress the immune response (Yasuma et al., 2016).
Additionally, there is limited evidence from cell lines that HBZ suppresses mTOR-regulated autophagy,

a feature seen in other viral infections and cancers (Yoshita et al., 2012).

HBZ has also been shown to dimerise with members of the AP-1 superfamily (which are also basic
leucine zipper domain (bZIP) transcription factors) in vitro, including CREB, c-Jun, and JunD (Thébault
et al., 2004; Matsumoto et al., 2005; Lemasson et al., 2007). In most cases the effect is to repress
expression, either through inhibition of DNA binding activity or sequestration in nuclear bodies (Clerc

et al., 2009; Ohshima et al., 2010). It can, however, also lead to activation and overexpression, for
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example with JunD, leading to the upregulation of proliferative genes (Thébault et al., 2004). HBZ has
also been found to completely inhibit activation of the canonical NF-kB pathway, as well as up- and
downregulating the non-canonical and canonical Wnt pathways respectively, which seems to boost

growth of ATLL cells (Zhao et al., 2009; Ma et al., 2013).

As with Tax, HBZ has a number of proliferative and anti-apoptotic effects. HBZ has also been
demonstrated to repress the expression of apoptotic factors such as Bcl-2-like protein 11 (BIM) and
Fas ligand (FasL) by binding and inactivating their upregulator, Forkhead box O3a (FoxO3a). Tax also
downregulates this pathway by recruiting the upstream regulator Akt (Olagnier et al., 2014; Tanaka-
Nakanishi et al., 2014). HBZ also seems to target the same Rb/E2F regulatory system to increase
proliferation (Kawatsuki et al., 2016). Inhibiting or knocking-out HBZ has repeatedly been shown to
suppress growth of ATLL cell lines and reduce tumorigenesis in in vivo models (Satou et al., 2006; Valeri

et al., 2010).

HBZ is primarily a nuclear protein (Hivin et al., 2005), but intriguingly only a minority of hbz mRNA
seems to be exported, even though its export is Rex-independent (Rende et al., 2011; Cavallari et al.,
2016), suggesting that HBZ has regulatory effects at both protein and RNA levels. Indeed, hbz RNA has
been found to have proliferative effects by upregulating the TF E2F1, thereby accelerating the G;-S
transition (Satou et al., 2006). An excellent recent study by Mitobe et al. attempted to separate the
effects of HBZ protein and RNA by comparing the effects of hbz in infected mouse CD4+ T-cells,
according to whether the provirus contained wild-type (WT), translatable hbz, hbz lacking a start
codon, or hbz with silent mutations designed to disrupt its secondary structure (Mitobe et al., 2015).
While both RNA and protein displayed the same proliferative effect, increasing the frequency of cells
in S-phase, they diverged after that. Without RNA structure, expression of the HBZ protein seemed to
in fact have an apoptotic effect on cells compared to the WT, while they were more resistant to
apoptosis when only RNA was expressed. Overall, they found HBZ protein effects focused on TFs
related to lymphocyte differentiation (Foxp3) and cytokine production (IL-2, IL-4, IL-10 etc.), while
RNA-only expression was linked to downregulation of cell-cycle control genes (CDKN1A, RB1; the
genes which encode protein Cdk1 and Rb, also affected by Tax) and upregulation of proliferative (E2F1,
Cyclin A2, MCM5) and anti-apoptotic (survivin) genes. Unlike Tax, transgenic expression of HBZ alone
can transform CD4+ T-cells, and HBZ-transgenic mice spontaneously suffer from inflammatory lesions

and lymphomas (Satou et al., 2011).

It is universally accepted that HBZ expression is vanishingly low in vivo. A monoclonal antibody has
recently been developed which it is claimed can detect and visualise HBZ expressed at physiological

levels, something previously impossible (Raval et al., 2015; Baratella et al., 2017). Their quantification
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concludes that HBZ expression is around 50-fold lower in naturally infected PBMCs than in the HBZ-
transduced cell lines which have historically been used to investigate HBZ expression and function,
and found cytoplasmic HBZ to be an exclusive feature of the infected PBMCs of HAM/TSP patients.
Another study by Shiohama et al. was only able to detect antibodies against HBZ in approximately 10-
15% of HTLV-1-infected persons, and some of their results are in direct contrast those using the
monoclonal antibody (Shiohama et al., 2016). It is therefore worth stressing that conclusions about
physiologically relevant protein-protein interactions by HBZ, and their consequences for the virus and

cell, have to be made with caution.

1.1.7 Accessory Proteins

The p12 protein localises to the endoplasmic reticulum (ER) and seems to play a role in increasing viral
infectivity, as well as downregulating the cell surface presentation of major histocompatibility complex
class I (MHC 1) molecules (Albrecht et al., 2000; Johnson et al., 2001; Kim et al., 2006). It has also been
found to upregulate a number of signalling pathways, including signal transducer and activator of
transcription 5 (STAT5), with the putative effect of reducing the host cell’s dependence on IL-2 for
proliferation (Nicot, 2001). The ER-localisation signal on p12 can be cleaved to produce the protein
p8, which localises to the cell surface and may play a role in infectivity through cellular conduits and
increasing cell clustering by upregulating LFA-1. It has also shown the potential to induce T-cell anergy

through abrogation of T-cell receptor (TCR) signalling (Van Prooyen et al., 2010).

p13 and p30 share an ORF and a portion of their sequences, but have differing cellular locations and
roles. p13 has been found in the inner mitochondrial membrane, with effects on mitochondrial
morphology and membrane permeability observed at high concentrations, leading to apoptosis
through release of cytochrome c (Silic-Benussi et al., 2009; Biasiotto et al., 2010). p30, on the other
hand, seems to localise in the nucleolus, and play a role in regulating viral expression by binding
tax/rex mRNA and sequestering it in the nucleus (Nicot et al., 2004). At low concentrations, it may also
have a role as a TF by interacting with CREB-responsive promoters (Zhang et al., 2000). Finally, p30
may counteract some of Tax’s effects regarding pushing cells through cell cycle checkpoints,
potentially protecting the host cell from DNA damage-related apoptosis (Datta et al., 2007; Baydoun
et al., 2010).

It is worth noting that these proteins are difficult to study because they are expressed at extremely

low levels in physiological conditions (Rende et al., 2011), and many of the published reports have
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used overexpression systems, either in vitro or in animal models. Furthermore, given their overlapping
OREFs, and their overlap with the hbz ORF, discerning the effects of individual transcripts through the

use of knock-outs is a complicated exercise.

1.1.8 Viral Expression and Persistence

HTLV-1 expression begins in and is driven by promoters in the 5’- and 3’-LTRs. For the plus-strand, a
complete, unspliced genomic RNA is transcribed, and the various transcripts are produced through
splicing (Fig. 1-2). The factors and processes involved in one transcript being produced over another
are unclear, but there is a marked difference in the relative expression of the various plus-strand
transcripts produced in naturally infected cells, and they appear to be expressed in a particular order.
This is partially a result of differential export and translation than transcription (Li et al., 2009; Rende
et al., 2011). It has traditionally not been possible to detect HTLV-1 virions, proteins or mRNA in the
blood of infected individuals, although it is in rare cases possible with tax/rex RNA, and is beginning
to occur for hbz RNA and possibly protein with increasingly sensitive techniques (Richardson et al.,
1997; Kataoka et al., 2015; Baratella et al., 2017). In spite of this paucity of detectable viral markers,
infected persons maintain a chronically activated anti-HTLV-1 CTL response. The short-lived nature of
the activation state of these cells in the absence of antigenic stimulation indicates that, in spite of an
almost latent virus from a detection standpoint, viral antigen is regularly being presented to the
immune system (Daenke et al., 1996; Bangham, 2011). Once infected PBMCs are cultured in vitro, viral
expression quickly emerges — tax/rex is detected almost immediately and increases rapidly, followed
by the other transcripts after a lag of 1-4 h (Hanon et al., 2000; Rende et al., 2011). tax/rex and the
structural transcripts gagpol and env are expressed at the highest level, although this fluctuates over
time in multiple systems, while hbz and the accessory genes are expressed at a far lower level. hbz is
expressed at a rate which is lower than tax/rex by up to 10,000-fold, but stays relatively stable (Satou

et al., 2006; Li et al., 2009).

It remains unclear precisely how viral expression from 5’-LTR and 3’-LTR is controlled in vivo, but it is
worth noting that CD4+ T-cells, the principal viral reservoir, do not exclusively circulate in the
peripheral blood. In fact, they spend a far larger proportion of their time in the lymphatic system, an
environment which is far more hypoxic than venous blood. In support of this hypothesis, a recent
study by Kulkarni et al. has provided evidence that hypoxia and glycolysis may play a role in

reactivation of plus-strand expression from latency in vivo (Kulkarni et al., 2017). Increased levels of
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tax mRNA have also been detected in the bone marrow, another hypoxic compartment (Yasunaga et

al., 2016).

Tax has long been known to be able to transactivate transcription from the 5’-LTR promoter, and the
fundamental understanding of its mechanisms of action has not changed in the last 10 years (Currer
et al., 2012; Giam and Semmes, 2016). Since all structural genes are encoded on the plus-strand, it is
crucial to viral expression and replication (Currer et al., 2012). 5’-LTR transcription is achieved through
a series of interactions with the TRE. Tax associates with the TF CREB, forming a complex which binds
to the 21bp-repeats in the TREs, a step which is essential for high-level transcription (Wagner and
Green, 1993; Anderson and Dynan, 1994; Tie et al., 1996). It then recruits a host of cellular co-
activators including CBP/p300, which are involved in virtually every eukaryotic gene expression
pathway (Kwok et al., 1996; lyer, Ozdag and Caldas, 2004), as well as activating transcription factor
(ATF), p300/CBP-associated factor (PCAF) and NFAT (Harrod et al., 2000; Currer et al., 2012). CBP and
p300 are histone acetyltransferases (HATs), and chromatin remodelling around the promoter to an
‘open’ state through hyperacetylation has been shown to be stimulate transcription (Lu et al., 2002).
Along with other chromatin remodellers such as the “switching-defective-sucrose non-fermenting”
(SWI/SNF) complex and nucleosome assembly protein 1 (NAP1), nucleosomes can be evicted by the
Tax complex to make way for transcriptional machinery (Lemasson et al., 2002; Sharma and Nyborg,
2008; Easley et al., 2010). In support of this, histone deacetylases (HDACs) can inhibit plus-strand
expression, while HDAC inhibitors (HDIs) such as valproate have been shown to boost expression from

the 5’-LTR (Ego, Ariumi and Shimotohno, 2002; Lemasson et al., 2004; Belrose et al., 2011).

As well as influencing integration site choice, the epigenetic landscape around the provirus affects
transcription. As could be expected from the need for “open” histones for high plus-strand
transcription, association of activating epigenetic marks such as acetylation with the genome around
UIS is associated with higher viral expression and more frequent Tax expression (Gillet et al., 2011).
An extra 10*? lymphocytes have been estimated to be created per year in HTLV-1 patients compared
to healthy controls as a result of virus-driven proliferation, and the rate of cellular proliferation was

found to correlate with frequency of viral expression ex vivo (Asquith et al., 2007).

Anti-Tax CTLs, however, have proven to be highly efficient at killing Tax-positive cells in vitro and ex
vivo, and this may explain both why Tax is undetectable in vivo, why clones more likely to express Tax
tend to have lower abundance in vivo, and why over time the surviving clones are found to be
increasingly integrated in silent stretches of DNA, favouring latency (Hanon et al., 2000; Asquith et al.,
2005; Gillet et al., 2011; Melamed et al., 2013). Over time, plus-strand expression has also been found

to be downregulated or silenced through methylation of the 5’-LTR, silencing mutations of the plus-
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strand genes or even deletion of a portion of the proviral genome. This can either involve the loss of
just the 5’-LTR, termed a type-I defective provirus, or a deletion up to and including the first tax exon,
a type-ll defective provirus. Either way, plus-strand transcription is totally abrogated in these
circumstances, and one of these deletions is found in approximately half of the leukaemic clones

isolated from ATLL patients (Takeda et al., 2004; Miyazaki et al., 2007; Kataoka et al., 2015).

It is not clear how this high level of plus-strand expression ends, aside from detection and destruction
of the infected cell by anti-Tax CTLs. HBZ protein has been shown to be capable of breaking the cycle
of Tax self-upregulation of its own expression by competing for the CREB protein in vitro, which is
discussed more fully in section 1.1.9 (“Tax and HBZ”). The TF c-Maf can achieve the same effect, also
by competing for CREB binding (Hieshima et al., 2011). HBZ protein can also block Rex-dependent
export of unspliced RNAs from the nucleus in vitro, although this would not affect Tax expression
(Philip et al., 2014). Finally, as has been mentioned previously, it is also possible that the accessory
protein p30 may play a part in controlling plus-strand expression through retention of tax/rex mRNA
in the nucleus, although this effect was observed with level of p30 expression which may not occur in

vivo (Baydoun, Bellon and Nicot, 2012).

The promoter in the 3’-LTR is responsible for minus-strand transcription. It is located in the R-U5
region of the LTR, is a TATA-less promoter, and contains three Sp1 binding elements along with the
three CREs present in the 5'LTR-promoter (Cavanagh et al., 2006; Yoshida et al., 2008). Transcription
of the spliced isoform of hbz on the minus-strand is dependent on Sp1 binding elements in the 3’-LTR,
and It has been reported that HBZ forms a complex with JunD and Sp1l to enhance 3’-LTR promoter
activity (Gazon et al., 2012). hbz expression can also be induced by Tax through interaction with a TRE

in the 3’-LTR (Yoshida et al., 2008).

Intriguingly, while plus-strand expression is often silenced in vivo, the 3’-LTR has never been found to
be deleted or silenced through epigenetic repression, and all ATLL cell lines and HTLV-1-infected cell
lines are positive for hbz RNA in vitro, through gPCR, and in vivo through RNA-Seq (Satou et al., 2006;
Kataoka et al., 2015). This may be in part thanks to a functional, conserved binding site for CCCTC-
binding factor (CTCF) which has recently been discovered to be located at the beginning of the pX
region in the plus-strand (Satou et al., 2016). Among its many roles in the regulation of gene
expression, CTCF functions as an insulator, demarcating boundaries between different histone
modifications (Phillips and Corces, 2009). This may explain the stark difference in histone
modifications seen across the proviral genome, and could permit the maintenance of expression from
the 3’-LTR. The hbz gene also typically displays drastically fewer silencing mutations than genes on the

plus-strand (Kataoka et al., 2015). This observation could be due to the necessity of hbz expression for
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viral persistence: rabbits infected with an hbz-negative virus displayed a significantly reduced PVL, and
when the same virus was used to infect macaques, reversion mutants with restored hbz expression
were discovered over time (Valeri et al., 2010). It also possible that, as a complementary strand gene,
hbz is protected from mutation by the cytidine deaminase enzyme, apolipoprotein B mRNA editing
enzyme, catalytic polypeptide-like 3G (APOBEC3G), during the initial infection of a cell by HTLV-1 (Fan
et al., 2010).
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1.1.9 Tax and HBZ

The regulatory proteins Tax and HBZ are considered the most important in HTLV-1 pathogenesis, and
are fascinating for the depth of their interactions, many of which are mutually antagonistic (Fig. 1-3,

Matsuoka and Yasunaga, 2013).

In terms of viral expression, they appear to act combinatorially to regulate viral transcription: Tax
drives plus-strand expression, but subsequently HBZ (potentially upregulated by Tax) competes for
CREB, disrupting the transcription complex. hbz RNA alone (mutated to lack a start codon) was not
able to reduce plus-strand expression (Satou et al., 2006). Intriguingly, certain factors also have
opposing effects on their promoters. While the HDI valproate increases plus-strand transcription,
expression of hbz falls (Belrose et al., 2011). Similarly, the two Wnt TFs T-cell factor 1 (TCF1) and
lymphoid-enhancer binding factor 1 (LEF1) directly interact with Tax to suppress plus-strand
transcription, but also cause a modest increase in hbz expression by an unknown mechanism (Ma et

al., 2015).

Along with expression, many of HBZ’s cell interactions seem specifically aimed at counteracting Tax
(Fig. 1-3). Tax activates both of the NF-kB pathways, while HBZ can entirely negate Tax’s activation of
the canonical pathway by binding and inhibiting RelA/p65, preventing cellular senescence through NF-
kKB hyperactivation. Tax upregulates expression of the AP-1 superfamily, but HBZ either
downregulates, sequesters or inactivates many of its members (Hivin et al., 2007; Clerc et al., 2009;
Ohshima et al., 2010). Tax inhibits TGF-B signalling but HBZ activates it (Zhao et al., 2011), and Tax
activates the canonical Wnt pathway, which is blocked by direct HBZ interaction with the TFs
mentioned earlier, TCF1 and LEF1, and suppressing their DNA binding ability. Instead, HBZ upregulates

the non-canonical Wnt ligand Wnt5a, which boosts ATLL cell growth (Ma et al., 2013).

With all their counterbalanced interactions, it is not surprising that Tax and HBZ have been described
as the “Yin and Yang” of the virus (Matsuoka and Yasunaga, 2013). Their seeming crosstalk and mutual
antagonism may allow a finer modulation of the host T-cell, balancing the need for proliferation and
cell-to-cell infection with the avoidance of senescence, apoptosis and detection followed by

destruction by the anti-HTLV-1 immune response.
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Figure 1-3 | The opposing functions of Tax and HBZ

Tax activates expression of CREB pathway genes through the recruitment of CREB and CBP/p300
to their transcription sites, but HBZ can block this interaction through direct competition for CREB
binding. Tax activates the canonical Wnt pathway, but HBZ interacts with LEF and TCF further
downstream in the same pathway to suppress target gene expression. HBZ increase TGF-B/SMAD
signalling by recruitment of CBP/p300 and other TFs to target promoter sites, but Tax inhibits this
pathway. Tax activates both the canonical and non-canonical NF-kB pathways, while HBZ can
inhibit activation of the canonical pathway through interaction with RelA/p65. Tax activates the
kinase Akt to upregulate AP-1 target gene expression, but HBZ can directly bind and inhibit c-Jun
and JunB via their bZIP domains to downregulate the same genes.

Reproduced unaltered from “Current Opinion in Virology, Matsuoka & Yasunaga 2013. ‘Human T-
cell leukemia virus type 1: replication, proliferation and propagation by Tax and HTLV-1 bZIP
factor’. 3(6): 684-691”, with permission from Elsevier.
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1.1.10 Immune determinants and anti-HTLV-1 response

Once HTLV-1 infection is established, it persists throughout the life of the patient (Cook et al., 2013).
This means that over the course of several decades, the virus must be able to evade a host immune

response which is strong and constitutively active (Daenke et al., 1996; Bangham, 2011).

The single most important predictor of HTLV-1 associated disease is a patient’s PVL: a greater
proportion of infected PBMCs correlates with an increased likelihood of disease and disease severity.
The PVL stabilises shortly after infection and remains largely stable over decades (Gillet et al., 2011;
Demontis, Hilburn and Taylor, 2012). While it is largely consistent within an individual, however, it
doesvary by a considerably larger degree between individuals — from less than 0.001% of PBMCs being
infected, to some cases of ATLL with over 100% PBMC infection (some clones are superinfected)
(Demontis, Hilburn and Taylor, 2012; Cook et al., 2014). For reasons which will be explored in this
section, an infected individual’s particular PVL is thought to be a result of a dynamic equilibrium
between virus-driven proliferation and cell-to-cell spread, and infected-cell killing primarily by CD8+
CTLs (Bangham et al., 2009). The host immune response clearly plays a role in the extended incubation
period before onset of ATLL, as incidence of the disease increases significantly in individuals with

suppressed immune systems (Hoshida et al., 2001).

A PVL of more than ~1% is considered a significant risk-factor for developing HTLV-1 associated disease
(Nagai et al., 1998), the relative risk of developing ATLL increases above a PVL of 4%. While there is a
clear overall increase in the average PVL of ATLL patients compared to HAM/TSP patients, who in turn
have a higher average PVL than asymptomatic carriers (ACs), there is significant overlap between the
groups (Gillet et al., 2011; Demontis, Hilburn and Taylor, 2012). Particular class | human leukocyte
antigen (HLA) genotypes have a significant role in determining HAM/TSP risk and a person’s PVL “set
point”, at which point virus-driven proliferation and infection is at equilibrium with CTL-led destruction
of infected cells (Jeffery et al., 1999; Macnamara et al., 2010). Only half of ACs and HAM/TSP patients
have detectable anti-HBZ CD4+ or CD8+ T-cells, and the abundance of IL-2 secreting anti-HBZ CD8+ T-

cells cells is inversely correlated with PVL (Hilburn et al., 2011).

What seems to be the determining factor in the set-point of the dynamic equilibrium between HTLV-
1 and the immune response is not the quantity of anti-HTLV-1 cells, but rather their quality. Tax is the
immunodominant HTLV-1 antigen, while HBZ is a remarkably poor immunogen (Cook et al., 2013;
Sugata et al., 2015). In fact, while anti-Tax CTLs are by far the most abundant anti-HTLV-1 T-cells, and
they are far more efficient at killing infected cells than anti-HBZ CTLs, their abundance or functional

avidity for Tax epitopes does not correlate with protection from HTLV-1 in the form of a lowered PVL
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or risk of disease (Hanon et al., 2000; Goon et al., 2004; Rowan et al., 2014). In contrast, the
comparatively poor ability of anti-HBZ CTLs to kill infected cells has been linked to poor presentation
of HBZ epitopes by MHC |, which is of course determined by a person’s HLA | genotype. The protective
genotypes have been found to bind HBZ epitopes more tightly, increasing CTLs functional avidity and
lytic efficiency with a concomitant reduction in PVL and disease risk (Kattan et al., 2009; Macnamara
et al., 2010; Rowan et al., 2014). In support of this, unlike for Tax expression, the level of hbz
expression detected in vivo correlates with their PVL and risk of deleterious symptoms (Andrade et
al., 2013). Interestingly, the study which found this also found hbz expression to stay roughly

consistent as a factor of the PVL (Saito et al., 2009).

The immunodominance but seeming superfluousness of Tax in the face of the immune response
contrasts starkly with the much lower expressed, far less immunogenic but seeming necessity of HBZ.
Expression of the minus-strand protein has also been shown to upregulate the FoxP3 TF, driving the
differentiation of infected T-cells to FoxP3+ Tregs. These have an anti-inflammatory effect on the
immune response, and their frequency (which is heightened in ATLL patients) is anticorrelated with

CTL lytic efficiency (Bangham et al., 2009; Satou et al., 2011).

HTLV-1 patients often present a robust antibody response to a number of viral proteins, particularly
Gag, Env and Tax. Approximately 50% of HTLV-1-positive individuals possess anti-Tax antibodies, and
they can reach very high titres in HAM/TSP patients. Only 10% of ACs and HAM/TSP patients had
detectable plasma anti-HBZ antibodies, a figure that rose to 15% in ATLL patients. Overall, antibodies
do not seem to offer protection, whether through abundance or affinity (Enose-Akahata et al., 2013;

Shiohama et al., 2016).

CADM1 presentation, typically not expressed in lymphocytes, is strongly correlated with infection
(65% of the HTLV-1 load is typically found in CADM1+ lymphocytes), and makes cells more susceptible
to lysis by CTLs (Manivannan et al., 2016).

Type 1 IFN suppresses HTLV-1 expression and proliferation, which may be mitigated by HTLV-1 by
upregulating suppressor of cytokine signalling 1 (SOCS1), or through competition between STAT2 and
Tax for the CBP/p300 co-activators (Kinpara et al., 2009, 2013). Another indicator of IFN’s effect on

HTLV-1 is its efficacy as a treatment for certain ATLL subtypes (Bazarbachi et al., 2010).

In theory, one would expect HTLV-1 to be a good vaccine candidate. Its genome is relatively stable,
reducing the probability of escape mutations, and patients readily develop antibodies against surface
molecules such as Env (Mahieux, 2015). A very promising vaccine against the related bovine leukaemia

virus (BLV) has also recently been developed (Gutiérrez et al., 2014). So far, however, attempts have
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fallen short, although a recent HBZ-based vaccine showed promising results in mice (Sugata et al.,

2015).

1.2 Transcriptional bursting and cell-to-cell heterogeneity

HTLV-1’s latency and expression is necessarily a product of transcription. All cellular life is based on
the central dogma that DNA is converted to RNA by transcription, before being translated into protein
which carries out the cell’s functions. Historically, genes were thought to be expressed constitutively,
resulting in a Poisson-like distribution of gene products. In 1957, however, Novick and Weiner
observed a high degree of variability in the level of beta-galactosidase production of individual cells,
and that induction increased the proportion of cells expressing the enzyme as opposed to an equal
increase in every cell’s expression (Novick and Weiner, 1957). Over time, it has become increasingly
clear that transcription can occur in episodic “bursts”, characterised by periods of high mRNA creation
interspersed with periods of transcriptional silence. In fact, this manner of expression has come to be
seen as almost universal in higher eukaryotes, including humans, and plays a significant role in cells’
ability to respond to stimuli (Raj et al., 2006; Raj and van Oudenaarden, 2008; Dar et al., 2012; Nicolas,
Phillips and Naef, 2017).

Mammalian transcription is predominantly carried out by RNA Pol Il, and is split into three overall
processes termed initiation, elongation and termination. RNA Pol Il requires a number of general
transcription factors (GTFs) to begin transcription, and together they form the PIC (Conaway and
Conaway, 1993; Kornberg, 2007; Murakami et al., 2013). Initiation begins with the factor TFIID being
recruited to, and binding, the promoter sequence of a gene. This factor includes Tata box-binding
protein (TBP) and TAF1/2, which recognise the DNA initiation element and are essential for
transcription and its regulation. TFIID then recruits a host of other factors, which interact with the
DNA strand and the polymerase to begin initiation. These factors include TFIIB, TFIIE, TFIIF and TFIIH,
which is responsible for melting the DNA double helix and allowing the polymerase to clear the
promoter sequence by phosphorylating its Serine-5 residue. The polymerase subsequently often does
what is called a “promoter-proximal pause”, and is only released by the protein Cdk9 (the catalytic
subunit of the positive transcription elongation factor, or P-TEFb) phosphorylating the polymerase’s
Serine-2 residue. Another key factor is a complex of proteins collectively termed Mediator, which
recruits a number of the previously mentioned factors, increases the kinase activity of TFIIH, and
increases the rate of initiation by retaining the GTFs after a polymerase is released for elongation.

Genes which require rapid transcription when activated, such as the IEGs, have paused polymerases
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occupying their promoters in this manner, waiting for release by Cdk9 (Senecal et al., 2014). Both HIV-
1’s and HTLV-1’s transactivators Tat and Tax can accelerate this step by directly binding Cdk9 and
recruiting P-TEFb to the proviral 5’-LTR (Wei et al., 1998; Zhou et al., 2006; Tantale et al., 2016).

As it is based on the biochemical reactions between polymerases, RNA and DNA, sometimes limited
to one or two copies per cell, transcriptional bursting is best understood as stochastic or probabilistic,
resulting in significant cell-to-cell heterogeneity. The same stimulus within an isogenic population of
cells will not resultin a uniform increase in expression, but rather increase the frequency of expression
in the form of transcriptional bursts, or the number of transcripts produced from each burst. A
particular gene product’s absolute abundance within a given cell is determined by its degradation rate,
the frequency of active transcription and the amplitude of that transcription (the “size” of the burst).
This amplitude in turn is determined by the duration of the burst, and the rate of polymerase initiation
and elongation during the burst. Dar et al found that both of these parameters varied across 8000
human genes whose expression was tracked in vitro (Dar et al., 2012). Factors which contribute to this
variation between genes include the characteristics of their promoters, the epigenetic landscape they
are situated in and the availability of TFs (Senecal et al., 2014). For example, genes in denser chromatin
regions as measured by reduced DNAse hypersensitivity tend to have more variation in the frequency
of their bursts, and nucleosome occupancy is a deciding factor of a promoter’s rate of activation (Dey

etal., 2015).

Interestingly, one study has demonstrated a strong link between cell volume and total RNA content
for many genes, indicating that for many genes the important consideration is mMRNA concentration
as opposed to abundance (Padovan-Merhar et al., 2015). Another used multivariate modelling of 183
parameters, including cell size, TF concentration and mitochondrial content, and demonstrated that a
significant proportion of the seemingly stochastic heterogeneity between individual cells could in fact
be explained by deterministic differences in those cells’ stimuli and current condition. It also
demonstrated that for many genes, stochastic noise in transcription is passively “filtered” by control
of nuclear export, resulting in a stable rate of protein translation (Bahar Halpern et al., 2015; Battich,
Stoeger and Pelkmans, 2015; Stoeger, Battich and Pelkmans, 2016). The rate of protein transport back

into the nucleus is also a significant contributor to heterogeneity (Sturrock, Li and Shahrezaei, 2017).

An increasing number of studies are investigating viral expression at the single-cell level, the majority
of which involve sorting of individual cells by fluorescence-activated cell sorting (FACS) followed by

gPCR (Ciuffi, Rato and Telenti, 2016).

A significant number of studies, including the aforementioned Dar et al., have used the HIV-1

promoter as a tool to investigate cell-to-cell heterogeneity and the drivers of transcriptional burst
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characteristics. Of particular interest given its viral nature, this promoter also exhibits an all-or-nothing
expression pattern, with reactivation of viral expression in latent, isogenic cells appearing to be
stochastic and probabilistic (Weinberger et al., 2005; Weinberger and Weinberger, 2013; Murray et
al., 2016). Intriguingly, the promoter’s expression profile varies depending on the chromatin state
surrounding its integration site, and the length of pulses of Tat (the HIV transactivator protein)
expression can be modulated by altering the abundance of Tat or its activity, in some cases leading to
restored latency (Weinberger, Dar and Simpson, 2008; Skupsky et al., 2010). A recent study by Tantale
et al. used a similar approach in live cells to demonstrate that transcriptional bursts from the HIV-1
promoter consist of “convoys” of RNA polymerase Il (RNA Pol Il) processing along the template strand,
with a few 100 nt spacing between them; the same was observed with the mammalian promoter for
the large RNA Pol Il subunit. (Tantale et al., 2016). The activity of the HIV-1 promoter seemed to be
driven by two stochastic events working on different timescales. Fluctuations on the scale of minutes
seemed to be dependent on binding of the Mediator complex, which is essential for loading of the
pre-initiation complex (PIC) and allowing reinitiation. The promoter also underwent longer periods,
measured in hours, of either being permissive or refractive to any expression at all, which was linked

to binding of the TBP to the promoter, and could be dependent on chromatin state.

1.3 Cell Cycle

The cell cycle is the series of precisely regulated biochemical and morphological steps which cells pass
through in the process of dividing and creating daughter cells. Naturally, it is crucial to life and often
becomes dysregulated in the context of infection and cancer. Somatic cells undergo mitosis, whose
cycle in broad terms involves the phases Go, Gi, S, G2 and M, with checkpoints controlling the cell’s
progression from one phase to the next (Fig. 1-4) (Vermeulen, Van Bockstaele and Berneman, 2003).
Cells can be resting or quiescent in Go, but must grow and increase protein and organelle biogenesis
in the first active phase of the cycle, Gi. After passing through the G1 checkpoint, also known as the
restriction point, the cell becomes committed to undergoing mitosis. It then enters S-phase, so named
for the DNA synthesis which replicates the cell’s genome: once complete, the cell will have double its
normal complement of DNA. It then undergoes a second period of growth (G;) in preparation for
mitosis, expressing mitotic proteins and generally increasing in size so that the resulting daughter cells
will have sufficient cytosol, organelles etc. There is then a final checkpoint, the G,-M DNA damage

checkpoint. True to its name, the cell uses it to ensure that replication has finished, and its DNA is
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intact, before allowing mitosis to begin, which if it went awry would conclude in genomic instability

or cell death.

The cell cycle is primarily regulated by two sets of molecules: the Cdk family of serine/threonine
kinases, and their binding partners, known as cyclins. More than 20 Cdk proteins have been
discovered, and each can bind to a number of cyclins to achieve a variety of complex regulatory
functions (Satyanarayana and Kaldis, 2009). There is also extensive redundancy among the Cdk and
cyclin family members: individual or even multiple gene knock-outs have limited obvious effect on cell
fitness. Some of the more important Cdk/Cyclin complexes are shown in Fig. 1-4. Cdk4 and Cdk6
phosphorylate proteins from the Rb family after being activated by Cyclin D. This releases the E2F TFs,
resulting in upregulation of E2F-responsive genes (many of which are other cyclins) necessary for cell
cycle progression. Cdk2 is activated by Cyclin E and completes Rb protein phosphorylation, further
increasing E2F-controlled transcription. This allows passage through the Gi-S checkpoint and the
beginning of DNA replication in S-phase. Cdk2 continues to play an important role in S-phase,
complexed with Cyclin A which phosphorylates a number of proteins involved in DNA replication. Cdk1
is necessary for progression through the G,-M checkpoint and the beginning of prophase, as well as
having a number of important roles throughout mitosis (Vermeulen, Van Bockstaele and Berneman,

2003; Satyanarayana and Kaldis, 2009).

How the expression of genes which are not functionally related to the cell cycle changes over the
course of the cycle remains an area of investigation. When cells are in G, they will have twice as many
copies of genes, promoters and enhancers as they normally do. What’s more, genes which are
replicated early in S-phase will double in copy number before late-S genes. How the overall abundance
of particular mRNAs is kept relatively constant during this time presents cells with a conundrum.
Skinner et al. characterised the bursty expression of two genes critical to haematopoietic stem cell
pluripotency, Nanog and Oct4. The promoters from each allele were found to act independently of
each other, but their burst frequency fell in G2/M, somehow “buffering” the abundance of their
transcripts in the cell while the gene copy number was doubled (Skinner et al., 2016). Another study
has found that, though they act independently, allelic promoters’ activity can be correlated through
responding to the same stimulus (Kalo et al., 2015). Yet another study reported that for many genes,
transcript abundance as a factor of cell size remained constant throughout the cell cycle (Padovan-

Merhar et al., 2015).
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Cyclin

Figure 1-4 | Cdk/Cyclin complexes and cell cycle regulation

The stages at which Cdk/Cyclin complexes regulate cell cycle progression are indicated.

Reproduced, unaltered, from “Vermeulen, K., Van Bockstaele, D. R. and Berneman, Z. N. (2003),
The cell cycle: a review of regulation, deregulation and therapeutic targets in cancer. Cell
Proliferation, 36: 131-149. doi:10.1046/j.1365-2184.2003.00266.x”, with permission from John

Wiley & Sons.
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1.4 Fluorescence Microscopy

Fluorescence microscopy is based upon the excitation of fluorophores using a specific wavelength of
light, and measuring the light which these excited fluorophores subsequently emit (Lichtman and
Conchello, 2005). These fluorophores can be attached to biological molecules through a variety of
processes, including genetically encoding the naturally occurring fluorescent proteins like green
fluorescent protein (GFP). Organic chemists have developed thousands of fluorophores with specific
excitation and emission spectra, allowing the simultaneous imaging of multiple fluorophores using

specific wavelengths of visible light, which is relatively harmless to biological molecules.

The approach chosen in this project is called single-molecule RNA-fluorescence in situ hybridisation
(smRNA-FISH). It uses up to 48 oligonucleotides, each labelled with a single fluorophore, to hybridise
with their complementary sequence on a targeted mRNA transcript (Raj et al., 2008). By targeting
unique sections of the transcript sequence, it is possible to specifically label it such that individual
transcript molecules can be reliably visualised against the background. This allows the transcripts to
be counted, meaning that expression within individual cells can be quantified absolutely. More
sophisticated analyses such as characterising transcriptional bursts through visualisation of nascent,
unspliced RNA, and tracking mRNA location is also possible (Mueller et al., 2013). The counting itself
is based on the principle that each transcript will create a diffraction-limited spot. In the instance
where two transcripts are closer to each other than the optical resolution of the microscope, their
resulting signal will not be diffraction limited, as well as being brighter than spots from a single
transcript. For conventional widefield microscopy, the optical resolution of a microscope objective is

defined by the following equations, named after the German physicist Ernst Abbe:

Abbe Resolution,, = 1/2NA

Abbe Resolution, = 21/NA?

A corresponds to the wavelength of light used, while NA is the numerical aperture of the objective,
which in turn is defined by the sine of the aperture angle (6) and refractive index (n) of the medium

through which imaging occurs (glass, water etc.).

NA = n Xsin@
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The effects of these equations are that, in the widefield microscope used for this project, the
resolution limit in the xy-axis for the emission of “green” fluorophores (~550 nm) would be
approximately 200 nm, while for a far-red fluorophore (~650nm) the corresponding limit is 240 nm. A
fluorescing sub-diffraction molecule would appear as spot of those dimensions, regardless of how
much smaller than it truly is. The resolution limit in the z-axis would be approximately 600 nm and 710
nm respectively. In the recent past a number of techniques have been developed which allow the
“bending” of this rule through sophisticated optics and computation, such as deconvolution and the

fitting of gaussian profiles (Mueller et al., 2013; Verdaasdonk et al., 2014).

As fluorescence involves the detection of specific signals, autofluorescence is a concern that has to be
addressed. In most cells, it tapers off rapidly as wavelength increases, being highest around 400-500
nm and significantly lower above 600 nm. Fixatives can also drastically affect autofluorescence; this is
one of the reasons why the otherwise excellent fixative glutaraldehyde is unusable in a fluorescence
microscopy context, with the weaker formaldehyde producing far less autofluorescence (Lichtman

and Conchello, 2005).

1.5 Previous Work

HTLV-1 expression has been studied extensively, especially its two gene products tax and hbz.
However, the majority of these studies have used animals models (Matsumoto et al., 1997; Arnold et
al., 2006; Valeri et al., 2010; Satou et al., 2011), or induced expression of viral constructs in
immortalised cell lines (Satou et al., 2006; Currer et al., 2012; Mitobe et al., 2015). There is no
guarantee that their expression patterns will correspond to the state of affairs in vivo, particularly in
the case of hbz and the accessory proteins, which are expressed at far lower levels than in most in

vitro systems.

Furthermore, many studies have made use of bulk, population-based techniques such as Western
blotting and gPCR. As has become clear, there is no guarantee that the averaged measurements of all
cells from these populations will correspond to the individual cells which make up that population, as
there may be significant levels of cell-to-cell heterogeneity which are being masked. There are a
number of increasingly powerful approaches which may be used to address this knowledge gap, such
as single-cell RNA-Seq or high-resolution fluorescence microscopy. Some studies have used flow

cytometry to measure protein expression in naturally infected cells (Hanon et al., 2000). While this
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may be appropriate for Tax, HBZ expression is not detectable using this method, and hbz RNA has

been shown to have its own regulatory properties, independent of its protein.

A recent study used RNA-Seq to measure viral expression in ATLL patients (Kataoka et al., 2015). Such
global approaches allow a snapshot of the entire host cell’s transcriptome, as opposed to smFISH’s
limitation of a handful of different gene products at a time. What imaging based approaches do offer,
however, is both temporal and spatial resolution at the intracellular level, the ability to find interesting
subpopulations of cells in a larger, mixed population, and the possibility of correlating expression with
a number of other factors such as cell size or cell-cycle stage, which are lost upon cell lysis (Coleman
et al., 2015; Vera et al., 2016). It also offers a higher detection rate of the target transcripts than RNA-
Seq, in which detection rates typically range from 5% to 20% (Deng et al., 2014; Griin, Kester and van
Oudenaarden, 2014). This is especially important when targeting a gene whose expression is as low as

hbZz's. Finally, smRNA-FISH is by its nature captures information at the single-cell level.

smRNA-FISH is based upon a library of labelled oligonucleotides binding a target RNA transcript,
together providing a sufficiently strong fluorescent signal which can be reliably and specifically
detected (Raj et al., 2008). This is dependent on the target transcript’s sequence being sufficiently
unique in order that enough oligonucleotides can hybridise with it, without risking non-specific binding
to stretches of DNA which are shared by other transcripts. As a retrovirus, HTLV-1’s genome is
drastically different from that of its host, making this risk negligible. HTLV-1’s genomic stability also
plays a crucial role, as the probes are designed using a sequenced genome which can be relied upon
to be highly similar to the proviral sequences found in patients. This problem becomes significant in
other retroviruses such as HIV, which displays an incredible sequence diversity even within a single

patient (Overbaugh, 2001; Lusic et al., 2013).
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1.6 Hypothesis & Aims

My hypothesis is that, at the single-cell level, endogenous viral expression displays a level of
heterogeneity that has been masked by the population-based approaches of previous studies. In order

to address this question, the project had a number of aims:

1. Make use of smRNA-FISH to visualise and thereby quantify the transcripts tax and hbz, as
proxies for expression of the viral plus- and minus-strands.

2. Develop an analysis pipeline to interpret the images created by this technique (described in
chapter two)

3. Investigate and quantify the occurrence of viral transcriptional bursts

4. Investigate the intracellular distribution and half-life of viral mMRNAs

5. Investigate the relationship between the expression of the plus- and minus-strand of the

provirus, and the relationship between viral expression and the cell cycle
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CHAPTER TWO

MATERIALS & METHODS
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2.1 Cells

2.1.1 Isolation of PBMCs from infected patients

Blood samples were provided from patients attending the National Centre for Human Retrovirology
(Imperial College Healthcare NHS Trust, St Mary’s Hospital, London), with written informed consent
in accordance with the Declaration of Helsinki. Blood samples were stored in the Communicable

Diseases Research Tissue Bank, approved by the UK National Research Ethics Service (15/SC/0089).

PBMCs were separated from whole blood using density-gradient centrifugation with Histopaque-
1077 (Sigma), before being stored long term in 10% dimethyl sulfoxide (DMSO, Sigma) / foetal calf

serum (FCS, Invitrogen) in liquid nitrogen, or used immediately for isolation of individual T-cell clones.

2.1.2 Isolation of T-lymphocyte clones from patient PBMCs

Cell surface markers indicative of infection (CD4, CD25 (Toulza et al., 2008), ICAM-1 (Tanaka et al.,
1995)) were used to isolate cells by magnetic activated cell sorting (e.g. CD4+CD25+ cell sorting kit,
Miltenyi Biotech). These cells were then plated on 96-well plates using limiting dilution, at ~1 cell /
well, in RPMI-1640 medium (Sigma) with 10% human AB serum (Invitrogen), 1 ug/ml
phytohaemagglutinin (PHA, Sigma), 50 IU/ml IL-2 (International units, Promokine), 10 uM raltegravir
(Selleck) and 0.5 x 108/ml irradiated feeder cells (PBMCs, mixed from three uninfected donors). The
PHA and feeder cells were replaced every two weeks, while IL-2 was replaced twice-a-week.
Raltegravir was added whenever medium was replaced to maintain a constant concentration to inhibit
secondary spread of HTLV-1. Clones which demonstrated sufficient growth after several weeks had
DNA extracted using DNEasy kits (Qiagen), and were analysed by PCR for infection (see section 2.1.3),
and LM-PCR for proviral integrity and integration site (Gillet et al., 2011), as well as to ensure that each

clone contained a single integration site.

The clones used in this project had been isolated previously by the Bangham group. Their integration
sites and the patients they came from are summarised in tables 2-1. Clones A and D came from the

same patient, as did clones C and F.

All clones were analysed in triplicate, with cells cultured separately for at least 24 hours prior to

fixation.
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Table 2-1 | Patient derived CD4+ T-cell clones studied in project

Clone Lab Code Patient Code HTLV-1 UIS (hg19) Notes

A 3.60 TBJ Chr 4: 70,567,285 In intron of SULTB1, hepatocyte enzyme

B TBX4B TBX Chr 22: 44,323,168 | In intron of PNPLA3/SAMMS50, component
of mitochondrial outer membrane

C 11.63 TBW Chr 19: 33,829,548 | ~30kb downstream of CEBPA and upstream
of CEBPG, bZIP TFs involved in growth and
proliferation of many cell types

D 3.83 TBJ Chr 14: 46,204,950 | ~20kb upstream of RPL10L, ribosome L10-
like protein
Same patient as clone A

E 8.13 TCX Chr 16: 53,601,059 | Type-Il defective provirus, ~30kb upstream
of RPGRIP1L, protein found in the
centrosome of ciliated cells

F 13.5 TBW Uninfected Same patient as clone C

Table 2-2 | Number of replicates and cells analysed from each clone in experiments

General Expression Profiling
Clone A B (o D E F
Replicates 3 3 3 (2 for cell cycle analysis) 3 3 3
Total Cells 3726 3519 2595 (1961) 5691 3946 2592
Actinomycin D Experiments
Clone A B
Replicates 2 2
Total Cells (ActD) 3323 3797
Total Cells (DMSO) 5001 7316
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2:1:3

PCR to ascertain infection status

Three separate PCR reactions were used to characterise clones isolated from patients. They targeted

i) the tax gene, ii) the 3’-LTR and iii) the 5-LTR-pX segment of the provirus. Primers targeting actin

were also used as a cellular positive control. All PCR products were separated using 1-2% agarose gels

(Sigma) and visualised under ultraviolet (UV) light. The primer sequences and reaction times are

summarised in table 2-3. All clones used in this project were characterised in this manner by myself,

as well as being previously analysed by LM-PCR by Aviva Witkover and Anat Melamed.

Table 2-3 | PCR primer details

Target Forward Reverse PCR Cycle Notes
Primer Primer
tax CGGATACCC | GAGCCGATA | 98°C 1min Detect tax (159bp)
(SK43/44) AGTCTACGT | ACGCGTCCA | 98°C10s Proof of infection
GT TCG 64°C 10s +— x35 Uses Phusion HF polymerase (NEB)
72°C 10s Primers designed by Kwok et al., 1988
72°C 10min
3’'LTR CCAAGGCCT | CCCGGGGG 98°C 1min Detect 3’-LTR (167bp)
ACCACCCCT | ATATTTGGG | 98°C 10s Proof of infection even if provirus is
CA GCT 64°C 10s x35 defective
72°C 30s Uses Phusion HF polymerase (NEB)
72°C 10min
Provirus-A CTTAGAGCC | GATGCATGG | 95°C 2min Detect proviral deletions
(5’'-LTR—pX) TCCCAGTGA | TCCTGCAAG | 95°C 20s Intact provirus = 6.5kb
AAAACATTT | GATAACA 66°C 2min 555} x30 Type-I defective (-gag/env = <6.5kb
cC 72°C 15min Type-Il defective (-5’-LTR) = PCR fails
Uses KOD Hot Start Polymerase
(Novagen)
Primers from Cook, 2013
Provirus-B CTCTCACAG | CAAAGACGT | 95°C 2min Internal proviral control (pX-3’LTR,
(pX=3’-LTR) TGGGCTCGA | AGAGTTGAG | 95°C 10s 2.85kb)
GA CAAGC 59°C10s — x30 Uses KOD Hot Start Polymerase
70°C 48s (Novagen)
72°C 10min Primers from Cook, 2013
actin TCACCCACA | CATCGGAAC | 98°C 1min DNA loading control (295bp)
CTGTGCCCA | CGCTCATTG | 98°C 10s Uses Phusion HF polymerase (NEB)
TCTATGA CCGATAG 64°C 10s x35 Primers from Gillet et al., 2013
72°C 30s
72°C 10min
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2.1.4 Cell culture

Clones were cultured in RPMI-1640 medium with added 2 millimolar (mM) L-glutamine (Invitrogen),
100U penicillin and streptomycin (Invitrogen) and 10% AB human serum (Appleton Woods) at 37°C,
5% CO,. 50 IU/ml IL-2 was added to the culture twice a week, and raltegravir was maintained at 10
UM throughout the culture period. Activation beads with antibodies against CD2, CD3 and CD28
(Miltenyi-Biotech) were replaced every two weeks. All experiments were carried out using cells

harvested Day 8 of this cycle, after the addition of fresh medium, IL-2 etc. on Day 7.

2.1.5 Actinomycin D treatment

To quantify transcript half-lives and intracellular distribution, as well as to investigate the link between
bursts and transcription, cells were treated with actinomycin D (ActD) to block transcription. ActD
(Sigma) was dissolved in DMSO at 1.5 mg/ml before being added to RPMI medium to a final
concentration of 1.5 pg/ml (final DMSO concentration 0.1% v/v). Clones A and B were tested, each in
two replicates. DMSO alone was used as a vehicle control. After addition of ActD or DMSO, cells were
fixed after 0, 2, 4, 6 and 22 hours in otherwise standard culture conditions (see section 2.1.4) before

being stained, imaged and analysed using the standard protocol described in sections 2.2-2.4.

2.1.6  Whole cell fixation

Cells were added to poly-L-lysine (Sigma) coated, 12 mm, no. 1 glass coverslips (SLS), before being
fixed in 2% formaldehyde (Life Technologies, in PBS) for 15 minutes. Approximately 1x10° cells in 15ul
PBS was added to each coverslip. They were then transferred to 70% ethanol for permeabilization or

long-term storage at -20°C.

2.2 Staining and Imaging

2.2.1 RNA- fluorescence in situ hybridisation (FISH) probe design

RNA-FISH probes were designed using Stellaris’s online probe design tool (version 4.1), with the
reference genome AB513134 (Fan et al., 2010) used as input for the gag probe (targets sequence 804-
2954 of genome), tax probe (7315-8362, post-splice coding sequence) and hbz (7263-5233, minus-
strand; post-splice coding sequence and 3’-UTR as reported in Cavanagh et al., 2006). Each probe
consists of a library of 18-20 nucleotide (nt) oligonucleotides, each with a fluorophore label (Raj et al.,

2008). Probes targeting gag were labelled with a fluorescein (FAM) or Quasar-570 fluorophore, while
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those targeting hbz and tax were labelled with a Quasar-570 fluorophore and Quasar-670 fluorophore

respectively. Precise sequences of all oligonucleotides used can be found in Appendix section 8.3.

2.2.2 RNA-FISH

Carried out in accordance with Stellaris protocols (Biosearch Technologies). In brief, cells were
permeabilised in 70% ethanol before being washed and incubated overnight at 37°C with the desired
RNA-FISH probes (Stellaris). They were subsequently washed with DAPI (Sigma) and mounted in
Vectashield mounting medium (Vectashield) on glass slides (Vector) and sealed with clear nail varnish

for imaging.

2.2.3  Immunofluorescence

Also carried out in accordance with Stellaris protocols, and integrated with the RNA-FISH method. The
anti-Tax mAb LT4 (Lee, Tanaka and Tozawa, 1989), conjugated with Alexa-488, was incubated with
cells and RNA-FISH probes during the overnight incubation step, before being washed in the same
manner as the RNA-FISH probes. Other unlabelled primary antibodies were incubated in the overnight
hybridisation step, while secondary antibodies were added in the first of the two subsequent 30 min

wash steps.

2.3 Image analysis

2.3.1 Fluorescence microscopy

All coverslips were imaged using an Olympus IX70 inverted widefield microscope with a 100x/1.35 NA
UPlan apochromatic (Apo) oil objective and a Spectra Light Engine illumination source (Lumencor),
with a resolution of 64 nm/pixel and a spacing of 300 nm between optical slices. Z-offset was applied
to correct for chromatic aberration, and exposures were adjusted on a wavelength by wavelength
basis to optimise the balance between signal-noise ratio and photobleaching. Excitation filters used
were 390/18 (DAPI), 475/28 (gag-FAM or Alexa-488 labelled antibodies), 575/25 (hbz-Quasar 570) and
632/22 nm (tax-Quasar 670), with corresponding emission filters of 457/20, 514/30, 632/60 and
692/40 nm. A Coolsnap HQ camera (Roper Scientific) was used for initial images, before being replaced

with an ORCA-Flash 4.0 V2 digital CMOS camera (Hamamatsu).
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2.3.2 Image processing

After acquisition, all images were passed through the following pipeline:

A. Visual inspection of image-stacks to ensure cells were captured in their entirety in the z-axis.
Individual ‘cut-off’ cells were excluded from the analysis. If more than a handful of cells were
‘cut-off’, the image-stack was discarded.

B. Discarding of unneeded optical slices above and below cells in the image-stack, reducing
image size to optimise subsequent processing and computing time.

C. Correction for uneven illumination. An illumination function was calculated on a coverslip-by-
coverslip basis using pooled maximum projections and the “Fit Polynomial function” (Lindblad
and Bengtsson, 2001) from “CorrectllluminationCalculate” in CellProfiler v2.2.0 (Kamentsky et
al., 2011), with a pipeline adapted from Roukos et al., 2015. The images were then corrected
using their corresponding function in Imagel, with a custom macro created by Chad Whilding

of the MRC LMS Microscopy Facility.

2.3.3 FISH-Quant analysis
Images were then analysed with an adapted version of FISH-Quant (Mueller et al., 2013; Tsanov et al.,
2016), run on MATLAB. The adaptation (by Florian Mueller, creator of FISH-Quant) allowed step no. 5
in the following pipeline.
1. Outlines marking cells and nuclei were automatically generated by CellProfiler and then
manually double-checked.
a. Nuclei were identified with “IdentifyPrimaryObjects”, with the maximum correlation
threshold (MCT) thresholding method (Padmanabhan, Eddy and Crowley, 2010).

i. The threshold correction factor was 1.0, lower and upper threshold bounds
were 0 and 1 respectively, clumped objects were distinguished using intensity
and shape was used to draw dividing lines.

b. Cell boundaries were identified with “ldentifySecondaryObjects”, using Distance-B
(Vincent and Soille, 1991; Jones, Carpenter and Golland, 2005) to expand the nuclear
boundary outwards by up to 15 pixels unless it reached another cell.

i. Otsu, global, 3-stage thresholding was used at this stage, with priority given
to minimising weighted variance over entropy. A threshold smoothing scale
of 5 and correction factor of 0.9 were used, with lower and upper threshold

boundaries of 0 and 1 respectively.
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ii. Given the extremely limited cytosol and near spherical shape of CD4+ T-
lymphocytes, this was sufficient for roughly 90% of all cells.

c. Cells with poor outlines, high autofluorescence, or objects misidentified as cells were

adjusted or removed by hand.

i. The number of pixels contained within each cell’s cell and nuclear boundary

constituted its area. Under the assumption that nuclei are approximately

spherical in shape, this area was converted to a radius (radius = Varea / m),

which could then be used to calculate the volume of the nucleus or cell if it

were a sphere (volume = 4/3 x 1t x radius?).

All ‘above-background’ FISH signals were characterised with an extremely low intensity
threshold, to determine the signal intensity threshold which will best separate true and false
positives, and calculate an optimal intensity threshold to define ‘transcriptional bursts’.

a. Images are first passed through a double Laplacian of Gaussian filter (Raj et al., 2008;
Tsanov et al., 2016) by FISH-Quant to reduce background and improve signal-noise of
individual spots.

i. For tax, the first filter had a kernel of 7 pixels, while the second had a 1-pixel
kernel.
ii. For hbz, the respective kernel sizes were 5 and 1 pixels.

b. Local maxima are then identified by passing an intensity threshold and scored to pass
a minimum threshold of standard deviation above the background. They are then
fitted with 3D Gaussian profiles.

i. For tax and hbz, the sub-region used for Gaussian fitting was 2 pixels around
the spot centre in the xy-axis, and 4 pixels around each spot centre in the z-
axis.

c. The shape parameters of each spot’s 3D Gaussian fit are used to exclude signals which
are not diffraction limited.

i. For tax, a PSF o of 100-220 nm in the x-axis, and 250-550 nm in the z-axis.
ii. For hbz, 100-135 nm in the x-axis, and 275-420 nm in the z-axis.

Spots which passed intensity and shape thresholds were counted in each individual cell. The

number of spots inside the nucleus was also noted.
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4. All thresholded spots were averaged to estimate the number of nascent RNAs in
‘transcriptional bursts’ by point-spread-function (PSF) superimposition. The estimated size is
in terms of how many complete transcripts the shape and size of the burst most likely

corresponds to.

5. Cells were cell-cycle staged according to the integrated intensity of their nuclear DAPI signal.
While carried out in FISH-Quant, this process was adapted from the method described in
Roukos et al., 2015. Cell cycle gates were determined by a combination of visual inspection of
the histograms, and following the rule that cells in G,/M have double the DNA content (and
therefore integrated intensity) of cells in Go/G;i. That is to say, the lower bound, middle and
upper bound of the G,/M gate should be as close as possible to double that of the respective
sections of the Go/G; gate (Fig. 5-3). Cells with an integrated intensity between the upper
Go/G1 and lower G/M gate were considered to be “S”. Varying the width of the cell-cycle gates

by 10% did not materially affect the conclusions.

6. The individual measurements — mature RNA counts, nascent ‘burst’ counts, cell and nuclear

size and cell cycle stage were collated and interpreted.

Finally, cells containing putative bursts were analysed individually using Imaris 3D-analysis software
(Bitplane) to identify the 3D location of the burst relative to the ‘centre-of-gravity’ of the respective
cell nucleus (explained in Appendix, Fig. 8-2); the intranuclear location was then normalised by

nuclear volume.

2.4 Statistical analysis

Statistical analysis was carried out with R (version 3.3.3; R Core Team, 2017) and Graphpad Prism 6,
which was also used to create all graphs. The use of a Poisson distribution and chi-squared tests to
measure the significance of the proportion of hbz-negative cells in each clone was carried out by

Charles Bangham.

Tests are described in figure legends. All chi-squared, Mann-Whitney and Student’s t-tests were two-
tailed, and a difference was considered significant if p < 0.05. Significance was symbolised in the

following manner: ns (p > 0.05), * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and **** (p < 0.0001).
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The relationship between hbz and tax expression and cell cycle stage was examined using binary and
multinomial logistic regression with the “glm” and “multinom” functions respectively in R (Venables

and Ripley, 2003; Sing et al., 2005; Sarkar, 2008; Wickham, 2009).

2.5 DNA-FISH

For whole-cell DNA-FISH and immune-FISH, the fixation protocol described in section 2.1.6 was used.

For cryo-FISH, however, an alternate protocol had to be followed; see below.

2.5.1 Fixation for cryosectioning

Approximately 1x107 cells were pelleted by 5 min centrifugation at 300 g in hydrophobic ‘non-stick’
Eppendorf tubes (ThermoFisher Scientific), before being resuspended in 4% formaldehyde, 250 mM
HEPES-NaOH (2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethanesulphonic acid, pH 7.6, Alfa Aesar) and
incubated for 10 min at room temperature (RT). The cells were then centrifuged again at 300 g for 2
min, before having the fixative replaced with 8% formaldehyde, 250 mM HEPES-NaOH and being
incubated at 4°C for 30 min. They were subsequently compacted through centrifugation at 4°C, in
increasing g-forces: 300 g for 5 min, 500 g for 5 min, 1000 g for 2 min, 2000 g for 2 min, 4000 g for 2
min, 8000 g for 2 min, 10000 g for 10 min; in total, the cell pellet was incubated in 8% formaldehyde
for 2 hours. This was then replaced with 1% formaldehyde, 250 mM HEPES-NaOH for long term storage

in liquid nitrogen.

2.5.2 Cryosectioning

150 nm-thick Tokuyasu sections (Xie, Lavitas and Pombo, 2010) were cut from the cell pellets created
in section 2.5.1 using a Ultracut UCT 52 ultracryomicrotome (Leica). Once 4-8 adequate sections were
assembled, they were picked up from the blade using a 2 mm metal bacteriological loop dipped in 2.1
M D-sucrose, PBS (VWR Chemicals). They were then removed and transferred to 12 mm glass

coverslips once the sucrose had thawed. The coverslips were stored at -20°C.

2.5.3 DNA-FISH probe design
Libraries of 45 nt oligonucleotides, each labelled with three 6-carboxyfluorescein (6FAM) or ATTO-550
fluorophores, were designed and manufactured by MYcroarray to target the HTLV-1 genome (166

oligos) and UlS-flanking sequences of clones A (395 oligos complementary to Chr4: 70,568,285-
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70,598,285 in genome construct hgl9) and C (932 oligos complementary to Chrl9: 33779548-

33879548). Precise sequences of all oligonucleotides used are available from CRM Bangham.

2.5.4 CryoFISH

Coverslips were washed twice in 2X saline sodium citrate (SSC, VWR Chemicals) buffer at RT, before
being incubated with 250 pg/ml RNAse A (Sigma), 2X SSC for 2 h at 37°C to remove RNA which could
compete for the probes. They were subsequently permeabilised by washing in 0.1% Triton-X 100
(Sigma) in 2X SSC and 0.1 M HCl in water for 10min each. They were then dehydrated by washing in
increasing percentages of molecular biology-grade ethanol (VWR Chemicals) before being air dried.
An oven set to 80C’ was used for denaturation, with 70% deionised formamide (MP Biomedicals), 50
mM phosphate buffer, pH 7 (Acros Organics), in 2X SSC forming the denaturation buffer. The coverslips
were then transferred to ice-cold 30% ethanol, with the percentage increasing again before they were

air dried prior to hybridisation.

The DNA-FISH probes were precipitated, denatured and reannealed in parallel. First, they were mixed
with human Cot1 DNA (Sigma) and salmon sperm DNA (Sigma), along with 3 M sodium acetate and
100% molecular biology grade ethanol before being incubated at -80°C for an hour. They were then
centrifuged in 100% ethanol at 15,000 g for 15 min before being air dried and resuspended in
hybridisation buffer (2X SSC, 0.1 M phosphate buffer, pH 7, and 50% formamide and 20% dextran
sulphate, Sigma), and chromosome paint (Applied Spectral Imaging) if one were required for the
experiment. Finally, the probe mixture was denatured by incubation at 70°C for 10 min, and

subsequently reannealed by incubation at 37°C for 1 hour.

Once coverslips and probes were ready, they were hybridised for 64-72 h at 42°C. After hybridisation,
the coverslips were washed three times in 50% formamide, 2X SSC at 42°C, then PBS at 4°C, at which
point the coverslips could be mounted on glass slides with DAPI-containing Vectashield mounting

medium (Vectashield).

2.5.5 3D DNA-FISH

Coverslips with fixed whole cells were permeabilised by washing in ice-cold 0.4% Triton-X 100 in PBS
for 10 min, before being washed in ice-cold 0.7% Triton-X 100 in 0.1 M HCI for a further 10 min. RNA
was then removed by incubation with 0.1 mg/mI RNAse A in 2X SSC at 37°C for 2 h, before the samples
could be denatured by incubation in 50% formamide, 2X SSC at 80°C for 30min. They were then kept

in ice-cold PBS until the FISH probes were ready, by the protocol described in the section 2.5.4.
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Coverslip hybridisation, washing and mounting was then occurred out in the manner described in

section 2.5.4.

2.5.6 Metaphase spreading and metaphase-FISH

In order to lock cells in metaphase, they were incubated in culture with 100 ng/ml colcemid (Sigma)
for 2 h at 37°C. They were then centrifuged at 600 g for 15min at RT, before being resuspended in 75
mM KClI (Merck), HEPES, pH 7.4 (VWR Chemicals). The cells were then repeatedly centrifuged at 300
g before being resuspended through dropwise addition of ice-cold 3:1 methanol/glacial acetic acid

(Sigma). At this point the cells could either be used immediately or stored at -20°C for long periods.

To achieve a metaphase spread, freshly resuspended cells were dropped from a height of 50 cm onto
dry 12 mm coverslips. The pressure of impact cracks the cell membranes and allows the condensed
chromosomes to stick to the coverslip. The coverslips were then air dried for an hour at RT, before

being dehydrated in increasing percentages of ethanol and air dried again.

Metaphase spread coverslips could be hybridised with DNA-FISH probes or chromosome paints using
the same protocol described for CryoFISH (section 2.5.4), but with a shortened RNA-removal step (30
min instead of 2 h) and no need for permeabilisation. This protocol was derived and adapted from

Theunissen and Petrini, 2006.

2.5.7 Immuno-FISH

Antibody staining for proteins could be combined with either 3D or cryoFISH by insertion of a few
steps between the two permeabilisation steps in either protocol. After permeabilisation in 0.4% or
0.1% Triton-X 100 respectively, coverslips were washed in 2% bovine serum albumin (BSA, Sigma) in
PBS as a blocking solution at RT for 30 min, before being incubated with the primary antibody at an
appropriate concentration in the same blocking solution at RT for 2 h. If a secondary antibody was
required it would then be incubated in the same blocking buffer for 1 h at RT, with the coverslip being
washed in blocking buffer before and after. The FISH protocol would then continue (0.7% Triton-X 100
or 0.1 M HClI, respectively). If solely staining cells with antibodies, the coverslip could also be fixed
again in 2% formaldehyde, PBS for 10 min before mounting and imaging. This protocol was derived

and adapted from Chaumeil, Micsinai and Skok, 2013.
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2.5.8 Imaging

Coverslips were imaged using a TCS SP5 confocal microscope (Leica) with a 63x/1.40NA oil HCX Apo
oil objective, run with Leica LAS AF software. The respective laser lines and emission filters (selected
by acousto-optical tuneable filter, AOTF) used were: 405nm (DAPI, 413-482 nm emission), Argon/488
nm (Alexa-488 or 6FAM, 496-555 nm emission) and 561 nm (ATTO-500, 570-700 nm emission). Images
were taken with a resolution of 96 nm/pixel in the xy-axis, with z-spacing of 500 nm between optical

slices if z-stacks were performed.
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CHAPTER THREE

QUANTIFICATION OF INDIVIDUAL VIRAL
TRANSCRIPTS IN SINGLE CELLS
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3.1 Chapter Summary

This chapter summarises the use of smFISH to visualise and quantify tax and hbz in individual cells of
five naturally-infected clones derived from patients, along with one uninfected control clone. This is
the first report of HTLV-1 visualised quantified at the single-molecule, single-cell level. In brief, tax,
which is a proxy of all plus-strand transcripts, displays highly bimodal expression within a clonal
population of cells. A particular clone’s level of global tax expression is determined by the proportion
of its cells which are expressing tax very highly at a given time, rather than a change in average
expression which is present in all cells. hbz (the lone minus-strand transcript), on the other hand, is
expressed at extremely low levels. Although the proportion of cells across all clones which have
detectable hbz is far higher than the proportion with detectable tax, hbz is nonetheless not present in
all cells at all times, and the exact proportion varies between clones. While | have high confidence in
the absolute count of hbz transcripts per cell, the tax count becomes an underestimate in high-
expressing cells. The high number of tax transcripts in these cells increases crowding, reducing the
probability of them being optically resolved and counted individually. Significant portions of the work

described here have been submitted for publication (Billman, Rueda and Bangham, 2017).
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3.2 Introduction

Understanding the level of viral expression in naturally infected cells is a key step towards
understanding viral expression and latency in vivo, with the end goal being to find ways to exploit this
knowledge to develop more effective therapies. My initial goal was to quantify HTLV-1 expression at
the single-cell level, to identify any cell-to-cell heterogeneity that is lost in population-based
approaches such as gPCR. To this end, | designed fluorescent-labelled probes targeting tax, as a proxy
for plus-strand expression, and hbz on the minus-strand (Fig. 1-2). These probes were used to stain
cells from five different HTLV-1-infected T-cell clones, isolated from patients’” PBMCs by limiting
dilution (see section 2.1.2, “Isolation of T-lymphocyte clones from patient PBMCs”). Biological
triplicates of each clone were studied in independent experiments. All the cells in each clone share a
single, unique viral integration site (Cook et al., 2012); the provirus is complete in four clones (A-D),
while in the fifth clone (E) the 5’-LTR and tax gene are deleted, a phenomenon common in leukaemic
clones (Takeda et al., 2004). The diffraction-limited signal of a single spot in smFISH corresponds to a
single mRNA molecule (Vargas et al., 2005; Raj et al., 2008; Mueller et al., 2013). In total, 19,477

individual cells were analysed.
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3.3 Results

3.3.1 smFISH reveals stark difference in expression of tax and hbz

Measuring viral expression of individual cells using smFISH, it rapidly became apparent that tax
expression was not homogeneous within the population of cells (Fig. 3-1). Rather, tax presented a
bimodal expression profile: the majority of cells were tax-negative, while a minority expressed tax at
a very high level, with hundreds of spots of detected (Fig. 3-2a). This is all the more surprising
considering that the cells which make up each clone are isogenic, and have been cultured in identical

conditions.

The hbz expression profile, in contrast, formed a unimodal population of low-expressing cells, most
containing between 0 and 5 spots (Fig. 3-2b). Although there was some variation in the range of
expression between different clones, the frequency of cells with successively higher expression levels
of hbz diminished rapidly: out of ~20,000 cells, the highest observed hbz spot count was 25. For
comparison, the cell with the highest observed tax count had 1015 spots. On average, approximately
75% of all cells had less than 5 hbz spots, this population of cells contributed two thirds of total hbz
expression (Fig. 3.-3b). This contrasts strongly with tax, where 4.9% all of cells contained 100 or more
tax spots: this minority was responsible for 80% of all tax transcripts (Fig. 3-3a). While far more

commonly expressed than tax, hbz was not universally present in the cells of any clone.

The tax probes had a low false-positive rate: roughly 6% of uninfected cells had a single tax signal
bright enough to be considered a transcript, with a similar false-positive rate in the tax-deleted clone
E (Fig. 3-5a). Beyond that the false positive rate fell precipitously: 0.6% of cells with 2 spots and 0.04%
with 3 spots. This would have negligible influence on high-expressing cells, where spot counts are
measured in the hundreds. The false-positive rate could, however, have a larger effect on estimates
of the binary question of what proportion of cells were tax-positive. To minimise the impact of false-
positive single spots, | therefore defined any cell with 0 or 1 tax spots as tax-negative. The histograms
in Figs. 3-2 and 3-5a reflect this (i.e. “0” represents cell with 0-1 tax spots, and “50” represents cell
with 2-50 tax spots), while those showing exclusively “low” tax expression in Fig. 3-5b show the exact

counts.

hbz spots had an even lower false-positive rate, 1.3% of uninfected cells were considered to have a

single hbz spot, and none had more than one. Consequently, the hbz count was taken at face value.
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/ hbz/
Figure 3-1 | Representative image of cells stained by smRNA-FISH

Image is from clone C, in which the highest overall level of tax expression was measured. With good
cell density, approximately 20 cells could be captured in a single 89.1 x 66.6 um frame using the
Coolsnap camera at diffraction-limited resolution (<100nm per pixel), while 80-100 could be
captured with the 131 x 131 um frame of the later Hamamatsu camera. The goal was to capture a
minimum of 1000 cells per clone replicate. Scale baris 5 um.
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a, Composite fluorescence image with representative examples of cells expressing different levels
of tax: i) silent (0-1 spots), ii) low 2-99 spots) and iii) high (=100 spots), along with a frequency
distribution of tax expression in an uninfected and one HTLV-1-infected clone. The same
information is shown for hbz expression in panel b, where cells are considered i) silent if no hbz
spots are detected, iii) low if they have 1-4 hbz spots, and iii) high if they have >5 spots. The roman
numerals show respective cells’ positions in the frequency distribution. Scale bar is 5 um. n=3,726
cells of clone A, 2,592 cells of clone F, each from three replicates.
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Figure 3-2 | smRNA-FISH reveals heterogeneity of tax and hbz expression
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a, tax-negative cells are by far the most common, while the bulk of total tax comes from the
minority of cells with very high expression, beginning at approximately 100 spots or more. b, hbz is
far more uniformly expressed, with two thirds of all hbz found in cells with 4 spots or less. Data
from pooled tax-competent clones A-D. n = 15,531 total cells, from three replicates per clone.
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Figure 3-3 | A minority of cells contribute the bulk of total tax, while hbz expression is more uniform
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3.3.1.1 tax expression corresponds to presence of Tax protein

To validate the specificity of the tax probe, cells from clones A and B were co-stained for tax mRNA
along with the anti-Tax antibody LT4, labelled with Alexa-488. Virtually all cells with high tax also
stained for Tax protein (Fig. 3-4). A negligible number of tax-negative cells also had positive signals in
the Alexa-488 channel, most likely due to autofluorescence. As the tax probe does not discriminate
between plus-strand transcripts, it was important to see that high tax RNA transcription resulted in
detectable translation of Tax protein. This work was solely carried out to validate the specificity of the

tax probe, so no quantitative analysis was carried out.

Previous studies have focused on the implications of Tax protein’s intracellular location (Bex et al.,
1997; Nejmeddine et al., 2005). Tax is thought to be most abundant in the nuclei of infected cells, with
a limited amount near the microtubule organising centre (MTOC), from where it affects polarisation
of the cell’s microtubule network (Nejmeddine et al., 2005). While no attempt was made to confirm
this with staining of an appropriate cellular body, the most common location at which Tax signal was
detected was near the “cleft” outside the nucleus, where the MTOC is often found. The lack of
discernible intranuclear Tax signal is common when staining naturally infected cells with the LT4
antibody, and is most likely indicative of a diffuse intranuclear localisation, with associated low signal-

noise, or the difficulty of accessing the nucleus with this antibody.

No commercially available antibody capable of detecting physiological levels of HBZ exists, and the
proportion of hbz which is translated remains in question (Rende et al., 2011; Raval et al., 2015), so a

similar validation was not possible or appropriate for hbz.
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Figure 3-4 | Cells with high tax expression are positive for Tax protein

The vast majority of cells which were visibly high-tax in terms of RNA were also positive for Tax
protein, while a negligible quantity of tax-negative cells had similar intensity signals in the Tax
protein fluorescence wavelength. Scale bar is 5 um.
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3.3.2 tax expression varies between clones

Tax expression has previously been found to vary between different clones (Melamed et al., 2013).
One question was whether this variation was attributable to a difference in the mean expression per
cell, a difference in the expression of a proportion of cells, or simply a difference in the proportion of
cells which expressed tax at all. As has been shown in Fig. 3-5a, tax expression is dominated by a
minority of cells expressing at a very high level. In three out of the four tax-competent clones (A-C),
there were significant differences in total tax expression, which could be entirely explained by the size

of the population of cells with high levels of expression of tax.

These same clones (A-C) each had a similar range of intensity of tax expression — all cells with the
maximum observed number of tax spots, or close to it. The maximum level of tax observed in clone

D was much lower; however, all four clones had a bimodal distribution of tax expression.

There was also a notable difference in between clones in the proportion of cell classified as tax-
negative: 92% and 97% in clones A and D had no detectable tax, but in clone B the proportion was
53%, while clone C had the lowest with only 9.4% of cells appearing tax-silent. The vast majority of
this difference comes from what are considered “tax-low” cells (see section 3.3.4, “hbz count is highly
accurate, while tax count underestimates high-expressing cells”): 39% of clone B cells had 2-99 tax
spots, while clone C had 74% of cells with that level of tax expression. Despite this, the lion’s share of
each clone’s total tax remains in the minority of cells with higher levels of expression (>100 spots, Fig.
3-3a), and it is my conclusion that the differences in proportions of cells which are tax-positive or tax-
negative can largely be explained by differences in the frequency of tax expression, as measured by
transcriptional bursts (see sections 4.3.1, “tax and hbz are expressed in transcriptional bursts”; and
4.3.2, “tax and hbz bursts are distinct from each and consistent between clones”). That is to say, in
clones where tax transcriptional bursts are more frequent, it is less likely that a cell becomes entirely

tax-negative before tax expression begins anew.
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Figure 3-5 | tax expression in individual clones

Panel a compares the tax expression of the clones in the same manner as Fig. 3-2. Clone E is
effectively a second negative control for tax expression, as tax has been deleted from its provirus.
Clones A-C have a similar expression dynamic, with clone D having a lower maximum level of tax;
its range of expression is shown more accurately in the next panel, focusing on low expression. b,
the false positive rate of tax in uninfected cells is roughly 6%, but falls by an order of magnitude
when cells with only 1 tax spot are also considered to be negative. For this purpose, all other tax
histograms, and calculations of tax incidence, consider 1 or 0 tax spots to be equivalent. n = 19,477
total HTLV-1-infected cells and 2,592 uninfected cells, in three replicates per clone.
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3.3.3 hbz expression is largely consistent between clones

hbz expression is far more reproducible between clones than tax. The expression profile is unimodal,
with the range of each clone shifting slightly “leftwards”, with a lower modal expression and greater
proportion of hbz-negative cells, or “rightwards”, with a higher modal expression and lower
proportion of hbz-negative cells. As can be seen in Fig. 3-6, the overall pattern of low, consistent
expression was present in all clones. However, the proportion of cells with detectable hbz had
surprising variation between clones, from a high of 95% in clone A to 65% in clone C. The absence of
universal hbz was also notably the case in clone E (29% hbz-negative), which is 5’-LTR-negative and

thus solely reliant on minus-strand expression.

Given the weight of literature stating that hbz is constitutively expressed in HTLV-1-infected cells
(Satou et al., 2006; Kataoka et al., 2015; Ma, Yasunaga and Matsuoka, 2016), as well as hbz's very low
level of expression, it is a fair question to ask if the unexpectedly high frequency of hbz-silent cells
could be a result of a technical failure of the hbz probe to bind and detect RNA in all cells. Putting aside
the high signal-noise ratio of the hbz probe, the proportion of hbz-silent cells in each clone was
consistent between replicates. Furthermore, hbz was not distributed randomly among the cells of
each clone. If it had been, the observed average frequency of ~2-3 hbz spots per cell would result in
~5% to ~18% of cells in each clone having zero hbz spots (Poisson distribution, Appendix Table 8.4).
The observed frequency of hbz-negative cells was close to this random expectation
(observed/expected = 1.1 and 1.2 respectively) in Clones D and E, although this overrepresentation of
hbz-negative cells was still significant (p < 0.0001 for both). However, hbz-negative cells occurred at
twice the expected frequency in Clones A, B and C (observed/expected = 1.9, 2.0 and 1.9 respectively,
p < 10% in each case; Appendix Table 8.4). It is notable that tax is expressed at a high level in Clones
A, B and C, but is low or absent in Clones D and E. These results show that the observed hbz spots
were not randomly distributed among the cells, implying that some cells in each clone were not

expressing hbz at a given moment.

There was also some variation in the range of expression within clones: the clones with the lowest
proportion of hbz-positive cells (B and C) seem to have a higher maximum of hbz expression. It is worth
repeating that these clones are isogenic and have been cultured in identical conditions. Furthermore,
clones A and D have come from the same patient, so the only significant difference between them is

likely to be the location of the HTLV-1 proviral integration site.
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Figure 3-6 | hbz expression in individual clones

The overall pattern of expression is consistent between clones — a single population of low
expressing cells — with slight shifts to higher or lower average expression, along with lower or
higher proportions of hbz-positive cells. Clone F shows the extremely low false-positive rate of hbz
spots. n = 19,477 total HTLV-1-infected cells and 2,592 uninfected cells, in three replicates per
clone.
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3.3.4 hbz count is highly accurate, whereas tax count underestimates the content of high-

expressing cells

As was mentioned previously, a diffraction-limited spot can be expected to be the result of a single
RNA transcript (Raj et al., 2008), forming the basis of absolute quantification of expression by smRNA-
FISH. The standard deviation (o) of a signal’s 3D gaussian profile (its point spread function, or PSF) is
directly linked to its ‘size’, for example its full width at half maximum (FWHM). Shape thresholds to
select diffraction limited spots were defined using sub-diffraction sized, 175 nm diameter fluorescent
beads. For hbz, this was the case for the vast majority of detected signals which were bright enough
to not be false positives — 98% of all spots detected in a representative replicate passed shape
thresholding based on the sigma of a spot’s PSF in the xy- and z-planes (Fig. 3-7a). Conversely, only
67% of detected tax spots in the same cells passed similar thresholds, adjusted for the difference in

emission wavelength of their fluorophores (Fig. 3-7b).

If one focuses on cells with 100 spots or more of tax, the disparity between the total number of tax
spots detected and the number which pass shape thresholds becomes increasingly apparent as the
tax count increases (Fig. 3-7c). My hypothesis was that this was a result of crowding. More transcripts
squeezed into a similar cellular volume increases the possibility that two or more transcripts will be
so close to each other that they cannot be resolved microscopically, resulting in a non-diffraction-
limited spot. This was borne out by comparing cells with similar numbers of detected spots, but far
larger differences in spot count once shape thresholds were applied (Fig. 3-7d). Fig. 3-7e shows that
of the three selected cells, only 23.8% of detected tax in cell C (the smallest of the three) passed shape
thresholds, while 85.7% of detected spots passed the same thresholds in cell A (the largest). In cells
with potentially extremely high tax expression (2700 detected tax spots), larger cells on average had
a higher proportion of spots pass shape thresholds than smaller cells (p < 0.0001 that linear regression

slope deviated from 0).

A large majority of those spots are specific tax signals — very few signals which pass the tax intensity
threshold are non-specific, for example through autofluorescence, by virtue of the fact that the tax
fluorophore is in the far-red section of the visual spectrum, where autofluorescence is very low. These
“too-large” spots are therefore mainly the result of multiple, co-localised transcripts. This means, for
example, that instead of cell C having its tax count underestimated by approximately 841, it has
approximately 841 spots which are discounted on account of resulting from multiple optically

superposed transcripts, a number greater than 841 x 2 = 1682.

82



Based on this, an attempt was made to use the more absolute tax counts in cells with <100 spots to
estimate the expected count in cells with higher levels of expression based on total fluorescence. This
method had been demonstrated previously (Raj et al., 2006), but there was too much variation in
total, raw fluorescence between individual cells to confidently apply an estimate of the most likely

count within individual high-tax cells (results not shown).

For this reason, all cells with 2100 thresholded tax spots were analysed together as “tax-high” cells,
with no importance given to the exact count of spots beyond that. This is also the level of expression
beyond which cells account for the lion’s share of total tax expression (Fig. 3-3a). Altering this

definition to 50 or 200 spots did not meaningfully affect any subsequent analyses.
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a, hbz spots are almost entirely diffraction limited, with tight grouping of PSFs according to their
shape in the xy- and z-axis (shown). The mode of each histogram is the o of the 3D gaussian profiles
of diffraction limited spots, as compared to 175 nm fluorescent beads (not shown). b, A much
higher proportion of tax spots have non-diffraction-limited PSFs, failing shape thresholds. c, As the
number of signals bright enough to qualify as tax spots in a cell increases, the proportion which
fails shape thresholds increases. d & e, On average, a lower proportion of spots in tax-high cells
pass shape thresholds if the cells have smaller volume. Scale bar is 5 um. Representative
histograms of spots from a replicate from clone C are shown in panels a and b, while all tax-
competent cells are included in panel ¢ (a handful are beyond the range of the axes); n = 15,531
cells.
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Figure 3-7 | hbz counts are highly accurate, but tax is underestimated
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3.4 Conclusions

The work described in this chapter focused on quantifying viral expression through tax and hbz mRNA

at the single-cell level. These were the overall conclusions:

e |t was possible to use smFISH to visualise individual mRNA transcripts of tax and hbz
e This allowed the quantification of expression of both strands of the HTLV-1 provirus, in

naturally infected T-cells, at the single-cell level

e Single-cell quantification reveals a startling degree of heterogeneity in tax expression among
isogenic cells

o The bulk of tax in a population of cells comes from a minority of cells expressing at a very high
level

o The size of this minority is responsible for differences in total tax between clones

e hbzexpression is much lower and far more uniform than tax, both within a clone and between
clones

e However, there is a degree of variation, both in the range of expression and the proportion of
cells which are hbz-silent

e Contrary to current literature, hbz is not present in all HTLV-1-infected cells at all times

e Absolute quantification by smFISH is based on the principle of detecting diffraction-limited
spots
e This was possible in the vast majority of cases for hbz, but became increasingly difficult in

cells with high levels of tax expression, possibly due to spatial crowding of transcripts
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CHAPTER FOUR

VIRAL BURSTS AND mRNA DESTINATION
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4.1 Chapter Summary

This chapter focuses on two observations made alongside those outlined in the previous chapter:
HTLV-1 expression appears to follow a burst pattern, and the intracellular distribution of the tax and
hbz transcripts is not the same. Using actinomycin D (ActD) to block transcription, it was demonstrated
that “transcriptional bursts” are linked with ongoing transcription, and that tax and hbz RNA do not
have similar fates once they have been created: the former is exported to the cytosol; the latter is
retained in the nucleus. The ActD experiments also allowed me to chart the rate of disappearance of
hbz mRNA in order to calculate its half-life in a much more rigorous manner than that reported by
previous studies. Significant portions of the work described here have been submitted for publication

(Billman, Rueda and Bangham, 2017).
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4.2 Introduction

The previous chapter described the heterogeneity in levels of both tax and hbz in isogenic cell
populations in identical environments. One of the likely factors behind this is the frequency with which
the HTLV-1 genes are expressed. Some genes are not expressed continuously, but rather in bursts.
This phenomenon has been found in an increasing number of mammalian genes over the last decade;
there is also evidence that the HIV promoter follows what is known as a “bursty” pattern of expression
(Raj et al., 2006, 2008; Skupsky et al., 2010; Dar et al., 2012; Tantale et al., 2016; Nicolas, Phillips and
Naef, 2017).

Newly created and processed transcripts can have one of several fates: nuclear retention or export to
the cytosol for translation, before eventually undergoing degradation to control protein expression or
to correct one of various errors (Houseley and Tollervey, 2009). For tax, it seems reasonable to assume
that its mRNA transcripts follow the classical pathway of export to the cytosol before being translated
to Tax protein. Antibodies and cytotoxic T-lymphocytes (CTLs) against Tax typically make up a
significant portion of the anti-HTLV-1 response in infected patients, and robust protein expression has
previously been demonstrated in vitro (Daenke et al., 1996; Hanon et al., 2000; Enose-Akahata et al.,
2013). hbz, on the other hand, is more enigmatic. hbz RNA has been found to be retained in the
nucleus at the cell population level (Rende et al., 2011), and minus-strand transcription in ATLL
leukaemic clones has been observed by RNA-Seq to run through into the flanking host genome, well
past the classical hbz polyadenylation point, raising the question whether HBZ protein is expressed in
ATLL cells at all (Kataoka et al., 2015). On the other hand, polyadenylated hbz mRNAs have been
detected in vitro, and while HBZ protein is on the very edge of detection in naturally infected cells ex
vivo (Cavanagh et al., 2006; Raval et al., 2015; Shiohama et al., 2016), the immune response against
HBZ epitopes is a determining factor of clinical outcome (Macnamara et al., 2010; Hilburn et al., 2011),
suggesting that there must be some amount of HBZ protein expression. In addition, hbz RNA has been

found to have regulatory properties of its own (Satou et al., 2006; Mitobe et al., 2015).

smRNA-FISH presented the opportunity to investigate the possibility of viral transcriptional bursts,

and track the intracellular distribution and final destination of viral mMRNAs at the single-cell level.
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4.3 Results

4.3.1 taxand hbz are expressed in transcriptional bursts

In addition to the small proportion of cells with very high levels of tax expression, a characteristic
feature of tax was that many tax-positive cells also had a large nuclear spot which was typically far
larger and brighter than the average spot (Fig. 4-1a, b). Many of these spots also co-localised with a
strong gag signal (Fig. 4-1c). The gag probe targeted a section of the viral genome which would be
spliced out if any viral products were being expressed, remain if the unspliced genome were being
transcribed for the purpose of producing virions. Since the majority of splicing is thought to occur co-
transcriptionally (Brugiolo, Herzel and Neugebauer, 2013), it seemed likely that these bright spots
therefore corresponded to transcriptional bursts, which are increasingly recognized as a feature of
both mammalian and retroviral genes (Raj et al., 2006; Raj and van Oudenaarden, 2008; Tantale et al.,
2016; Nicolas, Phillips and Naef, 2017). In the putative transcriptional burst, nascent transcripts are
created faster than they can diffuse away from the site of transcription, and as a result they cannot
be individually resolved by microscopy. The resulting spot is larger and brighter than the average spot
(Fig. 4-1b). The same characteristic spots were also identified for hbz, but with a smaller difference

from average spots in intensity or size.

To test the hypothesis that the bright spots represent transcriptional bursts, we treated two of the
clones (A and B) with ActD, to inhibit transcription and allow the putative bursts to disperse and
disappear. Bursts were defined as intranuclear spots whose intensity significantly exceeded the main
distribution of spot intensities (workflow of burst identification, verification and quantification
described in section 2.3.3 “FISH-Quant Analysis” of material and methods, as well as Appendix Fig. 8-
1). ActD treatment strongly reduced the frequency of these bright spots of both tax and hbz, when
compared to the DMSO control, and their frequency and size diminished progressively during
continuous exposure to ActD (Fig. 4-1d, e). These observations are consistent with the view that the
bright spots do indeed represent transcriptional bursts. A small proportion of the bright spots may be
chance superpositions of multiple transcripts, but | concluded that a majority represent ongoing or

recent transcription. Hereafter, | will refer to these bright spots as bursts.
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a, Representative tax and hbz bursts. Dashed lines show the positions of the intensity profiles in
panel b. Scale bar is 5 um. b, Bursts are defined as specifically stained intranuclear spots that are
significantly brighter than the main population of diffraction-limited spots. ¢, Many tax bursts are
also strongly positive for gag which, if spliced out co-transcriptionally, should only be found during
ongoing transcription. d & e, Upon blocking of transcription with actinomycin D, signals qualifying
as bursts become increasingly rare and smaller in estimated size. n = 12,317 DMSO-treated cells,
7,120 actinomycin-D-treated cells, from two replicates each of clones A and B.
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4.3.2 tax and hbz bursts are distinct from each other and consistent between clones

The size of tax and hbz bursts was estimated by averaging thousands of diffraction-limited ‘single-
transcript’ spots, and superimposing their PSF on that of the burst to estimate the number of
transcripts that would be most consistent with a particular burst’s 3D shape and intensity. Nascent
RNAs would not necessarily be long enough to bind the full complement of a probe’s oligonucleotide
library to bind, potentially meaning they would not be as bright as mature RNAs (Mueller et al., 2013).
For direct comparison, burst sizes are estimated as the number of full length RNA transcripts which

would best correspond to the bursts’ size and intensity.

Using this technique, we observed that hbz bursts were small in size, typically containing 3 to 4
transcripts, with low variation (Fig. 4-2d), although there were some notable exceptions in tax-high

cells, especially evident in clones B and C which had the highest proportion of these cells.

Conversely, tax bursts were much larger: the largest bursts were estimated to contain hundreds of
transcripts. tax bursts were also more variable in size (spot count), but were roughly comparable
between the three clones with similar high-tax cells (clones A-C, Fig. 4-2c), while clone D’s lower

maximum tax expression was accompanied by smaller tax bursts.
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The frequency and size of tax bursts in the clones closely matched their overall levels of tax: Clone C
had a significantly higher tax burst incidence than the other clones to go with its much higher total tax
and proportion of cells which were tax-positive, followed by clones B, A and D in descending order

(Fig. 3-5 and section 3.3.2, “tax expression varies between clones”).

While the same was largely true for hbz, there was more variation: clone A had the most total hbz,
most frequent hbz bursts and highest proportion of hbz-positive cells (Fig. 4-2b). However, while
clones B-E all had comparable hbz burst frequencies (Fig. 4-2b), clones B and C had markedly more
hbz-negative cells as well as a seeming higher range of expression of hbz (Fig. 3-6 and section 3.3.3,
“hbz expression is largely consistent between clones”)). The tax-negative clone E appeared to have
the lowest burst frequency of all clones, but the difference between it and clones B-D was not found

to be significant.
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Figure 4-2 | The clone-specific characteristics of tax and hbz contribute to the overall differences
between clones in the level of expression of the two genes

a & b, The frequency of tax and hbz bursts varies significantly between different clones, and to a
degree reflect the clones’ overall differences in viral expression. ¢, tax bursts are on average far
larger and far more variable in size than hbz bursts. The average size is comparable between clones
A-C but smaller in clone D, reflecting the difference in overall expression. d, hbz bursts are small
and uniform in size, albeit with some variation between clones. Bars denote SEM, based on mean
value of three replicates from each clone. n = 514 tax bursts and 943 hbz bursts in 19,477 total
cells.
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4.3.3 Transcriptional bursts have a non-uniform spatial distribution within the nucleus

If the observed bursts are indeed tied to transcription, then their nuclear location is a proxy for the
location of the HTLV-1 provirus. | therefore measured the distance between the centre of a burst and
the “centre-of-gravity” of the nucleus (explained in Appendix Fig. 8-2). This distance was then
normalised to the volume of the nucleus, such that 100% denotes a burst at the very edge of the
nucleus, while a burst with 0% would lie in the centre of the nucleus. In total, 469 tax and 818 hbz
bursts were analysed in this manner. To more simply observe their distribution, three “shells” of equal
volume were created within the nucleus (with a caveat that the nuclei were assumed to be perfectly
spherical): starting from the centre, the “core” (the inner 69.3% of the nuclear radius), “middle”
(between 69.3% and 87.4% of the nuclear radius) and “outer” (beyond 87.4% of the nuclear radius)
nucleus (Fig. 4-3a). If the nuclear distribution of viral bursts was more or less uniform, they could be

expected to be approximately evenly distributed between the three shells.

The results showed a non-uniform distribution of bursts within the nucleus (Fig. 4-3b), and significant

differences between certain clones in the nuclear location of bursts (Fig. 4-3c).

Given the differences in viral expression between these same clones, a natural question was whether
there was any correlation between expression and the putative intranuclear location of the provirus.
For example, clones A and D have comparable spatial burst distributions, and are significantly different
in location from the bursts of clones B and C. The latter clones also have significantly higher rates of
tax expression and total tax (Fig. 3-5a), as well as containing hbz bursts which can be far larger than

seen in other clones (typically in tax-high cells, see chapter 5 and Fig. 4-2d).

However, there was no clear and significant association between the nuclear location of a burst and
the state of viral expression in that cell, for example the estimated size of the burst or total count of

viral transcripts.
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a, Schematic of nucleus split into equal volume “shells”. They are based on the assumption that T-
cell nuclei are spherical, and are defined by normalised distance from the nuclear “centre-of-
gravity” — 69.3% for core-middle boundary, 87.4% for the middle-outer boundary. b, If bursts were
uniformly distributed in the nucleus, one would expect a roughly equal distribution, approximately
33% (dashed line), between the different shells. ¢, Intranuclear location of tax and hbz bursts in
different clones, in terms of their distance from the nuclear centre-of-gravity. Boxes denote
interquartile range while whiskers denote maxima and minima. The average nuclear radius is 4.2
pm so every 10% from the centre represents 400-500 nm in the average nucleus. tax n =43 Clone
A bursts, 126 Clone B bursts, 232 clone C bursts, 68 clone D bursts; hbz n = 258 clone A bursts, 126
clone B bursts, 77 clone C bursts, 241 clone D bursts, 116 clone E bursts. Distribution differences
between clones compared using Mann-Whitney tests.
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4.3.4 tax RNA is exported to the cytosol, while hbz is retained in the nucleus

Tax protein generates a strong, persistently activated T-lymphocyte response in infected patients, and
the protein can readily be detected after short-term culture (<4 hours) in vitro (Hanon et al., 2000;
Macnamara et al., 2010). In contrast, previous studies reported conflicting results regarding the
expression of HBZ in protein form. Several studies indicate it may primarily be expressed as RNA, which
itself promotes proliferation of the infected cell (Rende et al., 2011; Kataoka et al., 2015; Mitobe et
al., 2015; Cavallari et al., 2016). However, the hbz mRNA has also been shown to be polyadenylated
(Cavanagh et al., 2006), and the avidity of CTLs for HBZ epitopes is one of the few significant predictors
of lower infectious burden and disease risk in vivo (Macnamara et al., 2010; Hilburn et al., 2011; Rowan
et al., 2014). Therefore, | decided to investigate the proportion of both transcripts that could be found
in the nucleus or cytosol of cells. As well as the individual clones in normal culture conditions, | also
examined the same replicates of clones A and B which were treated with ActD, in order to track any
changes over time in the intracellular distribution of transcripts once transcription was blocked. It is
possible for mMRNAs to degrade in the nucleus before being exported, but it is considered a rare event
once they have been processed, and the degradation pathways are so efficient that any intermediates

are very difficult to detect (Houseley and Tollervey, 2009).

While FISH-Quant analyses spots in 3D, cell and nuclear boundaries are defined using the 2D maximum
projections and extended throughout the stack of optical slices. As a result, a spot is considered
“nuclear” if it falls within the nuclear boundary in the xy-plane, regardless of its z-axis position.
“Cytosolic” spots are those who fall outside the nuclear boundary in the xy-plane. While this results in
an overestimation of the proportion of spots inside the nucleus (it includes spots which are above or
below it), it is not possible to define the cells and nuclei on a slice-by-slice or 3D basis within the
confines of FISH-Quant; it would also be enormously more computationally intensive. The intracellular
distribution of transcripts in each cell was calculated as the percentage of total spots which were
“nuclear”. In cells with few transcripts, particularly for hbz, there was a risk of sampling error. For
example, in cells with one transcript, their nuclear proportion would have to be either 0% or 100%,
potentially skewing the overall proportion. To avoid this, all cells from each biological replicate were

considered as a single cell, so that thousands of nuclear and cytosolic spots could be considered.

With this definition of intracellular distribution, the difference between the localisation of tax and hbz
was stark. About 90% of all hbz spots were found to have a “nuclear” localisation, a figure consistent

across all clones (Fig. 4-4b and 4-5b). This proportion did not change significantly after transcription
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had been blocked for 22 hours with ActD; the proportion of hbz spots found within the nucleus

remained unchanged (Fig. 4-4a, b).

Conversely, ~60% of tax transcripts were found in the cytosol in 3 of 4 tax-expressing clones. This
percentage fell to 40% within 22 hours after transcription was blocked (Fig. 4-4a, b). As discussed
previously, the definition of the nucleus using a 2D maximum projection explains why the proportion
of tax within the nucleus did not fall below 40% after 22 hours treatment with ActD, when 3D images
indicate that the number should be far lower. (Figs. 4-5a). When the 3D images were further filtered
to exclude spots in the upper and lower 20% of optical slices (which should be above and below,
respectively, most nuclei in the z-axis), the “nuclear” proportion of tax fell by an average of 10%, while
hbz distribution remained unchanged (data not shown). tax distribution in the fourth clone studied
(clone D) was again the exception — the proportion of tax in this clone which was “nuclear” was

comparable to the cytosolic-nuclear distribution of hbz.

While it can be said with confidence that tax mRNAs are rapidly exported from the nucleus once they
have been transcribed, it was not possible using this pipeline to quantitively measure this rate of
export, given the imprecise measure of nuclear vs. cytosolic location, and the uncertainty as to exactly
when tax expression began in any given cell. It is, however, possible to confidently conclude that

almost all hbz transcripts remain nuclear in localisation.
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Figure 4-4 | tax is exported from the nucleus, whereas the majority of hbz is retained

a, Representative images showing i) typical cells after 22 hours in DMSO and ii) typical cells after
22 hours in actinomycin D. Scale bar is 5 um. b, hbz mRNA remains largely intranuclear, whereas
tax mRNA is mostly cytoplasmic; this difference is accentuated by blocking transcription with
actinomycin D. Significance of differences measured using unpaired t-tests with Welch's
correction. n =936 untreated (16,192 tax, 3,796 hbz spots), 390 DMSO-treated (6,147 tax, 2,344
hbz spots) and 195 ActD-treated (1,969 tax, 258 hbz spots) cells, each from two pooled biological
replicates of clone A and B.
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Figure 4-5 | Intracellular distribution of viral transcripts in individual clones

a, Representative images showing i,ii) a tax-positive cell which has been exposed to ActD for 22h,
and iii,iv) A normally cultured cell in which tax transcription has ended. Images i and iii are
individual optical slices from the maximum projections shown in ii and iv respectively. As nuclear
boundaries are determined using the 2D maximum projection, transcripts which in reality are
above or below the nucleus, will erroneously be marked as intranuclear. Scale bar is 5um. b, hbz
MRNA remains largely intranuclear in all clones, whereas tax mRNA is mostly cytoplasmic in all
clones bar one, where it has a similar distribution to hbz. Mean values are shown, and bars denote
SEM. n = 196,086 tax spots and 39,258 hbz spots in 19,477 cells, from three replicates per clone.
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4.3.5 hbz RNA has a half-life of 4.4 hours

| estimated the half-life of hbz mRNA from the decline in hbz spot count following the start of
transcription inhibition with ActD. The density of tax spots in many tax-expressing cells precluded a
precise spot count of tax (see section 3.3.4, “hbz count is highly accurate, whereas tax count
underestimates the content of high-expressing cells”); as a result, it was not possible to make a reliable

estimate of tax mRNA half-life.

Two biological replicates each from clones A and B were exposed to ActD for 0, 2, 4 and 6 hours (one
of the replicates failed at 4 hours, leaving 3 measurements for that timepoint); control cells were
treated with the DMSO vehicle. A total of 15,524 cells were studied. Initially this time course included
a timepoint of 22 hours after exposure to ActD. However, after 22h there was a noticeable increase in
the frequency of apoptotic cells, a known effect of ActD treatment (Der et al., 1997). This created a
risk of tax and hbz conferring a survival bias upon tax-positive or hbz-positive cells, thanks to their
anti-apoptotic effects (Miihleisen et al., 2014; Tanaka-Nakanishi et al., 2014; Mitobe et al., 2015),
increasing the apparent number of transcripts per cell as more silent cells apoptosed. For this reason,

the 22 h timepoint was discarded.

The total counts of hbz spots, including the estimated sizes of hbz bursts, were combined and divided
by the number of cells, to estimate the mean total hbz content per cell; this mean value decreased

over time (Fig. 4-6), with a half-life of 4.4 hours (95% confidence intervals 4.1 hours to 5.1 hours).

This measurement was the result of a linear regression of the natural log (In) of the total hbz per cell;
the reciprocal of the slope corresponds to the mean lifetime t, which allows calculation of the half-life
by:

t1/2 =T X ln(Z)

Fitting the untransformed data with a one-phase exponential decay curve returned similar results —
an estimated half-life of 4.2 hours with 95% confidence intervals of 3.8-4.8 hours. This was estimate
significantly longer than found in previous studies, which reported an hbz mRNA half-life of

approximately 1 h by gPCR.

Of potential interest, there was a slight difference in the estimated half-life between the two clones:
5.0 hours for clone A and 4.0 hours for clone B. Aside from the difference in hbz burst frequencies (Fig.
4-2b), this could be another potential reason for the varying proportion of cells in each clone which

are hbz-positive - ¥90% in clone A, ~70% in clone C (Fig. 3-6).
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Figure 4-6 | Decay curve of hbz RNA

The reciprocal of the slope of the log-transformed data is the mean mRNA lifetime, which can be
converted into mRNA half-life. Individual measurements from replicates are shown, along with a
linear regression and 95% confidence intervals (dashed lines); one of the four replicates failed at
the 4-hour time point. n = 8126 total cells, from two replicates each of clones A and B.

105



4.4 Conclusions

The work in this chapter focused on the beginning and end of viral expression, namely transcriptional
bursts, mRNA intracellular distribution and half-life in the context of inhibition of transcription. The

broad findings were:

e Both plus- and minus-strand transcription of HTLV-1 appear to occur in “transcriptional
bursts”
e These bursts are characterised by being significantly brighter and larger than the main
population of diffraction-limited spots
o tax bursts also contain gag signal, indicative of unspliced, nascent RNA
e The frequency and size of these putative bursts decreases progressively after inhibition of

transcription by actinomycin D

e These bursts, as transcriptional proxies of proviral location, are not uniformly distributed
throughout the nucleus
e Each clone has a significantly different average intranuclear burst location, presumably

because of the chromosomal location of the respective proviruses

e taxis rapidly exported from the nucleus in most cases

e Asignificant majority of hbz is uniformly retained within the nucleus

e hbzmRNA s estimated to have a half-life of approximately 4.4 hours, significantly longer than

found in previous studies (see Discussion, section 7.5, “Intracellular distribution and half-life

of hbz”)
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CHAPTER FIVE

VIRAL EXPRESSION AND THE CELL CYCLE
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5.1 Chapter Summary

The earlier chapters have focused on tax and hbz in isolation, when in fact they are often expressed
in the same cell. This chapter describes the search for correlations between the expression of the plus-
and minus-strands, represented by tax and hbz. It was also recently shown that one could ascertain
the cell cycle stage of individual cells using fluorescence microscopy. In this work, the relationship |
observed between tax and hbz within individual cells was consistent with a previously described
feedback mechanism to control tax expression, and the expression each gene was found to be
correlated with cell cycle progression, although more consistently in the case of hbz. This culminated
in the formulation of a basic model of viral expression based on the interpretation of the work in this
chapter, along with observations made earlier in the thesis. Significant portions of the work described

here have been submitted for publication (Billman, Rueda and Bangham, 2017).
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5.2 Introduction

The previous chapters have considered tax and hbz transcript abundance, intracellular distribution
and transcription independently of each other, with no consideration given to the possibility that
HTLV-1 plus- and minus-strand expression could be interrelated. tax expression is thought to establish
a positive-feedback loop through the recruitment of TFs, including CREB and CBP/p300 by Tax protein
(Anderson and Dynan, 1994), and a longstanding unanswered question is how that loop is broken, as
well as how transcription is initiated in the first place. One possibility is that HBZ could play a role, as
in vitro studies have indicated that hbz expression can be stimulated by Tax (Yoshida et al., 2008), and
that HBZ can compete with Tax for the transcription factors which bind the 5’-LTR promoter (Lemasson
et al., 2007). However, previous work has typically been carried out in transfected cell lines, with non-

physiological levels of transcription, and not been single-cell based.

Tax and both HBZ protein and hbz RNA have a plethora of effects on cell proliferation (Satou et al.,
2006; Currer et al., 2012; Matsuoka and Yasunaga, 2013; Mitobe et al., 2015). It has also been
demonstrated that genes which have no functional role in the cell cycle can exhibit a changed
expression profile while the cell is cycling (Padovan-Merhar et al., 2015; Skinner et al., 2016).
Understanding the nature of the relationship between viral expression and cell cycle, if it exists, is
therefore crucial. A recent study (Roukos et al., 2015) demonstrated the possibility of cell-cycle staging
individual cells using fluorescence microscopy. As a result, it became possible to quantify viral

expression in single cells in the context of their cell cycle stage.
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5.3 Results

5.3.1 tax and hbz expression are not independent of each other

Tax protein drives transcription of its own gene by recruiting transcription factors CREB and CBP/p300
to “Tax-Response Elements” in the 5’-LTR promoter (Currer et al., 2012), creating a positive feedback
loop that can be inhibited by competition in the form of HBZ protein (Lemasson et al., 2007; Yoshida
et al., 2008). | therefore examined the four tax-expressing clones to test for a correlation between tax

and hbz expression.

tax expression was strongly anti-correlated with the presence of hbz: cells were ~4x more likely to
contain a tax burst if they were hbz-negative (Fig. 5-1b), and the frequency of tax bursts rose from 2%
to over 8% in hbz-negative cells. hbz-negative cells also had a higher average amount of tax (not
shown), and cells with tax bursts had a far lower proportion of cells with detectable hbz than did cells

which lacked a burst or were tax-silent (Table 5-1).

The count of tax spots was strongly positively correlated with the fraction of cells containing a tax
burst (Fig. 5-1c) in all clones studied, including clone D, although this clone differed from the other
clones studied in having a lower peak tax expression and a higher proportion of tax mRNA retained in
the nucleus. Overall, tax-negative cells had a tax burst frequency of 0.37%, while tax-low cells had

2.6%, and almost half (49.6%) of all tax-high cells contained a tax burst.

There were many examples of hbz bursts in tax-negative cells, and plenty of cells with high tax
expression were hbz-negative (Table 5-1). However, high tax cells were almost three times more likely
to have a burst of hbz expression than cells with no or low levels of tax, increasing from approximately
4.5% to 14.5% (Fig.5-1d). This effect was observed in all three clones containing cells with high tax
expression. hbz bursts also tended to be significantly larger in tax-high cells than their counterparts in
tax-low or tax-negative cells: on average, they were estimated to contain 4 hbz transcripts, while hbz
bursts in tax-low or silent cells were estimated to contain 3 transcripts on average (p < 0.0001, Mann-
Whitney). This difference accounts for the larger average hbz burst size in clones B and C, which

contained the most tax-high cells (Fig.4-2d).

These data suggest a model for the temporal progression of HTLV-1 expression (Fig. 5-1a): cells are
more likely to express tax in the absence of hbz, which will then establish a feedback loop, leading to
very high levels of tax. High levels of tax are associated with an increased probability of hbz expression,

and once hbz is again present in a cell, tax expression in the form of bursts is more likely to cease.
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Figure 5-1 | Relationship between tax and hbz expression in individual cells

a, Representative images of a i) tax-silent cell, ii) tax-high cell (=100 spots) with a tax burst, iii) tax-
high cell without a tax burst (note the presence of an hbz burst), iv) tax-low cell (<100 spots) and
v) tax-silent cell, with low-level hbz. Scale bar is 5 um. b, tax bursts occur more frequently in hbz-
negative cells. c, tax bursts are indicative of very high tax expression, with the proportion of cells
which have a burst increasing as the level of tax increases. d, hbz bursts occur more frequently in
high-tax cells than in tax-negative or tax-low cells. Significance of differences measured with chi-
squared tests. Numbers above columns denote the number of cells in the corresponding
population from pooled triplicates of all tax-competent clones.
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Of the 689 tax-low or tax-silent cells with hbz bursts which were observed, not a single one contained
a tax burst (Fig. 5-2b). tax-high cells which contained a tax burst were also approximately half as likely
to be hbz-positive as cells with similar tax spot counts, but lacking a tax burst. Furthermore, hbz bursts
were not evenly distributed throughout tax-high cells, instead being found disproportionately in the
half of these cells which lacked a tax burst: 5% of tax-high, tax bursting cells also contained an hbz

burst, while almost 25% of tax-high cells lacking a tax burst had an hbz burst (Fig. 5-2b).

A minority of tax-high cells were considered to have “double bursts”, or co-localised spots of both tax
and hbz which were each bright and large enough to pass the transcriptional burst definition, so that
these cells could be considered to be actively transcribing both tax and hbz simultaneously. Given the
respective tax and hbz burst rates in tax-high cells of 49% and 15%, one would expect approximately
7-8% of those cells to have both bursts if they occurred independently of each other. However, the
observed frequency of so-called double bursts was 2.9% (Fig. 5-2a, p < 0.0001 for the difference in hbz
burst frequency in tax-high cells with or without a tax burst; chi-squared test). Furthermore, the tax
bursts in cells which also had an hbz burst were estimated to be smaller than those in cells without (p
=0.0456), and they had dimmer signals of gag, the theoretical indicator of ongoing transcription (data
not shown). This strongly suggests the conclusion that, whatever triggers the hbz burst, it is rapidly

followed by the end of the tax burst.
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Table 5-1 | tax-positive cells are less likely to be hbz-positive

#cells [ hbz-positive (%)
All 15531 78.3
tax— 11065 81.6
tax + 4466 70.2

#tax tax burst

+ + 136 61.8
++ + 378 36.8
+ = 384 70.6
+ = 3704 74.1

Cells which have tax bursts and high-tax are significantly less likely to be hbz-positive. However,
tax-high cells without a burst show a distinct increase hbz expression.
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Figure 5-2 | tax and hbz bursts do not occur independently of each other

a, Co-occurrence of tax and hbz bursts in tax-high cells is far lower than would be expected if they
occurred independently of each other. Significance of difference evaluated by chi-squared test.
Symbols represent number of tax spots detected in a cell: — (0-1 spots, tax-silent), + (2-99 spots,
tax-low) and ++ (>99 spots, tax-high). n= 11,065 tax-silent cells, 3,704 tax-low cells and 762 tax-
high cells from four pooled tax-competent clones, with three replicates per clone. b, hbz bursts
are significantly less likely to be observed in cells with a tax burst, regardless of the total count of
tax spots. Significance of difference calculated using chi-squared tests. Number of tax per cell
represented in the same manner as panel a, with an extra split according to the presence (+) or
absence (-) of tax bursts. Numbers above each bar show the number of cells in each population,
taken from the same clones as panel a.
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5.3.2 Cells can be individually cell-cycle staged by microscopy

The cell cycle stage of an individual cell imaged by microscopy can be identified by quantifying the
integrated intensity of its DAPI-stained nucleus, which is linearly correlated with DNA content (Roukos
et al., 2015). Using the nuclear outlines designed for determining the intracellular distribution of
transcripts, it was possible to ascertain the integrated nuclear intensity of each cell whose viral
expression was measured (Fig. 5-3a), and convert it into a likely cell cycle stage. The final step was
carried out via visual inspection of the resulting histogram of nuclear integrated intensity, based on
the principle that cells in Go/M have double the DNA content, and thus double the integrated intensity
of cells in Go/G;1 — an example of this process is shown in Fig. 5-3b. A similar approach was used in a

recent study by Skinner et al. (Skinner et al., 2016).

5.3.2.1 Cell cycle profiles are reproducible within clone replicates, and distinct between clones

In total, 18,691 cells were analysed. Three replicates of each clone were cell-cycle staged in this
manner, with the exception of clone C, where one replicate was discarded from the analysis as its cells
could not be staged with confidence due to technical failure (its presence or absence did not materially
affect the results). The cell cycle profiles were reproducible between replicate samples of each
respective clone but there were marked differences between clones, with perhaps the most notable

being the significantly higher proportion of cells in Go/M in clone A (Fig. 5-3c).
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a, The integrated intensity of nuclei in the DAPI channel is measured and collated, based on the
principle that cells in Go/M (e.g. cell C) have double the DNA content of cells in Go/G1 (cells A & B).
Scale baris 5 um. b, Histograms of integrated nuclear intensity from 100s-1000s of cells are visually
inspected for each replicate to determine appropriate “Go/G;:” boundaries. If there are sufficient
cells in “G,/M” for a readily discernible peak (as above) then the process is repeated, although the
lower and upper boundaries of “Gy/M” must be as close as possible to being double the values of
the respective “Go/G;” boundaries. If the “G,/M” peak is not clearly pronounced then the
boundaries are set relative to “Go/G:”, using the principle of 2n:4n. Cells which fall between these
two gates are considered to be “S”. The histogram shown is from a single replicate of clone A, with
1119 cells. ¢, Using the definitions described above, the proportion of cells in a given cell cycle stage
is reproducible between replicates of clones, and different between clones. Mean and SEM of three
biological replicates per clone are shown, except for Clone C which only has two replicates due
technical failure. n = 3726 cells (A), 3519 cells (B), 1961 cells (C), 5691 cells (D), 3946 cells (E).
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Figure 5-3 | Cell-cycle staging of single cells by fluorescence microscopy
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5.3.3 Cycling cells have elevated viral expression

Compared with cells in Go/G3, cells in G,/M showed a higher intensity of expression (spot counts) for
both tax and hbz. Figs. 5-4a and 5-4c show how the expression profile for both transcripts has shifted
to higher expression. The effect is less pronounced in tax: the proportion of cells in Go/M which were
tax-high was still low. However, since tax-high cells contribute over 80% of total tax, an increase in
tax-high cells from 2.6% in Go/G1 to 5.6% in G,/M resulted in a significant increase in total tax
expression. tax-silent and tax-low cells were more likely to be in Go/G1, whereas tax-high cells were
more likely to be in S or Go/M (Fig. 5-4a), regardless of whether they contained tax bursts. This effect
was consistent in three of the four tax-expressing clones (B-D); in the fourth (clone A) the difference
was not significant, most likely due to sampling error from the extremely low frequency of high-tax
cells. The positive correlation between higher hbz and cell-cycle progression was consistent in all

clones, including the tax-negative clone E (Appendix Fig. 8-5).

While both transcripts were more plentiful in G,/M in almost all clones, there was more nuance when
it came to frequency of expression, in the form of tax and hbz bursts. The frequency of hbz bursts
increased in every clone to a significant degree, in some cases almost tripling (Fig. 5-4d). tax bursts,
on the other hand, were not consistent between clones (Fig. 5-4b). While most increased, this increase
was only found to be significant in one clone (clone B), while in clone A there was in fact a decrease in
the rate of tax bursts in cycling cells which was considered significant, although it is worth repeating

that this clone had the lowest frequency of tax bursts (47 out of 429 total tax bursts).

One confounding factor of tax or hbz burst incidence in cells in S or Go/M is the fact that in the former
there may be, while in the latter there definitely are two copies of the provirus in the cell. The analysis
pipeline involved the definition of bursts as, along with other parameters, the single brightest
intranuclear “spot” in a given cell; multiple bursts in a nucleus were not accepted (section 2.3.3 in
Materials & Methods, “FISH-Quant analysis”; Appendix Fig. 8-1). This would not affect the burst
frequency as it is presented here, as the proportion of cells which have a tax or hbz burst would not
change even if some of them in fact had two bursts. It may, however, affect the frequency of
transcription from the perspective of the provirus; however, the ambiguity involved means that it

could be either under- or overestimated (see Discussion, section 7.6, “Viral transcriptional bursts”).
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Figure 5-4 | Viral expression increases in cycling cells

a, Cells in G,/M are on average more frequently tax-positive and express higher levels of tax than
do cells in Go/G1' Histogram bars represent the proportion of cells with a given cell cycle stage

which have a given level of viral expression. b, The relationship between cell cycle stage and tax
burst frequency is not consistent between clones. ¢, Cells in G,/M are more frequently hbz+ and

express higher levels of hbz than do cells in Go/G1' d, hbz burst frequency consistently increases in

cycling cells in all clones. Five clones were pooled for this analysis, of which four had three biological
replicate samples each, and one (C) had two biological replicates; total n = 18,843 cells.

119



5.3.4 High tax and hbz is associated with cell cycle progression

Given that cells showed differences in viral expression based on their cell cycle stage, the question
arose of what differences could be seen in the cell cycle distributions of cells dependent on their level
of viral expression. Cells were split into “silent”, “low” and “high” bins for both tax and hbz, along with

the presence or absence of a corresponding transcriptional burst (Fig. 5-5).

Depending on their level of tax or hbz expression, there were remarkable differences in the cell cycle
distribution of cells. Approximately 35% of cells with high tax were in S or G,/M, compared to 19% in
tax-silent cells. The proportion of cells which were cycling in tax-low cells was comparable to them
being silent, while it was slightly raised in tax-low cells which lacked a burst (Fig. 5-5a). The correlation
with between tax-high cells and G,/M was strongly consistent in two of three clones capable of
expressing tax to the level defined as “high” in this thesis, while in the third (clone A) the effect was

again not significant, possibly due to sampling error.

hbz showed an even stronger association with the cell cycle (Fig. 5-5b). 84% of hbz-silent cells were in
Go/G1, compared to 67% in hbz-low, hbz burst+ cells, falling further to 40% in cells with high hbz. Cells
which were hbz-low, hbz burst-, however, had a much more similar cell cycle distribution to hbz-
negative cells, with 81% of cells in Go/G;1. Put another way, the average proportion of cells in S or G;/M
in all clones, regardless of viral expression, was 13%. In hbz-high cells, however, more than half were

in S or G,/M, and therefore progressing through the cell cycle.

Given that high Tax can lead to expression of HBZ (Yoshida et al., 2008), as well as the relationship
between high tax and hbz expression described earlier in this chapter, the question arose whether hbz
expression was independently correlated with the cell cycle, or correlated with tax. To address this, a
logistic model was created to quantify the association between tax and hbz count, tax and hbz bursts
and cell cycle stage; how robustly one variable could be predicted in an individual cell, given the state

of the other variables.

According to this model, both high tax and the cell cycle stage were independently correlated with
hbz bursts (Fig. 5-6). Between cells with the same cell cycle stage, the odds of an hbz burst increased
by an average factor of 1.008 for every tax spot detected, and by 5.8-fold if they had high tax. This
effect was repeated in clone D, even though it had a lower maximum tax expression. Similarly, the
probability of any cell with a given level of tax (high, low and silent) containing an hbz burst increased
by an average of 1.5-fold if it was in G/M rather than Go/G; (Table 5-2 and Fig. 5-6). Crucially, this

effect was repeated in clone E, which is of course incapable of expressing tax.
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Table 5-2 | Frequency of hbz bursts according to cell-cycle stage and level of tax expression

hbz burst %
#tax | Al G,/G, | G,/M
- 4.42 3.53 8.40
2-99 4.56 3.46 7.99
>99 14.7 14.1 18.4

Cells in a given cell-cycle stage have more hbz bursts if they are tax-high, and cells with comparable levels
of tax have more hbz bursts if they are in G,/M.
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Figure 5-5 | Cell cycle distributions of cells according to their level of viral expression

The cell cycle distributions of cells with different levels of viral expression are represented by the
proportion of the columns they occupy. For example, across all cells (top left bar) the cell cycle
distribution is 77.5% G /G,, 7.55% S, 13.2% G,/M and 1.75% NA. NA (not applicable) refers to cells

whose nuclear integrated intensity was too bright to be binned as G,/M, or too dim to be binned
as Go/G:. a, Cells with high-tax have a higher frequency of cellsin S and G,/M, regardless of whether

or not a burst is present. Cells with low tax and no burst also have a slightly higher rate of cells in
G,/M. b, hbz expression is correlated with cell cycle progression, both hbz bursts and high-hbz. c,

The increased frequency of G,/M in tax-high cells is lost when cells which are also hbz-positive are

excluded. d, The association between hbz and cell cycle progression is largely unchanged in the
absence of tax, although there is a fall in the proportion of high-hbz cells in S-phase. Numbers
above each column denote the total number of cells with that level of expression. n = 14,475 cells
from all tax-competent clones, from three replicates each with the exception of clone C, where
one replicate was discarded due to technical failure.

122



Using the same model to investigate the importance of viral expression to the cell cycle, hbz was again
found to have a much stronger link to G,/M than tax. Each hbz spot present in a cell increased its odds
of being in G/M as opposed to Go/G; by a factor of 1.45, while the same effect for tax was only 1.004.
Of course, tax expression has a far higher ceiling than hbz, but even so tax-high cells were only 1.58-
fold more likely than tax-low or silent cells to be in G,/M, compared to a 7.3-fold increase in the odds
if the cells were hbz-high (Fig. 5-6). Similar effects were seen with regards to increasing the probability
of S-phase, but given the firmer definition of G/M in this study, and the fact that cells in S-phase can
be expected to reach G,/M eventually anyway, the conclusion which can be drawn from G,/M seem

more concrete.

One of the key objectives of a logistic model is to quantify the individual contribution of the multitude
of input variables on the output variable. This is crucial in the context of tax and hbz given that Tax
protein, and both hbz RNA and HBZ protein have been noted for their proliferative, transformative
effects, and that they do not exist independently of each other. Another way to ask this question is to
observe the cell cycle distributions of cells which have exclusively one of the two transcripts. In other
words, seeing how cell cycle distributions change with tax levels in hbz-silent cells, and how they

change with hbz levels in tax-silent cells (Fig. 5-5c, d).

The first observation worth making is that cells which are entirely devoid of viral transcripts are the
least likely to be cycling, with 87% in Go/G1. Beyond that, a very interesting effect is that the increased
proportion of cells in S-phase visible in both tax-high and hbz-high cells in Figs. 5-5a and 5-5b appear
to be limited largely to tax+hbz— cells, whereas the increase in Go/M seen in tax-high cells appears to
vanish when hbz-positive cells are excluded. In contrast, the strong association between hbz and G2/M
remains even if tax-positive cells are excluded, although there may be a weakening of the association
with S-phase. The positive correlation between hbz bursts or high hbz and G2/M was maintained even

in cells which had high tax (Fig. 5-5c¢, d).
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Figure 5-6 | Odds ratios from logistic regression of viral expression and cell cycle stage

An odds ratio above 1 indicates that the presence or increase of that variable has a positive
predictive effect on the likelihood of the outcome variable. For example, each tax spot in a cell
increases the odds of that cell also having a tax burst by a factor of 1.024, or 2.4%, while a cell
being tax-high increases the odds of it containing a tax burst by a factor of 135. Columns signify
average odds ratios, while bars mark 95% confidence intervals —if they cross the 1.0 line, the effect
is not considered significant. Positive (>1) odds ratios are shaded red, while negative (<1) ratios
are shaded blue, and non-significant effects are chequered blue. Odds ratios shown are from the

same cells as in Fig. 5-5; n = 14,475 cells.
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While fixation precludes any kind of robust temporal analysis, an approximation can be made based
on transcript numbers and the presence or absence of transcriptional bursts for the purpose of
inferring temporal correlation with the cell cycle. For example, a cell with an hbz burst and two hbz
spots is likely to have started expressing hbz more recently than a cell with a burst and eight spots,
which in turn is likely to have begun expressing hbz more recently than a cell with eight hbz spots and
no hbz burst. In this context, and given that hbz expression is more likely in cells with high tax, an
interpretation appears for the cause of abrogation of the increased frequency of Go/M in tax-high cells
disappears once hbz-positive cells are excluded. Namely, that by the time these tax-high cells are in
G,/M, they are also hbz-positive. This suggests another, cell-cycle related aspect which can be added

to the model of viral expression described earlier.

5.3.5 Cell volume is strongly associated with cell cycle stage

A number of studies have attempted to account for cell-to-cell heterogeneity of expression by
accounting for cell cycle stage and cell volume (Battich, Stoeger and Pelkmans, 2015; Padovan-Merhar
et al., 2015). Using my analysis pipeline, cell volume can be approximated through the area of each
cell’s outline as drawn by FISH-Quant, with an assumption that cells and their nuclei are approximately
spherical (see section 2.3.3, “FISH-Quant analysis”, for a description of the outline drawing process).
These measurements are not wholly reliable, as no cell surface marker was used, meaning cell
boundaries had to be defined using the cells’ autofluorescence. They were also often defined simply
as an extension of the nucleus, which did have clearly visible dimensions (Tsanov et al., 2016). |
therefore decided to rank cells by their nuclear volume; once they were broken into deciles, a

remarkable pattern emerged.

Nuclear volume increased at a constant rate among cells with the lowest 70% of volumes (Fig. 5-7a),
before increasing more rapidly in the top 30% of cells. The heterogeneity in nuclear sizes was
remarkable: the 10% largest cells were approximately 3.6-fold larger than the smallest 10%. A number
of measurements correlated with nuclear volume, but perhaps the most noticeable was the fact that
cycling cells were almost entirely absent in the lower 70% of nuclear volumes, while cells in S or Go/M
constituted three quarters of cells with the 10% largest nuclei. As Fig. 5-7b demonstrates, cells in Go/M
are on average significantly larger than cells classified as being in S-phase, who in turn are on average

significantly larger than cells deemed to be in Go/G;.
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a, Ranking cells by their estimated nuclear
volume and splitting them into ten bins, size
increases at a constant rate in the lower 70%
of volumes, before increasing further in the
upper 30%. Cells in S and G2/M are significantly
overrepresented in cells with the 30% highest
volumes. n = 18,843 total cells (1843-1884 per
decile) from pooled clones. 3 replicates from
each clone except clone C, which has two.
Volumes normalised to the average volume of
the smallest 10% of nuclei, estimated to be 170

ums3,

b, Cells in S and G,/M are significantly larger
than cells in Go/G;. Boxes show mean and
interquartile range while whiskers denote the
2.5-97.5% confidence intervals. Significance
measured by Mann-Whitney test. Same cells
used as in panel a.

Figure 5-7 | Cell in S and G»/M phase are significantly larger than those in Go/G:

126



5.3.6 hbz expression and tax bursts correlate with nuclear volume

A number of measurements of viral expression were also found to increase with nuclear volume. tax
counts per cell correlates with cellular volume, but not with nuclear volume (Fig.5.8a). However, this
cannot be taken at face value given that cell volume appears to be the determining factor in what
proportion of detected tax spots are considered in the final count (see section 3.3.4, “hbz count is
highly accurate, whereas tax count underestimates the content of high-expressing cells”). That being
said, there was a noticeable increase in the proportion of cells with high tax or tax bursts in cells with
the largest nuclei, and both were heavily skewed toward the diminishing number of Go/G; cells in
those high-volume bins (Table 5-3). Of note, tax bursts were on average larger in cells with the largest
nuclei (Fig. 5.8b), but once cell size was accounted for, tax burst frequency actually decreased from

cells in Go/G1 to G/M (Table 5-3).

In contrast, the accuracy of hbz measurement in larger or smaller cells is not in question, and the hbz
count per hbz-positive cell did increase in step with increasing nuclear volume (Fig. 5-8a). This
correlation seemed to follow a constant, suggesting that absolute hbz abundance mattered less than
the concentration of hbz in a cell. It is also possible that, given hbz's retention in the nucleus, nuclear
concentration is the most important metric. This association was clear in all clones, including the tax-
negative clone E. This increasing nuclear volume in larger cells was in contrast to a recent study on the
subject (Padovan-Merhar et al., 2015), so hbz abundance per nuclear volume also remained largely

constant.

Given this new data, it became necessary to reanalyse the relationship between HTLV-1 plus- and
minus-strand expression and the cell cycle by logistic regression, with cell volume as an added variable.
While cell volume was found to be significantly positively correlated with a cell’s hbz abundance, it
was not significantly correlated with the likelihood of an hbz burst. The significance of other variables
in predicting a cell’s cell cycle stage or state of HTLV-1 expression remained unchanged when cell
volume was factored in, although the magnitude of some correlations was reduced. hbz burst
frequency and transcript abundance per cell were both higher in cells in Go/M as opposed to Go/G:.
However, in neither case did they increase by a factor of two, as might be expected if the two
proviruses present in G, cells expressed at equal rates, independently of each other: for hbz bursts,
the frequency increase had a ratio of 1.67, while for overall hbz abundance the ratio was 1.34 (Table
5-3). This reinforces the view of HTLV-1 expression as being determined by a complex array of factors,
which will require further investigation (see Discussion, section 7.8, “Relationship between viral

expression and the cell cycle”).

127



a, Ranking cells by their estimated nuclear volume and splitting them into ten bins, hbz abundance
per hbz-positive cell increases at a constant rate dependent on nuclear volume. No similar trend
is clear in the case of tax.

b, The average size of tax bursts increases in with nuclear volume. There is no such change in the
size of hbz bursts in cells with larger nuclei.

Mean and SEM are shown. R? of each linear regression is shown, along with the probability that
the regression’s gradient’s deviation from zero is significant. Nuclear volume binning based on
same definitions as Fig. 5-7, with all hbz, tax or burst-positive cells selected from those bins as
appropriate. n = 15,536 hbz-positive cells; 4,490 tax-positive cells, 942 cells with hbz bursts and
514 cells with tax bursts.

128



a Number of transcripts per cell by volume

54 - 60
T
3 |1l 1 - T
3 4 | I 1 - o]
s | 111 ! — I ], 2
N R T e 0 3
N 11 o~ hbz R? = 0.972 X
9 1 i <
< TS S
~ ’ "
£ 240 o0 2
2 20 2
(2] ]
% I+
0 T ¥ T ¥ T ¥ 0
1 2 3 4
Normalised nuclear volume
o hbz tax
b Size of bursts by volume
54 - 50
- taxR? = 0.620 -
2 (p=0.0069) |- 2
-E o -40 o
» 44 “
= L 30 <
o § -
3 i % 3
ey -20 I
T 31 { . hbz R? = 0.0348 3
g (p = 0.606) L0 &
& &
2 T ¥ T T T v 0
1 2 3 4

Normalised nuclear volume
-eo— hbz burst = tax burst

Figure 5-8 | hbz expression per cell is largely consistent as a function of nuclear volume, and tax bursts
are larger in cells with larger nuclei
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Table 5-3 | tax expression increases significantly with cell volume

o
LZlee:f:::lsn: Go/Gs > Gt
tax burst % 7.60 3.87 3.50
tax- high % 13.1 7.93 6.51
hbz burst % 5.67 10.1 9.46
hbz per hbz +cell 3.09 3.38 4.16

While overall tax expression and tax burst frequency increases markedly in the largest cells, its
profile is affected significantly by hbz and cell cycle stage.
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5.4 Conclusions

The work presented in this chapter focused on the relationship between expression of the viral plus-

and minus-strand transcripts, as well as their relationship with the cell cycle. The main conclusions are

outlined below:

e tax and hbz expression are not independent of each other

O

tax expression in the form of bursts are significantly more likely to be found in hbz-
silent cells, a minority of the total cell population

tax bursts are associated with very high total tax spot counts, indicative of a positive
feedback loop of expression

hbz expression in the form of bursts is significantly more likely in tax-high cells,
suggesting that the positive feedback loop of tax expression may be broken by hbz

| infer that tax bursts end very soon after the appearance of hbz bursts

e |t has become possible to discern the cell cycle stage of individual cells through fluorescence

microscopy

e tax and hbz expression display different degrees of correlation with cell cycle progression

O

Cells in G2/M tend to have higher levels of viral expression of both transcripts, when
compared to cells in Go/G1

hbz bursts are more frequent in G,/M compared to Go/G; in each clone examined,
while the relationship between tax bursts and the cell cycle varies between clones
Cells with high hbz expression or hbz bursts are highly significantly more likely to be
in G2/M or S than Go/G;

While high tax is significantly associated with cell cycle progression (i.e. not being in
Go/Gs), tax bursts are not

The lack of tax-high, hbz-silent cells in Go/M suggests that hbz has greater influence

on the cell cycle than tax

e Nuclei of cells in S and G»/M are significantly larger than those in Go/G1

O

In hbz-positive cells, hbz expression as a function of cellular or nuclear volume remains
constant

hbz burst frequency is not correlated with nuclear volume, but is associated with cell-
cycle stage progression

tax bursts are on average larger in cells with larger nuclei
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CHAPTER SIX

LOCATING THE HTLV-1 PROVIRUS
USING DNA-FISH
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6.1 Chapter Summary

The previous chapters have all centred around RNA-FISH. The work described in this chapter is centred
around visualising and quantifying the spatial distribution of the HTLV-1 provirus itself within the
nuclei of infected cells. This was based on using DNA-FISH to target the integrated HTLV-1 genome, or
stretches of host genome flanking the provirus of a clone whose UIS had been mapped by LM-PCR. It
could then be combined with immunofluorescence in order to quantify the 3D localisation of the
provirus relative to intranuclear compartments, such as the nuclear lamina or nucleolus, with which
the provirus might interact. While initially successful, ultimately this approach was put aside due to
technical setbacks and the rapid progress of the RNA-FISH work described in the previous chapters. In
the long run, however, there remains value in mapping the 3D localisation of the HTLV-1 provirus,

particularly to investigate how the localisation correlates with proviral expression.
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6.2 Introduction

It has recently become apparent that DNA is not randomly distributed in the interphase nucleus, but
rather is organised into largely discrete “chromosome territories”, as well as associating with
particular intranuclear structures, for example the nuclear lamina, dependent on whether genes in a
given genomic neighbourhood are being expressed or repressed (Bickmore and van Steensel, 2013;
Gibcus and Dekker, 2013). As a majority of naturally infected T-cells contain a single provirus
integrated at a unique genomic location (Cook et al., 2012), the HTLV-1 provirus can find itself in very

different genomic environments.

While HTLV-1 integration does have some association with a selection of genomic landmarks (Gillet et
al., 2011; Melamed et al., 2013), there is no particular integration preference between chromosomes:
the number of UIS found in a given chromosome in cells infected in vitro scales with the size of the
chromosome (Cook et al., 2014). However, the same paper which demonstrated this also reported a
significant in vivo preference for chromosomes 13, 14, 15 and 21. In other words, while there was no
bias in the number of proviruses which were integrated into these chromosomes in the absence of
immune pressure, cells whose provirus was integrated in one of these chromosomes were more likely
to survive. Along with chromosome 22, these are the acrocentric chromosomes, whose very short p-
arms contain the nucleolar organising regions (NORs), arrays of rDNA codons coding for the ribosomal
machinery (Németh et al., 2010; Németh and Langst, 2011). None of the proviruses were mapped to
the p-arms and centromeres block long-range interactions between the arms of chromosomes
(Bickmore and van Steensel, 2013), indicating that direct interactions with the rDNA arrays were not
responsible for the observed survival bias. Another possibility was that there could be an interaction

with the nucleolus of the infected cells which increased the probability of survival of the virus.

There is also previous evidence that interactions between proviruses with nuclear bodies can result in
modulation of proviral expression. For example, Lusic et al. discovered that the HIV-1 provirus spatially
associates with PML bodies (named after the promyelocytic leukaemia factor), and that this

association favours proviral latency (Lusic et al., 2013).

The nucleolus is the centre of ribosome biogenesis, and is bounded by a perimeter of perinucleolar
heterochromatin, associated with the epigenetic mark H3K9me3 (Németh et al., 2010; Németh and
Langst, 2011). This mark is strongly associated with constitutive repression, and is also found in the
nuclear lamina (Bickmore and van Steensel, 2013; Wendt and Grosveld, 2014). A provirus in such an
environment might therefore remain latent and avoid immune detection. However, the nucleolus

disperses during mitosis, and can also be disrupted by cellular stressors such as hypoxia or nutrient
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deprivation (Boisvert et al., 2007; Boulon et al., 2010). This nucleolar dispersal could in turn allow
intermittent viral expression, linked to cell cycle progression or cellular stress, decreasing the
probability of immune detection and destruction. | therefore set out to use DNA-FISH to find the
intranuclear location of HTLV-1 proviruses in order to test the hypothesis that preferential survival of
infected cells through controlled proviral expression could be brought about through its association
with the nucleolus, as well as the more general investigation of associations with other intranuclear

compartments.

The initial goal was to work with infected clones before moving on to unsorted PBMCs. Starting with
the former allowed simpler validation as the proviral integration site would be known, and since all
cells in a clone are infected it would be possible to calculate a probe efficiency rate. Conversely,
beginning with PBMCs, where not all cells are infected, and the proportion or PVL varies between
patients, would always leave open the question of whether any particular cell lacked a proviral signal

because the probe had failed to hybridise, or because the cell was uninfected.
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6.3 Results

6.3.1 Targeting integration sites by flanking region

The principle of RNA- and DNA-FISH is the same: design probes whose sequence is complementary
and specific to a particular sequence which you wish to visualise, and label those probes with a
fluorophore. However, DNA-FISH is a much more challenging technique than RNA-FISH. With RNA-
FISH, one must be exceedingly careful to avoid RNAse contamination, but thermodynamically speaking
it is much easier to melt a short single-stranded RNA secondary structure than the base pairing of an
entire double-stranded DNA genome. Similarly, the FISH probes are only competing with the
transcript’s self-hybridisation in the case of RNA-FISH, whereas for DNA-FISH they are competing
against the entire complementary strand. To overcome this, DNA-FISH is by necessity a much harsher
technique than RNA-FISH, but DNA-FISH probes also generally need to target a longer sequence in

order to guarantee sufficient signal-to-noise.

At the beginning of this project, a sequence as short as 9 kb (the length of the HTLV-1 genome) had
not been successfully imaged before using DNA-FISH (Boyle et al., 2011). However, since the
integration site of the clones used in this study had been mapped by LM-PCR (Table 2.1.2.1), it was
possible to target the human genome flanking each UIS. Whilst initially an acceptable workaround, as
target length would no longer be an issue, this approach would not be sustainable as it would require
a new, prohibitively expensive probe design for every clone to be studied. The location data from
these probes would also not be as robust as one which directly targeted the proviral sequence, since

each chromosome would produce a signal but only one would contain the provirus.

100 kb of the flanking genomes of two clones (A and C) were targeted as a proof-of-principle. A
common method to validate DNA-FISH probe specificity involves hybridising cells with both the probe
and what is known as chromosome “paint”, a commercially available probe library which hybridises
with entire chromosomes. If the probe is specific, its signal will consistently co-localise with that of the
chromosome in which its target is found. A further validation can be carried out using metaphase- or
M-FISH. In this case, cells are synchronised in mitosis by colcemid treatment before fixation. They are
then dropped onto glass slides, and the pressure of impact cracks the cells, allowing the condensed
chromosomes to stick to the glass (see section 2.5.6, “Metaphase spreading and metaphase-FISH”).
The probes and chromosome paints are then added without any need to permeabilise the cell, and
colocalisation can be observed with a readily recognisable condensed chromosome instead of a

diffuse interphase chromosome territory.
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Figure 6-1 shows the results of both of these approaches. While metaphase spreads do produce lovely
images, the FISH probes exhibited extensive non-specific signals in this context (Fig. 6-1b). It was
however also possible with this approach to judge visually whether the position of the probe signal on
the chromosome corresponded to that of the known integration site. Simply co-hybridising with
chromosome paint with normal cells demonstrated that the probes were successful, with an excellent
signal-to-noise ratio (Fig. 6-1a). While not all cells contained two distinct, specific signals, once the
protocol was optimised roughly 90% could be expected to contain at least one signal which was readily
identifiable. Once this had been demonstrated, these probes could also be used as further validation
for the successful binding of the provirus-specific probe which was being developed in parallel (see

section 6.3.2, “Targeting the provirus”).
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L]

Composite

a, The signals from a probe
targeting the UIS flanking
genome of clone C co-
localises with the
chromosome territory in
which that clone’s provirus is
integrated. Scale bar is 5 um.

b, Metaphase—FISH reveals
that the probe targeting the
clone A UIS flanking genome
co-localise with chromosome
in which that clone’s provirus
is integrated, circled. Scale
baris 5 um.

Composite

Figure 6-1 | DNA-FISH probes can specifically target the host genome flanking the provirus
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6.3.2 Targeting the provirus

Being able to visualise the integrated HTLV-1 provirus represented the holy grail of this part of the
project, as it could then have been used in any clone, or even in ex vivo infected PBMCs where the

proviral integration sites would be mixed and unknown.

The specificity and efficacy of this probe were measured in a similar manner to the flanking genome
probes described in the previous section. First, cells were co-hybridised with the proviral probe and
the chromosome paint for the chromosome in which the clone’s provirus was known to be integrated
(by LM-PCR). This was a success (Fig. 6-2a), and it was then possible to combine the proviral probe
with the flanking genome. As Fig. 6-2b illustrates, it was possible to see a specific proviral signal
colocalised with only one of the two flanking genome signals, as expected. Reflecting the differences
in the length of their target sequences, the proviral probe library contained 166 oligonucleotides,
while the probe targeting clone C’s UIS flanking genome contained 932 oligonucleotides. It is perhaps
not surprising that the proviral probe therefore exhibited a lower efficiency: after optimisation,

approximately 50% of infected cells contained a specific, robust proviral DNA-FISH signal.
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Composite

Composite

Figure 6-2 | DNA-FISH probes can specifically target the HTLV-1 provirus

a, The signal from a probe targeting the proviral genome co-localises with the chromosome
territory in which clone C’s provirus is integrated. Image is of a cell from clone C, taken with the
widefield IX70 microscope. Scale bar is 5 um.

b, The signal from a probe targeting the proviral genome co-localises with only one of the two
signals from the probe targeting the UIS flanking genome, as would be expected. Image is of a cell
from clone C, taken with the confocal SP5 microscope. Scale bar is 5 um.
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6.3.3 Immunofluorescence and Immuno-FISH

With functioning probes to target the provirus or its flanking genome, the next step was to combine
this with immunofluorescence. This would allow the spatial localisation of the provirus to be resolved
relative to subnuclear structures, such as the nuclear lamina (Lamin B1) or nucleolus (Nucleolin), with
which it might associate. Fig. 6-3 shows how antibodies were used to visualise these two subnuclear

structures, and it was possible to do this in conjunction with detection of the provirus (Fig. 6-3).

Unfortunately, before efforts to systematically capture and quantify the proviral location could begin
in earnest, the approach suffered a succession of technical setbacks, and did not progress further. This

is discussed further in the Discussion (section 7.9, “Intranuclear localisation of the provirus”).
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Composite

Figure 6-3 | Subnuclear compartments and the provirus can be visualised in the same individual cells

a, Demonstration of successful immunofluorescence stain for Nucleolin, highlighting the nucleoli
of infected cells. Image is of cells from clone A taken with the confocal SP5 microscope. Scale bar
is 5 um.

b, Demonstration of successful IF-DNA-FISH, for the purpose of finding the provirus’s spatial
location in relation to subnuclear structures, such as the nuclear lamina. Image is of a cell from
clone A, taken with the confocal SP5 microscope. Scale bar is 5 um.
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6.4 Conclusions

The goal of the work presented in this chapter was to measure the intranuclear location of the HTLV-

1 provirus. Below is a broad summary of the results:

e Probes visualising the HTLV-1 provirus and its flanking host genome were designed and shown

to be specific to their target sequences, with varying levels of detection efficiency

o These probes could be combined with antibodies, allowing relative position of the provirus

and potential colocalisation to be measured

e This avenue of investigation was eventually put aside due to technical setbacks and

inconsistence results, and in order to focus on viral expression through smRNA-FISH
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CHAPTER SEVEN

DISCUSSION & SUMMARY OF WORK
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7.1 Chapter Summary

In this thesis, | have described the use of single-molecule RNA-fluorescence in situ hybridisation to
investigate the expression profile of integrated HTLV-1 proviruses at the single cell level, something
which, to my knowledge, has never been done before. Through this technique, evidence is presented
that viral expression of both strands presents a degree of cell-to-cell variation which was hitherto
unreported, whether in naturally infected cells, animal models or transformed cell lines. HTLV-1
transcription was found to follow a burst pattern, and the intracellular distributions of plus- and
minus-strand transcripts in the form of tax and hbz were measured. For the first time, the relationship
between tax and hbz expression was investigated within individual cells, as well as the relationship
between proviral expression and the cell cycle. A constant theme throughout these observations was
the stark contrast between the expression of tax and hbz. While it ultimately did not progress
significantly, work demonstrating the proof-of-principle of locating the HTLV-1 provirus using DNA-

FISH was also presented, another first for the field.

This final chapter discusses these findings in the context of the current literature, and asks what they
may mean for the broader question of HTLV-1 transcriptional control and latency. These conclusions
and inferences are also outlined in the paper submitted for publication (Billman, Rueda and Bangham,

2017). Potential future avenues of investigations are also explored.
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7.2 Paradoxes of HTLV-1 persistence

In order for HTLV-1 to survive and propagate within the human host, regulation of proviral latency is
crucial. Three paradoxes remain unexplained regarding HTLV-1 gene expression and the host immune

response:

1. Astrong cytotoxic T-lymphocyte (CTL) response to Tax protein is seen in allimmunocompetent
hosts, but the magnitude of this response does not explain the observed wide variation
between individuals in proviral load (Hanon et al., 2000; Kattan et al., 2009; Demontis, Hilburn
and Taylor, 2012).

2. The CTL response to Tax is chronically activated, implying frequent exposure to newly-
synthesized Tax protein in vivo, but tax expression is usually undetectable in fresh PBMCs
(Daenke et al., 1996; Hanon et al., 2000; Rende et al., 2011).

3. The CTL response to HBZ is typically weak or undetectable, and hbz expression is low in
polyclonal PBMCs, but the presence of a detectable anti-HBZ CTL response is associated with
a lower PVL and a lower prevalence of inflammatory disease (Saito et al., 2009; Macnamara

etal.,2010; Hilburn et al., 2011; Andrade et al., 2013; Rowan et al., 2014; Kataoka et al., 2015).

The results reported in this thesis offer an explanation for each of these paradoxes. By quantifying
the frequency and intensity of tax and hbz expression, | have shown that in clones of naturally-
infected, CD4+ T-cells, both the plus-strand and minus-strand genes of HTLV-1 are expressed in bursts,
which differ strongly in intensity and frequency between the two strands. If this pattern of HTLV-1
gene expression accurately represents the pattern of expression in vivo, the paradoxes may be

explained as outlined in the following sections.

7.3 Transient tax expression

At the single-cell level, expression of tax (as a surrogate for the proviral plus strand) is not uniform,
but rather exhibits a bimodal expression profile (Fig. 3-1a). The minority of cells expressing tax at any
one time express it at a very high level (Fig. 3-1aiii). The tax transcripts are then rapidly exported to
the cytosol (Fig. 4-4a, b) for translation. This intermittent but intense expression of the highly
immunogenic Tax protein (Hanon et al., 2000; Goon et al., 2004) is sufficient to account for the

observed preponderance of anti-Tax CTLs. However, since the proportion of cells expressing Tax at
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any instant is low (of the order of 1% to 10%), the anti-Tax CTL response has a limited impact on the

proviral load set point.

Two separate studies have shown that the stochastic “noise” of cell-to-cell transcriptional
heterogeneity resulting from bursts is buffered by the nucleus. Controlled nuclear export thus allows
a much more constant rate of translation, resulting in significantly reduced heterogeneity at the
protein level (Bahar Halpern et al., 2015; Battich, Stoeger and Pelkmans, 2015; Stoeger, Battich and
Pelkmans, 2016). The expression profile of tax stands in stark contrast to this idea. Single-cell
heterogeneity at the transcript level is reflected at the protein level, as few if any tax-negative cells
stained positive for Tax protein (Fig. 3-4). tax mRNA transcripts are also exported rapidly from the
nucleus, with seemingly no attempt to “buffer” expression. Within 2 hours of transcriptional inhibition
by ActD, the earliest time point, virtually all tax had already been exported from nuclei which, with
their high tax counts, could be expected to have been actively expressing the gene in the recent past
(Fig. 4-1d). As has been discussed previously, the limitation of the FISH-Quant nuclear-cytosolic
definition of spots to 2D rather than 3D means that the proportion of tax spots reported in this thesis
are an overestimate (Fig.4-5a). The rapid, almost explosive expression of tax followed by its rapid
export and seemingly just as fast return to inactivity is reminiscent of the immediate early genes (IEGs),
such as the TFs c-fos and c-jun, which are involved in a number of rapid cellular responses to stimuli
(Senecal et al., 2014; Battich, Stoeger and Pelkmans, 2015; Bahrami and Drablgs, 2016). Tax has many
of the same properties as these proteins, such as upregulating expression through recruitment of
CREB, and their promoters are both capable of responding to SRF and CREB through SREs and CREs
(Bahrami and Drablgs, 2016). The fact that Tax protein itself has been demonstrated to upregulate a
number of these genes is consistent with the notion that the immediate-early stress response

enhances proviral plus-strand transcription (Fujii et al., 1994).

The transient nature of Tax expression, and its fleeting appearance in a population of cells are of clear
evolutionary and immunological benefit to the virus. The Tax protein is well established as the
immunodominant HTLV-1 antigen in the CTL response against the virus (Goon et al., 2004), and anti-
Tax CTLs are highly efficient at lysing infected cells which present Tax antigens (Hanon et al., 2000;
Cook et al., 2012). Much as “the nail which sticks out shall be hammered down”, there is a strong
immunological pressure from CTLs on the virus to minimise presentation of Tax antigens. This is
reflected in vivo: the most abundant infected T-cell clones in patients have generally been found to
have a lower average Tax expression, while clones with a higher rate of Tax expression tend to be far
smaller (Melamed et al., 2013). Over time, HTLV-1 patient’s provirus integration profiles have also
tended to shift to increasingly silent regions of the genome, pointing more towards latency (Asquith

et al., 2005; Melamed et al., 2013). On the other hand, Tax protein expression is clearly of benefit to
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the virus. It is necessary for establishing HTLV-1 infection in the tens of thousands of clones found in
HTLV-1 infected individuals. Tax expression increases cellular clustering through upregulation of
adhesion molecules such as ICAM-1 and CADM1 (Tanaka et al., 1995; Manivannan et al., 2016), and
drives the polarisation of the microtubule network upon cell contact to form a virological synapse
(Igakura et al., 2003; Nejmeddine et al., 2005). With the development of an LM-PCR and high-
throughput sequencing approach, Gillet et al. demonstrated that HTLV-1 was far more polyclonal than
previously expected, and that the increased PVL seen in HAM/TSP patients was not made up of a small
number of high-abundance clones, but instead a larger total number of clones, regardless of their
abundance (Gillet et al., 2011). Further to this, despite the overwhelming preference of the provirus
for the mitotic over the infectious pathway in chronic infection, new clones are being created through
infection on a daily basis (Laydon et al., 2014). All of this demonstrates the importance of Tax
expression to HTLV-1 infection in vivo. In this light, the episodic, “bursty” pattern of expression of Tax
observed in experiments presented in this thesis (Fig. 4-1) presents a viable strategy by the virus to
balance its need for proliferation and infection with its avoidance of the immune response.
Furthermore, this fleeting but very high level of expression is consistent with the inability to detect

Tax in vivo, as well as the chronically activated CTL response against it.

A limitation of the approach to study plus-strand expression as outlined in this thesis is the fact that it
is not possible to be certain that the transcripts bound by the tax probe are in fact tax, as opposed to
any of the other 6 potential plus-strand transcripts. The extreme genetic efficiency of the HTLV-1
genome, combined with the fact that every non-tax plus-strand transcript will contain the tax
sequence in its 3’-UTR means that there is no clear solution to this problem through the use of smRNA-
FISH. gPCR studies have indicated that, along with the structural transcripts, tax/rex mRNA is
expressed at a far higher rate than the accessory genes (Li et al., 2009; Rende et al., 2011), and
abundant Tax protein expression has been observed ex vivo in multiple studies using naturally infected
cells (Hanon et al., 2000; Asquith et al., 2007; Kulkarni et al., 2017). This does not, however, guarantee
that every HTLV-1 infected clone will exhibit the same pattern of expression, which bring us to the

conundrum of clone D.

Clones A-C, while varying in the proportion of cells observed expressing tax, all exhibit the same broad
pattern: tax tends to be expressed at a very high level or not at all (Fig. 3-5a), and once transcribed is
rapidly exported (Fig. 4-5b). While clone D displayed the same binomial expression pattern, its tax
“ceiling” was far lower, with the vast majority of its tax-positive cells containing only a handful of tax
spots (Fig. 3-5b), most of which displayed an intracellular distribution pattern which was more similar

to hbz (Fig. 4-5b). The low level of tax observed in clone D suggests that the normal positive feedback
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loop that drives tax mRNA expression is absent or severely attenuated in this clone. There are a

number of possible scenarios which could explain these observations:

1) Clone D is genuinely expressing tax in a pattern which is different from clones A-C
2) The clone D provirus contains a mutation which affects tax expression

3) Nuclear export of tax transcripts impaired in clone D

Any of the alternative scenarios has to be reconciled with the fact that clones D and A come from the
same patient, so they should be genetically identical except for the location of their proviral
integration sites. Since Tax protein has been shown to be necessary to drive high-level transcription
from the 5’-LTR, anything which prevented tax export and translation could put a significant brake on
HTLV-1 plus-strand transcription (Anderson and Dynan, 1994; Tie et al., 1996; Currer et al., 2012). p30
has been reported to sequester tax/rex mRNA in the nucleus (Nicot et al., 2004). However, that
particular study used a p30 expression construct in a transformed cell line, so it is debatable whether
the protein would have the same effect when expressed at the significantly lower levels observed in
naturally infected cells (Rende et al., 2011). Furthermore, very little supposed tax transcript is leaving
the nucleus at all in clone D, so it’s not clear that any plus-strand protein would be expressed to any
significant degree (Fig. 4-5b). Another possibility is mutation, which although relatively rare in HTLV-1
(Overbaugh, 2001), is thought to occur during initial cell infection through APOBEC3G activity (Fan et
al., 2010). If a mutation were to affect Tax protein function, plus-strand expression could still continue,
but at much lower level, potentially like that observed in clone D (Fig. 3-5b). Mutations in promoters
have also been shown to affect burst size and frequency, which ultimately determine absolute
transcript abundance (Tantale et al., 2016). Answering this conundrum would require further
investigation, for example through the use of splice-site specific primers in gPCR to identify specific
plus-strand transcripts. It is, however, worth stressing that when the human body may contain over
10° different clones of HTLV-1-infected T-cells, each with a different proviral integration site (Gillet et

al., 2011; Laydon et al., 2014), some degree of variation between clones is to be expected.

The study by Battich et al. demonstrated that by multivariate modelling, it was possible to
deterministically account for the majority of the seemingly stochastic “noise” of cell-to-cell
heterogeneity of expression (Battich, Stoeger and Pelkmans, 2015). However, their study involved
genes in the same genomic location in each cell. A significant factor behind the variation in tax
expression between clones must be related to each clone’s UIS. This will be explored further in section

7.6 (“Viral transcriptional bursts”).
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7.4 Consistent hbz expression

The variability in tax expression, both within and between clones, is all the more stark when compared
with the expression profile of hbz. The proviral minus-strand in the form of hbz is expressed at a much
lower level than the proviral plus-strand (tax) (Fig. 3-2b), consistent with previous observations (Satou
et al., 2006; Saito et al., 2009). Its range of expression is also several orders of magnitude lower, with
a far higher proportion of cells expressing hbz at very similar levels in each clone (Fig.3-6). Another
shared feature of all the clones is the uniform retention of 80-90% of hbz transcripts in the nucleus

(Fig. 4-5).

All of these observations are consistent with those made in vivo. HBZ protein has consistently been
found to be expressed at levels beyond the range of detection at the single-cell level, while always
being detected in bulk assays of both patients samples and in vitro systems (Satou et al., 2006; Li et
al., 2009; Rende et al., 2011; Kataoka et al., 2015). This low expression combined with a low rate of
translation explains why HBZ protein is effectively undetectable in physiological conditions.
Furthermore, a study which found that increased hbz expression was associated with higher PVL and
disease risk found that the total detected hbz in a patient could be entirely explained by the increased
proportion of infected PBMCs (Saito et al., 2009). In other words, total hbz in vivo was determined by
an increase in the number of cells expressing at a largely constant level, consistent with my findings
that 80% of all hbz expressing cells contained less than 4 transcripts, accounting for two thirds or total

hbz expression (Fig. 3-3).

These observations go a long way towards explaining the third paradox posited in section 7.2: the
weak or non-existent anti-HBZ response, which nonetheless is one of the only known correlates of
protection against HTLV-1-associated inflammatory diseases (Macnamara et al., 2010; Hilburn et al.,
2011). There is a significant body of literature indicating that HBZ is essential for HTLV-1 persistence
in the host. HTLV-1 viruses that do not express hbz establish a lower set-point PVL in animal models,
or exhibit reversion mutants which restore hbz expression (Arnold et al., 2006; Valeri et al., 2010). The
3’-LTR has never been found to be silenced by epigenetic changes (Miyazaki et al., 2007; Fan et al.,
2010), mutated or deleted in ATLL lines or patients, and knocking down hbz expression through RNA
interference suppresses the growth of ATLL cell lines in vitro (Satou et al., 2006). The RNA-Seq study

by Kataoka et al. also detected hbz expression in all ATLL patients (Kataoka et al., 2015).

Given these observations, it is perhaps not surprising that the presence of CD4+ and CD8+ T-cells which
can target HBZ epitopes would correlate with a lower PVL, and lower disease risk (Hilburn et al., 2011).

In addition, the functional avidity and lytic efficiency of anti-HBZ CTLs (Kattan et al., 2009), partially
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determined by the strength of HBZ antigen presentation by MHC | (Macnamara et al., 2010; Rowan et
al., 2014), would play a significant part in determining the effectiveness of the anti-HTLV-1 immune
response. HBZ appears to be the virus’s “Achilles’ heel,” so it is in the virus’s interest to hide it from
the immune response to the greatest extent possible. HBZ is remarkably poorly immunogenic (Goon
et al., 2004; Enose-Akahata et al., 2013; Rowan et al., 2014; Shiohama et al., 2016), and HBZ peptides
bind very poorly to MHC | (Macnamara et al., 2010). These findings, combined with the fact that hbz
is so rarely exported from the nucleus (Fig. 4-4) for translation, explains why a detectable anti-HBZ T-

cell response is low and can be difficult to detect, in spite of being so effective.

A study by Padovan-Merhar et al. demonstrated through smRNA-FISH that cells were able to maintain
constant transcript abundance as a function of cell volume (Padovan-Merhar et al., 2015). hbz
expression appears to follow a similar pattern, with differences in average hbz abundance per cell
largely disappearing once corrected for nuclear volume (Fig. 5-8). Cell size measurements in this
analysis pipeline are estimates, since cell boundaries were not specifically stained, so instead had to
be defined using the relatively small difference in intensity between cell autofluorescence and
background signal. The definition of nuclear volumes, however, can be used with much more
confidence (thanks to DAPI staining), and the same count / volume relationship was observed. The
fact that there can be so much variation in the size of T-cell nuclei (the largest 10% are 3.6-fold larger
than the smallest 10%) stands in contrast to the Padovan-Merhar study, which only observed a limited
increase in nuclear volume in larger cells. It should also be noted that the great majority of the genes
which they tracked, for example gapdh, appeared to be expressed to some degree in all cells; none
appeared to be entirely silent (Padovan-Merhar et al., 2015). If true, this fine control of hbz expression
to maintain a constant RNA “concentration” based on volume is remarkable, and could reflect an
adaptation by HTLV-1 that confines hbz expression to the absolute minimum necessary, in order to

avoid immune detection.

It has long been held that hbz is constitutively expressed in infected cells (Ma, Yasunaga and Matsuoka,
2016). However, all previous studies quantified HBZ expression in cell populations, using bulk
techniques such as RNA-Seq gPCR or antibody titres (Satou et al., 2006; Kataoka et al., 2015; Mitobe
et al., 2015; Shiohama et al., 2016). The single-cell based approach reported here suggests that, while
expressed in a significant majority of cells, hbz is not present in all cells at all times (Fig. 3-6). While
this finding could be a result of probe inefficiency, the size of the hbz oligonucleotide library contains
significant redundancy (48 in total, while the published detection limit is somewhere in the region of
25 oligonucleotides) (Stellaris protocols, Raj et al.,, 2008), such that a significant number of
oligonucleotides can fail to bind and the transcript should be still be detectable. The proportion of

hbz-negative cells in each clone was also reproducible, and varied from 10% to 35% between clones
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(Fig. 3-6). Finally, these proportions were all found to vary significantly from what would be expected

in a Poisson-like distribution of the frequency of hbz spots (Appendix, Table 8-4).

The fact that, while much less variable than tax, hbz's expression profile was demonstrably non-
Poissonian (Appendix, Table 8-4) is a strong indicator that its expression follows a burst pattern. It Is
also possible that it may benefit the virus to silence hbz for brief intervals, given its relationship with

tax expression (see section 7.7, “Relationship between tax and hbz expression”).

7.5 Intracellular distribution and half-life of hbz

As the proportion of hbz in the nucleus remained relatively constant once transcription was blocked,
a few questions are raised if one trusts the accuracy of hbz detection and location definition. Are the
nuclear and cytosolic degradation rates of hbz RNAs comparable? Is the export of hbz constant, or is
it triggered by other factors? These questions cannot be addressed by this study, but may be worth
investigating in the future. However, given hbz's preference for nuclear localisation, and its potential
to affect the cell by RNA alone, it may be that the important functions of hbz are exerted by the RNA

form, analogous to a long non-coding (Inc) RNA (Batista and Chang, 2013).

The half-life of hbz mRNA was estimated to be 4.4 hours, significantly longer than two previous
studies, which produced estimates of the half-life closer to 1 hour, although one study did find this
increased to almost 3 hours in the presence of Tax (Mocquet et al., 2012; Cavallari et al., 2016). The
similarities between these previous studies and the present approach are limited, and the differences

are sufficient to explain the disparity, as well as demonstrating the higher credibility of my technique.

The Cavallari study used the same method of transcriptional inhibition, ActD, at comparable
concentrations to the one used in this thesis. The Mocquet study instead used the transcriptional
inhibitor DRB (5,6-Dichlorobenzimidazole 1-B-D-ribofuranoside), which prematurely terminates
elongation through inhibition of Cdk2, but may not block transcription of all genes (Yankulov et al.,
1995; Bensaude, 2011). While the experiments described in this thesis involved direct, single-cell level
counting of hbz transcripts in naturally infected T-cells, both the earlier studies used cell lines
transfected with a molecular clone of the provirus or simply with transfected plasmids. In other words,

in these studies hbz was being expressed at an artificially high rate, in a foreign environment.

Furthermore, both studies used gqPCR, which requires a “housekeeping” gene, expressed at constant

rate in cells, in order to measure the relative abundance of the target transcript. Each study elected
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to use RNA from the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene, a commonly used
housekeeping gene in gPCR. However, gapdh expression has been shown to vary significantly in
activated T-cells (Bas et al., 2004), bringing into question its appropriateness as a standard for
quantification. In fact, one of the very first images captured during the optimisation of my smRNA-
FISH protocol was of infected T-cells stained for gapdh mRNA. Figure 7-1 illustrates that gapdh also
displays a wide degree of cell-to-cell heterogeneity, as has recently been reported (Padovan-Merhar
et al., 2015). Finally, the Cavallari study also separated nuclear and cytosolic fractions of cells to
measure mRNA abundance, compartmentalisation and degradation. There is no guarantee that gapdh

levels would be comparable in both compartments (Fig. 7-1).
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Composite

Figure 7-1 | smRNA-FISH reveals cell-to-cell heterogeneity of gapdh expression

Putative transcription bursts are visible in the cell with the highest gapdh abundance.
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7.6 Viral transcriptional bursts

Episodic expression of gene products as a result of transcriptional bursts have been reported with
increasing frequency, especially in higher eukaryotes (Dar et al., 2012; Nicolas, Phillips and Naef,
2017), as well as seeming to play a role in reactivation from latency and cell fate in HIV-1 (Weinberger,
Dar and Simpson, 2008; Weinberger and Weinberger, 2013). With their significantly non-Poissonian
transcript expression patterns (Figs. 3-5 and 3-6), it is clear that HTLV-1 tax and hbz expression also
display this form of transcriptional activity. This is perhaps not surprising when one considers that
while its DNA sequence and proteins are significantly different from those of its human host, the HTLV-
1 provirus still finds itself in a given human chromatin environment whose state is known to affect
viral transcription (Lemasson et al., 2002; Lu et al., 2002; Easley et al., 2010; Belrose et al., 2011), and
its transcription is dependent on manipulation of host proteins and TFs in order to express itself
(Anderson and Dynan, 1994; Kwok et al., 1996; Harrod et al., 2000; Zhou et al., 2006; Kuhlmann et al.,
2007).

A transcript’s overall abundance in the cell is a function of its degradation rate, the frequency at which
it is expressed, and how many transcripts are created in each burst of expression. Measuring the size

of transcriptional bursts using smRNA-FISH is dependent on a number of factors:

1. The burst’s duration

2. The initiation rate, or rate at which polymerases are loaded onto and released from the
transcription start site

3. The relevant polymerase’s elongation rate, and the length of sequence being transcribed

4. The length of time for mRNA to be processed and released from the polymerase, also known

as its “retention time”

mRNA retention time is particularly important from the perspective of smRNA-FISH, as once
transcripts are released by the polymerase, they will most likely quickly diffuse away from the
transcription site, decreasing the apparent size of the burst. If a burst’s duration is shorter than this
retention time, it is possible to accurately quantify its size. However, if the processing and release time
is shorter than the burst duration, one will only ever be able to capture a portion of the burst through

this technique.

By inserting different promoters in the vicinity of 8000 different genes in the human genome, Dar et
al. showed that cellular transcript abundance can be modulated either through the size of

transcriptional bursts, or the frequency at which they occur (Dar et al., 2012). A number of studies
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have shown that, along with local chromatin environment, burst size and frequency are affected by
global factors such as TF availability, depending on the promoter. Given the aforementioned
similarities between tax and the IEGs, it is serendipitous that a recent study characterised the burst
properties of the IEG c-fos (Senecal et al., 2014). As an IEG, c-fos is transcribed within minutes of a
stimulus through activating histone modifications around the promoter, including acetylation, which
displaces a nucleosome to reveal the transcriptional start site (Bahrami and Drablgs, 2016). Like the
5’-LTR, the c-fos promoter contains SRF, CREB and NF-kB response elements (Healy, Khan and Davie,
2013) - this is why Tax can upregulate c-fos itself — and seemingly like tax, c-fos is expressed
transiently: expression of the protein peaks after approximately an hour, and returns to basal levels
after 90 minutes (Greenberg and Ziff, 1984). Another similarity is the variability of c-fos transcription,
even in the context of serum induction within an isogenic clone (Senecal et al., 2014). Senecal et al.
found that increasing TF concentration had a positive correlation with overall c-fos expression, and
that this was explained by more frequent, rather than larger bursts (Senecal et al., 2014). It would
make sense that a gene which must be expressed as quickly as possible would be able to achieve the
maximum rate of polymerase initiation and transcription, and this may be the case for HTLV-1 plus

strand expression as well.

Tantale et al. demonstrated in live cells that bursts from the HIV-1 promoter consist of “convoys” of
polymerases processing along the DNA strand, transcribing in tandem; they observed the same
behaviour from the human POLR2A gene, which encodes the major subunit of RNA Pol Il (Tantale et
al.,, 2016) (see section 1.2, “Transcriptional bursting and cell-to-cell heterogeneity”, for the
introduction to the factors and interactions involved in transcription). The size of a burst was
determined by the length of the gene that was being transcribed, the polymerase elongation rate and
the rate with polymerases they could be loaded and released from the PIC. This final step seems to be
determined by the Mediator complex, and in particular the association of P-TEFb with the complex so

that Cdk9 can phosphorylate the RNA Pol Il to commence elongation (Tantale et al., 2016).

Tax, and its HIV-1 counterpart Tat, can accelerate the initiation of transcription by recruiting P-TEFb
itself (Zhou et al., 2006), as well as being able to directly assemble essentially all the other necessary
TFs such CREB and CBP/p300 (Kwok et al., 1996; Harrod et al., 2000; Currer et al., 2012). It is clear
that, once tax is expressed and translated, Tax protein will quickly amplify its own expression. Could
IEG expression control offer clues as to how tax expression begins and ends? As has been mentioned,
they share a number of response elements, so it’s possible that plus-strand expression could begin
through non-specific action of the stress response. Kulkarni et al. have recently shown that glucose
depletion and hypoxia can stimulate tax expression, so this seems to be a promising avenue of

investigation (Kulkarni et al., 2017). How are IEGs suppressed when they are no longer needed? Two
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studies have found them to be repressed through the expression of microRNAs (Avraham et al., 2010;

Aitken et al., 2015). To my knowledge no similar mechanism has been found in HTLV-1.

In the case of HIV-1 and POL2RA polymerase convoys, burst size increases as more polymerases
initiate transcription, before falling again once initiation ceases and the same polymerases begin to
terminate transcription (Tantale et al., 2016). tax is the last gene on the plus-strand before the
polyadenylation site (Fig. 1-2), and as Tax can accelerate the polymerase loading and initiation rate,
this partly explains why tax bursts appear to be particularly large. However, with an assumed 200 nt
spacing between polymerases (the highest polymerase density observed with convoys from the HIV-
1 promoter activated by Tat), that would mean a maximum convoy of approximately 45 polymerases
producing transcripts along the length of the provirus. While the average tax burst is smaller than this
(Fig. 4-2c), some bursts have been estimated to be considerably larger, with the largest estimated to
contain the equivalent of approximately 190 full-length transcripts. This suggests that a) the intensity
of transcription (i.e. polymerase initiation and elongation rates) is operating at a very high level, and
b) mRNAs are being retained at the site of transcription for an unspecified time after elongation,
perhaps to complete splicing. It is unclear at what rate a burst can be expected to dissipate once

MRNAs are released and are free to either diffuse or be transported away.

An impressive number of studies have investigated the effects of genomic location and chromatin
environment on transcription through the use of lentiviral vectors to insert an HIV-1 promoter into a
variety of genomic sites, before using limiting dilution to isolate and study “clones” of cells who share
the same unique integration site (Weinberger, Dar and Simpson, 2008; Skupsky et al., 2010; Dar et al.,
2012; Tantale et al., 2016). In the absence of a transcriptional transactivator, this promoter and others
are significantly affected by inhibitory epigenetic marks or nucleosome occupancy (Bai and Morozov,
2010; Dey et al., 2015). HTLV-1 carries out this experiment every time it infects a new cell, and the
literature bears out the effect of the UIS chromatin environment on proviral transcription (Gillet et al.,
2011). So many of Tax’s effects which are linked to upregulating plus-strand transcription are tied to
chromatin remodelling, such as expelling nucleosomes and hyperacetylating the promoter site
through the recruitment of host co-factors (Harrod et al., 2000; Lu et al., 2002, 2004; Sharma and
Nyborg, 2008; Easley et al., 2010), and they can be counteracted through the action of HDACs (Ego,
Ariumi and Shimotohno, 2002; Lemasson et al., 2004). The influence of the flanking host genome is
also suggested in an anecdotal fashion in this thesis: clone C has the most frequent tax bursts by far,
approximately 10% (Fig. 4-2a). This particular clone’s UIS happens to be located between the cebpa
and cepbg genes, two TFs associated with cell proliferation in a number of cell types including
lymphocytes (Zhang et al., 2004). It seems likely that this particular genomic environment will be

highly activated and open, and that it would contribute to higher proviral activity.
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Interestingly, Padovan-Merhar et al. found that transcriptional bursts increase in size in step with
cellular volume, allowing the cell to maintain a constant concentration of mRNA (Padovan-Merhar et
al., 2015). While this was not observably the case for hbz, the principle did seem to apply to tax (Fig.
5.8b)

Only a proportion of all transcription events in the form of bursts will be captured by smRNA-FISH, as
there are some limitations. Early or late bursts, which are not significantly brighter than individual full-
length transcripts, will not be captured. It is also possible that transcription, particularly in the case of
hbz, in some cases occurs without polymerase convoying, or in other words one transcript at a time.

Such a burst would simply look like any other transcript, if it were detectable at all.

The nascent gag probe is also imperfect as it is not will not be removed in the transcription of gag-pol/
transcripts, which some studies have estimated to occur at a comparable rate to tax/rex (Li et al.,
2009; Belrose et al., 2011). The overlapping ORFs of the plus-strand mean that there are no true
introns which can be targeted. This is however not the case for hbz, and a nascent RNA probe could
be used in a future study to improve minus-strand burst characterisation. This would be especially

helpful in G cells, where there may in fact be two bursts at the same time.

7.7 Relationship between tax and hbz expression

Earlier investigations have pointed to an antagonistic relationship between Tax and HBZ: Tax can drive
HBZ expression, which can then compete with Tax for the host factors which are necessary for
expression driven from the promoter in the 5’-LTR (Lemasson et al., 2007; Yoshida et al., 2008).
Transfected HBZ was also found to be able to block Rex-dependent export of viral mRNAs from the
nucleus in a transformed cell line, although it is unclear if this would affect Tax itself (Philip et al.,
2014), and with the possible exception of clone D no tax burst was ever observed to end in cells where

tax spots appeared to be sequestered in the nucleus.

These previous observations, in combination with our observations of the correlation between levels
of tax and hbz within individual cells (Figs. 5-1 and 5-2), suggest the following model of the interaction
between tax and hbz. tax is more likely to be expressed in an hbz-silent cell (Fig. 5-1ai) and, once
expressed, tax typically reaches very high levels (Fig. 5-1aii). A high level of tax, however, increases
the probability of hbz expression (Yoshida et al., 2008) (Fig. 5-1aii), which in turn leads to cessation of
tax expression. Subsequently, both tax and hbz transcripts decay (Fig. 5-1aiv, av), and the provirus

remains latent until another factor upregulates expression, or the cell becomes silent, restarting the

159



potential cycle. The factors that regulate the onset of tax expression include glucose metabolism and
the availability of molecular oxygen (Kulkarni et al., 2017); cellular activation and stress may also

contribute.

My single-cell approach indicates that hbz is not expressed constantly in all cells, even within a single
clone. If the pattern of proviral expression we observed is also found in vivo, a temporary lapse in hbz
expression could, allow a tax burst to develop, before tax declines either under the influence of hbz,
or immune detection and destruction. The pattern of frequent, low-level expression of hbz is
consistent with the notion that the primary function of HBZ — in both its protein and mRNA forms —is
to maintain clonal persistence (Satou et al., 2006; Boxus and Willems, 2009; Saito et al., 2009;
Matsuoka and Yasunaga, 2013; Ma, Yasunaga and Matsuoka, 2016).. Regardless of the cause, limiting
expression of the highly immunogenic Tax protein to intermittent bursts is an appropriate adaptation
by the virus to optimise the protein’s effects in manipulating the host cell, to drive viral replication

and clonal proliferation, while minimising its exposure to the intense anti-Tax immune response.

The cause of the observed cell-to-cell heterogeneity in hbz expression is unknown. It is also unclear
precisely how the relationship between Tax and HBZ is mediated. The previously described
mechanisms of interaction between Tax and HBZ act at the protein level (Basbous et al., 2003; Clerc
et al., 2008). However, given the very low proportion of hbz transcripts exported from the nucleus in
any given cell, the low abundance of HBZ protein found in naturally-infected cells and the far lower
than expected co-occurrence of tax and hbz bursts, it is possible that the transcription of hbz itself has
a negative effect on tax expression (Fig. 5-2). At first, this would seem to be contradicted by the Satou
et al. study, in which an hbz construct with a mutated start codon did not reduce Tax expression, while
a construct with silent mutations, to disrupt RNA structure but allow translation, was able to do so
(Satou et al., 2006). However, the Satou et al. study involved transfection of cells with individual tax
and hbz constructs, so they were incorporated into different genomic locations. In the WT provirus,
the very process of minus-strand expression could disrupt transcription proceeding on the opposite
strand. Opposite strand transcription has been shown to be self-disruptive through two mechanisms:
the generation of complementary microRNAs which can target the cellular RNA-interference system
to the forward strand transcript, and the physical collision of RNA-polymerases proceeding in opposing
directions (Hobson et al., 2012; Proudfoot, 2016). While collision has been shown to be sufficient to
terminate elongation, it is not the whole story. It is not clear why hbz should always seem to “win”
these encounters, or how a collision would disrupt further initiation events at the 5’-LTR. It is also not
clear whether any potential microRNAs would affect expression at the level of transcription, as

opposed to degrading transcripts after they have been transcribed.
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As hbz bursts are only defined by their intensity, an alternative explanation would be that instead of
bursts corresponding to transcripts accumulating at site of ongoing transcription; they could result
from already mature hbz transcripts accumulating at a site in order to effect a direct regulation event.
This would be consistent with the observation that hbz RNA has regulatory properties independent of
its protein form. However, it is unlikely for two reasons. First, it seems unlikely that this form of spatial
association would be so strongly affected by inhibition of transcription (Fig. 4-1e). Second, no cells

were observed with a high number of dispersed hbz transcripts and a tax burst.

It has been observed that genes which are relatively close to each other, within 100 kb but in some
cases up to several megabases apart, typically exhibit very similar expression patterns (Raj et al., 2006;
Lieberman-Aiden et al., 2009; Wang et al., 2016). tax and hbz are located extremely close to each
other on opposing strands, which makes their contrasting expression patterns all the more
remarkable. However, this similarity of expression between genes is typically based in self-similar
chromatin, while the 5’- and 3’-LTRs have been demonstrated to be enriched for differing epigenetic
marks. This difference may be maintained by CTCF, acting as an insulator-binding protein, and its main
role could be to preserve the 3’-LTR and hbz ORF from silencing by hypermethylation (Satou et al.,
2016).

7.8 Relationship between viral expression and the cell cycle

The observed longevity of HTLV-1-infected T-cell clones in vivo indicates that sustained cell
proliferation plays a significant part in viral persistence (Gillet et al., 2011). The relationship between
tax and hbz expression and the cell cycle is therefore of critical importance. | found that cells in G;/M
had on average a significantly higher amount of tax, and the minority of cells with high tax were found
significantly more frequently in in S or G,/M phase than in Go/G;: phase (Fig.5-4a). In contrast, tax
bursts were not significantly associated with S or G,/M phase (Fig. 5-4b), perhaps because of the low
frequency and transient nature of tax bursts. The strength of this relationship between tax and the
cell cycle varied between clones; in contrast, the relationship between hbz and the cell cycle was
remarkably strong and consistent between clones. The logistic regression analysis indicated that each
additional hbz transcript detected increased the odds of a cell being in Go/M (rather than Go/G1) by an
average of 1.45-fold (7.3-fold in hbz-high cells), whereas each additional tax transcript increased the
odds by 1.004-fold (1.58-fold in tax-high cells). This correlation with hbz was maintained in the clone
incapable of expressing tax (clone E), showing that the relationship between hbz and the cell cycle is

independent of tax.
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Although several mechanisms have been described by which Tax protein and both HBZ protein and
RNA promote cell proliferation (Satou et al., 2006; Matsuoka and Yasunaga, 2013; Mitobe et al., 2015),
it remains possible that cell division itself enhances proviral expression: that is, proviral expression
may be both cause and consequence of cell division. Just by virtue of the fact there are twice as many
proviruses in a cell in G2 or M phase than other cells, expression could increase. Two studies have
shown that allelic promoters can activate independently of each other, although their action can
become correlated through response to the same stimulus (Kalo et al., 2015; Skinner et al., 2016).
Padovan-Merhar et al., meanwhile, found that burst frequency per allele decreases in diploid cells in
order to equalise expression, and a seemingly similar dosage-compensation response in burst
frequency was observed for two crucial genes in haematopoietic stem cells (Padovan-Merhar et al.,
2015; Skinner et al., 2016). It is not a simple endeavour to disentangle these relationships with HTLV-

1 expression, as the two strands of virus so clearly affect each other (Fig. 5-1 and Table 5-3).

There was a very strong linear correlation between hbz spot count and cellular or nuclear volume (Fig.
8). Certain cellular mRNAs show a similar dependence on nuclear volume or cell volume (Battich,
Stoeger and Pelkmans, 2015; Padovan-Merhar et al., 2015); the mechanisms responsible are not yet
known. However, the frequency of hbz bursts was independent of cellular or nuclear volume, but was
strongly associated with S/G/M. This burst timing contrasts with the transcription rate of many
cellular genes, which is reduced during S/G,/M, probably to compensate for the doubling of the gene
copy number (Skinner et al., 2016). The occurrence of an hbz burst in S/G,/M might confer two
possible advantages on the virus. First, hbz promotes progression through the cell cycle (Satou et al.,
2006; Mitobe et al., 2015). Second, the burst will increase the abundance of both HBZ mRNA and
protein molecules, which are normally present at limiting frequency, and thereby ensure efficient

partitioning of the molecules between the two daughter cells (Soltani and Singh, 2016).

Since HTLV-1 persists in the host by driving proliferation and avoiding the immune response, it is a
logical strategy to align its proviral expression with the host cell cycle, particularly for such an
immunogenic product as Tax. My current interpretation of HTLV-1 transcription and its regulation is

summarised in Fig. 7-2 (Overbaugh, 2001; Yoshida, 2001; Matsuoka and Jeang, 2011).
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Figure 7-2 | Model of regulation of HTLV-1 transcription and replication in vivo

Constitutive expression of hbz mRNA maintains clonal longevity by promoting cellular
proliferation. Intermittent bursts of tax expression have three chief consequences: production of
HTLV-1 virions and resulting infectious spread; accelerated cell-cycle progression; and stimulation
of hbz, of which the RNA and protein both have proliferative effects. HBZ protein can also
inhibit tax transcription, terminating the tax burst. It is not known whether hbz mRNA also
counteracts tax transcription, but it is suggested by our results. The factors that regulate the
frequency of tax bursts include glucose metabolism and hypoxia; cell stress and cell activation may
also trigger tax expression. Aside from Tax, other triggers for hbz expression remain to be
discovered. The effect of cell volume is unclear, but may set the level to which hbz is expressed
once a burst has begun. Dashed line represents a link indicated by results in the present study;
dotted lines represent hypothetical links.
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7.9 Intranuclear localisation of the provirus

The original scope of this project was centred on the spatial localisation of the provirus, and what role
that could play in viral transcription and latency. The 3D organisation of the interphase genome has
been shown to be highly structured, with particular nuclear locations and intranuclear structures
associated with transcriptional activation or repression (Bickmore and van Steensel, 2013; Gibcus and
Dekker, 2013). Bickmore et al. demonstrated that the intergenic regions of a chromosome, or its
inactive genes, were located significantly closer to the nuclear lamina, which is associated with
repressive histone modifications and transcriptional repression, than were the gene-rich,
transcriptionally active regions (Boyle et al., 2011). It is difficult to discern a direction of causality
between a locus’s location and genetic activity, but the same group has also shown that by physically
tethering a locus to a nuclear structure, or changing its intranuclear location, transcriptional activity
can be increased or decreased in a number of genes (Finlan et al., 2008). Another salient example is
genomic regions spatially associated with the nucleolar periphery, which is enriched with
heterochromatin (Németh and Langst, 2011). As the nucleolus disperses when a cell is subjected to
stress, such as hypoxia or nutrient deprivation (Boulon et al., 2010), as well as during the cell cycle, an
HTLV-1 provirus integrated in this region could have its expression controlled by these factors. If this
potentially more efficient timing of proviral expression reduced its exposure to the immune system, it
could go a way towards explaining the in vivo preferential survival of clones whose UIS was found in
acrocentric, nucleolus-associated chromosomes (Cook et al., 2014), as well as the latency and
reactivation of HTLV-1 in the blood of infected patients (Hanon et al., 2000). HTLV-1 has also recently
been shown to be capable of forming stable, reproducible long-range spatial associations with other

genomic loci through chromatin looping by CTCF (Satou et al., 2016).

Following the lack of progress in DNA-FISH (described later in this section) and the discovery of HTLV-
1 transcriptional bursts, it seemed eminently reasonable that these bursts could serve as proxies for
the location of the provirus, as a transcription-dependent accumulation of transcripts at a site other
than the location of transcription seemed unlikely (Figs. 4-1d, e). Given that interphase chromosomes
are arranged in spatially discrete “territories”, it was perhaps not surprising that clones whose
proviruses were integrated in different chromosomes could have significantly different intranuclear
burst locations. It is worth remembering however, that while chromosome territories are discrete,
their precise spatial localisation within the nucleus is subject to significant cell-to-cell heterogeneity,
yet still there were measurable differences using as crude a metric as normalised distance from the

nuclear centre (Fig. 4-3).
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These differences in burst localisation between clones aligned intriguingly with some of the clones’
differences in HTLV-1 expression. For example, bursts from clones B and C tended to be closer to the
nuclear centre, which is generally associated with transcriptional upregulation. tax bursts were
significantly more common in these clones, and they also had a higher average hbz burst size.
However, when analysing the data from the perspective of burst size, or overall transcript counts, no
significant association was found: for example, larger hbz bursts were just as likely to be found close
to the nuclear periphery as in the centre. There may well be an association between the provirus’s 3D
location and its transcriptional activity, but it would require the co-staining of subnuclear structures

in order to elicit more insightful data than normalised distance from the nuclear centre.

In order to properly investigate the link between expression and intranuclear location, it is necessary
to visualise the provirus itself. This would serve both as a definitive validation for the transcriptional
bursts, but also allow the tracking of the provirus in transcriptionally silent cells. There could, for
example, be meaningful differences in the spatial associations and interactions of the provirus
depending on its transcriptional state, much as an association with PML has been linked to HIV-1

latency (Lusic et al., 2013).

So why did the DNA-FISH approach stall, after a significant amount of optimisation and progress? | am
not able to provide a satisfactory answer. Probe efficiencies suddenly dropped, and could not be
improved again. Subsequent optimisation included the replacement of all buffers and materials, the
replacement of all probes and cells, and the retesting of fixation, permeabilisation, denaturation and
hybridisation conditions. Probe function was eventually restored by switching from heat denaturation
with 10 min on an 80°C hot plate to the use of an 80°C oven for 30 min. As the protocol had previously
been optimised and worked perfectly well on the hot plate, | cannot adequately explain this. The
mechanics of DNA-FISH as compared to RNA-FISH, discussed previously, are such that it can be more
difficult to obtain a useable signal-to-noise ratio from a 50 kb stretch of DNA than from 1 kb or even
500 bp of RNA. More recent studies have shown considerable success at labelling and imaging
comparatively short stretches of DNA (Beliveau et al., 2015). A final concern, which is simply a more
extreme version of the criticism levelled at RNA-FISH, is that the harshness of the fixation,
permeabilisation and denaturation treatments necessary for successful hybridisation may affect the
cells in a multitude of unknown ways, and allow one to question the extent to which their reported

results correspond to the reality of the cell.
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7.10 Directions for future work

smRNA-FISH has for the first time revealed the heterogeneity of HTLV-1 expression in naturally-

infected T-cells. Naturally, this has presented as many new questions as it has answered old ones.

While it has been of immense value to use isogenic clones in the experiments presented here, it will
be important to display to the fullest extent possible that the trends observed here are reproduced in
cells that have not been selected for by culture, and in an environment as similar as possible to that
found in vivo. Realistically, this will most likely involve patient samples observed ex vivo. Working with
PBMCs means that one can no longer be certain of a particular cell’s integration site, or even whether
or not it is infected. If one wishes to compare cells from different disease states, sample size is also
an issue as most ACs and many HAM/TSP patients have relatively low PVLs. This could however be
addressed by staining or enriching cells based on cell surface markers indicative of infection, such as

ICAM-1 or CADM1.

It will be necessary to properly model plus- and minus-strand transcription at the single-cell level,
accounting for factors such as cell cycle stage and cellular volume. The construction of a robust model
would be possible with the data presented in this thesis, but an important extra consideration would
involve accurate measurements of Tax protein expression, as the protein’s presence in particular is so
important to plus-strand expression. It would also be of value to include a cell surface marker in order

to more accurately measure total cell volume as opposed to nuclear volume.

The correlation between cell cycle progression and viral expression, particularly in the case of hbz, is
likely to be of crucial importance to HTLV-1. A further step could involve inhibitors such as aphidicolin
to force cells into a particular cell cycle stage, and observing the effect on viral expression. Another
avenue for investigation would involve exploiting the natural spike in tax expression during short-term
culture of infected cells in vitro (Hanon et al., 2000; Li et al., 2009; Rende et al., 2011). Using the
methods described in this thesis, one could track the rise in viral expression, and correlate it with cell
cycle stage and cell volume. The presence of uninfected cells would in this case be a bonus as, if a stain
such as CADM1 were included, they would constitute a natural control experiment, experiencing the
same change in conditions and stimuli, but lacking HTLV-1 expression. Combining RNA- and DNA-FISH
in this context would also permit the inclusion of proviral location as a parameter. This form of
combined FISH is challenging, but has been done before, for example in the study of X-chromosome

inactivation (Giorgetti et al., 2014).

A number of features of hbz expression remain unclear. The Kataoka study found consistent read-

through of the minus-strand, suggesting that hbz may not be polyadenylated and translated in ATLL,
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or that its transcription could be dysregulated (Kataoka et al., 2015). It would be relatively simple to
use a second probe complementary to the minus-strand after the hbz classical polyadenylation site.
hbz transcription and potential processing could then be observed in single cells. Similarly, the intron
of the hbz sp1 mRNA is sufficiently long that it would be possible to target it, allowing a more robust

detection of nascent hbz RNAs and therefore hbz bursts than simply using signal intensity and size.

As has been mentioned previously, one of the limitations of using PBMCs as opposed to individual
clones is the problem of observing sufficient numbers of infected cells to be able to draw robust
conclusions of HTLV-1 expression. Instead of detecting smRNA-FISH through microscopy, it can also
be done by flow cytometry, termed Flow-FISH. This was recently used to detect HIV-1 infected cells
with a sensitivity of 1.5 infected cells per 1 million in HIV-1 patients. While it sacrifices the precision
of being able to count individual transcripts, and it is debatable whether it would be able to detect
hbz, one would be able to observe millions of cells via this method instead of thousands; this would

offer significantly improved statistical power.

Finally, one built-in limitation of FISH is that it requires fixed cells. Tantale et al. demonstrated that it
is possible to thoughtfully and elegantly characterise expression and transcriptional bursts in live cells
(Tantale et al., 2016). Tax bursts are currently being investigated in our lab using “timer proteins”,
fluorescent proteins whose emission wavelength switch from blue to red at a set half-life. This
approach has been validated by smRNA-FISH carried out by myself (Fig. 7.3), and shows great promise

in investigating the kinetics of HTLV-1 transcriptional bursts in live cells.
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Composite

Cells from clone B,
transfected with a plasmid
containing the 5-LTR and a
timer protein reporter gene.
Once expression is driven by
Tax, blue fluorescent protein
(BFP) is  produced; its
emission changes to red
fluorescent protein (RFP) at a
constant rate.

While the BFP signal is hard to
detect, cells with tax spots
have noticeably more RFP
signal than those with a tax
burst, which in turn have
more RFP than cells with no
tax at all.

Figure 7-3 | smRNA-FISH for tax mRNA validates correlation between expression of Tax protein and

Timer Protein
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7.11 Final Conclusions

In summary, | have shown that plus-strand expression from the HTLV-1 provirus exhibits high
heterogeneity between individual cells, even within the same clone, and that minus-strand
expression, while much more homogeneous than the plus-strand, is not present in all cells at all times.
The contrast between the levels of expression of the two strands is further demonstrated by
differences between the frequency and intensity of their respective transcriptional bursts. Once
expressed, the majority of tax and hbz transcripts have different fates, with the majority of hbz
retained in the nucleus while tax is exported to the cytosol. My results also show that plus- and minus-
strand expression do not occur independently of each other, but rather that, at the single-cell level,
tax expression is more likely to occur in the absence of hbz, whose expression is in turn more likely in
cells with high tax. Finally, proviral expression is correlated with the phase of the cell cycle, with clear
implications for driving proliferation and evasion of immunosurveillance. The ability to quantify these
relationships at the single-cell level is a first in the HTLV-1 field and opens exciting avenues to elucidate

the phenomenon of HTLV-1 latency.
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8.2 Abstract of publication associated with this thesis

Title:

Single-cell heterogeneity and cell-cycle-related viral gene bursts in the human leukaemia virus HTLV-
1

Abstract:

Background:

The human leukaemia virus HTLV-1 expresses essential accessory genes that manipulate the
expression, splicing and transport of viral mRNAs. Two of these genes, tax and hbz, also promote
proliferation of the infected cell, and both genes are thought to contribute to oncogenesis in adult T-
cell leukaemia/lymphoma. The regulation of HTLV-1 proviral latency is not understood. tax, on the
proviral plus strand, is usually silent in freshly-isolated cells, whereas the minus-strand-encoded hbz
gene is persistently expressed at a low level. However, the persistently activated host immune
response to Tax indicates frequent expression of tax in vivo.

Methods:

We used single-molecule RNA-FISH to quantify the expression of HTLV-1 transcripts at the single-cell
level in a total of >19,000 cells from five T-cell clones, naturally infected with HTLV-1, isolated by
limiting dilution from peripheral blood of HTLV-1-infected subjects.

Results:

We found strong heterogeneity both within and between clones in the expression of the proviral plus-
strand (detected by hybridization to the tax gene) and the minus-strand (hbz gene). Both genes are
transcribed in bursts; tax expression is enhanced in the absence of hbz, while hbz expression increased
in cells with high tax expression. Surprisingly, we found that hbz expression is strongly associated with
the S and G2/M phases of the cell cycle, independent of tax expression. Contrary to current belief,
hbz is not expressed in all cells at all times, even within one clone. In hbz-positive cells, the abundance
of hbz transcripts showed a very strong positive linear correlation with nuclear volume.

Conclusions:

The occurrence of intense, intermittent plus-strand gene bursts in independent primary HTLV-1-
infected T-cell clones from unrelated individuals strongly suggests that the HTLV-1 plus-strand is
expressed in bursts in vivo. Our results offer an explanation for the paradoxical correlations observed
between the host immune response and HTLV-1 transcription.
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8.3 SmRNA-FISH probe libraries

Table 8-1 | hbz-3'UTR probe oligonucleotide library

Probe # Sequence 5'->3' Pos HTLV-1 Pos GC%
1 TGACACAGGCAAGCATCGA 8 7263 53.0%
2 AATAGCCCGTCCACCAATT 52 7219 47.0%
3 TTAACTCTTCCTCCAAGGA 72 7199 42.0%
4 TAGCAAACCGTCAAGCACA 113 7158 47.0%
5 CGGCTTTCCTCTTCTAAGG 133 7138 53.0%
6 TGCCGATCACGATGCGTTT 202 7069 53.0%
7 TTTTTTTCGCTTCCTCTTC 236 7035 37.0%
8 CCAACTGTCTAGTATAGCC 474 6797 47.0%
9 CCCTGCCAATAATTAACCT 562 6709 42.0%

10 TTATTGCAACCACATCGCC 590 6681 47.0%
11 CCCCATTACTCTCTTATAA 642 6629 37.0%
12 CTTGTTATCCTTGCAGGAC 708 6563 47.0%
13 TGGAATCACCCTTGTCGCG 736 6535 58.0%
14 GCTCGAGAGGCCTTACAAA 756 6515 53.0%
15 AGAATCGAGTCCTGACTGG 812 6459 53.0%
16 ACTACAAGAAAGACCCCCC 835 6436 53.0%
17 TACTAATTCCCATGTCTCA 856 6415 37.0%
18 TTCCCAGTTAACTCAAGCA 1009 6262 42.0%
19 TCAGGAAAGAGCCTCCTAC 1047 6224 53.0%
20 GAGTGGCTGGCGGGATTAC 1085 6186 63.0%
21 TTTTCCTTGTCACCTGTTC 1179 6092 42.0%
22 CTGTCATAACTCCCTCATC 1207 6064 47.0%
23 CTGGACCCACTGCTTTGAC 1255 6016 58.0%
24 CACCTGACGTTACCATTTA 1275 5996 42.0%
25 TTCCATCCTCTTCTTCTAC 1331 5940 42.0%
26 TATACTCTCCCAACGTCTC 1352 5919 47.0%
27 TTGTCTGTATCGATCGTGC 1394 5877 47.0%
28 TGTCCAGTTAACCCTACAA 1432 5839 42.0%
29 GCCCTCTATACCATGGAAA 1468 5803 47.0%
30 TAACCTAGACCACATCCTC 1489 5782 47.0%
31 TCCTTAATACCGAACCCAG 1547 5724 47.0%
32 CGACGCTCCAGGATATGAC 1576 5695 58.0%
33 CTCAAGAAGTTTCACGCCT 1646 5625 47.0%
34 CCTACTGGAAGTTTCAGCA 1679 5592 47.0%
35 TATACAGGAGCCGTCTCCA 1701 5570 53.0%
36 TGGGGTGCCAATCATGGAC 1727 5544 58.0%
37 GACCCTTGTTCCTTAAAGT 1755 5516 42.0%
38 GCTATTATTCAGCCTCTTA 1778 5493 37.0%
39 AGCCAAACCGAAATGGCGG 1799 5472 58.0%
40 CTATTCCCTCATTGGATTA 1821 5450 37.0%
41 ATGCCACCTATTCCCTATA 1841 5430 42.0%
42 CCTAGTAAGTTACTCCAGC 1864 5407 47.0%
43 AGCAGATCAGGCCCTACAG 1897 5374 58.0%
44 AGCCAGTTTGTTCGTGGAC 1937 5334 53.0%
45 CTAAACCCTGCAATCCTGC 1958 5313 53.0%
46 TGGAGTCTCCTCATACCAC 1978 5293 53.0%
47 AGCTGCTGTACTCTCACAA 1998 5273 47.0%
48 ATCTTCGGTGATTACAGCC 2019 5252 47.0%
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Table 8-2 | tax probe oligonucleotide library

Probe # Sequence 5'->3' Pos HTLV-1 Pos GC%
1 AGACTCTGTCCAAACCCT 15 7315 50.0%
2 CGTAGACTGGGTATCCGA 38 7338 55.6%
3 CAGTCGCCTTGTACACAG 66 7366 55.6%
4 AACATAGTCCCCCAGAGA 92 7392 50.0%
5 CGTGACGATGTAGGCGGG 113 7413 66.7%
6 TGGACAGGTGGCCAGTAG 133 7433 61.1%
7 TCCCAGGTGATCTGATGC 153 7453 55.6%
8 AACGCGTCCATCGATGGG 172 7472 61.1%
9 ACTGTAGAGCTGAGCCGA 191 7491 55.6%

10 GGGTCTTAGAGGTTCTCT 242 7542 50.0%
11 ATTGGCGGGGTAAGGACC 264 7564 61.1%
12 GTTGGGGGTTGTATGAGT 283 7583 50.0%
13 GGAGTATTTGCGCATGGC 322 7622 55.6%
14 TGGGTTCCATGTATCCAT 350 7650 44.4%
15 GACAGGGTTGGGAGGTGC 378 7678 66.7%
16 GAGTCCGGGGTCTGGAAA 397 7697 61.1%
17 GTGTACAGGTTTTGGGGC 417 7717 55.6%
18 ATGCAGACAACGGAGCCT 444 7744 55.6%
19 GATGGGGGGGGAAAGCTG 472 7772 66.7%
20 TCACATGGGGCAGGAGGG 497 7797 66.7%
21 TGGCCGGGGTGGCAAAAA 516 7816 61.1%
22 ACATTGGTGAGGAAGGCC 540 7840 55.6%
23 CCCCTGTGGTAAGGGAAA 593 7893 55.6%
24 ACAGTCCTCGGGTAGAAT 619 7919 50.0%
25 GGAAAAGGGTGGTGGGCA 638 7938 61.1%
26 CTGTCAGCGTGACGGGTG 668 7968 66.7%
27 GAAGGAGGCCGTTTTGCC 689 7989 61.1%
28 GTGAGGGTTGAGTGGAAC 708 8008 55.6%
29 CCAAATAAGGCCTGGAGT 727 8027 50.0%
30 GCGTGCCATCGGTAAATG 746 8046 55.6%
31 CAGGGCCCGGAAATCATA 765 8065 55.6%
32 ATGGCTGGCCATCTTTAG 785 8085 50.0%
33 GGAGGAGGACTGTAGTAC 808 8108 55.6%
34 GGCCTTGGTTTGAAATTT 838 8138 38.9%
35 GTAGAAATGAGGGGTGGT 857 8157 50.0%
36 ACTGTATGAGGCCGTGTG 878 8178 55.6%
37 GGGGATGTTGGTGTATTC 931 8231 50.0%
38 GTCATCTGCCTCTTTTTC 967 8267 44.4%
39 TTTGGGGCTCATGGTCAT 986 8286 50.0%
40 ACTGAGAGGCTCTAAGCC 1015 8315 55.6%
41 CAGACTTCTGTTTCACGG 1044 8344 50.0%
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Table 8-3 | gagpol probe oligonucleotide library

Probe # Sequence 5'->3' Pos HTLV-1 Pos GC%
1 GGGAAAAGATTTGGCCCAT 2 804 47.0%
2 CGGAATAGGGCTAGCGCTA 22 824 58.0%
3 TTAAGCCAGTGATGAGCGG 60 862 53.0%
4 ATCGTAACTGGAGGGACCG 109 911 58.0%
5 CAGATCCAGACTGGTGTTT 165 967 47.0%
6 GGCTAGGAGGGAGTAGTTA 190 992 53.0%
7 GTATCCTTTTGGGAGTAGG 211 1013 47.0%
8 AAATTTCATTCACCCGGCC 233 1035 47.0%
9 GCTTGGGTTTGGATGAGTA 258 1060 47.0%

10 TTGTGGATCAGAATCCGGG 331 1133 53.0%
11 CGTAGGCTCAACATAGGGA 358 1160 53.0%
12 GTGGGTGCATGACTGGAAG 389 1191 58.0%
13 TGTAGGTCTTTCATTTGCC 435 1237 42.0%
14 GGTCTGCATAAACTGGGGG 493 1295 58.0%
15 CAGTGGGGTCAAACTGCTG 527 1329 58.0%
16 GAGGTCTTGGAGGTCTTTG 547 1349 53.0%
17 ACGAGGGAGGAGCAAAGGT 573 1375 58.0%
18 GCCTCTGATATAAGGCTAT 618 1420 42.0%
19 CTGTAATACCTCGGGTTTC 638 1440 47.0%
20 ACCGGCTAAGGGGTTATAA 658 1460 47.0%
21 CCTTGTTGTTGTGGATTGT 696 1498 42.0%
22 CAGGAAGGGTCTTTGGCAC 771 1573 58.0%
23 CAGGCCTTGGAGGATAGAG 793 1595 58.0%
24 TACGAAGGCGTGGTAAGGC 817 1619 58.0%
25 AGAGCTATGTTGAGGCGTT 837 1639 47.0%
26 TGTTTGCATTGGAGTAGGC 908 1710 47.0%
27 CCTAGAGGGCTATTAGTGT 960 1762 47.0%
28 TGACAAGCCCGCAACATAT 981 1783 47.0%
29 GGGTTTTTTAGGCTGGACA 1036 1838 47.0%
30 CGGAAGCACGGCTGATTTG 1059 1861 58.0%
31 TCTTGACATAGGGGGCATG 1137 1939 53.0%
32 TCTCGCTTCCAGTGAGTTG 1158 1960 53.0%
33 CTCTGGTTCTGGGATAGTG 1195 1997 53.0%
34 CAGCGGGGAGGTCTAATAG 1232 2034 58.0%
35 CCTATGGAGTTTTTTGGGT 1260 2062 42.0%
36 TGTGGGGGGGGAGGTTAAA 1287 2089 58.0%
37 GGTTAGGAAGGACTTGCTG 1309 2111 53.0%
38 GGCAGAATAGATGCTGGGT 1331 2133 53.0%
39 GGCGGGATCTAACGGTATA 1353 2155 53.0%
40 AGCTTCGATAGTCTTTGGG 1416 2218 47.0%
41 GCTATCGGAAGGACTGTCA 1457 2259 53.0%
42 CCCCTAATACGGATGTATT 1504 2306 42.0%
43 AAGTGATCTTGGGTTTGGC 1529 2331 47.0%
44 AACAATAGGCGTTGTCCGG 1587 2389 53.0%
45 CCCAGTTGTTTTTGGTATC 1624 2426 42.0%
46 TTGTAAGGCATCACGACCT 1650 2452 47.0%
47 CTCAGGGAGGTACAGGACG 1680 2482 63.0%
48 AGGGAACTGGCTGATTTCG 1773 2575 53.0%
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Table 8-4 | Calculations comparing hbz expression profile of clones to Poisson distribution

8.4 Poisson distribution calculations

Carried out by Charles Bangham.
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8.5 Analysis workflows

Step 1: Find spots significantly brighter than the main population

Clone A, replicate 3: 1472 cells
4826 hbz spots 9391 tax spots
150 400+
g 100 g 209
c c
3 S 200+
o o
[ [0
I i 1004
0
600 800 1000 120Q_ 1400 1600 200
hbz intensity tax intensity
15 30 =
3 I > '
c 1 >1300 = hbz g 204 | 5700 = tax burst
I (]
= , burst = .
o I
® ! ® 104 .
w | \C I
U
0 | L] L] 1
1300 1400 1500 1600 700 800 900 1000
hbz intensity tax intensity
Step 2:Judge these spots by “burst” criteria
Is the signal specific?
AND
Is it intranuclear?
AND
Is it the brightest specific signal in the nucleus?
Step 3: Analyse “bursts” by FISH-Quant
Is the signal estimated to contain 22 complete “average” transcripts by PSF
superpositioning?
AND
Is the signal estimated to contain >1.9 complete “average” transcripts by
integrated intensity?
Figure 8-1 | Workflow for identification of transcriptional bursts
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1) The nuclear “centre of gravity” is calculated by factoring the intensity of each voxel within
the nucleus as its mass and the shape of the nucleus

2) Burst location is calculated as a proportion of the shortest distance between the nuclear
centre of gravity to the nuclear boundary, passing through the burst. The majority of T-

cell nuclei are far closer to being spherical than the example below, drawn by Chad

Whilding.
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Figure 8-2 | Basis of calculation of transcriptional burst location
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8.6 tax & hbz expression of each cell
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Figure 8-3 | tax and hbz spot counts for each individual cell
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Table 8-5 | Expression metrics of each infected clone

Clone A B C D E

Cells 3726 3519 2595 5691 3946
tax- positive (%) 8.48 46.4 90.6 2.92 0.684
# tax [ positive cell 44.6 36.8 50.5 3.17 2.04
tax- burst (%) 1.26 4.15 9.60 1.27 0.00

# tax [ burst 50.8 27.2 32.6 11.7 n/a
hbz- positive (%) 89.8 71.4 65.6 80.8 80.4
# hbz [ positive cell 3.26 2.69 2.60 2.19 2.23
hbz-positive (%) 7.09 4.86 4.16 4.52 3.62
# hbz [ burst 3.00 4,22 3.77 2.47 2.64
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8.7 Cell cycle data
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Figure 8-4 | Histograms of each clone replicate’s cells’ integrated nuclear intensity
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Figure 8-5| Frequency of tax expression in cells split according to cell cycle stage in individual clones
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Figure 8-6 | Frequency of hbz expression in cells split according to cell cycle stage in individual clones
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Dependent Variables

Independent tax bursts hbz bursts G,/M
Variables Mean OR | p-value [[Mean OR| p-value [ Mean OR p-value Mean OR p-value
per tax spot 1.024 3.62E-230( 1.008 3.54E-30 1.004 5.59E-11 1.004 1.32E-07
>99 tax 135.4 0 5.757 5.68E-35 1.576 0.00102 2.064 1.24E-05
tax burst+ 0.2448 | 7.84E-07 0.8580 0.399 0.8874 0.580
per hbz spot 0.8747 9.91E-05 | 1.190 1.97E-37 1.448 0 1.147 2.22E-16
>4 hbz 0.5274 0.00646 2.582 7.48E-22 7.304 0 2.055 9.85E-12
hbz burst+ 0.2521 4.91E-05 1.381 1.06E-07 1.404 0.016
G,/M 0.5962 0.0138 1.520 1.34E-05
S 0.9000 0.646 1.409 0.0104

Table 8-6 | Odds ratios and p-values from logistic regression in Fig. 5-6
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Table 8-7 | Expression metrics of each clone in the context of cell cycle stage
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