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Abstract
Kaposi's Sarcoma (KS) is the most common Acquired Immune Deficiency Syndrome (AIDS)related malignancy globally and is of particular significance in sub-Saharan Africa where,
due to the Human Immunodeficiency Virus (HIV) epidemic, KS is the cause of significant
morbidity and mortality. The oncogenic Kaposi's Sarcoma-associated herpes virus (KSHV) is
the etiological agent of KS. Although KSHV seroprevalence in sub-Saharan Africa is high, not
all AIDS patients develop KS, suggesting that host genetic factors contribute to
susceptibility. The infection mechanism of KSHV in endothelial cells has recently been
elucidated and highlights Eph Receptor A2 (EPHA2) as a specific host receptor for virus
entry. Furthermore, EPHA2 has been implicated in oncogenesis and is upregulated in a
number of cancers including KS. We therefore hypothesised that mutations in the KSHV
host receptor’s coding region could result in an altered EPHA2 that could affect
susceptibility to KSHV infection and/or KS development among HIV/AIDS patients. To test
our hypothesis, we studied three groups of HIV positive South African patients, namely
patients with KS and patients without KS who were KSHV positive or KSHV negative. KS
status was determined clinically and KSHV seroconversion was assessed using a
combination of ELISAs to KSHV lytic antigen K8.1 and latency-associated nuclear antigen in
patient plasma samples. All patients with KS were found to be KSHV seropositive as
expected, while 45.45% of HIV positive patients without KS were found to be KSHV
seropositive. From patient blood cells, we extracted genomic DNA and subsequently PCR
amplified and sequenced the coding region of EPHA2, before comparing these sequences
to the NCBI reference by multiple alignment. A number of variants were identified
throughout the EPHA2 coding region and assessed statistically for association with KSHV
susceptibility and/or KS prevalence. A novel heterozygous transition (c.2727C>T), which is
predicted to result in the substitution of Cysteine for Arginine at amino acid position 858 in
the functionally important tyrosine kinase domain, was identified as statistically associated
with KSHV susceptibility as well as KS prevalence. Three additional missense variants
(c.2254T>C, c.2257A>C and c.2688G>C) occurring in the tyrosine kinase domain and one
occurring in the sterile-α-motif (c.2990G>T), a putative protein interaction domain, were
found to be statistically associated with KS prevalence. This is the first study to investigate
polymorphism in EPHA2 in HIV/AIDS patients in relation to susceptibility to KSHV infection
and/or KS prevalence. The identification of variants in the KSHV entry receptor, EPHA2,
opens new doors for the development of biomarkers involved in prognosis and treatment
of KSHV-associated pathologies.
1

1. Introduction
Kaposi's Sarcoma (KS) is an Acquired Immunodeficiency Syndrome (AIDS)-defining disease,
the incidence of which has massively escalated since the advent of the Human
Immunodeficiency Virus (HIV) epidemic. Currently, KS is the most common AIDS-related
malignancy worldwide and of particular significance in sub-Saharan Africa where KS is one
of the most common human malignancies with an estimated 37200 cases currently [1–4].
The etiological agent of KS is the oncogenic Kaposi's Sarcoma associated virus (KSHV) (also
named human herpesvirus-8 (HHV-8), which is mainly transmitted in saliva [5]. KSHV
seroprevalence is particularly high in southern African countries [3,6,7]. Although KSHV is
necessary for KS development, it is not sufficient for oncogenesis. Precipitating factors such
as immunosuppression are required in conjunction with KSHV infection, for KS
development [8].
The EPHA2 tyrosine kinase receptor has been identified as the host receptor utilised by
KSHV to gain entry into endothelial cells [9]. Infection with KSHV is necessary for the
development of KS [10]. Although vital in the uptake mechanism, little is known about the
pathological consequences of sequence polymorphism in the EPHA2 gene on KSHV
infection or KS development and severity. Single nucleotide polymorphisms (SNPs) have
been identified in the EPHA2 gene and found to be associated with age-related cataracts
[11]. However, SNPs in EPHA2 have not been researched in relation to KSHV.
Previous research on polymorphisms in C-C chemokine receptor type 5 (CCR5), utilised by
HIV for entry into target cells, yielded insight into the pathology of HIV [12]. This added to
the understanding of the mechanisms of HIV infection, led to novel therapeutic strategies
and resulted in new experimental methods for the study of HIV [13]. The consequences of
EPHA2 polymorphisms, if associated with KSHV infectivity, may, similarly, lead to a wealth
of information regarding the virus.
This study aimed to investigate potential sequence polymorphisms in the protein coding
region of the EPHA2 gene in South African HIV/AIDS patients. We hypothesised that if such
variants exist and translate to amino acid (AA) changes, particularly in known functional
domains, they may be associated with susceptibility to KSHV infection or KS development.
Thereby, such polymorphisms may predispose affected individuals to KSHV infection
and/or KS oncogenesis.
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1.1 HIV-associated malignancies
The epidemic of HIV, the causative agent of AIDS, disproportionately burdens sub-Saharan
Africa with 70% of new infections in 2012 occurring there. Most recent global estimates
from the World Health Organisation (WHO) claim 35.4 million people are living with HIV, an
18% increase over the past decade from an estimated 30 million [14]. Although daunting,
these figures, in fact, represent the life-saving effects of anti-retroviral drugs (ARTs)
particularly following the introduction of the Highly Active Anti-retroviral therapy (HAART)
strategy [15]. This has substantially reduced the number of AIDS-related deaths and
improved the survival rate among the HIV positive population. However, this has led to an
increase in the prevalence of a range of HIV-associated malignancies, again particularly
burdening sub-Saharan Africa [16–18]. These cancers include all three AIDS-defining
cancers, namely KS caused by KSHV, non-Hodgkin lymphoma caused by Epstein-Barr Virus
(EBV) and cervical cancer caused by Human Papilloma Viruses (HPV). In addition, there has
been a rise in the prevalence of EBV-related Hodgkin’s lymphoma, other HPV-related
cancers such as anogenital, oral and oropharangeal cancers, liver cancer caused by
Hepatitis B Virus and Hepatitis C Virus and stomach cancer caused by infection with
Helicobacter pylori. Risk of these cancers is greatly increased with HIV co-infection, as a
weakened immune system is a promoting factor for carcinogenesis. Therefore, cancers
caused by infectious agents are predicted to become a burgeoning complication of longterm HIV infection [16,19,20].
Although the increased life-expectancy of HIV positive individuals due to HAART has raised
the importance of HIV-associated malignancies, HAART too has had a profound effect on
some, but not all, HIV-associated malignancies. KS incidence in Western countries was
reported to decrease by greater than 90% from 1994 to 2003, spanning the introduction of
HAART in 1996 [21]. Similarly, incidence of non-Hodgkin lymphoma decreased by greater
than 40% after the introduction of HAART in Western countries [22]. However, incidences
of cervical cancer and non-AIDS defining cancers have not yet been seen to be reduced
[22]. Although promising, the reductions of incidences of particularly KS and non-Hodgkin
lymphoma in Western countries, has not been mirrored in resource-limited, developing
countries. In fact, GLOBOCAN age standardised incidence rates reported in 2002 and 2012,
indicate an increase in incidence of non-Hodgkin lymphoma in males and females in
southern and northern Africa [23,24]. This is corroborated in a Ugandan study over the
period 1991-1995 to 2002-2006, which reports an annual increase in incidence of non3

Hodgkin lymphoma by 6.7% and 11.0% in men and women, respectively [25]. Similarly, KS
incidence in Ugandan women has increased (1.4% annually, 10% over the period) while in
men incidence has slightly decreased (2.8% annually, 30% over the period), this in contrast
to the large (>90%) reductions in incidence in Western countries over a similar period, and
concomitant with large scale roll-out of HAART [19,21,25].

1.2 Kaposi’s Sarcoma

1.2.1 Clinical presentation
KS is a highly vascularised endothelial tumour consisting of proliferating spindle cells and a
substantial inflammatory infiltrate of T cells, plasma cells and monocytes [8,26]. Clinically,
KS presents cutaneously as multifocal flat, red/purple patches and progresses to plaques
and eventually nodules [8]. Cutaneous lesions are variable in size and site but usually occur
on the lower extremities or the head and neck [27]. KS lesions may also present in the oral
mucosa, viscerally in the lungs and gastro-intestinal tract and as lymphadenopathy
accompanied with extensive lymphedema [27,28]. Characteristic KS lesion spindle cells
express markers of endothelial as well as lymphatic lineage, suggesting that they may
evolve from blood vasculature to lymphatic endothelium during the course of oncogenic
transformation with apparent loss of cell junctions and vascular features resulting in the
release of red blood cells into the stroma, accounting for the florid appearance of lesions.
[26].

1.2.2 Epidemiology
Of the AIDS-related malignancies, KS is the most common worldwide, with still increasing
incidence rates in sub-Saharan Africa [24]. Prior to the AIDS epidemic, KS was considered a
rare malignancy, with the exception of its occurrence in particular population groups,
namely elderly men of Eastern European or Mediterranean descent (Classic KS) and
younger individuals, mostly male, in Central Africa (Endemic KS) [29,30]. A third
epidemiological grouping (iatrogenic KS) is associated with immunosuppression following a
transplant and usually regresses with immune reconstitution [31,32]. AIDS-related, or
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Epidemic KS, is similarly associated with the suppression of the immune system but is
particularly related to HIV infection and is the most aggressive clinical variant [16].
The widespread use of ART and in particular, HAART, has been reported to have
substantially reduced the incidence of AIDS-related KS globally, although this is evident
exclusively in resource-rich regions (see 1.1) [19,22]. In contrast, sub-Saharan Africa is still
heavily burdened with KS, with the highest incidence rates globally [2,24]. Concomitant
with the HIV/AIDS epidemic (1983-2006) in South Africa, age standardised incidence rates
of KS increased 20-fold in men and 50-fold in women [4,33]. In Uganda and South Africa,
where access to HAART was particularly ramped up from 1998 to 2006, no substantial
changes in KS incidence were evident [19]. Most recent age standardised incidence rates
(schematically represented in Figure 1A) and mortality rates reported by GLOBOCAN 2012,
show that the majority of sub-Saharan African countries have KS incidence rates >1.1 per
100 000 persons per year and mortality rates >0.81 per 100 000 persons per year. In fact,
the sub-Saharan African age standardised incidence rate for KS is as high as 5.45 per
1000000 per year, with an estimated 37 200 cases in 2012 [2,24]. GLOBOCAN’s reported
high mortality rates in sub-Saharan Africa are supported by clinical reports that HIV-related
KS is more aggressive than Classic KS, with multifocal presentation and visceral involvement
complicating treatment and resulting in death from disease [34,35]. While KS mortality has
decreased in the post-HAART era, rates are still high in sub-Saharan Africa [36]. This is
possibly the result of limited ART coverage, delayed start of ART or non-responsive KS
[37,38].
Although differing in their incidence, geography and aggressiveness, all four
epidemiological groupings of KS are histologically indistinct and attributed to the same
causative agent: the oncogenic KSHV [7,26]. KSHV seroprevalence strongly correlates with
KS incidence, with highest seroprevalence rates predominating in sub-Saharan Africa
(Figure 1A and B) [3,39]. Geographical areas with a high KS risk, such as equatorial and
southern African countries, have the highest KSHV seroprevalence rates reported (>50%),
while KSHV seroprevalence in the Mediterranean region, at risk for Classic KS, is 10-30%
and in low-risk regions such as the United States, northern Europe and Asia, is reported to
be <10% [3]. As KS prevalence and KSHV incidence strongly overlap geographically, so too
does HIV incidence (Figure 1A and C). AIDS-related KS is associated with immune
suppression due to HIV, as supported by a wealth of evidence that has identified HIV as a
potent risk factor for KS development [40–42].

5

Figure 1: KS age standardised incidence rates, B) KSHV seroprevalence rates and C)
HIV prevalence rates for adults of both sexes globally. It is clear that KS incidence is
highest in sub-Saharan Africa. KS in this region represents a combination of Endemic
and AIDS-related KS. This is mirrored by KSHV seroprevalence rates which are
highest in sub-Saharan Africa. Similarly, highest HIV prevalence rates predominate in
sub-Saharan Africa. Incidence rates are per 100 000 persons per year, prevalence
rates are %. KS data (A) retrieved from GLOBOCAN and visualised with CANCER
TODAY [2,193], KSHV data (B) adapted from Mesri et al. (2010) [3], HIV data (C)
retrieved and visualised from UNAIDS AIDSinfo [194]
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In South Africa, epidemiological studies on KSHV have been limited. A study conducted in
Soweto and Johannesburg reported KSHV seroprevalence among black in-patients with
unrelated cancer to be 32%. Healthy black blood donors were found to have similar KSHV
seroprevalence whereas white blood donors had a much lower seroprevalence (5%). The
same study found that KSHV seroprevalence did not vary by sex but did increase with age,
reporting a two fold increase in seroprevalence from the 15-24 age group to the >65 age
group [43]. Another study in Kwa-Zulu Natal investigated KSHV seroprevalence among a
rural South African black population and reported a 34.6% seroprevalence. Again,
seroprevalence was found to be similar between males and females and was found to
increase with age from 15 - >65. Extremely high seroprevalence (58.1%) was found among
adult medical ward patients [44]. These studies used suboptimal detection methods based
on immunofluorescence, which lack sensitivity, and may therefore underestimate KSHV
seroprevalence [45].

1.2.3 Kaposi’s Sarcoma-associated Herpes Virus

1.2.3.1 Evidence for KSHV as the etiological agent of KS
The peculiar epidemiology of KS prompted researchers to look for an infectious etiological
agent. In 1994, KSHV was first discovered in an AIDS-related KS tumour, by representational
difference analysis, compared to normal tissue [7]. Subsequently, KSHV deoxyribonucleic
acid (DNA) sequences were detected by polymerase chain reaction (PCR) in blood and
tissue of patients with all types of KS [46–52]. KSHV has been shown to have oncogenic
properties in vitro. Infection of primary human endothelial cells induced alteration of cell
morphology toward the characteristic KS spindle phenotype and immortalization, with
decreased dependence on growth factors as well as loss of contact inhibition, indicative of
transformation [53,54]. Similarly, infection of immortalised dermal microvascular
endothelial cells (DMVEC) with KSHV induced spindle cell morphology and anchorage
independent growth [55]. In human umbilical vein endothelial cells (HUVEC), KSHV
infection likewise activated the phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target
of rapamycin (mTOR) pathway to infer a survival advantage under apoptotic and serumstarvation stress [56]. Long-term KSHV infected immortalized endothelial cells also formed
tumours when injected into nude mice [57]. Taken together, this data advised the
International Agency for Research on Cancer (IARC) classification of KSHV as a class I
7

carcinogen in humans [58]. Infection with KSHV is necessary, but not sufficient, for KS
development. Transformation of spindle cells is driven by the expression of a number of
viral proteins encoded by KSHV following infection of endothelial cells in conjunction with
precipitating factors, such as HIV-related immune suppression [8].

1.2.3.2 Virus structure
KSHV is an large, enveloped double stranded DNA virus belonging to the γ2 herpesvirus
family of the genus Rhadinovirus [59]. KSHV structure resembles that of other
herpesviruses, such as EBV, with the genetic material encased in a capsid surrounded by a
tegument and a lipid envelope [60,61]. The envelope contains the glycoproteins gB, gH, gL,
gM and gN, which are conserved amongst herpesviruses, as well as ORF4 and K8.1, which
are unique to KSHV. Envelope glycoproteins: gB, a complex formed from gH and gL (gH-gL)
and K8.1 are essential to viral entry (Figure 2) [62–65]. KSHV virions measure on average
110 nanometres (nm) in diameter, comparable to other herpesviruses [66,67].
The double stranded DNA genome, of approximately 140 kb, encodes 87 open reading
frames (ORF) and 17 viral microRNAs (miRNA). The majority of KSHV genes are common to
herpesviruses while twenty, termed K genes, are unique to KSHV, and at least fourteen
encode cellular orthologues [3,63]. Typical of herpesviruses, KSHV has two lifecycles, latent
and lytic with differing expression profiles (see 1.2.3.3). Latency transcripts are encoded by
a latency-associated region on the KSHV episome and lytic transcripts on the remainder
(Figure 2) [3].
Sequence analysis identified six major KSHV subtypes, which are geographically distinct,
tracking human migration and divergence from Africa. Subtype A is found in Northern
Europe and North and South America, subtype B in Africa, subtype C in Eurasia and the
United States, subtype D in Asia, subtype E in Brazil and subtype F in Uganda [68–70].

1.2.3.3 Viral lifecycle
1.2.3.3.1 Transmission
KSHV can be detected in body fluids including, blood, plasma, semen, breast milk and saliva
but infection-capable virions in saliva are thought to account for the major route of
infection [6,71–75]. Transmission of KSHV via saliva is thought to occur primarily between
8

Figure 2: A schematic diagram depicting the structure of the KSHV virion and its
double stranded DNA episome. The KSHV genome is linear in virions, encapsulated by a
capsid, tegument and lipid envelope in which glycoproteins are embedded.
Glycoprotein complex gH-gL, K8.1 and gB are here depicted as they are essential for
viral entry. Subsequent to infection, the linear genome is subject to rapid circularization
in the host nucleus where it occurs as an episome as depicted on the right. miRNAs are
indicated by purple boxes, cellular orthologues by yellow boxes. Adapted from [3,90]
mother-child pairs and sexual partners [76–78]. Oral epithelial cells are the first point of
contact for the virus, and have been shown to become productively infected in vitro by
KSHV isolated from throat wash samples [75].

1.2.3.3.2 Viral entry
In the entry process of KSHV (schematically represented in Figure 3), gB and K8.1 have been
shown to interact with ubiquitous cell surface heparan sulfates (HS) to facilitate
attachment to and concentration of virus on target cells [61,64,65,79]. The cellular entry
receptors utilised by KSHV vary to determine the virus’ tropism and there is evidence to
show that KSHV binding to HS induces multimerization of entry receptors in the lipid raft in
different combinations, dependent on cell type [61,80]. gB binds to integrins α3β1, αVβ3,
αVβ5 and α5β1 [80–83] and Dendritic Cell-Specific Intercellular adhesion molecule-3Grabbing Non-integrin (DC-SIGN) [83,84]. The glutamate/cysteine exchange transporter
xCT, which forms a complex with glycoprotein CD98, has also been shown to form part of
the multi-molecular complex formed during KSHV entry (Figure 3), although the viral
glycoproteins with which it interacts are unknown [80,85]. The dimeric complex of viral
gH-gL has also been found to be essential in the entry of KSHV [86] and it has recently been
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Figure 3: A schematic representation of the entry mechanism of KSHV in endothelial
cells. Viral entry consists of three stages. 1) Binding: initial attachment is mediated by
the interaction of K8.1 and gB with Heparan Sulfates (HS). gB binds integrins which
associate with xCT in a lipid raft. Subsequently, gH-gL binds EPHA2 which triggers 2)
Entry: KSHV binding EPHA2 triggers actin-dependent macropinocytosis of the virus into
an endosome, the membrane of which subsequently fuses with the viral envelope
releasing the capsid into the perinuclear region. This is followed by 3) Nucelar delivery:
via nucelar pores. Adapted from [90]
shown to interact with EPHA2 (Figure 3) [9,87]. While EPHA2 was found to be necessary for
viral entry and trafficking in the cell, it is dispensable for viral attachment, indicating that it
mediates entry of KSHV into endothelial cells (see 1.3.3) [87]. Following binding of KSHV
glycoproteins to cellular receptors, EPHA2 coordinates integrin-c-Cbl signalling in
endothelial cells, which enables KSHV entry via actin-dependent, dynamin-independent
macropinocytosis [88,89]. Thereafter, the endosomal membrane fuses with the viral
envelope, releasing the capsid into the perinuclear region where the genetic material can
be delivered to the nucleus through nuclear pores [90]. Following nuclear delivery, rapid
circularization of the viral genome into an episome occurs [91].
10

1.2.3.3.3. Latent infection
Following acute infection, like all herpesviruses, KSHV establishes a latent infection, which
is immune-silent and facilitates the establishment of a viral reservoir. The KSHV episome
persists in host cell nuclei and only the latent proteins are expressed, namely LatencyAssociated Nuclear Antigen (LANA), cellular orthologues vCyclin and viral FLICE Inhibitory
Protein (vFLIP), Kaposin A and B and the viral miRNAs [3]. KSHV latent proteins favour host
cell survival and proliferation, so that the KSHV episome is replicated and passed on to
daughter cells during cell division [92]. LANA plays a major role in KSHV latent persistence
during mitosis, by directly linking the KSHV episome to cellular chromosomes [93]. Latent
persistence is essential for oncogenesis.

1.2.3.3.4. Lytic infection
Various signals, such as inflammation, hypoxia, oxidative stress and temporary or chronic
immune suppression, can trigger reactivation of the lytic cycle through the expression of
the lytic regulator, replication and transcription activator (RTA) encoded by ORF50 [92,94].
The outcome of lytic infection is the production of infectious virions. Lytic proteins required
for DNA replication and viral gene expression, such as DNA polymerase, are initially
expressed, followed by late lytic gene expression encoding structural proteins, such as
capsid and tegument proteins [3]. The KSHV episome is replicated as a linear, double
stranded DNA molecule, which is packaged in a capsid before the virion matures and
egresses [92]. Lytic infection is usually associated with cytopathicity and is therefore
immunogenic. Major lytic transcripts such as K1, K15 and cellular orthologues: viral G
Protein-Coupled Receptor (vGPCR), viral Interleukin (vIL)-6, viral B-Cell Lymphoma 2 (vBCL2), viral Interferon Response Factors (vIRF) 1,2 and 4 (vIRF3 is latently expressed) and viralencoded C-C chemokine Ligands (vCCLs) are expressed by KSHV-infected spindle cells and
are instrumental in promoting KS oncogenesis [3,95]. Therefore, lytic infection is important
in KS oncogenesis, together with persistence mechanisms (see 1.2.3.3.3).

1.2.3.4. Oncogenesis
KSHV-induced oncogenesis is a complex concert of latent and lytic events subsequent to
the infection of endothelial cells, which requires precipitating factors, such as HIV-related
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immune suppression [40,96,97]. While the majority of spindle cells within a KS lesion are
latently infected, some lytically infected cells are present and it is the interplay between
them that leads to KS development [98,99]. In an immune competent host, KSHV infection
will be established latently during which the KSHV episome will be replicated along with the
host genome. Lytic infection will be cytopathic and immunogenic and therefore kept under
immune control [100]. HIV-related immune suppression results in decreased immune
surveillance and elimination of lytically infected cells and thereby loss of immune control of
KSHV lytic infection [97]. Further, chronic inflammation associated with HIV infection
results in high levels of inflammatory cytokines that promote KSHV reactivation as, more
directly, does the HIV Trans-Activator of Transcription (Tat) protein [40].
Reactivation of the lytic cycle leads to expression of lytic transcripts (see 1.2.3.3.4) in
endothelial cells, induction of genomic instability and alteration of the DNA damage
response pathway. This favours viral replication, thereby promoting a cancer phenotype by
evading the immune system and cellular apoptosis [100]. An important aspect of the host
immune response to viruses is interferon signalling and this is inhibited by vIRF1-4, which
also inhibit DNA damage-induced apoptosis allowing for genomic instability and perturb a
number of cell cycle regulatory pathways [101–106]. vGPCR promotes DNA damage by
activation of reactive oxygen species via Rac1 and through the Rac1 and RhoA (Ras
homolog gene family, member A) pathways, activates MAPKs (mitogen-activated protein
kinase), nuclear factor kappa B (NFκB) and the Akt/TSC/mTOR pathway, inhibiting
apoptosis and importantly leading to the secretion of pro-angiogenic and inflammatory
cytokines, such as vascular endothelial growth factor (VEGF), angiopoietin 2, interleukin
(IL)-6 and IL-8 [107–110]. These growth factors and viral cytokine vIL-6 act in a paracrine
manner to promote proliferation of latently infected cells [3]. This occurs in concert with
the pro-oncogenic activity of latently expressed genes in these cells. LANA directly
represses p53 and retinoblastoma protein to inhibit apoptosis and promote cell
proliferation while virally encoded Cyclin (vCyclin) allows cells to bypass the cell cycle
restriction point preceding S phase by counteracting Cyclin Dependent Kinase inhibitors,
p21 and p27 [111,112]. In addition, vFLIP constitutively activates NFκB, negatively
regulating cellular apoptosis and NFκB activation leads to further induction of cytokines
and chemokines, which promote KS oncogenesis [113,114]. Furthermore, NFκB activation
by vFLIP induces spindle cell morphology in endothelial cells [115]. In addition, lytic
expression of K1 and K15, together with viral cytokines and chemokines, supports
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angiogenesis and inflammation, which in turn favours the recruitment of more KSHV target
cells for re-infection [100].

1.2.4. Evidence for host genetic factors in KSHV infection and KS
development
KSHV infection is essential but not sufficient for the development of KS; precipitating
factors are required, such as HIV infection or immune suppression. Even so, HIV and KSHV
co-infection do not always result in KS development. Furthermore, KSHV seroconversion
even in cases of high exposure is about 30% [76]. An epidemiological population-based
study on 1337 individuals of African origin in French Guinea where KSHV in endemic,
showed strong correlation of KSHV seroprevalence between mother-child and siblingsibling pairs, suggestive of familial aggregation, although a plateau in seroprevalence rates
with age led the authors to suspect genetic resistance may be present in the population [5].
These observations, as well as the peculiar geographical epidemiology and population
specific incidence of KS has led to speculation in the literature that host genetic factors may
influence seroconversion after exposure to KSHV and/or subsequent KS development
[3,5,27,100,116].
Research into potential host genetic factors which may influence susceptibility to KSHV and
progression to KS is ongoing. Plancoulaine et al. identified, by segregation analysis of KSHV
seroprevalence among the aforementioned French Guinea population, the presence of a
recessive major gene interacting with age to affect susceptibility to KSHV seroconversion in
children under 10 years of age [117]. Furthermore, this gene was mapped to chromosome
region 3p22 which encodes PDCD6IP, UBP, FBXL2, ARPP-21, LRRFIP2 and CCR4 [118].
Thus far, investigations of candidate susceptibility genes have focused on polymorphism in
immune-modulatory genes. Namely, genes encoding interleukins (IL-1A, IL-1B, IL-2, IL-4, IL5, IL-6, IL-8, IL-10, IL-12A, IL-13) [116,119–123], tumour necrosis factors (TNFα and TNFβ)
[119,120], interferon-gamma [119], VEGF [119,124] as well as the chemokine stromalderived factor 1 and chemokine receptor CCR5 [120], the Human leukocyte antigen (HLA)
complex and its killer cell immunoglobulin like receptor (KIR) [116,125–127], Fc gamma
receptors (FcγR) [128] and a number of human homologues mimicked by KSHV genes, such
as cyclin D1 (CCND1), C-C chemokine ligand 2 (CCL2) and CASP8 and FADD-like apoptosis
regulator (CFLAR) [121] have been investigated in relation to KS and KSHV.
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From these studies, a number of notable associations have been identified in
immunomodulatory genes which contribute to the pro-inflammatory microenvironment of
KS (summarised in Table 1). An IL-6 promotor polymorphism (G-174C, reference SNP
(rs)1800795), of which the G allele has been linked to increased IL-6 levels, has been
associated with increased KS risk in HIV-infected men and renal transplant recipients
[120,122]. Further, this polymorphism was identified in a familial clustering of Classic KS
[116]. IL-6 has been identified as a potent growth factor for KS spindle cells in an autocrine
and paracrine manner [129]. Conversely, the T allele of an IL-8 promotor polymorphism
(A-251T, rs4073), which is associated with lower than normal IL-8 expression, decreases the
risk of developing AIDS-related KS in a HIV positive, KSHV infected cohort [123]. However,
Brown et al. (2006) found the T allele IL-8 promotor polymorphism to be overrepresented
amongst their cohort of Classic KS patients [119]. An IL-13 promotor polymorphism
(C-1069T, rs20541) has similarly been associated with increased susceptibility to Classic KS
in patients latently infected with KSHV, whereas the combination of two polymorphisms
(T+1235C, rs1126579 and G-1010A, rs1126580) in IL-8RB (homologous to the KSHV vGPCR)
were found to be protective against Classic KS development [119]. A polymorphism in the
promotor region (C-172A, rs59260042) of the angiogenic factor VEGF was associated with
KSHV viremia in kidney transplant recipients, and in the same study, a polymorphism in the
5’ untranslated region (UTR) of VEGF (C+405G, rs2010963) was likewise associated with
KSHV viremia but in females only [124].
Further genes associated with immune regulation have also been implicated in
susceptibility to KS or KSHV, namely natural killer (NK) cell receptors, FcγR and KIR. A
polymorphic form of the Immunoglobulin G (IgG) binding receptor FcγR, FcγRIIIA, has been
shown to be associated with KS in HIV infected men [128]. The FcγR receptor allele present
in the polymorphic form has been shown in vitro to enhance IgG affinity and increase NK
cell activation [130]. This plays a role in controlling KSHV infection though the killing of
KSHV infected cells, but NK cell-mediated inflammation is postulated to promote KS
pathogenesis [125,131]. NK cell function is regulated by the activation of inhibitory KIRs
through interaction with their ligands, HLA molecules. The combination of ligand HLA-B
Bw4-80I (the Bw4 haplotype with an Isoleucine at position 80) and receptor KIR3DS1 (an
activating haplotype of KIR) was reported by Goedert et al. (2016) to decrease the risk of
KSHV viremia in HIV negative patients without KS, while simultaneously increasing the risk
of Classic KS among KSHV positive patients [125]. Conversely, Guerini et al. (2012) did not
find this combination statistically significant in their smaller cohort of Northern Italians with
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Classic KS versus a control group including KSHV positive and negative individuals, but did
identify the KIR3DS1 haplotype as statistically overrepresented among Classic KS patients
[127]. A number of HLA haplotypes have been further investigated. HLA-C*07:01 has been
associated with increased Classic KS risk, while HLA-A*11:01 decreases risk [125]. In a SNP
screening of the HLA-DMB gene region, Aissani et al. (2014) reported a number of variants
which were implicated in increased risk for AIDS-related KS. Most significantly, an intronic
variant (rs6902982) in HLA-DMB was shown to increase the risk of developing AIDS-related
KS four-fold in men who are HIV and KSHV co-infected [126]. Additionally, variants within
HLA-DMB linked genes, TAP1, GPANK and LY6G6C, were reported to increase the risk of
AIDS-related KS [126].
Recently, researchers have begun to focus on cellular genes that are mimicked by KSHV in
the investigation of possible genetic involvement, with the hypothesis that viral
homologues of host genes, which cause unimpeded cell proliferation without immune
activation, may take advantage of genetic polymorphism harboured by their cellular
homologues [121]. To assess this, Aissani et al. (2014) screened SNPs in candidate immune
related genes, including seven cellular homologues in relation to AIDS-related KS risk in an
interactive statistical model. In doing so, the authors identified a number of three-way
gene interaction models (the combination of three polymorphic genes investigated) that
increased risk of AIDS-related KS, but no statistically significant main or two-way
interactions. Namely, SNPs in cellular homologues CCND1, IL-6, CCL2 and CFLAR were found
in three-way gene interaction models to increase AIDS-related KS risk [121]. Among others,
KSHV encodes vCyclin, vIL-6, vFLIP and vCCL, which may interact with their respective
polymorphic cellular orthologues CCND1, IL-6, FLIP and CCL2 in such a way that KS
pathogenesis is promoted, although further investigation into these interactions is
necessary [3,121].
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Table 1: A summary of identified associations of genetic polymorphisms with KS or KSHV. SNP position within the mRNA of the gene is given where
possible, a + value indicates a polymorphism in the coding region, while a – value indicates a promotor polymorphism. SNP identifier codes correspond
to the rsid on the SNP database. HLA haplotypes are named according to the naming convention determined by the WHO Nomenclature Committee
for Factors of the HLA System. Odds ratio (OR), confidence interval (CI) and P values are extracted from papers referenced in the table, or calculated
from the published data as required. An OR>1 is indicative of increased risk; OR<1 indicates decreased risk.

Gene

IL-6

SNP position
(identifier)/ HLA
haplotype

OR (95% CI)

P value

2.11 (1.2-3.7)

0.0046

5.3 (1.5 to 18.9)

0.008

G-174C (rs1800795)

Associated with/Cohort description

Cases vs.
controls

AIDS-related KS, HIV-infected men with or
without KS
AIDS-related KS, renal transplant recipients
with or without KS

115 vs. 126
15 vs. 40

IL-8

A-251T (rs4073)

0.49 (0.25-0.97)

0.039

AIDS-related KS, HIV and KSHV infected men
with or without KS

84 vs. 154

IL-8RB

T+1235C (rs1126579) +
G-1010A (rs1126580)

0.49 (0.30-0.78)

0.003

Classic KS, HIV negative, KSHV positive
patients with or without KS

133 vs. 172

IL-13

C-1069T (rs1800925)

1.88 (1.15-3.08)

0.01

Classic KS, HIV negative, KSHV positive
patients with or without KS

133 vs. 172

VEGF

C-172A (rs59260042)

4.8 (1.4-17.1)

0.005

44 vs. 128

C+405G (rs2010963)

3.98 (1.5-11.1)

0.004

KSHV viremia, kidney transplant patients with
or without KSHV after transplant
KSHV viremia, female only kidney transplant
patients with or without KSHV after transplant

T+559G (rs396991)

2.47 (1.46 - 4.16)

0.0063

AIDS-related KS, HIV-infected men with or
without KS

112 vs. 128

FcγR

16

18 vs. 50

Reference
[120]
[122]

[123]

[119]

[119]

[124]
[124]

[128]

AIDS-related KS, HIV positive, KSHV positive
patients with and without KS

354 vs. 354

AIDS-related KS, HIV positive, KSHV positive
patients with and without KS
AIDS-related KS, HIV positive, KSHV positive
patients with and without KS

354 vs. 354

0.002

AIDS-related KS, HIV positive, KSHV positive
patients with and without KS

354 vs. 354

1.60 (1.18-2.16)

0.002

AIDS-related KS, HIV positive, KSHV positive
patients with and without KS

354 vs. 354

HLA-A*11:01

0.4 (0.2-0.7)

0.002

248 vs. 855

HLA-C*07:01

1.6 (1.2-2.1)

0.002

Classic KS, HIV negative patients with or
without KS
Classic KS, HIV negative patients with or
without KS

KIR

KIR3DS1

4.0 (1.4-11.4)

0.006

Combination
of HLA and KIR

HLA-B Bw4-80I +
KIR3DS1

0.6 (0.4-0.9)

0.01

2.1 (1.3-3.4)

0.002

HLA-DMB

A>G (rs6902982)

4.09 (1.90-8.80)

0.0003

TAP1

A+2245G (rs1800453)

1.54 (1.09-2.18)

0.014

A+1332G (rs4148880)

1.45 (1.05-1.99)

0.024

GPANK1

A+1846G (rs7029)

1.55 (1.17-2.05)

LY6G6C

G+298A (rs1065356)

HLA Class I

Classic KS, patients with or without KS (those
without KS with and without KSHV)
KSHV viremia, HIV negative patients without
KS with or without KSHV
Classic KS, HIV negative, KSHV positive
patients with or without KS

17

354 vs. 354

250 vs. 846

32 vs 51

[126]

[126]
[126]

[126]

[126]

[125]
[125]

[127]

277 vs. 562
248 vs. 277

[125]

1.3 The KSHV entry receptor EPHA2

1.3.1. The Eph and ephrin families
The Eph receptors are a family of receptor tyrosine kinases (RTK) which bind ephrins (Eph
receptor interacting proteins) as their ligands. Typically, Eph receptors have an intracellular
kinase domain, capped at the C-terminal with a region for binding of interacting proteins,
and an extracellular region containing an amino-terminal ligand binding domain, a Cys-rich
domain and 2 fibronectin type III repeats [132]. There are 14 mammalian Eph receptors
divided into EphA and EphB classes based on their extracellular domain sequence
homology. These bind ephrin-A ligands (ephrin-A1-A5) and ephrin-B ligands (ephrin-B1-B3),
respectively, which are widely expressed in adult tissue [133]. Ephrins are unique among
RTK ligands as they are membrane bound and when binding to Eph receptors, elicit not
only ‘forward signalling’ through activation of the Eph receptor, but also ‘reverse signalling’
in the cells on which they are expressed [134–136]. Eph receptor-ephrin signalling plays an
important functional role in tissue organization during development, in particular axon
guidance through topographical mapping and contact adhesion or repulsion as well as
vasculature organisation during neural development. It follows that Ephs and ephrins are
expressed at high levels during development [137]. In adult tissue, Ephs and ephrins are
expressed widely at low levels and function through vast signalling cascades to regulate cell
dynamics, proliferation and angiogenesis [137–139]. In addition to their physiological roles,
Eph receptors have been implicated in oncogenesis [140]. A number of Eph receptors and
ephrins are aberrantly expressed in tumour tissue compared to normal tissue and
correlated with increased invasiveness, metastatic potential and vascularisation [138].

1.3.2. EPHA2

1.3.2.1. Gene and protein structure
EPHA2 is a 976 AA transmembrane receptor encoded by a 31 773 base pair (bp) gene
located on chromosome 1p36 (National Center for Biotechnology Information (NCBI)
Accession number NG_021396) [141]. As depicted inFigure 4, EPHA2 consists of 17 exons,
interspersed with large intronic regions, making up a number of conserved domains
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characteristic of Eph receptors. The extracellular region comprises: an ephrin ligand binding
domain (Eph-lbd) at AA position 28-201; a Cysteine-rich epithelial growth factor-like (EGFlike) domain at AA position 260-273; and two fibronectin type-III (Fn-3) domains at AA
positions 329-424 and 436-519. EPHA2 binds promiscuously to ephrin-A ligands though the
Eph-lbd, particularly to a 15 AA loop region on the ligand termed the G-H loop [142]. The
hydrophobic transmembrane domain (Tm-1) of EPHA2 spans AA positions 536-558. The
intracellular region includes the functionally important protein tyrosine kinase (PkinaseTyr) domain at AA position 613-871 and the sterile-α-motif (SAM) domain from position
902-966 [11,143]. The SAM is a putative protein-protein interaction domain thought to be
important in receptor dimerization, docking of interacting proteins and mediating of
downstream signalling processes [144,145]. EPHA2 has been crystallised in fragments,
namely the ectodomain (Protein Data Bank (PDB) ID: 3fl7), the Pkinase-Tyr domain (PDB ID:
5ek7) and the SAM (PDB ID: 3kka), which offers insight into the relationship between the
EPHA2 gene sequence and the structure of its folded protein.

Figure 4: Schematic diagram representing the gene structure and protein domains of
EPHA2. Exons are represented by green boxes and intronic regions are represented by
black lines. 3D protein structures depict the ectodomain (PDB ID: 3fl7) including the
Eph-lbd (pink), the EGF-like domain (dark green) and the two Fn-3 domains (blue); the
Pkinase-Tyr domain (5ek7, orange) and the SAM (3kka, light green). (SP, signal peptide;
Eph-lbd, Eph-receptor ligand binding domain; EGF-like, epithelial growth factor-like
region; Fn-3, Fibronectin type-III domain; Tm-1, transmembrane domain type-I;
Pkinase-Tyr, protein tyrosine kinase domain; SAM, sterile-α-motif. Adapted from [11]
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The 5’UTR of EPHA2 (mRNA position 1-155, NM_004431.3) is upstream of the start codon
in exon 1 which signals the beginning of the coding DNA sequence (mRNA position 156 –
3 086). This is terminated at the stop codon in exon 17 which is immediately followed by
the 3’UTR (mRNA position 3087 – 3964), which encompasses the majority of exon 17. The
3’UTR was found to contain five predicted miRNA target sites when subjected to the
bioinformatics tool, Targetscan (version 7.1, reported in Table 2) [146]. Little research has
been done into the regulation of EPHA2 by these predicted miRNAs. miRNA-26-b (miR-265p family) for which a binding site is present in the 3’UTR of EPHA2, has been shown to
bind this site leading to downregulation of EPHA2 with a suggested role in tumour
suppression studied in glioma tissue [147].

Table 2: miRNA target sites in the EPHA2 3'UTR as predicted using Targetscan version 7.1
[146]
miRNA family

Sequence

Position (in mRNA)

miR-26-5p

UACUUGAA

3122

miR-302-3p/372-3p/373-3p/520-3p

AGCACUUA

3308

miR-10-5p

ACAGGGUA

3469

miR-124-3p.1

GUGCCUU

3558

miR-141-3p/200-3p

CAGUGUUA

3840

1.3.2.2. Physiological function
EPHA2 is an epithelial and endothelial receptor [9,148]. Expression of messenger RNA
(mRNA) is limited to tissues with a high proportion of dividing epithelial cells such as the
skin, bladder, lung and small intestine, although a comprehensive screen of protein
expression has not been performed [138]. The physiological ligands of EPHA2 are the
members of the ephrin-A class, particularly ephrin-A1, a 22 kDa protein encoded by the
EFNA gene. Ephrin-A ligands are localised on the plasma membrane through
glycosylphosphatidylinisitol linkage [135,142,149]. In binding ephrin-A ligands, EPHA2
triggers contact-dependent bidirectional signalling in both the receptor-expressing cell and
the cell to which the ephrin ligand is anchored [135,136,142]. EPHA2 has been shown to
function in lens, inner ear, mammary gland and kidney development as well as bone
remodelling and renal repair following ischemia-reperfusion injury.
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During foetal development, Eph-ephrin interactions function in pattern formation through
contact-dependent attraction and repulsion in several tissues. EPHA2 and ligand ephrinA-5
are expressed and co-localised in the pre- and post-natal lens fibre cell layer and are
essential for maintenance of lens transparency and refractive organisation [150,151]. This
is demonstrated by EPHA2-/- animal models and corroborated by the association of EPHA2
mutations with congenital and age-related cataracts (see 1.3.2.3) [11,150–156]. EPHA2
expression has likewise been identified in the otic placode, which forms the inner ear, but
the functionality of this remains to be shown [157]. Mammary epithelium also expresses
EPHA2, which is regulated by oestrogen and c-myc, and loss of the receptor reduced
proliferation and branching, which form part of mammary gland development [158,159].
Similarly, branching morphogenesis in kidney development arising from the ureteric bud is
regulated by EPHA2 [160].
On a cellular level, the interaction of EPHA2 with ephrin-A1 regulates endothelial cell
migration and vascular assembly marking EPHA2 as an essential regulator of post-natal
angiogenesis [148]. Further, EPHA2 facilitates integrin-mediated adhesion of T cells to
endothelial cells, regulating their trafficking [161]. EPHA2 has also been suggested to
function as an injury and stress responsive regulator [162]. Following renal ischemiareperfusion injury, EPHA2 has been shown to regulate actin dynamics to facilitate
cytoskeletal repair in in vitro and in vivo models [163]. In response to ultraviolet (UV)
radiation, EPHA2 is upregulated in human and mouse melanocytes, keratinocytes and
fibroblasts and is critical for UV-mediated apoptosis [164]. The interaction of EPHA2 with
ephrin-A2 is critical in bone remodelling by enhancing osteoclastogenesis and suppressing
osteoblastogenesis [165].

1.3.2.3. Genetic variation in EPHA2
Polymorphism in the EPHA2 gene has been reported in association studies linking SNPs
with various sub-types of cataracts [11,152–156]. However, none of these studies have
corroborated the others, indicating that these reported associations may vary depending
on population group due to genetic heterogeneity in EPHA2 amongst different ethnic
cohorts. Mutation profiling of EPHA2 in a case-control study including 213 unrelated
individuals from Northern Italy identified a missense heterozygous transversion (2842G>T,
SNP database ID: rs137853199) in exon 17, which was associated with age-related cortical
cataracts [11]. A meta-analysis of 1401 participants from three Caucasian populations
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found an association of a synonymous variant (573G>A, rs6678616) in the ligand binding
domain with cortical cataracts and a further associated variant (2162G>A, rs116506614) in
one of the cohorts [152]. Two different associated variants in the 3’ region of EPHA2
(rs7543472 and rs11260867) were found in a study including 7 418 Indian participants
[153]. In addition, 422 Han Chinese patients with cortical cataracts compared to 317
matched controls, were found to harbour two intronic EPHA2 variants (rs477558 and
rs7548209) [154].
Additional variants have been found to be associated with congenital cataracts. Sequencing
of EPHA2 of a consanguineous Pakistani family with autosomal recessive congenital
cataracts associated an exon 17 missense mutation (2353G>A, rs766078852) with disease
[155]. A Han Chinese family (16 members) with autosomal dominant posterior polar
congenital cataracts was found to harbour a further missense mutation (2819C>T,
rs137853200) that was not present in 202 unrelated, Chinese controls [156]. Also, a two bp
deletion (2915delTG) and a splicing variant (2826-9G-A) were found in affected British and
Australian families, respectively [156].

1.3.3. EPHA2 is the KSHV entry receptor
Evidence for the involvement of EPHA2 in the entry of KSHV into endothelial cells is recent.
Hahn et al. identified EPHA2 as the entry receptor utilised by KSHV in endothelial cells with
an elegant series of experimental evidence expanding on the co-precipitation of EPHA2
with gH-gL as well as KSHV virions. Using a green fluorescent protein expressing
recombinant KSHV strain, the authors showed that overexpression of EPHA2 increased
KSHV infection. Furthermore, blocking of EPHA2 with antibodies or knockdown by short
interfering RNA (siRNA) specific to EPHA2 inhibited KSHV infection in endothelial cell lines.
Pre-treatment of KSHV with soluble EPHA2 in a number of epithelial and endothelial cell
lines also inhibited KSHV infection, as did pre-treatment of target cells with ephrinA4. KSHV
infection was found to closely correlate to expression levels of EPHA2 in a number of
primary cell lines [9]. An independent study corroborated the findings of Hahn et al. by
immunoprecipitation of the lipid raft fraction using antibodies to α3β1 and mass
spectrometry to identify EPHA2 as present in the multi-receptor complex. The authors then
showed that attenuation of EPHA2 with short hairpin RNA (shRNA), antibodies or tyrosine
kinase inhibitors abolished KSHV entry into dermal endothelial cells [87]. Further, Hahn and
Desrosiers (2014) showed that KSHV engages EPHA2 through its glycoprotein complex gH22

gL at the Eph-lbd (bp position 237-756, AA position 28-201), where ephrin-A ligands also
bind, by demonstrating that ephrin-A ligands inhibit the interaction [166].

1.3.4. Association of EPHA2 with oncogenesis
EPHA2 is upregulated on the mRNA and protein level in a wide variety of cancer cell lines
and tissues and EPHA2 signalling has been implicated in cell transformation, tumour
maintenance and progression, angiogenesis and metastasis [132]. For example, by
immunohistochemistry and Western blot analysis, it was shown that EPHA2 is
overexpressed in clinical samples of breast cancer compared to non-transformed breast
epithelium [167]. Further, transfection and overexpression of EPHA2 in non-transformed
mammary epithelial cells was shown to be sufficient to induce transformation, concomitant
with morphological changes and loss of cell-to-cell contact [167]. Analysis of EPHA2
expression in 79 invasive ovarian carcinomas by immunohistochemistry revealed EPHA2
overexpression in 75.9% of these tumours. EPHA2 overexpression was significantly
associated with advanced disease and shorter survival [168]. In prostate cancer cell lines,
EPHA2 expression by Western blot was found to be enhanced and was correlated with
metastatic potential [169]. Similarly, EPHA2 in melanoma was found to be exclusively
expressed in an aggressive, metastatic cell line as compared to a poorly invasive line [170].
Importantly, Hahn et al. (2012) showed by immunohistochemistry, that EPHA2 expression
is enhanced in KS skin tissue as compared to uninvolved skin from the same individual [9].
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1.4. Rationale and hypothesis
While the availability of HAART for HIV has led to a decreased incidence of KS in developed
countries, sub-Saharan Africa still shoulders a major KS burden [19,22]. This has been
attributed to a delayed and stilted availability of HAART, although it has been noted that
even in sub-Saharan countries with well-established ART programmes, KS incidence has not
decreased as expected (see 1.1) [19]. The current therapeutic strategy to treat AIDS-related
KS consists solely of HAART for early stage KS, supplemented with chemotherapeutic
agents for advanced KS [171]. Nguyen et al. (2008) found that up to half of AIDS-related KS
patients treated with HAART and chemotherapy, never achieved total remission, which was
in concordance with other studies [37,97,172,173].
In addition, regions such as sub-Saharan Africa, which currently have a high burden of KS,
likewise have higher than average KSHV seroprevalence rates (see 1.2.2), translating into a
higher risk for development of KS and other KSHV-related malignancies [3]. As a salivatransmitted virus, KSHV seroprevalence is unlikely to be dampened without intervention
and no vaccines or curative drugs are currently available [3]. While anti-herpesvirus
therapies such as viral DNA polymerase inhibitors ganciclovir and foscarnet have been
shown to prophylactically decrease the risk of developing KS, they are not effective in
treating established KS, and this is unlikely to be a plausible roll out solution, particularly in
the sub-Saharan African context [3,174].
Taken together, this makes evident that KS in sub-Saharan Africa requires further
intervention and research into new therapeutic targets. Research into therapeutics against
KSHV and KS is turning to host factors as targets. The mTOR inhibitor, rapamycin, has been
shown to partially reduce KS lesions in Classic, iatrogenic and AIDS-related KS, although
these studies are very small [175–177]. A tyrosine kinase inhibitor, imatinib, has shown
promise as an alternative therapy for AIDS-related KS achieving partial regression of KS
tumours in 30% of patients in a phase II trial [178]. The further investigation of host cellular
factors at play in the KSHV lifecycle and KS oncogenesis as therapeutic targets, calls for a
thorough scientific knowledge base and understanding of the cellular mechanisms
involved.
A growing body of evidence suggests that KSHV infection and KS development may have
underlying genetic factors affecting susceptibility. While genetic association studies so far
have focused on immune-modulatory genes (see 1.2.4), the recently discovered endothelial
entry receptor for KSHV, EPHA2 (see 1.3.3), is a promising candidate for investigation.
24

Investigations of polymorphism within EPHA2 have evidently focused on association with
cataract pathogenesis (see 1.3.2.3), but they act as proof of concept that EPHA2
polymorphisms may have pathogenic consequences. In addition to its role as the entry
receptor for KSHV in endothelial cells, EPHA2 has been implicated in oncogenesis (see
1.3.4). EPHA2 is upregulated in a number of cancers, including KS, and has been associated
with aggressive, advanced disease and enhanced metastatic potential. This suggests that
polymorphism in EPHA2 may have an effect on either the level of KSHV infection and/or
the level of KS development.
With this in mind, we hypothesised that sequence polymorphisms exist within EPHA2 that
may predispose individuals to infection with KSHV and/or KS development and prevalence.
The value of such research has previously been demonstrated through the study of
polymorphisms in CCR5, the HIV entry receptor. This opened numerous avenues of
research into the pathology of HIV and led to novel therapeutic strategies. The knowledge
and understanding gained from the herein presented work will allow further study of KSHV
infection and KS development based on EPHA2 receptor polymorphisms. Furthermore, it
may provide diagnostic and prognostic tools for KS. In addition, this work may indicate
whether the EPHA2 receptor can be a therapeutic target for the prevention and treatment
of KS.

1.5. Aim
The aim of this research study was to identify any sequence polymorphisms within the
coding region of EPHA2 in South African HIV/AIDS patients and subsequently determine
whether these polymorphisms are associated with susceptibility to KSHV infection and/or
KS prevalence.
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2. Materials and Methods
2.1 Reagents
Unless otherwise indicated, all chemicals and solvents used in this study were purchased
from Sigma-Aldrich or Merck. Solutions made up in the laboratory are detailed in the
Appendix (see 7.1).

2.2. Clinical aspects: patient enrolment and sample collection

2.2.1. Ethics
Ethics approval was obtained from the Human Research Ethics Committee (HREC), Health
Sciences Faculty, University of Cape Town (UCT), for the enrolment of patients and
collection of blood samples for the purposes of this study (HREC279/2008 for KS patients,
HREC729/2014 for non-KS patients, HREC057/2013 for KDHTB samples).

2.2.2. Patient recruitment
For the purpose of this study, patients were recruited into three cohorts based on KS and
KSHV status, namely:
Group 1 (KS+/KSHV+): patients with KS who were KSHV seropositive
Group 2 (KS-/KSHV+): patients without KS who were KSHV seropositive
Group 3 (KS-/KSHV-): patients without KS who were KSHV seronegative
Patients with KS were recruited from the Radiation Oncology Unit at Groote Schuur
Hospital, where they were receiving treatment for KS, under the supervision of radiation
oncologist, Dr. Zainab Mohamed. Patients with low severity KS and patients with no KS
were recruited from the Infectious Diseases Unit at Groote Schuur Hospital under the
supervision of Dr. Sipho Dlamini and Professor Marc Mendelson. This study also made use
of samples collected for the Khayelitsha Day Hospital Tuberculosis (KDHTB) study in
collaboration with Professor Graham Meintjies.
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This study enrolled both male and female patients from any population group living in
South Africa who were over 18 years old, were HIV positive and had clinically diagnosed KS
or not. Demographic information including sex, age and population group were recorded in
addition to clinical information from patient records including HIV status, latest CD4 count
and ART treatment status. Treatment for KS was recorded but not used as an exclusion
criterion.
All patient records and samples analysed were kept anonymous with a labelling system that
did not disclose the identity of the patients. In accordance with the Protection of Personal
Information Act (number 4, 2013), only information necessary for this study was recorded
and this was stored in a locked office.

2.2.3. Consent
Only patients who gave informed consent were enrolled. The purpose of the study and the
procedure of sample collection, including the possibility of discomfort during blood
drawing, was explained to patients verbally in English. This information was also provided
to the patients in written format for their perusal. If the patient could not understand and
communicate in English or if the patient requested it, a bilingual nurse was asked to
translate the information being communicated. Patients were given ample opportunity to
discuss the study and process of enrolment with the researcher or clinician and ask any
questions. They were provided with the contact details of the researchers and clinicians
should they have any further queries at a later stage or wished to withdraw their consent.
Patients who agreed to participate in the study were then required to sign the consent
form (Supplementary figure 1) indicating their informed consent to be enrolled in the
study.

2.2.4. Sample collection and storage
During their routine visits and following informed consent, 10 ml of peripheral blood was
drawn once from the arm of each patient by a nursing practitioner. Where possible, blood
collection for this study took place in conjunction with blood drawn for medical purposes to
reduce the discomfort of the patient. Ethylenediaminetetraacetic acid (EDTA)-tubes were
utilised for this collection and initially stored at room temperature (RT) prior to preparation
of blood plasma within 4h after collection (see 2.3.1.1). Subsequently, blood samples were
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stored at 4°C prior to DNA extraction (see 2.3.2.1) and -20°C thereafter at the Institute for
Infectious Diseases and Molecular medicine (IDM) at the UCT.

2.2.5. Power calculations
A priori sample size calculations were performed using the programme G*Power 3.1 for
two tailed Fisher exact tests [179]. The input parameters were as follows: proportion p1 =
0.271; proportion p2 = 0.42-0.52; α error probability = 0.05; Power = 0.8; allocation ratio= 2
or 0.5. As this study aimed to assess variants within the EPHA2 coding region through direct
sequencing of the entire coding region, we were unable to predict which variants we would
identify and therefore estimated the genotype proportion parameters. An assessment of
variants within EPHA2 on the VarClin and 1000 Genomes databases revealed that
population genotype frequencies are extremely variable, ranging from rare variants with
frequencies <0.001 to more common variants with frequencies as large as 0.349. Of the
missense mutations in the EPHA2 coding region that have been designated ‘pathogenic’,
the population genotypic frequency for rs6678616, reported by Jun et al. (2009) [152], had
been conveyed through the 1000 Genomes project. Therefore, we selected the frequency
for heterozygous and homozygous mutants combined for the 1000 Genomes African
population, 0.271, as our expected genotype frequency parameter (P1). Expected odds
ratio (OR) was used as a measure of effect size to retrospectively calculate the proportion
p2 parameter. ORs indicating a positive association (>1) reported from previous KS and
KSHV genetic association studies (Table 1) range from 1.45 – 5.3. An OR between 2 - 3
results in a p2 value of between 0.42 – 0.52. The α error and power parameters selected
were the standard values. Statistical association testing was planned to include two distinct
analyses. The first assessing KSHV infection by comparing KSHV positive cases to KSHV
negative controls and the second assessing KS development by comparing KS cases to KS
negative controls (see 2.4.2). The study design of three patient groups of equal sample size
(see 2.2.2) necessitated that the abovementioned statistical analyses would have an
allocation ratio (number of cases/number of controls) of 2 for KSHV infection testing or 0.5
for KS development testing.
Post hoc power analysis to compute achieved power was similarly performed using
G*Power 3.1 for two tailed Fisher exact tests [179]. The proportion and sample size
parameters used were as in Table 9 and Table 10 and the α error probability = 0.05 as this
was the P value cut off used in the Fisher exact statistical tests.
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2.3. Sample processing and molecular analysis

2.3.1. Determining KSHV serostatus

2.3.1.1. Plasma preparation
Plasma preparation was performed as soon as possible and within 4 h following sample
collection, where possible (see 2.2.4). EDTA collection tubes containing blood samples were
centrifuged (Eppendorf 5810 R) at 3525 rpm for 10 min at RT. EDTA tubes were opened in a
Biosafety level 2 laboratory safety cabinet. Plasma, forming the top layer of the separated
blood, was pipetted off and stored in 500 μl aliquots at -20°C. Samples obtained from the
KDHTB study had been stored at -20°C after being allowed to settle. Therefore, these
samples were thawed at 4°C and plasma carefully pipetted off before being stored in 500μl
aliquots at -20°C.

2.3.1.2. KSHV ELISA
KSHV serostatus was determined using a combination of two Enzyme-linked
Immunosorbant assays (ELISA) developed and generously provided by Dr Denise Whitby
(Frederick National Laboratory for Cancer Research, USA) [180]. ELISA plates coated either
with recombinant K8.1 or LANA were stored at -80°C and thawed in a 37°C incubator as
needed. Once thawed, the plates were washed three times with at least 350 µl ELISA wash
buffer (Appendix 7.1.) per well, inverted and patted dry on paper towel.
A ‘master plate’ containing controls and samples was set up according to a plan diagram as
depicted in Figure 5. Plasma samples were thawed on ice and vortexed before being
transferred to the 96-well master plate at a 1:10 dilution with ELISA assay buffer (Appendix
7.1). The blank wells contained only ELISA assay buffer. The positive control wells contained
a pool of ten plasma samples from KS patients at a 1:10 dilution with ELISA assay buffer.
The negative control wells contained a pool of ten plasma samples from patients without
KSHV at a 1:10 dilution with ELISA assay buffer.
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Figure 5: Master plate layout for ELISA setup. From this plate, samples are diluted
appropriately into the ELISA plates. ‘Blank’ wells contained only assay buffer; ‘positive’
wells contained a pool of ten KS patient plasma samples; ‘negative’ wells contained a pool
of KSHV- patient plasma samples; numbered ‘sample’ wells contained patient plasma with
unknown KSHV status.

For the K8.1 plate, 50 µl ELISA assay buffer was added to each well using a multi-channel
pipette. Subsequently, 50 µl from each well of the master plate was added giving a final
dilution of 1:20 as previously determined to be optimal. For the LANA plate, 90 µl of ELISA
assay buffer was added to each well followed by 10 µl from the master plate giving a final
dilution of 1:100 as previously determined to be optimal. The plates were covered with a
plate sealer and incubated at 37°C for 90 min after which they were washed with ELISA
wash buffer five times to remove any unbound plasma components and patted dry on
paper towel. 100 µl of ReserveAP Goat anti-Human IgG (H+L) antibody phosphatase
labelled (KPL cat# 4751-1002), diluted to 1:5000 in ELISA assay buffer, was added to each
ELISA plate well followed by a 30 min incubation at 37°C and five wash steps. Next, 100 µl
of 1-step PNPP substrate solution (Pierce Biotechnologies cat# 37621) was added to each
well and incubated at RT in the dark for 25 min or 30 min for the K8.1 plates or LANA
plates, respectively, at which point 50 µl ELISA stop solution (Appendix 7.1) was
immediately added to the wells to halt the colour development. The ELISA plates were
briefly flamed with a Bunsen burner to remove any bubbles. Plates were read on an ELISA
plate reader (Versa max) with the SoftMax Pro 6.3 software at 405 nm wavelength and
values adjusted according to the average optical density (OD) values of the two blank wells.
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2.3.1.2.1. Interpretation of ELISA results
The cut off OD value for the K8.1 ELISA was calculated by the following equation:
𝑂𝐷𝑐𝑢𝑡 𝑜𝑓𝑓 = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠 + 0.95
Similarly, the cut off OD value for the LANA ELISA was calculated by the equation:
𝑂𝐷𝑐𝑢𝑡 𝑜𝑓𝑓 = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠 + 0.35
These equations were determined previously by Mbisa et al. (2010) [180]. A sample was
considered positive if its OD value was greater than the calculated cutoff for both or either
of the ELISAs and negative if its OD value was less than the calculated cutoff for both of the
ELISAs.

2.3.1.2.2.. Quality control of ELISA results
To ensure that each ELISA plate was consistent with the established analytical strategy, a
number of quality control measures assessing the blank, negative and positive controls
were implemented to deem each assay valid, as summarised in Table 3 below [180].

Table 3: Quality control specifications for the K8.1 and LANA ELISAs
Control

K8.1 ELISA

LANA ELISA

Blank

< 0.20

< 0.10

Negative control

0 – 0.30

0 – 0.20

Mean x 0.5 – mean x 1.5

Mean x 0.5 – mean x 1.5

> 0.30

> 1.0

Positive control

2.3.2. Determining EPHA2 gene sequence

2.3.2.1. DNA extraction
Following blood separation and plasma isolation (see 2.3.1.1), the remaining sample
containing the centrifuged blood in two layers (i.e. an upper buffy coat, a leukocyteenriched fraction; and a lower layer containing erythrocytes) was used for genomic DNA
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extraction immediately. DNA extraction was performed using the QIAamp DNA Blood Mini
kit (Qiagen) according to the manufacturers’ protocol for DNA purification from blood (spin
protocol).

2.3.2.1.1. QIAamp DNA Blood Mini kit protocol
Where a buffy coat was visible, 200 μl leukocytes, or where a buffy coat was not visible,
200 μl from the upper portion of the erythrocyte layer, was pipetted from each sample and
added to 20 μl QIAGEN Protease in a 1.5 ml microcentrifuge tube, followed by addition of
200 μl Buffer AL containing poly(dI-dC) (5 mg/ml, Sigma P4929-10UN) and mixed by
vortexing the microcentrifuge tube for 15 s. The microcentrifuge tube was incubated in a
heating block at 56°C for 10 min, before brief centrifugation and the addition of 230 μl
100% ethanol followed by mixing on the vortex and brief centrifugation. The mixture was
applied to a QIAamp Mini spin column, placed in a collection tube and centrifuged at
14000-rpm for 1 min at RT in a bench top centrifuge (Eppendorf 5417 R). The collection
tube containing the filtrate was discarded and the spin column placed in a clean collection
tube before 500 μl Buffer AW1 was applied to the spin column and it was centrifuged at
8000 rpm for 1 min. Again, the collection tube was discarded and replaced with a clean
collection tube. 500 μl Buffer AW2 was applied to the spin column and it was centrifuged at
14000 rpm for 3 min. The collection tube was discarded and the spin column placed in a
clean collection tube, before being centrifuged at 14000 rpm for 1 min and the collection
tube discarded. The spin column was placed in a clean 1.5 ml microcentrifuge and 100 μl
Buffer AE was applied directly onto the membrane of the spin column. The spin column
was incubated at RT for 5 min before being centrifuged at 8000 rpm for 1 min. The eluate
was reapplied to the membrane of the spin column for another 5 min incubation at RT
followed by centrifugation at 8000 rpm for 1 min. The eluted DNA was immediately
assessed for quality and quantity (see 2.3.2.2), before being stored at -20°C.

2.3.2.2. Quantification and quality assessment of the isolated genomic DNA
Following DNA isolation, the eluate was subjected to nanodrop analysis to determine the
quantity and quality of the extracted DNA. DNA of concentrations > 20 ng/μl was required
for downstream PCR (see 2.3.2.5). Extracted DNA was regarded to be of good quality if the
ratio of absorbance at 260 nm to absorbance at 280 nm was in the range 1.8 - 2.0.
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2.3.2.3. Ethanol precipitation of the isolated genomic DNA
If the concentration of eluted DNA was found to be too low (< 20 ng/μl), ethanol
precipitation and resuspension was performed. Sodium acetate (Appendix 7.1.) was added
to the eluted DNA in a microcentrifuge tube to a final concentration of 0.3 M and 2.5X
volume of cold ethanol (100%, stored at -20°C) was added to the solution, which was mixed
well, and placed at -20°C overnight. The following day, the microcentrifuge tube was
centrifuged at 4°C at 13000 rpm for 20 min. The supernatant was carefully removed from
the DNA pellet. Excess ethanol (70%) was added to the pellet in order to wash it and
remove excess sodium acetate, vortexed briefly followed by a quick spin and removal of
the supernatant. The DNA pellet was allowed to air dry for 10 – 15 min and was then
resuspended in 20 μl elution buffer. The eluted DNA was reassessed by Nanodrop (see
2.3.1.2.2).

2.3.2.4. Primer design
Gene-specific primers used for PCR were designed in order to flank the exons of the coding
region of EPHA2, based on previous studies [11,156]. One primer set complementary to the
bordering intronic regions was designed per exon with the exception of exons 3 and 17
which are particularly large and required two and three overlapping primer sets,
respectively, to cover the exon. Exons 9, 10 and 11, which are particularly small, required
only two primer sets to cover the three exons. Primer sequences are outlined in Table 4.
Primer sequences were assessed in silico using the web based programme OligoAnalyzer
3.1 (Integrated DNA technologies) for predicted secondary structure formation, hairpin
formation, self-dimer formation and hetero-dimer formation, and for specificity by running
the sequences on the NCBI nucleotide Basic Local Alignment Search Tool (BLAST). Primers
were synthesised at the DNA Synthesis Unit, Molecular and Cell Biology Department, UCT,
and purified by gel filtration. Primer stocks were stored at -20°C and diluted into working
stocks of 10 μM in nuclease free water for use. Primer specificity was confirmed by running
the PCR products on a 1% agarose gel (see 2.3.2.6).
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Table 4: Primer sequences for PCR. F and R refer to forward and reverse primers,
respectively. Amplicon length is calculated based on EPHA2 NCBI reference sequence (ID:
NM_004431.3)
Exon
1

2

3

4

5

6

7

8

9/10

10/11

12

13

14

15

16

17

Primer sequence (5’ – 3’)
F

GCGACCAAGCTGAAACCGCTTATT

R

GGCATGAATGAACAGGAGTCGGTT

F

CGTACCTTCCCACGCCCATC

R

CCAGCCTGCTGTGTGCCTTC

1F

ACGGCATGGTCCACACAGGT

1R

CCAGGCACCTGCCCACACTA

2F

AAGGAAACTGATGTCTGGGAAGGA

2R

CCAGAAGCGCCTGTTCACCA

F

CAGACTCGGGCCAGCACRGT

R

TTCCTGGGTGCCCGGTACAT

F

GACACTGTGCCTTTAACCACTTGCTC

R

GCTTCTTCCGGGCACCTCAG

F

CTCTGCTGTGCTGCCTTGGG

R

TGCCTGCTCGTAGGCAGCTT

F

GAGGTATTGCAGGTATGTGG

R

GGTTACATCTCCCAAGGCAG

F

CCACATACCTGCAATACCTC

R

GGCATTCCCATTAGAGCTAC

F

ACCACCGCTGCCTCCTCA

R

TGGGCCGCATTCTGAGCAC

F

CCTCTCCACCCAGTGTGGGC

R

CCCACAGCCTGGTCCAAGTC

F

TGGTGGTGTAGGTGGCCTCG

R

TACCTCTGCCCACTCCTCCG

F

CGTCGCTGGCAGAGGTGAAC

R

CCCTGGACAAGTTCCTTCGGG

F

AACTGTCCTCTGCCCAGCCC

R

CGAGGCCACCTACACCACCA

F

CTGGGCCATCGTGTCCAGTC

R

GGGCAGCTCTGAAGGTTGGG

F

TGGCGGAGTTCTGCCCTTCT

R

GACTGGGCTTCCCTGTTGCC

1F

AGGGACCGCTTTGGGTCTCA

1R

CTCTCCCTCTCTCCCTCCCG

2F

CCCTGCCACACACACACATTC

2R

AGTGGCCTCCCTGCTGTGC

3F

GCTCCCAGGGTTAAGTGACGTG

3R

GCAGACTGTGAACTTGACTGGGTGA
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Amplicon length (bp)

Source

475

[11]

490

[11]

592

[11]

581

[11]

582

[11]

594

[11]

344

[11]

760

[156]

590

[156]

610

[11]

576

[11]

602

[11]

600

[11]

455

[11]

517

[11]

458

[11]

596

[11]

568

[11]

600

[11]

2.3.2.5. PCR
PCR was performed using the FastStart Taq DNA Polymerase kit (Roche) according to the
manufacturer’s protocol. Kit reagents, 10 μM primer working stocks (see 2.3.2.4) and
extracted DNA (see 2.3.2.1) were thawed on ice and vortexed briefly before use. A master
mix of reagents was prepared as needed to the final concentrations detailed in Table 5. For
exon 1, GC-rich reagent was added to the master mix. The master mix was vortexed before
being dispensed into PCR tubes. Extracted genomic DNA was added at a final concentration
of 2 ng/μl per PCR tube with a final reaction volume of 50 μl. Nuclease free water was
added to the negative control. The tubes were gently mixed and then centrifuged briefly to
ensure adequate mixing of the components before being placed in the thermal cycler
(Applied Biosystems GeneAmp® PCR system 2700 or Perkin Elmer GeneAmp PCR system
2400) for the programme specified in Table 6.

Table 5: PCR components used in master mix.
Reagent

Stock concentration

Final concentration

PCR Buffer (with MgCl2)

10X (20 mM MgCl2)

1X (2 mM MgCl2)

Nucleotide mix

10 mM

200 μM (of each dNTP)

*GC-rich solution

5X

1X

Forward primer

10 μM

0.2 μM

Reverse primer

10 μM

0.2 μM

FastStart Taq DNA polymerase

5 U/μl

2U

*Added only to exon 1 master mix.

Table 6: PCR cycling conditions.
Step
Cycles

Time

Temp

Activation

4 min

95°C

30 s

95°C

30 s

*60°C or **62.5°C

45 s

72°C

1

Denaturation
Annealing

35

Elongation
Final extension

1

7 min

72°C

Cooling

1

∞

4°C

*For exons 1; 3.1; 3.2; 5; 6; 7; 8; 9/10; 10/11; 12; 13; 15; 16; 17.1; 17.3.
** For exons 2; 4; 14; 17.2
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2.3.2.6. Gel electrophoresis of DNA
Following PCR, amplicons were run on a 1% agarose gel containing SYBRSafe Nucleic Acid
Gel stain (Life Technologies) (1:10000) in 1X tris-acetate-EDTA (TAE) (Appendix 7.1). 5-μl
PCR product (see 2.3.2.5) was mixed with 1 μl 6X Gel loading dye (Thermo Fisher Scientific)
and loaded into the wells of the gel alongside a GeneRuler 1 kb DNA ladder (250-10000 bp,
Thermo Fisher Scientific, Supplementary figure 3) for 1 h at 100 V. The gels were visualised
under UV light to confirm that the individual PCR products were amplified successfully and
were of the expected size as compared to the DNA ladder.

2.3.2.7. Purification of PCR products
Following gel electrophoresis (see 2.3.2.6), the remaining PCR mixture was purified using
the Wizard® PCR Clean-Up system (Promega). An equal volume of Membrane Binding
Solution (Promega) was added to the PCR amplification mixture and mixed well before
being transferred to an SV Minicolumn placed in a collection tube. This was incubated for
1-min at RT. The SV Minicolumn assembly was centrifuged at 14000 rpm for 1 min at RT
and the flow through in the collection tube discarded. 700 μl of Membrane Wash solution
was added to the SV Minicolumn and the assembly was centrifuged at 14000 rpm for 1 min
at RT. This wash step was repeated with 500 μl Membrane Wash solution followed by a
5-min centrifugation step at 14000 rpm. The flow through was discarded and the SV
Minicolumn assembly was centrifuged for 2 min at 14000 rpm to evaporate residual
ethanol from the Membrane Binding Solution. The collection tube was discarded and the
Minicolumn placed in a clean 1.5 ml microcentrifuge tube. 30 μl Nuclease-free water was
applied into the minicolumn directly onto the membrane and incubated at RT for 5 min to
allow the bound DNA to dissociate. The minicolumn in the microcentrifuge tube was
centrifuged at 14000 rpm for 1 min. The eluted DNA was assessed for quality and quantity
employing a nanodrop (see 2.3.2.2) and then stored at -20°C.

2.3.2.8. Dideoxy sequencing of the PCR products
The purified PCR products were sequenced using dideoxy sequencing with the genespecific primers used for PCR (Table 4) at the Stellenbosch Central Analytical Facility. Each
PCR product was sequenced in the forward and reverse direction to ensure reliable
sequence determination. Sequence quality was assessed by viewing the sequence
chromatograms on the programme BioEdit (version 7.2.5 ©1997-2013).
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2.4 Bioinformatics: multiple DNA alignment and statistical
analysis

2.4.1. Bioinformatical processing of raw sequence data
Computational processing of the sequence data was performed on the UCT Information
and Communication Technology Services (ICTS) High Performing Computing Cluster (HPC)
using the PuTTY emulator (release 0.64, © 1997-2016 Simon Tatham) to run a succession of
bioinformatics programmes mostly encompassed in the European Molecular Biology Open
Software Suite (EMBOSS) [181]. An analytical pipeline, described in Figure 6, was developed
incorporating a number of EMBOSS programmes as well as the ClustalW2 multiple
alignment tool (EMBL) [182]. To decrease the processing time as well as to standardise the
processing steps and decrease the chance of human error when dealing with a large
number of sequences, these programmes were written in Python (version 2.6.9, © 20012016 Python Software Foundation) code and run by calling the ‘python’ command. The
annotated code is included in the Appendix (see 7.2).
Briefly, the input to the developed analytical pipeline was the raw sequence data (forward
and reverse sequences for each exon for each patient), which were uploaded onto the HPC.
The reverse sequences were reverse complemented in silico using the ‘revseq’ tool. A
contiguous sequence for each exon for each patient was assembled from the overlap of the
forward and the reverse complemented reverse sequence using the ‘merger’ tool. Any
discrepancies were solved by examining the chromatograms from the sequencing reaction
using the BioEdit programme. The contiguous exon sequences were subjected to multiple
alignment using ClustalW2 to the reference sequence for that exon (NM_004431.3). This
allowed us to identify intronic sequence (sequence not overlapping with the reference
exon sequence) and trim this in silico using the ‘extractalign’ tool to yield the exon
sequences only. The trimmed exon sequences for each patient were concatenated to
construct a coding sequence in silico using the ‘yank’ tool and this coding sequence was
subjected to multiple alignment using ClustalW2 to the EPHA2 reference sequence
(NM_004431.3). This alignment was assessed for variations from the reference and these
recorded.
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Figure 6: Bioinformatic pipeline for the processing of raw sequence data. These
processing and analysis steps were performed on the UCT ICTS HPC using a PuTTY
emulator. The annotated code for each step is recorded in Appendix 7.2.

Variants identified in the protein coding region in the DNA sequence were further assessed
to see if they resulted in changes on the protein level. The coding sequence from each
patient was translated in silico to the corresponding AA sequence using the ‘transeq’ tool
so to be compared with the reference EPHA2 protein sequence (NP_004422.2). Variations
from the reference were recorded and matched with the equivalent DNA variant. DNA
sequence variants that were predicted to be non-synonymous were further assessed for
predicted functional consequences using the online PolyPhen-2 prediction tool [183].
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2.4.2. Statistical analyses
Statistical testing of demographic data included Fisher exact tests for categorical variables:
sex, population group and ART status; and two-way ANOVA for continuous variables: age
and CD4 count using GraphPad Prism 5.
Putative receptor variants identified through the course of the above methods were
analysed statistically for association with KSHV seroconversion and KS prevalence.
Contingency tables (2X2) were constructed to assess the occurrence of variants on the
genotypic level in cases versus controls. Fisher Exact association tests were then performed
on the contingency tables in GraphPad Prism 5, as described [184], using the following
comparisons, as appropriate (for rationale see 3.2.2):
Test 1: Group 2 (KS-/KSHV+) vs. Group 3 (KS-/KSHV-)
Test 2: Groups 1 and 2 (KSHV+) vs. Group 3 (KSHV-)
Test 3: Group 1 (KS+/KSHV+) vs. Group 2 (KS-/KSHV+)

A P value < 0.05 was considered significant. In cases where contingency tables were larger
than 2X2, the in-silico© (2006-2016, [185]) online Fisher exact calculator tool was used
followed by post-hoc 2X2 Fisher exact tests corrected for multiple comparisons using the
Bonferroni-corrected pairwise technique. Further, post-hoc correction of p-values for
testing multiple SNPs was performed by multiplying p-values by the number of linkage
disequilibrium (LD) blocks identified within EPHA2 based on our SNP data. LD anlalysis was
performed by Romel D. Mackelprang (University of Washington, Seattle) in R by fitting the
SNP data into a genotype matrix from which a LD heat map was constructed using the
‘LDheatmap’ package. Thereafter, an R2 value of 0.6 was chosen as a cutoff value with
which to prune SNPs that are in LD.
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3. Results
3.1. Characteristics of the recruited patient cohort

3.1.1 Definition of patient cohort
HIV positive patients from South Africa were recruited into three groups, namely:
Group 1 (KS+/KSHV+): patients with KS who were KSHV seropositive
Group 2 (KS-/KSHV+): patients without KS who were KSHV seropositive
Group 3 (KS-/KSHV-): patients without KS who were KSHV seronegative
KS was diagnosed clinically while KSHV status was determined using the combined results
of ELISAs to KSHV lytic antigen K8.1 and latent antigen LANA (see 3.1.3).

3.1.2 Demographic and clinical information
Clinical and demographic information concerning the abovementioned patient groups (see
2.2) is summarised in Table 7. All patients were above 18 years of age, residing in South
Africa and presenting at Groote Schuur Radiation Oncology Unit or Infectious Diseases Unit
or Khayelitsha Day Hospital, in the Western Cape, South Africa. All patients were HIV
positive as assessed clinically. Power analysis indicated that a total sample size of 140 – 370
was required to detect statistical significance in a two-tailed Fisher exact test with
adequate power (see 2.2.5, Supplementary figure 2). Our final cohort consisted of 50
patients in each group (total sample size = 150, see 3.1.1). Age did not differ significantly
between the three groups: median age was 36, 39 and 40 for groups 1, 2 and 3,
respectively. Patient recruitment included male and female patients and the final cohort of
patients had a slight overrepresentation of males (55.3%) compared to females (44.7%),
however the sex ratio between the three groups was similar. Population group distribution
was heavily skewed toward Black South Africans (93.3%) and included only a minority of
mixed ancestry (5.3%) and Caucasian (1.3%) individuals. Again, this was consistent across
the patient groups. Most recent CD4 count was recorded at the time of patient
recruitment. While CD4 counts varied quite substantially among individuals, mean CD4
count did not statistically differ between patient groups, although CD4 count appears
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Table 7: Clinical and demographic information for the three patient groups making up
the study cohort. Group defining criteria are listed under each group heading: KS status
was determined clinically and KSHV status was assessed by ELISA. Demographic
information (age, sex and population group) was acquired from patient hospital records
and clinical information (ART status, CD4 count) from clinical records. IQR, interquartile
range.
GROUP 1
KS+
KSHV+

GROUP 2
KSKSHV+

GROUP 3
KSKSHV-

50

50

50

36 (31-42)

39 (31-46)

40 (30-47)

Sex, count (%)
Male
Female

29 (58)
21 (42)

26 (52)
24 (48)

28 (56)
22 (44)

Population group, number (%)
Black
Mixed ancestry
Caucasian

48 (96)
2 (10)
0 (0)

45 (90)
3 (6)
2 (4)

47 (94)
3 (6)
0 (0)

On ARTs
Yes
No

50 (100)
0 (0)

34 (68)
16 (32)

35 (70)
15 (30)

238 (122340.5)

245 (103-470)

333.5 (165.75510.5)

Sample size
Age, median in years (IQR)

CD4 count, median in cells/µl (IQR)

lowest in group 1 and highest in group 3 patients. All patients with KS (group 1) were on
ART treatment whereas a significantly smaller number of patients without KS (Groups 2
and 3) were on ART treatment (p<0.0001).

3.1.3 Determination of KSHV status in the recruited patients
A sample was considered KSHV+ by ELISA if the OD value was above a predetermined cut
off value for either the K8.1 or the LANA ELISA. Fifty serum samples from patients with
clinically diagnosed KS were assessed with this ELISA method and all found to be KSHV
positive (Table 8A) as expected. Using the same method, out of 143 serum samples taken
from patients without KS, 65 were found to be KSHV positive (45.45% prevalence) and 78
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were found to be negative (Table 8B). Among the 65 KSHV positive plasma samples, no
trend was observed for KSHV seroprevalence versus age group (Figure 7A). Sex was equally
distributed (33 female; 32 male) among the patients found to be KSHV positive. Likewise
when assessed as a percentage of total number of female and male patients tested for
KSHV, no association was found between KSHV seroprevalence and sex (Figure 7B).

Table 8: ELISA results indicating KSHV serostatus for samples taken from patients with
A. clinically diagnosed KS and B. without KS. Plasma was separated from whole blood
and used in the ELISA assays. A patient was classified as KSHV+ if the OD values fell
above the cut off for either ELISA assay (indicated by cells with shaded background).
KSHV seroprevalence was 100% in A. and 45.45% in B.
A

K8.1
+

B

+

-

Total

40

0

40

+

LANA

Total

+

28

15

43

-

22

78

100

50

93

143

LANA
-

Total

K8.1
-

10

0

10

50

0

50

Total

Figure 7: Prevalence of KSHV across A) age groups and B) sex. The serum samples of
patients without KS that were found to be positive for KSHV by ELISA, were further
analysed in terms of their age and sex distribution (A and B, respectively). Prevalence
of KSHV per age group or sex was determined as a percentage of total HIV positive
patients without KS tested (n=143). No statistically significant trend of KSHV
prevalence with age group was found and likewise no difference was found between
KSHV status and sex.
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3.2. Analysis of genetic polymorphism in EPHA2
3.2.1 Overview of the identified EPHA2 variants
The EPHA2 gene consists of 17 exons interspersed with large intronic regions, which make
up a number of conserved domains (Figure 4). We PCR amplified the coding region using 19
PCR primer sets to ensure complete sequence determination of the exons that comprise
EPHA2. Generally, each exon was amplified as one PCR product with one set of primers
(forward and reverse) complementary to the intronic region flanking the exon. The
exceptions to this were exon 3, which was amplified as two PCR products with two sets of
overlapping primers, and exon 17, which was amplified as three PCR products with three
sets of overlapping primers, as both of these exons were too large to ensure optimal PCR
amplification and subsequent sequencing with one set of primers. Additionally, exons 9, 10
and 11 were amplified as two PCR products due to the small size of these exons. The
specificity of the PCR amplifications was validated through gel electrophoresis. Figure 8
shows that a single band was amplified in each reaction and that this was of the expected
size, indicating that the PCR was specific.
Confidence in the sequence data was achieved through forward and reverse sequencing of
each PCR product. Sequence data was processed using a number of EMBOSS command line
tools, followed by multiple alignment using ClustalW2. Variants were identified as changes

Figure 8: Representative agarose gel of the individual PCR fragments amplified from
whole blood genomic DNA using EPHA2 gene specific primers. Note that, due to large
exon sizes, exons 3 and 17 were amplified by multiple overlapping primer sets, while
small intron sizes allowed for amplification of adjacent exons 9/10 and 10/11 using
appropriate primers.
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from the reference (NM_004431.3) in the sequence alignment. This allowed us to
determine the sequence polymorphism of the entire EPHA2 coding region at the DNA level
and these variants are recorded in Supplementary table 3. In total, 57 unique variants were
identified across the 3 964 bp EPHA2 coding region of 150 patients, 22 of which are
predicted to result in changes on the AA level. While the majority (35) of these variants are
recorded on the SNP database, 22 novel variants were identified in our cohort
(Supplementary table 3).
The total variation across the coding region of EPHA2 is represented schematically in Figure
9. All patients sequenced had at least two of the 57 identified variants, with an average of
5.67 ± 3.25 variants per patient and a maximum of 17 variants (KDHTB033). It is clear that
exons 3, 5, 11 and 17 contain the highest number of variants uniformly across all patients
compared to the reference sequence. Moreover, KS+/KSHV+ (Group 1) patients appear to
have an increased number of variations in exons 12-15 when compared to KS- patients
(Groups 2 and 3).
Three variants were identified within the 5’UTR of EPHA2 (mRNA position 1 – 155),
although only in one patient each (Supplementary table 3). The 3’UTR of EPHA2 spans
mRNA position 3087 – 3964 and contains five predicted miRNA target sites (Table 2). Of the
57 identified variants found in EPHA2, thirteen occurred within the 3’UTR (Supplementary
table 3). No variation from the reference sequence was observed within the predicted
miRNA target sites.
LD analysis of EPHA2 based on the identified SNPs identified 20 SNP pairs with an R2 value
of greater 0.6 and these were considered to be in significant LD (see 7.5). Using this R2
value as a cutoff, 10 SNPs were pruned from the analysis for the purporses of correcting for
multiple comparisons.

3.2.2. Association between the identified EPHA2 variants and
susceptibility to KSHV infection and/or KS prevalence
In our analysis of the identified variants we asked two questions. Firstly, is the occurrence
of any of these variants associated with susceptibility to KSHV infection, and secondly, are
any of these variants associated with KS development? To answer the first question, we
assessed the occurrence of each variant amongst KSHV positive patients compared to KSHV
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Figure 9: A schematic representation of the number of identified variants per exon in
EPHA2. Groups 1, 2 and 3 refer to the patient groups detailed in 3.1.1 and described in
Table 7, each consisting of 50 patients represented by rows. Columns represent the
exons of EPHA2. Cells are coloured depending on the number of variants identified
according to the key below the figure.
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negative patients. Our first statistical test (test 1), compared KSHV+ patients without KS
(Group 2) to KSHV- (Group 3) patients. This test excluded Group 1 patients (KSHV+ patients
with KS) with the rationale that we would thereby identify variants associated exclusively
with KSHV susceptibility excluding those that may actually be associated with KS
development as all Group 1 patients were both KS and KSHV positive. However, excluding
Group 1 patients, decreased the sample size and therefore the statistical sensitivity of test
1, meaning that not all variants that may have been associated with KSHV susceptibility
would be detected. Therefore, we employed a second statistical analysis (test 2) comparing
all KSHV+ patients (sum of Group 1 and 2) to KSHV- (Group 3) patients. We reasoned that a
variant identified as statistically significant in test 2, must occur across both Group 1
(KS+/KSHV+) and Group 2 (KS-/KSHV+) to be deemed associated with KSHV susceptibility.
Our second analytical question assessed the possible association of the occurrence of any
of the identified variants with KS development, investigating EPHA2, not only as the KSHV
entry receptor, but also as an oncogenic promotor. Our statistical analysis to this end (test
3), compared patients with KS (Group 1) to patients without KS who were KSHV+ (Group 2).
Again, excluding Group 3 decreased the sample size and thereby the statistical sensitivity of
the test however including KSHV- patients would confound the test as these patients lack
the etiological factor necessary for the development of KS.
Statistical association testing employed the Fisher exact test. This test determines if a
nominal variable, in this case the genotype, is independent of another nominal variable,
here KS or KSHV status. The Fisher exact test is used rather than the χ2 test due to the
sample size (<1 000). For each test which resulted in a statistically significant P value, post
hoc computation of achieved power was performed (Supplementary table 2).
As 57 variants were tested, post hoc adjustment of P-values to correct for multiple
comparison must be considered. The Bonferroni correction makes the assumption that
each tested SNP is independent however, in the case of SNP data, LD blocks, rather than
individual SNPs, are independent. LD analysis (see 7.5) revealed 47 LD blocks in our SNP
data. Correcting our P values for 47 comparisons, especially considering that these are
likely rare variants and our sample size is small, is extremely stringent and likely to result in
false negatives [186]. Shiels et al. argue, in their candidate gene association study, that
correction for multiple testing is not required as the tested SNPS were selected based on
prior information, rather than as part of a genome-wide scan [11]. We have shown both
unadjusted and adjusted P values with the caveat that unadjusted P values risk type I error
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and require confrimation, while the stringent correction applied to adjusted P values may
mask truly important statistical associations.

3.2.2.1. Identification of variants affecting susceptibility to KSHV infection
Missense variants in the EPHA2 coding region that occurred in more than one patient and
differentially between KSHV+ and KSHV- patients are recorded in Table 9. Statistical
analysis using Fisher exact tests was performed to assess if any of the identified variants
occurred more frequently in KSHV+ versus KSHV- patients and could therefore be
associated with susceptibility to KSHV infection. Fisher exact statistical tests were
performed between KS-/KSHV+ (Group 2) and KS-/KSHV- (Group 3) (test 1) or between all
KSHV+ patients (sum of Groups 1 and 2) and KSHV- (Group 3) patients (test 2) as outlined
above (see 3.2.2).
A novel heterozygous C>G variant at mRNA position 915 occurred in two KSHV+ patients
with KS (Group 1) and five KSHV+ patients without KS (Group 2), but not in the KSHV- group
(Group 3). It is predicted to result in a conservative Leucine to Valine substitution at AA
position 254, six residues upstream of the EGF-like conserved domain. While this was not
found to be statistically significant at the p ≤ 0.05 level when comparing KS-/KSHV+ (Group
2) and KS-/KSHV- (Group 3) patients (p=0.0563, test 1) nor when comparing all KSHV+
patients (the sum of Group 1 and 2) and KSHV- (Group 3) patients (p=0.0958, test 2), the
overrepresentation of this variant among KSHV+ patients is markedly apparent. A
previously reported A>G variant (rs114498261) at mRNA position 850, predicted to result in
an AA change from Asparagine to Glycine at position 232, also upstream of the EGF-like
domain, conversely, occurs in more KSHV- patients than KSHV+ patients (three patients in
Group 3 versus one each in Groups 1 and 2) although this is not statistically significant.
A previously reported G>A variant at mRNA position 1641 (rs115171763) is predicted to
result in an AA change from Aspartic acid to Asparagine at position 496 in the second Fn-3
domain. This occurs as a heterozygous variant in four KSHV+ patients (two with KS in Group
1 and two without KS in Group 2) and as a homozygous variant in one KSHV- patient (Group
3) and is not statistically significant.
In the conserved Pkinase-tyr domain, a novel heterozygous C>T variant, at mRNA position
2727, was found to be statistically significant at the p ≤ 0.01 level (unadjusted p=0.0071,
test 2), occurring in 21 KSHV+ patients (14 in Group 1 and seven in Group 2) and in only two
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Table 9: Missense variants within the EPHA2 coding region that may be associated with susceptibility to KSHV infection. Variants that occur
differentially between KSHV+ and KSHV- patients in more than one patient are shown here. Position in mRNA and protein is according to the EPHA2 NCBI
references NM_004431.3 and NP_004422.2, respectively, and nucleotides and AA are named according to IUPAC standards. Previously reported variants
are named according to their NCBI reference SNP identification (rsid) or are called ‘Novel’ if they were not found on the SNP database. Protein change is
predicted by in silico translation of the DNA sequence. Fisher exact statistical tests were performed between KS-/KSHV+ (Group 2) and KS-/KSHV- (Group
3) patients (test 1) or between KSHV+ (the sum of Groups 1 and 2) patients and KSHV- (Group 3) patients (test 2). P values resulting from tests 1 or 2 are
shown and statistically significant associations at the p ≤ 0.05 level are indicated with *. In addition, adjusted P values corrected for multiple comparison
are shown. Het, heterozygous; Hom, homozygous.
mRNA
level

AA level

Reported

Zygosity

No. of KS+/KSHV+
No. of KS-/KSHV+
No. of KS-/KSHVTest (P value/
patients (Group 1 n=50) patients (Group 2 n=50) patients (Group 3 n=50) Adjusted P Value)

850 A>G

232 N>G

rs114498261

Het

1

1

3

915 C>G

254 L>V

Novel

Het

2

5

0

1641 G>A

496 D>N

rs115171763

Het

2

2

0

1 (0.3687/ 1.000)

Hom

0

0

1

2 (0.1744/ 1.000)

2217 A>C

688 M>L

rs763307879

Het

2

5

2

2325 G>C

724 A>P

rs747058254

Het

5

1

0

2472 A>C

773 T>P

Novel

Het

3

1

1

2727 C>T

858 R>C

Novel

Het

14

7

2
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1 (0.6173/ 1.000)
2 (0.3338/ 1.000)
1 (0.0563/ 1.000)
2 (0.0958/ 1.000)

1 (0.4360/ 1.000)
2 (0.7183/ 1.000)
1 (1.000/ 1.000)
2 (0.1790/ 1.000)
1 (1.000/ 1.000)
2 (0.6652/ 1.000)
1 (0.1595/ 1.000)
2 (0.0071*/ 0.3337)

KSHV- (Group 3) patients. This variant is predicted to result in a non-conservative
substitution of a Cysteine for Arginine at AA position 858. Three additional variants,
predicted to result in changes on the AA acid level in the Pkinase-tyr domain, c.2217A>C,
c.2325G>C and c.2472A>C are overrepresented among KSHV+ patients compared to KSHVpatients although not to an extent that is statistically signficant. While c.2325G>C and
c.2472A>C occur mostly in KS+/KSHV+ patients (Group 1), c.2217A>C is particularly
frequent in KS-/KSHV+ patients (Group 2).
A C>T variant, predicted to be synonymous at the protein level and occurring in both
heterozygous and homozygous form at mRNA position 3029 was found to be
overrepresented (unadjusted p=0.0045, test 2, Supplementary table 1) in KSHV- patients
(Group 3) although it does also occur in both heterozygous and homozygous form among
the KSHV+ patients (Groups 1 and 2). A post hoc test corrected for multiple comparisons
using the Bonferroni-corrected pairwise technique was performed (Supplementary table 1)
and indicated that the homozygous form, which occurs quite strikingly in 11 KSHV- (Group
3) patients compared to six KSHV+ patients (two in Group 1 and four in Group 2), was
statistically significant (unadjusted p=0.003) whereas the heterozygous form was evenly
spread through the three patient groups (13 in Group 1, 20 in Group 2 and 20 in Group 3,
p=0.119).

3.2.2.2. Identification of variants affecting KS prevalence
Missense variants in the EPHA2 coding region that were found to occur in more than one
patient and differentially between KS+ (Group 1) and KS-/KSHV+ patients (Group 2) are
detailed in Table 10. These variants were tested statistically for association with KS
development using Fisher exact tests comparing KS+ patients (Group 1) and KS- patients
who were KSHV+ (Group 2) (test 3) as outlined in 3.2.2. Likewise, three variants in the
EPHA2 3’UTR were found to occur differentially between KS+ (Group 1) and KS-/KSHV+
(Group 2) patients and these are reported in Table 11.
The variants at mRNA positions 2254 and 2257 are both predicted to result in novel, nonconservative AA changes from Leucine to Proline at AA position 700 and from Aspartate to
Alanine at the next AA position, 701, in the conserved Pkinase-Tyr domain. These variants
were found to co-occur in eight KS+ patients (Group 1) (additionally, the variant at mRNA
position 2257 was found in another Group 1 patient who did not show the 2254 variant)
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and not at all in KS- patients in Groups 2 or 3 (unadjusted p=0.0058 and 0.0026,
respectively, test 3).
Interestingly, a number of additional variants, occurring in the Pkinase-Tyr domain
(spanning mRNA positions 1990-2766), were found to be overrepresented in the KS+
(Group 1) patients. The occurrence of a heterozygous G>C variant at mRNA position 2688,
predicted to result in the substitution of Alanine with Proline at position 845, was found to
be statistically significant (unadjusted p=0.0267, test 3). A SNP has been previously
reported at this position (rs765280326), but our data show a ‘C’ allele as opposed to the
previously reported ‘A’ allele. Moreover, a heterozygous G>C variant at mRNA position
2325 is predicted to result in the substitution of an Alanine with a kink-inducing Proline.
Again, a SNP has been previously reported at this position (rs747058254), although it
indicates a missense G>A variant whereas our data indicates a ‘C’ allele. Additionally, two
novel heterozygous A>C variants, at mRNA positions 2397 and 2472, are predicted to result
in AA changes from Asparagine to Histidine at AA position 748 and Tyrosine to Proline at
position 773, respectively. While the presence of c.2325G>C, c.2397A>C and c.2472A>C in
KS+ patients (Group 1) is not statistically significant at the p ≤ 0.05 level, they do appear to
be overrepresented in this group compared to KS-/KSHV+ patients (Group 2).
A previously reported heterozygous C>G variant at mRNA position 867 (rs558371652),
predicted to result in an AA substitution of Alanine for Proline at position 238, occurring
between the Eph-lbd and the EGF-like domains, was identified in two KS+ patients (Group
1) and no KS-/KSHV+ patients (Group 2).
A heterozygous G>T variant at mRNA position 2990, predicted to result in a substitution of
Asparagine for Lysine at AA position 945 in the conserved protein-protein interaction SAM
domain, was found to be significantly more frequent among KS+ (Group 1) patients
compared to KS-/KSHV+ (Group 2) patients (unadjusted p=0026, test 3). A heterozygous
G>A variant at AA position 2859 is predicted to result in a non-conservative AA substitution
of Glutamic acid with Leucine at position 902, the first residue of the SAM domain. This
variant is also overrepresented in KS+ (Group 1) patients.
The variant at mRNA position 2727 was found to be statistically associated with KSHV
infection (3.2.2.1) and was also found to be overrepresented in KS+ patients (fourteen
patients in Group 1) compared to KS-/KSHV+ patients (seven patients in Group 2).
However, the presence of the variant in KS-/KSHV+ (Group 2) patients, while to a lesser
extent than in KS+ (Group 1), indicates that this variant is more likely associated with KSHV
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Table 10: Missense variants within the EPHA2 coding region that may be associated with KS development. Variants that occur differentially
between KS+ and KS-/KSHV+ patients in more than one patient are shown here. Position in mRNA and protein is according to the EPHA2 NCBI
references NM_004431.3 and NP_004422.2, respectively, and nucleotides and AA are named according to IUPAC standards. Previously reported
variants are named according to their NCBI reference SNP identification (rsid) or are called ‘Novel’ if they were not found on the SNP database.
Protein change is predicted by in silico translation of the DNA sequence. Fisher exact statistical tests were performed between KS+/KSHV+ (Group 1)
and KS-/KSHV+ (Group 2) patients (test 3) and resulting P values are shown. Statistically significant associations at the p ≤ 0.05 level are indicated with
*. In addition, adjusted P values corrected for multiple comparison are shown. Het, heterozygous; Hom, homozygous.
mRNA level

AA level

Reported

Zygosity

No. of KS+/KSHV+
patients (Group 1 n=50)

No. of KS-/KSHV+
patients (Group 2 n=50)

P value/ Adjusted P value

867 C>G

238 P>A

rs558371652

Het

2

0

0.4949/ 1.000

915 C>G

254 L>V

Novel

Het

2

5

0.4360/ 1.000

2217 A>C

688 M>L

rs763307879

Het

2

5

0.4360/ 1.000

2254 T>C

700 L>P

Novel

Het

8

0

0.0058*/ 0.2726

2257 A>C

701 D>A

Novel

Het

9

0

0.0026*/ 0.1222

2325 G>C

724 A>P

rs747058254

Het

5

1

0.2044/ 1.000

2397 A>C

748 N>H

Novel

Het

3

0

0.2424/ 1.000

2472 A>C

773 T>P

Novel

Het

3

1

0.6173/ 1.000

2688 G>C

845 A>P

rs76528032

Het

6

0

0.0267*/ 1.000

2727 C>T

858 R>C

Novel

Het

14

7

0.1396/ 1.000

2859 G>A

902 E>L

Novel

Het

3

0

0.2424/ 1.000

2990 G>T

945 K>N

Novel

Het

9

0

*0.0026/ 0.1222
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susceptibility than KS development. The occurrence of this variant in KS+ (Group 1) patients
is likely to be a consequence of increased susceptibility to KSHV infection and thereby an
indirect association. The variants at mRNA postions 915 and 2217 were identified as
overrepresented among KSHV+ patients (Groups 1 and 2) compared to KSHV- patients
(Group 3, Table 9) and are again reported in Table 10. However, in the comparison
between KS+ (Group 1) patients and KS-/KSHV+ (Group 2) patients, both of these variants
appear to be overrepresented among the KS-/KSHV+ group, although this was not found to
be statistically significant.
The variants within the EPHA2 3’UTR were found to occur differentially between KS+
(Group 1) and KS-/KSHV+ (Group 2) patients and these are reported in Table 11. The
heterozygous C>T variant at mRNA position 3299 and the heterozygous G>T variant at
position 3744 are overrepresented in KS+ patients compared to KS-/KSHV+ patients,
although this was not found to be statistically significant. The novel heterozygous G>T
variant at mRNA position 3648 occurs in two KS-/KSHV+ patients and not at all in KS+
patients, although again this is not statistically significant. None of these 3’UTR variants
occur within the predicted miRNA binding sites (Table 2).

Table 11: Variants within the EPHA2 3’UTR that may be associated with KS development.
Variants that occur in more than one patient and differentially between KS+/KSHV+ and KS/KSHV+ patients are shown here. Fisher exact statistical tests were performed between
KS+/KSHV+ (Group 1) and KS-/KSHV+ (Group 2) patients (test 3) and resulting P values are shown.
In addition, adjusted P values corrected for multiple comparison are shown. Het, heterozygous;
Hom, homozygous.
mRNA
level

Reported

Zygosity Number of
KS+/KSHV+ patients
(Group 1 n=50)

Number of KS/KSHV+ patients
(Group 2 n=50)

P value/
Adjusted P value

3299 C>T

Novel

Het

3

0

0.2424/ 1.000

3648 G>A Novel

Het

0

2

0.4949/ 1.000

3744 G>T

Het

4

0

0.1175/ 1.000

rs572208071
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3.3. Predicted functional consequences of identified variants
The sequence variants identified to be statistically associated with KSHV infection (Table 9)
or KS development (Table 10) were further assessed in silico to predict their functional
consequences in the EPHA2 protein using the online PolyPhen-2 prediction tool. This tool
gives a prediction score on a scale of 0 (benign) to 1 (probably damaging) with regard to the
impact of an AA substitution on the protein function taking into account sequence
homology, conserved family annotations and 3D structures from the PDB (Figure 4) [183].
Table 12 reports the PolyPhen prediction scores for the non-synonymous variants
identified as statistically associated with susceptibility to KSHV infection or KS
development.
The predicted AA change of Leucine to Valine at position 254 (encoded by 915 C>G) was
allocated a ‘0’ score with an annotation of ‘benign’. The SAM variant, Lysine to Asparagine
at AA position 945 (encoded by 2990 G>T), was predicted to be ‘possibly damaging’. Four
non-synonymous variants in the Pkinase-tyr domain were annotated as ‘probably
damaging’.

Table 12: Predicted functional consequences of non-synonymous variants found to be
statistically associated with KSHV susceptibility or KS development. AA position and
domain is according to the EPHA2 NCBI references NP_004422.2 and named according to
IUPAC standards.
AA
Position

Domain

Predicted AA
change

PolyPhen prediction

Associated with

254

-6 EGF-like

Leu>Val

Benign (0)

KSHV (Table 9)

700

Pkinase-tyr

Leu>Pro

Probably damaging (0.998)

KS (Table 10)

701

Pkinase-tyr

Asp>Ala

Probably damaging (0.965)

KS (Table 10)

845

Pkinase-tyr

Ala>Pro

Probably damaging (0.991)

KS (Table 10)

858

Pkinase-tyr

Arg>Cys

Probably damaging (0.932)

KSHV (Table 9)

945

SAM

Lys>Asn

Possibly damaging (0.903)

KS (Table 10)
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4. Discussion
The aim of this research study was to identify polymorphism in the coding region of EPHA2
in South African patients and to determine the association of identified receptor variants
with susceptibility to KSHV infection and/or KS development. EPHA2 has recently been
elucidated as the entry receptor for KSHV in endothelial cells and therefore has an essential
functional role in KSHV infection. Additionally, EPHA2 has a potential role in promoting
oncogenesis although the mechanism of this is not yet clear and, importantly, EPHA2 has
been shown to be upregulated in KS tumours. Therefore, EPHA2 is a particularly relevant
candidate gene for investigation of KSHV induced KS as it has the potential for impact on
two levels: firstly, susceptibility to KSHV infection and secondly, KS development. We
hypothesised that variants exist in EPHA2 that may affect susceptibility to KSHV infection
and/or KS development.
KSHV seroprevalence is reported to be disproportionately high in sub-Saharan Africa
(>50%) compared to world prevalence rates (<10%). In South Africa, limited studies
conducted in Soweto, Johannesburg and Kwa-Zulu Natal, have indicated that KSHV
seroprevalence is between 30-40% [3]. In alignment with these reports, our assessment of
plasma samples from HIV positive South African patients without KS found 45.45% to be
KSHV positive. This study was the first assessment of KSHV seroprevalence in the Western
Cape province of South Africa and the slightly elevated prevalence found may indicate that
KSHV is more prevalent in this region. However, the KSHV detection technique utilised in
this study has improved sensitivity and specificity compared to methods used in previous
reports, which may instead account for the increased prevalence found. We believe this
higher seroprevalence is a more accurate measure than the prevalence rates previously
reported that were possibly underestimated [180].
Our data show that KSHV prevalence does not vary with sex, which is in agreement with
previous reports [43,44]. Three previous studies conducted in South Africa reported that
KSHV seroprevalence increased with age from childhood into adult and later adult life
[43,44,76]. Our data does not show a significant trend of prevalence with increasing age.
This may be due to the relatively small sample size compared to the previous studies,
which is further reduced when subdivided per age group, and non-representation in all age
groups, as we excluded patients below 18, while none of our recruited patients were aged
18-21. However, this may also suggest that in this population, the majority of KSHV
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transmission takes place before the age of 21. Other studies have reported that KSHV
prevalence is higher among patients receiving medical treatment or who have been
hospitalised, compared to blood donors, who are assumed to be representative of the
general, healthy population [43,44]. As all of our patients were recruited from either a
hospital or clinic and were HIV positive, we acknowledge that the KSHV seroprevalence
found in our cohort may not be fully representative of the general population. Moreover,
our recruited cohort did not include sufficient numbers of non-Black patients to comment
on the distribution of KSHV prevalence among population groups.
For the purposes of this study, we assessed the EPHA2 coding region through PCR
amplification and dideoxy sequencing of each exon. In doing so, we identified a total of 57
unique variants across the 3 964 bp coding region of 150 patients, with an average of 5.67
± 3.25 variants per patient. Figure 9 schematically represents the location and number of
variants identified in this study in EPHA2, the details of which are recorded in
Supplementary table 3. Exons 3, 5, 11 and 17 contain the highest number of variants
uniformly across all patients compared to the reference sequence. However, larger exons,
such as exons 3 and 17 (669 and 983 bp, respectively) would be expected to accumulate a
higher number of variants than smaller exons, such as exon 11 (188 bp). Therefore, taking
into account the size of each exon, it is exon 11 that can be identified as harbouring the
highest average rate of variation per bp (0.0062 variants/bp), followed by exons 17 (0.0033
variants/bp), 12 (0.0030 variants/bp) and 5 (0.0023 variants/bp). Exons 11 and 12 form part
of the large Pkinase-tyr domain of EPHA2, which mediates the function of the receptor. For
the most part, exon 5 makes up the first of two Fn-3 domains. The conserved Fn-3 domain
is found widely in a number of animal proteins and it functions in protein-protein
interactions and as a linker domain facilitating the correct folding of the protein. Exon 17
makes up part of the SAM protein interaction domain and the 3’UTR. The identified
variants that are uniformly distributed across our three patient groups are unlikely to be
functionally associated with KSHV or KS.
A number of variants previously reported on the SNP database were identified in our South
African cohort (35 out of the total 57), which offers validation to our analytical method
(Supplementary table 3). Further, 22 novel variants were identified in our cohort
(Supplementary table 3). Large genotyping studies, such as the 1000 Genomes project and
ExAc, have contributed the majority of the genetic variations stored in the SNP database
[187,188]. While these studies do include African populations, these are ethnic groups from
Nigeria, Kenya, Gambia and Sierra Leone and people with African ancestry residing in
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America and the Caribbean. Southern African populations are therefore not well
represented in the SNP database [187]. It is a widely discussed theory that Southern African
populations specifically have exceptionally high levels of genetic diversity due partly to the
selective pressure of long term exposure to infectious diseases [189,190]. Therefore, it is
expected that we would see variants in our South African population that have not yet
been recorded in the SNP database.
It is evident in Figure 9 that KS+ patients (Group 1) have an increased number of variants in
exons 12-15, the Pkinase-tyr domain, when compared to KS- patients (Groups 2 and 3).
While genomic instability has long been identified as a hallmark of tumorigenesis [191], this
does not explain these variants as these were identified through sequencing of germline
DNA extracted from blood. Rather, this increased number of variants seen in patients with
KS signals a possible genetic predisposition. These represent the Pkinase-tyr domain
variants (2254 T>C, 2257 A>C, 2325 G>C, 2397 A>C, 2688 G>C and 2727 C>T) identified as
overrepresented in KS patients (Table 10) which may be associated with susceptibility to
KS. Each of the aforementioned variants is designated a ‘probably damaging’ annotation
when assessed for functional impact using the PolyPhen-2 prediction tool (Table 12).
Interestingly, these variants appear to co-occur in a number of individuals (Supplementary
table 3), and we can speculate that their functional impact may be additive. The Pkinase-tyr
domain is essential for the function of the EPHA2 receptor. While the oncogenic
mechanism of EPHA2 is not fully elucidated, it is over-expressed in a number of cancers,
and is linked with metastatic, aggressive phenotype. While we have not investigated the
functional role of the abovementioned EPHA2 variants in KS development, we can
speculate that they may enhance EPHA2 Pkinase-tyr signalling.
Of these aforementioned variants in the Pkinase-tyr domain, the variant at mRNA position
2727, a C>T encoding an Arginine to Cysteine mutation, was also identified as being
associated with KSHV infection (Table 9). As this variant occurs predominately in KSHV+
patients (Group 1 and 2) compared to KSHV- (Group 3) patients, it can be assumed that the
consequence of this variant may be to enhance susceptibility to KSHV infection and this
subsequently contributes to enhanced KS development. While due to its cytoplasmic
location in the Pkinase-tyr domain it is unlikely that this variant enhances KSHV binding, it
may enhance downstream EPHA2 signalling that is essential to internalisation of bound
KSHV.

56

The cytoplasmic SAM domain was also found to harbour variants which were found to be
differentially represented among patient groups (Table 10 and Supplementary table 1). The
homozygous genotype of the C>T variant at mRNA position 3029 was overrepresented in
patients without KS who were KSHV-. While these data illustrate a potentially protective
effect with regards to KSHV infection, this variant was not predicted to result in a change
on the protein level and therefore would not be expected to affect the protein structure
but may alter mRNA stabilty. Two further non-synonymous variants were identified within
the SAM at AA position 902 and 945. While the former was predicted to be ‘benign’ in
terms of functional effect on the protein, the latter, a change from a Lysine to an
Asparagine, was annotated as ‘possibly damaging’ (Table 12). The SAM is a protein-protein
interaction domain suggested to bind adaptor proteins and thereby mediate the
downstream

signalling

events

triggered

by

EPHA2

activation

[144,145].

The

overrepresentation of this variant (encoded by 2990 G>T) among patients with KS, suggests
that this variant may alter the SAM in such a way that oncogenesis is directly promoted.
The role of EPHA2 as the entry receptor for KSHV in endothelial cells lends itself to
speculation that polymorphisms within EPHA2 may play an important role in KSHV
infection, particularly if present in the ligand binding domain (bp position 237-756) where
the KSHV gH-gL complex also binds. We found two variants within this domain (725 G>R
and 728 G>R, Supplementary table 3) but they were equally distributed between the three
patient groups and are therefore unlikely to affect susceptibility to KSHV infection.
Generally, the identified statistically significant non-synonymous variants occur in the
cytoplasmic region of EPHA2 and seem to play more of a role in KS development than KSHV
susceptibility. Furthermore, with the exception of c.1641G>A which occurs as both
heterozygote and homozygote, all of the reported missense variants are heterozygotes and
these may be dominant in their effect.
The 878 bp 3’UTR of EPHA2 is a regulatory region and variation within may influence RNA
stability and expression, particularly through the action of miRNAs. While no variation from
the reference sequence was observed across the five predicted miRNA binding sites in the
3’UTR, thirteen variants were identified in the region, and three found to occur
differentially between KS+ and KS-/KSHV+ patients, namely 3299C>T and 3744G>T which
were found to be overrepresented in the KS+ group and 3648G>A which was
overrepresented in the KS-/KSHV+ group. The presence of these variants in the 3’UTR
indicates that variation in this regulatory region may have a currently unknown effect on
the expression of EPHA2 and its involvement in KSHV infection and KS development.
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A major limitation of our study was the small sample size compared to other studies of this
kind (see 1.3.2.3 and Table 1) and the consequent restriction on the power of our statistical
analysis. A priori power calculations indicated that a sample size of 140-370 would be
required to detect statistical significance in a two-tailed Fisher exact test (see 2.2.5). This
theoretical calculation of sample size was restricted by the nature of our study as we
sequenced the entire EPHA2 coding region, rather than detecting previously reported SNPs
and therefore the genotype frequencies and effect size used in the calculations were
estimates (see 2.2.5). As ours were clinical samples, ethical considerations had be taken
into account when deciding on sample size and we therefore settled on 150. We are aware
that our study is therefore not powered to detect statistical significance of small effects,
that is, variants with frequencies that are similar between cases and controls
(Supplementary figure 2). Post hoc calculations (Supplementary figure 2) of achieved power
indicate that some of our statistical association tests were indeed underpowered (β error
probabilities <0.80). This indicates that an increased sample size is required to elucidate the
possible association of rarer variants identified through this study with susceptibility to
KSHV and/or KS development. In particular, the variants reported in Table 9, 10 and 11 that
were identified as occurring differentially between patient groups although not in numbers
large enough to achieve statistical significance, require further investigation. However, the
actual α probabilities achieved for all variants reported as statistically significant were
<0.05. Therefore, while our study may not have detected variants that are indeed
significant, we are confident that those designated statistically significant, are truly so.
Taken together, these data suggest that the functionally important role of EPHA2 in the
entry of KSHV and its suggested role in promoting KS development may be altered through
genetic polymorphism. While this study identified a number of variants in the EPHA2
coding region that are statistically associated either with susceptibility to KSHV infection or
KS development, the functional consequences of these variants remain to be tested. This
will be the focus of future studies for which we will establish a cell culture system stably
expressing wild type and variant EPHA2 in an endogenous EPHA2 knock-out endothelial cell
line. The cells stably expressing the variant EPHA2 receptors will be assessed for
susceptibility to KSHV infection, using KSHV infectivity assays, previously described [192].
Impact on KS development will be determined by studying biopsies of KS tumours from
patients with the EPHA2 variants and determining KSHV viral load as well as expression of
markers associated with KSHV-mediated tumorigenesis.

58

5. Conclusion
In this study, we aimed to determine if sequence polymorphism in the KSHV host entry
receptor, EPHA2, was associated with susceptibility to KSHV infection and/or KS prevalence
in South African HIV positive patients. In doing so, a number of statistically significant
associations were highlighted between EPHA2 variants and KSHV and/or KS status. While
some of these variants have been previously reported, a number were novel and may be
specific to the South African population. A number of the identified variants were predicted
to result in changes on the protein level that may cause drastic alterations to the
expression or function of EPHA2. Consequently, these EPHA2 variants may directly affect
susceptibility to KSHV infection or KS development.
This is the first study assessing EPHA2 polymorphism in relation to KSHV and KS and
contributes an initial step in understanding the role of host genetics in susceptibility to
KSHV infection or subsequent KS development. The EPHA2 variants identified as
statistically associated with KS or KSHV herein, warrant further characterisation to assess
their functional consequences. Subsequently, this research could lead to the definition of
KSHV or KS risk groups and the development of biomarkers involved in prognosis and
furthermore offer a new therapeutic target, EPHA2, for the treatment of KS and other
KSHV-associated pathologies.
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7. Appendix
7.1 Solutions
ELISA Assay buffer
2.5% Bovine Serum Albumin (BSA)
2.5% Normal Donor Goat serum (Equitech-Bio cat# SG-0500)
0.005% Tween 20
0.005% Triton x-100 (3%)
in 1X Phosphate buffered saline (PBS)

ELISA Wash buffer
0.05% Tween 20
in 1X PBS

ELISA Stop buffer
3M NaOH
In deionised H2O

1X TAE (Tris acetate EDTA)
1mM EDTA
40mM Tris-Acetate
In deionised H2O

3M Sodium Acetate (CH₃COONa)
24.6g CH₃COONa (anhydrous)
In 80 ml deionised H2O
pH adjusted to 5.2 (with glacial acetic acid)
Volume adjusted to 100 ml with deionised H2O
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7.2 Python code used in bioinformatical processing of sequence
data
Figure 6 summarises the bioinformatics pipeline used to process and analyse sequence
data by the name of the programme used. This is to be understood in conjunction with the
following code, which was written and used with the “Python” command for each step of
the pipeline.
The following section of code imports a number of modules and packages that will be
needed to run commands included in the following sections and was used in each of the
proceeding sections of code.
#!/usr/bin/python
import sys
import os
import subprocess
import shutil
from subprocess import call, Popen, PIPE
from os import listdir
from os.path import isfile, join

STEP 1. The following section of code sorts all incoming sequence files into appropriate
folders and changes the name of each file to be consistent.
onlyfiles = [f for f in listdir("./") if isfile(join("./", f))]
onlydatafiles = [s for s in onlyfiles if "seq" in s]
splitfiles = []
for i in onlydatafiles:
splitfiles.append(i.split('_'))
for data in splitfiles:
source = data[0] + "_" + data[1] + "_" + data[2] + "_" + data[3] +
"_" + data[4]
if "R" in data[3]:
target_location = "./" + data[1] + "/" + "Reverse" + "/" +
data[2]+ '_' + data[1] + '_' + data[3] + '.fasta'
else:
target_location = "./" + data[1] + "/" + "Forward" + "/" +
data[2]+ '_' + data[1] + '_' + data[3] + '.fasta'
shutil.copyfile(source, target_location)

STEP 2. The following section of code takes each reverse sequence as input and reverse
complements it.
onlyfiles = [f for f in listdir("./") if isfile(join("./", f))]
onlydatafiles =[s for s in onlyfiles if "fasta" in s]
for seq in onlydatafiles:
output = Popen(['revseq', seq, "revcomp_" + seq], stdout=PIPE)
revcomp_result = output.stdout.read()
reverse_files = [l for l in listdir("./") if "revcomp_" in l]
for rev in reverse_files:
destination = "./Reverse_complemented/" + rev
shutil.move(rev,destination)
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STEP 3. The following section of code makes one contiguous sequence from the overlap
of the forward sequence and the reverse complemented reverse sequence outputted
from the previous step. For exon 3 (sequences of PCR products 3.1 and 3.2) and exon 17
(sequences of PCR products 17.1, 17.2 and 17.3), this code will have to be run repeatedly
to merge firstly the forward and reverse complemented reverse sequences from each
PCR product and then the overlapping products, which make up the exon. Therefore
there are certain changes to this code, as annotated below.
directory = [os.getcwd()]
splitfiles = []
for i in directory:
splitfiles.append(i.split('/'))
# For exon 3, change the working directories (below) to the directories in
which the merged sequences for 3.1 and 3.2 are located.
#For exon 17, change the working directories (below) to the directories in
which the merged sequences for 17.1 and 17.2 are located, and then rerun
the code and change to the directories where the output merged sequence of
17.1 and 17.2 and the output merged sequences of 17.3F and 17.3R are
located.
working_directory_forward_revcomp= "/home/blmmel001/Project_data/Raw_data/"
+ splitfiles[0][5] + "/Forward/Reverse_complemented/"
working_directory_reverse= "/home/blmmel001/Project_data/Raw_data/" +
splitfiles[0][5] + "/Reverse/"
forward_revcomp = [working_directory_forward_revcomp + s for s in
listdir(working_directory_forward_revcomp)]
reverse = [working_directory_reverse + s for s in
listdir(working_directory_reverse)]
numbers = ["{0:03}".format(i) for i in range(1,112)]
patients = []
for i in numbers:
patients.append("KS" + i)
patients.append("MB" + i)
patients.append("KDHTB" + i)
patients.sort()
input_all = dict.fromkeys(patients)
for key in input_all:
for i in forward_revcomp:
if key in i:
for s in reverse:
if key in s:
input_all[key] = [i, s]
else:
continue
else:
continue
for k, v in input_all.iteritems():
if v != None:
#print k, v[0], v[1]
output = Popen(['merger', v[0], v[1], k+".merger",
k+".fasta"], stdout=PIPE)
merger_result = output.stdout.read()
else:
continue

STEP 4. The following section of code makes one file per exon of the contiguous exon
sequences from all patients. The exon sequence obtained from the NCBI database must
be saved as "reference_exon.fasta" in the file from which the code is run.
output = Popen(['seqret', "*.fasta", "all_seq.fasta"], stdout=PIPE)
seqret_result = output.stdout.read()

STEP 5. The following section of code takes the output of the previous step as its input for
multiple alignment to the reference sequence using ClustalW2
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output = Popen(['clustalw2', "all_seq.fasta", "-OUTORDER=INPUT", "SEQNOS=ON"], stdout=PIPE)
clustalw2_result = output.stdout.read()

STEP 6. The following section of code takes the multiple alignment file from the previous
step and trims off intronic regions (parts of the sequences that do not overlap with the
reference sequence) based on co-ordinates, which must be given based on the multiple
alignment.
path = "../../Trimmed_sequences/26_05_2016"
if not os.path.exists(path):
os.mkdir(path)
output = Popen(['extractalign', "*.aln",
"../../Trimmed_sequences/26_05_2016/trimmed_all.fasta"], stdout=PIPE)
extractalign_result = output.stdout.read()

STEP 7 and 8. The trimmed sequence file containing sequences from all patients is then
split into separate files per patient using the EMBOSS tool 'seqretsplit' an each file is
moved to a separate directory per patient by using the following section of code:
onlyfiles = [f for f in listdir("./") if isfile(join("./", f))]
onlydatafiles =[s for s in onlyfiles if "trimmed" not in s]
numbers = ["{0:03}".format(i) for i in range(1,112)]
yankdestination = []
for i in numbers:
yankdestination.append("KS" + i)
yankdestination.append("MB" + i)
yankdestination.append("KDHTB" + i)
yankdestination.sort()
for y in yankdestination:
for i in onlydatafiles:
if y.upper() in i.upper():
source = i
splitfile = i.split('_')
patient = splitfile[1]
target_location =
"/home/blmmel001/Project_data/Assembled_sequences/Yank_lists/" +
patient.upper() + "/"
target= target_location + splitfile[1] + "_" +
splitfile[0] + ".fasta"
if os.path.isdir(target_location):
shutil.copyfile(source, target)
else:
continue
else:
continue

STEP 9. The following section of code creates a list file from the names of each file in the
patient directory. This is necessary for the input of the 'union' tool, which concatenates
all the sequences named in the list file.
onlyfiles = [f for f in listdir("./") if isfile(join("./", f))]
onlydatafiles =[s for s in onlyfiles if ".fasta" in s]
splitfiles = []
for i in onlydatafiles:
splitfiles.append(i.split('_'))
ex = splitfiles[0][0]
name = ex.upper() + ".list"

75

exons = ["ex1.", "ex2.", "ex3.", "ex4.", "ex5.", "ex6.", "ex7.", "ex8.",
"ex9.", "x10.", "ex11.", "ex12.", "ex13.", "ex14.", "ex15.", "ex16.",
"ex17."]
for e in exons:
for seq in onlydatafiles:
if e in seq:
output = Popen(['yank', seq, name, "-auto"],
stdout=PIPE)
yank_result = output.stdout.read()
else:
continue
output = Popen(['union', '@' + name, "FINAL_" + ex + ".fasta"],
stdout=PIPE)
union_result = output.stdout.read()

STEP 10. Reuse code from STEP 5.
STEP 11. Reuse code from STEP 6 to trim the sequence outputted from STEP 9 per patient
into the Coding DNA sequence.
STEP 12. Use the "transeq" command with the output from STEP 11 as input.
STEP 13. Reuse the code from STEP 5.
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7.3. Supplementary information

Supplementary figure 1: Consent form signed by patients and investigator for enrolment
in this study.
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Supplementary figure 2: A GPower generated plot depicting a priori power analysis
for two independent groups (cases and controls) in a two-tailed Fisher exact
association test. The total sample size is the sum of case (1) and control (2) group
sample sizes with an allocation ratio = 2 and is a function of the desired power (= 0.8),
α error probability (= 0.05) and the effect size, which is represented by the difference
between genotype frequencies of the two groups. In this plot, the genotype frequency
of group 2 is set at 0.52 and the group 1 is variable. It is clear that the sample size
required drastically increases as the effect size decreases (the genotype frequencies of
groups 1 and 2 get closer together).

Supplementary figure 3: 2 log DNA ladder (NEB) used as a molecular weight
ladder for gel electrophoresis
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Supplementary table 1: Statistical analysis of the synonymous variant 3029 C>T in terms of
susceptibility to KSHV infection. 3029 C>T was found to statistically significant when testing the
frequency of the heterozygous and homozygous forms in KSHV+ patients (Groups 1 and 2)
compared to KSHV- (Group 3) patients (test 2). Thereafter, a post-hoc Fisher exact pairwise test
was employed to determine which comparison was statistically significant. Applying the
Bonferroni correction for multiple tests, the P value must be <0.016 to be significant at the
P<0.05 level. Het, heterozygous of the variant. Hom, homozygous form of the variant. WT, wild
type based on the base in the reference sequence (NM_004431.3)
mRNA Reported Zygosity Number of KS+ Number of KS- Number of KS- Test (P
level
/KSHV+ patients /KSHV+ patients /KSHV- patients value)
(Group 1 n=50) (Group 2 n=50) (Group 3 n=50)
3029
C>T

rs3754334

Het

13

20

20

Hom

2

4

11

2 (0.0045)ǂ

ǂ Post-hoc Fisher exact pairwise test
Comparison

P value

Het vs. Hom

0.091

Het vs. WT

0.119

Hom vs. WT

0.003*

*statistically significant at the 5% level

Supplementary table 2: Post hoc computation of achieved power for Fisher exact tests
where statistical significance was reported. The GPower post hoc test for the two-tailed
Fisher exact test was used to calculate the achieved power using the genotype frequencies
and group sample sizes reported for cases (p1) and controls (p2) in Table 9 and Table 10. The
α error probability used in these computations was 0.05 as this was the cut-off P value used
to assess statistically significant results.
Variant assessed

Associated table (test)

Actual α

Power (1- β error probability)

915 C>G

Table 9 (1)

0

0.3838770*

Table 9 (2)

0

0.2660341*

2254 T>C

Table 10 (3)

0

0.8322727

2257 A>C

Table 10 (3)

0

0.9071408

2688 G>C

Table 10 (3)

0

0.5646643*

2727 C>T

Table 9 (2)

0.0264247 0.8473965

2990 G>T

Table 10 (3)

0

3029 C>T

Supplementary table 1 (2)

0.0409002 0.7120197*

*underpowered: power < 0.80
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0.9071408

7.4. Variants identified through analysis of EPHA2 sequence data
Supplementary table 3: Sequence variants identified in EPHA2. Position is according to the EPHA2 NCBI reference (Ref) mRNA (NM_004431.3) and named
according to IUPAC standards. Recorded variants are named according to their NCBI SNP database rsid. Variants found to be differentially expressed between
the 3 groups are shaded and recorded inTable 9, 10 or 11 as appropriate.
mRNA
position

Ref

8
10
125

A
C
G

Change
(Zygosity)
T (Het)
T (Het)
A (Het)

Group 1 (KS+/KSHV+)
0
1
0

725

G

A (Het)

11

728
850
867
869

G
A
C
G

A (Het)
G (Het)
G (Het)
A (Het)

11
1
2
2

915

C

G (Het)

2

1142

1238

C

T (Het)

20

C

T (Hom)

6

C

T (Het)

10

KS010
KS-002, -008, -015, -017,
-020, -025, -028, -032, -033,
-041, -046
KS-002, -008, -015, -017,
-020, -025, -028, -032, -033,
-041, -046
KS025
KS-024, -034
KS-024, -034
KS-018, -020
KS-001, -003, -007, -008,
-011, -012, -015, -020, -022,
-024, -026, -029, -031, -032,
-041, -042, -044, -046, -048,
-050
KS-016, -017, -018, -033,
-036, -045
KS-007, -030, -031, -032,
-033, -035, -036, -037, -045,
-050

Group 2 (KS-/KSHV+)
0
0
1
12
12
1
0
0
5

23
6
10

KDHTB067
KDHTB-033, -036, -041, -099,
-105, -107, MB-005, -007,
-009, -020, -024, -027
KDHTB-033, -036, -041, -099,
-105, -107, MB-005, -007,
-009, -020, -024, -027
MB009

MB-005, -007, -009, -014,
-013
KDHTB-008, -009, -010, -015,
-021, -028, -036, -041, -093,
-099, -103, -105, -107, -110,
MB-005, -007, -009, -012,
-015, -020, -021, -024, -026
KDHTB-020, -055, -071, -080,
MB-013, -027
KDHTB-008, -009, -020, -033,
-041, -078, -079, -088, -094,
MB026
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Group 3 (KS-/KSHV-)
1
0
0

Novel or
Reported?

Impact on
AA seq

Novel
Novel
Novel

5’UTR
5’UTR
5’UTR

rs6678618

cds-synon

rs6678616
rs114498261
rs558371652
rs36037949

cds-synon
Asp -> Gly
Pro -> Ala
cds-synon

Novel

Leu -> Val

rs2230597

cds-synon

6

KDHTB-019, -031, -035, -061,
-064, -011, -017, -022, -037, -047,
-049, -081, -069, -098, MB-001,
-017, -018, -030, -034, -036
KDHTB-006, -046, -100, MB-003,
-010, -016

rs2230597

cds-synon

8

KDHTB-013, -019, -027, -031,
-035, -052, -064, MB035

Novel

cds-synon

12
12
3
0
0

KDHTB046

KDHTB-019, -017, -030, -037,
-047, -048, -065, -069, -076,
MB-004, -006, -030
KDHTB-019, -017, -030, -037,
-047, -048, -076, -065, -069,
MB-004, -006, -030
KDHTB-030, -048, MB006

0

20

1242
1289
1305
1313
1641
1667
1741
1776
1867
2046
2047
2049

2138

2189

2217
2218

A
G
C
G
G
G

T (Het)
A (Het)
G (Het)
A (Het)
A (Het)
A (Hom)

0
2
0
1
2
0

G
G
C
G
C
A

T (Het)
T (Hom)
T (Het)
A (Het)
T (Het)
G (Het)

6
0
0
0
0
1

T
T
C

C (Het)
C (Hom)
T (Het)

6
1
2

C

T (Hom)

12

C

T (Het)

24

A

G (Het)

6

A

G (Hom)

6

A
T

C (Het)
C (Het)

2
1

KS-008, -014
KS031
KS015, KS047
KS-014, -015, -023, -029,
-038, -047

KS006
KS0-10, -015, -023, -029,
-038, -047
KS014
KS003, KS027
KS-004, -005, -006, -021,
-024, -027, -037, -040, -043,
-047, -050, MB002
KS-002, -010, -011, -012,
-013, -015, -016, -017, -018,
-020, -022, -023, -025, -033,
-031, -034, -035, -036, -039,
-041, -042, -044, -046, -049
KS0-10, -023, -026, -029,
-031, -050
KS-011, -014, -015, -036,
-038, -047
KS0-25, -029
KS025

1
0
0
0
2
0
7
0
0
1
0
0
6
0
0

15

24
11
1
5
0

KDHTB071

KDHTB-033, -105
KDHTB-010, -033, -070, -088,
-105, -110, MB026

MB008

KDHTB-010, -033, -070, -088,
-105, MB026

KDHTB-008, -014, -015, -020,
-028, -039, -067, -071, -077,
-078, -093, -094, -095,
MB-008, -011
KDHTB-007, -021, -033, -041,
-055, -063, -070, -079, -080,
-086, -088, -096, -099, -103,
-108, -110, MB-007, -013,
-015, -020, -021, -024, -025,
-029
KDHTB-008, -055, -070, -071,
-088, -093, -105, -110,
MB-013, -21, -26
KDHTB033
MB-005, -007, -008, -009,
-011

81

0
1
1
1
0
1

Novel
rs369098567
rs112196300
rs376552651
rs115171763
rs115171763

Ser -> Cys
cds-synon
Arg -> Gly
cds-synon
Asp -> Asn
Asp -> Asn

rs35676629
rs35676629
rs548968171
rs61731097
rs376402047
Novel

cds-synon
cds-synon
Pro -> Leu
Val -> Met
Pro -> Leu
Met -> Val

rs34021505
rs34021505
Novel

Met -> Thr
Met -> Thr
cds-synon

18

KDHTB-002, -013, -035, -064,
-006, -011, -023, -044, -049, -084,
-098, -102, MB0-17, -018, -028,
-031, -034, -035

rs10907223

cds-synon

22

KDHTB-005, -019, -052, -061,
-004, -017, -018, -022, -027, -025,
-030, -045, -046, -081, -065, -069,
MB-001, -006, -022, -030, -032,
-036

rs10907223

cds-synon

9

KDHTB-004, -006, -011, -045,
-046, -048, -049, MB-017, -032

rs2230598

cds-synon

3

KDHTB-027, -064, MB004

rs2230598

cds-synon

2
0

MB-006, -010

rs763307879
Novel

Met -> Leu
cds-synon

6
1
1
1
1
0
7
0
0

KDHTB048
KDHTB046
KDHTB076
KDHTB027
KDHTB-004, -011, -045, -046,
MB-004, -032
KDHTB027
KDHTB044
MB035
KDHTB005
KDHTB-004, -027, -045, -046,
-048, MB-004, -032

2254

T

C (Het)

8

2257

A

C (Het)

9

2325
2397
2472
2507
2529
2603

G
A
A
C
C
G

C (Het)
C (Het)
C (Het)
T (Het)
A (Het)
C (Het)

5
3
3
1
1
1

2627

C

T (Het)

3

2669

A

G (Het)

7

2688

G

C (Het)

6

2727
2859

C
G

T (Het)
A (Het)

14
3

2990

G

T (Het)

9

3029

3030
3075
3252

C

T (Het)

13

C
G
G
G
G

T (Hom)
C (Het)
A (Het)
A (Hom)
A (Hom)

2
0
1
1
1

KS-022, -023, -024, -025,
-026, -027, -028, -029
KS-022, -023, -024, -025,
-026, -027, -028, -029, -040
KS-014, -015, -017, -018,
-021
KS-013, -014, -015
KS-020, -045, -046
KS001
KS028
KS001
KS-013, -042, -043
KS-008, -010, -S015, -023,
-029, -038, -047
KS-015, -016, -017, -018,
-020, -021
KS-017, -018, -021, -022,
-023, -024, -025, -020, -015,
-016, -014, -026, -027, -029
KS-014, -046, -050
KS-003, -014, -020, -029,
-033, -035, -036, -043,
MB002

KS-004, -006, -009, -012,
-016, -017, -024, -027, -034,
-035, -040, -041, -050

KS-005, -047
KS017
KS008
KS014

0

0

Novel

Leu -> Pro

0

0

Novel

Asp -> Ala

0
0
1
2
1
0

rs747058254
Novel
Novel
rs112285834
rs55869078
Novel

Ala -> Pro
Asn -> His
Thr -> Pro
cds-synon
cds-synon
cds-synon

rs145425916

cds-synon

rs35586310

cds-synon

rs765280326

Ala -> Pro

1
0
1
0
0
0

KDHTB033

3

KDHTB-070, -086, MB011
KDHTB-033, -070, -088, -105,
MB026

5

KDHTB033

0
7
0

4
1
1
0
0

7

KDHTB044, MB032
KDHTB052
KDHTB-052, -069, -011, -102,
MB001
KDHTB-004, -027, -045, -046,
-048, MB-004, -032

0
KDHTB-078, -088, MB-009,
-013, -015, -024, -027

0

20

5

KDHTB061

KDHTB-008, -010, -014, -015,
-039, -041, -063, -071, -078,
-079, -080, -088, -095, -099,
-103, MB-005, -007, -024,
-025, -029
KDHTB-028, -033, MB-020,
-027
KDHTB020
MB007

82

2
0

MB-030, -035

Novel
Novel

Arg -> Cys
Glu -> Leu

2

KDHTB013, MB004

Novel

Lys -> Asn

20

KDHTB-002, -004, -006, -017,
-022, -023, -030, -044, -076, -065,
-069, -098, -100, -102, MB-006,
-018, -028, -030, -032, -036
KDHTB-019, -027, -031, -035,
-052, -061, -064, -046, MB-022,
-031, -034

rs3754334

cds-synon

rs3754334
rs139787163
Novel
Novel
rs11543935

cds-synon
Ala -> Pro
cds-synon
cds-synon
3'UTR

11
0
2
0
0

KDHTB037, MB030

3281
3299
3331
3383

3398
3410
3529
3648
3744
3800
3828
3901

G
C
C
G
G

A (Het)
T (Het)
T (Het)
A (Het)
A (Het)

8
0
3
0
11

G
C
C

A (Hom)
T (Het)
T (Het)

39
0
1

T
T
G
G

C (Het)
C (Hom)
A (Het)
T (Het)

8
1
0
4

G
G

A (Het)
A (Hom)

8
1

T
T
_

A (Het)
A (Hom)
T (Hom)

8
1
1

KS-008, -010, -015, -023,
-029, -038, -047, -049
KS-001, -028, -034
KS-007, -009, -018, -037,
-039, -040, -042, -043, -010,
-015, -049
KS-001, -002, -003, -004,
-005, -006, -008, -011, -012,
-013, -014, -016, -017, -020,
-021, -022, -023, -024, -025,
-026, -027, -028, -029, -030,
-031, -032, -033, -034, -035,
-036, -038, -041, -044, -045,
-046, -047, -048, -050,
MB002
KS042
KS-008, -010, -015, -023,
-029, -038, -047, -049
KS014
KS-003, -004, -007, MB002
KS-008, -010, -015, -023,
-029, -038, -047, -049
KS014
KS-008, -010, -015, -023,
-029, -038, -047, -049
KS014
KS030

6
0
0
1
12

34
1
0
6
0
2
0
6
0
5
0
0

KDHTB-033, -070, -088, -105,
MB-014, -026

MB013
KDHTB-007, -015, -021, -039,
-067, -077, -078, -095, -105,
MB-008, -015, -025
KDHTB-008, -009, -010, -014,
-028, -033, -036, -041, -055,
-063, -070, -071, -079, -086,
-093, -094, -096, -099, -103,
-107, -108, -110, MB-005,
-007, -009, -011, -012, -014,
-020, -021, -024, -026, -027,
-029
KDHTB055
KDHTB-033, -070, -088, -105,
MB-014, -026
KDHTB105, MB013
KDHTB-033, -070, -088, -105,
MB-014, -026
KDHTB-033, -070, -088, -105,
MB026

83

7
1
0
0
11

38
0
0
7
0
1
2
6
0
6
0
0

KDHTB-004, -027, -045, -046,
-048, MB004, MB032
KDHTB081

KDHTB-004, -005, -013, -017,
-018, -022, -049, -035, MB-001,
-003, -031

KDHTB-002, -019, -027, -031,
-052, -061, -064, -006, -011, -023,
-025, -030, -037, -044, -045, -046,
-047, -048, -076, -081, -065, -084,
-069, -098, -100, -102, MB-004,
-006, -016, -017, -018, -022, -028,
-030, -032, -034, -035, -036

KDHTB-004, -019, -045, -046,
-048, MB-004, -032
MB010
MB-003, -004
KDHTB-027, -004, -045, -046,
-048, MB032
KDHTB-027, -004, -045, -046,
-048, MB032

rs11543935
Novel
rs112600002
Novel

3'UTR
3'UTR
3'UTR
3'UTR

rs1803527

3'UTR

rs1803527
Novel
Novel

3'UTR
3'UTR
3'UTR

rs113810531
rs113810531
Novel
rs572208071

3'UTR
3'UTR
3'UTR
3'UTR

rs78569898
rs78569898

3'UTR
3'UTR

rs111512184
rs111512184
rs578205829

3'UTR
3'UTR
3'UTR

7.5 Linkage disequilibrium analysis

Supplementary figure 4: Linkage disequilibrium heatmap of identified SNPS within EPHA2. Pairwise
LD R2 values are represented by the R2 Colour Key.
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Supplementary table 4: SNP pairs with R2 values greater that 0.6. An R2 value greater than 0.6
indicates that the two SNPs are in significant linkage disequilibrium.

SNP1

SNP2

R2

A8W

C1305S

0.9577

G725R

G728R

0.9991

C867S

G869R

0.9859

G1667K

T2047Y

0.6131

T2047Y

A2669R

0.8427

T2047Y

G3252R

0.7686

T2047Y

T3529Y

0.7686

T2047Y

G3800R

0.8071

T2047Y

T3828W

0.8493

T2254Y

T2256M

0.883

A2669R

G3252R

0.723

A2669R

T3529Y

0.723

A2669R

G3800R

0.7583

A2669R

T3828W

0.7979

G3252R

T3529Y

0.8195

G3252R

G3800R

0.9518

G3252R

T3828W

0.9053

T3529Y

G3800R

0.8612

T3529Y

T3828W

0.8151

G3800R

T3828W

0.9499
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