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Abstract

The modernjday Ashkenazi and Sephardic Jewish populations were formed
during the Diaspora of the Jewish people away from the Near East. Classic
Kaposi's sarcoma (KS) has a relatively high incidence in both populations.
Kaposi's sarcoma-associated herpesvirus (KSHV) is the cause of KS; variability
in the first open reading frame (ORF) K1 has been used to define major
subtypes of KSHV with geographic associations. There are two divergent
alleles of the gene ORF-K15, predominant (P) and minor (M), which are not
associated with ORF-K1 diversity. Total DNA was extracted from archival
paraffin-embedded KS biopsy samples from a total of 85 Ashkenazi and 46
Sephardic Jewish KS patients. Using nested PCR and direct DNA sequencing, |
have characterised the variability of ORFs K1 and K15 from these Jewish
patients and compared it with non-Jewish controls. In the same samples, | have
analysed the variability of the coding and control regions of mitochondrial DNA
(mtDNA), and of 17 polymorphic markers on the Y chromosome. In this thesis, |
describe established and novel KSHV subtypes, and mtDNA and Y
chromosome diversity, within the Jewish population. | show that there are
significant associations between subtypes A and C of KSHV and the Ashkenazi
and Sephardic Jewish populations respectively, and that recent founder effects
have caused the evolution of population-specific clades. | also provide evidence
of an association between KSHV subtype and mtDNA haplogroup, but a lack of
association of KSHV subtype with Y chromosome haplogroup, within both the
Ashkenazi and Sephardic Jewish populations, demonstrating the maternal
transmission of KSHV in these two communities. This is the largest study of
KSHV subtypes to date and the first to combine the study of KSHV diversity

with host genetic diversity.



List of abbreviations used in this thesis

| Abbreviation Definition
aa Amino acid
AIDS Acquired immunodeficiency syndrome
BCBL Body cavity-based lymphoma
BCE Before Christian era
BSA Bovine serum albumin
CE Christian era
CMH Cohen modal haplotype
CRS Cambridge reference sequence
CTL Cytotoxic T-lymphocyte
ddNTP 2',3'-dideoxyribonucleoside triphosphate
DNA Deoxyribonucleic acid
dNTP. Deoxynucleoside triphosphate
| dsDNA Double-stranded DNA
| EBV Epstein-Barr virus
EDTA Ethylenediamine tetra-acetic acid
FADD Fas-associated death domain
.fas FASTA format
FLICE FADD interleukin-1B-converting enzyme
FLIP FLICE-inhibitory protein
FMF Familial Mediterranean fever
GPCR G-protein coupled receptor
HAART Highly active anti-retroviral therapy
HBV Hepatitis B virus
hCMV Human cytomegalovirus
HCV Hepatitis C virus
| Hg Haplogroup
HHV Human herpesvirus
HIV Human immunodeficiency virus
HKY85 Hasegawa-Kishino-Yano (1985) evolutionary model
HLA Human leukocyte antigen
HPLC High performance liquid chromatography
HPV Human papillomavirus
HTLV Human T-cell leukaemia virus
HVR Hypervariable region
HVS Herpesvirus saimiri
IFA Immunofluorescent assay
IRF interferon requlatory factor
ITAM immunoreceptor tyrosine-based activation motif
JC69 Jukes-Cantor (1969) evolutionary model
KS Kaposi's sarcoma




Abbreviation Definition
KSHV Kaposi's sarcoma-associated herpesvirus
LHON Leber’s hereditary optic neuropathy
LHS Left-hand side

| LMP. Latent membrane protein
LNA (or LANA) Latent (or latency-associated) nuclear antigen
MCD Multicentric Castleman’s disease
MIP Macrophage inflammatory protein
MRCA Most recent common ancestor
mtDNA Mitochondrial DNA
.nex NEXUS format
NJ Neighbour-joining
ORF Open reading frame
PAR Pseudoautosomal region
PAUP* Phylogenetic analysis using parsimony (*and other methods)
PCR Polymerase chain reaction
PEL Primary effusion lymphoma
PFGE Pulsed-field gel electrophoresis
RDA Representational difference analysis
RFLP Restriction fragment length polymorphism
RHS Right-hand side
RNA Ribonucleic acid

m revolutions per minute

RRV Rhesus rhadinovirus
.scf Standard chromatogram format
SE Standard error
SH2/SH3 Src homology 2/3
SNP. Single nucleotide polymorphism

| ssDNA Single-stranded DNA _
STP Saimiri transforming protein
TAE Tris-acetate-EDTA buffer
TCGA The Centre for Genetic Anthropology
TNF Tumour necrosis factor
TR Terminal repeat
TRAF TNF receptor-associated factor
UEP Unique event polymorphism
UPGMA Unweighted pair group method with arithmetic means
uv Ultraviolet
VR Variable region
YAP Y-chromosome Alu polymorphism
YBP Years before present
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1 Introduction

1.1 Kaposi’s sarcoma

In 1872, the Hungarian dermatologist Moriz Kaposi reported aggressive
“idiopathic multiple pigmented sarcomas of the skin” (see Figure 1-a) in elderly
male patients (Kaposi, 1872). Another dermatologist of the time, Kd&bner,
named this neoplastic disease Kaposi's sarcoma (KS) in 1891. Since then,
investigators have described four distinct clinical variants of KS: classic,

endemic, iatrogenic and AIDS-associated.

1.1.1 Classic Kaposi’'s sarcoma

This is the form of the disease originally described by Kaposi. Classic KS
occurs predominantly in elderly HIV-seronegative male patients of Jewish,
Mediterranean or Eastern European origin (Franceschi & Geddes, 1995). The
classic form of the disease has a higher prevalence in men than in women
(Iscovich et al., 2000a; Wahman et al., 1991). Patients usually present with firm
pigmented painless plaques or lesions on the skin of their extremities. The
lesions become nodular and progress up the arms and legs over several years,
usually in a benign fashion, but may eventually involve the viscera and/or
mucosa in approximately 10% of patients (Iscovich et al, 2000a). Median age
at diagnosis of classic KS has been shown to be 64-67 years (Di Giovanna &

Safai, 1981; Iscovich et al., 1998).

1.1.2 Endemic Kaposi’s sarcoma

Endemic KS was first reported in the early 1950s in sub-Saharan African
countries (Davies et al., 1964). This form of the disease can occur in adults or
children and is typified by the presence of lymphadenopathy, which often kills
the host (Bayley, 1984).
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1.1.3 latrogenic Kaposi’s sarcoma

Since the 1960s, cases of KS have been observed among immunosuppressed
organ transplant recipients (Harwood et al., 1979; Penn, 1983; Siegel et al.,
1969). This is known as iatrogenic or transplant-associated KS. Members of
the ethnic groups that are at an Aincrelased risk of developing classic KS also
develop iatrogenic KS more frequently than the general population (Franceschi
& Geddes, 1995); this risk is maintained even for individuals who migrate to
lower-risk areas. This suggests that there may be a genetic predisposition or
intrafamilially transmitted infectious agent affecting the development of KS in

these patients.

1.1.4 AIDS-associated Kaposi's sarcoma

In 1981, Friedman-Kien et al. observed that homosexual men in New York were
suffering an increased incidence of KS involving skin, lymph nodes and mucosa
(Friedman-Kien et al., 1981). These men were unusually young to qualify for the
clinical definition of classic KS, and indeed, this observation heralded the AIDS
epidemic. This AlDS-associated form of KS (also known as epidemic KS) is
more aggressive than the other forms, and is often fatal (Bayley et al., 1985).
AlDS-associated KS affects HIV-infected male homosexual patients 20 times
more than male patients with HIV and haemop'hilia, or HIV-infected intravenous
drug users (Beral et al, 1990). This observation led Beral and Jaffe to
hypothesise that an infectious cofactor for KS exists, and may be sexually

transmitted (Beral et al., 1990).
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1.2 The infectious agent of KS

1.2.1 Epidemiological evidence for an infectious agent

Several compelling pieces of epidemiological evidence support the hypothesis

that an infectious agent other than HIV is partially or fully responsible for the

development of KS lesions. These include the peculiar geographic distribution

of the tumour (high in sub-Saharan Africa and intermediate around the

Mediterranean, but low elsewhere), the apparent intrafamilial transmission of

the disease in classic and endemic forms, and the correlation of AIDS-

associated KS specifically with homosexuality in the USA.

1.2.2 Previous theories

Electron microscopy revealed the presence of herpesvirus-like particles in
cells from KS lesions (Giraldo et al., 1972).

Viral agents previously suspected to be associated with KS include hepatitis
B virus (HBV) (Siddiqui, 1983), human cytomegalovirus (hCMV) (Giraldo et
al.,, 1984), human papillomavirus (HPV) (Huang et al, 1992) and human
herpesvirus 6 (HHV-6) (Bovenzi et al, 1993). No association has been
shown, however, between any of these viruses and AlIDS-associated KS.
Nitrite inhalants (amyl and butyl nitrite capsules or “poppers”) have also
been suggested to play a role in KS pathogenesis (Morabia, 1995).

It was previously thought that HIV-1 itself may play a role in the
pathogenesis of AIDS-associated KS, particularly the tat gene product
(Ensoli et al.,, 1990, 1991). It is now known that HIV-1 Tat does in fact
reactivate latent KSHV genomes, as shown by the induction of lytic KSHV
mRNAs (Merat et al., 2002). This suggests a direct role of HIV-1 in the onset

of AlDS-associated KS.
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1.2.3 The discovery of KSHV

In 1994, Chang et al. used representational difference analysis (RDA) to search
for foreign DNA sequences in KS tissue, which were absent in healthy tissue
from the same patient (Chang et al., 1994). The unique DNA sequences in the
KS tissue were found to have sequence similarity to a gene for a structural
protein encoded in the genomes of the Gammaherpesvirinae, members of
which include Epstein-Barr virus (EBV) and herpesvirus saimiri (HVS). The
authors concluded that these sequences defined a previously unidentified
human herpesvirus, which they named Kaposi’'s sarcoma-associated
herpesvirus or KSHV. The virus is also known as human herpesvirus 8 (HHV-

8), but will be referred to hereafter as KSHV.

1.2.4 Evidence for KSHV as the causative agent of KS

Evidence implicating KSHV in the pathogenesis of KS is plentiful and

convincing.

e KSHV DNA can be amplified by the polymerase chain reaction (PCR) from
fresh KS biopsies of all four clinical disease variants, and from the majority
of archival paraffin-embedded material, but rarely from other tumours (IARC,
1997).

e The detection of KSHV DNA by PCR in the peripheral blood of HIV-
seropositive patients is predictive of those who will develop KS, i.e. these
patients have a higher KSHV viral load (Whitby et al., 1995).

e Populations at higher risk of developing KS have a higher prevalence of
antibodies against KSHV, as demonstrated by seroepidemiological studies
(Chatlynne et al., 1998).

e In advanced KS lesions, KSHV is latently expressed in all the tumour

(spindle) cells (Dupin et al., 1999; Sturzl et al.,, 1999). This is reminiscent of
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other oncogenic virus‘e’s such as EBV in post-transplant lymphoproliferative
disorder (Delecluse et al, 1995; Tanner & Alfieri, 2001) and in naso-
pharyngeal carcinomé (Pathmanathan et al., 1995), and HPV in cervical
cancer (Schneider et al., 1991; Schneider, 1993).

It has been shown, by analysis of the size of the terminal repeats using
pulsed-field gel electrophoresis (PFGE), that KSHV is monoclonal within
nodular (i.e. late-stage) KS lesions, indicating that the virus is present prior
to the clonal expansion of KS tumour cells (Judde et al., 2000). This has
also been shown for other human oncogenic viruses, e.g. HTLV-1 in adult T-
cell Ieukaemia/lymphoma (Mortreux et al., 2001).

Perhaps most crucially, KSHV has fulfilled several of Bradford-Hill's criteria
for causation (Bradford-Hill, 1965). These include consistency of findings by
different investigators, strength of association (effectively 100% for KSHV),
biological plausibility, temporality (i.e. exposure to KSHV occurs before the

development of KS) and coherence of evidence.

1.2.5 Other neoplasms associated with KSHV

1.2.5.1 Multicentric Castleman’s disease

Castleman’s disease (Castleman et al., 1956) is a rare lymphoproliferative

disorder that is more frequently diagnosed in HIV-positive individuals (Codish et

al., 2000). It has a systemic variant called multicentric Castleman’s disease

(MCD), which is associated with multiple organ involvement, weight loss and

fever. KSHV DNA is present in plasmablasts from the B-cell lineage in some

cases of MCD (Parravicini et al, 2000; Soulier et al, 1995) but these

plasmablasts are not present in KSHV-negative MCD (Dupin et al., 1999). It

appears that KSHV-positive MCD has a poorer prognosis than the KSHV-
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negative form, possibly due to an aggressive form of plasmablastic lymphoma

(Chadburn et al., 1997; Oksenhendler et al., 2002).

1.2.5.2 Priméry effusion lymphoma

In 1995, Cesarman et al. noted that KSHV was also specifically associated with
a rare form of lymphoma called body cavity-based lymphoma (now known as
primary effusion lymphoma or PEL), but not with other AIDS-related
lymphoproliferations (Cesarman et al., 1995). This lymphoma usually presents
as malignan{ effusions in the pleural, pericardial or peritoneal cavities, often
without any tumour mass (Cesarman & Knowles, 1999). PEL usually occurs in
AIDS patients with advanced immunosuppression (Karcher et al., 1992), and is
also occasionally seen in HIV-negative individuals at risk of developing classic
KS (Codish et al.,, 2000). An unusual, elderly, female, HIV-negative patient was
diagnosed with all three KSHV-related diseases (KS, MCD and PEL) (Codish et
al., 2000); furthermore, molecular characterisation (see section 1.7.1.3)
indicated that all of these neoplasms were caused by the same strain of KSHV

in this patient (Stebbing et al., 2001).

1.3 The pathology of KS lesions

1.3.1 Progression of disease

Early KS lesions are composed of irregular, endothelial-lined spaces infiltrated
by inflammatory cells, which surround normal blood vessels (patch stage). As
the lesion progresses, spindle cells form irregular, slit-like vascular networks
that contain erythrocytes and expand through the skin (plaque stage). Nodular
lesions (the late-stage of the disease) are solid tumours that consist of sheets of

spindle cells and vascular channels (reviewed in Jenner & Boshoff, 2002).
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1.8.2 The spindle cell

Spindle cells (see Figure 1-b) are believed to be the tumour cells of Kaposi's
sarcoma, but their cellular origin is undetermined. The majority of spindle cells
express markers of lymphatic endothelial cells (Dupin et al., 1999; Weninger et
al., 1999); others express proteins characteristic of smooth muscle,
macrophages, dendritic cells or several different cell types at once. This
suggests that the spindle cells are derived from a pluripotent precursor of

haematopoietic and endothelial cells (Boshoff & Weiss, 2002).

1.3.3 Latent or lytic infection?

KSHV is latent in the majority of cells it infects; this is characteristic of
herpesvirus infection. Localisation studies, using techniques such as
immunofluorescent assay (IFA) and in situ hybridisation (Boshoff et al., 1995),
have shown that essentially all spindle cells in a nodular KS lesion are infected
by KSHV (Dupin et al., 1999). These cells have been shown to develop from
polyclonal hyperplasia in early lesions to a fully monoclonal nodular tumour in
which the cells have a growth advantage (Judde et al., 2000). However, only a
minority of cells (<1-5%) in KS and PEL are infected with Iytic, actively
replicating KSHV at one timepoint (Zhong et al., 1996). In contrast, a higher
proportion of infected cells in MCD express markers of lytic replication (Du et
al., 2001), suggesting that plasmablasts in lymph nodes (i.e. the tissues
affected in MCD) may be a site of KSHV replication within the infected host
(Jenner & Boshoff, 2002).
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1.4 The KSHV genome

1.4.1 Sequencing of the KSHV genome

Since the discovery of KSHV in 1994 (Chang et al., 1994), research has
progressed rapidly. The first almost-complete genome sequence of KSHV (from
the BC-1 cell line, established from a body cavity-based lymphoma: an example
of a PEL cell line) was published in 1996 (Russo et al., 1996), although this
sequence actually contains a duplicated fragment. Many more strains of KSHV
have since been sequenced and published, although only one more almost-
complete KSHV sequence has been published, which was obtained from a KS
lesion (Neipel et al., 1997). The KSHV genome (see Figure 1-c) consists of a
long unique region (approximately 140kb in length) flanked by terminal repeats,
each of approximately 800bp. The total size of the genome is dependent on the

number of terminal repeats and can be determined by PFGE.

1.4.2 Open reading frames

More than 90 KSHV open reading frames (ORFs) have been identified so far, of
which nearly 70 have some sequence similarity to related herpesviruses. Novel
ORFs, which had no homologues in other herpesviruses at the time, were
designated ORFs-K1 to K15, although it is now known that some of these, e.g.
K8 (a transactivator, which causes G1 cell cycle arrest) and K13 (the viral
FLIP), do have homologues in related viruses. ORF-K7, which was thought to
encode a unique product, has since been found to have sequence and
functional similarity to the human survivin gene (Wang et al., 2002). In addition,
other ORFs unique to KSHV have been found since the original nomenclature
was devised; these have been named ORFs-K4.1, K4.2, K8.1, K10.1, K10.5,

K10.7, K11.1 and K14.1. Function has been assigned to many KSHV genes
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based on the function of their homologues in other herpesviruses, but the

functions of many of the ORFs encoded by KSHYV are still unknown.

1.4.3 Host arigin of KSHV genes

Approximately 10% of the genes encoded on the KSHV genome appear to be
homologous to cellular genes; it is likely that these were “pirated” from the
cellular genome at some point during the evolution of KSHV within its hosts
(McGeoch & Davison, 1999). These viral cellular homologues include cyclin D,
bel-2, FLIP, survivin and interleukin-6; these are all genes which, in the host
cell, are involved in pathways regulating the cell cycle or apoptosis i.e. cellular
proliferation (Choi et al, 2001). It is feasible that KSHV utilises its cellular
homologues to block apoptosis in infected cells, and drive them through the cell
cycle so that clonal tumour expansion occurs. Other cellular homologues in the
KSHV genome, such as the macrophage inflammatory proteins (MIPs) I-lll and
interferon regulatory factors (IRFs) I-IV are probably involved in viral escape
from the host’s immune response. The viral G-protein coupled receptor (GPCR)
is thought to be involved in both cellular proliferation and immune response

(Schwarz & Murphy, 2001).

19



1.4.4 The KSHV episome

The KSHV genome persists as an episome (see Figure 1-¢) within the infected
cell; there is ho current evidence that it may integrate into the host genome. The
latent (or latency-associated) nuclear antigen (LNA- or LANA-1), encoded by
ORF-73 of KSHV, has been shown to tether the viral episome to the histones of
host chromosomes during mitosis, ensuring that KSHV DNA is delivered to all
the daughter cells (Cotter & Robertson, 1999). LNA-1 has also been shown to
bind p53 (Friborg Jr et al., 1999) and pRb (Radkov et al., 2000), and is likely to
regulate transcriptional control via the E2F-pRb pathway to induce cell
proliferation. Some of the potential oncogenes are only expressed under lytic
conditions, so their role in the pathogenesis of KS lesions (which are

predominantly latent) has yet to be determined.
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1.5 Relationship of KSHV to other herpesviruses

KSHYV is the eighth human herpesvirus to be identified, and belongs to the -
herpesvirus subfamily, of which EBV is also a member (see Figure 1-d). KSHV
is a rhadinovirus (or y2-herpesvirus), whereas EBV is a lymphocryptovirus (of
the y1-herpesvirus lineage). One of the closest relatives of KSHV is herpesvirus
saimiri (HVS), a virus which infects the New World squirrel monkey without
causing obvious disease (Albrecht et al., 1992). However, HVS infection of New
World primates other than its natural host causes a range of T-cell
lymphoproliferative disorders. y-Herpesviruses (such as EBV) are known to
cause tumours, especially lymphoproliferative disorders (including lymphomas)
in humans (Lombardi et al., 1987). Other KSHV-like herpesviruses have
recently been identified in chimpanzees, gorillas and other Old World primates
(Lacoste et al., 2000c, 2001; Schultz et al, 2000) which are more closely
related to KSHV than any other virus of this genus. KSHYV is estimated to have
diverged from the herpesvirus saimiri lineage in the same era that the Old and
New World monkeys separated from each other, approximately 35 million years

ago. Since then, the rhadinoviruses appear to have diverged with their hosts.
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Figure 1-d Phylogenetic relationships of gammaherpesviruses, based on a
151-aa fragment of DNA polymerase (adapted from Lacoste et al., 2001).

The tree was constructed by using the neighbour-joining algorithm

(NEIGHBOR) in PHYLIP.
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1.6 Transmission of KSHV

1.6.1 Horizontal transmission

In homosexual men at risk of contracting AlIDS-associated KS, the most
probable mode of transmission is via sexual contact (Blackbourn et al,, 1999;
Martin et al.,, 1998). KSHV DNA has been amplified from saliva (Koelle et al.,
1997; Pauk et al., 2000; Vieira et al, 1997), semen (Howard et al, 1997) and
prostatic fluid (Diamond et al, 1998). Sexual transmission of KSHV between
spouses has also been suggested by serological studies in Israel (Davidovici et
al., 2001) and Tanzania (Mbulaiteye et al., 2003). Orogenital transmission has
been suggested as a more speciﬁc means of sexual transmission of KSHV
(Dukers et al., 2000). Several serological surveys have shown evidence of non-
sexual horizontal transmission of KSHV, e.g. between siblings in French Guiana
(Plancoulaine et al., 2000), between ltalian children (Whitby et al., 2000), in
Malawian families (Cook et al., 2002), between children in eastern and Central
Africa (Serraino et al., 2002) and within families in Tanzania (Mbulaiteye et al.,
2003). KSHV seropositivity is found to increase with age in many populations
(Davidovici et al., 2001; Dukers et al, 2000; Mbulaiteye et al, 20083;
Plancoulaine et al., 2000; Serraino et al., 2002; Sitas et al., 1999) suggesting
that the processes by which KSHV infection is acquired continue throughout
life. Saliva is a probable means of horizontal sexual and non-sexual

transmission.

1.6.2 Vertical transmission

Seroepidemiological studies have shown that vertical transmission (i.e. parent
to child) of KSHV does occur in endemic populations, for example in South

African children (Bourboulia et al., 1998), in French Guiana (Plancoulaine et al.,
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