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ABSTRACT

Infection with Kaposi’s Sarcoma herpesvirus (KSHV) has been linked to multiple
cancers including Kaposi’s sarcoma (KS), Primary effusion lymphoma (PEL), and
Multicentric Castleman’s disease (MCD). One of the hallmarks of transformed
cancer cells is the activity of telomere maintenance mechanisms. The present study
uncovers the onset of Alternative lengthening of telomeres (ALT) in response to
KSHV infection from a proteomic screen of telomere-associated DNA damage
response proteins by Proteomics of isolated chromatin fragments (PICh). In several
initially telomerase® cell lines, features of ALT activation are present in response to
KSHYV infection including increased telomere sister-chromatid exchanges, C-circles,
telomere clustering in interphase, ALT-associated proteins at telomere clusters, and
telomere fragility. Binding of shelterin to telomeric DNA was increased upon
infection with KSHV. Interestingly, cells which are latently infected with KSHV are
dependent on ALT factors for their efficient proliferation in clonogenic assays and
such factors may be essential for the maintenance of viral episomes in infected cells
as shown by episome qPCR. Moreover, preliminary experiments by ChIP indicate an
increase in heterochromatin marks at telomeres upon infection, similar to the marks
documented on the KSHV episome. Analysis of primary tumour material from 8 KS
and 7 PEL patients suggests that this not limited to the in vitro systems considered
in this study. Taken together, this work demonstrates for the first time the
capability of latent KSHV to trigger telomere maintenance via ALT and suggests a
model in which KSHV episomes are replicated in tandem with telomeres by BIR in
such cells. This provides a unique susceptibility of KSHV infected cancer cells to
inhibition of ALT, which may be utilized for the trial of future treatment for KSHV-

associated cancers.
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INTRODUCTION

The experiments performed in this thesis are concerned with the study of telomeric
chromatin in response to latent infection with oncogenic virus KSHV. Specifically,
the work aims to address the hypothesis whether telomeres in KSHV-infected cells
are elongated using a specialized telomere maintenance mechanism called ALT.
This mechanism is based on carefully regulated activity of DNA damage response
proteins at telomeres. I therefore start this thesis with a thorough introduction to
key concepts, which will be covered in subsequent description of results and
discussion thereof. The first section gives an overview of the key DNA repair
pathways, which may be activated at the end of chromosomes, telomeres. In the
interest of brevity, it does not aim to give information on the whole field of cellular
responses to DNA damage and focusses on studies of double-strand break repair in
human cells unless indicated otherwise. This is followed by an introduction to
telomeres, how they usually inhibit the DNA damage response, and mechanisms of
telomere maintenance. Special attention will be given to the molecular mechanism
of ALT and how it is induced. Next, KSHV is introduced. Specifically, the viral life
cycle, its clinical relevance, and published interactions with double-strand break
repair proteins and host telomeres. The description of the virus life cycle will place
additional focus on the mechanism of viral genome replication since this will be of
particular relevance in the discussion of the results generated during the course of

this work. Finally, the principle aims of the thesis are briefly summarised.
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DNA double-strand breaks (dsDNA breaks)

The integrity of DNA, which makes up the human genome, is under challenge
throughout the life span of every cell in our body. Even without additional insult,
cells face a significant amount of endogenous DNA damage including approximately
10° oxidative lesions/day!, more than 20,000 single-strand breaks/day?, and 10-50
double-strand breaks per division**. The incidence of DNA damage is drastically
higher when cells are subjected to genotoxic stress such as UV light, IR, or
chemotherapy. DNA damage may result in genomic instability by loss or
rearrangement of genetic material and this is a potential driver of malignant
transformation if it confers cells with a proliferative advantage. In light of this
danger, human cells have evolved mechanisms of DNA repair which are directed
specifically to the site and type of DNA damage. The proteins involved in these

repair pathways are collectively known as the DNA damage response.

Double-strand breaks present perhaps the most significant form of DNA damage.
They arise endogenously upon chromosome breakage, replication fork collapse, and
telomere deprotection®. In addition to this, somatic processes involve co-ordinated
dsDNA breakage and re-joining by ds break repair pathways. Specifically, the dsDNA
break response is used to generate combinatorial diversity of antigen and T-cell
receptors during V(D)] recombination®” in immature B- and T-lymphocytes, and
functional diversity of secreted antibodies during class switch recombination® in
mature B-lymphocytes. Double-strand breaks also occur upon genotoxic stress.
Some processes cause dsDNA breaks per se such as ionising radiation, radiomimetic
drugs’ and topoisomerase inhibitors like etoposide!®. Others generate DS breaks
mainly by degeneration of other DNA lesions. For example, this occurs upon
cisplatin treatment via replication fork collapse!' or UV damage via endonuclease
cleavage!'®. Taken together, dsDNA breaks in human cells may arise through normal

cellular processes, accidental exposure or various cancer therapies.
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Recognition of dsDNA breaks by the DDR

DDR signalling occurs through an extensive phosphorylation cascade, which results
in expression, nuclear localization and modification of enzymes capable of
triggering cell cycle arrest, apoptosis and DNA repair. Proteins involved in double-
strand break repair are codsDNAmmonly inactivated by mutation in cancer cells and
this contributes greatly to their genomic instability. In addition to this, cancer cells
need to rely on backup ds break repair pathways (described below), which are more
mutagenic and render them susceptible to genotoxic treatment such as
chemotherapy. There are two main kinases which are responsible for the onset of
the cascade in response to dsDNA breaks: DNAPk and ATM". In addition to this,
ATR contributes to signalling upon dsDNA break detection, although its main role is
the initiation of the response to ssDNA breaks. Generally, the outcome of DDR
signalling is dependent on the number and nature of dsDNA breaks!4, cell type?®, cell

cycle stage'®!'’ and genetic background'® (possible outcomes summarised in Figure

1).

One effect of DDR signalling in response to dsDNA breaks is cell cycle arrest. Both
activated DNAPkY and ATM? phosphorylate kinase Chk2 in vivo which induces its
dimerization, extensive autophosphorylation, and activation?. Subsequently,
downstream effectors are phosphorylated to induce arrest depending on cell cycle
progression at the time of DNA damage. Activated Chk2 may signal for G1/S arrest
via a P-Cdc25A, Cdk2 axis?’. In addition to this, G2/M arrest may be triggered via
sustained p-Cdc25C, and dephosphorylated Cdkl 223, Interestingly, it has been
shown that Chkl may also be activated by DNAPk** and ATM?* which may provide
another signal for G1/S or G2/M arrest in analogy to Chk2 activation. In addition to
this, it is thought that DNAPk- or ATM-mediated stabilization of p53 and
subsequent induction of p21 contributes to sustained cell cycle arrest**?” As a
summary, activation of either DNAPk or ATM may signal for cell cycle arrest in

response to dsDNA breaks by inhibition of Cdk1/2 through a signalling cascade
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mediated by p-Chk1/2. This arrest is thought to serve as a pause, which allows DNA

repair to take place efficiently.

If dsDNA breaks are too numerous or DNA repair fails despite cell cycle arrest,
apoptosis may be triggered to prevent the propagation of cells with damaged DNA.
Once phosphorylated, DNAPk, ATM and Chk2 are all capable of p53 activation?*?,
In addition to this, both DNAPk and ATM may inactivate MDM2, the key inhibitor of
p53 activity**-32. Apoptosis signalling via p53 may occur via multiple effectors. For
example, active p53 induces transcription of pro-apoptotic proteins PUMA3>* and
NOXA3>%, Taken together, detection of dsDNA breaks may trigger apoptosis via p53
signalling in protection of genomic integrity under circumstances where damage

persists and repair has failed.
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Figure 1: Possible outcomes of DDR signalling. Upon DNA double strand breakage, the
cell may sense damage and trigger a phosphorylation cascade with considerable redundancy
which may result in DNA repair, cell cycle arrest, or apoptosis of the cell exhibiting the
damage.
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Classical non-homologous end-joining (c(NHE])

The default cellular response to repair of double-strand breaks with two blunt ends
is ctNHEJ*" (Figure 2). It is predominantly used to repair dsDNA breaks during G1
phase of the cell cycle where no template for HR is present. It may also be active at
dsDNA breaks in S and G2 phase’®, but not during mitosis®*. In the first step of
cNHE], each DNA end is bound by a single Ku70/Ku80 heterodimer**+!. Ku70/Ku80
then recruits numerous molecules of DNAPk which are activated by
autophosphorylation*»*. Activated DNAPk then triggers an extensive signalling
cascade and phosphorylates, amongst many others, double-strand break marker
yH2AX*. Subsequently, recruitment of a scaffold consisting of XRCC4/Lig4*,
XLF/PAXX*47 and APLF* takes place between the Ku70/Ku80-capped ends. This
likely serves as a means of bringing two ends into close proximity for efficient
ligation®. APLF may also be the histone chaperone responsible for H2AX
recruitment prior to phosphorylation by DNAPk and ATM*. Ligation of the double
strand break is catalysed by Lig4®. Recent studies suggest that ligation is dependent
on end-processing mediated by Artemis®*2, PNKP**, and TDP1**. This end
processing prior to end joining. is one of the main factors which contribute to small
nuclelotide insertions which have been documented at sites of cNHEJ**. In general, a
pre-requisite for cNHE] is inhibition of end resection and proteins which inhibit
resection are crucial for pathway choice towards cNHE]. This includes inhibition of
resection by Ku70/Ku80°¢ and 53bp1-RIF1 binding to free dsDNA break ends*’. In
summary, cNHE] is a pathway, which can efficiently join together two blunt ends at

a dsDNA break and involves a multistep process of detection, synapsis, and ligation

(Figure 2).
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Figure 2: The mechanism of cNHE]. Ku70/Ku80 recognise free double-strand DNA ends
and trigger the recruitment and activation of DNAPk. This in turn allows the action of
various end-processing enzymes such as Artemis which are essential for the ligation of the
free ends. This is then mediated by the formation of a synapsis which brings the ends into
close proximity to each other and ultimately ligation is carried out by Lig4 in complex with
a number of co-factors.
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Homologous recombination (HR)

HR involves a homologous dsDNA template corresponding to the region of the
dsDNA break and is therefore restricted to S/G2 phase®. In contrast to cNHE], initial
detection of free DNA ends is dependent on binding of the MRN complex consisting
of Mrell, RAD50, and NBS1 (Figure 3). This complex is capable of displacing bound
Ku70/Ku80>°. MRN complex recruits ATM kinase to the break site via interaction
with the C-terminal domain of NBS1°*¢!. This in turn stimulates ATM
autophosphorylation and activity as well as phosphorylation of downstream
effectors®” as well as H2AX®. HR at double-strand breaks is crucially dependent on
DNA end resection. This is also mediated by MRN. First, MRE11 introduces a SS nick
in the duplex upstream of the dsDNA break® and recruits CtIP%. Both MRE11 itself
and CtIP have 3’ to 5’ exonuclease activity and together generate a small SS gap.®
This is then used to initiate full-blown resection up to the break site mediated by
exonucleases Exol, DNA2, and unwinding of the duplex by BLM helicase®.

Together, these enzymes generate the 3’ SS overhang which is essential for HR.

The resulting ssDNA is quickly bound by RPA heterotrimers which protects the ss
end from interaction with other molecules®. Displacement of RPA is mediated by
BRCA2% which, in complex with BRCA1-BARD1, competes for binding to the ss
end”. In addition to this, BRCA2 also interacts with RAD517 and induces RAD51
deposition onto ssDNA, replacing RPA. The RAD51 filament mediates strand
invasion into the homologous dsDNA template and this reaction is again facilitated
by BRCA1-BARD17. If sufficient base-pairing with the complementary strand is
achieved, this results in the formation of a triplex DNA structure termed d-loop.
This invasion may initiate different pathways of HR-dependent DNA synthesis
(Figure 3). One of these is synthesis-dependent strand annealing (SDSA) in which
one resected end of the dsDNA break invades a complementary duplex and is
extended by Pol8™. Synthesis proceeds past the break site until the d-loop is
disrupted. This disruption and subsequent dissolution of the d-loop is the trigger for

SDSA and is mediated by helicases such as BLM™ JWRN", and RTEL17%"" as well as
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Top3-Rmi complex” and FANCM™. Finally, there is a synthesis step, which fills in
the resulting SS gap and therefore completes repair by SDSA. Another possibility is
the formation of a double Holiday junction. This occurs by RAD51-mediated
invasion of one resected end into the complimentary duplex, annealing of the other
resected end with the ssSDNA of the template, which arises from d-loop formation,
and synthesis of a complementary strand (Figure 3). The resulting double Holliday
junction is finally resolved either by BLM-Top3-Rmil complex or via nucleolytic
cleavage by SLX4-SLX1% or Mus81-EME1/2882 Resolution of this recombination
intermediate may result in a crossing-over event at the site of the double-strand

break if it occurs by endonuclease cleavage.

There are two other mechanisms of HR-mediated repair, which occur rarely at
dsDNA breaks. The first one of these is single-strand annealing (SSA). In this
pathway, RAD52 replaces RPA on the resected ssDNA end and mediates formation
of a modified RAD51 filament which contains some RAD52%%*, In the context of
SSA, strand annealing occurs between the two resected ends directly by XPF/ERCC1-
dependent®® flap removal and ligation (Figure 3). The polymerase and ligase
involved in fill-in synthesis and completion of SSA respectively are not
characterised to date®. Overall, SSA results in deletions and mutagenesis at the
break site. The second pathway in this context is BIR. In this reaction, invasion of
one resected end into the complementary duplex results in a d-loop as in SDSA or
dHJ-mediated repair. However, in this process the d-loop replication bubble
migrates unidirectionally and this can result in long extension of the invading
ssDNA (Figure 3). This process is especially important in the context of collapsed
replication forks®”. The mechanism of BIR is described later in greater detail in the
section on ALT telomere maintenance. In summary, HR encompasses a number of
sub-pathways, which involve the generation of a resected, RPA coated ssDNA end
intermediate and invasion of this end into a complementary dsDNA duplex. HR
pathways are generally considered error-free, with the exception of SSA, since they

allow accurate reproduction of nucleotide sequence from a homologous template.
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Figure 3: The mechanism of HR. MRN complex detects free dsDNA ends and this is
accompanied by ATM activation and phosphorylation which triggers DDR signalling. MRN
in complex with CtIP introduces a ss nick upstream of the break site which initiates
resection and ss overhang generation by Exol/DNA2 and BLM helicase. This is first coated
with RPA which subsequently is replaced with RAD51 by the action of BRCA1/2 and BARDI1.
The resulting ss overhang is capable of invasion of a complementary duplex to form a d-
loop which may trigger SDSA, dH] formation, BIR, or SSA depending on several proteins

(see text for details).
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Microhomology-mediated end-joining (MME])

Another dsDNA break repair pathway dependent on resection is MME].
Mechanistically, this pathway relies on the same machinery as HR to generate a
resected ssDNA end coated by RPA catalysed by MRN complex, CtIP, Exol/DN2, and
BLM as described. Importantly, MME] is dependent on binding of PARP1 to dsDNA
ends, which competes with Ku70/Ku80 and recruits MRN to the break site®%. In
contrast to HR, MME] does not require strand invasion into a complementary duplex
and is therefore also potentially active outside of G2/S phase, analogous to cNHE].
The key player of MME] repair is Pol6. This protein mediates annealing of
elongated, resected ends and inhibits RAD51 binding and therefore HR*. In addition
to this, Pol6-mediated DNA synthesis at the annealed portion of the resected ends
stabilizes the bridging across the dsDNA break based on microhomology®'. Finally,
fill-in synthesis by an unknown factor, flap trimming by XPF/ERCC1°* and ligation
by Ligl or Lig3°*%* completes repair (Figure 4). The nature of resected ssDNA end
pairing based on microhomology results in mutagenesis at the breakpoint (i.e.
extended nucleotide sequence loss), an established feature of MME]. Generally,
MME] is considered a backup end-joining pathway for c¢cNHE] and is more
mutagenic. Cancer cells with inactivating mutations in cNHE] often rely on MME]

and this contributes to their genomic instability and susceptibility to chemotherapy.
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Figure 4: The mechanism of MME]. Repair proceed post-resection by replacement of RPA
from ssDNA ends by Polf. This enzyme then mediates annealing of ssDNA ends based on
microhomology and subsequently performs fill-in synthesis in a bidirectional manner.
Finally, resulting flaps are trimmed by ERCC1/XPF and any remaining ss gaps are repaired
by ligation via Ligase 1 or 3. Resulting repaired region lacks sequences due to
microhomology annealing.
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The human telomere, a constitutive dsDNA break

The human genome is made up of linear pieces of DNA, the ends of which are in
theory identical with DNA breaks. Usually, such breaks trigger cell cycle arrest
through checkpoint activation and DNA repair or apoptosis by the DDR as discussed.
In a sense, telomeres are the only double-strand breaks that persist throughout
many cell cycles without detrimental consequences. This is achieved by tight
interaction with many DDR proteins, resulting in modulation of all major DNA
repair pathways. Defects in the regulation of the DDR at telomeres result in genomic
instability or cell death. Another key feature of telomeres, which greatly impacts on
their functionality, is the length of telomeric DNA. This is especially modulated in
cancer and involves interaction with DDR proteins in the case of ALT telomere

maintenance. The following section describes these phenomena in detail.

The molecular structure of telomeres inhibits DDR activation

The human telomere is comprised of a 5-15kb TTAGGG repeat sequence at
chromosome ends. This is paired with a complementary C-rich, hexameric repeat to
form a duplex for all but the final 50-400 nucleotides which make up a single
stranded G-rich overhang. The main protein complex at human telomeres is called
shelterin, as defined in seminal publications by Titia de Lange®. It is composed of
TRF1, TRF2, TPP1, TIN2, RAP1, and POT1 (Figure 5). Both TRF1 and TRF2 bind
directly to telomeric dsDNA with high affinity via their Myb/SANT domains®. In
addition to this, POT1 is capable of binding directly to ss telomeric DNA via two OB-
fold domains®”%8. However, its affinity to telomeric ssDNA alone is not sufficient for
its specific recruitment to telomeres®. Rather, POT1 is recruited to telomeres by
interaction with TPP1'%, Overall, human shelterin assembles at telomeres via the
high affinity binding of TRF1 and TRF2 to the 5-15kb of telomeric repeat DNA at the
end of chromosomes Together, this regulates many telomeric functions including
formation of the t-loop, telomere replication/elongation, and interaction with the

DDR.
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Analysis of telomeric DNA by electron'®® and STORM super-resolution microscopy!®
revealed a lariat-like loop conformation termed t-loop. Further analysis showed that
this takes place by invasion of the upstream duplex by the G-rich ssDNA overhang,
which forms a d-loop (Figure 5). The t-loop and masking of the SS overhang by
strand invasion are thought to be one of the main ways in which telomere structure
inhibits DDR activation. In line with this, TRF2 has been shown to be a crucial for t-
loop formation and TRF2 knockout leads to rapid chromosome end-to-end fusions
by NHE]!%1% Another challenge to t-loop formation is the fact that telomeres end
in a blunt end or with a minimal 3’ overhang after each round of DNA replication
depending on strand orientation!®. This indicates that there must be resection after
telomere replication to generate the 50-400 nucleotide ssDNA overhang. Initial 5’ to
3’ exonuclease activity at the leading strand of telomeres may be performed by
Apollo. This has been confirmed in mice!'*®!°” and is likely the case in humans based
on a recorded telomeropathy due to Apollo mutation!®. CtIP has been implicated as
an exonuclease which contributes to G-overhang generation in human cell lines!'?.
Interestingly, a notion of excessive resection followed by fill-in synthesis for
effective generation of the overhang has been raised by several recent reports in
mouse models!!®!!2, Based on these reports, resection is followed and counteracted
by fill-in synthesis. This is thought to occur by Cst binding to the ss overhang post-
resection and synthesis of DNA by Pola/primase. Given that both Cst and Pola have
a confirmed role in regulating G-overhang in human cell lines!''*!/ it is sensible to
suspect an orthologous mechanism in humans. Taken together, the formation of the
t-loop is a multistep process, which is dependent on synthesis of a G-overhang
mediated by a partially characterised set of DDR factors and upstream invasion of
the duplex mediated by TRF2. Overall, this provides the first layer of protection by

which telomeres are shielded from aberrant detection as a dsSDNA break by the DDR.
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Figure 5: Overview of telomeric structure. Shelterin is the main telomere-associated
complex and catalyses the formation of an overall t-loop structure. 3° overhang is generated
by a yet incompletely characterised mechanism. POT1/TPP1 is thought to mediate invasion
into the upstream duplex which leads to the formation of the d-loop. Other ubiquitously
telomere-associated proteins include histone octamers which commonly show repressive
post-translational modifications such as H3K9me3 as well as Ku70/Ku80 which in complex
with TRF2 persists in a repressed form that shields telomeres from aberrant DDR activation.

In addition to this, shelterin proteins directly inhibit the DDR in a redundant
manner. TRF2 directly inhibits recruitment of 53bpl, a crucial step in cNHE], via
multiple domains!’®>. Ku70/Ku80 is found constitutively bound to telomeres,
seemingly at odds with cNHE] repression. However, TRF2 interacts strongly with
telomere-bound Ku70 a-helix 5 and prevents Ku70/Ku80 hetero-tetramerization
necessary for cNHE]!'¢. RAP1 may also be involved in direct inhibition of cNHE]
based on its ability to ameliorate fusions observed upon TRF2 knockout'!” and its
ability to bind Ku70 a-helix 5 via an uncharacterised domain!!¢. TPP1-POT1 and/or
TRF1 directly inhibit ATR-mediated DDR at the G-rich overhang or stalled

replication forks at telomeres!!®!'. MME] is also inhibited at telomeres by TRF2 in
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analogy to cNHE] as well as via RNF8-TPP1 interaction'?°. In addition to this, HR is
inhibited at telomeres. One key protein at telomeres which mediates this repression
is Ku70 which is highlighted by increased HR at dysfunctional telomeres in Ku70
knockout cells!?'22, Inhibition of HR at telomeres is especially important at the d-
loop where nucleolytic resolution would lead to t-loop excision and loss. TRF2 basic
domain directly inhibits XRCC3-dependent t-loop excision'?®. In summary, direct
inhibition of the DDR is mediated by shelterin proteins as well as constitutive

binding and inactivation of Ku70/Ku80 at telomeres.

Despite the redundant suppression of DDR signalling at telomeres, several factors
involved in DNA repair pathways are utilized for telomere maintenance. For
example, TRF2-mediated recruitment of RTEL1 helicase is crucial for t-loop
unwinding prior to replication during S-phase!*1?5, SLX4-mediated recruitment of
nucleases is used to trim very long telomeres rapidly via t-loop excision under
normal conditions!'?*'?’, Qverall, the relationship between telomeres and the DDR is
complex. On the one hand, redundant mechanisms are in place to inhibit a dsDNA
break response, which would lead to cell cycle arrest or apoptosis. On the other
hand, concerted action of shelterin and DNA damage proteins is required for

telomere replication.
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Telomere maintenance in cancer cells

Shelterin in complex with several kb of repetitive telomeric DNA is at the basis of
effective  DDR inhibition which allows cellular proliferation. However, a
considerable challenge to this situation is given by the semi-conservative nature of
DNA replication. The last Okazaki fragment on the lagging strand of a linear piece of
DNA (such as a chromosome) will be preceded by a small gap due to primer removal.
This is a constitutive source of end-shortening over many divisions which is known
as the end-replication problem!%. If telomere shortening is unopposed, critically
short telomere length leads to telomere crisis, a failure of DDR inhibition, which
triggers double strand break responses resulting in senescence and/or apoptosis.
This progressive shortening of telomeres is an intrinsic barrier to unlimited cellular
proliferation and therefore an anti-tumour mechanism. In cancer cells, two
pathways of telomere maintenance have been described to circumvent this problem:
Activity of Telomerase!” or Alternative Lengthening of telomeres (ALT)"°. Both of
these exhibit distinct characteristics and occur independently of each other for the
most part (discussed below). Analysis of tumour tissue has indicated that 85-90% of
cancers maintain their telomeres with telomerase, while 10-15% use ALT!*'. The
following will briefly describe telomerase activity in the context of cancer followed
by a detailed description of ALT. The latter pathway relies heavily on the activity of

DDR factors at telomeres, which were introduced in previous chapters.

Telomerase

Telomerase was initially described in the ciliate Tetrahymena by Carol Greider and
Elizabeth Blackburn in 1984!* as an enzyme capable of elongating primers which
contained telomeric repeat sequences. Considerable subsequent work by their
research groups and others showed that telomerase was in fact widely conserved
and maintained telomeres in the majority of human cancers (reviewed in!*?).
Telomerase is made up of an RNA essential for the complementarity to telomeric

repeats termed TERC!*® and a large reverse transcriptase called TERT. Expression of
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TERT is strongly suppressed in human somatic cells and TERT expression alone is a
sufficient trigger for cell immortalization in vitro'**. Indeed, gain-of-function
mutations in the TERT locus are very common in cancers which use telomerase as
their telomere maintenance mechanism!®. In addition to this, stem cells extend
their telomeres with telomerase (reviewed in '*). Therapeutic inhibition of
telomerase is pursued by multiple companies with varying drug design. Perhaps the
most promising of these so far clinically is Imetelstat, a nucleolipid which competes
with and inhibits TERC. This drug has been successful as single-agent therapy in
Phase II trials for myelofibrosis'®’, myelodysplastic syndrome'*®, multiple
myeloma'!*®, and essential thrombocythemia'®’. The latter of these applications
showed promising efficacy in a recent combined Phase II/III trial with 29% of
patients showing a prolonged response!!. Although there are obvious challenges to
clinical translation of telomerase inhibition based on its importance for stem cells,
knowledge and characterisation of this telomere maintenance mechanism has

yielded promising clinical trials in selected haematological cancers.

ALT

In 1995, the dogma that telomerase is solely responsible for elongation of telomeric
DNA in cancer was challenged by the realization that some cancer-derived cell lines
maintained telomeres in the absence of telomerase activity'*>. Seminal follow-up
work by Roger Reddel showed clearly that this also occurs in tumour tissue
samples'*>** and in the absence of TERT gain-of-function mutations'*® via a yet-
uncharacterised process which he termed alternative lengthening of telomeres
(ALT). This pathway has been defined in much detail since its discovery, partly due
to the fact that it may present a vulnerability specific to cancer cells. It is now
appreciated that approximately 10-15% of cancers maintain their telomeres via
ALT™6, Tt is most common in cancers where immortalized cells are of mesenchymal
origin such as osteosarcomas (64%), Leiomyosarcomas (58%), or astrocytoma

(42%)131,147.
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ALT in based on HR at telomeres. This was first elegantly shown by insertion of a
sub-telomeric tag sequence on a single chromosome and subsequent monitoring of
the tag location by metaphase FISH!“%, Only ALT cell lines were capable of spreading
such a tag to other chromosomes over subsequent divisions which sparked the
notion of HR at telomeres in the context of ALT. Importantly, it was later shown
that this could not be explained by a global increase in HR due to ALT!¥.
Distinguishing features (other than lack of telomerase activity) for cells which
utilize ALT as their primary telomere maintenance mechanism have been defined by
detailed subsequent study of ALT cell lines and tumour tissue. These features are
discussed in detail below since taken together, they are sufficient to conclude the

activation of telomere maintenance via ALT.

ALT-associated PML bodies (APBs)

PML bodies consist of PML/TRIM19 and form large membrane-less organelles in the
nucleus based on protein phase transition'*°. They are observed in unperturbed cells
as well as many biologically and clinically significant contexts such as responses to
viral infection (reviewed in *'). However, unique to cells using ALT, a subset of PML
bodies co-localizes with telomeric DNA (APBs)!®2. The formation of APBs is
restricted to late S/G, phase of the cell cycle!®>!>4, They are thought to be the site of
ALT-specific telomere recombination based on several lines of evidence. Firstly, the
composition of PML bodies differs if they are APBs at telomeres. APBs are
characterised by the presence of HR proteins such as RPA!*>, NBS1'53) RAD5121%,
RAD521%2, MUS81'7 as well as shelterin proteins including TRF2 (reviewed in '*%).
Secondly, APBs coincide with the brightest telomeric signals in telomere FISH
experiments within a given nucleus of an ALT cell line. Multiple studies have shown
that such clustered ALT telomeres incorporate BrdU/EdU in G, phase specifically
and this is an event specific to HR (for example!'>+1°-1¢1) Conversely, knockdown of
PML reduces telomere clustering!®? and abrogates EdU incorporation at telomeres!®.

Taken together, it is likely that APBs present the site of telomere synthesis by HR in
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the context of ALT and present a robust marker for ALT activity in scenarios where

no significant global changes in PML protein are detected.

Heterogeneous and increased telomere length

In studies of ALT cell lines, telomere length is distributed in a manner, which is
markedly different from other cells. It is recognised that ALT telomere maintenance
results in a heterogeneous distribution of telomere length, usually ranging widely
from 5-50kb within a single cell line or tumour sample!'*>!*, Human somatic cells
have an average telomere length of 12kb (+/- 2kb)!®®* which decreases with age to
about 9kb!®, Cancers which maintain their telomeres with telomerase usually have
an average telomere length of approximately 9kb (+/-5kb)!¢71%8, In general, ALT cell
lines show a mean increased and heterogeneous absolute telomere length which
distinguishes them from telomerase* and mortal cells'®®. Therefore, measurement of
telomere length may be taken as an indicator of ALT and this characteristically

includes the presence a mean increase as well as very long and short telomeres.

Telomere sister-chromatid exchange (T-SCE)

As discussed, HJ resolution by nucleolytic activity may result in a crossing-over
event between chromatids. T-SCE is measured by a specialized FISH protocol known
as CO-FISH'" (described in detail later). In line with HR-based mechanism of
telomere elongation, ALT cell lines have higher incidence of T-SCE than telomerase*
cell lines!”'. However, T-SCE alone is not sufficient to conclude ALT activity as it
may also occur in the absence of telomere length heterogeneity and APBs!'*"!"2
Nevertheless, as increased HR at telomeres resulting in T-SCE occurs mostly in cells
using ALT, this may be taken as evidence for the activity of this pathway if

presented with complementary analysis.

C-circles and other complex telomeric DNA
Another characteristic of ALT is the occurrence of non-linear, extrachromosomal

telomeric DNA. Such molecules are often circular as shown by EM and 2D gel
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electrophoresis'’”® and depend on HR factors such as NBS1, RAD51 paralogue
XRCC3', They may be in the conformation of a largely ds circular DNA (t-circle), or
a largely ss circle with fragmented complementary stretches (G- or C-circle
depending on continuous strand)!”>. T-circles are not specific to ALT since they also
occur upon t-loop excision. For example, they are also observed in conditions of
shelterin dysfunction'?® or DNA damage generally!’®!". However, C- and G-circles
are specific markers of ALT cells and the former has been used extensively to
diagnose ALT in cell lines and tumours'’>!”®, In addition to this, other complex
branched telomeric DNA may be present in ALT cells'”. Such complex DNA may be
extrachromosomal or chromatin bound and may include HR intermediates as well as
collapsed forks!®. However, there is currently no convenient experimental way to
detect such molecules. Thus, C-circles are a widely assayed and convenient marker
of excised telomeric HR intermediates, which are exclusively reported in cells which

utilize ALT for telomere maintenance.

ALT-associated changes in chromatin

Telomeric DNA is organised as chromatin, and this likely extends to the very end of
telomeres'®!. The loading and dissociation of core histones is slow'®? in comparison
to shelterin and DDR factors which bind telomeric DNA more dynamically based on
single-molecule experiments'®®. Therefore, it is perhaps not surprising that ALT,
which requires homology search between telomeres, is associated with changes in
chromatin composition. Histone octamers differ in their composition in ALT* cells.
Variant H3.3 is displaced!®*'®> and macroH2A1.2 is deposited!®, in both cases due to
the absence of histone remodelling enzyme ATRX at ALT telomeres. In addition to
changes in histone variants, telomeric chromatin is differentially modified
(epigenetically) in ALT cells. ALT chromatin may be enriched for heterochromatic
histone marks. Increased H3K9me3 and H4K20me3 have been reported in ALT cells,
a reaction which is dependent on HP1a'®” and potentially SETDB1 based on a recent
study in mice!®, Key to the activity of HPla and generation of H3K9me3 at

telomeres is the presence of telomeric RNA, TERRA™. TERRA may be present at
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elevated levels in ALT cells!®. However, this could simply be due to the fact that
longer telomeres result in higher levels of TERRA regardless of active telomere
maintenance mechanism as reported'®. Generally, controversy over the level of
heterochromatin at ALT telomeres relative to other/no active telomere maintenance
exists in the literature. Similar conclusions may be drawn for the induction of
TERRA, which may also simply be a non-specific by-product of the relative
elongation of telomeres, which is observed upon induction of ALT. On the other
hand, the changes in variant histones H3.3 and macroH2A1.2 described are
consistently observed in ALT thus far and may be regarded as a marker for the

activity of this telomere maintenance mechanism.

Model of the ALT mechanism

Previous paragraphs have outlined how cells which maintain their telomeres via
ALT show a number of defining features: i) The presence of select HR factors and
APBs at clustered telomeres; ii) Active HR-based telomere synthesis in late S/G,
phase of the cell cycle; iii) The presence of telomeric HR-intermediate or resolution
products such as C-circles; iv) Relative changes in the makeup of telomeric
chromatin and the length of telomeric DNA. Based on these observations, the
question arises as to what the precise mechanism of ALT telomere elongation

entails.

Based on initial work on telomerase-independent survival of yeast'”!, it was
confirmed that HR in ALT synthesizes DNA by BIR, specifically by activity of PolD3
as part of Polé'®. Subsequent extension of traditional CO-FISH analysis indicated
that ALT BIR telomere synthesis may proceed either in a conservative or semi-
conservative manner'®?. This distinction is strengthened by subsequent studies and
based on these new data it was proposed that ALT proceeds as a bifurcated pathway
(Figure 6). The first distinction between the two pathways was the realisation that
BLM and SLX4 have opposing and selective effects on certain aspects of ALT!®.
SLX4 overexpression exacerbates T-SCE as detected by CO-FISH, while BLM

suppresses these hallmarks in ALT cells. However, this was opposed with their effect

39



Oncogenic KSHV induces ALT for break-induced viral genome replication

on telomere extension, which was promoted by BLM and inhibited by SLX4. In line
with this, a recent study showed that co-factor SLX4IP regulates exacerbation of
such ALT hallmarks in the context of SLX4 knockout by direct inhibition of BLM'>.
Another distinction between the two arms of the ALT pathway is their dependency
on RAD52. RAD52 and SLX4 act non-epistatically in terms of their effect on ALT
hallmarks upon knockout!** and are therefore likely separated mechanistically. In
addition to this, RAD51 seems to be dispensable for BIR DNA synthesis in a recent
study, while RADS52 is essential for this!'®®>. On the other hand, it has been shown that
long-range homology searching in ALT is dependent on RAD51-Hop2!*. This search
is most likely aided by telomere clustering, a process which is dependent on binding

of nuclear orphan receptors to sub-telomeric variant repeats'®.

Based on the studies described above, I suggest that ALT acts in two ways
mechanistically which are likely to be interlinked and occur in tandem in a given
cell. Both mechanisms use PolD3 for DNA synthesis. One of these involves inter-
chromosomal homology search in a RAD51-Hop2 and nuclear orphan receptor-
dependent manner. This is followed by abortive semi-conservative BIR, which ends
with SLX4-mediated H] resolution. The other one is long-range, conservative BIR

stimulated by RAD52-RAD51 strand invasion and BLM activity (Figure 6).

Induction of ALT

The first insight into the relationship of telomerase and ALT comes from studies of
hybrid cell lines'*. ALT* cells were fused with telomerase* fibroblasts and surviving
clones were analysed. In all cases, the resulting cell line used telomerase for
telomere maintenance which suggested that there is an intrinsic inhibitor of ALT.
Initially, it was proposed that ATRX may be this inhibitor based on its loss of
expression in ALT cell lines and common mutation in ALT* tumours'®’. In agreement
with this notion, knockout of ATRX in mortal or telomerase* cell lines induced
features of ALT transiently!®®. However, these experiments did not result in a

persistently ALT* cell line and it was later shown by systematic analysis of ALT cell
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lines that not all of them had lost ATRX expression!”. Therefore, although
alterations in telomeric chromatin were certainly suggested as an underlying
mechanism of ALT induction due to ATRX well-documented role as a histone
remodelling enzyme, loss of this protein alone is excluded as a pioneering event.
The only documented incidence of sustained ALT induction in a telomerase*
background is upon knockdown of chromatin remodelling factor Asf12%,
Interestingly, this study showed that ALT induction was dependent on replicative
stress at telomeres and required an initial telomere length of approximately 20kb.
This latter observation casts the physiological relevance of this mechanism into
doubt somewhat given that 20kb is well above the length of telomeres observed in
mortal cells, including telomerase* stem cells. Therefore, it seems that it is possible
to induce ALT by modulation of telomeric chromatin in telomerase® cells

experimentally and this may involve loss of Asf1.

Another important aspect of the putative switch from telomerase to ALT is the
presence of replicative stress and DNA damage at telomeres. This is highlighted by
the fact that proteins which resolve replicative stress also counteract ALT activity
including SMARCAL1*! and FANCM!!?2  In line with this, increased replicative
stress markers were confirmed upon Asfl knockdown?®. It is possible to transiently
induce many of the hallmarks of ALT in human cells by creating conditions of
replicative stress at telomeres. An example of this is ATRX knockdown, DAXX
knockout, and telomere DNA damage which was reported to trigger APBs and C-
circles in telomerase* cells?®. However, this report does not present a permanent
switch to ALT since cells are also undergoing apoptosis under these conditions and
there is no telomere length heterogeneity, clustering, or T-SCEs?®. Other examples
of selected ALT hallmarks induced by replicative stress and DNA damage at
telomeres are found in studies of mice. For instance, RTEL1 knockout MEFs show T-
SCEs, t-circles, and length heterogeneity!*t. These and other studies demonstrating
replicative stress and damage at ALT telomeres have led to attempts to abrogate

ALT altogether by chemical inhibition of ATR. One study showed that hallmarks of
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Figure 6: Model of ALT mechanism. Semi-conservative BIR mediated by RAD51 filament
formation resulting in long-range homology search triggers inter-chromosomal invasion.
SLX4 cleaves resulting holiday junction and DNA synthesis by Pold3/Polé. Conservative BIR
may be initiated within a given telomere or between adjacent chromatids This is mediated by
formation of RAD51/RAD52 mixed filament and strand invasion followed by conservative DNA
synthesis on both leading and lagging strand. D-loop migration proceeds by BLM activity until
conservative synthesis has been completed to the end of the telomere.
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ALT were decreased and cells were killed upon inhibition of ATR-mediated repair of
DNA damage resulting from the replicative stress at ALT telomeres®**. However,
subsequent systematic analysis of this effect in other ALT cells lines later cast this
into doubt and no selective killing was achieved overall?”®. In summary, while
replicative stress and DNA damage has been widely reported at telomeres of ALT
cells, it is not possible to induce ALT by these means and ALT cannot be abrogated

by inhibition of the DDR.

Overall, only Asfl knockdown in cells with long telomeres is known to induce ALT
in initially telomerase* cells to date. Factors which impact the induction of cellular
phenotypes associated with the activity of ALT are replicative stress at telomeres
and the composition of telomeric chromatin. Generally, crosstalk between
telomerase and ALT is likely to be extensive and any changes in active telomere
maintenance mechanism are complex. In support of the challenging nature of these
studies, no experiment so far has been able to demonstrate de novo induction of ALT

in mortal cells or loss of ALT and re-activation of telomerase.

ALT as a therapeutic target

Inhibition of ALT presents an attractive strategy for future therapy of cancer. This is
based on the fact that in contrast to telomerase activity, ALT has not been recorded
to occur in normal somatic or stem cells. Additional incentive for the development
of such inhibitors is given by reports in mice which suggest that telomeres
inhibition drives evolution towards telomere elongation by ALT?%. Future
therapeutic approaches may include combinatorial inhibition of both ALT and
telomerase to minimise the emergence of resistance. Currently, pre-clinical studies
to derive a specific inhibitor of ALT are the subject of active investigation by several

groups.
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Kaposi’s Sarcoma Herpesvirus (KSHV)

During the AIDS epidemic in the 1980s, clinicians commonly encountered patients
who presented with disseminated dermal angiosarcomas. This cancer was known as
Kaposi’s Sarcoma (KS), named after the Hungarian dermatologist Moritz Kaposi who
initially described them in 18722%7. Neither Moritz Kaposi nor clinicians in the 1980s
knew what the etiological agent behind this disease was. However, this changed
with the discovery of herpesvirus-like sequences by representative difference PCR
analysis of AIDS-KS performed by Yuang Chang and Patrick Moore in 1994%%, In the
following year, the same viral sequences were found in HIV-related cancers PEL*”
and MCD?"°, The virus was named KSHV, human herpesvirus 8 (HHV8) and classified
as an oncogenic y-herpesvirus, based on sequence similarity with closely related
EBV?!!, Since these events, considerable research has been dedicated to
understanding this oncogenic virus with the aim of devising targeted therapy

against some of its associated cancers.

KSHV-associated cancer

KS occurs commonly in immunocompromised patients and may be treated
effectively upon reconstitution of normal immune function. The WHO-GLOBOCAN
survey determined that 41,799 new cases were diagnosed globally in 2018 and
19,902 cases of KS-associated lethality were recorded?!?. Most of these cases occur in
Africa and this reflects the uneven distribution of KSHV globally. While 5-15% of
individuals are infected in Europe, the virus is endemic in sub-Saharan Africa where
>70% of the population carry the virus?’®. KS is commonly associated with
productive HIV infection. In line with this, AIDS-KS is the most common tumours in
some sub-Saharan countries where KSHV is endemic and HIV is still epidemic?'425,
In Europe, AIDS-KS is a rare disease due to the wide availability of antiretroviral
therapy. However, KS risk is still elevated in HIV* individuals upon antiretroviral
treatment in comparison to the general population®'¢. AIDS-KS is curable with

combined chemotherapy/antiretroviral treatment or antiretroviral treatment
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alone?!”. Endemic KS has been reported in HIV- individuals in sub-Saharan with high
KSHV prevalence. This is mainly a disease of young children and is thought to
involve immunosuppression due to malnutrition. Endemic KS often progresses to
systemic lymphadenopathy and death?®. KS also occurs as an iatrogenic disease. It
may develop upon immunosuppressive therapy as administered post-
transplantation?® and in autoimmune disease such as Crohn’s*?%??!, Generally, the
treatment of KS in this setting includes the lowering of the dose of existing drug
treatment in an attempt to balance KS progression with the therapeutic purpose of
immunosuppression (such as preventing organ rejection)*??. Classic KS, as described
by Moritz Kaposi, is a largely indolent disease, which develops in elderly KSHV*
individuals. As a summary, KS presents as a diverse group of diseases with varying
clinical outcome. Histologically, KS is made up of a 3D meshwork of spindle cells
which are thought to be the immortalized cancer cells within lesions. The tumours
are highly angiogenic and there is a number of infiltrating lymphocytes in lesions

(see Chapter 3 of results for histology examples).

KSHV infection has also been linked to the onset of several lymphoproliferative
malignancies that are often present in conjunction with KS. Multicentric
Castleman’s disease (MCD) is a disease characterised by abnormally proliferating,
KSHV* plasmablast-like B-lymphocytes within lymphoid follicles or the mantle
zone?®, Symptoms of MCD include flares of acute inflammation, lymphadenopathy,
and effusions**. If left untreated, MCD results in secondary NHL such KSHV*
DLBCL?*® and is ultimately associated with very poor prognosis due to evolution
towards multiple organ failure and haemophagocytic syndrome??*. Treatment with
Rituximab has been successfully employed for the treatment of MCD, with >90%
patients showing remission of the disease and no secondary NHL?**"?*, However,
some reports indicate that this regimen may result in significant flare-up of pre-
existing KS and potent re-activation of the KSHV productive life cycle, which may
render it unsuitable for some patients?**. The second lymphoproliferative disorder

associated with KSHV is Primary Effusion Lymphoma (PEL). This malignancy is
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characterised by common EBV co-infection (85%)* and immunosuppression. Its
clinical presentation includes effusions of abnormally proliferating lymphocytes
into body cavities and sometimes also solid extracavitary tumours®*"?*2, Prognosis
for patients diagnosed with PEL is extremely poor with median survival of 6.2
months*?®, No efficient therapy has been established and standard CHOP
chemotherapy is commonly applied in the clinic?*%. In summary, KSHV may cause a

number of different lymphoproliferative disorders with varying clinical prognosis.

Overall, there is a varied spectrum of cancers associated with KSHV infection. There
are considerable differences in the aggressiveness and clinical outcome of these
diseases. Most KS cases are treatable whereas some of the blood cancers associated
with the virus are usually fatal. There are several potential therapies that are being
considered for the treatment of PEL and MCD specifically. These include
monoclonal antibody treatments other than Rituximab (Elsheikh, Lippert, et al. in
preparation). However, all targeted therapy against KSHV-associated cancers is
currently only in pre-clinical development and there is the need to develop a new

approach for the remaining patients where existing therapy is ineffective.
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KSHYV life cycle

As a y-herpesvirus, the life cycle of KSHV is characterised by three key events; i)
Initial infection of the host, ii) Establishment of latency; iii) Productive, lytic
infection. This section will describe the molecular biology underlying these aspects
of the KSHYV life cycle in more detail. This will be following by an evaluation of the
interface between the DDR and KSHV and ultimately a description of the existing

reports on host telomeres and KSHV infection.

Initial infection of host cells

The infectious KSHV virion consists of an icosahedral capsid with a diameter of
125nm?>, an intermediate tegument layer, and one copy of the approximately
170kb*'' dsDNA genome. Transmission of KSHV may be either horizontal in high
risk groups such as MSM though sexual intercourse**?*” or vertical in endemic areas
through saliva?*®. KSHV displays broad tropism and may infect a variety of different
cell types including B- and T-lymphocytes, endothelial cells, and neurons®®. Initial
binding of the virion to host cells occurs by interaction of KSHV with membrane
heparan sulfate?*® Subsequent entry is mediated by binding of KSHV capsid protein
gB to host integrins a3B1, aVB1, and aVpB5%!?42, This triggers a complex signalling
cascade which ultimately leads to engulfment of the capsid into the cell via clathrin-
mediated endocytosis?**® or directly into the cytoplasm by nuclear envelope fusion
with the plasma membrane?*. Recent studies have implicated interaction with host
EphrinA2 in the initiation of KSHV entry via lipid raft formation and uptake in a
process resembling macropinocytosis?>?*, Subsequently, virions are released into
the cytoplasm and travel along the cellular microtubular cytoskeleton toward the
nucleus by interaction with dynein motor proteins*’. The capsid docks to the
nuclear pore and the KSHV genome is released into the nucleoplasm in a linear

conformation?#.
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Latency

During latency, KSHV persists as a circular episome in the nucleus of infected cells
without production of infectious virions. In latently infected cells, the KSHV
genome persists as >50 copies within the nucleus®®. There is some variation in
terms of copy number and it has been documented that PEL cells in particular have
an increased number of episomes per cell (see results chapter 4). Viral gene
expression is restricted to enable long-term persistence while avoiding immune
detection. The key latency-associated genes vFLIP (ORF71), vCyclin (ORF72), and
LANA (ORF73) are co-transcribed from the same locus?®. This transcription is
autoregulated by LANA?°, In addition to these proteins, the latency locus encodes
12 viral miRNAs. KSHV vFLIP acts as an direct inhibitor of apoptosis by mimicry of
cellular cFLIP and induction of cFLIP expression through NF-xB activation®'. It has
been shown that some PEL cell lines are addicted to VFLIP?? and based on these
findings, inhibitory peptides against VFLIP are under development?. In primary
endothelial cells such as HUVECs, vFLIP expression alone is sufficient to trigger cell
elongation reminiscent of endothelial to mesenchymal transition (EMT) and spindle
cell morphology*+?*>, EMT is thought to be an important step in metastasis and
progression of cancer?®®. KSHV vCyclin is a viral homologue of cyclin D1 and
counteracts VFLIP-mediated senescence and cell cycle arrest®’. It triggers entry into
S-phase by interaction with cell cycle regulators including Cdc25a%$, Cdc6*°, and
Bcl22¢0, LANA acts as a molecular tether which attaches the viral episome to host
chromatin (Figure 7). It is essential for maintenance of viral episomes during
latency?®!. On the KSHV genome, LANA binds two distinct sites found within the
viral terminal repeat region with its C-terminal DNA binding domain?*?. On host
chromatin, LANA does not bind DNA but rather interacts with nucleosomes to
achieve episome tethering. Specifically, crystallography studies have shown that the
N-terminus of LANA binds to histone variants H2A and H2B?*®. Interestingly, LANA
has also been shown to bind directly to DDR-associated variant yH2AX?**, Taken
together, the key KSHV gene products which are expressed during latency are

concerned primarily with sustaining continuous proliferation of infected cells by
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inhibition of apoptosis and cell cycle arrest as well as the establishment of episome

clusters, which reside in a favourable chromatin niche within the host genome.

The KSHV episome is also fully chromatinized and exhibits specific loop
conformation and histone modification. Study of KSHV episomes by 3C has revealed
loop formation involving the latency promoter region in a CTCF-mediated
manner?%, Disruption of the sites involved in loop formation resulted in de-
regulation of latent transcription, indicating that this episome loop is important for
the maintenance of latency. In addition to this, analysis of histone modifications on
the KSHV episome chromatin revealed the presence of both active and repressive
histone marks. H3K27me3 has been detected throughout latent viral genomes,
although the incidence of these marks is highest at lytic promoters?®**’, In these
studies, LANA was shown to catalyse these modifications by recruitment of PRC2
and DAXX. LANA has also been shown to interact and recruit HP1a to viral genomes
for putative deposition of further repressive marks?®. In line with this, H3K9me3 has
been detected on both the TR and lytic promoters of a KSHV BAC in 293T cells265.
However, a subsequent study examining the same mark on KSHV episomes in
BCBL1 PEL cells showed no H3K9me3 association with viral sequences266. Histone
marks associated with active chromatin such as H3K4me3 and H3ac have been
reported at the KSHV TR As a summary, the chromatin of KSHV episomes in
infected cells exhibits an overall loop structure as well as features of both hetero-
and euchromatin, which may be mediated by LANA. Disruption of this conformation
impacts on the maintenance of latency and it is therefore likely to be important for

the persistence and establishment of latent infection.
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Figure 7: The life cycle of KSHV. Viral infection is biphasic and the choice between
latency as an episome tethered to host chromatin or the production of infectious virions is
mediated by LANA (which also acts as an episome tether, shown in dark blue) and RTA
transcription factor activity respectively. Latent episomes are maintained in the presence of
limited viral gene products and rely on hijacking of the cellular replication and/or DNA
repair machinery to maintain viral genomes. On the other hand, the lytic replication
program includes a viral replication factory and many factors which make up the structure
of KSHV virions and mediate cell exit.
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LANA mediates replication of KSHV episomes in infected cells. This is illustrated
well by reports which indicate that a plasmid containing more than two KSHV TRs
(the binding sites of LANA) can be replicated and maintained by ectopic expression
of LANA alone in both B-cells?** and endothelial cells?*”. Interestingly, recent studies
have shown that tethering and replication of latent episomes is highly dependent on
LANA oligomerization and clustering®’!. Mechanistically, it has been shown that the
C-terminal domain of LANA interacts with a number of factors which are associated
with the initiation of replication including ORC2?"2, PCNA/RFC?*”, and MCM
complex®*., However, the dynamics of these interaction are somewhat unusual in
these reports and may indicate replication uncoupled from bulk S-phase synthesis.
For example, interaction of LANA with several subunits of the MCM complex was
not restricted to S-phase and persisted in mitosis*’%. Similarly, ChIP/qPCR
experiments showed that ORC2 binding to the KSHV TR still occurred in mitotic
cells?™2?275 and Polé binding persisted throughout G2 and M phase of the cell cycle?7¢.
This is in contrast to normal DNA replication, where neither ORC nor MCM complex
are bound to DNA during G2/M phase?’"?"8, Meselson-Stahl experiments in the same
self-replicating KSHV TR plasmid system mentioned above indicate that whatever
the mechanism of latent episome replication, it occurs in a semi-conservative
manner?”. In summary, KSHV episomes are likely to replicate in an atypical manner
during latency dependent on the oligomerisation of LANA and activity of the

replisome outside of S-phase.

Lytic reactivation

Lytic replication stands in contrast to viral latency and is aimed at the production of
infectious virions rather than the avoidance of immune detection. In fact, lytic
replication is highly immunogenic. This is highlighted by the occurrence of T-cells
reactive to KSHV antigens upon lytic induction specifically?%28!, RTA (ORF50) is the
master regulator of lytic replication and its expression alone is sufficient to trigger
the productive lytic cycle in infected cells?®***%*. This is balanced by activity of LANA

which competes with RTA in latently infected cells?**. RTA alone or in conjunction
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with cellular transcription factors such as RBP-Jk285 activates expression of the full
KSHV gene program to allow efficient production of virions. In analogy with other
herpesviruses, these genes have been classified into IE (immediate early), E (early),
and L (late) genes**. In contrast to the latent gene program, lytic genes encode a
viral replication machinery which is highly conserved across all herpesviruses. This
includes a viral DNA polymerase (ORF9), polymerase co-factors (ORF59), helicase
(ORF44), primase (ORF56) and primase co-factors (ORF40, 41)***. Additional genes
expressed during lytic replication are concerned with the generation of capsids
within the nucleus?®, the nuclear egress complex formed by ORF67, ORF69%7
transport to the cell membrane by exocytosis®®®, and tegumentation of the
virion?*°,_ Therefore, the lytic KSHV cycle differs from latency in several key
aspects, specifically the extensive expression of viral genes resulting in a host
immune reaction, and the production of infectious virions through expression of

many viral genes (Figure 7).

The mechanism of viral genome replication during the lytic cycle is also
significantly different from latency. It is thought to occur in a multi-step process
that, in analogy to other viruses, results in the production of long linear
concatemers via a rolling circle amplification mechanism. Lytic replication is
initiated by RTA and K8 binding to one of two replication origins, OriLyt-L/-R?1.
There are eight C/EBP motifs within these origins and specificity of RTA/K8 binding
to this region is mediated by association with host C/EBPa?°2, The binding of these
proteins then recruits the viral replication machinery outlined in the previous
section including KSHV polymerase, helicase, and primase. Several host proteins are
also implicated in efficient lytic replication as their knockdown impairs the
production of virions by the lytic cycle. This includes Topoisomerase I/11>**, REQL,
PARP, and DNAPk*!. In summary, both virus and host factors have been shown to
be important for effective production of viral genomes for incorporation into
virions. Together with the observation that herpesvirus genomes are found to be

present in a linear conformation upon Iytic induction by Gardella gel
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electrophoresis®*, this has led to the ubiquitous suggestion in the literature that
lytic replication may occur via a rolling circle-like mechanism. However, direct
demonstration of this mechanism and characterisation of the precise factors

involved in it remains elusive to date.

KSHYV life cycle in cancer cells

The stage of KSHV life cycle within tumour biopsies and cell lines varies greatly
depending on the tissue of origin. Viruses within KS lesions are largely latent with
low levels of lytic cycle and reinfection? and this is also the case for KSHV-infected
primary LECs?*. In endothelial-like cell line models of KS, there is no lytic
reactivation at all and the virus is strictly latent®®?27, In contrast, PEL and MCD
show significant reactivation of the virus as observed by IHC for KSHV lytic proteins
in patient sections?®®. However, in contrast to closely related y-herpesvirus EBV,
establishment of latent KSHV infection is not sufficient to trigger immortalization
of primary human lymphocytes or endothelial cells in vitro. Therefore, latency seems
to be the default program in adherent cell lines and KS whereas lytic replication is

commonly observed in lymphocyte cell lines and tumours.
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KSHYV interaction with the DDR

Incoming and replicating KSHV genomes present an exogenous piece of DNA, which
may be potent substrate for DDR activation. A number of reports, which are in
support of a complex interaction between KSHV infection and the DDR, indicate
that such interactions have varying consequences for the virus. Evidence for this
model is based on both direct study of interaction between the DDR and KSHV
proteins, as well as possible further viral modulation of the DDR through effects on

innate immune sensing upon infection.

The consequences of DDR activation differ depending on the stage of the KSHV life
cycle in vitro. During latency establishment, the incoming KSHV genome is thought
to be in a circular conformation upon nuclear entry in analogy to other herpesvirus
infections. In one report, detection of BrdU-labelled KSHV genomes immediately
after entry showed that these co-localize with DNA damage marker yH2AX29°, ATM
inhibition resulted in a decrease in KSHV copy number in this setting, which
suggests that activation of an ATM-mediated DDR may be beneficial for the virus at
this stage of the life cycle. During the lytic cycle, however, the opposite effect is
observed. Several studies indicate that induction of lytic replication is accompanied
by a strong induction of yH2AX and dsDNA breaks3*3%!, Follow-up work showed that
lytic replication of KSHV triggers cell cycle arrest via checkpoint signalling and
inhibition of this response led to increased viral titre**. On the one hand, the DDR
machinery may be used by the virus for latency establishment whereas on the other
hand DDR activation suppresses the production of viral genomes during lytic
replication. It is tempting to speculate that host cNHE] or MME] machinery may be
used for herpesvirus genome re-circularization upon nuclear entry. The mechanism

of this process is uncharacterised to date.
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Proteomic screening approaches, which analyse the KSHV-host interactome have
further indicated association with the DDR. For example, systematic expression and
pulldown of the complete KSHV ORFome in HEK293T cells coupled to mass
spectrometry has been carried out. In this data set, all three subunits of RPA
heterotrimer are detected with high confidence as potential interactors of LANA3%,
In addition to this, the screen identified Lig3, ERCC1, PARP2, and TDP1 as further
candidate interactors of LANA. Interaction between lytic proteins and the DDR was
also indicated by this study, namely K8-SMARCAL1 as well as K10-BLM/ERCC6L.
Another study was performed to analyse the interactome of recombinant LANA
specifically by GST pulldown and mass spectrometry. Again, RPA1/2 were detected
as well as RAD51C, ZRANB2, and Lig1%*4. Finally, DNA affinity purification mass
spectrometry for OriLyt in lytically active BCBL1 cells was carried out. This
approach detected PARP1, DNAPk, Ku70, and Lig3 at KSHV OriLyt*!. Overall, the
nature of these experiments necessitates confirmation of interactions by additional
experiments for validation. Nevertheless, in summary, proteomic interactor screens
have indicated a number of additional candidate host DDR factors, which may

associate with KSHV throughout the virus life cycle.

There are intriguing parallels between the DNA damage response and innate
immune sensing of viral infection and this field of research has received
considerable attention recently. Modulation of innate immune sensing has been
extensively documented in the context of KSHV infection. Therefore, taken together
with increasing knowledge of the involvement of innate immunity in the DDR,
another interface between KSHV infection and the DDR has been described. Perhaps
the best example of this is innate immune sensing by the cGAS/STING pathway*®. It
is established that detection of exogenous KSHV DNA by the cGAS and induction of
type I interferon is an innate immune response which restricts infection®%.
However, a number of recent reports have shown that a similar cellular response is
initiated against endogenous cytoplasmic DNA such as micronuclei resulting from

DNA damage or segregation errors during mitosis®’-3%, cGAS/STING signalling is
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potently inhibited during KSHV infection®!°. Therefore, modulation of this pathway
by viral gene products is bound to influence their role in sensing damaged self-DNA
and clearance of cells with genomic instability. Similarly, IFI16 has been shown to
sense self-DNA upon induction of dsDNA breaks by etoposide treatment to trigger
type 1 interferon response®!. IFI16 is degraded in cells during KSHV lytic
reactivation and utilized for maintenance of viral latency*?. It is thus likely that
innate immune responses which survey the cell for potentially recombinogenic and

damaged self-DNA in the cytoplasm are modulated upon KSHV infection.

As a summary, the current knowledge on the interface between KSHV infection and
the DDR suggests that there is extensive crosstalk and modulation. The outcome of
this modulation for the virus may be both restrictive or permissive, depending on
the stage of the KSHV life cycle. Generally, evidence suggests that latency utilizes
DDR factors for viral episome maintenance, whereas DNA sensors may restrict the

generation of viral genomes during lytic replication.

KSHYV interaction with host telomeres

Reports of interactions between host telomeres and KSHV have been limited. No
endogenous interaction between telomeric DNA or shelterin and the virus has been
documented. However, the LANA interactor screen indicated potential association
with TRF13%*, The result of this interaction was suggested to be displacement of
TRF1 from telomeres and shortening of telomeric DNA. However, TRF Southern blot
analysis was only partially conclusive and used a system in which LANA was
expressed ectopically and individually. In contrast to this study, LANA has also been
shown to activate expression of a transfected construct containing one of the main
promoters of telomerase’!®. This study did not attempt to measure the effect of
LANA on telomere length. So far, the impact of KSHV infection on telomeric
chromatin remains virtually unexplored with some indication by one report of

interaction between LANA and TRF13%,
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Aims of the study

The present investigation aims for a systematic examination of the telomere-
associated proteome in response to latent KSHV infection. Interest in this is based
on the fact that changes in proteins bound to telomeres may indicate biological
phenomena, which are important for KSHV oncogenesis. Firstly, dysfunctional
telomeres are a source of significant genomic instability via aberrant DDR
activation. This may take place via cNHE], MME], or HR as discussed. Secondly,
protein markers of the activity of telomere maintenance mechanisms may be
enriched at telomeres of infected cells specifically. As mentioned, telomere
maintenance is a pre-requisite for cancer cell proliferation. In analogy with other
published virus-host interactions, interaction with the DDR at telomeres may be co-
opted by KSHV to promote infection or persistence and this possibility will be
examined. Finally, the relevance of any such interaction for KSHV-associated
cancers will be interrogated by examination of primary samples of KS and PEL, two

of the main instances of such malignancy.

To investigate changes in protein bound to telomere upon infection systematically,
comparative PICh/mass spectrometry is performed in a BJAB cell line model, in the
presence and absence of latent KSHV infection. Key changes in the telomeric
proteome are confirmed by telomere IF-FISH. Next, the activity of telomere
maintenance mechanisms in cells harbouring latent KSHV infection is examined in
detail. To this end, two initially telomerase* cell lines are infected in biological
triplicate and analysed for key features of active telomere maintenance. First,
telomere length is determined by telomere qFISH and TRF Southern blotting.
Subsequently, the activity of both known telomere maintenance mechanisms,
telomerase and ALT, is examined directly. This includes the measurement of
telomerase activity by TRAP assay and hTERT expression by RT-qPCR. All known
criteria for ALT activity are examined as outlined in the introductory text of the

thesis. This includes quantification of T-SCEs by telomere qFISH, telomere fragility,
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and C-circles. Finally, IHC/FISH is performed on paraffin-embedded sections of KS
and PEL tumours to determine the physiological relevance of findings made using
the abovementioned cell line models. This study presents the first thorough
evaluation of the impact that latent KSHV infection has on the DDR at telomeres
and telomere maintenance mechanisms, with the aim of identifying potential novel

therapeutic avenues for intervention in KSHV-associated cancer.
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MATERIALS & METHODS

Cell culture

All cell lines were cultured in humidified incubators at 5% CO,, 37°C. Medium used

for cell culture was either RPMI (BJAB) or DMEM (SLK, U20S, EA.hy926)

supplemented with 10% FBS and 1% Penicillin/Streptomycin. Cells harbouring

latent KSHV were maintained under selection with 4pug/mL Puromycin. All cell lines

in the study were tested for Mycoplasma by PCR as described®* at various stages of

the project and were found to be negative throughout. STR profiling was performed

on all cell lines used in the study by the Cell Services science technology platform

(STP) of the Francis Crick Institute which confirmed their identity. Details on cell

lines included in the study may be found in Table 1.

Cell line Source EBV/KSHYV status Comments Reference
/- Commonly mischaracterised cell
SLK Dr Grzegorz Sarek / line, identified as clear cell renal [315]
carcinoma cell line Cakil
Fusion cell line created from
EA,hy926 ATCC _/_ HUVECs and A549 lung carcino- [316]
ma cell line. Retains many
properties of an endothelial cell
in culture.
B]AB Dr Grzegorz Sarek _/_ Burkitt’s lymphoma cell line [317]
: -/+ Modified KSHV producer cell line
ISLK'219 Dr Grzegorz Sarek / based on SLK cell line. Contains [282]
recombinanat KSHV (rKSHV.219)
and doxycyclin-inducible RTA.
U208 Crick Institute Cell Services STP —/— Osteosarcoma cell line, ALT* [318]

Table 1: Summary of cell lines used in the study
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Isolation of RNA/DNA

Genomic DNA for KSHV episome qPCR and TRF Southern blotting was obtained by
Phenol-Chloroform extraction. Briefly, cells were resuspended in proteinase K
buffer (100mM TRIS-HCI pH 8, 0.2% SDS, 200mM NaCl, 5mM EDTA) and 0.2mg/mL
proteinase K was added for overnight digestion at 55°C. An equal volume of
Phenol:Chloroform:isoamyl alcohol (ratio 25:24:1) was added, mixed vigorously and
phase separation was achieved by centrifugation at 10,000 x g for 20min. The
aqueous upper phase was collected and DNA was precipitated by addition of >2.5x
volume of ice-cold 100% ethanol and gentle mixing of the resulting solution by
inversion of tube. DNA was pelleted by centrifugation at 10,000 x g for 15min and
washed with 70% ethanol to remove residual salt from proteinase K buffer. Material
was again pelleted by centrifugation and all ethanol was removed by aspiration. The
resulting pellet was air dried prior to resuspension in TE buffer and quality control
of resulting genomic DNA by analysis of A260/280 absorbance ratio. In the case of
TRF Southern blotting and C-circle assay, RNA was removed by treatment with
RNAse A in PBS (50ug/mL) for 3h at 37°C and a second Phenol-Chloroform

extraction.

RNA for RT-gqPCR was isolated from cells which were homogenized by serial
aspiration through a fine needle (27G) for approximately 2min in resuspension
buffer supplied with RNA isolation kit (RNeasy Mini kit Qiagen #74104). The
resulting suspension was processed according to manufacturer’s protocol. RNA was
converted into cDNA for PCR using the RevertAid First Strand cDNA Synthesis Kit

(ThermoFisher #K1621) according to manufacturer’s protocol.
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qPCR/RT-qPCR

For the episomal maintenance assay, a standard curve of fixed number of molecules
obtained by PCR using primers specific to KSHV TR region (Table 1) was calculated
with Avogadro’s constant. The same primers were used for qPCR of the standard
curve together with 100ng of isolated DNA per condition. Signal was generated by
amplification with SYBR Green JumpStart Taq ReadyMix (Sigma #S4438). In the case
of gPCR using cDNA for RT-qPCR expression analysis, equivalent cDNA from 25ng
of isolated RNA was amplified using SsoAdvanced SYBR Green Supermix (BioRad

#172-5260). Origin of all primer sequences is indicated in Table 127631,

siRNA transfection

Cells were grown to 60% confluency as judged by brightfield microscopy prior to
transfection. Pools of siRNA for knockdown of target proteins were obtained from
Dharmacon. For each pool, 1/1,000 final volume DharmaFECT 1 (Dharmacon #T-
2001) was added to 1/200 final volume OptiMEM. The solution was incubated at
room temperature for 5min to allow for formation of lipid transfection complexes.
Subsequently, siRNA was added at a final concentration of 40nM and incubated
together with DharmaFECT 1/OptiMEM for 20-40min at room temperature. Finally,
the active transfection mix was applied to cells for 12-18h. Cells were washed with
PBS and recovered in regular complete growth medium for two days prior to analysis
to allow for loss of any residual protein within cells. Analysis by Western blot was

carried out at day 3 post-transfection.

61



Oncogenic KSHV induces ALT for break-induced viral genome replication

Primer pair Sequence (5-3) Source
Telomere repeat TTAGGGTTAGGGTTAGGGTTAGGG This study
AATCCCAATCCCAATCCCAATCCC
KSHYV OriA CAAGCACGCGCATATAACCC Prof. Paivi Ojala
(Univerity of Helsinki)
GGGATATGCTTCCGCCTCAT
GAPDH GTCTCCTCTGACTTCAACAGCG OriGENE #HP205798

ACCACCCTGTTGCTGTAGCCAA

1 CTGTCCCAGCATAGGCTC Prof. Paivi Ojala
KSHYV OriLyt ]
(Univerity of Helsinki)
CCTGTGCCCAAATCTGTCCT
KSHV TR1 GGGCGCCCTCTCTCTACTG Ref. [271]
CCCAAACAGGCTCACACACA
rof. Paivi Ojala
KSHYV TR?2 CATAAATATTCCGGATACAAGGCTCG | Prof. Paivi Ojal
(Univerity of Helsinki)
GACTCCTCGCACAGTAGAGAGAG
hTERT CGGAAGAGTGTCTGGAGCAA Ref. [311]
GGATGAAGCGGAGTCTGGA

Table 2: List of PCR primers used during the course of this project

Blotting techniques

To perform dot blotting on to Nylon membrane, each sample was made up to a total
volume of 80uL by addition of 2X SSC. Positively charged nylon membrane
(Hybond-N+ Amersham #RPN203B) was soaked in 2X SSC for 5min. The dot blot
apparatus was assembled according to the manufacturer’s instructions (Bio-Dot
BioRad #1706545). Vacuum was applied and wells were washed twice by addition of
200uL. of 2X SSC to all wells. Samples were loaded into the desired wells and
subsequently 200uL of 2X SSC was again added twice to ensure complete transfer of
samples. The resulting membrane was removed from the apparatus and subjected to

365nm UV light for additional binding (120 m]/cm? UV) prior to probe hybridisation.
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For slot blotting, all components of the manifold (Hoefer #PR648) were stripped of
any ssDNA by submersion in 0.4M NaOH for at least 3h. Each sample (<50uL) was
denatured by addition of 300uL 0.4M NaOH, 10mM EDTA and incubation at 99°C for
10min. Positively charged Nylon membrane was briefly activated in water and the
slot blot manifold was assembled according to the manufacturer’s instructions.
Wells were washed twice by addition of 300uL. water. Samples were applied and
subsequently wells were washed again by addition of 0.4M NaOH. The membrane
was removed from the apparatus and subjected to 365nm UV light (120 m]/cm? UV)
followed by probe hybridisation.

Western blotting was performed essentially as described’®. For high molecular
weight transfer, 0.1% SDS was added to transfer. After blocking for 30min in TBST
(0.05% v/v Tween-20) containing 5% w/v milk, antibodies were applied in the same
buffer. Full list of antibodies used in this study is found in Table 2. Images of
chemiluminescent signal were obtained using a BioRad ChemiDoc imager

#17001402.

TRF Southern blotting was performed as follows: 5ug of gDNA was incubated
overnight at 37°C with Rsal/Hinfl, 15U each per reaction. The enzymes were then
heat inactivated at 80°C for 20mins and the sample loaded onto a large (length
>25cm) 1.5% w/v agarose/TAE gel using loading dye which contained Bromophenol
Blue and Xylene Cyanol. Electrophoresis was performed overnight at 4°C, 50V until
the desired separation was achieved. The gel was stained with Ethidium Bromide
(5ug/mL in TAE) for 20min and imaged prior to capillary transfer. The gel was
removed from the electrophoresis tray and subjected to the following washes in
preparation for transfer. Depurination of DNA in the gel was achieved by a 30min
wash in 0.25M HCI. Denaturation was performed with two 30min washes in 1.5M
NaCl, 0.5M NaOH followed by neutralization in two 30min washes in 3M NacCl, 0.5M
Tris-HCl pH 7.5. Subsequently, DNA in the gel was transferred on to positively
charged Nylon membrane by capillary action. Briefly, a shallow bath of 20X SSC was
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Antibody Manufacturer Catalogue number Dilution
a-LANA Millipore MABE1109 1:250 (IF), 1:1,000 (WB)
a-PML Santa Cruz sc-966 1:500 (IF)
a-BLM Abcam ab2179 1:500 (IF), 1:1,000 (WB)
a-RAD52 Abcam ab124971 1:2,000 (WB)
a-PolD3 Abcam ab182564 1:5,000 (WB)
a-3-Actin Biolegend 664802 1:2,000 (WB)
a-SLX4 Prof. John Rousse Homemade 1:5,000 (WB)
a-H3 Abcam ab10799 Sug/IP (ChIP), 1:1,000 (WB)
a-H3K9me3 Abcam ab8898 5ug/IP (ChIP)
a-H3K27me3 Abcam ab6002 5ug/IP (ChIP)
a-H4K20me3 Abcam ab9033 5ug/IP (ChIP)
a-TRF2 Millipore 4A794 5ug/IP (ChIP), 1:1,000 (WB)
a-DAXX Santa Cruz sc-7152 1:1,000 (WB)
a-ATRX Bethyl A301-045A 1:500 (WB)
a-ASFla Cell Signalling 2990 1:1,000 (WB)
a-rat (HRP) Abcam ab97057 1:2,000 (WB)
a-mouse (HRP) Dako P0447 1:2,000 (WB)
a-rabbit (HRP) Dako P0399 1:2,000 (WB)
a-rat (Alexa 488) Invitrogen A1106 1:500 (IF)
a-mouse (Alexa 488)| Invitrogen A11001 1:500 (IF)
a-mouse (Alexa 647)| Invitrogen A21236 1:500 (IF)
a-rabbit (Alexa 488) | Invitrogen A1108 1:500 (IF)
a-rabbit (Alexa 647) | Invitrogen A21245 1:500 (IF)

Table 3: List of antibodies used in experiments performed for this project

used as a reservoir for electrolytes which were drawn through several layers of
Whatman paper, the gel and membrane by capillary action to enable transfer of
nucleic acid. A weight of approximately 3kg was placed onto the setup and transfer
was allowed to proceed for two days. Subsequently, membrane was removed from
transfer setup and crosslinked by exposure to UV light (120 m]J/cm? UV) prior to

hybridization.
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Alkaline phosphatase-labelled chemiluminescent probes were used for detection of
telomeric DNA in C-circle assay and TRF Southern blotting. To generate these
probes, telomere primer-dimer PCR was performed (primers in Table 1) followed by
PCR purification (Qiagen #28104) and labelling reaction using AlkPhos Direct
Labelling reagents (Amersham RPN3680). The manufacturer’s protocol was
followed throughout except for the labelling reaction which was allowed to proceed
for 45min at 37°C. Probe was hybridized in buffer supplied with the kit overnight
and washes with buffers outlined in the manufacturer’s protocol were performed at
55°C. Chemiluminescent signal was generated by addition of CDP-Star substrate

(Roche #12 041 677 001).

PICh

Experiment was performed essentially as described®?!, in collaboration with Dr
Paulina Marzec (Francis Crick Institute). 1x10° BJAB cells were grown in
suspension, harvested, and crosslinked in 1% w/v Formaldehyde for 30min at room
temperature. The cells were pelleted by centrifugation at 3,200 x g for 15min or
until supernatant was completely clear. These centrifugation conditions were used
throughout to pellet cells between washing steps. The cells were washed twice with
PBS containing 1mM PMSF. The pellets were harvested sequentially owing to the
large number of material needed for the assay and frozen at -80°C for storage
between harvests. The thawed pellet was washed in sucrose wash buffer (0.3M
sucrose, 10mM HEPES-NaOH pH 7.9, 1% Triton X-100, 2mM MgOAc). RNA was
removed by re-suspension of pellet in 0.5% Triton X-100 and incubation overnight
at 4°C with 1.5 mg/mL RNase A. Subsequently, the resulting chromatin was pelleted
by centrifugation as described above and washed six times with PBS containing
1mM PMSEF. Finally, chromatin was re-suspended in high salt buffer (10mM HEPES-
NaOH pH 7.9, 100mM NacCl, 2mM EDTA pH 8, 1ImM EGTA pH 8, 0.2% SDS, 0.1%
sodium sarkosyl, ImM PMSF) prior to chromatin shearing by sonication with a

Qsonica Q700. The resulting solution was warmed up to 58°C, added to Streptavidin
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resin (ThermoFisher #20361), and incubated overnight at room temperature on a
rotator. The pre-cleared chromatin was further purified by centrifugation at 16,000
x g through a Sephacryl S-400 column (GE #17060901). Next, SDS was added to a
final concentration of 0.2% prior to hybridization with either scrambled or
telomere-specific capture probes. These probes were desthibiotin-coupled,
2’flourinated LNA as described!®®!*°, Hybridisation was achieved by the following
temperature cycle: 3min at 25°C, 7min at 71°C, 3h at 37°C, 3min at 25°C. The
resulting chromatin was pelleted by centrifugation at 16,000 x g for 15min.
Magnetic streptavidin beads (ThermoFisher #65001) were washed twice in low salt
wash buffer (10mM HEPES-NaOH pH 7.9, 30mM NaCl, 2mM EDTA pH 8, ImM EGTA
pH 8, 0.2% SDS, 0.1% sodium sarkosyl, ImM PMSF) before addition to chromatin
resuspended in H,O and capture overnight at room temperature. The next day,
beads were washed six times in high salt wash and once in low salt wash with the
same composition as described. Beads were transferred to a low protein binding
15mL tube and washed twice 5min with high salt wash at 42°C, 1000rpm for 5min.
Elution of material from beads was achieved by re-suspension in 75% high salt
wash, 25% D-biotin (ThermoFisher #1595) and incubation at room temperature,
shaking at 1000rpm followed by incubation for 10min at 65°C. The supernatant
containing the eluted DNA-protein hybrids was transferred three times into new
tubes with intermittent immobilization of any remaining magnetic beads to remove
them completely. Protein in the resulting solution was precipitated with 15-20%
TCA for 10min at 4°C followed by centrifugation at 16,000 x g for 15min.
Supernatant was removed from pellet and tubes filled with pre-chilled 100%
acetone. Protein was re-suspended by vortexing tubes and again pelleted by
centrifugation as in previous step. Wash with 100% acetone was repeated once. The
protein pellet was resuspended in crosslink reversal solution (50mM Tris-HCI pH
8.8, 2% SDS, 0.5M 2-mercaptoethanol) and analysed by PAGE/silver staining using
SilverQuest kit (ThermoFisher #LC6070) following manufacturer’s protocol. Bands

were excised and sent for analysis by mass spectrometry to Taplin group, Harvard.
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Chromatin Immunoprecipitation (ChIP)

Cell were grown on 15cm dishes (one per pulldown) to a confluency of 80% and fixed
in 10mL 1% Formaldehyde/PBS for 10mins at room temperature. Reaction was
quenched by addition of 500uL of 2.5M Glycine to each plate. The cells were
harvested by scraping in 3mL of 0.05% Tween-20/PBS. Cells were pelleted by
centrifugation at 1,200 x g for 10min and washed once with PBS. Pellets for each
condition were pooled, resuspended in 10mL Lysis buffer 1 (50mM HEPES-KOH pH
7.9, 140mM NaCl, ImM EDTA pH 8, 10% Glycerol, 0.5% NP-40, 0.25% Triton X-100,
supplemented with complete protease inhibitor cocktail (ROCHE #4693159001) and
incubated at 4°C on a platform rocker for 10min. The cells were pelleted by
centrifugation at 1,350 x g for 5min at 4°C. The resulting pellet was re-suspended in
Lysis buffer 2 (10mM HEPES-KOH pH 7.9, 200mM NaCl, ImM EDTA pH 8, 0.5mM
EGTA, and protease inhibitors as in previous buffer) and incubated at room
temperature for 10min, gently rocking. Solution was gently homogenised using a
dounce homogeniser with tight pestle on ice 20x. The resulting isolated nuclei were
pelleted by centrifugation at 1,350 x g for 10min. The pellet was resuspended in
Lysis buffer 3 (10mM HEPES-KOH pH 7.9, 100mM NaCl, ImM EDTA, 0.5mM EGTA,
0.1% sodium deoxycholate, 0.5% sodium lauroylsarcosine, and protease inhibitors
as before) and sonicated using QSonica as in PICh (Amplitude 70, 3min, pulse ON
15sec, pulse OFF 45sec). The samples were transferred to 1.5mL tubes and spun
down at 16,200 x g for 10min at 4°C. Supernatant containing chromatin was
transferred to a new tube and 1/10 total volume 10% Triton X-100 was added by
gentle inversion. DNA concentration was determined in the resulting chromatin
solution and normalized between conditions. Magnetic Protein A/G (at ratio of 1:1)
beads were washed three time with 0.5% BSA/1mM PMSE/PBS and 100uL of washed
beads were added to each sample for preclearing at 4°C for 1h in an overhead
rotator. Beads were removed with magnetic stand and primary antibodies were
added overnight at 4°C, gently rotating (see Table 2 for antibodies). On the next day,
100uL. of blocked beads was added to each sample for 2h at 4°C for capture of

67



Oncogenic KSHV induces ALT for break-induced viral genome replication

antibodies in solution. The beads were collected on the magnetic stand and washed
with the following buffers, ImL per tube: five washes with RIPA buffer (50mM
HEPES-KOH pH 7.55, 250mM LiCl, 1mM EDTA, 1% NP-40, 0.7% sodium
deoxycholate) and one wash with TE/50mM NaCl. Residual TE was removed by
pelleting beads by centrifugation at 950 x g for 3min. 210uL of elution buffer (50mM
Tris-HCI pH 8, 10mM EDTA, 1% SDS) was added and beads were incubated at 65°C,
1500rpm for 30min. Finally, beads were spun down briefly in a microcentrifuge and
supernatant containing eluted material was collected. Crosslink was reversed by
incubation at 65°C overnight and DNA was purified by Phenol:Chloroform

extraction as described in previous section.

TRAP assay

2,000 cells were lysed on ice in 1X CHAPS buffer (10mM Tris-HCI pH 7.5, 1mM
MgCl;, ImM EGTA, 0.1mM Benzamidine, 5mM p-mercaptoethanol, 0.5% CHAPS,
10% Glycerol) for 30min. Lysate was cleared by centrifugation at 15,000 x g for
15min. TRAP reactions were set up as described in the manufacturer’s protocol
(Millipore #S7700) with the following modifications: i) Lysate was incubated with
substrate for 1h at 25°C prior to PCR; ii) Samples were electrophoretically
fractionated in 1X TBE on a pre-cast non-denaturing TBE 10% polyacrylamide gel;
iii) Gel was stained with 1X SYBR Gold (Invitrogen #S11494)/1X TAE for 30min in
the dark followed by triple de-stain in 1X TAE, 5min each.
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C-circle assay

For C-circle assay, varying amounts of isolated DNA were added to a total volume of
50ul. ®29 reaction buffer (8mM DTT, 1mM dNTPs, 2X ®29 reaction mix (NEB
#M0269), 0.2mg/mL BSA, 0.1% Tween-20) in the presence or absence of 7.5U ®29
polymerase (NEB #M0269). Rolling circle amplification of circular DNA was allowed
to proceed for 8h at 30°C. Subsequently, the reaction was terminated by
denaturation for 20mins at 80°C. Dot blot onto Nylon membrane and Southern

blotting for telomeric DNA was performed as described above for slot blotting.

BIR foci assay

Cells were enriched in G2/M phase of cell cycle by sequential treatment with 2mM
Thymidine (Sigma #T9250) for 16h, recovery in normal medium for 6h, and
treatment with Cdkl inhibitor RO-3306 (Sellekchem #S7747) for 12h. During the
final 1h of the RO-3306 treatment, medium was supplemented with 10uM EdU to
pulse-label DNA synthesis. For flow cytometry, cells were harvested by
trypsinisation and fixed in 4% Formaldehyde/PBS for 15min at room temperature.
The fixed cells were washed three times with PBS followed by permeabilization via
gentle addition of pre-chilled 100% Methanol and incubation overnight at -20°C.
The cells were pelleted and washed once with PBS prior to Click-iT reaction.
Alexa488 was covalently coupled to incorporated EdU by Click-iT chemistry using
Click-iT Plus imaging kit (ThermoFisher #C10637) following the manufacturer’s
protocol. Finally, cells were counterstained with DAPI at 0.2ug/mL for 10min at
room temperature prior to flow cytometry. For cells grown on cover slips, the
procedure outlined above was followed essentially as described by
incubation/washing cover slips in a 12-well plate with the solutions described. This
was followed by standard IF-FISH procedure as described in detail below which was
fully compatible with the Alexa488 label coupled to EdU by Click-iT chemistry. The
resulting cover slips were finally mounted on to slides using ProLong Gold prior to

analysis by microscopy.
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Telomere FISH

Cells were arrested in metaphase by addition of 0.1pg/mL (final concentration)
colcemid into complete growth medium for 2h. After dissociation of cells by
trypsinization and washing with PBS, cells were treated with hypotonic solution
(0.075M KCI) for 10min at 37°C. Fixation was carried out by dropwise addition of
ice-cold methanol:acetic acid (3:1) to the pellet, which was resuspended under
gentle agitation. Resulting metaphase preparation was stored at -20°C. Frosted
slides were submerged briefly in 45-50% acetic acid and the suspension of fixed cells
was dropped evenly across slide from a height of about 70cm. Slides were drained

immediately from all remaining solution and air dried for at least 1h.

Rehydration was carried out with PBS for 5min followed by re-fixation in PBS
containing 4% Formaldehyde for 2min. Formaldehyde was removed by three washes
with PBS and slides were treated with 1mg/mL Pepsin in 10mM Glycine pH 2.0 for
17min at 37°C. Slides were washed twice briefly in PBS and fixed again with 4%
Formaldehyde in PBS for 4min. Formaldehyde was again washed out with PBS and
subsequently slides were de-hydrated in an ethanol series (70%, 85%, 100%). Slides
were allowed to air dry completely. Telomere PNA probe (TelC-Cy3, PANAGENE
#F2001) was applied at a final concentration of 4nM in hybridization buffer (10mM
Tris-HCI pH 7.5, 70% deionized formamide, 0.5% ROCHE Blocking reagent
#11096176001) and denatured on slide at 75°C for 1min. Hybridization was carried
out at room temperature for 1h 30min or overnight at 4°C. Slides were washed with
Wash #1 (10mM Tris-HCI pH 7.5, Img/mL BSA, 70% Formamide) twice for 15min
followed by Wash #2 (100mM Tris-HCI pH 7.5, 150mM NacCl, 0.08% Tween-20) three
times for 5min. Slides were de-hydrated with the ethanol series as before and air
dried. Cover glass was mounted using ProLong Gold with DAPI (ThermoFisher
#P36931).
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Telomere Chromosome-orientation (CO)-FISH

Incorporation of nucleoside analogues was achieved by addition of 7.5uM
BrdU/2.5uM BrdC to complete growth medium for 18h (SLK and EaHy.926 cell lines)
which corresponds to roughly 3h below population doubling time to avoid double
labelling. Cells were harvested and Metaphase spreads were obtained as described in
the Telomere FISH method above. However, slides were air dried for at least 12h for

CO-FISH.

Slides were treated with 0.5ug/mL RNAse A in PBS for 30min at 37°C and
subsequently stained with 10ug/mL Hoechst 33258 in 2XSSC for 15min. Single-
stranded nicks were introduced by exposure of slides in a shallow bath of 2X SSC to
UV light (365nm) for 1h. 10U/uL of Exonuclease III (Promega #M1811) was applied
in buffer supplied with the kit at 37°C twice for 1h. The slides were dipped briefly in
PBS, H;0, and then left to dry completely overnight. The first probe (TelG-Alexa488,
PANAGENE #F1008) was applied at 4nM in hybridization buffer (10% Dextran
Sulfate, 50% deionized Formamide, 2X SSC) for 1h 30min. Slides were briefly
washed in modified Wash #1 (10mM Tris-HClI pH 7.5, 1mg/mL BSA, 70%
Formamide) and second probe was applied (TelC-Cy5, PANAGENE #F1003) at 4nM
in the same hybridization buffer for 1h 30min. Slides were washed twice in Wash #1
(10mM Tris-HCI pH 7.5, Img/mL BSA, 70% Formamide ) for 10min followed by two
washes in 2XSSC at 37°C for 10min. Finally, slides were three times in Wash #2
(100mM Tris-HCI pH 7.5, 150mM NaCl, 0.08% Tween-20) for 5min, dipped in H,O,

air dried, and a cover slip was mounted using ProLong Gold with DAPI.

Immunoflourescence (IF)-FISH

Cells were grown on glass cover slips (diameter 13mm, thickness 0) in 12-well plates
to 80% confluency. Cytoplasm was pre-extracted by placing coverslips on ice in pre-
chilled 0.5% Triton X-100/PBS for 5min. This solution was removed, and the cells

were fixed with 2% Methanol-free Formaldehyde in PBS for 15min. Formaldehyde
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was washed out with PBS and the coverslips were stored in 0.1% Sodium Azide/PBS

at 4°C prior to staining.

Cover slips were blocked in antibody dilution buffer (ADB; 10% Goat Serum, 0.1%
Triton X-100, 0.1% Saponin, 1X PBS) for 30min. Primary antibodies were applied at
dilutions indicated in Table 3 for 1h followed by three washes in PBST (0.05%
Tween-20, 1X PBS) for 5min. Corresponding goat secondary antibodies from Table 2
were applied for 1h. Previous and all subsequent steps were carried out on cover slip
in the dark. Two washes with PBST and one wash with PBS of 5min each were
carried out followed by re-fixation in 2% Methanol-free Formaldehyde for 5min.
Cover slips were dipped in H,O and air dried. Telomere PNA probe (TelC-Cy3,
PANAGENE #F2001) was applied at a final concentration of 4nM in hybridization
buffer (10mM Tris-HCI pH 7.5, 70% deionized Formamide, 0.5% ROCHE Blocking
reagent #11096176001) and denatured on slide at 85°C for 1min 30sec.
Hybridization was carried out at room temperature for 1h. Cover slips were washed
twice in Wash #2 (TdL recipe, no BSA) for 15min followed by three washes of 5min
with PBS. Cover slips were briefly dipped in H;O, air dried and mounted in pairs on

to a frosted slide using ProLong Gold with DAPI.

IHC-FISH

Slides were heated at 65°C for 10min to melt paraffin and washed twice 3min in
Xylenes (mixture of isomers). Subsequently, slides were washed in the following
sequence of washes (3min each): Xylenes:Ethanol 1:1, twice in 100% Ethanol, 85%
Ethanol, 70% Ethanol, 50% Ethanol. Finally, slides were rinsed in cold water. From
now on, slides were always immersed in solution unless otherwise indicated to avoid
drying out of the specimen. Antigen retrival was carried out by immersion of slides
in 10mM Sodium Citrate, 0.05% Tween-20 pH 6. Submerged slides were heated in
microwave at 700W for 10min and allowed to cool for 10min. This was repeated

once. Subsequently, slides were again immersed in water and then washed twice for
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3min each in 70%, 85%, 100% Ethanol in this order. Slides were allowed to dry out
completely and hybridization mix was applied as described for IF-FISH.
Denaturation was achieved by placing the slide at 84°C for 3min. Hybridization was
allowed to proceed for 2h. This was followed by two washes in Wash #1 (10mM Tris-
HCI pH 7.5, 1mg/mL BSA, 70% Formamide) for 15min and three washes in PBST for
5min each. Subsequently, primary and secondary antibodies were applied as
described for IF-FISH. Washing and mounting was again performed as described for

IF-FISH.

Image Analysis

Automated quantification of integrated mean intensity for each nuclear telomere
FISH signal was carried out as a proxy for relative telomere length. To this end,
multichannel greyscale images (telomere FISH, DAPI/Hoechst counterstain) were
automatically imported and split into single channels using a custom FIJI*?*> macro
(Figure 8) and built-in batch processing mode. Resulting image pairs were imported
into CellProfiler’® and analysed using a custom pipeline. Overall, the performance
of this pipeline was robust and required only minor adjustments between
hybridizations related to automated detection of foci by thresholding. A
representative pipeline is depicted in Figure 9. Briefly, a binary mask for nuclei was
created by thresholding the DAPI/Hoechst counterstain image. Signal corresponding
to telomere FISH was filtered to enhance edges of foci and a second binary mask was
generated by thresholding using Otsu’s method***. These masks were laid over the
raw image of telomere FISH signal and quantification of signal intensity was
achieved by determination of integrated mean intensity (signal area x mean
intensity, [AU]) for each focus. For manual counting, analysis was computationally
blinded using a Bash script which renames images randomly (Courtesy of Dr Mark

Robinson, Feldhahn group).
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Microscopy

Wide field images of Metaphase spreads were obtained manually on a Nikon Eclipse
E400 upright microscope equipped with a 100x oil-immersion objective and
Hamamatsu Orca camera. Image acquisition was controlled using Micromanager
software®” and performed by widefield microscopy as described for telomere FISH.
For confocal images of BIR foci, an inverted laser scanning Olympus FLV1000
confocal setup was employed. 6-8 Z-stacks of 300nm were captured sequentially for
each position which were then converted into a Maximum intensity projection for
visualisation and analysis. Images used for co-localization analysis were acquired
using a spinning disk confocal setup. Specifically, an inverted Nikon TiE microscope
equipped with a spinning disk module (Yokogawa CSU-X1), an emission beam
splitter unit and dual camera was used to capture two channels simultaneously with
a large field of view (up to 20 cells per image). Using a 63x oil-immersion objective,
xy co-ordinates and z-offset of fields of view were defined for each cover slip
mounted into #1.5 glass-bottom 24-well Sensoplate (Greiner) using built-in Nikon
NIS elements software. Subsequently, acquisition of 300nm interval, 9-step Z-stack

was carried out automatically for every position at high speed and resolution.

Clonogenic Assay

500 cells per well were seeded into a 6-well plate and grown for 10-14 days until
defined colonies were visible in untreated control conditions. Cells were washed
with PBS and fixed using 4% Formaldehyde in PBS for 10min. Formaldehyde was
washed out with fresh PBS and colonies stained in 0.5% Crystal Violet for 1-2h.
Excess stain was removed under running water and plates dried completely for at
least 24h. Colony counts were obtained by automated imaging and analysis using a

GelCount system (Oxford Optronix).
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x Batch Process
Input... /Users/ninamakwana/Desktop/SLX4IP_IF-FISH/
Output... /Users /ninamakwana/Desktop/SLX4IP_seperate/
Output Format:  TIFF
Add Macro Code:  [Select from list]

File name contains:

in=getDirectory("Where are the files");

out=getDirectory("Where to save the files");

files=getFileList(in);

setBatchMode(true);

for(i=0; i<files.length; i++){
if(endsWith(files[i], ".0if")){
open(in+files[il);
Title = getTitle();
run("Split Channels");
selectWindow("C1-"+Title);
saveAs("Tiff", out+"C1_"+Title);
selectWindow("C2-"+Title);
saveAs("Tiff", out+"C2_"+Title);
run("Close AII");H

Test Open... Save...

Cancel Process

Figure 8: Channel separation batch macro in FIJI. Once triggered, this code prompts the
user with a window which enables selection of input and output folder. Subsequent if loop
will apply split channels function of FIJI to each image and save separated channels as a .tiff
file named channel number + title of image.
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Input modules

v Images
' Metadata Image filter to enhance foci
w NamesAndTypes
/ Groups
co e nr Thresholding on foci to
@ EnhanceOrSuppressFeatures %ilzzﬁte objects:
o IdentifyPrimaryObjects Telomere FISH
& IdentifyPrimaryObjects
&+ RelateObjects Relate foci to nucleus
& o MeasureObjectintensity S _
v & ExportToSpreadsheet Measure telomere FISH signal

intensity on original image

Export data to excel

Figure 9: CellProfiler pipeline for automated telomere gFISH. Modules which were used
for the analysis of MIPs are shown on the left. Briefly, images were filtered to enhance foci
and thresholding was achieved using the three-class Otsu method. Each focus was related to
the corresponding nucleus. Fluorescence intensity measurement was carried out in the area
of each telomere object on the original image as defined in previous module (Mean
intensity, integrated mean intensity, number of foci per nucleus). Finally, data was exported
into an excel table.
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De novo KSHYV infection

iSLK rKSHV.219 producer cells®*® were cultured to 60% confluency and lytic
replication was induced by treatment with 1ug/mL Doxycyclin and 1.2mM Sodium
butyrate for 72h. This system allows the distinction of latent and lytic KSHV
replication in infected cells by the presence of two fluorescent markers on the viral
genome: i) Constitutive expression of GFP under human EF1-a promoter; ii) RFP
under the control of the main lytic promoter of KSHV327. In addition to this, iSLK
rKSHV.219 contains a puromycin resistance cassette on the KSHV genome as well as
RTA, the main lytic activator as discussed in the introduction, under the control of a

doxycycline-inducible promoter on an exogenous plasmid282, Cells were cultured to
60% confluency and lytic replication was induced by treatment with 1pg/mL
Doxycyclin and 1.2mM Sodium butyrate for 72h The resulting supernatant was
cleared of cells by centrifugation at 500 x g for 5min and drawn through a 0.45mm
filter. Target SLK, U20S, or EA.hy926 cells were seeded into 6-well plates at 60,000
cells per well on the day prior to infection. The virus preparation was applied to
target cells in complete medium supplemented with 8ug/mL Polybrene. Infection
was enhanced by spinoculation at 2,300rpm, 32°C for 1h 30mins and then incubated
overnight at 37°C in the humidified incubator. Infectious medium was replaced with
fresh medium the next day. Efficiency of infection was judged 48h post-
spinoculation by observation of GFP* cells as a marker for rKSHV episomes under a
fluorescent microscope. Using this approach, about 10-50% infection was routinely
obtained as judged by GFP" cells three days post-infection. Stable 100% KSHV* cell
lines were obtained by selection with Puromycin as described earlier for at least 1
week. All analysis was carried out at >20 days post-infection. At this time, there was

a complete absence of RFP" cells which would be indicative of lytic replication.
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RESULTS

Chapter 1: Protein markers of DNA damage and
ALT activation are enriched at telomeres upon

latent infection with KSHV

Introduction

The composition of telomeric chromatin may be altered in complex ways in
response to diverse stimuli including DNA damage. This includes changes in
proteins bound to the telomeric DNA. The present study aims to characterise the
telomere-associated proteome in response to latent KSHV infection. In the
following chapter, global analysis of the telomeric proteome by PICh coupled to
mass spectrometry is performed in BJAB cells +/- latent KSHV. Key changes in
telomere-associated proteins are subsequently validated by IF-FISH. The cell line
models examined in this thesis are immortal cancer cell lines and as such, low level
constitutive DNA damage at telomeres and globally is anticipated. Importantly, all
cell lines are reported to be negative for EBV infection and have intact p53
signalling (ATCC). KSHV infection is carried out and all cell lines are analysed at >20
days post-infection and selection to ensure tight latency and near 100% KSHV
infection as judged by GFP* cells in culture (Figure 11). Therefore, with these
analyses an overview of key changes in the telomeric proteome upon latent KSHV
infection is given. Some of the changes detected in this chapter are the basis for

investigation carried out in subsequent parts of this work.
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SLK
control KSHV

EA.hy926
control KSHV

Figure 10: Example of rKSHV.219 infected cells. Representative images of cells at the
time point of analysis are shown. GFP corresponds to the presence of the KSHV genome as
discussed in text.
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Detection of changes in telomeric proteome upon KSHV

infection in BJAB cells by PICh

Proteomic analysis by PICh was performed in collaboration with Dr Paulina Marzec
(Francis Crick Institute). Enrichment of telomere-associated proteins was carried
out in parallel with a scramble control sequence and resulting material was analysed
by mass spectrometry (Taplin group, Harvard Medical School). Figure 11 presents an
overview of the PICh protocol. Enriched material from PICh was analysed by PAGE
and silver staining. There was a clear enrichment for protein in the telomere
pulldown with characteristic band pattern'®® presumably associated with shelterin
and other bound telomeric proteins (Figure 12). Analysis of mass spectrometry data
was carried out by calling spectral identity using SEQUEST algorithm3?. This
analysis was performed by Dr Ross Tomaino, Taplin group. In contrast to labelled
mass spectrometry such as SILAC, this method is semi-quantitative and
confirmation of any enrichment by additional experimentation is essential. The data
from this experiment contained a measure for the number of unique peptides for
each protein detected by reference to a database of the human proteome. Data was
also referenced to the KSHV proteome. No peptides corresponding to KSHV proteins
were detected int his experiment. Enrichment at telomeres was inferred by

subtraction of number of unique peptides from scrambled control pulldown.

Shelterin proteins are selectively enriched in telomere probe
pulldown fractions and increased in KSHV™ cells

First, the robustness of the data was queried by analysis of enrichment for key
telomeric protein complex shelterin in telomere-specific pulldown. Less than 1
unique peptide was detected for all shelterin proteins in a scrambled control
pulldown, whereas a telomere-specific pulldown resulted in strong enrichment for
such proteins (Table 4). The only shelterin protein, which we did not detect in this
experiment is TPP1. This is in line with previously published analysis of the

telomeric proteome in human cells by PICh!%!1%5321 where TPP1 is also absent.
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Comparison of shelterin enrichment in control and KSHV infected cells indicated
that there is an approximately threefold increase in the enrichment of shelterin
proteins upon infection with KSHV. In summary, analysis of these data indicated
that telomeric pulldown resulted in strong enrichment for established telomere-
associated proteins, and there may be an increase in the binding of shelterin
proteins in response to infection. Such enrichment is difficult to interpret since no
reports have examined the consequences of increased shelterin at telomeres.
Possible explanations for this observation include a decrease in nucleosome density
upon infection. Overall, these data indicate strong enrichment of shelterin proteins
in telomere pulldowns, which confirms the robustness of loci-specific enrichment

by PICh.

1. Grow >10" cells 2. Formaldehyde crosslink 3. Chromatin isolation 4, Pre-clearing and
and sonication Denaturation

%-{@:é‘a > *&'Zﬁé\
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Capture probe
(scrableftelomere repeat)

7. Washes and .
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Figure 11: Overview of PICh protocol. Analysis of proteins associated with specific DNA
sequences in cells of interest is performed by formaldehyde crosslinking, sonication, and
hybridization capture using a LNA probe. Subsequent recovered material may be analysed
by a variety of means including Western blot and mass spectrometry. Pulldowns are
performed with probe specific for telomeric DNA in comparison to a scrambled control
sequence during the course of this study.
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Figure 12: Proteins are enriched in telomere pulldown. Silver-stained polyacrylamide
gel of material recovered from PICh. Equal amount of chromatin was used for each
pulldown. In both uninfected co-culture and infected BJAB cells, there is significant and
even recovery of protein in telomere-specific pulldown. Putative position of key shelterin
proteins on the gel is indicated on the right, molecular weight ladder positions indicated on
the left. Image obtained by analysis of fraction of material submitted for mass spectrometry.

BJAB
Protein |AUP control | AUP KSHV*
POT1 28 96
TRF1 29 92
TRFE2 58 138
RAP1 35 109
TIN2 35 123
TPP1 nd nd

Table 4: Selective increase in shelterin binding at telomeres in response to KSHV.
Data is presented as the difference in the number of unique peptides upon subtraction of
values obtained from scrambled control pulldown. TPP1 was not detected in any condition
(nd). Delta UP denotes telomere-specific difference in number of unique peptides (telomere
pulldown-scramble control pulldown).
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Factors involved in classical NHE] are decreased and MME]

repair factors are increased at telomeres of KSHV infected cells

Next, we examined the presence of proteins involved in NHE] at telomeres of
infected cells. The data set contained DNAPk, Ku70, and Ku80, three of the main
proteins involved in classical NHE]. Other key factors such as Ligase 4, XRCC4, and
Artemis were absent in the data. Overall, classical NHE] factors showed a 1.5-2 fold
decrease in their enrichment at telomeres in infected cells (Table 5A). A number of
factors involved in the alternative NHE] pathway (MME]) were detected including
MRN complex, PARP1, Ligase 1, Ligase 3, and XRCC1 (Table 5B). MRN complex was
significantly enriched at telomeres in response to infection, with a 4.5 fold increase
in RAD50 and NBS1 enrichment as well as a 2.5 fold increase in MRE11. In addition
to this, Ligase 3 was enriched threefold upon infection and XRCC1 was only
detected in infected cells. However, Ligase 1 was not detectable in infected cells and
was present with two unique peptides in control co-cultured cells. In addition to
this, other important MME] proteins such as Pol6 and CtIP were absent in all
samples tested. Overall, these data provide an indication that NHE] may be
differentially enriched at telomeres in response to KSHV infection in BJAB cells.
Specifically, the data suggest that classical NHE] factors are found decreased at

telomeres, whilst MME] proteins are relatively enriched.

However, it is important to note that the factors, which are shown to be
differentially enriched in this analysis are not necessarily specific markers for the
activity of these pathways at telomeres. As discussed, Ku70/80 is found at telomeres
in conditions where there are no fusions and is in fact inhibited potently by TRF2,
which was found differentially enriched as well (Table 5). MRN complex and CtIP-
mediated resection is again not exclusive to cNHE] but also occurs in the context of
HR. There are additional drawbacks to this analysis. It does not take into account

post-translational modification
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A BJAB

Protein | AUP control | AUP KSHV*
DNAPk 134 88
Ku70 32 26
Ku80 42 26
Lig4 nd nd
XRCC4 nd nd
Artemis nd nd

B BJAB

Protein | AUP control | AUP KSHV*
MRE11 30 81
RADS0 36 160
NBS1 14 69
PARP1 11 24
Ligl 2 nd
Lig3 3 10
XRCC1 nd 6
Pol6 nd nd
CtIP nd nd

Table 5: Differential enrichment of cNHE] and MME] at telomeres upon infection.
Main proteins involved in either pathway (table A: cNHE] and table B: MME] respectively)
are listed above and where detected (nd, not detected) number of unique peptides
specifically at telomeres are given for each condition as indicated.

which is known to govern the activity of many DDR factors. For example, the
detection of DNAPk by this method gives little insight into the level of DNAPk-
mediated signalling since this is crucially dependent on phosphorylation. In
summary, the data presented solely indicate the possibility of differential

enrichment of these proteins at telomeres.
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ALT HR factors are relatively enriched at telomeres in KSHV

infected cells

Another class of DDR proteins, which were present in the data are factors involved
in HR. One of the main factors that binds sSDNA prior to strand invasion in HR
reactions is RPA. All three subunits of the RPA heterotrimer were found enriched at
telomeres in response to latent KSHV infection (Table 6). Another protein involved
in HR is RAD51 paralogue C and this was detected in the present data set. This
protein may be present at telomeres of both uninfected and infected cells at
telomeres (Table 6). No peptides referenced to RAD51 or RAD52 were detected.
Further, factors involved in the resolution of HR intermediates specifically were
detected at telomeres in our data set. Strikingly, the data show an almost 10 fold
increase in SLX4 nuclease scaffold and key accessory protein SLX4IP and ERCC4
nuclease in KSHV infected cells (Table 6). On the other hand, SLX4-associated
nuclease FEN1 showed a twofold decreased enrichment at telomeres in response to
infection. Therefore, a consistent enrichment of key markers of active HR at
telomeres was observed in infected cells with the exception of FEN1 nuclease.
Interestingly, FEN1 and ERCC4 are interchangeable nucleases, which may form part
of the SLX4-mediated cleavage scaffold involved in HR. This implies that there may
be specific modulation of the binding of HR proteins, which may be addressed and

confirmed by further experimentation.

ALT-specific nuclear orphan receptor binding to telomeres'>3? was detected in the
present data. NR2C2 enrichment at telomeres was increased sevenfold in response
to infection and NR2C1 was only detected in infected cells exclusively (Table 6).
Other ALT-specific factors were detected at telomeres at low levels. These include
BLM helicase, which was found decreased in response to infection as well as changes

in PML and associated proteins. There was a subtle decrease in PML enrichment at
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BJAB
Protein |AUP control | AUP KSHV*
RPA1 12 41
RPA2 1 5
RPA3 nd
RADS1C 1 1
RADS52 nd nd
SLX4 6 51
SLX4IP 1 17
ERCC4 1 12
FEN1 14 6
NR2C2 2 14
NR2C1 nd 1
BLM 6 1
PML 4 2
ATRX nd nd
DAXX 1 nd
Sp100 1 nd

Table 6: Increased enrichment of ALT HR factors at telomeres of infected cells.
Analysis of proteins involved in HR and ALT was carried out in analogy to Table 1 and 2.

Key factors involved in each step of HR reaction as well as selected ALT-specific telomeric
proteins are listed.

telomeres in response to infection as well as a loss of DAXX and Sp100, which were
undetectable in infected cells. ATRX was not detected in any conditions. Given that
loss of DAXX and ATRX from PML bodies at telomeres is associated with ALT,
confirmation of this phenomenon by alternative means may yield data in support of

ALT activation.
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To summarise, semi-quantitative analysis of the telomere-associated proteome in
BJAB cells in response to latent infection with KSHV showed broad modulation of
protein binding to telomeres in response to the virus. Specifically, this suggests that
KSHYV infection may modulate telomeres in a manner where, i) shelterin enrichment
is increased, ii) NHE] pathways were shifted towards MME], and iii) ALT telomere
maintenance by HR is active. It is important to note that the analysis performed has
several important limitations. The complexity of the experiment meant that it was
performed in isolation without biological replicates. Label-free spectral peak calling
mass spectrometry is semi-quantitative and results where fewer than three unique
peptides are detected are susceptible to considerable errors in this analysis. In
awareness of these limitations, I next aimed to examine whether these changes in
the telomeric proteome upon infection are reproducible and detectable using
different cell line models and experimental methods. Specifically, I took the data set
as a starting point for investigation into enrichment of proteins involved in ALT at

telomeres in response to KSHV infection.

Preliminary analysis suggests the presence of APBs

upon KSHYV infection

To investigate whether the association of telomeres with ALT factors observed by
PICh in KSHV-infected cells could relate to the activation of ALT, I analysed KSHV-
infected and mock-treated control cells for presence of ALT-associated PML bodies
(APBs) using IF-FISH. This was performed in an independently generated KSHV+
cell line, SLK. Indeed, significant telomere clustering was observed in KSHV-
infected interphase cells (examined in detail in Chapter 2) and such signals co-
localized with PML and BLM, indicative of the presence of APBs (Figure 13). Such
structures were observed in infected cells specifically and in 5% of the overall
population which is reminiscent of their incidence in established models of ALT?%.
The occurrence of APBs in a subset of infected cells further supports the notion of

ALT telomere maintenance upon latent infection.
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SLK
+rKSHV

SLK

Figure 13: Occurrence of APBs in KSHV infected cells. Representative micrograph is
shown from SLK cell line infected with latent KSHV. Similar phenomena occur in other cell
lines infected with KSHV, which show telomere clustering, analysed in later chapters.
Telomere FISH (TelG) and double IF (PML/BLM respectively) are shown individually and as
a merged image on the right. White signals correspond to triple positive telomeres, which
represent APBs.

Summary

This chapter examined the telomere-associated proteome in multiple cell lines upon
latent infection with KSHV. Systematic analysis of the proteome at telomeres by
PICh in BJAB cells +/- KSHV revealed broad modulation of the factors bound to
telomeric DNA. This included differential enrichment of proteins involved in all
major pathways of DNA repair including cNHE]J, MME], and HR. In addition to this,
binding of shelterin proteins to telomeric DNA was reproducibly increased upon
infection. In line with this, pilot analysis of infected cells by IF-FISH indicates that
they may show classical APBs. Taken together, the findings presented thus far
provide the basis for a number of hypotheses related to the modulation of telomeric
DDR in response to latent KSHV infection. From these, I focussed on the possibility

that KSHV infection may induce ALT telomere maintenance.
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Chapter 2: ALT is activated in SLK and EA.hy926
cells infected with KSHV

Introduction

To evaluate whether KSHV infection is a trigger for ALT activation, experiments
concerned with the characterisation of the active telomere maintenance mechanism
in cell lines +/- KSHV are presented in this chapter. Cell lines used are initially
telomerase*, thus also allowing to investigate the potential interference of these two
telomere maintenance mechanisms. Biological replicates of strictly latent cell lines
were generated by de novo infection and analysis was carried out at >20 days post-
infection as described in Chapter 1. For both SLK and EA.hy926 cell lines presented
in this chapter, analysis was carried out in biological triplicate or duplicate unless
indicated otherwise to control for any stochastic effects of clonal selection. In many
cases ALT induction is accompanied by a decrease or complete loss of telomerase
activity’® and therefore it is necessary to address the status of telomerase to
rigorously conclude induction of ALT. Regarding telomerase, activity as well as
expression of the enzyme in the presence of KSHV are measured relative to
uninfected co-cultured cell lines. This is achieved by TRAP assay, a protocol in
which protein lysate is added to template containing telomeric repeats, which is
extended if telomerase is present. Expression of hTERT is measured via a standard
RT-qPCR approach. The same cell lines are analysed for hallmarks of ALT. These
include the presence of homologous recombination at telomeres, telomere length
heterogeneity, telomere clustering and presence of C-circles. Taken together, these
assays aim to investigate the possibility of ALT activation upon KSHV infection in

vitro, which arose from the results in the previous chapter.
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Activity of telomerase is downregulated upon KSHV

infection

Transcription of hTERT is downregulated in response to KSHV
infection

Analysis of hTERT by RT-qPCR has been used in numerous studies??*:*!*3%.31 tg infer
indirectly the activity of telomerase as a telomere maintenance mechanism. To this
end, qPCR was performed on cDNA obtained from cell lines of interest in this study
using primers, which amplify hTERT or GAPDH as a housekeeping gene respectively
(primer sequences in Table 2). Both primer pairs resulted in a single, specific
amplicon as determined by melt curve analysis (Figure 14), there was no
amplification in water only controls, and standard deviation of the mean C; of
GAPDH was low (data not shown) which confirms the robustness of the PCR carried
out for this experiment. Relative mean expression data was obtained by subtraction
of mean GAPDH signal and normalization to uninfected control co-culture (AAC;
method*?). Analysis of the mean relative expression of hTERT across biological
replicates showed statistically significant reduction of mRNA levels to 70% (SLK)
and 52% (EA.hy926) of uninfected control respectively (Figure 14). However, there
was considerable variation between biological replicates of this experiments, which
is shown in Figure 14, right panel. Importantly, these data suggest that while some
cell lines show significant downregulation of hTERT expression, at least one
replicate of the infected SLK cell line retained expression relative to uninfected
levels. Overall, these data indicate that telomerase downregulation at the

transcriptional level may occur in response to infection with KSHV in our models.
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Figure 14: Expression of hTERT is downregulated upon latent KSHV infection.
Equivalent amounts of cDNA are amplified for each cell line and hTERT expression is
inferred by subtraction of signal of GAPDH control and normalization to the uninfected co-
cultured cell line. (A) Shows melt curve of product generated by PCR for each of the primer
pairs used in this analysis; (B) Quantification of relative expression as described. Left panel
shows average of biological triplicate for each cell line. Right panel shows each biological
triplicate in isolation. All experiments were carried out in technical triplicate. Significance
was tested by student’s t-test (*p<0.1).
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Activity of telomerase is downregulated in response to KSHV

infection in TRAP assay

Direct measurement of the activity of telomerase in cells may be achieved by TRAP
assay. In this analysis, step-wise elongation of a oligonucleotide template with
telomeric repeats ([TTAGGG],) is catalysed by co-incubation with cell lysate. PCR
amplification is carried out in the presence of an Internal Control (IC) template,
which competes with substrate elongated by telomerase. Analysis of resulting
amplicons by non-denaturing polyacrylamide gel electrophoresis showed complete
absence of elongated template in heat-denatured HeLa lysate (Figure 15, lane 1)
where the enzyme is inactivated as a negative control. On the other hand, chilled
HeLa lysate (positive control) resulted in strong laddering corresponding with the
addition of varying number of telomeric repeats to the template (Figure 15, lane 2).
Therefore, the experiment detects telomerase activity in a manner free from PCR
contamination or non-specific amplification, which may interfere with
interpretation of the data. Analysis of biological triplicate SLK and EA.hy926 cells
+/- KSHV indicated a decreased activity of telomerase in response to the virus
(Figure 15) in all but one pair of SLK cell lines (Figure 15, lane 7&8) where the
activity remained approximately equal. These results are in line with previously
presented analysis by RT-qPCR in so far that they indicate a downregulation of
telomerase activity in response to the virus overall with the exception of one

biological replicate in the SLK cell line.

Further analysis by TRAP would be necessary to generate a precise quantification of
the product produced by this reaction. Specifically, a repeat of this experiment
which includes a heat-treated control in analogy to the one performed for HeLa
lysate in the present data would be necessary to quantify the signal using standard
methods as described *%3. Nevertheless, it is reasonable to conclude that the trend,
which is observed, e.g. a slight downregulation in the activity and expression of

telomerase, is valid and reproducible.
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Figure 15: Telomerase activity is downregulated upon infection with KSHV. Protein
lysate corresponding to equal cell numbers for each condition was subjected to TRAP
protocol and PCR amplification. As a control an amount of lysate from HeLa (telomerase®)
cells was denatured and subjected to the same reaction (lane 1 of each gel). Each lane
contained 1/10 of total PCR product generated using standard TRAP assay. Analysis was
performed in technical duplicate with reproducible results. IC band corresponds to un-
extended template and negatively correlates with telomerase activity.
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Latent KSHV infection induces a telomeric phenotype

associated with ALT activation

Infected cells have increased HR at telomeres resulting in T-SCE
In cells that maintain telomere length via ALT, inter-telomeric recombination by HR
occurs to initiate DNA synthesis at telomeric repeats®®!®, The incidence of
telomeric HR may be quantified directly through analysis of metaphases by CO-
FISH. To this end, metaphase spreads are generated in which one strand was
digested specifically by BrdU/C incorporation, Hoechst/UV treatment, and
exonuclease digestion as reported!”. Subsequently, directional FISH probes for
leading C-rich and lagging G-rich telomere repeats are applied and double positive
signals are considered direct evidence of T-SCE (Figure 16A). In the absence of HR
globally or an even number of HR events, signals corresponding to either of the two
strands will be found diagonally opposite as depicted in Figure 16A. In the event of
extensive global HR, an increase in chromosomes which show a pattern in which the
signals corresponding to either strand are found within the same chromatid may be
anticipated. No such trend was observed. However, quantification of %
chromosomes with T-SCE per metaphase by blinded manual counting was
performed on biological triplicate of SLK and EA.hy926 cells +/- KSHV (Figure 15B).
Uninfected, co-cultured cell lines showed a low level of mean 0.5-1% (<1
chromosome) T-SCE across all replicates. Infection with KSHV led to a consistent
and significant increase to mean 4-8% corresponding to 2-5 chromosomes with T-
SCE (Figure 16B). There was variation between metaphases from infected cells,
which showed this overall increase and some had a striking number of T-SCE events
with more than 12 chromosomes displaying T-SCE. These data provide evidence for
telomeric HR in KSHV* SLK and EA.hy926 cell lines as determined by the incidence
of T-SCE by CO-FISH, which is consistent with the notion of ALT activation upon
KSHYV infection.
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Figure 16: Incidence of T-SCE is increased upon latent KSHV infection. (A)
Representative widefield micrograph is shown for illustrative purposes. Large image shows
an overview of full metaphase as obtained in this experimental setup. Smaller images show
leading/lagging strand in isolation and merged respectively to highlight their relative
position on individual chromosomes. Normal, no recombination situation is shown with
diagonally opposing signals respectively as well as T-SCE characterised by the occurrence of
double positive ends (yellow, marked with an X in image). (B) Quantification of the
occurrence of T-SCE. Blinded count of the incidence of chromosomes with double positive
ends indicative of T-SCE. Biological triplicate, at least 50 metaphases per condition.
Significance inferred by student’s t-test (**p>0.01; ****p>0.0001).
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KSHYV infection results in increased telomere fragility

Replicative stress at telomeres occurs in ALT cells'®*!, Telomere fragility is a
phenotype associated with replicative stress at telomeres and may occur under a
number of conditions including TRF1 knockout''” and depletion of DDR
proteins’®*%. Telomere fragility may be quantified by telomere FISH on metaphase
spreads where fragility manifests itself as a smeared or doublet signal in contrast to
normal punctate signals. Such fragile telomeres were readily detectable by CO-FISH
on metaphases from the cell lines of this study (Figure 17A). Quantification was
carried out in analogy to T-SCE analysis described in the previous section. Again,
the incidence of this phenotype was very low in all uninfected control cell lines at
mean <1%, eg. <1 chromosome with fragile telomeres per metaphase. Infection with
KSHYV resulted in a significant increase in the mean % chromosomes that exhibit
telomere fragility across all biological and technical replicates of the experiment
(Figure 16B). Similar to T-SCE analysis, there was considerable variability in the
magnitude of this increase, however most infected cell lines showed approximately
a mean of 4% fragile telomeres (>2 chromosomes per metaphase). One cell line
showed an increase to a mean of 10% fragility, which corresponds to 6 chromosomes
with telomere fragility on an average metaphase. Overall, these data provide
evidence for replicative stress at telomeres upon KSHV infection in both SLK and
EA.hy926 cell lines, as indicated by the occurrence of telomere fragility. Given that
such a phenomenon occurs in response to replicative stress at telomeres during

ALT, these data are in agreement with ALT induction upon KSHV infection.
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Figure 17: Incidence of telomere fragility is increased upon latent KSHV infection. (A)
Representative wide field micrograph is shown. Large image presents an overview of full
metaphase as obtained in this experimental setup with incidences of telomere fragility
marked by an arrow symbol. Illustrative example of normal chromosome and telomere
fragility shown on the right. (B) Quantification of the occurrence of telomere fragility.
Blinded count of the incidence of chromosomes with at least one fragile telomere was
carried out. Biological triplicate, at least 50 metaphases per condition. Significance inferred
by student’s t-test (**p>0.01; ****p>0.0001).
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Telomeres are clustered and elongated heterogeneously in
response to KSHV infection

Telomere length is increased in cells that exhibit active telomere maintenance
mechanisms. Based on the data presented in this chapter thus far, any increase in
telomere length upon infection is unlikely to be due to telomerase hyperactivation
but rather relate to the induction of ALT. To further examine this possibility,
relative telomere length was analysed in infected cells by telomere qFISH and TRF
Southern blotting. Due to the HR-based mechanism of ALT, telomere length is more
heterogeneous between chromosomes in comparison to telomeres elongated by
telomerase activity. In addition to this, telomeres are often found in clusters during
interphase, an observation, which is reminiscent of inter-telomeric strand invasions

during ALT.

Automated analysis of telomere FISH signal intensity in interphase cells was carried
out to determine relative telomere length in cell lines infected with KSHV. Strong
telomere clustering was observed in a subset of KSHV* cells upon initial inspection
under the microscope (Figure 18A). Quantification of mean integrated signal
intensity (qFISH) of telomeres in nuclei of SLK and EA.hy926 cells +/- KSHV
confirmed this observation. Both mean and variability were increased significantly
upon infection with KSHV in most cases (Figure 18B). One KSHV *EA.hy926 cell line
showed a subtle increase in telomere length and no statistically significant increase
in variability as determined by F-test. In order to consolidate these observations,
absolute telomere length was determined for a candidate pair of SLK cell lines by
TRF Southern blot. Mean telomere length was increased upon infection with KSHV
relative to uninfected co-culture from approximately 5.5kb to 6.5kb (Figure 18C). In
addition to this, the pattern of telomere length in infected SLK cells analysed was
more heterogeneous and resembled the size distribution observed in U20S cells, a

prototypic ALT* cell line (lane 1, Figure 18C).
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Figure 18: Telomere length/heterogeneity increases upon KSHV infection. (A) Image
of telomere FISH signals quantified in automated analysis. In both cell lines, telomere
clustering may be observed as indicated, top row. Dashes outline presents DAPI nuclear
counterstain in each image. (B) Automated quantification of telomere FISH integrated mean
signal intensity (mean pixel intensity x area of signal). Mean differences tested with
student’s t-test (**p<0.01, ****p<0.0001), heterogeneity tested with F-test of variance
(***p<0.0001). (C) Prehmlnary TRF Southern blot of SLK cell line pair, equal amounts of
gDNA used per lane.
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Figure 19: Mean number of telomere foci decreases upon infection. Quantification of
the count of telomere FISH foci per nucleus is presented for all cells included in qFISH
analysis as determined by CellProfiler. Biologcial triplicate, technical duplicate as
previously. Significance inferred by student’s t-test (*p<0.1, ***p<0.001, ****p<0.0001).
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Taken together, these experiments suggest that telomere length is increased
reproducibly upon infection with KSHV in both cell lines by qFISH. Such increases
may be confirmed by TRF Southern blotting to determine absolute telomere length
as demonstrated in a pilot experiment for the SLK cell line +/- KSHV and U20S
(Figure 18C).

Next, I evaluated the number of individual telomere FISH foci detected by the
automated analysis pipeline upon infection. If several telomeres cluster together in
a given nucleus, the expected outcome of this analysis would be a decrease in the
number of distinct foci. From the data set generated for qFISH, automated counting
was carried out (Figure 19). Most cell lines infected with KSHV showed a significant
decrease in the number of individual foci detected in comparison to uninfected co-
culture (Figure 19). The same KSHV* EA.hy926 cell line, which showed a subtle but
not significant increase in variability and small significant increase in mean
intensity upon quantitation of FISH signal, also failed to reach significance in this
measurement. However, the decrease in number of foci per nucleus was still
observed and no opposite trend was present. In summary, the analysis presented
indicates that KSHV infection induces clustering of telomeres reproducibly but to
varying degrees, as indicated by mean increase in intensity and heterogeneity of
telomere FISH signals as well as a decrease in the number of individual foci per

nucleus.

Preliminary data indicate that C-circles may be induced upon
infection with KSHV

Complementary to the experiments presented so far, we next measured the
occurrence of C-circles as a proxy for ALT activation upon KSHV infection. To this
end, defined quantities of DNA were treated with or without ®29 polymerase, which

selectively extends circular DNA molecules by rolling circle amplification. The
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Figure 20: C-circles are present in an infected SLK cell line. Analysis of the presence of
circular, partially double-stranded C-circles by ®29 polymerase amplification. Equal
amounts of DNA of cell lines indicated was subjected to rolling circle amplification reaction
(+/- ®29) and incidence of telomeric DNA from resulting reaction was quantified by dot
blotting onto Nylon membrane coupled to Southern blot as described. U20S cell line was
included as positive control.

experiment was carried out on the same pair of SLK cell lines described for the
preliminary TRF Southern blot analysis. As a positive control for ®29 amplification,
DNA from U20S cells was treated with the enzyme (Figure 20, left panel).
Amplification of telomeric DNA was then visualized by telomere dot blot, indicating
the presence of C-circle as reported in a number of studies!'®>!’8, In uninfected SLK
cells no such amplification was observed, which suggests an absence of C-circles
(Figure 20, lower right panel). However, the infected SLK cell line showed an
increase in telomeric DNA upon ®29-induced amplification (Figure 20, upper right
panel). This experiment provides preliminary data suggesting that KSHV infection
induces C-circles. Although these observations require confirmation in full
biological triplicate and EA.hy926 cell line, they do strengthen the notion of ALT

activation upon KSHV infection.

102



Oncogenic KSHV induces ALT for break-induced viral genome replication

SLK EA.hy926
N Y [2o) ~N v
KSHV - + - + - + - + - +

G-ASFIA | s e S 0 D

R I
T 111 [
a-H3 "-——.4 |-——l

Figure 21: Analysis of the expression of ALT markers by Western blot. Representative
blot was generated by staining with antibodies as indicated. 5ug of protein was analysed for
each condition. Proteins were detected at expected molecular weight based on the
information available form respective manufacturers and the literature.

No consistent loss of ATRX, DAXX or ASF1la is detected in
KSHV-induced ALT cell lines

Next, I evaluated the expression of proteins which have a published role in
suppressing the activity of ALT in cells by Western blot. Namely, the expression of
ASFla was examined based on the only other previous demonstration of ALT
induction which was achieved by downregulation of ASF1a%®. Loss of ATRX and
DAXX at the protein level has been associated with ALT activity in cells as discussed
extensively previously. Analysis of both SLK and EA.hy926 cell lines showed that
ASFla and DAXX expression was unaffected by KSHV infection and protein levels
remained near identical across conditions (Figure 21). In comparison, levels of
ATRX were more variable. However, no clear trend was observed and protein was
detected in all conditions indicating that loss of ATRX is not a reproducible feature
of KSHV infected SLK and EA.hy926 cells. In summary, analysis of ASFla, DAXX,
and ATRX protein levels indicates that changes in these factors are unlikely to play

arole in the ALT phenotype which is observed upon KSHV infection.

103



Oncogenic KSHV induces ALT for break-induced viral genome replication

Summary

In this chapter, various assays were employed to evaluate the activity of telomere
maintenance mechanisms in initially telomerase* cell line models SLK an EA.hy926
upon KSHV infection. The experiments described show that there is no relative
upregulation of telomerase activity as detected by RT-qPCR or TRAP assay in
response to KSHV infection in either cell line. Instead, a subtle but visible
downregulation of telomerase activity was detected reproducibly in the majority of
infected cell lines. Next, we examine whether ALT is active as the telomere
maintenance mechanism in KSHV-infected SLK or EA.hy926 cells. Data presented
shows an increase in key hallmarks of ALT in response to the virus including T-SCE,
telomere fragility, telomere clustering, and potentially C-circles. Importantly, there
is a clear indication for an absence of telomerase hyperactivation in the presence of
telomere elongation as well as features of ALT. . In contrast to some previous
reports in the literature, this seems to be independent of ASFla, DAXX, or ATRX
protein levels, as demonstrated by Western blot. In summary, the assays described
show that a phenotype resembling ALT activation is induced upon infection with

KSHV in SLK and EA.hy926 cell lines by an uncharacterised mechanism.
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Chapter 3: KSHV reprograms cells upon infection

to facilitate viral genome replication by BIR

Introduction

KSHYV interacts with host cells in a complex manner to enable maintenance and
propagation of its episomes. Given that our data indicate activation of ALT telomere
maintenance de novo in response to KSHV infection, we aimed to examine the
importance of this pathway for infected cells and the viral life cycle. We measured
whether siRNA knockdown of key ALT factors BLM, PolD3, RAD52, SLX4 had an
impact on the survival of infected SLK cells. Conversely, the impact of ALT factor
knockdown on KSHV episome maintenance and their importance for viral genome
replication was evaluated. The dependency of latent viral replication on features of
ALT and factors involved in ALT BIR (PolD3, RAD52, BLM) was further analysed in
the context of an ALT positive cell line, U20S. Finally, the presence of ALT-specific
heterochromatin marks on the latent viral genome was examined by ChIP/qPCR as a
further proxy for the notion that KSHV episomes reside in a chromatin niche
resembling ALT telomeres, which would be permissive of BIR. Taken together, the
experiments presented begin to address the relevance of ALT activation in the

context of the KSHYV life cycle upon latent infection in infected cell lines.

Key ALT factors are decreased specifically upon siRNA

knockdown

In order to establish a system in which interrogation of the role of key proteins
involved in the ALT mechanism may be studied, RNA interference was carried out.
Transfection of both infected and uninfected cells was carried out using a pool of

siRNA for each protein of interest. Efficiency of this knockdown was evaluated at
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three days post-transfection by Western blot (Figure 22A). Analysis was carried out
relative to a scrambled control sequence to exclude any toxicity of the RNAi overall.
Clear bands were detected in all cases of scrambled control transfection for BLM,
RAD52, and PolD3 (Figure 22A). Consistently, transfection with corresponding
siRNA pools against BLM, RAD52, and PolD3 decreased the abundance of these
proteins to levels below detection by Western blot. However, it was challenging to
detect SLX4 by this technique and only a faint band was achieved after trial of
multiple antibodies. This is despite high amounts of protein loading per lane, i.e.
30ug. Overall, an efficient method to deplete BLM, RAD52, and PolD3 is given by
this RNAi as indicated by Western blot analysis. This knockdown was significant and
resulted in a depletion of >90% of protein respectively. The level of SLX4 upon

treatment remains ambiguous from these data alone.

Proliferation of infected SLK cells is impaired upon

knockdown of ALT factors

Next, we investigated whether cells harbouring latent KSHV are dependent on ALT
factors for their effective proliferation and survival. Colony formation assay
(Clonogenic assay) was carried out using a low number of SLK cells +/- KSHV, +/-
ALT factor RNAI at three days post-interference as established previously. Both cell
lines grew into distinct colonies when seeded at low density and counting was
performed automatically (see Materials & Methods, Figure 22B). The number of
colony forming, i.e. proliferating cells was quantified relative to scrambled control
siRNA transfection for each experiment. Un-transfected cells were also analysed in
each experiment and examined manually relative to scrambled siRNA transfection
to exclude any toxicity due to the transfection procedure overall. Only experiments

where no non-specific toxicity was observed were included in subsequent analysis.
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Figure 22: Survival of infected cells is impaired upon knockdown of ALT factors. (A)
Representative confirmation of knockdown efficiency by Western blot in SLK cells. Upper
panel in (B) show representative wells from Clonogenic assay plates stained with Crystal
Violet. Automated quantification of colonies shown in (B) relative to scrambled control
knockdown. Data presented from three independent experiments performed in technical
triplicate each. Significance tested by student’s t-test (**p<0.01, ****p<0.0001).

Knockdown of ALT factors in uninfected SLK cells resulted in a relative 1.2-1.5 fold
increase in the number of colonies (Figure 22B). This indicates a subtle increase in
their proliferative capacity upon depletion of these proteins. The opposite trend was
observed in infected SLK cells. Such cells were reproducibly and significantly
impaired in their capacity to proliferate upon depletion of BLM and PolD3, which
was evident by a reduction of colonies to approximately 60% (Figure 22). Mean
reduction to similar levels was also recorded upon knockdown of SLX4 and RAD52,

albeit this failed to reach statistical significance in biological triplicate (Figure 22).
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In addition to the data described above, it is interesting to note that infected SLK
cells show an overall increase in their proliferative potential in this assay relative to
uninfected co-culture. This is evident by a relative 2-fold increase of colonies in
KSHV" cells in both cell lines un-transfected as well as scramble knockdown
(quantification not shown, see upper panels Figure 22). In summary, KSHV infection
has an effect on the proliferative capacity of both SLK cell lines. Knockdown of ALT
factors SLX4, BLM, PolD3, and RAD52 impairs proliferation of such cells specifically
in the presence of latent KSHV infection. Taken together, these data indicate that
cells that harbour KSHV episomes may be dependent on such factors for efficient

proliferation and survival.

Episomes were not lost in SLK cells upon knockdown of

ALT factors but there was signs of viral BIR

Based on the data presented in this chapter thus far, infected cells become
dependent on ALT factors involved in BIR for their effective proliferation. Next, I
evaluated whether the latent viral genome was replicated by a BIR-like mechanism
in the context of KSHV latency. To examine this possibility, we measured the
absolute number of KSHV episomes per live cell by qPCR. This was achieved by
generation of a standard curve by SYBR qPCR on precise amounts of product
obtained from primers specific to the KSHV TR (details in Materials & Methods).
Extracted DNA from cells of interest was subjected to the same qPCR and this
reaction resulted in a single, specific amplicon in infected cells as indicated by melt
curve analysis. To better monitor potential KSHV episome loss upon ALT
interference, we did not perform the experiments described in the following under
Puromycin selection. Notably, as it is published that KSHV episomes are
progressively lost within one month if selection is removed from infected cells*? I
quantified ALT interference on episome loss in direct relation to the natural

occurring episome loss observed upon withdrawal of selection. In a pilot
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experiment, weekly RNAi was performed in analogy to transfection for Clonogenic

assays for constant and significant decrease in ALT protein levels.

Analysis of KSHV episome copy number was performed at three time points post-
withdrawal (day 0, 10, 32) in SLK cells as described above. As controls, uninfected
cells (negative control) as well as cells kept under Puromycin selection (positive
control) were included in the analysis. Copy number is expressed relative to
Puromycin selected cells, which stably maintain episomes. There was no
amplification from DNA obtained from uninfected cells throughout. No significant
loss of KSHV episomes was detected in SLK cells under all conditions tested after 32
days (Figure 23A). Therefore, for this cell line, the experiment is inconclusive and no
information about the role of ALT factors in KSHV episome maintenance may be

drawn from these data.

As discussed, the ALT factors presented in this chapter are important mediators of
BIR and this is thought to be the main mechanism of telomere replication in ALT"
cells'®®, Therefore, we next examined whether latent KSHV episomes may replicate
in an analogous manner in infected cell lines. Recent studies have established that
DNA synthesized by BIR may be tagged by incorporation of EAU in G2/M phase
156,160,163 This is due to the fact that BIR occurs specifically in G2/M and is therefore
separated from bulk S-phase DNA replication. The method employed for the
visualization is therefore crucially dependent on an exclusion of cells in S-phase by
sequential cell cycle arrest, which can be achieved by Cdkl inhibitor (Cdkli) and
Thymidine treatment, which arrest cells in at G2/M and G1, respectively (see
Materials & Methods). To test whether cells obtained by our experimental setup
qualify for analysis by microscopy, Click-iT chemistry coupled to Flow Cytometry

was employed to analyse the cell cycle upon sequential arrest (Representative data
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Figure 23: Analysis of the incidence of viral BIR in infected SLK cells. (A) Data is
presented for SLK cell line. Each time point normalized to the absolute number of KSHV
episomes in control cells, which were kept under selection. Knockouts are shown in red,
control conditions shown in black. Data represents one experiment. (B) Representative
MIPs of confocal Z-stacks obtained after Click-iT chemistry/IF-FISH. Separated channels
are shown for each stain and merged image on the left (green: EAU-Alexa488, red: telomere
FISH, light blue: LANA IF). Triple positive signals appear white in merged image (right).
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Figure 24: Cell cycle arrest for BIR foci assay. Representative data from one cell line
(EA.hy926) is shown. Cells were treated with inhibitors as indicated above plots. Gating was
identical for all conditions and based on populations observed in untreated cells. 500,000
cells are plotted for each condition for illustrative purposes.
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Shown in Figure 24). Click-iT chemistry allows coupling of a fluorochrome, in this
case Alexa 488, to incorporated EdU in a reaction dependent on CuSOs Such
analysis by flow cytometry indicated that treatment with both inhibitors
(Cdkli/Thymidine) resulted in a near complete abrogation of S-phase cells and 40%
enrichment of cells in G2/M phase (Figure 24, lower right panel). 7% of cells may be
considered to be in late S-phase under the conditions employed for this experiment.
However, late S-phase cells are easily excluded in Click-iT microscopy since they
show strong pan-nuclear EdU staining which is clearly distinct from BIR EdU foci
(see Ref.'®®> for examples of this). Overall, the data presented indicate that the
combined cell cycle block used results in an increase in G2/M cells and a complete

exclusion of potentially BIR false-positive cells in early S-phase.

Next, Click-iT chemistry was performed in combination with IF-FISH and confocal
microscopy to evaluate whether KSHV genomes coincide with sites of telomeric BIR
in infected cells. Intra-nuclear location of viral genomes was inferred by co-staining
for the KSHV episome tether protein LANA. The experiment was performed on SLK
cell lines +/- latent KSHV infection. Uninfected cells had no LANA or BIR foci and
narrow range, dim telomere FISH signals in confocal MIPs as analysed in chapter 2.
Latent KSHV infection altered the appearance of these signals models drastically
(Figure 23B). As expected, clear LANA foci were detected in infected cells. In
addition to this, distinct EdU foci in G2/M cells indicative of BIR were present in
such cells. Striking co-localization of BIR and LANA was observed, indicative of
active BIR at the site of viral genomes. Such foci localized to telomeres in some, but
not all cases. Detailed quantification to elucidate to which degree this phenomenon
occurs at telomeres specifically is outstanding at this point. Overall, this experiment

suggests that BIR foci occur in infected cells at the site of viral genomes.
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Episomes are lost rapidly in infected U20S cells upon

knockdown of ALT factors and show signs of viral BIR

Next, I examined whether the knockdown of key ALT-specific BIR factors had an
effect on viral BIR in the setting of a cell line where the ALT phenotype was already
persistent. To evaluate this, an identical experimental setup was employed as
described for SLK cells in the previous section. Again, KSHV episome copy number
was determined by qPCR at day 0, 10, and 32 respectively. Infected U20S cells lost
the episome to some degree over this period in mock-treated and scrambled control
cells beginning at day 10 post-withdrawal (Figure 25A). This was more rapid than
SLK cells treated in the same manner, which had not lost any viral episomes oOver
the time course examined in this experiment. Strikingly, in infected U20S cells,
knockdown of BLM, PolD3, and RAD52 resulted in a complete loss of viral genome
by day 32, a time point at which mock-treated and scrambled control cells still
showed levels comparable to Puromycin treated cells (Figure 25A). In similarity to
infected SLK cells, BIR foci co-localized with LANA and therefore the latent KSHV

genome in this experiment (Figure 25B).

In summary, I suggest that the notion of a role for ALT factors in maintenance of
the viral episome during latency is strengthened based on these pilot experiments.
Certainly, the experimental system presented (serial RNAi over several weeks, qPCR
on fixed number of live cells by Trypan Blue exclusion) is not ideal and a
comprehensive analysis must include improved methodology. However, from these

data I was drawn to hypothesize a role for ALT factors in viral genome maintenance.
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Figure 25: Analysis of the incidence of viral BIR in infected U20S cells. (A)
Quantification of KSHV episome number in cells under the conditions indicated.
Knockdown conditions are depicted in red, controls in black. (B) Representative MIPs of
confocal Z-stacks obtained after Click-iT chemistry/IF-FISH. Separated channels are shown
for each stain and merged image on the left (green: EAU-Alexa488, red: telomere FISH, light
blue: LANA IF). Triple positive signals appear white in merged image (right).
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KSHYV episomes exhibit heterochromatin marks

permissive of viral replication by BIR

As described, changes in chromatin marks mediated by the activity of HP1la are
detected at ALT telomeres including H3K9me3 and H4K20me3. Crucially, the presence
of such marks promotes HR in the context of ALT. Therefore, [ examined whether such
marks were present on the viral episome. To thoroughly evaluate this possibility,
primers were used for all three annotated origins of replication on KSHV episomes, the
terminal repeat (TR), OriA, and OriLyt. All primer pairs resulted in a clear and specific
amplicon as indicated by melt curve analysis (Figure 26, right panels) DNA in complex
with histones, which harbour the heterochromatin marks described was obtained by
ChIP. As a control for the presence of any host sequences, with sufficient similarity to
the amplicons of the KSHV replication origins measured by this analysis I included
unprecipitated input chromatin from uninfected cells (Figure 26, left panels). No
amplification was observed from such DNA and this confirms that the qPCR employed
here is specific to viral sequences. In addition to this, pulldown with an unspecific
isotype control antibody corresponding to the remaining conditions was performed.
Again, no amplification was observed in this control which rules out enrichment of DNA
of interest due to non-specific binding to antibodies. Finally, H3 pulldown was utilised
as a positive control since this histone protein is present ubiquitously in nucleosomes.
In line with this, strong amplification was observed for all primer pairs under these
conditions. Taken together, the data presented indicates that the experiment resulted in

specific and efficient pulldown of chromatin-associated proteins of interest.

Heterochromatin marks associated with ALT telomeres were found at viral episomes
in both SLK and U20S cells. This was evident by strong amplification of viral
sequence corresponding to all published origins of episome replication (Figure 26,
left panels) when chromatin was precipitated using antibody specific to H3K9me3,
H4K20me3, and finally HPla. Pulldown with shelterin protein TRF2 resulted in a

weaker, but detectable enrichment for such sequences. In summary, these data suggest
that heterochromatin marks associated with ALT are present on viral chromatin, which

may facilitate BIR at KSHV episomes.
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Figure 26: Analysis of heterochromatin marks at viral episomes. Equal amounts of
material recovered from pulldowns indicated was subjected to qPCR with primer pairs as
indicated. Uninfected control condition corresponds to 10% input of such cells. All data is
quantified relative to input material from infected cell line, which was used for all
pulldowns. Data representative of one experiment.
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Summary

The data presented in this chapter aims to address the relevance of ALT activation
for the life cycle of KSHV. Clonogenic data was generated which suggests that
latently infected SLK cells are dependent on ALT factors for their efficient
proliferation. In addition to this, preliminary measurements of KSHV episome copy

number were performed which indicate that maintenance of the viral genome is
dependent on ALT factors BLM, PolD3, and RAD52 in infected U20S cells. Direct
visualization of ALT BIR sites within the nuclei of infected SLK and U20S cells
showed that these coincide with LANA. Finally, a preliminary ChIP/qPCR
experiment indicated that marks associated with ALT heterochromatin are enriched
at viral episomes, which creates conditions permissive for viral BIR. Taken together,
the experiments described indicate that ALT may be a novel mechanism for
replication of KSHV episomes. Therefore, it is tempting to propose that episome
replication is the step of the KSHV life cycle which benefits from ALT activity in
infected cells which may explain the induction of this pathway upon latent

infection.
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Chapter 4: Signs of ALT activity are detected in KSHV-

associated PEL and KS tumour cells

Introduction

Given that latent infection with KSHV appears to be a novel trigger for telomere
elongation by ALT in multiple cell line models, I next explore whether this is also
the case in tumours associated with KSHV infection. To this end, paraffin-embedded
sections of tumours from 8 KS patients and 7 PEL patients were analysed by IHC-
FISH. Histological features such as the distribution of LANA in infected tumour cells
and morphology of each tumour type was analysed. Subsequently, telomere length
was analysed by qFISH in a manner analogous to in vitro experiments presented in
previous chapters. These experiments form the basis for an evaluation of the ability
of KSHV to induce ALT telomere elongation in vivo, specifically in the context of KS

and PEL.

Overview of KS sections: Identification of spindle cells

and other features by THC

KS is characterised by a 3D meshwork of immortalised endothelial-like spindle cells,
neovascularisation, and infiltration of numerous lymphocytes. KS may occur at
several sites in the body and our current collection of paraffin-embedded tumour
sections includes gastric, lymphatic, and dermal KS. For simplicity, this preliminary
analysis only focussed on patients with dermal KS. Results from 8 patients are
shown in this chapter and these had varying HIV status (2/8 negative, 6/8 positive).
In all lesions, some features were immediately prominent upon examination of the
tumour. Firstly, the epidermis was clearly distinguishable as a layer of cells close to
the edge of each section (Figure 27A, a). Infiltrating lymphocytes were apparent by a

rounded nuclear morphology and RBCs were also present in the lesion with distinct
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Figure 27: Overview of dermal KS sections. (A) Low magnification overview of
representative KS section. Prominent features which were observed in all patients are
highlighted: (a) Prominent epidermal layer with distinct stratum corneum at edge; (b)
Invading RBCs, depicted and visible due to strong autofluorescence in Cy3 channel; (c)
Neovascularisation within lesion. (B) Representative example of distinct epidermal layer at
edge of biopsies. Examples from three distinct cases of dermal KS are shown.
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and strong autofluorescence as reported®* (Figure 27A, b). Neovascular spaces,
which also included some RBCs, were apparent in all tumours (Figure 27A, c). In
order to evaluate any differences in telomere length upon infection with KSHV from
such tumour material, I set out to define a population of cells, which could serve as
a baseline control of average telomere length within a patient. This is important due
to the fact that telomere length varies significantly between individuals and with
progressive age®?. The epidermis within dermal KS lesions presented an ideal
opportunity in this regard as it is: i) Clearly and reproducibly distinguishable from
underlying tumour tissue (Figure 27B); ii) Free from KSHV infection (Figure 28B);
iii) Present in all cases of dermal KS at the same location, namely the edge of the

dermal biopsy section.

IHC/FISH was performed to identify KSHV infected cells within the tumour lesion
and to obtain relative telomere length measurement for each case. LANA is
routinely used in diagnostics to determine KSHV infection status of cells. Spindle
cells were detected within all dermal KS cases and LANA was characteristically
detectable as nuclear foci. Such spindle cells showed significantly elongated nuclear
morphology and prominent LANA staining (Figure 28A). This was in stark contrast
to the round morphology of bystander lymphocytes, which also occasionally showed
LANA foci (<5% cells). These were excluded from automated analysis by size
exclusion. In stark contrast to these cells, epidermal cells did not show any LANA
foci and there was merely weak background localised to the epidermal ECM (Figure
28B). All cells showed clear telomere FISH foci with negligible background staining
which enabled analysis of relative telomere length by qFISH in analogy to data

presented on cell lines in chapter 2.
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Figure 28: KS spindle cells and epidermis. (A) Representative images of spindle cells
from three different patients. Strong LANA dots are prominent (green) within elongated
nuclei as expected based on previous reports. (B) Example of uninfected epidermal cells
from the same patient as top image of spindle cells. Weak background staining for LANA in
the ECM, no LANA foci in confirmation of the uninfected state of patient epidermis.
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Overview of PEL TMA

Examination of PEL patient material was carried using a tissue microarray (TMA)
generated by Mr Mohamed Elsheikh and Prof. Naresh Kikkeri (Hammersmith
hospital). This included selection of paraffin-embedded tumour material from 7
representative cases of PEL, generation of tissue cores, and re-sectioning. As
expected, the predominant cell type detected upon IHC/FISH staining of array slides
was plasmablast-like lymphocyte tumour cells with occasional uninfected bystander
cells (Figure 29). As reported in previous analyses of this disease, there was an
abundance of mitotic figures within cores from all patients*¢. LANA staining was
very prominent in tumour cells. Telomere length changes were again evaluated by
[HC/FISH in analogy to the approach described for KS. To this end, uninfected
bystander cells within each core were compared directly with the LANA positive

tumour cells.

Tumour cells have a heterogeneous number of LANA

foci

LANA foci were detected in both KS and PEL as a proxy for determination of
infected tumour cells for automated, comparative image analysis. During the course
of this, the number of LANA foci per cell was determined and plotted for each
patient. Overall, infected cells within each tumour varied considerably in the
number of LANA foci per cell (Figure 30). The majority of KS spindle cells showed
less than 10 individual LANA foci per nucleus and a maximum of 36 foci across all
patients. In contrast to this, PEL tumour cells showed a relative increase in the
number of LANA foci, and more than 10 foci were observed frequently in most
patients (with the exception of PEL3 and PEL7). This is in agreement with published
literature which strongly suggests increased KSHV copy number and LANA foci in
PEL relative to KS. In summary, there is considerable heterogeneity in regards to the
number of LANA foci in infected tumour cells both between patients and disease,

which may indicate differences in viral copy number.
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Figure 29: Example of PEL TMA section. Maximum intensity projection of confocal
micrograph from a representative patient (PEL5) is shown from the PEL TMA included in
this analysis. Plasmablast-like tumour cells with strong and numerous LANA foci (green)
are visible as well as mitotic figures (indicated with arrows).
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Figure 30: Quantification of LANA foci in tumour cells. Dot plot presenting the number
of LANA foci per nucleus detected by CellProfiler in each patient included in subsequent
analysis. All nuclei in every image obtained were considered in this analysis. Nuclear
localization of foci was determined by thresholding on DAPI counterstain for each cell and
relation to LANA signals.
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Relative telomere length is increased and more

heterogeneous in infected KS and PEL tumour cells

As described, spindle cell telomere length was determined by qFISH and compared
to uninfected epidermal bystander cells. Only cells with LANA foci and elongated
morphology were included in the analysis. The mean signal intensity was
significantly higher in all KS patients (8/8) examined by this method (Figure 31). In
addition to this, telomere length was found to be more heterogeneous in spindle
cells. In material from PEL tumours, the effect of KSHV infection was analysed by
comparison of LANA positive tumour cells with uninfected bystanders, regardless of
cell morphology. Again, mean signal intensity was increased significantly in 3/7
patients whereas heterogeneity was significantly different in 6/7 cases. The increase
in mean telomere signal intensity was consistently observed in infected cells
relative to uninfected bystanders in 6/7 PEL cases, although this failed to reach
significance in cases where the number of infected cells within the tumour was low
(PEL2,3,7). Overall, the trend of mean increase and increased signal heterogeneity
in telomere qFISH using biopsy material was highly consistent in KS patients (8/8)

whereas cases of PEL showed greater variability.

There are a number of crucial follow-up and control experiments, which are
necessary to consolidate these data. In the case of KS, biopsy across a tumour lesion
to include neighbouring healthy tissue should be performed to control for cell-type
specific variations in telomere length and application for ethical approval for such a
biopsy is underway In addition to this, examination of PML co-localisation with
telomeres as well as other markers of ALT activation will be carried out in analogy to

the analysis performed in Chapter 1.
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Figure 31: Relative telomere length is increased and heterogeneous in tumour cells.
Automated quantification of telomere FISH mean signal intensity. Maximum of 3,000
individual telomere FISH foci were quantified for each condition. Differences are tested for
significance with student’s t-test (*p>0.1; ****p<0.0001) and heterogeneity is inferred by F-
test of variance ("p>0.1; **p<0.0001).
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Summary

Preliminary study of primary KS and PEL tumour sections was carried out with the
aim of determining relative telomere length in KSHV infected cells within the
tumour. The present work indicates that there is an increase in mean telomere
length and heterogeneity in spindle cells within KS lesions and this is consistent in
all 8 patients examined to date. In the PEL cases analysed, 3/7 showed significantly
increased telomere length. Further analysis is necessary to consolidate these
difference in telomere length and to conclude the existence of telomere
maintenance via ALT in vivo. However, these data provide further incentive to
pursue such analysis and present a system by which co-localisation of ALT factors
with telomeric DNA as well as relative telomere length may be quantified by

automated image analysis IHC/qFISH.
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DISCUSSION

The present study uncovered broad modulation of the proteins bound to telomeric
DNA in latently KSHV infected cells. This includes proteins involved in all major
pathways that contribute to the repair of ds breaks and the relevance of these
findings will be discussed. Intriguingly, proteins involved in HR were selectively
enriched at telomeres, which led to the hypothesis that KSHV infection may trigger
telomere maintenance by ALT. In line with this notion, telomeres in infected cells
showed multiple features associated with ALT. Specifically, the data indicate that
KSHYV infection results in an increase in T-SCE, telomere fragility, telomere length
heterogeneity, overall telomere length, and a dependency on ALT factors in terms of
cellular proliferation. Further, ALT-associated DNA synthesis co-localized with
LANA, the molecular tether of KSHV to host chromatin, and preliminary data
suggests that maintenance of the latent episome may be dependent on ALT factors.
Finally, telomere length and heterogeneity is increased in virus-infected cells within
KS tumours, which indicates that the activation of ALT may also occur in the

context of KSHV-associated cancer.

ALT is induced in initially telomerase* cell lines upon

KSHYV infection

The data generated during the course of this project thus far indicate that telomere
maintenance via ALT may be triggered in at least two cell lines in a reproducible
fashion. These were initially solely reliant on telomerase for telomere elongation.
The induction of the ALT phenotype was persistent and hallmarks of ALT were still
detectable as long as 4 months after infection without any proliferative defect or
induction of apoptosis. On the contrary, I consistently detected an increase in the
rate of proliferation in infected cells relative to uninfected co-culture. This is in
stark contrast to the reported ALT induction upon Asfl knockdown where this was

accompanied by progressive cell death?® Interestingly, analysis of telomerase
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activity by TRAP and RT-qPCR revealed that KSHV-ALT cell lines still expressed
active telomerase. This is similar to what was observed upon ASF1 knockdown
where the activity of telomerase was reduced relatively but not ablated completely
upon ALT induction. The data generated so far are not sufficient to deduce the
mechanism of telomerase downregulation and exclusion of remaining active
telomerase from telomeres. Possible mechanisms which may underlie the observed
downregulation in telomerase activity include the induction of telomeric
transcription, TERRA as observed upon infection with HSV1%7. TERRA expression
has been reported to inhibit telomerase activity in multiple mouse and human cell
types by direct competition with TERC and inhibition of TERT?**®3, In addition to
this, ectopic expression of TERRA alone in telomerase® cell lines was shown to
inhibit telomerase activity and trigger progressive cellular senescence’*!. Another
potential explanation is that activity may be reduced due to decreased expression of
hTERT. During latency, KSHV LANA is a potent transcriptional regulator, which
represses many host genes, and hTERT expression may be decreased in an analogous
manner®’. The decrease in telomerase activity observed in the models examined in
this study may therefore be due to virus-induced transcription of telomeres
resulting in TERRA accumulation as observed upon HSV1 infection®’ which blocks
access of telomeres for the enzyme in combination with the subtle transcriptional

downregulation of hTERT as described.

Induction of ALT is thought to be a multistep process, which involves remodelling
of telomeric chromatin and DNA damage at telomeres. Multiple experiments
support the induction of telomeric DNA damage in response to infection including
PICh/mass spectrometry and IF-FISH experiments of various cell lines. Telomeric
chromatin may be enriched for HP1a and associated heterochromatin marks such as
H3K9me3 and K3K27me3. Perhaps somewhat counter intuitively, some studies have

shown that HP1a-associated heterochromatin promotes HR342, LANA has been reported
to interact directly with HP1a and other chromatin remodelling factors which promote

heterochromatin such as PRC1/2343, KAP1344, and SET12¢7. These interactions are likely
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not the only effect that LANA binding to chromatin has on host histone modification and
deposition. LANA binds tightly to host histone H2A/B as well H3 and H4 with lower
affinity via a conserved acidic patch on the overall nucleosome structure. This
interaction induces compaction of chromatin fibres, a process which aids
heterochromatin formation34>. The same acidic patch on nucleosomes is the docking
site for host chromatin remodelling enzymes including RCC3, Sir3, HMGN2 and LANA
has been proposed to compete with these based on their shared chromatin binding
site346, In addition to this, extensive heterochromatin formation and nucleosome
compaction is a source and consequence of DNA damage347:348, Given that LANA binds
host chromatin at telomeres in at least a subset of chromosomes in a metaphase of an
infected cell, the onset of heterochromatin and nucleosome condensation via LANA in
combination with DNA damage occurring in KSHV infected cells may induce ALT. On the
other hand, other latency-associated factors may be responsible for the induction of
ALT in the cell lines examined via different mechanisms. It is essential to evaluate these
possibilities by future experiments, which will include ablation of KSHV protein binding
to candidate host factors and a measure of subsequent ability of such virus to induce the
ALT phenotype. However, based on existing literature as described above, we
hypothesize that LANA, a potent chromatin remodeller which interacts and competes
with the host histone modification/deposition machinery, promotes an ALT-like
heterochromatin state at telomeres. Breakage of DNA to initiate ALT may be achieved
by chromatin deregulation or other means such as recruitment of viral replication
factors or replication-associated DNA damage in this setting. In summary, the
underlying mechanism behind induction of the ALT phenotype reported in this study is

unknown but may involve LANA-mediated modification of host chromatin.

ALT may be important for KSHV genome latency and

replication

Co-evolution of KSHV with the human host provides precedent for a role of
documented virus-host interactions in either viral propagation or host immune
response. In the case of this study, preliminary data suggests that factors, which

mediate ALT are important for the maintenance of KSHV episomes and survival of
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infected cells. Whether this impeded survival is linked to the addiction of infected
cells to viral factors encoded during latency remains to be determined. Nevertheless,
these data suggest that the induction of ALT creates a state, which promotes viral
latency and maintenance of latent episomes. In addition to this, the fact that ALT-
associated DNA synthesis co-localizes with LANA, eg. KSHV episomes, could
indicate that the site of active ALT telomere maintenance is in turn the site of

episome persistence and/or replication.

KSHYV latency establishment is crucially dependent on silencing of transcription on
large parts of the viral episome. Repressive marks such as H3K27me3 and
H2AK119ub are found on latent episomes and this is reported to occur in a PRC-
dependent manner**. Highlighting the essential role of chromatin silencing for
KSHV latency, inhibition of EZH2, the essential mediator of histone modification
within the PRC complex, induces lytic reactivation of the virus?®. Analogous
chromatin repression by PRC complex has been reported to occur at telomeres in
the setting of ALT™" and, likewise, are found on KSHV episomes. It is therefore
reasonable to propose that silencing of KSHV episomes in tandem with host
telomeres may be beneficial for the virus. In other words, infection may trigger ALT
to promote the activity of repressive chromatin remodelling enzymes such as PRC or
HPla at sites of viral episome tethering such as telomeres to facilitate the
establishment of latency. However, it is also possible that such repressive factors are
recruited to the viral episome in a manner independent of ALT induction and that
the induction of ALT is an indirect consequence of occasional proximity of this
repressive environment to host telomeres. Although we are not able to categorically
rule out the latter possibility, the preliminary finding that knockdown of ALT factors
leads to episome loss implicates that the ALT phenotype overall is essential for the
persistence of viral genomes. Further experimentation is needed to clarify this such
as the confirmation of HP1a and associated repressive marks on viral episomes or
mutagenesis of the HP1a or PRC interaction site on KSHV LANA coupled to episome

gPCR. In conclusion, the present data are in support of a model by which KSHV
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infection induces ALT to create a cellular environment in which episomes are

silenced effectively for the establishment of viral latency.

As described in the introduction to this thesis, existing literature suggests that
KSHV episomes replicate in an atypical manner, which may be uncoupled from bulk
S-phase DNA synthesis. The present study now indicates for the first time that this
may occur through a BIR-like mechanism. Specifically, this hypothesis is supported
by the incidence of ALT BIR foci at the site of LANA (and likely KSHV episomes) as
well as by the aforementioned loss of viral episomes upon knockdown of key factors
involved in ALT BIR. There are some interesting consequences of replication by BIR.
It is inherently recombinogenic and produces mutations at a higher frequency than
conventional DNA synthesis®¥*. If the hypothesis that KSHV episomes may replicate
via BIR proves to be correct, this provides a novel explanation for the observed
recombinogenic nature of the KSHV genome. Further confirmation of KSHV
episome replication by BIR is necessary and such experiments may be undertaken by
extension of the methods performed during the course of this study. Taken
together, the current work has provided first evidence for replication of KSHV
episomes by a BIR-like mechanism during latency, which provides an intriguing

explanation for the observed induction of ALT in infected cells.

However, a number of open questions remain conceptually in regards to the
putative mechanism by which episome replication via BIR may proceed in infected
cells. Firstly, the present data does by no means resolve the question as to how the
initial break, which is necessary to generate a DNA end capable of BIR is generated
on episomes. A number of scenarios are plausible in this respect. Firstly, the KSHV
episome is highly GC-rich overall?!! and is known to form difficult to replicate DNA
secondary structures such as G4 quadruplexes which limit replication during
latency®!. Thus, it is possible that even if normal S-phase replication is initiated on
the episome, this process is prone to fork stalling due to the GC-rich nature of the

KSHV genome overall and specifically at terminal repeats which are 85% GC3%.
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Subsequent replication fork collapse and breakage may be sufficient to initiate BIR,
especially considering the clustered nature of KSHV genomes which has been shown
to be essential for replication during latency?’**, Another putative mode of break
generation is the recruitment of endonucleases to the viral episome such as MUS81,
ERCC4, or FEN1, which are capable of generating the substrate necessary for
initiation of BIR. In summary, BIR at KSHV episome clusters within latently infected
cells may be initiated by breaks occurring due to replication fork stalling and

collapse or the recruitment of endonucleases.

Another unresolved aspect of this putative mechanism is revealed when considering
the fact that replication of KSHV episomes during latency proceeds in a manner
which does not result in a large-scale amplification of copy number. Therefore, the
question arises as to how a BIR-like replication mechanism may exist that only
results in a mean duplication of viral episomes during each cycle of cell division.
One possible explanation is that KSHV episomes are tightly bound by many copies
of LANA at the terminal repeats. In fact, each KSHV genome harbours 5-15 of such
repeats, and binding of LANA oligomer binding results in strong curvature and
compaction of this region on the episome*. In addition to this, replication is
preferentially initiated immediately upstream of the terminal repeat region3>. Thus,
a model in which BIR-like DNA replication is initiated by invasion into a region
adjacent to the terminal repeat region and proceed for one round prior to
encountering the LANA oligomer may be suggested based on these reports. The
action of factors which resolve and terminate BIR in the context of ALT are an
additional factors which may be important for such termination. Both SLX4-
mediated nuclease cleavage or BLM-mediated d-loop resolution are in theory
sufficient to end DNA synthesis by BIR. Therefore, multiple rounds of BIR in the
context of KSHV episome replication may be restricted by tethering of LANA to the

terminal repeats and/or the activity of BLM and SLX4.
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KSHYV is capable of ALT induction and this may be used for efficient establishment
of latency or viral episome replication by BIR. Additional open questions remain
concerning the initiation and termination of such a reaction at KSHV episomes. In
summary, the induction of ALT by latent KSHV infection may have evolved as a
mechanism by which a chromatin niche within the host genome is created which

facilitates the establishment of latency or to enable episome replication by BIR.

KSHYV infection may induce ALT in vivo

The activation of ALT by latent KSHV infection, which has been documented in this
study, may not be limited to cell culture and this is supported by preliminary
analysis of KSHV-associated tumours. Thus far, an increase in telomere length and
heterogeneity has been detected in KSHV infected cells relative to uninfected
bystander cells within the same tissue. Further work is needed to ratify the presence
of ALT telomere maintenance in patients. This includes thorough analysis of the
existing collection of KS tumour sections (43 patient total) and PEL tissue
microarray (7 patients) for the presence of DDR and ALT markers at telomeres. In
addition to this, access to fresh tissue from KS biopsy has been obtained and
analysis of these by TRAP and C-circle assay will provide a means to evaluate the
activation of ALT in the context of KSHV-associated cancer. Given the presence of
lytic reactivation within KSHV-associated cancer?*2¢12%  additional factors which
have not been considered in terms of induction of ALT in our strictly latent in vitro
systems may be important in this context. Taken together, the current work has
uncovered the induction of telomere maintenance in strictly latent cell line models
and this may be taken as a starting point for confirmation in patients based on

preliminary data.
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Clinical relevance

As discussed, there is an outstanding clinical need for new, targeted therapy in the
context of KSHV-associated blood cancers. Compounds that target ALT specifically
are under development by several parties. Further validation of the activity of this
pathway in KSHV-associated PEL and MCD primary tumour samples may provide

the basis for trial of such drugs in the context of these diseases.

Another interesting application of these findings results from the dependency of
KSHV episome replication on factors involve in ALT as indicate by preliminary data
generated during the course of this work (Figure 21). This implicates that induction
of ALT may be necessary for episome persistence and establishment of latency. As
discussed, evaluation of the viral factor which is underlying the activation of ALT
telomere maintenance is underway. If the precise virus-host interaction can be
determined and mutated in the viral genome, this may provide a mutant strain
which is only able to infect cells which already have active ALT telomere
maintenance. The implications of the generation of such a strain are significant
since to date, no tool exists to label and determine the identity of cells which are
ALT" in a mixed population. This may be achieved by generation of such a strain
which carries a selectable marker. Theoretically, the establishment of such a system
may also serve as a means to deliver a gene product to ALT cells specifically which
would provide the basis for mutant KSHV-based gene therapy. Such a tool would be
then applicable to identify ALT cells and potentially deliver a death signal of

therapeutic modality to such cells specifically.

Another important consideration is the transfer of such findings into other related
infections with oncogenic EBV. There are many significant similarities between
KSHV and EBV including its persistence as an episome during viral latency. Again,
the precise mechanism of viral genome replication during latency is not established

for this virus either. Intriguingly, there are some reports of aspects of an ALT-like
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phenotype in LCLs generated by transformation of primary B-cells with EBV
including the presence of YH2AX, 53bpl, and PML at telomeres®®. In a follow-up
report by the same group, comparison with mitogen-transformed LCLs indicated
relative telomere length heterogeneity and a transient increase in T-SCEs®*’. Further
work in vitro is needed to clearly indicate the induction of ALT in analogy to the
work carried out in this study on KSHV. In addition to this, an evaluation of the
status of ALT in EBV-associated cancers should be carried out including
nasopharyngeal carcinomas, gastric cancers, and Burkitt’s lymphoma. Overall, the
present study together with the previous reports in the literature described above
provide merit for an investigation into the induction of ALT in the context of EBV-

associated cancers.

Future work

The first aim of the future work carried out on this project is the extension of my
evidence on ALT induction upon infection with KSHV. Current work in vitro will be
complemented by C-circle analysis in biological triplicate in EA.hy926 and SLK cells.
In addition to this, existing data indicating enrichment of key ALT factors at
telomeres will be extended by IF-FISH. Concerning the confirmation of the
phenotype in vivo, two principle approaches will be taken. Firstly, existing analysis
by IHC/FISH will be extended on the existing collection of paraffin-embedded
KS/PEL tumour sections compiled for this project. Second, fresh tumour tissue from
biopsy of KS will be subjected to analysis by TRAP and C-circle assay. Together,
these experiments will unequivocally confirm the induction of ALT in vitro and

indicate whether this is also the case in patient tumours, namely KS and PEL.

The next aim of the work going forward on this project is the confirmation of the
role of ALT factors in the maintenance of latent KSHV episomes as indicated by
pilot experiments. Specifically, direct evidence for this model could be generated by

EdU pulse-labelling during G2/M in analogy to the visualization of active BIR by
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click-iT chemistry and microscopy. If the episome is replicated via a BIR-like
mechanism, biotinylation by Click-iT chemistry coupled to Streptavidin pulldown
and gqPCR against episome sequences will result in a specific amplicon and provide
direct evidence for the model proposed. In addition to this, the dependency of
episome replication on the expression of ALT factors as indicated by preliminary
data will be confirmed by further experimentation. To this end, constitutive RNAi or
CRISPRi cell lines +/- rKSHV may be established to improve the existing
experimental setup. Concerning the hypothesis that episome latency utilises
chromatin modifications which are synthesised in tandem with ALT telomere
chromatin modification, confirmation of such modifications on the viral episome
will be carried out by ChIP/qPCR. This assay should also be carried out in systems
where interaction with chromatin remodelling enzymes such as HP1a is mutated, as

described for the final aim.

This encompasses the examination of the mechanism which underlies the induction
of ALT. As discussed, LANA is considered a likely candidate based on careful
examination of the literature as well as preliminary data generated during the
course of the project. There are a number of candidate interactions which may be
examined with the aim of delineating the underlying molecular mechanism of ALT
induction. This includes interaction with TRF1 and RPA heterotrimer as indicated
by proteomic screens®***** as well as histone remodelling factor HP1a. This will be
carried out by endogenous IP/Western blot as well as the expression of recombinant
protein in insect cells for biochemical interaction studies. Peptide arrays
corresponding to the full length of LANA have been synthesised and will be probed
with recombinant protein with the aim of determining the precise interaction site
on LANA. These experiments will be taken as a basis for mutagenesis of LANA at the
site of interaction with potential factors underlying the induction of ALT. There are
significant challenges in terms of editing the KSHV episome and therefore an
approach using the KSHV TR mini-plasmid and ectopic expression of LANA will be

used for this aim. Such cell lines have been generated and will be tested for their
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ALT status prior to LANA mutagenesis experiments. Overall, the future work on
delineating the precise mechanism by which KSHV induces ALT will focus on LANA
based on the data generated thus far with the focus of generating a mutation in
LANA which will render KSHV incapable of ALT induction and therefore prove a

direct causal relationship.

Conclusion

Analysis of the telomere-associated proteome in response to KSHV infection
indicates broad modulation of all major DDR pathways at telomeres including
cNHE], MME], and HR. Of these candidate differences in protein enrichment, the
modulation of HR at telomeres in response to infection was examined in greater
detail. This study provides evidence that KSHV is capable of inducing ALT in several
cell lines, which initially used telomerase to maintain their telomeres. This is only
the second time that such a phenomenon has been recorded to date. Further
investigation suggests a model in which the virus induces this phenotype for the
maintenance of its episome genome. Specifically, the present data suggest that an
ALT BIR-like mechanism contributes to the replication of KSHV episomes. KSHV
induced ALT activation may not be limited to cell lines as the present study shows
some indication of ALT in sections of primary KS and PEL tumours. Further
investigation to validate these findings is underway with the aim of establishing
ALT as a potential future therapeutic target for KSHV-associated cancers. These
findings give an unprecedented indication that KSHV has evolved a mechanism by
which it is capable of modulating the DDR at telomeres to its advantage, perhaps as

a means of replicating its episomes during latency.
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